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A p-erythorbic acid-forming soluble flavoprotein, gluconolactone oxidase (GLO), was purified from Penicil-
lium cyaneo-fulvum strain ATCC 10431 and partially sequenced. Peptide sequences were used to isolate a cDNA
clone encoding the enzyme. The cloned gene (accession no. AY576053) exhibits high levels of similarity with the
genes encoding other known eukaryotic lactone oxidases and also with the genes encoding some putative
prokaryotic lactone oxidases. Analysis of the coding sequence of the GLO gene indicated the presence of a
typical secretion signal sequence at the N terminus of GLO. No other targeting or anchoring signals were
found, suggesting that GLO is the first known lactone oxidase that is secreted rather than targeted to the
membranes of the endoplasmic reticulum or mitochondria. Experimental evidence, including the N-terminal
sequence of mature GLO and data on glycosylation and localization of the enzyme in native and recombinant
hosts, supports this analysis. The GLO gene was expressed in Pichia pastoris, and recombinant GLO was
produced by using the strong methanol-induced AOX1 promoter. In order to evaluate the suitability of purified
GLO for production of p-erythorbic acid, we immobilized it on N-hydroxysuccinimide-activated Sepharose and
found that the immobilized GLO retained full activity during immobilization but was rather unstable under
reaction conditions. Our results show that both soluble and immobilized forms of GLO can, in principle, be
used for production of p-erythorbic acid from p-glucono-3-lactone or (in combination with glucose oxidase and
catalase) from glucose. We also demonstrated the feasibility of glucose-p-erythorbic acid fermentation with
recombinant strains coexpressing GLO and glucose oxidase genes, and we analyzed problems associated with

construction of efficient p-erythorbic acid-producing hosts.

p-Erythorbic acid (p-EA) (p-araboascorbic acid, isovitamin
C) is a C-5 epimer of L-ascorbic acid. It has chemical properties
very similar to those of ascorbic acid but very low vitamin C
activity. b-EA and erythorbates have been used as food anti-
oxidants for many years, particularly in processed meat and
soft drinks. Currently, D-EA is manufactured by a two-step
process; glucose is first converted into b-2-ketogluconic acid by
fermentation, and this is followed by chemical lactonization
similar to the lactonization of r-2-ketogulonic acid in the
Reichstein process. In the early 1960s, direct conversion of
glucose into D-EA by Penicillium fungi was discovered (48).
This discovery was followed by an extensive mutagenesis and
selection program that resulted in strains capable of converting
glucose into D-EA with a yield of approximately 40% over a
week-long fermentation (44, 56). These process parameters
are still not sufficient to make the direct fermentation of glu-
cose into D-EA economically feasible. In the last decade, much
research effort has been spent on development of biotechnol-
ogy-based processes for L-ascorbic acid manufacture (12, 40).
Most of the studies aimed at a two-step process which included
fermentation of glucose into L-2-ketogulonic acid and then a
chemical lactonization step; production of ascorbic acid di-
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rectly from glucose by fermentation remains elusive. Since
conversion of glucose into b-EA can be done in a single step,
this process has the potential of being the lowest-cost technol-
ogy for production of food antioxidants. To realize this poten-
tial, significant improvements in both product yield and pro-
cess productivity are required. Towards this end, we applied
biotechnological techniques to the development of methods
for enzymatic and fermentative production of p-EA.

The metabolic pathway from glucose to p-EA in Penicillium
is known (30, 47). It comprises two steps; glucose is first oxi-
dized into D-glucono-1,5-lactone by glucose oxidase (GOD)
(E.C. 1.1.3.4), and this is followed by further oxidation of
D-gluconolactone into D-EA by D-gluconolactone oxidase
(GLO) (E.C. 1.1.3.X). While GOD is a well-known enzyme
which is widely distributed among fungi, GLO appears to be
produced by only a few species of Penicillium (56). GLO has
been purified from cell extracts of Penicillium cyaneo-fulvum
and characterized biochemically (49). Like other known lac-
tone oxidases, GLO contains covalently bound flavin adenine
dinucleotide (FAD) as the prosthetic group (13). A unique
property of GLO is that it can use as substrates both glucono-
v-lactone (D-glucono-1,4-lactone) and glucono-8-lactone (D-
glucono-1,5-lactone) even though D-EA itself is a vy-lactone.
GLO reacts with glucono-y-lactone to form p-EA having a vy
ring and with glucono-8-lactone to form an unknown analog
having a 8-lactone ring that is nonenzymatically converted to
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D-EA (30). All other known oxidases acting on aldonolactones
are specific only towards y-lactones. No information on amino
acid sequences or the gene structure of GLO is available.

In this study we purified the GLO of P. cyaneo-fulvum,
cloned and sequenced the corresponding gene, and character-
ized the recombinant enzyme. We also confirmed the feasibil-
ity of producing p-EA by using recombinant GLO in two ways:
by converting glucose to D-EA enzymatically with GOD and
recombinant GLO and by direct fermentation with recombi-
nant Pichia pastoris coexpressing both GLO and Aspergillus
niger GOD. The results presented below suggest that unlike
the other known lactone oxidases, GLO is synthesized in the
form of a preprotein having a 20-amino-acid N-terminal secre-
tion signal. This signal sequence can also act as an efficient
secretory signal in the yeast Pichia pastoris.

