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(57) ABSTRACT 

The present invention is directed to a recombinant enzymes 
having alcohol and aldehyde dehydrogenase activity Which 
comprises one or more recombinant polypeptides selected 
from the group consisting of polypeptides Which are iden 
ti?ed by SEQ ID NO 5, SEQ ID NO 6, SEQ ID NO 7, SEQ 
ID NO 8 and chimeric recombinant polypeptides that are a 
chimeric combination of at least tWo of the following amino 
acid sequences identi?ed by SEQ ID NO 5, SEQ ID NO 6, 
SEQ ID NO 7, SEQ ID NO 8 and functional derivatives of 
the polypeptides identi?ed above Which contain addition, 
insertion, deletion and/or substitution of one or more amino 
acid residues, Wherein said enzymatic polypeptides have 
said alcohol and aldehyde dehydrogenase activity. DNA 
molecules encoding the recombinant polypeptides, vectors 
comprising such DNA molecules, host cells transformed by 
such vectors and processes for the production of such 
recombinant enzymes are provided. Furthermore, the 
recombinant enzymes having alcohol and aldehyde dehy 
drogenase activity are used for obtaining aldehydes, ketones 
or carboxylic acids, and speci?cally, 2-keto-L-gulonic acid 
an intermediate for the production of L-ascorbic acid (vita 
min C). 
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*3 : AMINO ACID RESIDUE NO. 125 OF MATURE ENZYME A 

*4 : AMINO ACID RESIDUE NO. 95 OF MATURE ENZYME A 

*5 : AMINO ACID RESIDUE NO. 180 OF MATURE ENZYME B, 
WHICH NUCLEOTIDE SEQUENCE OF AvaI SITE ENCODES 
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: QVTPVTDELL ANPPAGEWIS YGQNQENYRH SPLTQITTEN 

YGRNQENYRH SPLTQITADN 

DAKTGDLIWE HRRQLPNIAT 

DAQTGDLIWE HRRQLPAVAT 

VDRGQGED-M VSNSSGPIVA 

VERGSGEDGL TSNTTGPIVA 

EEGDETWGND YEARWMTGAW 
'k'k******'k* ******* ~k 
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VDSTAIGNAV 

IDSTSVGNAI 

: DRYFRALSQE TGETLWQARL ATVATGQAIS 
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VWRHQTLPRD 
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VGQLQLVWAR GMEAGAVQVT 

LNSFGEPTRG MALYGTNVYF 

LNAQGDRKRG VALYGTSLYF 
i 

AvaI 
NGVIVAGSTC QYSPFGCFVS 

NGVIVAGSTC QYSPYGCFIS 

GQITYDPVTN LVHYGSTAVG 

NWDQECTFEM MVANVDVQPS 
* 

EcoRI 

MWSFDAASGE 

SAALNPDSGI 

SAALNPDTGI 

GRTLWSVERA 
****** *~k 

GRTLWSAERP 

YEVDGMQYVA 

FLWARDTNYQ NMIESIDENG 

FLWARDTNYT NMIASIDETG 

YFIPLNNVCY DMMAVDQEFT 

YFLPLNNACY DIMAVDQEFS 
* 

SalI 
AANYSPVLST GGGVLFNGGT 
********** *** ‘k'k*** 

AANYSPVLST AGGVVFNGGT 

IAGGGVSYGS GLNSALAGER 

IGAGGLTYGT QLNAPLA-EA 

* : NUCLEOTIDE SEQUENCES ENCODING THESE REGIONS ARE THE RESTRICTION SITES 
FOR AvaI, ECORI, AND SalI WHICH WERE USED FOR CONSTRUCTING CHIMERA 
GENES SHOWN IN FIG. 2 . 

FIG. 5 
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GCGGCCCGTTAGCGCGGTGAAACCCCATTGGAGGACAGTCE NUCLEOTIDE SEQUENCE 
‘ l SD Met UPSTREAM OF 
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FIG. 9 
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NOVEL ALCOHOL/ALDEHYDE 
DEHYDROGENASES 

FIELD OF THE INVENTION 

[0001] The present invention relates to recombinant 
enzymes, particularly, novel recombinant alcohol/aldehyde 
dehydrogenases (hereinafter referred to as AADH or 
AADHs) having alcohol and aldehyde dehydrogenase activ 
ity. The present invention also relates to novel recombinant 
DNA molecules encoding AADHs, recombinant expression 
vectors containing said DNAs, and recombinant organisms 
containing said recombinant DNA molecules and/or said 
recombinant expression vectors. Furthermore, the present 
invention relates to a process for producing recombinant 
AADHs and a process for producing aldehydes, carboxylic 
acids and ketones, especially, 2-keto-L-gulonic acid (herein 
after referred to as 2KGA) by utiliZing said recombinant 
enZymes, and a process for producing aldehydes, carboxylic 
acids and ketones, especially, 2KGAby utiliZing said recom 
binant organisms. 

BACKGROUND OF THE INVENTION 

[0002] 2-KGA is an important intermediate for the pro 
duction of L-ascorbic acid (vitamin C). For example, 2KGA 
can be converted into ascorbic acid according to the Well 
knoWn Reichstein method. Numerous microorganisms are 
knoWn to produce 2KGA from D-sorbitol or L-sorbose. 
Japanese Patent Publication No. 51-40154 (1976) discloses 
the production of 2KGA from D-sorbitol by microorganisms 
of the genus Acetobacter; Bacterium or Pseudomonas. 
According to Acta Microbiologica Sinica 21(2), 185-191 
(1981), 2KGA can be produced from L-sorbose by a mixed 
culture of microorganisms, especially, Pseudomonas striata 
and Gluconobacter oxya'ans. European Patent Publication 
No. 0221 707 discloses the production of 2KGA from 
L-sorbose by Pseudogluconobacter saccharoketogenes With 
and Without concomitant bacteria European Patent Publica 
tion No. 0278 447 discloses a process for the production of 
2KGA from L-sorbose by a mixed culture, Which is com 
posed of strain DSM No. 4025 (Gluconobacter oxya'ans) 
and DSM No. 4026 (a Bacillus megaterium strain). Euro 
pean Patent Publication No. 88116156 discloses a process 
for the production of 2KGA from L-sorbose by Glucono 
bacter oxya'ans DSM No. 4025. 

[0003] From G. oxya'ans DSM No. 4025, AADH Was 
puri?ed and characteriZed to catalyZe the oxidation of alco 
hols and aldehydes, and Was thus capable of producing the 
corresponding aldehydes and ketones from alcohols, and 
carboxylic acids from aldehydes (see European Patent Pub 
lication No. 606621). More particularly, the AADH cata 
lyZed the oxidation of L-sorbose to 2KGA via L-sorbosone. 
The physico-chemical properties of the puri?ed sample of 
the AADH Were as folloWs: 

[0004] 
[0005] b) Optimum temperature: about 20° C.-40° C. 

[0006] 

a) Optimum pH: about 7.0-9.0 

c) Molecular Weight: 135,000+/—5,000 dalton 

[0007] (Consisting of tWo subunits in any combi 
nation of such ot-subunit and [3-subunit, each 
having a molecular Weight of 64,500+/—2,000 aid 
62,500+/—2,000, respectively) 
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[0008] d) Substrate speci?city: active on primary and 
secondary alcohols and aldehydes including L-sor 
bose, L-sorbosone, D-sorbitol, D-glucose, D-manni 
tol, D-fructose, DL-glyceraldehyde, ethanol, 1-pro 
panol, 1-butanol, 1-pentanol, 1-hexanol, 1-heptanol, 
2-propanol, 2-butanol, propionaldehyde, PEG1000, 
PEG2000, PEG4000, PEG6000 and polyvinyl alco 
hol 

[0009] 
[0010] f) Isoelectric point: about 4.4 

e) Prosthetic group: pyrroloquinoline quinone 

[0011] Once the genes coding for said AADH have been 
cloned, they can be used for the construction of a recombi 
nant organism capable of producing a large amount of the 
recombinant AADH or the various aldehydes, ketones and 
carboxylic acids, especially, 2KGA. HoWever, there have 
been no reports so far of the cloning of such genes. 

SUMMARY OF THE INVENTION 

[0012] The present invention relates to novel recombinant 
AADHs having alcohol and aldehyde dehydrogenase activ 
ity. Comprised by the present invention are novel recombi 
nant molecules encoding the AADHs; recombinant expres 
sion vectors containing said DNAs; recombinant organisms 
carrying the DNAs and/or recombinant expression vectors; 
a process for producing the recombinant AADHs; and a 
process for producing aldehydes, carboxylic acids and 
ketones, especially, 2KGA utilizing the recombinant 
AADHs or the recombinant organisms. 

