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We have cloned the gene cluster encoding three subunits of membrane-bound gluconate dehydrogenase
(GADH) from Erwinia cypripedii ATCC 29267 in Escherichia coli by performing a direct-expression assay. The
positive clone converted p-gluconate to 2-keto-n-gluconate (2KDG) in the culture medium. Nucleotide sequence
analysis of the GADH clone revealed that the cloned fragment contained the complete structural genes for a
68-kDa dehydrogenase subunit, a 47-kDa cytochrome ¢ subunit, and a 24-kDa subunit of unknown function and
that the genes were clustered with the same transcriptional polarity. Comparison of the deduced amino acid
sequences and the NH,-terminal sequences determined for the purified protein indicated that the dehydroge-
nase, cytochrome ¢, and 24-kDa subunits contained typical signal peptides of 22, 19, and 42 amino acids,
respectively. The molecular masses of the processed subunits deduced from the nucleotide sequences (65, 45,
and 20 kDa) coincided well with the molecular masses of subunits estimated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. In E. cypripedii and recombinant E. coli, the GADH was constitutively
formed and the activity of GADH was enhanced more than twofold by addition of p-gluconate to the medium.
The holoenzyme glucose dehydrogenase of E. coli was reconstituted by addition of pyrroloquinoline quinone to
the culture medium, and the conversion of p-glucose or p-gluconate to 2KDG by recombinant E. coli harboring
the cloned GADH gene was attempted in batch culture. The conversion yields for p-glucose were 0.95 mol of
2KDG/mol of p-glucose after 16 h of cultivation, and those for p-gluconate were 0.95 mol of 2KDG/mol of

D-gluconate after 12 h of cultivation.

The conversion of D-glucose to D-gluconate, 2-keto-p-glu-
conate (2KDG), and 2,5-diketo-D-gluconate (25DKG) in sev-
eral species of the genera Acetobacter, Gluconobacter, and Er-
winia is mediated by membrane-bound dehydrogenases linked
to the cytochrome chains located in the cytoplasmic membrane
of the bacterium (1, 31). Membrane-bound gluconate dehy-
drogenases (GADHs), which catalyze the production of 2KDG
from D-gluconate, have been purified and characterized from
Pseudomonas aeruginosa (16, 19), P. fluorescens (17), Klebsiella
pneumoniae (17), Serratia marcescens (17), and Gluconobacter
dioxyacetonicus (28). The subunit structures and enzymatic
properties of these GADHs were found to be very similar (17).
These GADHs consisted of three subunits; namely, flavopro-
tein, cytochrome ¢, and a third subunit whose function is un-
known. Despite these findings, no further work on gene struc-
tures has been reported.

In the present work, we describe the direct-expression clon-
ing of the gene cluster encoding three subunits of membrane-
bound GADH from Erwinia cypripedii ATCC 29267. E. coli
K-12 derivatives are capable of synthesizing the apo-glucose
dehydrogenase (apo-GDH) but not the cofactor, pyrrolo-
quinoline quinone (PQQ), which is essential for the formation
of the holoenzyme (3, 5). When PQQ is present in the medium,
the holoenzyme is reconstituted and then E. coli is capable of
oxidizing glucose to gluconate (7). It has also been reported
that the expression of PQQ synthase genes in E. coli resulted
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in GDH activity in the absence of exogenous PQQ (13). There-
fore, we tried to convert D-glucose to 2KDG via D-gluconate by
using recombinant E. coli harboring the cloned GADH gene in
the presence of PQQ.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. E. cypripedii ATCC 29267
was used as the source of DNA in our gene-cloning experiment. E. coli JM109
(lac-pro hsdR17 recAl gyrA96 thi-1 relA1 F' traD36 proAB lacI9ZAM15) (40) was
used as the host strain for direct-expression screening for the GADH gene and
in experiments to evaluate 2KDG formation by transformants carrying the
GADH gene. E. coli was grown at 37°C in Luria broth (LB) medium. When
appropriate, ampicillin was added to a final concentration of 100 pg/ml. For
enzyme purification, E. cypripedii ATCC 29267 was grown at 30°C in GY me-
dium, which contained 5% glucose, 0.3% yeast extract (Difco), 1% (NH,),SO,,
0.02% KH,PO,, 0.08% NaH,PO,, 0.07% MgSO, - 7H,0, and 0.05% trisodium
citrate. LB medium containing 2.5% p-glucose or 3% D-gluconate - Na was used
to evaluate 2KDG production by recombinant E. coli. In the cultivation with
glucose, PQQ was added to a final concentration of 10 wM. The initial pH was
adjusted to 7.0 with NaOH. The seed culture of recombinant E. coli was inoc-
ulated into 25 ml of culture medium in 250-ml Erlenmeyer flasks and shaken for
12 h at 37°C.

The plasmids used for cloning and sequencing and for expression of the
GADH gene in E. coli were pUC (37) and pBluescript IT SK+ (Stratagene), both
containing E. cypripedii genomic DNA.

Determination of p-glucose, p-gluconate, and 2KDG. Substrates and products
were assayed in culture supernatants which were obtained after centrifugation of
samples at 10,000 X g for 10 min. Glucose was determined by using a glucose
analyzer (Model 2300 STAT; Yellow Springs Instrument Co.). Gluconate and
2KDG were determined by high-pressure liquid chromatography with an HPX-
87C column (Bio-Rad) at 30°C at a flow rate of 0.5 ml/min with 0.008 N H,SO,
as the eluent.