MATERIALS AND METHODS

Materials and microbial strains. The microbial strains used in this study were
P. cyaneo-fulvum ATCC 10431, Escherichia coli XL1-Blue (Stratagene, La Jolla,
Calif.), and P. pastoris GS115 (Invitrogen, Carlsbad, Calif.). The following clon-
ing vectors were used: pCR2.1-TOPO, pPIC3.5K, pGAPZA, and pGAPZB (all
obtained from Invitrogen), as well as pBluescript SK(+/-) (Stratagene). Restric-
tion enzymes were obtained from Boehringer (Mannheim, Germany). The chem-
icals used were analytical grade.

General biochemical and genetic techniques. Protein concentrations were
determined with the protein assay reagent (Bio-Rad, Richmond, Calif.) by using
bovine serum albumin as the standard. Analytical sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) was performed with 12% Tris-gly-
cine Ready gels (Bio-Rad). The gels were stained with Coomassie blue R-250
(41). Endoglycosidase H treatment was performed by incubating 7 g of purified
GLO with 50 mU of endoglycosidase H (Sigma, St. Louis, Mo.) in 10 mM sodium
phosphate buffer (pH 6.5) with 0.1 mM EDTA in the presence of 0.05% SDS and
25 mM B-mercaptoethanol at 37°C overnight.

A PCR with degenerate primers was performed by using the following reaction
conditions: each primer at concentration of 7.5 pM, 1X PCR buffer with Mg>*
(Boehringer), each deoxynucleoside triphosphate at a concentration of 0.2 mM,
50 mU of Taq polymerase (Boehringer), and 25 ng of P. cyaneo-fulvum genomic
DNA. The amplification was performed by using an annealing temperature of
50°C for the first 10 cycles and 53°C for the subsequent 30 cycles. Other PCRs
were carried out under similar reaction conditions by using an annealing tem-
perature of 60°C and a total of 30 cycles.

The PCR products were cloned by using a TOPO TA cloning kit (Invitrogen).
A DNA sequencing service was purchased from MedProbe S/A (Oslo, Norway).

Yeast transformation was done by electroporation (1). P. pastoris was manip-
ulated according to the instructions in the Multi-Copy Pichia Expression Kit
manual (Invitrogen).

Enzyme assays. GLO activity was measured spectrophotometrically by moni-
toring the reduction of 2,6-dichlorophenolindophenol (DCIP) by p-EA at 600
nm and 30°C. The reaction mixture (freshly prepared for each experiment)
consisted of 50 mM potassium biphthalate buffer (pH 6.2) containing 2 mM
hydroxyquinoline, 12 wM DCIP, and 70 mM b-glucono-3-lactone (added in a
10% stock solution in dimethylformamide). A calibration curve was obtained by
adding known amounts of D-EA to the reaction mixture. One unit of activity was
defined as 1 pmol of D-EA produced per min under the enzyme assay conditions
used.

GOD activity was determined by measuring the formation of H,O, by the
method described by Witteveen et al. (54), and 1 U of GOD activity was defined
as 1 pmol of H,O, oxidized per min under the reaction conditions used.

Purification of GLO. The native enzyme was purified by using a modification
of a procedure described previously (49). Briefly, P. cyaneo-fulvum ATCC 10431
was cultivated for 60 h in a 15-liter fermentor (Biostat E; Medical Braun,
Melsungen, Germany) at 30°C with agitation at 300 rpm; the aeration rate was
5 liters/min, and the working volume of a mineral medium described by Yagi et
al. (56) was 10 liters. The mycelium was collected by filtration, washed with buffer
A (10 mM sodium phosphate buffer [pH 6.5] with 0.1 mM EDTA), and homog-
enized with a bead beater (Biospec Products, Bartlesville, Okla.) or with a
flowthrough bead beater (Netzsch; Feinmahltechnik, Selb, Germany) in the
presence of buffer A containing 1 mM phenylmethylsulfonyl fluoride. The ho-
mogenate was centrifuged at 19,000 X g and 4°C for 30 min. Eighty milliliters of
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DEAE-Sepharose FF (Pharmacia Biotech, Uppsala, Sweden) was added per liter
of supernatant (conductivity, 2.5 mS/cm) and stirred at 4°C overnight. The resin
was removed by filtration, and the enzyme was precipitated from the filtrate by
adding ammonium sulfate to 60% saturation. After dialysis against buffer A, the
crude GLO preparation (conductivity, 1.2 mS/cm) was fractionated on DEAE-
Sepharose FF by using a 5- by 50-cm column. Elution was performed with a
linear gradient of 0 to 100 mM sodium chloride in buffer A. The active fractions
were pooled, concentrated by ultrafiltration, and applied to a Sephacryl S-300
HR column (1.6 by 200 cm; Pharmacia Biotech) equilibrated and eluted with
buffer A. A peak containing the GLO activity was collected and applied to a
Bio-Gel HT hydroxyapatite column (1.6 by 20 cm; Bio-Rad) equilibrated with
buffer A and eluted with a linear gradient of 0 to 7.5% ammonium sulfate in
buffer A. The fractions with the highest specific activity contained essentially
homogeneous GLO.