[0013] More particularly, an aspect of the present inven 
tion concerns a recombinant enZyme having alcohol and 
aldehyde dehydrogenase activity Which comprises one or 
more recombinant polypeptides Which contain an amino 
acid sequence selected from SEQ ID NO 5, SEQ ID NO 6, 
SEQ ID NO 7, SEQ ID NO 8 and functional derivatives 
thereof Which contain addition, insertion, deletion and/or 
substitution of one or more amino acid residues, Wherein the 
recombinant polypeptides have said alcohol and aldehyde 
dehydrogenase activity. 
[0014] The present invention also provides AADH 
enZymes Which comprise chimeric recombinant polypep 
tides that are a chimeric combination of at least tWo of the 
folloWing amino acid sequences identi?ed by SEQ ID NO 5, 
SEQ ID NO 6, SEQ ID NO 7, SEQ ID NO 8, and functional 
derivatives thereof Which contain addition, insertion, dele 
tion and/or substitution of one or more amino acid residues, 
Wherein the recombinant polypeptides have said alcohol and 
aldehyde dehydrogenase activity. 
[0015] Another aspect of the present invention concerns a 
recombinant DNA molecule encoding at least one recombi 
nant polypeptide containing an amino acid sequence 
selected from SEQ ID NO 5, SEQ ID NO 6, SEQ ID NO 7, 
SEQ ID NO 8, chimeric combinations of at least tWo of the 
folloWing amino acid sequences identi?ed by SEQ ID NO 5, 
SEQ ID NO 6, SEQ ID NO 7, SEQ ID NO 8, and functional 
derivatives thereof Which contain addition, insertion, dele 
tion and/or substitution of one or more amino acid residues, 
Wherein said recombinant polypeptides have said alcohol 
and aldehyde dehydrogenase activity. 

[0016] The recombinant DNA molecules of the present 
invention contain DNA sequences encoding the polypep 
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tides With alcohol and aldehyde dehydrogenase activity as 
disclosed, e.g., in the sequence listings herein as Well as their 
complementary strands, or those Which include these 
sequences, DNA sequences Which hybridize under standard 
conditions With such sequences or fragments thereof, and 
DNA sequences Which because of the degeneracy of the 
genetic code, do not hybridize under standard conditions 
With such sequences but Which code for polypeptides having 
exactly the same amino acid sequence. 

[0017] Further aspects of the present invention concern a 
recombinant expression vector Which carries one or more of 
the recombinant DNA molecules de?ned above and a 
recombinant organism Which carries the recombinant 
expression vector de?ned above and/or carries one or more 
recombinant DNA molecules on a chromosome. 

[0018] A further aspect of the present invention concerns 
a process for producing a recombinant enZyme having an 
alcohol and aldehyde dehydrogenase activity as de?ned 
above, Which comprises cultivating a recombinant organism 
de?ned above in an appropriate culture medium and recov 
ering said recombinant enZyme. 

[0019] Another aspect of the present invention concerns a 
process for producing an aldehyde, ketone or carboxylic acid 
product from a corresponding substrate Which comprises 
converting said substrate into the product by the use of a 
recombinant organism as de?ned above. 

[0020] Moreover another aspect of the present invention 
concerns a process for producing 2-keto-L-gulonic acid 
Which comprises the fermentation of a recombinant organ 
ism as de?ned above in an appropriate medium containing 
L-sorbose and/or D-sorbitol. 

[0021] Another aspect of the present invention concerns a 
process for producing an aldehyde, ketone or carboxylic acid 
product from a corresponding substrate Which comprises the 
incubation of a reaction mixture containing a recombinant 
enZyme of the present invention. 

[0022] Furthermore another aspect of the present inven 
tion concerns a process for producing 2-keto-L-gulonic acid 
Which comprises the incubation of a reaction mixture con 
taining a recombinant AADH and L-sorbose and/or D-sor 
bitol. 

[0023] It is also an object of the present invention to 
provide an intermediate, i.e., 2-keto-L-gulonic acid, for the 
production of vitamin C Whereby a process for the produc 
tion of 2-keto-L-gulonic acid as described above is effected 
and the 2-keto-L-gulonic acid obtained by such process is 
transformed into vitamin C (L-ascorbic acid) by methods 
knoWn in the art. 

[0024] Before describing the present invention in more 
detail a short explanation of the attached ?gures is given. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 schematically illustrates the structures of 
the recombinant expression vectors each carrying a recom 
binant DNA molecule Which encodes a recombinant 
EnZyme A or B of the present invention. 

[0026] FIG. 2 schematically illustrates the structures of 
recombinant expression vectors each carrying a recombinant 
DNA molecule Which encodes a chimeric enZyme of the 
present invention. 
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[0027] FIG. 3 schematically illustrates the structures of 
the material plasmids each carrying a recombinant DNA 
molecule containing tandem structural genes of EnZyme A 
and EnZyme B for constructing the chimeras by a homolo 
gous recombination method. 

[0028] FIG. 4 illustrates the recombinant expression vec 
tors each encoding the chimera EnZyme sA2, EnZyme sA21, 
EnZyme sA22, or EnZyme sB, using preferable codon usage, 
Wherein these chimeric enZymes have structures denoted by 
the folloWing particular amino acid residue numbers of the 
mature amino acid sequences of EnZyme A and EnZyme B: 
EnZyme sA2 has the structure of EnZyme A amino acid 
residue Nos. 1-135, EnZyme B amino acid residue Nos. 
136-180 and EnZyme A amino acid residue Nos. 180-556; 
EnZyme sA21 has the structure of EnZyme A amino acid 
residue Nos. 1-128, EnZyme B amino acid residue Nos. 
129-180 and EnZyme A amino acid residue Nos. 180-556; 
EnZyme sA22 has the structure of EnZyme A amino acid 
residue Nos. 1-125, EnZyme B amino acid residue Nos. 
126-180 and EnZyme A amino acid residue Nos. 180-556; 
and EnZyme sB has the structure of EnZyme A amino acid 
residue Nos. 1-95, EnZyme B amino acid residue Nos. 
96-180 and EnZyme A amino acid residue Nos. 180-556. 

[0029] FIG. 5 shoWs the alignment of the amino acid 
sequences of the mature EnZyme A and EnZyme B. 

[0030] FIG. 6 illustrates the construction schemes of the 
recombinant genes encoding chimeric enZymes of the 
present invention. 

[0031] FIG. 7 shoWs the restriction map of the genes of 
EnZymes A and B. 

[0032] FIG. 8 illustrates the construction of chimeric 
genes by homologous recombination of tWo AADH genes in 
vivo at the conserved nucleotide sequences in both genes. 

[0033] FIG. 9 shoWs a site-directed mutagenesis to intro 
duce a BamHI site upstream of the EnZyme B gene. 

[0034] FIG. 10 illustrates a scheme of the replacement of 
the promoter for the EnZyme B gene. 

[0035] FIG. 11 shoWs graphs illustrating the substrate 
speci?city of chimeric enZymes of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0036] The AADH genes of the present invention encode 
AADH enZymes capable of catalyZing the oxidation of 
various alcohols and aldehydes as described above. Speci? 
cally, particular genes encoding AADHs present in Glucono 
bacter Were cloned and expressed. Alternative organisms 
from Which AADH genes can be obtained, may be identi?ed 
by one skilled in the art using the teachings of the present 
invention. 

[0037] A speci?c and preferred Gluconobacter oxydans 
strain has been deposited at the Deutsche Sammlung von 
Mikroorganismen in Gottingen (Germany) under DSM No. 
4025. 

[0038] Moreover, a subculture of the strain has also been 
deposited in the Agency of Industrial Science and Technol 
ogy, Fermentation Research Institute, Japan, under the 
deposit No.: FERM BP-3812. European Patent publication 
No. 0278 477 discloses the characteristics of this strain. 
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[0039] The AADH genes and the recombinant microor 
ganisms utilized in the present invention can be obtained by 
the following steps: 

[0040] (1) Cloning the AADH genes from a chromo 
somal DNA by colony- or plaque-hybridization, 
PCR cloning, Western-blot analysis, Southern-blot 
hybridization and the like; 

[0041] (2) Determining the nucleotide sequences of 
such AADH genes by usual methods and construct 
ing recombinant expression vectors Which contain 
and express AADH genes ef?ciently; and 

[0042] (3) Constructing recombinant microorgan 
isms carrying recombinant AADH genes on recom 
binant expression vectors or on chromosomes by 
transformation, transduction, transconjugation and 
electroporation. 