Enzyme assay. GADH activity at the various stages of purification was mea-
sured spectrophotometrically at 25°C by determining the initial rate of 2,6-
dichlorophenolindophenol (DCPIP) reduction at 540 nm as described previously
(17). One unit of enzyme activity was defined as the amount of enzyme which
catalyzed D-gluconate-dependent reduction of 1 umol of DCPIP per min. The
GADH activities of cells of recombinant E. coli were determined by using the
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ferricyanide method as described previously (27). After cultivation, the cells were
collected and washed twice with saline solution and the GADH activities of cells
were assayed. Specific activity was expressed as units per A4, unit of cells.

Preparation of the membrane fraction. Cells of E. cypripedii ATCC 29267 were
harvested at the late exponential phase and washed twice with water. The cells
were disrupted by a homogenizer in 50 mM acetate buffer (pH 5.0). After
centrifugation to remove the cell debris, the resulting supernatant was further
centrifuged at 80,000 X g for 60 min. The precipitate was collected and desig-
nated the membrane fraction.

Purification of GADH from E. cypripedii ATCC 29267 and amino-terminal
amino acid sequencing. The crude membrane fraction was solubilized with 50
mM acetate buffer (pH 4.5) containing 2% Tween 80 and 0.1 M KClI by stirring
for 8 h at 4°C. The precipitate was discarded, and the supernatant was dialyzed
overnight against two changes of 2 liters of 20 mM acetate buffer (pH 4.5)
containing 0.2% Tween 80. The dialysate was applied to a CM-Sepharose CL-6B
(Pharmacia) column (3 by 12 cm) equilibrated with 20 mM acetate buffer con-
taining 0.2% Tween 80 and eluted isocratically with 20 mM acetate buffer (pH
4.5) containing 0.2% Tween 80 and 0.1 M NaCl. The active fraction was pooled
and dialyzed against 10 mM phosphate buffer (pH 6.0) containing 0.2% Tween
80. The dialysate was applied to a DEAE-Toyopearl 650 (Tosoh) column (3 by
10 cm) equilibrated with 20 mM acetate buffer (pH 6.0) containing 0.2% Tween
80, and the enzyme was eluted with a linear NaCl gradient (0 to 300 mM) made
with buffer containing 0.2% Tween 80. The purity of the enzyme was examined
by activity staining of the nondenaturing gel as described previously (4).

The subunit structure was analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to the method of Laemmli (10). The
NH,-terminal amino acid sequences of the subunits of purified GADH, immo-
bilized on a polyvinylidene difluoride transfer membrane (Millipore), were de-
termined with an Applied Biosystems model 470A sequencer (the sequences are
underlined in Fig. 2).

DNA preparation and manipulation. Total DNA from E. cypripedii ATCC
29267 was prepared by using a genomic DNA isolation kit (QIAGEN Genomic-
Tip 100/G). DNAs of the vector plasmids were prepared by a rapid alkaline lysis
procedure (2). General DNA manipulations were carried out as described by
Maniatis et al. (14).

Construction of genomic library and screening of the membrane-bound
GADH gene in E. coli by a direct-expression method. The total chromosomal
DNA of E. cypripedii ATCC 29267 was partially digested with EcoRI and elec-
trophoresed in an agarose gel. The 10- to 20-kb DNA fragments were recovered
from the gel by using the QIAEX II gel extraction kit (QIAGEN) and were
ligated to pUC19, which was linearized with EcoRI and dephosphorylated with
calf intestine alkaline phosphatase. The ligation mixture was used to transform E.
coli JM109 by the CaCl, method (14). A total of 4,000 of the resulting Ap®
transformant colonies were individually transferred to LB agar plates containing
ampicillin. The colonies were transferred to nitrocellulose filters, and the filters
were placed on 3MM paper soaked in the GADH activity assay mixture (50 mM
acetate buffer, pH 5.0; 1 mM phenazine methosulfate [PMS]; 1.5 mM DCPIP;
0.5% Triton X-100; 0.2 M p-gluconate + Na). The GADH-positive clone was
identified by a yellow zone that formed around the colony on the filter on a
purple background, which indicated areas where membrane-bound dehydroge-
nase catalyzed D-gluconate-dependent reduction of DCPIP. The clone forming
the yellow zone was further checked for production of 2KDG in LB medium
containing D-gluconate; we selected one clone, 301, which contained plasmid
pGA301. For convenience, the GADH activity of subclones from pGA301 was
detected as follows. Subclones were cultivated in 2 ml of LB medium containing
ampicillin in tubes at 37°C overnight. The cells were harvested, washed twice with
saline solution, and reacted in a solution containing 100 mM acetate buffer (pH
5.0), 10 mM potassium ferricyanide, 0.5% Triton X-100, and 100 mM p-glu-
conate at 30°C for 30 min. The activity was visualized as dark blue by addition of
ferric sulfate-Dupanol reagent (27).

Nucleotide sequencing and analysis. Nucleotide sequence analysis was per-
formed by the dideoxy chain termination method (26). Both strands were se-
quenced with synthetic oligonucleotide primers as needed. The DNA sequence
was analyzed by using the DNASIS sequence analysis program (Hitachi Software
Engineering, San Bruno, Calif.).

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the GenBank/EMBL database under accession
number U97665.