For preparative purification of recombinant GLO, the recombinant P. pastoris
strain was cultivated in 15-liter fermentor by using a fed-batch mode essentially
as described by Sreekrishna et al. (46). The culture medium containing GLO was
concentrated 5- to 10-fold by ultrafiltration, dialyzed extensively (conductivity,
1.2 mS/cm) against buffer A, and stirred overnight with 50 ml of DEAE-Sepha-
rose FF per liter. The resin was collected by filtration, transferred to a column (5
by 50 cm), and eluted with a linear gradient of 0 to 100 mM sodium chloride in
buffer A. Active fractions were pooled and subjected to hydroxyapatite chroma-
tography as described above.

Partial sequencing of GLO. The N-terminal sequence of GLO was obtained by
automated Edman degradation of the purified GLO. The single protein band of
purified GLO was cut out from the SDS-PAGE gel, and the protein in the gel
was alkylated and digested with protease Lys-C. The peptides resulting from
protease cleavage were extracted, and their quality was determined by matrix-
assisted laser desorption ionization—time of flight mass spectrometry. Partial
sequences of GLO were then determined by liquid chromatography-electrospray
tandem mass spectrometry. The details of these procedures have been described
elsewhere (37).

Isolation of total RNA and Northern blotting. Three grams of washed myce-
lium of P. cyaneo-fulvum was ground in a mortar under liquid nitrogen. The
mycelium was suspended in 10 ml of ice-cold RNA extraction buffer (4 M
guanidine thiocyanate, 0.5% sodium lauroylsarcosine, 25 mM sodium citrate [pH
7], 0.1 M B-mercaptoethanol) and centrifuged for 6 min at 12,000 X g and 4°C.
Cesium chloride was added to a final concentration of 0.4 g/ml to the resulting
supernatant. The solution was layered carefully on top of 1.2 ml of a 5.7 M
cesium chloride-0.1 M EDTA (pH 7) solution and centrifuged at 130,000 X g
and 15°C for about 20 h. The pellet was washed quickly with a small amount of
water and dissolved in 100 pl of water. For Northern blotting, the DNA probe
was radioactively labeled with [a->?P]dCTP (Amersham Life Sciences, Little
Chalfont, United Kingdom) by using a random primed DNA labeling kit (Boehr-
inger). Blotting and hybridization were carried out as described by Sambrook et
al. (41).

Construction and screening of the cDNA library. nRNA was isolated from the
total RNA of P. cyaneo-fulvum with an Oligotex mRNA midi kit (QIAGEN,
Hilden, Germany). A ¢cDNA library of P. cyaneo-fulvum was constructed with a
ZAP-cDNA synthesis kit and a ZAP-cDNA Gigapack III Gold cloning kit (both
kits were obtained from Stratagene). The phage library was plated on 20 15-cm
petri dishes at a density of about 50,000 PFU/plate and transferred onto dupli-
cate nitrocellulose membranes (Protran BA 85; Schleicher & Schuell, Keene,
N.H.). Hybridization was performed according to the protocol of Sambrook et al.
(41) by using 0.2X SSC-0.2% SDS for 30 min at 65°C as the final washing step
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The membranes were
exposed to Kodak Biomax MR film (Amersham Life Sciences) with an enhancer
screen at —20°C. The positive phage clones were purified and converted to the
phagemid form by following the manufacturer’s instructions.

Construction of recombinant yeast strains for GLO production. The DNA
fragment corresponding to the coding region of the GLO gene was amplified by
PCR by using the oligonucleotide primers o0GLOCDS51 (5'-CCAACAATTGAT
GCTGAGCCCTAAGCCGGCTTTCCTGC-3") and oGLO3 (5'-CAAAGCTTC
TAGAGCCTCAGACCACTCATATCACATC-3'). The cloned cDNA plasmid
obtained from the cDNA library screening procedure was used as the template.
The resulting PCR product was digested with restriction endonucleases Xbal and
Mfel and ligated with plasmid pPIC3.5K (Multi-Copy Pichia Expression Kit;
Invitrogen) digested with AvrIT and EcoRI. The pPIC3.5K(GLO) expression
vector contained the complete coding region of the GLO gene under control of
the P. pastoris AOXI1 promoter.