[0043] The materials and the techniques applicable to the 
above aspect of the present invention are exempli?ed in 
details as described in the folloWing: 

[0044] A total chromosomal DNA can be puri?ed by a 
procedure Well knoWn in the art (Marmur J ., J. Mol. Biol. 
3:208, 1961). Then, a genomic library of the strain for such 
genes can be constructed With the chromosomal DNA and 
the vectors described beloW in detail. The genes encoding 
AADHs can be cloned in either plasmid or phage vectors 
from the total chromosomal DNAby the folloWing methods: 

[0045] determining the partial amino acid 
sequences of the puri?ed enZyme, according to the 
sequence information, synthesiZing the oligonucle 
otides, and selecting the objective gene from the 
gene library by Southern-blot-, colony-, or plaque 
hybridiZation; 

[0046] (ii) by amplifying the partial sequence of the 
desired gene by polymerase chain reaction (PCR) 
With the oligonucleotides synthesiZed as described 
above as the primers and With the PCR product as a 
probe, selecting the complete sequence of the objec 
tive gene from the gene library by Southern-blot-, 
colony-, or plaque-hybridization; 

[0047] (iii) by preparing the antibody reacting against 
the desired enZyme protein by such a method as 
previously described, eg in Methods in EnZymol 
ogy, vol. 73, p 46, 1981, and selecting the clone 
Which expresses the desired polypeptide by 
immnunological analysis including Western-blot 
analysis; and 

[0048] (iv) by aligning the amino acid sequences of 
the homologs to the one of the desired enZyme, 
selecting the amino acid sequences Which are Well 
conserved, synthesiZing the oligonucleotides encod 
ing the conserved sequences, amplifying the partial 
sequence of the desired gene by PCR With the above 
oligonucleotides as the primers, and selecting the 
complete sequence as described above (ii). 

[0049] The nucleotide sequence of the desired gene can be 
determined by a Well knoWn method such as the dideoxy 
chain termination method With the M13 phage (Sanger F., et 
al., Proc. Natl. Acad. Sci. USA, 74:5463-5467, 1977). 
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[0050] By using the information of the so determined 
nucleotide sequence (in consideration of the codon usage) a 
gene encoding evolutionally divergent alcohol/aldehyde 
dehydrogenases, can be isolated from a different organism 
by colony- or Southern-hybridization With a probe synthe 
siZed according to the amino acid sequence deduced from 
said nucleotide sequence or by the polymerase chain reac 
tion With primers also synthesiZed according to said infor 
mation, if necessary. 

[0051] To express the desired gene or generally speaking 
the desired DNA sequence of the present invention ef? 
ciently, various promoters can be used; for example, the 
original promoter of said gene, promoters of antibiotic 
resistance genes such as the kanamycin resistant gene of Tn5 
(Berg, D. E., and C. M. Berg. 1983. Bio/Technology 1:417 
435), the ampicillin resistant gene of pBR322, a promoter of 
the beta-galactosidase gene of Escherichia coli (lac), trp-, 
tac- trc-promoter, promoters of lambda phages and any 
promoters Which can be functional in the hosts consisting of 
microorganisms including bacteria such as E. coli, P putida, 
Acetobacter xylinum, A. pasteurianus, A. aceti, A. hansenii 
and G. oxydans, mammalian and plant cells. 

[0052] Furthermore other regulatory elements, such as a 
Shine-Dalgarno (SD) sequence (for example, AGGAGG etc. 
including natural and synthetic sequences operable in the 
host cell) and a transcriptional terminator (inverted repeat 
structure including any natural and synthetic sequence oper 
able in the host cell) Which are operable in the host cell into 
Which the coding sequence Will be introduced can be used 
With the above described promoters. 

[0053] DNA encoding a signal peptide containing from 
about 15 to about 50 amino acid residues can be used to 
obtain expression of periplasmic AADH polypeptides. DNA 
encoding a signal peptide can be selected from any natural 
or synthetic sequence operable in the host cell. 

[0054] AWide variety of host/cloning vector combinations 
may be employed in cloning the double-stranded DNA. 
Suitable cloning vectors are generally plasmids or phage 
Which contain a replication origin, regulatory elemtents, a 
cloning site including a multi-cloning site and selection 
markers such as antibiotic resistance genes including resis 
tance genes for ampicillin, tetracycline, kanamycin, strep 
tomycin, gentamicin, spectinomycin, etc. 

[0055] Preferred vectors for the expression of the DNA 
sequences of the present invention in E. coli are selected 
from any vectors usually used in E. coli, such as pBR322 or 
its derivatives including pUC18 and pBluescript II, 
pACYC177 and pACYC184 (J. Bacteriol., 134:1141-1156, 
1978) and their derivatives, and a vector derived from a 
broad host range plasmid such as RK2 and RSF1010. A 
preferred vector for the expression of the DNA sequences of 
the present invention in Gluconobacter including G. oxy 
dans DSM No. 4025 and P putida is selected from any 
vectors Which can replicate in Gluconobacter and/or P 
putida, as Well as a preferred cloning organism such as E. 
coli. The preferred vector is a broad-host-range vector such 
as a cosmid vector like pVK102 and its derivatives and 
RSF1010 and its derivatives, and a vector containing a 
replication origin functional in Gluconobacter and another 
origin functional in E. coli. Copy number and stability of the 
vector should be carefully considered for stable and ef?cient 
expression of the cloned gene and also for ef?cient cultiva 
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tion of the host cell carrying the cloned gene. DNA mol 
ecules containing transposable elements such as Tn5 can be 
also used as a vector to introduce the DNA sequence of the 
present invention into the preferred host, especially on a 
chromosome. DNA molecules containing any DNAs iso 
lated from the preferred host together With the desired DNA 
sequence of the present invention are also useful to intro 
duce the desired DNA sequence of the present invention into 
the preferred host, especially on a chromosome. Such DNA 
molecules can be transferred to the preferred host by trans 
formation, transduction, transconjugation or electroporation. 

[0056] Useful hosts may include microorganisms, mam 
malian cells, plant cells and the like. Preferable microor 
ganisms, are bacteria such as E. coli, P putida, A. xylinum, 
A. pasteurianus, A. aceti, A. hansenii, G. oxya'ans, and any 
Gram-negative bacteria Which are capable of producing 
recombinant AADHs. In accordance With the present inven 
tion, functional equivalents, subcultures, mutants and vari 
ants of said microorganism can also be used. Preferred 
strains are E. coli K12 and its derivatives, P putida or G. 
oxya'ans DSM No. 4025. 

[0057] The functional AADH encoding DNA sequence of 
the present invention is ligated into a suitable vector con 
taining a regulatory region such as a promoter and a ribo 
somal binding site operable in the host cell described above 
using Well-knoWn methods in the art to produce an expres 
sion plasmid. Structures of such recombinant expression 
vectors are speci?cally shoWn in FIGS. 1, 2, 4, and 10. 

[0058] To construct a recombinant microorganism carry 
ing a recombinant expression vector, various gene transfer 
methods including transformation, transduction, conjugal 
mating (Chapters 14 and 15, Methods for general and 
molecular bacteriology, Philipp Gerhardt et al. ed., Ameri 
can Society for Microbiology, (1994), and electroporation 
can be used. The method for constructing a recombinant 
organism may be selected from the methods Well-knoWn in 
the ?eld of molecular biology. Usual transformation systems 
can be used for E. coli, Pseudomonas and Acetobacter. A 
transduction system can also be used for E. coli. Conjugal 
mating systems can be Widely used in Gram-positive and 
Gram-negative bacteria including E. coli, P putida and G. 
oxydans. Apreferred conjugal mating method is described in 
WO89/06688. The conjugation can occur in liquid media or 
on a solid surface. The preferred recipient is selected from 
E. coli, P putida and G. oxya'ans Which can produce active 
AADHs With a suitable recombinant expression vector. The 
preferred recipient for 2KGAproduction is G. oxya'ans DSM 
No. 4025. To the recipient for conjugal mating, a selective 
marker is usually added; for example, resistance against 
nalidixic acid or rifampicin is usually selected. 

[0059] The AADHs provided by the present invention 
catalyZe the oxidation of alcohols and aldehydes, and are 
thus capable of producing aldehydes, ketones or carboxylic 
acids from corresponding substrates. More particularly, the 
AADHs provided by the present invention can catalyZe the 
oxidation of L-sorbose to 2KGA via L-sorbosone and/or the 
oxidation of D-sorbitol to L-sorbose. 

[0060] The present invention provides AADHs that 
include one or more of the folloWing enZymes: EnZyme A, 
EnZyme A‘, EnZyme A“, and EnZyme B, Which contain the 
amino acid sequences shoWn in SEQ ID NO 5, SEQ ID NO 
6, SEQ ID NO 7, and SEQ ID NO 8, respectively, and 
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functional derivatives thereof that have alcohol and alde 
hyde dehydrogenase activity, i.e., for example can oxidiZe 
substrates to aldehydes, carboxylic acids and/or ketones. 
Furthermore, the AADHs herein include chimeric recombi 
nant polypeptides having any number of and/or combination 
of amino acid sequences identi?ed by SEQ ID NOS. 5, 6, 7, 
8 and functional derivatives thereof that have alcohol and 
aldehyde dehydrogenase activity, i.e., for example can oxi 
diZe substrates to aldehydes, carboxylic acids and/or 
ketones. 