RESULTS

Cloning of the gene cluster encoding three subunits of
GADH by a direct-expression method. On the assumption that
the genes encoding each subunit might be clustered in the
genome, we tried to isolate the GADH gene by a direct-ex-
pression method as described in Materials and Methods before
performing colony hybridization screening with oligonucleo-
tide probes designed from NH,-terminal sequences of GADH
subunits or complementation cloning. Usually the activities of
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membrane-bound dehydrogenases are estimated as the initial
rate of reduction of DCPIP as the electron acceptor by spec-
trophotometry in the presence of PMS (17). We applied the
reduction reaction to the color reaction product on the solid
matrix (nitrocellulose filter). To reduce the background color
reaction by the host strain on the nitrocellulose membrane, we
increased the concentrations of PMS and DCPIP 10 times
relative to concentrations used for enzyme assay. The reaction
was optimized by using E. cypripedii and E. coli JM109 as a
positive and a negative control, respectively. Of 4,000 transfor-
mants, one putative positive clone was isolated by a direct-
expression method and designated clone 301. Clone 301 pro-
duced 2KDG in the presence of D-gluconate, indicating that a
membrane-bound GADH had been cloned and that it was
expressed in E. coli. A recombinant plasmid containing a
10.5-kb DNA insert was purified from the positive clone and
designated pGA301. The restriction map of the cloned 10.5-kb
EcoRI fragment is shown in Fig. 1. A series of deletion clones
of pGA301 were constructed by subcloning the restriction frag-
ments into pUC and pBluescript vectors (Fig. 1). E. coli cells
harboring pGA303, pGA308, pGA312, and pGA313 showed
dehydrogenase activity by the ferricyanide method, while E.
coli cells harboring pGA308 did not convert p-gluconate to
2KDG. These results indicated that the 4.7-kb Stul-SspI DNA
fragment covered the whole region of the dehydrogenase sub-
unit genes.

Purification of GADH from E. cypripedii ATCC 29267 and
amino-terminal amino acid sequencing of subunits. By CM-
Sepharose CL-6B and DEAE-Toyopearl 650 ion-exchange col-
umn chromatographies, the GADH of E. cypripedii ATCC
29267 was purified from the membrane fraction. The resulting
partially purified enzyme produced a major protein band on
native PAGE gels which, upon activity staining, gave a prom-
inent color reaction (data not shown). SDS-PAGE of the en-
zyme showed three polypeptides of 65, 45, and 20 kDa. The
45-kDa subunit appeared as a red band on unstained SDS gels,
suggesting its identity as a cytochrome c¢ subunit. The NH,-
terminal amino acid sequences of the 65-, 45-, and 20-kDa
subunits were determined as NH,-Ala-Asn-Glu-Leu-Lys-Lys-
Val-Asp-Ala-Val-Val-Val-Gly-Phe-Gly, NH,-Asp-Asp-GlIn-Ala-
Asn-Asp-Ala-Leu-Val, and NH,-Ala-Glu-GlIn-Ser-Ser-Gly-Ser-
GIn-Thr-Ala-Arg-Asp-Tyr-Gln-Pro, respectively. The optimum
pH of the enzyme was found to be 5.0, and the optimum tem-
perature was 30°C.

Nucleotide sequence of the 4.7-kb fragment containing the
genes encoding the three subunits of GADH. The DNA se-
quence of the 4.7-kb fragment was determined, and the results
are shown in Fig. 2. Nucleotide sequencing revealed the pres-
ence of three open reading frames (ORFs) corresponding to
the dehydrogenase subunit (subunit I), the cytochrome ¢ sub-
unit (subunit IT), and the smallest subunit (subunit IIT). The
dehydrogenase subunit is located immediately downstream of
the gene coding for the smallest subunit, and the cytochrome ¢
subunit is the next. The three subunit genes were organized in
the same transcriptional polarity. The two inverted-repeat se-
quences of possible transcriptional terminators were found
downstream of the cytochrome c¢ subunit gene, which may
serve as the rho-independent transcriptional terminator. This
indicates that these three genes are in the same operon and are
cotranscribed. The ORF corresponding to the smallest subunit
might start with either ATG at nucleotides (nt) 258 to 260,
ATG at nt 327 to 329, ATG at nt 348 to 350, or ATG at nt 369
to 371 and terminate at TGA at nt 918 to 920. The ATG at nt
258 to 260 seems to be the functional initiator because this
ATG was preceded by a possible ribosome-binding sequence,
GAGG (nt 247 to 250). The gene consists of 663 bp, encoding
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FIG. 1. Restriction map of cloned DNA fragment encoding GADH of E. cypripedii. The open arrows indicate the coding sequence for a dehydrogenase (subunit
I), a cytochrome ¢ (IT), and the smallest subunit (IIT). Regions covered by plasmids of the pGA series are presented under the restriction map. Enzyme activity was
assayed by using ferricyanide as an electron acceptor. Conversion activity was assayed by high-pressure liquid chromatography as described in Materials and Methods.

a polypeptide of 221 amino acids with a calculated molecular
weight of 24,471. The NH,-terminal amino acid sequence of
the purified smallest subunit was found in this ORF at posi-
tions 43 to 56. The extra 42 amino acids at the NH, terminus
of this ORF showed features typical of leader peptides. The
molecular mass of the processed subunit deduced from the
nucleotide sequence (20 kDa) coincided well with the molec-
ular mass estimated by SDS-PAGE (20 kDa). The coding re-
gion of the predicted dehydrogenase gene probably starts with
a GTG codon at positions 934 to 936, preceded by a Shine-
Dalgarno (SD) sequence, ATGGA. Another possibility is the
ATG codon positioned at nt 925 to 927, but it lacks an SD
sequence. The dehydrogenase gene consists of 1,845 bp, en-
coding a polypeptide of 615 amino acids with a calculated
molecular weight of 67,238. The NH,-terminal amino acid
sequence of the purified dehydrogenase subunit was found in
this ORF at positions 23 to 37. The extra 22 amino acids at the
NH, terminus of this ORF also showed features typical of
leader peptides. The molecular mass of the mature subunit
(64.9 kDa) was in good agreement with the molecular mass
obtained by SDS-PAGE (65 kDa). The ORF corresponding to
the cytochrome ¢ subunit was found 11 bp downstream of the
OREF coding for the 67-kDa dehydrogenase subunit. A possible
ribosome-binding sequence, AGGA, was present 8 nt up-
stream of the ATG codon. This ORF encodes a 441-amino-
acid polypeptide with a molecular weight of 47,094. The NH,-
terminal amino acid sequence of the cytochrome ¢ subunit was
found in this ORF at positions 20 to 28. The extra 19 amino
acids at the NH, terminus of this ORF also showed features
typical of leader peptides. The molecular mass of the mature
subunit (45 kDa) also coincided well with that estimated by
SDS-PAGE (45 kDa). Three possible heme-binding motifs,
C-X-X-C-H (20) (nt 2910 to 2924, 3354 to 3368, and 3765 to

3779), the characteristic amino acid sequence of c-type cyto-
chromes, were present within this ORF (Fig. 2).