Construction of recombinant yeast strains for p-EA production.
pPIC3.5K(GLO) was digested with restriction endonucleases SnaBI and Notl,
and a 1,481-bp DNA fragment carrying the GLO gene was isolated by agarose
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electrophoresis. This DNA fragment was ligated with pGAPZA digested with
PmlI and Notl, resulting in the expression vector pPGAPZA(GLO). To change
the selection marker to the HIS4 gene of pPICK3.5K, pGAPZA(GLO) was
digested with BgIII and NotI. A 1,985-bp DNA fragment was isolated and ligated
with the 3,568-bp XhoI-BglII fragment from pPIC3.5K and with the 6,403-bp
NotI-Xhol fragment from the same plasmid. The resulting expression vector,
pGIC(GLO), contained the GLO gene under control of the GAP promoter
instead of the AOXI promoter of pPIC3.5K. The coding region for the A. niger
GOD gene was amplified by PCR by using the oligonucleotide primers o0GOES
(5'-TTGAATTCATGCAGACTCTCCTTGTGAGCTCGCTTG-3") and oGO3
(5"-TTGCGGCCGCTCACTGCATGGAAGCATAATCTTCC-3") and A. niger
genomic DNA as the template. The resulting PCR product was digested with
Notl and partially digested with EcoRI. The purified 1,826-bp fragment was
ligated with plasmid pGAPZB digested with NotI and EcoRI. The resulting
expression vector, pPGAPZB(GOD), contained the complete coding region of the
GOD gene under control of the P. pastoris GAP promoter. P. pastoris strain
GS115 was transformed with pGIC(GLO), and about 130 transformants were
screened for clones expressing the highest levels of GLO activity. One such clone
was transformed further with pGAPZB(GOD), and both the GOD and GLO
activities were assayed in a random set of about 10 transformants. One clone
producing both GOD and GLO activities was used to study the fermentation of
glucose into p-EA.

Cultivation of recombinant strains. Recombinant strains of P. pastoris express-
ing GLO under control of the AOXI promoter were grown in a rotary shaker at
30°C and 200 rpm in BMGY medium (10 g of yeast extract per liter, 20 g of
peptone per liter, 100 mM potassium phosphate [pH 6], 13.4 g of yeast nitrogen
base [Difco, Detroit, Mich.] per liter, 10 g of glycerol per liter, 4 X 10~* g of
biotin per liter). After the cells reached the early stationary phase, they were
pelleted and resuspended in BMMY medium (similar to BMGY medium, except
that the glycerol was replaced with 5 ml of methanol per liter). Cultivation was
continued for 96 h, during which time additional methanol (5 ml/liter) was added
to the culture and aliquots were withdrawn for testing the GLO activity after
every 24 h of fermentation.

GLO expression level under control of the GAP promoter in P. pastoris/
pGIC(GLO) was tested on three different media. The media used were YPD
medium, YPD medium buffered with 20 g of CaCOj; per liter, and BMGY
medium. The fermentation was carried out in 250-ml Erlenmeyer flasks contain-
ing 50 ml of medium at 30°C and 200 rpm. Cultivation was continued for 10 days,
during which time aliquots were withdrawn to test the GLO activity after every
24 h of fermentation.

Enzymatic properties of recombinant GLO. The experiments described below
were performed by using purified recombinant GLO. The pH activity profile of
GLO was determined by using the following buffers at a concentration of 100
mM in an otherwise standard GLO assay: sodium acetate (pH 5 to 6.5), potas-
sium biphthalate (pH 5 to 6.5), and sodium phosphate (pH 6.5 to 7.5). The pH
stability profile was determined by incubating the enzyme overnight at room
temperature in the following buffers: 100 mM glycine (pH 2.5 to 4.5), 100 mM
sodium acetate (pH 4.5 to 6.5), 100 mM potassium phosphate (pH 6.5 to 8.5),
and 100 mM Tris-HCI (pH 8.5 to 9.5). After incubation the residual activity was
measured. Thermostability and temperature activity profiles were determined in
50 mM potassium biphthalate buffer (pH 6.2) containing 2 mM hydroxyquino-
line. To study thermostability, the enzyme (100-pl aliquots containing approxi-
mately 10 U/ml) was incubated for 30 min at temperatures between 25 and 95°C,
chilled in an ice-water bath, and assayed immediately. Also, the effects of 2 and
5 mM CacCl, on the thermostability of GLO were tested by adding an appropriate
amount of CaCl, to the assay buffer. The temperature activity profile was de-
termined by performing the standard GLO assay at a defined temperature for 5
min. The K,,, for recombinant GLO was calculated by using a Lineweaver-Burk
plot (5).

Enzymatic conversion of glucose to p-EA. A reaction mixture containing 72 U
of GOD per ml, 1.2 U of catalase per ml, and 1% glucose in 100 mM potassium
phosphate buffer (pH 6.0) was incubated for 1 h at 35°C. Next, an equal volume
of a solution containing 0.8 U of GLO per ml in 50 mM potassium biphthalate
buffer (pH 6.2) containing 2 mM hydroxyquinoline was added, and the reaction
was allowed to proceed for an additional 1 h. The reaction was terminated by
freezing the reaction mixture, and p-EA was analyzed spectrophotometrically by
measuring the reduction of DCIP or by thin-layer chromatography (TLC) (see
below).