[0061] Chimeric recombinant polypeptides encoding the 
AADHs of the present invention can be produced by any 
conventional methods knoWn in the art. For example, the 
chimeras can be prepared by combining tWo or more parts 
of DNA sequences of the present invention in vitro at the 
conserved restriction site in both sequences With restriction 
enZymes and T4-ligase as shoWn in FIG. 6, or by recom 
bining tWo AADH genes in vivo at the conserved nucleotide 
sequences in both genes as shoWn in FIG. 8. 

[0062] Functional derivatives of SEQ ID NOS. 5, 6, 7 and 
8 contain addition, insertion, deletion and/or substitution of 
one or more amino acid residues of those sequences. Such 
functional derivatives can be made by conventional methods 
knoWn in the art such as chemical peptide synthesis or by 
recombinant means, for example, those methods disclosed 
by Sambrook et al. (Molecular Cloning, Cold Spring Har 
bour Laboratory Press, NeW York, USA, second edition 
1989). Amino acid exchanges in proteins and peptides Which 
do not generally alter the activity of such molecules are 
knoWn in the state of the art and are described, for example, 
by H. Neurath and R. L. Hill in “The Proteins” (Academic 
Press, NeW York, 1979, see especially FIG. 6, page 14). The 
most commonly occurring exchanges are: Ala/Ser, Val/Ile, 
Asp/Glu, Thr/Ser, Ala/Gly, Ala/T hr, Ser/Asn, Ala/Val, Ser/ 
Gly, Tyr/Phe, Ala/Pro, Lys/Arg, Asp/Asn, Leu/Ile, Leu/Val, 
Ala/Glu, Asp/Gly as Well as these exchanges in reverse. 

[0063] The functional derivatives of the AADH polypep 
tides also include polypeptides With additional polypeptides 
at the N-terminal, C-terminal and/or inside region of the 
AADH polypeptides. EnZyme B, EnZyme A/B25, and 
EnZyme A/B3 fused With cytochrome c polypeptides (17-18 
kDa) of G. oxya'ans DSM 4025 at the C-terminus shoWed 
comparable AADH activities With their corresponding 
enZymes lacking the cytochrome c polypeptides i.e., 
EnZyme B described in Example 4 in the conversion of 
D-sorbitol to L-sorbose, and EnZyme A/B25 and EnZyme 
A/B3 both described in Example 14 in the conversion of 
L-sorbose to 2KGA. Thus, a relatively long polypeptide can 
be added or inserted to the AADHs provided by the present 
invention to form enZymes having comparable AADH activ 
ity. 

[0064] The functional derivatives of the AADH polypep 
tides described above can have preferred characteristics such 
as a desired substrate speci?city, higher affinity to a sub 
strate, loWer af?nity to an inhibitory compound, higher 
stability against temperature and/or pH, and higher catalytic 
speed. As described in the Working examples beloW, such 
derivatives Would improve the productivity of the desired 
products. The alcohol and aldehyde dehydrogenase activity 
of enZymes that include recombinant polypeptides Which 
contain amino acid sequences that are functional derivatives 
of SEQ ID NOS. 5, 6, 7, and/or 8 can be determined by 
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conventional methods known in the art, such as the preferred 
standard assay described herein. 

[0065] The enzymatic recombinant polypeptides of the 
present invention are usually produced in the form of 
dimers. Such dimers include homodimers of Enzyme A, A‘, 
A“ or B, or the derivatives including chimeras, and het 
erodimers consisting of tWo different recombinant polypep 
tides mentioned above. Thus the recombinant enzymes of 
the present invention also contain one or more of said 
homodimers and/or heterodimers. 

[0066] The recombinant DNA molecules encoding the 
AADH polypeptides of the present invention contain DNA 
sequences selected from SEQ ID NO 1, SEQ ID NO 2, SEQ 
ID NO 3 and SEQ ID NO 4, as Well as their complementary 
strands, or those Which include these sequences, DNA 
sequences Which hybridize under standard conditions With 
such sequences or fragments thereof and DNA sequences, 
Which because of the degeneracy of the genetic code, do not 
hybridize under standard conditions With such sequences but 
Which code for polypeptides having exactly the same amino 
acid sequence. 

[0067] “Standard conditions” for hybridization mean in 
this context the conditions Which are generally used by one 
skilled in the art to detect speci?c hybridization signals and 
Which are described, eg by Sambrook et al., “Molecular 
Cloning” second edition, Cold Spring Harbor Laboratory 
Press 1989, NeW York. Such “standard conditions” are 
preferably stringent hybridization and non-stringent Wash 
ing conditions, or more preferably, stringent hybridization 
and stringent Washing conditions familiar to those skilled in 
the art and Which are described, eg in Sambrook et al. (s.a.). 

[0068] The DNA sequences encoding the AADHs of the 
present invention can be made by conventional methods 
knoWn in the art, such as, for example, the polymerase chain 
reaction by using primers designed on the basis of the DNA 
sequences disclosed herein. It is understood that the DNA 
sequences of the present invention can also be made syn 
thetically as described, eg in EP 747 483. 

[0069] In accordance With the present invention, the DNA 
molecules encoding the AADH polypeptides described 
herein can be gene-homologs resulting from degeneracy of 
the genetic code or any sequence of natural, synthetic or 
recombinant origin Which has signi?cant homology to the 
AADH genes. The DNA sequence derivatives can be func 
tional mutants of the polypeptides identi?ed by SEQ ID NO 
5, SEQ ID NO 6, SEQ ID NO 7 and SEQ ID NO 8 Which 
contain addition, insertion, deletion and/or substitution of 
one or more amino acid residues, Wherein the enzymatic 
polypeptides have alcohol and aldehyde dehydrogenase 
activity. The mutant genes can be prepared by any conven 
tional method, such as, for example, treating AADH genes 
With a mutagen such as ultraviolet irradiation, X-ray irra 
diation, y-ray irradiation or contact With a nitrous acid, 
N-methyl-N‘-nitro-N-nitrosoguanidine (NTG), or other suit 
able mutagens, or isolating a clone occurring by spontane 
ous mutation or by standard methods of in vitro mutagenesis 
knoWn in the art. 

[0070] Enzyme A, A‘, A“, and B genes, Which have the 
nucleotide sequences shoWn in SEQ ID NOS. 1, 2, 3, and 4, 
respectively, and encode the polypeptides having the amino 
acid sequences shoWn in SEQ ID NOS. 5, 6, 7, and 8, 
respectively can be derived from G. oxya'ans strain DSM 
No. 4025. 
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[0071] The AADHs including Enzymes A, A‘, A“ and B 
provided by the present invention can be produced from a 
recombinant organism by any conventional means for 
expressing, recovering and purifying a recombinant protein. 
For example, the enzyme can be obtained by culturing the 
recombinant organism containing the DNA encoding the 
enzyme so as to produce the enzyme, disrupting the recom 
binant organism, and isolating and purifying them from cell 
free extracts of the disrupted recombinant organism, pref 
erably from the soluble fraction of the recombinant organ 
1sm. 

[0072] The recombinant organisms provided in the present 
invention may be cultured in an aqueous medium supple 
mented With appropriate nutrients under aerobic conditions. 
The cultivation may be conducted at a pH betWeen about 4.0 
and 9.0, preferably betWeen about 6.0 and 8.0. While the 
cultivation period varies depending upon pH, temperature 
and nutrient medium used, usually 2 to 5 days Will bring 
about favorable results. A preferred temperature range for 
carrying out the cultivation is from about 13° C. to 45° C. 
preferably from about 18° C. to 42° C. 

[0073] It is usually required that the culture medium 
contains such nutrients as assimilable carbon sources, 
digestible nitrogen sources and inorganic substances, vita 
mins, trace elements and other groWth promoting factors. As 
assimilable carbon sources, glycerol, D-glucose, D-manni 
tol, D-fructose, D-arabitol, D-sorbitol, L-sorbose, and the 
like can be used. 

[0074] Various organic or inorganic substances may also 
be used as nitrogen sources, such as yeast extract, meat 
extract, peptone, casein, corn steep liquor, urea, amino acids, 
nitrates, ammonium salts and the like. As inorganic sub 
stances, magnesium sulfate, potassium phosphate, ferrous 
and ferric chlorides, calcium carbonate and the like may be 
used. 

[0075] In the folloWing, the properties of the puri?ed 
recombinant AADH enzymes speci?cally from P putida and 
the production method are summarized. 