Comparison with other proteins. The flavin adenine dinu-
cleotide (FAD)-dependent enzymes possess the characteristic
B1-aA-B2 motif for binding the ADP moiety of FAD (39). This
motif is usually located at the amino terminus of the enzyme
and contains a so-called glycine box (GXGXXG). The de-
duced amino acid sequence of the GADH dehydrogenase sub-
unit contained three possible glycine boxes, GFGWAG (nt
1036 to 1053), GTGTGG (nt 1282 to 1299), and GAGGAG (nt
2104 to 2121). A homology search of protein databases re-
vealed that the region containing the first glycine box showed
sequence similarity with the FAD-binding motif of cellobiose
dehydrogenase (CEDH) from Phanerochaete chrysosporium
(12, 24), sorbose dehydrogenase (SDH) from Gluconobacter
oxydans (25), choline dehydrogenase (CDH) of Rhizobium me-
liloti, glucose dehydrogenase of Drosophila melanogaster (38),
human monoamine oxidase B (6), and versicolorin B synthase
(VBS) from Aspergillus parasiticus (29). The amino acid se-
quence alignment is shown in Fig. 3A. These data could indi-
cate that the GADH from E. cypripedii is also a flavoprotein
like other membrane-bound GADHs (16, 17, 19, 28). In the
deduced amino acid sequence of the dehydrogenase subunit,
another region with similarity to CEDH, SDH, CDH, and VBS
was found (Fig. 3B). However, a Prosite search revealed no
functional domain for this region. The predicted amino acid
sequence of the cytochrome ¢ subunit showed considerable
identity with sequences of Gluconobacter suboxydans cyto-
chrome ¢-553 (34.1%) (33), Acetobacter pasteurianus alcohol
dehydrogenase (ADH) cytochrome ¢ (37.2%) (34), Acetobacter
polyoxogenes ADH cytochrome c (39.3%) (35), and Acetobacter
aceti ADH cytochrome ¢ (38.9%) (8), which also have signal
peptides. The three regions with a C-X-X-C-H sequence are

FIG. 2. Nucleotide and deduced amino acid sequences of the genes encoding the dehydrogenase, the cytochrome c, and the third subunit. The underlined amino
acid sequences were determined by an Edman degradation procedure. The vertical arrows indicate the putative signal sequence cleavage sites. Potential ribosome-
binding sequences (SD) are marked. Facing arrows show an inverted repeat, which possibly serves as a rho-independent transcriptional terminator. The putative
FAD-binding motif is indicated by dashed underlining. The possible heme-binding motifs (C-X-X-C-H) are boxed.
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Stul
AGGCCTTAACTGTCTGTAGGCTGTTGTATCAGACCATGACAATGTCGCGCCTGCGGTGTAAAGCCGCTGCGCAAAATGTTAATTATTTTIGTGCGAATTTG 100