TLC. TLC was performed with Silica Gel 60 plates (Merck, Rahway, N.J.).
Before use, the TLC plates were first impregnated with 0.3 M NaH,PO, and then
dried. The mobile phase consisted of acetone, 1-butanol, and H,O (8:1:1) (9).
D-EA was detected by spraying the plates with a 0.08% DCIP solution.
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Immobilization of the recombinant GLO. One milliliter of N-hydroxysuccin-
imide-activated Sepharose 4 FF (Pharmacia, Uppsala, Sweden) was incubated
with 0.5 ml of a 0.35-mg/ml solution of purified recombinant GLO in buffer A
and adjusted to pH 8. The coupling reaction and the subsequent treatment were
carried out according to the instructions of the manufacturer of the resin, and the
activity of the immobilized GLO was assayed by the standard enzyme assay. The
GLO-Sepharose stability was assayed by a method based on the standard enzyme
assay. One milliliter of the GLO-Sepharose resin was added to 9 ml of the
standard enzyme assay solution, and the reaction mixture was incubated at 30°C
and 200 rpm. Samples were withdrawn at 30-min intervals for 120 min, the
GLO-Sepharose was washed twice with buffer A, and the residual GLO activity
was measured by the standard GLO assay.

Production of p-EA from glucose by fermentation. Direct conversion of glu-
cose to D-EA by a P. pastoris strain coexpressing GLO and GOD was studied on
the following media: YPD medium containing 2 and 5% glucose and BMDY
medium (similar to BMGY medium, except that the glycerol was replaced with
2% glucose). The fermentation was performed in 250-ml Erlenmeyer flasks
containing 50 ml of medium at 30°C and 200 rpm. Cultivation was continued for
7 days, during which time aliquots were withdrawn and the p-EA content and
activities of both enzymes were analyzed daily.

Nucleotide sequence accession number. The nucleotide sequence of the open
reading frame determined in this study has been deposited in the GenBank
database under accession number AY576053.

RESULTS AND DISCUSSION

Cloning of the GLO gene. GLO was purified to apparent
homogeneity from extracts of P. cyaneo-fulvum mycelia by a
variation of the procedure described by Takahashi et al. (49).
Purified enzyme appeared on an SDS-PAGE gel as a diffuse
band at 66 to 90 kDa. This pattern changed to a single sharp
band at 56 kDa after purified GLO was treated with endogly-
cosidase H. By using gel filtration, the molecular mass of native
GLO was estimated to be 160 kDa, which is similar to the
previous estimate of 150 kDa (49). A comparison of the mo-
lecular mass of native GLO with the SDS-PAGE data clearly
suggested that GLO is a homodimer. This is an unexpected
property for a lactone oxidase since all other known enzymes
of this class are monomers (18, 19, 35). The purified enzyme
had a specific activity towards D-glucono-1,5-lactone of 6.1
U/mg, which is similar to the previously reported value of 5.6
U/mg (49). The N-terminal amino acid sequence
(YRWFNWQFEVTXQSDAYIAPHNEH) of purified GLO
was determined, and in addition, three partial or complete
sequences of internal peptides were determined (Pepl
[EHDRMTVCGPHFDYNAK], Pep2 [EYICYDEVTDAASC
SPQGVV], Pep3 [CQFVNEFLVEQLGITRY]) as described in
Materials and Methods. Degenerate oligonucleotides were de-
signed by reverse translation of these sequences and used to
prime PCR with chromosomal DNA of P. cyaneo-fulvum as the
template. The largest PCR product obtained with primers
TAYCGITGGTTYAAYTGGCA (sense) and CCIARYTGY
TCIACIARRAAYTCRTTIACRAAYTGRCA  (antisense)
was approximately 1.2 kb long. The fragment was cloned into
pCR2.1TOPO and partially sequenced. The partial sequences
revealed that this fragment was derived from a gene encoding
a protein homologous to FAD-dependent dehydrogenases. By
using this DNA fragment as a probe, a cDNA library of P.
cyaneo-fulvum was screened by hybridization, and a number of
hybridization-positive clones were isolated, purified, and ana-
lyzed by restriction mapping. The size of the largest cloned
cDNA (1.8 kb) was in accordance with the size of GLO mRNA
estimated by Northern blot analysis. This DNA fragment was
sequenced and was found to contain a 1,443-bp open reading
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frame encoding a polypeptide consisting of 480 amino acid
residues. The calculated molecular mass of this polypeptide
(54.3 kDa) matches the molecular mass of deglycosylated GLO
estimated experimentally by SDS-PAGE (56 kDa). The open
reading frame is preceded by a 5’ noncoding region consisting
of 79 nucleotides and is followed by a 3’ noncoding region
consisting of 267 nucleotides. Analysis of the sequence features
of the cloned cDNA indicated that it contains a full-length
coding sequence of the GLO gene. The deduced amino acid
sequence contains the sequenced internal peptides and the
sequenced NH, terminus of the mature GLO. The open read-
ing frame is followed by a 3’ noncoding region ending in a
poly(A) tail and includes a putative yeast polyadenylation sig-
nal, TATATA (14), approximately at the expected position 43
nucleotides before the poly(A) tail.