[0076] (1) Enzyme Activity 

[0077] The AADHs of the present invention catalyze 
oxidation of alcohols and aldehydes including D-sorbitol, 
L-sorbose, and L-sorbosone in the presence of an electron 
acceptor according to the folloWing reaction formula 

Alcohol+Electron acceptor—>Aldehyde+Reduced elec 
tron acceptor 

Alcohol+Electron acceptor—>Ketone+Reduced elec 
tron acceptor 

Aldehyde+Electron acceptor—>Carboxylic acid+Re 
duced acceptor 

Sugar alcohol+Electron acceptor—>Aldose+Reduced 
electron acceptor 

Sugar alcohol+Electron acceptor—>Ketose+Reduced 
electron acceptor 

Aldehyde ketose+Electron acceptor—>Ketocarboxylic 
acid+Reduced electron acceptor 

Carboxylic acid+Electron acceptor—>Ketocarboxylic 
acid+Reduced electron acceptor 

[0078] The enzymes herein do not utilize molecular oxy 
gen as an acceptor. As an acceptor, 2,6-dichlorophenolin 
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dophenol (DCIP), phenazine methosulphate (PMS), Wurst 
er’s blue, ferricyanide, coenzyme Q or cytochrome c can be 
used. 

[0079] The enzymatic activity of the AADHs herein can 
be determined by methods known in the art, such as by 
photometric analysis using a spectrophotometer. In accor 
dance With the present invention, one unit of enzyme activity 
Was de?ned as the amount of enzyme Which catalyzed the 
reduction of 1 pmole of DCIP per minute. The extinction 
coef?cient of DCIP at pH 8.0 Was taken as 15 mM_1. In a 
preferred standard assay for determining the enzyme activity 
of the AADHs herein, a ?rst cuvette includes a standard 
reaction mixture (1.0 ml) containing 0.1 mM DCIP, 1 mM 
PMS, 2 to 125 mM substrate, 50 mM Tris-malate-NaOH 
buffer (pH 8.0), and 10 pl of the enzyme solution. A second 
cuvette, i.e., a reference cuvette, contains all the above 
components except the substrate. The reference cuvette is 
used to standardize the background absorbance resulting 
from a substrate-independent (endogenous) reaction. Pref 
erably, a double beam spectrophotometer is used to deter 
mine the activity of the enzyme in the presence of a substrate 
With respect to a standard reaction mixture in the absence of 
the substrate. 

[0080] (2) Properties of the AADHs 

[0081] a) Substrate Speci?city and Products of the Enzy 
matic Reaction 

[0082] The Enzymes A, A‘, A“ and B Were characterized 
by their substrate speci?cities as described above using 8 
substrates: n-propanol, isopropanol, D-glucose, D-sorbitol, 
L-sorbosone, D-mannitol, L-sorbose, and D-fructose. The 
results are indicated in Table 1. 

TABLE 1 

Substrate speci?city of the Enzymes A A‘ A‘l and B 

(units/mg of puri?ed protein) 

Enzyme Enzyme Enzyme Enzyme 
Substrate A A‘* A‘l B 

50 mM n-Propanol 139.6 180.7 262.3 40.0 
50 mM Isopropanol 76.8 108.9 154.9 72.3 
50 mM D-Glucose 2.4 0.0 17.8 943.9 
125 mM D-Sorbitol 14.0 7.8 30.1 130.9 

2 mM L-Sorbosone 23.15 5.0 26.5 73.6 
50 mM D-Mannitol 7.1 1.3 6.2 517.4 
125 mM L-Sorbose 47.4 1.6 30.3 8.4 
125 mM D-Fructose 30.7 2.9 17.3 2.1 

*: Values of the Enzyme A‘ Was corrected by 1.5-fold, since purity of the 
enzyme Was about 65%. 

[0083] Enzyme B shoWed a high reactivity for D-glucose 
or D-mannitol, but relatively loW reactivity for n-propanol 
and isopropanol. Enzyme A, Enzyme A‘ and Enzyme A“ 
shoWed a high reactivity for n-propanol and isopropanol, but 
a loW reactivity for D-glucose and D-mannitol; the enzymes 
shoWed similar substrate speci?city patterns, except that the 
Enzyme A‘ had a very loW reactivity for L-sorbose or 
D-fructose. 

[0084] Products formed from a substrate in the reaction 
With Enzyme A, Enzyme A‘, Enzyme A“ or Enzyme B Were 
analyzed by thin layer chromatography (TLC) and/or high 
performance liquid chromatography (HPLC) With authentic 
compounds. Enzyme A, Enzyme A‘ and Enzyme A“ (des 
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ignated A group) converted D-sorbitol, L-sorbose, L-sor 
bosone, D-mannitol, and D-fructose to D-glucose With L-gu 
lose, L-sorbosone With 2KGA, 2KGA, D-mannose, and 
2-keto-D-gluconic acid (2KD), respectively. Enzyme B 
(designated B group) converted D-glucose, D-sorbitol, 
L-sorbosone, D-mannitol, L-idose, glycerol, D-gluconic 
acid, D-mannoic acid to D-gluconate, L-sorbose, 2KGA, 
D-fructose, L-idonic acid, dihydroxyacetone, 5-keto-D-glu 
conic acid, and 5-keto-D-mannoic acid, respectively. Simi 
larly to the reactivity for L-sorbosone, D-glucosone can be 
converted to 2KD by all of above mentioned AADHs. A 
group enzymes can produce 2KD from D-fructose Whose 
possible direct product is D-glucosone. All of the enzymes 
shoWed the activity for alcohols including sugar alcohol 
such as D-sorbitol and D-mannitol, and aldehydes including 
aldose such as D-glucose and ketose such as L-sorbosone. 

[0085] b) Optimum pH 
[0086] All the enzymes have their optimal point at pH 
8.0-8.5 as shoWn in Table 2. The Enzymes A“ and B have a 
relatively Wide pH range toWard a loWer pH, compared With 
the Enzymes A and A‘. 

TABLE 2 

Optimal pH of the enzymes 

(Relative activity %) 

pH Enzyme A Enzyme A‘ Enzyme A‘l Enzyme B 

6.0 6.5 2.1 35.0 21.0 
6.5 13.0 9.3 57.3 51.6 
7.0 33.1 22.5 74.8 61.6 
7.5 57.7 46.8 90.0 75.3 
8.0 100.0 100.0 100.0 100.0 
8.5 113.2 142.7 85.6 62.2 
9.0 50.0 2.1 46.5 8.0 
9.5 19.6 1.8 23.9 0.0 

[0087] c) pH Stability 
[0088] Enzymes A, A‘, A“ and B Were incubated in buffers 
of various pH-values for 3 hours at 25° C. and the residual 
activities Were assayed and expressed as relative values 
against that obtained by no incubation at pH 8. Enzymes A, 
A‘, A“ and B Were stable betWeen pH 6 to 9 as shoWn in 
Table 3. 

TABLE 3 

pH stability of the enzymes 

(Relative activity %) 

pH Enzyme A Enzyme A‘ Enzyme A‘l Enzyme B 

4.0 5.4 0.0 6.2 25.2 
5.0 32.0 10.0 77.9 56.1 
6.0 74.7 82.7 105.8 100.9 
7.0 76.9 96.9 100.9 101.9 
8.0 80.1 100.0 99.0 114.0 
9.0 60.1 97.3 100.9 101.9 

10.0 53.2 85.4 104.0 85.5 
11.0 31.0 61.3 79.2 70.1 

[0089] 
[0090] The residual activities after the treatment of the 
enzymes at 4, 20, 30, 40, 50, and 60° C. for 5 minutes are 
shoWn in Table 4. 

d) Thermal Stability 
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TABLE 4 

Thermal stability of the enzymes 

(Relative activity %) 

Temperature Enzyme A Enzyme A‘ Enzyme A‘l Enzyme B 

4° C. 100.0 100.0 100.0 100.0 
20° C. 91.5 100.8 96.0 97.2 
30° C. 78.0 103.6 86.1 95.4 
40° C. 19.9 78.9 72.8 84.6 
50° C. 4.1 0.6 26.6 29.2 
60° C. 2.9 0.0 13.3 0.0 

[0091] e) Effect of Metal Ions and Inhibitors 

[0092] Remaining activities after the treatment of the 
enzymes With various metals and inhibitors are shoWn in 
Table 5. MgCl2 and CaCl2 Were nearly inert to the enzymes, 
While the other metal ions, especially CuCl2, signi?cantly 
affected the reactivity. EGTA and EDTA inhibited the 
Enzymes A, A‘ and A“, remarkably. However, Enzyme B 
Was less inhibited than the A group enzymes by EDTA and 
EGTA. 

TABLE 5 

Effect of metals and inhibitors 
on activities of the Enzymes A A‘ A‘l and B. 