TGTCCTTACGCTAAATCTTTGTCATCAACGGTGTTACACTGCGACGCAATGTTACCGGTAACGGTGGCGCTGTATCCTTAAGCCCGCACATAAAAATCAT 200

TACAACGCAATCAGTTAACCTTTCATGCCACATTATATGCGGCACTQAQQCAATGTCATGTCAGAACACAAAAATGGTCACACACGCAGGGATTTTCTGC 300
S EH KNG GUHTURU RTUDTFL
TGAGAACCATCACCCTGGCGCCAGCAATGGCGGTGGGTTCAACAGCGATGGGTGCACTGGTTGCGCCAATGGCTGCCGGAGCAGCAGAACAAAGCAGCGG 400
L RTTITTULATPAMAVG G ST AMGA ALV AP MAABAGA ARAE QO S S G
GTCACAAACCGCCCGCGACTATCAGCCGACCTGGTTTACGGCGGAAGAGTTTGCCTTTATCACCGCAGCGGTGGCACGTCTGATCCCCAACGATGAACGT 500
S O T ARDYOPTMWT FTAETETFATFTITA AAVARTILTIZPNTIDER
GGTCCTGGCGCACTGGAAGCCGGGGTGCCGGAGTTTAT CGATCGCCAGATGAACACCCCGTACGCCCTCGGCAGCAACTGGTACATGCAGGGGCCGTTCA 600
G P GALEAGVPETFTIUDIRIOQMMNTUPYALTGS SNUWYMOQOGT?PTF
ATCCCGATCTGCCGAAAGAGCTGGGTTATCAGCTGCCACTGGTGCCGCAGCAGATCTACCGTCTGGGCCTCGCCGATGCTGATAGCTGGAGCAAACACCA 700
N PDVLZPZX ETLGYOQTULUPTLVZPOQOQTIVYZRILGTLADA RZADTSTWSZKUHOQ
GCACGGCAAAGTGTTTGCTGAGC TGAGCGGCGACCAGCAGGATGCCCTGCTGAGCGACTTCGAAAGTGGCAAAGCGGAGTTCACCCAGCTCCCGGCCAAA 800
H G KV FAETLSGDSOQOQDA ATLTLTSTDTFESGZ KA AETFTOQTL P A K
ACCTTCTTCTCCTTCCTGCTGCAAAACACCCGCGAGGGTTACT TCACGCGATCCGATCCACGGTGGCAATCAGGGCATGGTGGGCTGGAAGCTGATTGGC 900
T FF S FLL QNTH®REGYT FTH RS SDUZPRUWOQSGHGGTLEA ADW
TTCCCCGGCGCACGCGCTGATTACATGGATTGGGTGGAACGCGATGAACGCGTATCCGTTCCCGTCAGTGEGATATTCGCGGGGAGAGGGCGTAACCGTGG 1000
L P R R T R * SD VERGET®RV VSV?PVSGYSRGEGUVTVe
CAAATGAATTGAAGAAAGTGGATGCGGTGGTGGTGGGTTTCGGCTGGGCCGGTGCCATCATGGCAAAAGAACTGACCGAAGCCGGGCTGAATGTGGTGGC 1100
A N E L K K V vV V_ VvV G L N V V_ A
GCTGGAGCGTGGTCCGCATCGTGACAC G TEEGEKATECXTTEKTEXAETGXECTXCXXCXTCEETXXAKKCETCTTtExbdxt 1200
L R P HR DT Y P D G A Y P Q $ I DEVLTT YNTIU® RIEKIEKTLTF QD
CTGTCAAAAAGCACCGTCACCAT TCGTCACGACGCGTCACAGACGGCAGTGCCGTATCATCAGCTGGCGGCGTTTCTGCCCGGCACCGGTACCGGCGGCG 1300
L S K $ TV TIW RUHDASOQTAV?PYURUQLAATFTLUPGTS GTG G
CGGGCCTGCACTGGTCAGGCGTACATTTCCGTGTCGACCCGGTCGAGC TGAATCTGCGCAGCCATTATGAAGCGCGTTACGGCAAAAACTTTATCCCGGA 1400
A G L HW S GV HTF RV VDT PV ETLINILT®RTSUHYEA ARTYGTE KNTFTIPE
AGGCATGACGATTCAGGATTTCGGCETCAGCTATAACGAACTGGAACCCTTCTTCGATCAGGCGGAGAAAGTCTTTGGTACCTCGGGCAGTGCCTGGACC 1500
G M T I QDF GV SYNTETVLTET PTFTFUDU QA AETZ XKV VT FGTSG S AWT
ATCAAAGGCAAGATGATCGGCAAGGAGAAAGGCGGCAACTTTTACGCGCCGGACCGCTCCAGCGACTTCCCGCTGCCCGCACAGAAGCGGACTTACTCGG 1600
I K G K M I G K EZXKGGNTFJYAPT DI RTSSDTF PTLUZPA AQ QI KT RTY S
CGCAGCTGTTTGCCCAGGCGGCAGAGTCGGTGGGCTATCATCCGTACGATATG CCATCGGCCAACACC TCAGGTCCGTACACCAACACCTACGGCGCACA 1700
A Q L FA QA ATETZSUVOGYHZ©PYUDMEPSANTTSG?PYTNTTY G A
GATGGGCCCGTGCAACTTCTGCGGCTATTGCAGCGGCTACGCCTGCTACATGTATTCCAAAGCGTCGCCTAACGTGAACATCCTGCCCGCGCTGCGTCAG 1800
M G PCNTFCGYCSGYACYMYSKAS?PNU VNTITLTZPATLRQ
GAGCCGAAGTTTGAGCTGCGTAACAACGCATATGTGTTGCGCGTCAAT CTGACCGGCGACAAAAAACGCGCCACTGGCGTGACCTATCTCGATGGTCAGG 1900
E P XK F ELRNINA ATYV VI LRV VNTILTTGDTZ XK KR RATG GV TZYULDGQ
GTCGTGAAGTGGTGCAGCCTGCGGATCTGGTGATCCTGTCAGCGTTCCAGTTCCACAACGTGCACCTGATGCTGCTGTCCGGTATCGGCCAGCCGTATAA 2000
G REV UV QPADTLTV VTIULSATFT GQFU HNUVIHLMMLILSGTIG QUPJYN
CCCGATCACTAACGAAGGTGTGGTCGGCCGTAACTTCGCTTATCAGAACATCTCGACGCTGAAAGCGCTGTTCGACAAAAACACCACCACTAACCCGTTT 2100
P I T NEGV VGRNTFAY OQNTISTILI KA ATLTFTUDIEKNTTTNTPF
ATCGGTGCGGGTGGCGCAGGGGTGGCGGTGGATGATTTCAACGCCGACAACTTCGACCACGGCCCGTACGGCTTCGTCGGTGGCTCGCCATTCTGGGTGA 2200
I1 G AGGAGV VA AVDUDTFNADINTFUDU HGT?PYGFVGG S P F WUV
