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The NADPH-dependent L-sorbose reductase (SR) of L-sorbose-producing Gluconobacter suboxydans IFO 3291
contributes to intracellular L-sorbose assimilation. The gene disruptant showed no SR activity and did not
assimilate the once-produced L-sorbose, indicating that the SR functions mainly as an L-sorbose-reducing
enzyme in vivo and not as a p-sorbitol-oxidizing enzyme.

L-Sorbose is an important intermediate for industrial pro-
duction of vitamin C (4) and is produced from D-sorbitol by
Gluconobacter strains. During metabolic studies of L-sorbose
with isotopes, it was noticed that L-sorbose was consumed to
yield carbon dioxide, possibly via D-sorbitol (7). The metabolic
pathways of D-sorbitol, L-sorbose, and their metabolites in Glu-
conobacter strains are depicted in Fig. 1 according to data from
previous studies (2, 7, 12). Sugisawa et al. purified and char-
acterized NADPH-linked L-sorbose reductase (SR) with a mo-
lecular weight of 60,000 (monomer) from Gluconobacter mela-
nogenus N44-1 (11). The SR enzyme showed its optimum pHs
for the reduction of L-sorbose and for oxidation of p-sorbitol at
7.0 and 10.0 to 10.5, respectively, and is thus termed sorbitol-
sorbose oxidoreductase. Recently two sorbitol-sorbose oxi-
doreductases of Gluconobacter strains were also reported:
NADPH-dependent SR of G. melanogenus IFO 3294 (with a
molecular mass of 60 kDa and consisting of two identical
subunits of 30 kDa) (1) and NADP-dependent D-sorbitol de-
hydrogenase (SLDH) of Gluconobacter oxydans G624) (with
the calculated molecular mass of 53,634 Da and consisting of
one subunit) (6). In this study, we cloned the SR gene of G.
suboxydans TFO 3291, which was found to encode basically the
same enzyme as the SLDH of G. oxydans G624, and con-
structed and characterized the gene disruptant of G. suboxy-
dans TFO 3291 for confirming the physiological role of the SR
enzyme.

Plasmid pSUP202 and plasmid pSUP2021 (9) were used as
a suicide vector and a vector for Tn5 mutagenesis in Glu-
conobacter strains. Recombinant DNA technique and conjugal
mating were done as previously reported (8). No. 5 medium
containing 80 g of p-sorbitol per liter (2) and SL-SCM medium
containing (per liter) 3 g of yeast extract, 3 g of beef extract, 3 g
of corn steep liquor, 10 g of peptone, 1 g of urea, 1 g of
KH,PO,, 0.2 g of MgSO, - 7TH,0, 1 g of CaCO; (production
grade), and 20 g of p-sorbitol were used for cultivating the
Gluconobacter strains.

A Tn5 mutant defective in L-sorbose reductase activity was
obtained from a derivative of G. melanogenus TFO 3293
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through Tn5 mutagenesis with P1::Tn5 (3) and was designated
strain 26-9A. The mutant was selected as a D-sorbitol nonpro-
ducer from L-sorbose under a resting cell system (2) and was
confirmed to not grow on L-sorbose (No. 5 medium). We
confirmed the SR deficiency of strain 26-9A by a photometric
enzyme assay (11), with strain IFO 3293 as the positive control.
Strains IFO 3293 and 26-9A showed 0.20 and <0.01 U of SR
activity per mg of cytosol protein, respectively.

After confirming that the Tn5 insertion in 26-9A caused SR
deficiency (below 0.01 U/mg of cytosol protein) by reconstruct-
ing the TnS mutant with the DNA fragment containing Tn5, we
determined the nucleotide sequence of the TnS-inserted re-
gion. The region encoded a polypeptide belonging to the man-
nitol dehydrogenase superfamily including mannitol-2-de-
hydrogenase of Rhodobacter sphaeroides (accession number
P33216 [5]), mannonate oxidoreductase of Escherichia coli
(P39160), and mannitol-1-phosphate 5-dehydrogenases of, for
example, Enterococcus faecalis (P27543). The mannitol dehy-
drogenase (MDH) (EC 1.1.1.67) is a mannitol-fructose oxi-
doreductase. The SR enzyme of the Gluconobacter strain is a
sorbitol-sorbose/mannitol-fructose oxidoreductase (11). The
amino acid sequences deduced from the SR nucleotide se-
quences around the Tn5 insertion point were aligned with
those belonging to the MDH superfamily (data not shown). In
the SR sequence, the MDH signature of PS00974 in the pro-
tein motif database PROSITE was found. The corresponding
sequence from strain 26-9A, FPNGMVDRITP, and the other
region showing a high homology, MTITEGGY, were selected
for designing the set of primers for PCR.

We cloned the partial SR gene of G. suboxydans IFO 3291
(ca. 300 bp) through PCR amplification with the primers 5'-
ATGAC(C/G)AT(C/T)AC(C/G)GA(A/G)GG(A/C/T)GG(A/
C/T)TA and 5'-CG(A/G)TC(A/C/G)ACCAT(A/G/T)CC(A/G)
TT(A/G/C)GGGAA and then obtained the complete gene
with the PCR product as the probe in an 8.0-kb EcoRV frag-
ment. The complete nucleotide sequence of the open reading
frame (ORF) was 1,455 bp (accession number AB063188),
encoding 485 amino acids; the calculated M, of 53,541 agrees
with that of the purified enzyme (60,000 [11]). Computer anal-
ysis of the sequence including the upstream and downstream
regions showed that there are two ORFs, Dnal-like protein
and ferredoxin, downstream in the direction opposite to that of
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FIG. 1. The metabolic pathway of D-sorbitol, L-sorbose, and their
metabolites in Gluconobacter strains. *1, membrane-bound D-sorbitol
dehydrogenase (2); *2, membrane-bound L-sorbose dehydrogenase
(2); *3, NAD(P)-dependent L-sorbosone dehydrogenase (2); *4,
NADPH-dependent L-sorbosone reductase (2); *5, NADPH-depen-
dent L-sorbose reductase (2,11); *6, NAD-dependent D-sorbitol dehy-
drogenase (1).

the SR gene (as shown in Fig. 2), suggesting that there are no
OREFs included in an operon with the SR gene.