(Relative remaining activity) 
Enzyme 

A A‘ A" B 
Substrate 

L- n- L- D 

Compound Sorbose Propanol Sorbose Sorbitol 

5 mM CoCl2 16.6 7.9 46.9 23.6 
5 mM CuCl2 0.0 0.0 0.0 0.0 
5 mM ZnCl2 1.5 6.1 19.2 0.0 
5 mM MgCl2 96.3 85.3 78.8 100.0 
5 mM CaCl2 98.8 95.3 123.0 102.9 
5 mM MnCl2 0.0 45.7 0.0 0.0 
5 mM FeCl2 16.6 0.0 0.0 5.9 
5 mM FeCl3 7.8 0.0 44.7 0.0 
5 mM NiSO4 42.7 59.7 90.3 79.4 

10 mM EDTA 43.1 55.1 52.6 91.3 
10 mM EGTA 20.4 16.7 56.4 74.0 
1 mM NaF 98.2 97.1 94.9 100.8 
2 mM NEM 91.7 97.2 94.9 100.8 
1 mM ICHZCOONa 97.2 78.3 95.3 100.2 

0.5 mM Hydroxyl- 104.6 98.8 97.2 102.1 
amine-HCl 

[0093] f) Molecular Weight and Subunit 

[0094] Enzymes A, A‘, A“ and B puri?ed from P putida 
transconjugants consist of one type of unit With the molecu 
lar Weight of about 64,000, 62,500, 62,500 and 60,000, 
respectively, as measured by sodium dodecyl sulfate poly 
acrylamide gel electrophoresis. They can be heterodimers 
consisting of any tWo units of Enzymes A, A‘, A“ and B 
When DNA sequences encoding Enzymes A, A‘, A“ and B 
are expressed in the same host. 

[0095] g) N-Terminal Amino Acid Sequence 

[0096] N-terminal sequences of mature Enzymes A and B 
are 

[0097] Enzyme A: Gln-Val-Thr-Pro-Val-Thr— 

[0098] Enzyme A“: Blocked N-terminal residue 
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[0099] Enzyme B: Gln-Val-Thr-Pro-Ile-Thr-Asp 
Glu-Leu-Leu-Ala—. 

[0100] The N-terminus of the mature Enzyme A‘ is not 
determined because of an insufficient purity of the sample. 

[0101] (3) Production of the AADHs 

[0102] Cells are harvested from the fermentation broth by 
centrifugation or ?ltration. The cells are suspended in the 
buffer solution and disrupted by means of a homogenizer, 
sonicator or treatment With lysozyme and the like to give a 
disrupted solution of cells. 

[0103] AADHs are isolated and puri?ed from a cell free 
extract of disrupted cells, preferably from the soluble frac 
tion of the microorganisms by usual protein puri?cation 
methods such as ammonium sulfate precipitation, dialysis, 
ion exchange chromatographies, gel ?ltration chromatogra 
phies, and af?nity chromatographies. 

[0104] (4) Enzyme Reaction 
[0105] Enzyme reaction Was performed at pH values from 
about 6.0 to about 9.0 at the temperature of about 10° C. to 
about 50° C., and preferrably about 20° C. to 40° C. in the 
presence of an electron acceptor, for example, DCIP, PMS, 
Wurster’s blue, ferricyanide, coenzyme Q, cytochrome c and 
the like in a buffer such as Tris-HCl buffer, phosphate buffer 
and the like. The concentration of the substrate in a reaction 
mixture can vary depending on the other reaction conditions 
but, in general, is desirable to be about 1-200 g/l, and most 
preferably from about 1-100 g/l. 

[0106] In the enzyme reaction, AADHs may also be used 
in an immobilized state With an appropriate carrier. Any 
means of immobilizing enzymes generally knoWn to the art 
may be used. For instance, the enzyme may be bound 
directly to membrane granules, or the like, of a resin having 
functional groups, or it may be bound through bridging 
compounds having functional groups, for example, glutaral 
dehyde, to the resin. 

[0107] The recombinant organisms provided by the 
present invention are highly useful for the production of the 
recombinant enzymes having alcohol and aldehyde dehy 
drogenase activity. Said organisms are also useful for the 
production of aldehydes, carboxylic acids and ketones, 
especially, 2KGA by utilizing said recombinant enzymes, 
and by utilizing the recombinant organisms. 

[0108] The production of 2KGA can be obtained from the 
recombinant organisms by fermentation of the recombinant 
organisms With the medium and culture conditions as 
described above. The production of 2KGA may be per 
formed With the recombinant organisms described above 
together With concomitant organisms such as E. coli, P 
putida and Bacillus megaterium. 

[0109] In accordance With the present invention, 2KGA 
obtained by the methods described herein can be trans 
formed into vitamin C (L-ascorbic acid) by methods knoWn 
in the art. 

EXAMPLES 

Example 1 

Cloning of AADH Genes 

[0110] (1) Construction of a Genomic Library of G. oxy 
dans DSM No. 4025 

[0111] Chromosomal DNA Was prepared as folloWs. G. 
oxya'ans DSM No. 4025 Was cultivated on an agar plate 
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containing 20 ml of NS2 medium consisting of 5.0% 
D-mannitol, 0.25% MgSO4.7H2O, 1.75% corn steep liquor, 
5.0% baker’s yeast (Oriental Yeast Co., Osaka, Japan), 0.5% 
CaCO3, 0.5% urea (sterilized separately) and 2.0% agar (pH 
7.0 before steriliZation) at 27° C. for 3 days. The cells Were 
collected from the agar plate, Washed With 10 ml of 10 mM 
Tris-HCl buffer (pH 8.0) containing 1 mM EDTA and 
resuspended in 5 ml of 10 mM Tris-HCl buffer (pH 8.0) 
containing 20 mM EDTA. The cell suspension Was treated 
With lysoZyme (Sigma Chemicals Co., St. Louis, Mo., USA) 
at a ?nal concentration of 400 pig/ml at 37° C. for 30 
minutes, then With pronase (400 units) at 37° C. 30 minutes 
and With 1% SDS at 37° C. for 1 hour. Chromosomal DNA 
Was treated With phenol and RNase A (Boheringer Man 
nheim, GmbH, Mannheim, Germany) according to the 
method described by Maniatis et al. (Molecular cloning: a 
laboratory manual. Cold Spring Harbor Laboratory, Cold 
Spring Harbor, NY, (1982). Chromosomal DNA (200 pg) 
Was digested With 168 units of SalI (Boehringer Mannheim) 
at 37° C. for 5 to 90 minutes. The resulting partially digested 
fragments of 15-35 kb Were isolated by preparative agarose 
gel electrophoresis (agarose: 0.7%); the gel piece containing 
the desired fragments Was cut out and the DNAs Were 
electro-eluted from the gel into TAE buffer consisting of 40 
mM Tris-acetate and 2 mM EDTA. Thus, 40 pg of the DNAs 
Were obtained. In parallel, 8 pg of the cosmid vector 
pVK102 (ATCC 37158) Was completely digested With SalI 
and treated With calf intestine alkaline phosphatase (Boe 
hringer Mannheim) according to the supplier’s recommen 
dation. pVK102 (0.4 pg) Was ligated With the 15-35 kb SalI 
fragments (0.2-2 pg) by the ligation kit (Takara ShuZo Co. 
Ltd., Kyoto, Japan) at 26° C. for 10 minutes. The ligated 
DNAs Were then used for in vitro packaging according to the 
method described by the supplier (Amersham): mixing the 
ligated DNAs With the phage coat protein parts. The result 
ing phage particles Were used to infect E. coli ED8767 
(Murray, N. E., W. J. Brammar and K. Murray. Mol. Gen. 
Genet., 150:53-61, 1977). About 3,000 KmI TcS colonies 
Were obtained and all of the colonies tested (24 colonies) 
possessed the insert DNAs; its average siZe Was 26.5 kb. 
Another cosmid library of G. oxya'ans DSM No. 4025 
containing 55,000 clones Was constructed by using chromo 
somal DNA of G. oxya'ans DSM No. 4025 partially digested 
With EcoRI and inserting them into the EcoRI site of 
pVK100 by almost the same method described above. All of 
the colonies tested (24 colonies) possessed insert DNAs 
(average siZe; 27 kb). 

[0112] These tWo cosmid libraries in E. coli ED8767 Were 
then transferred into E. coli S 17-1 (Tra+, Bio/Technology, 
1:784-791, 1983) by using the mixture of recombinant 
plasmid DNAs extracted from E. coli ED8767 libraries. 
About 4,000 KmI transformants of E. coli S17-1 Were picked 
up, cultivated individually in microtiter plates containing 
100 pl of LB consisting of 10 g/l of Bactotrypton (Difco), 5 
g/l of yeast extract (Difco) and 5 g/l of NaCl supplemented 
With 50 pig/ml kanamycin at 37° C., and stocked With 15% 
glycerol at —80° C. as cosmid libraries in E. coli S17-1. 