ACCAGGCGGGTACCAAACCGGTTTCCGGTCTGCCGACCCCCAAAGGCACGCCGAACTGGGGCAGCCAGTGGAAAGCGGCGGTGGCGGATACCTACAACCA 2300
N QA GT K PV S GLPTU PI KT GTU PNUWOG S QWX XKAAVADTYNH
CCATATTTCGATGGATGCCCACGGTGCGCACCAGTCATACCGCGCTAACTACC TCGATCTCGATCCGAACTACAAAAATGTC TACGGCCAGCCGCTGCTG 2400
H I S M DAHGA AU HG QS SY®RANTYTLUDTLUDT PN YEKNVUVYGQQ?PILL
CGTATGACCTTTGACTGGCAGGACAACGACATCAGGATGGCGCAGTTTATGGT CGGCAAGATGCGCAAAATCACCGAGGCCATGAATCCGAAGATGATCA 2500
R M T F DWQDNUDTITRMAGC QT FMV VG KM®RIEKTITEA AMMNZPIE KMTI
TCGGCGGCGCTAAGGGACCGGGTACCCACTTCGATACCACCGTGTATCAAACCACGCATATGAGCGGCGGGGCGATCATGGGTGAAGATCCGAAAACCAG 2600
I G GAKGZPGTHTFDTTVY QTTUHMSGGATIMGETDTPTI KT S
CGCAGTGAACCGTTATTTGCAGAGCTGGGATGTGCCGAACGTGTTTGTGCCGGETGCGTCCGCGTTCCCGCAGGGTCTGGGCTACAACCCGACCGGCATG 2700
AV NRYULOQSWDV PNV FV?PGASATFU©POQGILGYNZPTGM
GTGGCGGCACTGACCTACTGGTCGGCGAAAGCCATCCGTGAACAGTATCTGAAGAACCCAGGTCCACTGGTGCAGGCATAAGGAAAACGGCGATGATGAA 2800
V A AL T Y W S AKATIR RTET QY YTULTZ KNZ PGT PTULUV QA *3D M M K
AAGCATTCTGGCCCTGGTTTTGGGCACGCTGTCGTTCGCCGCGCTGGCGGACGATCAGGCAAATGACGCCCTGGTAAAACGGGGTGAATATCTGGCGCGC 2900
S I LALVILGTTL ST FAATLAERDO A NTUDATLVIEKZ RTGETYTL AR
GCCGGTGAC AGCGTCAAAGGTGGGCAGCCTTTTGCCGGTGGGT TGCCGATGGCGACGCCGATTGGCACCATTTATTCCACCAACA 3000
A G D Illﬂllﬂllﬂllﬂ S VX GG QP F AGGLPMATZ PTIGTTIVY S TN
TCACCCCGGATAAAACCACCGGGATTGGTGACTATAGCTACGACGACT TCCAGAAAGCGGTGCGTCATGGCGTGGCGAAAAACGGTGACACGCTGTATCC 3100
I T PDZKTTOGTIOGDVY S YDUDTFQZ KAV RUHGV YVAI KNG GDTTLTYP
GGCGATGCCGTATCCGTCTTACGCAGTGGTGAGCGACGAGGACATGAAGGCGCTGTACGCGTACTTTATGCACGGCGTGGCCCCGGTGGCGCAGGCTAAC 3200
A M PY P S Y AV VYV SDETDMTE KA ALTYA AYT FMHGVAUPUVAQAN
AAAGACAGCGACATTCCGTGGCCGCTGTCGATGCACTGGCCTT TAGCTATCTGGCGCGGCGTGTTTGCGCCGGACGTGAAAGCGTTCCAGCCTGCCGCCC 3300
K D S DI PWU&PIL SMURTWUPILATIT WI RTGVT FATPUDTV VI KA ATF QP AA
AGGAAGATCCGGTGCTGGCACGGGGTCGTTATCTGGTGGAAGGTCTGGGTCACT! ATACGCCGCGCAGCATCACCATGCAGGAGAAAGC 3400
Q ED PV L ARGRTYTULVEG GTLTGHIGATCUHTD®P?PR S I TMOQE K A
GCTCAGCAATGATGGCGCGCATGATTATCTCTCCGGCAGCAGCGCACCGATTGATGGC TGGACCGCAAGCAACCTGCGTGGTGACAACCGCGACGGCCTG 3500
L €S NDGAHUDTYTLSG S SAZPTITDGUWTA ASNTZ LR RTGUDNU RDGL
GGACGCTGGAGCGAGGACGATCTGCGCCAGTTCCTGCGCTATGGCCGCAACGATCACACCGCCGCGTTTGGTGGTATGACTGATGTGGTGGAGCACAGCC 3600
G RW S EDUDTILT RO QFTILTI RYGRNDU HTAATFGG GMTUDUVVEH S
TGCAACACCTGAGCGATGACGATATCACGGCAATTGCCCGTTATCTGAAGTCGCTGGGCGCGAAGGACGCCAGCCAGACGGTGTTTACCCAGGATGACCA 3700
L 0 HL $DDUDTITA ATIARTYT LZ KT STILG GATZ KT DA AST QTV VT FTQDTD
GGTGGCGAAAGCGTTGTGGAAAGGTGATGACAGCCAGACTGGCGCGTCGGTGTATGTCGACAGCT ATAAAACCGACGGCAGCAGGTTA 3800
V AKAL WU KOGDTUDS QTG GASV Y VD S| AACHEKTDSGSTRL
TCAGCGCTTCTTCCCGGCGCTGCGTGECAACCCGETGETGCTGGCGAACCCGATCCGACGTCGCTGATCCACATCGTGCTGACTGGCGGAACGCTGCCAG 3900
S AL L P GAAWIGQZPGGAGE®PDZ&PTS STLTIUHTIUVILTS GG GTTL?P
GCGTGCAGGGTGCACCGACGGCGATCACCATGCCGGCATTCGG CTGGCGCCTGAATGACCAGCAGGTGGCGGATGTTGTGAACTTTAT TCGCGGCAGCTG 4000
G V Q GA P TATITMZPATFGWIRIULNDIGQOQUVADVVDNTFTIIRSGSW
GGGCAACGGTGCCAAAGCCACGGTGACGGCGAAAGATGTCGCATCCTTACGTAAGGATGAAACCGTGCAGGCGCACCAGGGTAATGCGGATATTAAGGTG 4100
G N GAKATV T AKDVASTILI RIEKTDTETV QAUHZOQG GNATDTITZKV
CTGGAGCAACAGCAGTAATATTACGTTTGCCACGAGGGGATTTCGTTCGCCTCGGAGTGATTTCGTTCGCTATGGGCACTGGEAGTTTCAGCTCGGCAGT 4200
L EQ Q Q *
GCGGCGACCGAGCAAAGGGGACC TGGCCGTCCCCTTTGCATTCCCCGGCCTTGCGCCGCCTTCCTCGCCGCTTCGCGGCTTTTTCGCGCGATAAATCGCG 4300