Cellular localization of GLO. The experimentally deter-
mined N-terminal sequence of the mature enzyme is within the
sequence of GLO starting at position 21. This finding corre-
lates with the analysis of the deduced amino acid sequence of
pre-GLO performed with the SignalP-HMM model (http:
/www.cbs.dtu.dk/services/SignalP) (32). This model predicts
the presence of a signal peptide with a probability of 0.999 and
places the most probable location of the cleavage site between
residues 20 and 21. Further in silico analysis of the GLO amino
acid sequence by using two prediction algorithms, PSORTII
(http://psort.ims.u-tokyo.ac.jp) (31) and TargetP (http:/www
.cbs.dtu.dk/services/TargetP) (7), did not reveal any additional
sorting or targeting signals. A Kyte-Doolittle hydropathy plot
(23) constructed by using a window size of 17 to 21 amino acids
did not reveal any transmembrane regions in the mature GLO
protein, as it did for amino acid sequences of the known trans-
membrane proteins L-arabinonolactone oxidase and L-gulono-
lactone oxidase. Also, no transmembrane regions were found
by TMpred (a prediction algorithm for membrane-spanning
regions based on the statistical analysis of TMbase, a database
of naturally occurring transmembrane proteins [http://ww-
w.ch.embnet.org/software/TMPRED_form.html]) (16). Thus,
the sequence analysis strongly suggested that GLO is a se-
creted enzyme. This conclusion was also supported (see below)
by recombinant expression of GLO in P. pastoris, in which the
native signal sequence was sufficient for complete secretion of
GLO. These findings are somewhat surprising since both Ta-
kahashi et al. (49) and our group isolated GLO as a soluble
enzyme from cell extracts of P. cyaneo-fulvum. Moreover, all
other known aldonic acid lactone oxidases show completely
different targeting patterns. Animal L-gulonolactone oxidases
are integral membrane proteins of the endoplasmic reticulum
(6, 20, 39), plant L-galactonolactone oxidases are localized in
the inner mitochondrial membrane (25, 34, 45), and yeast
L-arabinonolactone oxidases are also membrane-bound mito-
chondrial enzymes (18). We obtained no evidence of mem-
brane association for GLO. Supplementation of the homoge-
nization buffers with 1% Triton X-100 did not influence the
yield of GLO activity. When the insoluble fraction of P. cya-
neo-fulvum homogenate was extensively washed with homog-
enization buffer and subsequently extracted with the same
buffer containing Triton X-100, no GLO activity was found in
the extract. In the purification of the other lactone oxidases
and dehydrogenases detergents have been used to solubilize
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GLO

Penicillium cyaneo-fulvum

Hypothetical protein
Aspergillus nidulans

L-GuLO
Oceanobacillus iheyensis

FAD-dependent oxidoreductase

Flavindependent DH Streptomyces avermitilis

Bacillus cereus

Arabinonolactone oxidase

L-GuLO Saccharomyces cerevisiae

Mus musculus  GDH
Arabidopsis thaliana

FIG. 1. Phylogenetic relationships among amino acid sequences of
several aldonic acid lactone oxidases and putative FAD-dependent
oxidases. L-GuLO, L-gulonolactone oxidase; GDH, L-galactono-1,4-
lactone dehydrogenase. The National Center for Biotechnology Infor-
mation accession numbers for the sequences used for phylogenetic
comparison are as follows: Mus musculus L-gulonolactone oxidase,
AAR15891; B. cereus flavin-dependent dehydrogenase, NP_830486; S.
avermitilis putative FAD-dependent oxioreductases, NP_823585; O.
iheyensis L-gulonolactone oxidase, NP_692632; A. nidulans hypotheti-
cal protein, EAA64236; S. cerevisiae 1-galactono-y-lactone oxidase,
BAA23804; and Arabidopsis thaliana putative L-galactone-1,4-lactone
dehydrogenase, BAC42562.

the enzyme, but both our group and Takahashi et al. (49) were
able to purify GLO without detergents.

In fungi, secreted enzymes tend to be glycosylated to a sig-
nificant extent. This is also true of GLO; as mentioned above,
GLO contains 20 to 30% carbohydrate. However, we were able
to measure only low GLO activity (0.01 to 0.03 mU/ml) in
concentrated culture broth of P. cyaneo-fulvum. According to
our crude estimate, about 1/10 of the total GLO activity was
secreted under the shake flask fermentation conditions. This is
not a very rare property of a secreted enzyme. For a long time
another fungal flavoprotein, GOD from A. niger, was believed
to be an intracellular (36) or peroxisomal (51) enzyme, while a
similar enzyme from Penicillium is secreted (22). However, in
later studies workers concluded that a variable fraction (about
20 to 70%) of A. niger GOD is also secreted and the remaining
enzyme is distributed between cell wall and intracellular loca-
tions (28). A similar variable distribution of enzymes between
cell wall and culture medium is common in S. cerevisiae (43).
Finally, enzyme kinetics and substrate chemistry suggest that
the whole D-EA pathway in Penicillium is located extracellu-
larly. Unlike gulono-y-lactone and galactono-y-lactone, glu-
cono-3d-lactone is quite unstable at a neutral or slightly alkaline
intracellular pH (29). Gluconolactone is formed outside the
fungal cells by GOD (28), and it would be difficult to imagine
a mechanism by which it can be transported into the cells
without being irreversibly hydrolyzed spontaneously or by the
action of gluconolactonase (EC 3.1.1.17) (55). In conclusion,
we believe that most probable location of the bulk of GLO in
P. cyaneo-fulvum is within the cell wall, and any prospective
recombinant host for fermentative production of p-EA should
produce GLO in the secreted form.