[0113] The G. oxya'ans DSM No. 4025-SalI and —EcoRI 
cosmid libraries Were constructed in E. coli S17-1. From the 
library, 1,400 clones Were individually transferred from E. 
coli S17-1 into P putida ATCC 21812 by conjugal mating. 
1,400 cultures stocked in microtiter plates at —80° C. Were 
thaWed and transferred to microtiter plates containing 100 pl 
of fresh LB medium in each Well With a plate transfer 
cartridge (Nunc) and cultivated at 37° C. overnight. Nalid 
ixic acid resistant (Nal‘) P putida ATCC21812 Was culti 
vated at 30° C. overnight in 100 ml of MB medium 
consisting of 2.5% mannitol, 0.5% yeast extract (Difco 
Laboratories, Detroit, Mich.) and 0.3% Bactotryptone 
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(Difco). Fifty pl of the P putida culture Was individually 
added to the 1,400 Wells containing cultures of the cosmid 
library. The 1,400 cell mixtures Were spotted With plate 
transfer cartridges onto nitrocellulose ?lters placed on the 
surface of PB agar medium consisting of 5% fructose, 1% 
yeast extract (Difco), 1% polypeptone (Daigo Eiyo, Japan) 
and 1.8% agar and cultivated at 27° C. overnight. Nalidixic 
acid Was used for the counter-selection of transconjugants 
against donor E. coli. The cells groWn on the ?lters Were 
individually streaked onto MB agar medium containing 50 
pig/ml of nalidixic acid and 50 pig/ml of kanamycin herein 
after referred to as (MNK agar plate) and incubated for 4 
days at 27° C. for the selection of transconjugants. The 
resulting colonies Were puri?ed by streaking on MNK agar 
plates as mentioned above. Thus, 1,400 transconjugants of P 
putida [gene library of G. oxya'ans DSM No. 4025 in P 
putida] Were prepared. 

[0114] (2) Immunological Screening of Clones of the 
AADH Gene of G. oxya'ans DSM No. 4025. 

[0115] At ?rst, 350 transconjugants (175 from SalI library 
and 175 from EcoRI library) maintained MNK agar plates 
Were individually cultivated in test tubes containing 5 ml of 
MNK medium. The cells Were collected from 1.5 ml of each 
broth and treated for Western-blot analysis as folloWs. The 
cells Were suspended in 50 pl of Laemmli buffer consisting 
of 62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 5% mercap 
toethanol and 2% SDS. The cell suspension Was boiled for 
3 minutes, and 10 pl of the cell lysate Was applied on 
SDS-PAGE. The resulting protein bands Were then electro 
blotted to a nitrocellulose ?lter by an electroblotting appa 
ratus (Marysol Industrial Co., Ltd.) operated at 40 V, 200 
mA for 16 hours in 2.5 mM Tris-19.2 mM glycine buffer, pH 
8.6, containing 20% methanol. The ?lter Was, then, incu 
bated for 1 hour in 3% gelatin in TBS buffer consisting of 
20 mM Tris, pH 7.5, and 500 mM NaCl. After a brief rinse 
in TTBS buffer consisting of 20 mM Tris, pH 7.5, 500 mM 
NaCl and 0.05% TWeen 20, the ?lter Was incubated for 1 
hour With a ?rst-antibody Which contained 1:500-diluted 
anti-AADH antibody in TTBS buffer containing 1% gelatin. 
The anti-AADH antibody had been prepared by mixing the 
AADH proteins puri?ed from G. oxya'ans DSM No. 4025 
With incomplete adjuvant, injecting the resulting mixture 
into a White rabbit tWice With 2 Weeks’ interval, collecting 
Whole blood 1 Week after the second injection and preparing 
the serum fraction as the anti-AADH antibody. Then, the 
?lter Was Washed tWice (5 min each) in TTBS buffer and 
incubated for 1 hour in a second-antibody (goat anti-rabbit 
IgG-horseradish peroxidase conjugate) solution Which con 
tained 1:3,000-diluted second antibody in TTBS containing 
1% gelatin. After Washing in TTBS buffer tWice and in TBS 
once, the ?lter Was immersed in a color developing solution 
until blue bands became visible With Konica Immunostain 
ing HRP Kit IS-50B (Konica, Tokyo, Japan) according to the 
supplier’s recommendation. For an actual screening, ?ve 
cell lysates Were mixed and applied to one Well for the ?rst 
Western-blot screening. Out of 70 mixtures, 14 exhibited 
positive bands; nine samples had immuno-reactive proteins 
of approximate Mr 64,000, but tWo of these exhibited Weak 
signals; one had an immuno-reactive protein of approximate 
Mr 60,000; and four samples had immuno-reactive proteins 
of Mr 55,000. 

[0116] Seven mixture samples shoWing strong signals at 
Mr 64,000 Were individually subjected to a second Western 
blot screening to identify the clone in each mixture. One 
positive clone per one mixture samples Was identi?ed; 
plasmids of the seven clones Were designated as p6E10, 
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p16C8, p16F4, p17E8, p1E2, p24D4, and p26C3, respec 
tively. By restriction enzyme analysis, it Was found that four 
plasmids, p6E10, p16C8, p16F4, and p17E8, carried the 
same DNA region and the other three carried different 
regions from that of the former four plasmids. 

[0117] (3) Screening of the AADH Genes from the 
Cosmid Libraries by Colony-Blot and Southern-Blot 
Hybridization 
[0118] To ?nd the other AADH genes besides the genes 
obtained by the immunological screening as described 
above, the Whole cosmid libraries of G. oxya'ans DSM No. 
4025 in E. coli ED 8767 (SalI-library and EcoRI-libraries) 
Were screened by colony- and Southern-blot hybridization 
With a 0.9 kb SalI fragment of p24D4. The 0.9 kb SalI 
fragment hybridized With a oligonucleotide probe, 
ATGATGGT(GATC)AC(GNFC)AA(TC)GT synthesized 
according to an internal amino acid sequence of the natural 
AADH enzyme puri?ed from G. oxya'ans DSM No. 4025, 
MetMetValThrAsnValAspValGlnMetSerThrGlu, Which Was 
obtained by digestion and sequenced by automatic gas-phase 
sequencer (Applied Biosystems 470A). The cells of the 
cosmid libraries Were appropriately diluted and spread on 
LK agar plates, and the resulting colonies Were blotted onto 
nylon ?lters and Were analyzed by hybridization With the 
32P-labeled 0.9 kb SalI fragment. About 1% of the colonies 
shoWed positive signals; 41 colonies Were selected from the 
SalI library and 20 from EcoRI library, and they Were 
subjected to restriction enzyme analysis, folloWed by South 
ern-blot analysis. Six different AADH gene-related DNA 
regions Were isolated in this screening as folloWs: four 
already-isolated regions carried on p24D4, p1E2, p26C3 
and, p17E8, and tWo neW regions carried on tWo separate 
plasmids designated as pSS31 and pSS53. The other plasmid 
pSS33 carried both of the tWo regions Which Were carried on 
p24D4 and pSS31. 

[0119] (4) Immunological and Enzymatic Characteriza 
tion of AADH Clones 

[0120] Western-blot analysis of cell lysates of R putia 
carrying p24D4, p1E2, p26C3, pSS31 and p17E8 shoWed 
that the ?ve clones encoded proteins With molecular Weights 
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of about 64,000, 62,500, 62,500, 60,000 and 62,000, respec 
tively. Plasmid pSS33 encoded tWo immuno-reactive pro 
teins With molecular Weights of about 64,000 and 60,000, 
Whereas pSS53 did not produce any immuno-reactive pro 
teins. 

[0121] Enzyme activities of each clone (cell free extract, 
soluble fraction and membrane fraction) Were measured by 
photometric analysis. The cells of each clone Were inocu 
lated in 5 ml of MB medium in a test tube and cultivated at 
30° C. for 24 hours. The resulting broth Was transferred into 
200 ml of fresh MB medium in 500 ml ?ask and the ?ask 
Was shaken on the rotary ?ask shaker at 30° C. for 24 hours. 
The cells Were collected by centrifugation at 6,000><g for 10 
minutes and Washed With 40 ml of cold buffer consisting of 
50 mM Tris-HCl, pH 7.5, 5 mM MgCl2 and 0.5 mM 
phenylmethylsulfonyl ?uoride and suspended With the same 
buffer to prepare cell suspension of 1 g Wet cells per 5 ml. 
The cell suspension Was subjected tWice to a French press 
cell disrupter (1,500 kg/cm2) and the resulting homogenate 
Was centrifuged at 6,000><g for 10 minutes to remove cell 
debris. Thus obtained cell free extract (CFE) Was centri 
fuged at 100,000><g for 60 minutes. The resulting superna 
tant and pellet Were collected as the cytosol fraction and the 
membrane fraction, respectively and subjected to PMS 
DCIP assay as folloWs. The enzyme reaction mixture (1.0 
ml) contained 100 pM DCIP, 1 mM PMS, 50 mM Tris 
malate-NaOH buffer, pH 8.0, a substrate and the enzyme (10 
pl). Substrate-dependent decreasing rate of absorbance of 
DCIP at 600 nm Was measured at 25° C. by using a Kontron 
spectrophotometer UVIKON 810. Table 6 shoWs the level of 
enzyme activities in the cell free extract and the soluble 
fractions of the clones. According to the substrate speci?city, 
the enzyme encoded on each plasmid Was classi?ed into 
large three groups, A-, B- and C-groups: A-group catalyzes 
the oxidation of L-sorbose, D-sorbitol and l-propanol; 
B-group catalyzes the oxidation of D-glucose and D-sorbi 
tol; C-group shoWed no clearly detectable activities on the 
substrates used. In the A-group, there Were three types, A, A‘ 
and A“ each of Which Was distinguished from each other by 
their physical map of the DNA carried on each plasmid. B 
or C-group each consisted of only one type of protein 
derived from one region of the chromosomal DNA. 