CCGCTACACGCCGCCTTTCGCCGCATCCTTGCGGCTCATCCTGGAATCGCTCCCGCGCTCAGCGAGTCCGGATGGCGCTCACACCCCCGCTGCAACCGCG 4400

ATGACGGTCTTTGGTTTTTCTTT TGTTGTTTGTTTTTATGAGATGGTC TTGCAGACGGCGGTGTTGGCGGCATTCGCAGCGCCGAGTGCAGAAGGAAGGC 4500

CAGGACGAGTCGCATGGATGCGACGAGAGCGCGGCATGGCGCGGATTGCAAAGGTCCGCGCCCTCGGACCTTTGCCCGTCCGCCTGCACAGGCGGCCCTG 4600
Sspl
AAACTGCCTAAAGCCTGGCGGGCGGAACCCCTGCGGAGCTAAACCGGTGCCAGCGATTAAATATT 4665
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TABLE 1. Specific GADH activities in E. cypripedii and the
recombinant strain of E. coli”

GADH sp act (U/Agyo unit)

Strain 7h 12h

LB LB + GA LB LB + GA

E. cypripedii 0.78 2.36 1.36 2.09
E. coli IM109(pUC18) 0 0 0 0
E. coli IM109(pGA313) 0.86 1.85 0.41 2.15

“ E. cypripedii ATCC 29267 and E. coli strains were cultivated in LB or LB
medium containing 2.5% D-gluconate (GA). Activities were assayed after culti-
vations for 7 and 12 h by the ferricyanide method described in Materials and
Methods.

highly conserved (data not shown). In the membrane-bound
ADH, the cytochrome ¢ subunit has been found to be essential
for activity on the basis of in situ reconstitution of the subunit
in the membranes of an alcohol oxidase activity-deficient strain
(15). The pGA308 clone (Fig. 1), in which a part of the C-
terminal region of the cytochrome ¢ subunit was deleted, did
not convert D-gluconate to 2KDG. This result indicates that
the cytochrome ¢ subunit in GADH is also essential for the
activity. No protein showing significant similarity to the small-
est subunit was found in the protein databases, as was the case
with the 20-kDa smallest subunit of A. pasteurianus ADH
(9). The function of the third subunit in the 3-subunit mem-
brane-bound dehydrogenases is unknown. Kondo et al. sug-
gested that the 20-kDa smallest subunit of A. pasteurianus
ADH had a role in the stability of the dehydrogenase sub-
unit and functioned as a molecular coupler of the dehydro-
genase subunit to the cytochrome ¢ subunit on the cytoplas-
mic membrane (9).

Expression of the gene encoding GADH in E. coli. The re-
combinant E. coli IM109 transformed with pGA303 and E.
cypripedii were cultivated in LB or LB medium containing
2.5% p-gluconate. Whole cells were used for assaying GADH
activity. As shown in Table 1, the GADH activity was found in
the E. coli IM109 cells harboring pGA303 but not in the E. coli
JM109 cells harboring vector plasmid pUCI18. The activities
were found in the cells cultivated both in LB and in LB me-
dium containing D-gluconate, which suggests that the gene
encoding GADH is expressed constitutively in both E. cypripe-
dii and E. coli. The higher GADH activity in the presence of
D-gluconate was found both in E. cypripedii and in the recom-
binant strain of E. coli.

J. BACTERIOL.

(a)

GADH 30 DAVVVGFGWAGAIMAKELTEAGLNVVAL-ERG
CEDH 235 DYIIVGAGPGGIIAADRLSEAGKK-VLLLERG
SDH 6 DYIVVGGGSAGCVLAARLSENPSVRVCLIEAG
CDH 4 DFVIIGSGSAGSALAYRLSEDGRNSVIVLFGG
GDH 66 DFIVIGGGSAGSVVASRLSEVPQWKVLLIEAG
MAO-B 3 DVVVVGGGISGMAAAKLLHDSGLNVVVL-EAR
VBS 76 DYVIVGGGTAGLAMARRLSQDGTASVAVIEAG

(B)

GADH 315 RATGVTYLDGQGREVVQPADLVILSAFQFHNVHLMLLSGIG
SDH 227 RATGVQYIANGTLNTAEASQEIVVTAGAIGTPKLMMLSGVG
CDH 225 RATGVEIERGGRIEVVKANREVIVSASSFNSPKLLMLSGIG
VBS 326 RATGVTVNTDGFEWQIGARKEVILSAGVMRSPQLLMVSGIG

FIG. 3. Comparison of the putative FAD-binding region of the GADH de-
hydrogenase subunit with FAD-dependent enzymes. (A) The amino-terminus
region of the dehydrogenase subunit of GADH is aligned with the flavin domain
of CEDH from P. chrysosporium (12, 24), SDH from G. oxydans (25), CDH of R.
meliloti, glucose dehydrogenase (GDH) of D. melanogaster (38), human mono-
amine oxidase B (MAO-B) (6), and versicolorin B synthase (VBS) from A.
parasiticus (29). (B) The region of the dehydrogenase subunit conserved with
CEDH, SDH, CDH, and VBS. Identical amino acids are indicated in boldface

type.