Homology comparisons and some features of the GLO se-
quence. Comparison of the predicted amino acid sequence of
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GLO to the sequences of other aldonic acid lactone oxidases
suggested that GLO is only a distant relative of L-gulono-,
L-galactono-, and L-arabinonolactone oxidases (Fig. 1). Nota-
bly, there is no indication of a fungal lactone oxidase family.
The sequences of the two known fungal lactone oxidases (L-
arabinonolactone oxidases from Candida albicans and S. cer-
evisiae) are no more homologous to the GLO sequence than to
the sequence of the rat L-gulonolactone oxidase. The phyloge-
netic tree in Fig. 1 also includes the sequences of one presump-
tive fungal (Aspergillus nidulans) and three presumptive pro-
karyotic  (Oceanobacillus iheyensis, Bacillus cereus, and
Streptomyces avermitilis) lactone oxidases. These sequences
have been identified by a BLAST search of the GenBank
sequences as the closest homologues of GLO. There is hardly
any information in the literature about the production of
ascorbic acid analogues by prokaryotes, and the nonenzymatic
defense system against free radicals is believed not to be es-
sential for prokaryotic survival (10, 17). It would be very inter-
esting to investigate whether the oxidases of O. iheyensis, S.
avermitilis, and B. cereus are indeed aldonic acid lactone spe-
cific and do produce ascorbic acid analogues.

Previous studies indicated that FAD is covalently attached
to GLO (13). According to a National Center for Biotechnol-
ogy Information conserved domain database search (26), the
deduced amino acid sequence of GLO has a conserved puta-
tive binding site for covalently bound FAD of oxygen-depen-
dent oxioreductases (PROSITE pattern PS00862). This do-
main corresponds to amino acid residues 34 to 196 in GLO and
can also be found in p-arabinono-1,4-lactone oxidase and L-
gulonolactone oxidase. In the domains of D-arabinono-1,4-lac-
tone oxidase and L-gulonolactone oxidase histidine residues 56
and 54, respectively, are thought to be the sites of cofactor
attachment (18, 19). This histidine (His-67) is also conserved in
the conserved domain of GLO.

Based on the experimentally observed amount of N-linked
oligosaccharides in GLO (20 to 30%), the predicted amino
acid sequence of GLO was expected to contain multiple con-
sensus sequences for N-glycosylation sites (Asn-X-Ser/Thr).
Eight such sites are in the GLO deduced amino acid sequence.

Overexpression of GLO in P. pastoris. Taxonomically related
filamentous fungi with established gene expression systems
(such as A. niger) seem to be an obvious choice as hosts for
recombinant production of GLO and construction of metabol-
ically engineered strains to produce p-EA by fermentation.
However, an analysis of the previously published data indi-
cated that A. niger grown aerobically on glucose-containing
media produces extremely high levels of D-gluconolactonase,
about 40 U/mg (dry weight) (55). This is about 30 times higher
than the level of GOD activity produced by the same host and
about 10* times higher than the GLO expression level in wild-
type P. cyaneo-fulvum. We tried to solve this problem by
searching for strains of filamentous fungi which have signifi-
cant GOD activity but little or no p-gluconolactonase activity.
Unfortunately, both literature searches and a small-scale lab-
oratory screening (data not shown) failed to identify suitable
candidates. Gluconolactonase activity is also found in yeast (2),
but the enzyme is located only in the yeast cytosol and is
present at a level that is remarkably lower than the levels in
filamentous fungi. We tested the culture medium of P. pastoris
for gluconolactonase activity and were not able to detect any
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TABLE 1. Levels of GLO expression in wild-type P. cyaneo-fulvum
and in recombinant P. pastoris and level of expression of GOD in
recombinant P. pastoris®

Organism Construct Promoter Enzyme (AUC/tlll\t'letr};
P. cyaneo-fulvum  Wild type GLO GLO 50%x21
P. pastoris pPICK3.5K(GLO) AO0XI GLO 360 = 21
P. pastoris pGIC(GLO) GAP GLO 65 6.4
P. pastoris pGAPZB(GOD) GAP GOD 12,200 = 720

“The data were derived from at least three separate expression experiments.

activity. Therefore, we decided to use P. pastoris as a model
host for GLO production and to study the feasibility of direct
fermentation of glucose into D-EA. The results of the studies
of expression of both the GLO and A. niger GOD genes under
control of different promoters in P. pastoris are summarized in
the Table 1. The level of GLO expression under control of the
AOXI promoter in a shake flask culture was 72-fold higher
than the level of GLO expression in a fermentor culture of
wild-type P. cyaneo-fulvum, about 25 mg/liter. Both extra- and
intracellular GLO activities were determined, and the activity
was found only in the culture medium. No GLO activity was
found in the fraction of lysed cells containing both intracellular
protein and protein from the cell wall.