TABLE 6 

CFE Soluble fraction 

Enzyme Enzyme Sorbose Sorbose*1 Glucose*2 Sorbitol*3 Sorbosone*4 n-Propanol 
Group Name Plasmid 125 mM 125 mM 50 mM 125 mM 2 mM 50 mM 

A A p24D4 +++ +++ — +++ +++ ++++ 

A A‘ p1E2 + + — + + + 

A A" p26C3 + + — +/— + + 

B B pSS31 — — ++++ ++ + + 

C — p17E8 — — +/— — — - 

A and B A and B pSS33 +++ +++ ++++ ++++ +++ ++++ 

Level of the activity; 
++++ very high 
+++ high 
++ medium 

+ lOW 

+/— trace 
— not detected 

*1-"4 Oxidation product of each substrate Was determined by a resting cell reaction followed by TLC 
analysis. 
*1 Oxidation product of L-sorbose by Enzymes A, A’, A", and [A and B] Was 2KGA. 
*2 Oxidation product of D-glucose by Enzyme B, and Enzyems [A and B] Was D-gluconic acid. 
*3 Oxidation product of D-sorbitol by Enzymes A, A’, and A" Was mainly D-glucose; that by Enzyme B 
Was L-sorbose; and that by Enzymes [A and B] Was mixture of D-glucose and L-sorbose. 
*4 Oxidation product of L-sorbosone by Enzymes A, A’, A", B, and [A and B] Was 2KGA. 
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Example 2 

Nucleotide Sequencing 

[0122] Nucleotide sequences of the genes for Enzymes A, 
A‘, A“ and B Were determined With the plasmids, p24D4, 
p1E2, p26C3, and pSS31, respectively, by the dideoxynucle 
otide chain termination method using M13mp18 and 
M13mp19 (Boehringer Mannheim). One open reading 
frame (ORF) for each gene Was found; the nucleotide 
sequences of the four genes are shoWn in the sequence list 
SEQ ID NOS. 1 to 4 and the amino acid sequences deduced 
from the nucleotide sequences Were shoWn in the sequence 
list SEQ ID NOS. 5 to 8. The ORFs for Enzymes A, A‘, A“ 
and B genes are 1737, 1737, 1734, and 1737-bp long and 
encode 579, 579, 578 and 579 amino acid residues all 
including 23 amino acid of signal sequences. 

[0123] The homologies betWeen Enzymes A, A‘, A“ and B 
are shoWn in Table 7. 

TABLE 7 

Homologies of amino acid sequences among AADHs. 

(0/0) 

Enzyme A Enzyme A‘ Enzyme A‘l Enzyme B 

Enzyme A 100 — — 

Enzyme A‘ 89 100 — — 

Enzyme A‘l 85 86 100 
Enzyme B 83 82 81 100 

[0124] FIG. 5 shoWs the amino acid sequences of mature 
Enzyme A and Enzyme B Which are aligned so as to be 
comparable. 
[0125] Homology search of Enzymes A, A‘, A“ and B 
revealed that Enzymes A, A‘, A“ and B shoWed rather loW 
homology (26-31% homology through the polypeptides) 
With several quino-proteins including alcohol dehydroge 
nase of Acetobacter aceti (T. Inoue et al., J. Bacteriol. 171: 
3115-3122) or Acetobacter polyoxogenes (T. Tamaki et al., 
B. B. A., 1088:292-300), and methanol dehydrogenase of 
Paracoccus denitri?cans (N. Harms et al., J. Bacteriol., 169: 
3966-3975), Methylobacterium organophilum (S. M. Mach 
lin et al., J. Bacteriol., 170: 4739-4747), or Methylobacte 
rium extorquens (D. J. Anderson et al., Gene 90: 171-176). 

Example 3 

Subcloning of AADH Genes 

[0126] Enzyme A gene Was originally cloned as a cosmid 
clone of p24D4 Which has about 25 kb insert in EcoRI site 
of pVKlOO. Then, it Was further subcloned to use as an 
Enzyme A gene cassette. The 2.7 kb EcoRV fragment Which 
includes ORF of Enzyme A gene With about 500 bp of 
non-coding regions at the both ends Was excised from 3.4 kb 
NruI fragment, Which Was isolated from p24D4 in M13 
mp18, and Was ligated to HindIII site of pUC18 With HindIII 
linker (CAAGCTTG). The resulting plasmid Was designated 
pSSA202. Enzyme A gene cassette (2.7 kb HindIII frag 
ment) Was then inserted at HindIII site of pVK102 to 
produce pSSA102R. The plasmid pSSA102R Was intro 
duced into nalidixic acid resistant P putida [ATCC 21812] 
by a conjugal mating method as described in Example 1-(1). 
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The transconjugant of P putida carrying pSSA102R Was 
selected on MB agar medium containing 50 pig/ml nalidixic 
acid and 10 pig/ml tetracycline (MNT agar medium) and 
subjected to a mini-resting cell reaction. The reaction mix 
ture (100 pl) consisting of 20 g/l L-sorbose, 3 g/l NaCl, 10 
g/l CaCO3 and the cells collected from the MNT agar culture 
With a toothpick Was incubated at room temperature With 
gentle shaking for 24 hours. The reaction mixture Was 
assayed With TLC and 2KGA Was identi?ed as the product, 
While no 2KGA Was observed by the same resting cell 
reaction With the host, nalidixic acid resistant P putida 
[ATCC 21812]. 
[0127] Enzyme B gene Was originally cloned as a cosmid 
clone of pSS31 Which has about 30 kb insert in SalI site of 
pVK102. It Was subcloned as 6.5 kb BglII fragment into 
BglII site of pVK101 (ATCC 37157) to obtain pSSB102. 
Then, it Was further subcloned to use as a Enzyme B gene 
cassette. The 6.5 kb BglII fragment Was cloned into BamHI 
site of pUC18 to obtain pSSB202. Then, 2.3 kb XhoII 
fragment Was excised from pSSB202. The 2.3 kb XhoII 
fragment includes ORF of Enzyme B With 120 bp of 
5‘-noncoding region and about 500 bp of 3‘-noncoding 
region. The fragment Was treated With KlenoW fragment to 
?ll-in the cohesive ends and cloned into HindIII site of 
pUC18 With HindIII linker to produce pSSB203. The 
Enzyme B gene cassette (2.3 kb HindIII fragment) Was 
inserted at HindIII site of pVK102 to make pSSB103R. The 
plasmid pSSB103R Was introduced into nalidixic acid resis 
tant P putida [ATCC 21812] by a conjugal mating method, 
and the transconjugant of P putida carrying pSSB103R Was 
selected on MNT agar medium and subjected to a mini 
resting cell reaction. P putida carrying pSSB103R shoWed 
the Enzyme B actiuvity (L-sorbose formation from D-sor 
bitol) in the resting cell reaction. (Incidentally, XhoII frag 
ment Was found not to be a XhoII-XhoII fragment, but a 
XhoII-XhoI fragment as a result of nucleotide sequencing. 
XhoI might be present in the XhoII preparation.) 

[0128] Enzyme A‘ and Enzyme A“ genes Were originally 
cloned as a cosmid clone of p1E2 and p26C3 Which have 
about 30 kb insert in SalI site of pVK102 and further 
subcloned basically as described above. Enzyme A‘ gene in 
3.5 kb XhoII fragment Was subcloned in BglII site of 
pVK102 to construct pSSA‘101R, and Enzyme A“ gene in 
2.7 kb EcoRV fragment Was ?rst subcloned into M13mp19 
and then re-subcloned betWeen HindIII and BglII sites of 
pVK102 to construct pSSA“102. 

Example 4 

Isolation and Characterization of AADHs from 
Transconjugants of P putida 

[0129] (1) Cultivation of Microorganisms 

[0130] P putida [ATCC 21812] carrying cosmid vector 
pVK102 containing the Enzyme A, A‘, A“ and B genes; 
pSSA102R, p1E2, p26C3 and pSSB103R, respectively, 
Were cultivated in MB broth in the presence of antibiotic. 
Antibiotics added into medium Were as folloWs; 5 pig/ml 
tetracycline for pSSA102R (Enzyme A) and pSSB103R 
(Enzyme B), 25 pig/ml kanamycin for p1E2 (Enzyme A‘) and 
p26C3 (Enzyme A“). From the agar plate of MB containing 
the respective antibiotic, the cells Were inoculated in 10 test 
tubes containing 5 ml MB medium With the respective 








