Conversion of glucose to 2KDG in E. coli. E. coli JIM109
transformed with pGA313 was cultivated in LB medium con-
taining 2.5% glucose, 10 M PQQ, and ampicillin (100 pg/ml).
The supernatant was used for assaying the amounts of D-
gluconate + Na and 2KDG - Na converted from D-glucose.
The results are shown in Table 2. With E. coli JM109 trans-
formed with pUCI18 as a control, the glucose was completely
converted to 29.9 mg of b-gluconate/ml in 12 h of cultivation
by addition of PQQ to the culture medium. With E. coli
JM109(pGA313) in the presence of PQQ, the glucose (25
mg/ml) was almost completely converted to 29.2 mg of
2KDG - Na/ml via p-gluconate during 12 h of cultivation.
When culture was carried out with p-gluconate + Na as a
carbon source, 30 mg of p-gluconate - Na/ml was converted
to 29.2 mg of 2KDG -+ Na/ml in 12 h. The conversion yields
for p-glucose and Dp-gluconate were 0.86 mol of 2KDG/mol
of p-glucose and 0.95 mol of 2KDG/mol of D-gluconate,
respectively. D-Glucose (25 mg/ml) was converted to 2KDG

TABLE 2. Production of 2KDG in recombinant strains of E. coli

Amt (mg/ml in broth)

Strain Substrate PQQ Yoa? Yoxng’
Glu GA - Na 2KDG - Na
E. coli IM109(pUC18) Glu - 23.5 0 0 0 0
Glu + 0 29.9 0 0.99 0
E. coli IM109(pGA313) Glu - 235 0 0 0 0
Glu + 0 2.4 259 0.08 0.86 (0.95)
E. coli IM109(pUC18) GA - 29.8 0 0
E. coli IM109(pGA313) GA - 0 29.2 0.95

“E. coli strains were cultivated in LB medium containing 2.5% bD-glucose (Glu) or p-gluconate (GA) for 12 h at 37°C. If needed, PQQ was added to a final

concentration of 10 wM.
® Molar yield calculated from initial substrate concentration.
¢ Cultivation for 16 h.
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with a yield of 0.95 mol of 2KDG/mol of glucose in 16 h after
inoculation.

DISCUSSION

We cloned the gene cluster encoding the three subunits of
GADH from E. cypripedii by direct expression on a nitrocel-
lulose filter by using PMS and DCPIP as described in Materials
and Methods. We also tried to apply the ferricyanide color
reaction to the screening of the positive GADH clone on the
filter, but it proved to be difficult to distinguish the color
difference between the positive and negative controls. This
screening method with PMS and DCPIP could be useful for
the direct-expression cloning of other membrane-bound dehy-
drogenases.

All GADHs that have been purified and characterized con-
sist of three subunits, a dehydrogenase, a cytochrome ¢, and a
third component of the lowest molecular weight. The molec-
ular masses of the GADH genes of E. cypripedii for the pro-
cessed subunits deduced from the nucleotide sequences and
the subunits estimated from purified protein were 65, 45, and
20 kDa, respectively. These molecular masses are very similar
to those of the subunits of GADHs from P. aeruginosa (16, 19),
P. fluorescens (17), K. pneumoniae (17), S. marcescens (17), and
G. dioxyacetonicus (28). The optimum pH of 5.0 is also in the
range of values (pH 4.0 to 5.0) for other GADHs. It has been
reported that GADH is highly specific for p-gluconate (17).
The substrate specificity of GADH from E. cypripedii is also
restricted to D-gluconate (data not shown). These results indi-
cate that the molecular and catalytic properties of membrane-
bound GADHs are similar.

To determine whether the substrate, p-gluconate, affects the
expression of the GADH gene, the activities of GADH in the
growing cells were measured in the presence and absence of
D-gluconate in rich medium. In both E. cypripedii and recom-
binant E. coli, the GADH was constitutively formed and the
activity was enhanced more than twofold by addition of D-
gluconate to the medium (Table 1). It has been reported that
almost the same amounts of the cytochrome ¢ and 15-kDa
subunits of ADH from A. pasteurianus were produced regard-
less of the presence or absence of ethanol (34). The amount of
the dehydrogenase subunit of ADH from A. pasteurianus lo-
calized in the membrane was smaller in the absence of ethanol
due to the incorrect localization (34). In G. suboxydans grown
under acidic conditions, an inactive form of ADH was pro-
duced and the enzyme had a relatively loose conformation
(18). This inactive form was converted to the active form, with
a tight conformation, at a neutral culture pH. The relatively
lower GADH activity in the absence of D-gluconate might also
be due to a conformational change or incorrect localization of
GADH.

Oxidation of glucose to ketogluconates such as 2KDG, 5-
keto-p-gluconate (SKDG), and 25DKG in several species of
the genera Erwinia, Acetobacter, Gluconobacter, Serratia, and
Pseudomonas has been shown to proceed via membrane-bound
dehydrogenases (1, 31), and the ketogluconates or their phos-
phorylated forms are dissimilated through the central meta-
bolic pathway (11, 22, 30, 36). The batch production of 2KDG
from D-glucose by S. marcescens (21) and A. pasteurianus (32)
has been investigated. In these strains, 2KDG is dissimilated
through the central metabolic pathway and the selectivity of
glucose oxidation to 2KDG in the ketogluconate producers
depends on the culture conditions (23, 32). Since 2KDG, an
intermediate in iso-ascorbic acid synthesis, would not be me-
tabolized in this recombinant E. coli strain, it would be accu-
mulated to high levels in the culture medium. As the first step
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in our approach, the production of 2KDG from p-glucose by
recombinant E. coli in the presence of exogenous PQQ was
attempted. As expected, D-glucose (25 mg/ml) was converted
to 2KDG with a yield of 0.95 mol of 2KDG/mol of glucose in
16 h after inoculation (Table 2). Considering the fact that the
conversion of D-glucose to 2KDG in an E. coli strain unable to
metabolize ketogluconate was extremely efficient, the biocon-
version process using E. coli cells should be an attractive
method.
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