Homology search with the nucleotide sequence of the SR
gene was done with the Blastx program; recently published
sequences of genes encoding NADP-SLDH of G. oxydans
strain G624 (AB028937 [6]) and NAD-MDH sequences, in-
cluding that from Pseudomonas aeruginosa (AE004660 [10]),
were found in addition to that from R. sphaeroides. The amino
acid sequence of SR showed identities of 84.5, 42.6, and 39.6%,
respective to the order of the nucleotide sequences described
above. SR from G. suboxydans IFO 3291 should be an ortholog
of NADP-SLDH from G. oxydans G624.

An SR gene disruptant was constructed with pSUP202-SR::
Km, which has a Km" gene cassette from pUC4K (Amersham
Pharmacia Biotech, Uppsala, Sweden) as an EcoRI fragment
in an EcoRI site of the cloned SR gene. The gene disruption
was confirmed by Southern blot hybridization and was desig-
nated SR3. In a spectrophotometric assay, strains SR3 and
IFO 3291 showed SR activities of 0.02 (negligible) and 0.92
U/mg of cytosol protein, respectively. L-Sorbose assimilation
and growth profiles of strains SR3 and IFO 3291 were evalu-
ated with the SL-SCM medium (Table 1). Both converted
D-sorbitol nearly stoichiometrically in 9 to 12 h; IFO 3291
consumed L-sorbose accompanying further cell growth, while
SR3 neither consumed it nor grew further. The reason why
SR3 consumed p-sorbitol faster, resulting in faster growth and
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FIG. 2. Computer analysis of the sequences of upstream and down-
stream regions of the SR gene. B, BamHI; EI, EcoRI; EO, EcoO1091;
EV, EcoRV; H, HindIll; S, Smal.
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TABLE 1. L-Sorbose assimilation and growth of
G. suboxydans IFO 3291 and SR3“

S . Growth
Assimilation (g/liter) of: (ODyggy) of:
Time (h) L-Sorbose D-Sorbitol
IFO 3291 SR3
IFO 3291 SR3 IFO 3291 SR3

0 0.0 0.0 20.0 20.0 0.1 0.1
3 1.9 4.5 20.7 14.5 0.3 0.5
6 3.8 9.2 17.7 11.0 0.6 1.0
9 9.5 17.7 10.2 1.9 1.2 2.3
12 18.3 17.6 1.2 0.0 2.6 2.8
15 16.4 19.0 0.0 0.0 39 2.6
18 14.0 18.1 0.0 0.0 4.7 2.5
23 9.2 18.1 0.0 0.0 59 2.5

“The strains were cultivated in 500-ml flasks containing 50 ml of SL-SCM
medium at 30°C on a rotary flask shaker at 180 rpm. ODy, optical density at 600
nm.

faster production of L-sorbose than IFO 3291, is unknown.
Sugar and sugar alcohol assimilation abilities of both strains
were further confirmed by using a minimal agar medium con-
taining 2.5% L-sorbose, D-sorbitol, or D-fructose together with
1% Casamino Acids. Strain IFO 3291 grew on all the carbon
sources, while SR3 grew on D-sorbitol and p-fructose but not
on L-sorbose; this result agrees with the pathway shown in Fig.
1.

A database search of MedLine with the keyword sorbose
gave us one sorbose assimilation pathway via L-sorbose-1-phos-
phate in E. coli, Klebsiella pneumoniae, and Lactobacillus casei;
there were no references describing L-sorbose assimilation via
D-sorbitol, with the exception of studies by us and coworkers
(2,7, 11). Adachi et al. (1) supposed from its enzymatic prop-
erties that the physiological role of NADPH-SR of G. mela-
nogenus IFO 3294 would be assimilation of L-sorbose. In this
report, we first genetically confirmed that SR triggers the L-
sorbose assimilation via D-sorbitol, not via L-sorbose-1-phos-
phate. In addition, we revealed that the disruptant SR3 showed
strong D-sorbitol dehydrogenase activity to produce L-sorbose
comparable to that of strain IFO 3291 (Table 1), suggesting
that SR does not function as a main D-sorbitol-oxidizing en-
zyme in vivo. This result is reasonable, because the pH of a
cytosol is usually around 7, optimal for SR to function as a
reductase rather than a dehydrogenase. Considering the exis-
tence of NADPH-dependent SR (a dimer with an M, of
60,000) in G. melanogenus IFO 3294 (1), this SR could also
exist in strains IFO 3291 and IFO 3293 and in their derivatives
and could function weakly as the second pathway in assimilat-
ing L-sorbose for maintenance of life. On the other hand,
NADP-SLDH of G. oxydans G624 (with a calculated M, of
53,642) should be a synonym of SR of G. suboxydans IFO 3291
(with a calculated M, of 53,541). In summary, in vivo SR
should mainly be responsible for L-sorbose assimilation, not
for L-sorbose production. Since L-sorbose is hard for most
microorganisms to assimilate, whereas D-sorbitol is easily as-
similated, this deposit (p-sorbitol to L-sorbose) and withdrawal
(L-sorbose to D-sorbitol) system of sugars and sugar alcohols is
a clever strategy adopted by Gluconobacter strains to survive in
mixed populations of the microbial world.
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