Characterization of recombinant GLO produced in P. pas-
toris. Recombinant GLO produced by P. pastoris/
pPIC3.5K(GLO) was purified to homogeneity by a combina-
tion of DEAE-Sepharose and hydroxyapatite chromatography
as described in Materials and Methods. Several properties of
the recombinant enzyme were studied. Recombinant heterol-
ogous (particularly fungal) enzymes expressed in yeast cells are
commonly known to be overglycosylated. This was also ex-
pected to be the case for GLO, which is extensively glycosy-
lated in its native host and has in its sequence eight consensus
sites for attachment of N-linked oligosaccharides. However,
the glycosylation level of recombinant GLO produced by P.
pastoris was similar to that of native GLO. The molecular mass
of the recombinant GLO as determined by SDS-PAGE was
found to be 66 to 80 kDa, and after endoglycosidase H treat-
ment the molecular mass was approximately 54 kDa, which
corresponds to the molecular mass of the mature 52.2-kDa
GLO predicted on the basis of DNA translation. The pH
stability profile of recombinant GLO (Fig. 2) was found to be
essentially similar to that of the native GLO (49). The opti-
mum pH of both recombinant and native GLO was found to be
6.25 (Fig. 2), which differs slightly from the optimum pH re-
ported by Takahashi et al. (49) (pH 5.6 to 6). The temperature
stability of recombinant GLO was measured and was found to
be rather typical for an enzyme derived from a mesophilic
microorganism, and the optimum temperature was 42°C. At
temperatures above 45°C the activity was quickly lost. Addition
of 2 or 5 mM Ca?" did not have any effect on the enzyme’s
temperature stability. The recombinant enzyme exhibited
rather good storage stability, like the native GLO. Both forms
of the enzyme remained fully active after eight cycles of freez-
ing and thawing. No loss of activity was detected after several
months of storage at —20°C.

Somewhat surprisingly, the specific activity of recombinant
GLO (approximately 14.4 U/mg of protein) was found to be
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FIG. 2. (Left panel) pH stability profile of recombinant GLO. (Right panel) pH activity profile of recombinant GLO. The different buffers used
are indicated (see Materials and Methods for details). Each data point is the mean for three experiments, and the error bars indicate standard

deviations.

more than two times higher than that of the native enzyme.
The K,,, values for p-gluconolactone were very similar for the
two forms of the enzyme (2.2 = 0.2 mM for the recombinant
enzyme and 1.7 £ 0.2 mM for the native enzyme, as deter-
mined by Takahashi et al. [49]). One possible explanation for
the higher specific activity of the recombinant GLO is that the
native enzyme is partially inactivated by hydrogen peroxide
that is produced during P. cyaneo-fulvum fermentation by
GOD.

In native yeast p-arabinono-1,4-lactone oxidase, FAD is co-
valently attached, while the same enzyme produced in E. coli
contains noncovalently bound FAD (24). We compared the
attachment modes of FAD in native and recombinant GLO
using a fluorescence-based method (33) and found no differ-
ence between the two forms of enzyme, which suggests that
both forms contained only covalently bound FAD. This con-
clusion was confirmed by the fact that no activation of GLO
was observed when additional free FAD (0.1 to 1 mM) was
added to the assay mixture for GLO.

The effects of p-glucose and D-gluconic acid on GLO activity
are important because these compounds are expected to be
present in the reaction mixtures of any prospective D-EA man-
ufacturing process involving GLO. We tested several concen-
trations of glucose (up to 25%) and gluconic acid (up to 5%)
and found no inhibition of GLO.

Production of p-EA by recombinant GLO. Enzymatic con-
version of glucose to D-EA was demonstrated by using purified
recombinant GLO in a reaction mixture containing commer-
cial GOD and catalase. The reaction was performed without
pH control. Under the conditions described in Materials and
Methods 33% conversion (yield, 0.1 g/liter) of glucose and
70% conversion of gluconolactone to D-EA were obtained,
which is similar to the results that Takahashi et al. obtained
with native GLO (49). One of the most likely limiting factors
for the reaction yield was the decrease in pH to values below
4, which was mainly caused by the hydrolysis of gluconolactone
(we were able to detect lactonase activity in commercial prep-
arations of glucose oxidase and catalase) to gluconic acid and
also by the formation of b-EA from glucose. The possibility of
immobilizing both GOD and catalase and using them in vari-
ous applications has been studied extensively (27, 38, 50, 53).

Using immobilized GLO together with GOD and catalase in
an enzymatic process in order to catalyze the conversion of
glucose to D-EA is one possible method for pD-EA production.
We found that GLO retains nearly 100% of its enzymatic
activity when it is coupled to N-hydroxysuccinimide-activated
Sepharose. However, the inactivation of the immobilized GLO
turned out to be considerable during the conversion reaction
(Fig. 3). This inactivation could have been due to the H,O,
formed during the enzymatic reaction. H,O, has previously
been shown to cause inactivation of immobilized GOD, and
the extent of this inactivation was decreased by removal of
H,O, from the microenvironment of GOD by coimmobilized
catalase (11, 38).

Coexpression of GLO and GOD. Because the AOXI pro-
moter is repressed by glucose, it cannot be used in hosts de-
signed for efficient conversion of glucose into D-EA by fermen-
tation. The glyceraldehyde-3-phosphate dehydrogenase (GAP)
promoter has been reported not to be repressed by glucose and
to be comparable in strength to the AOXI promoter in P.
pastoris (42, 52). In our study, the level of expression of GLO
under control of the GAP promoter was five to six times lower

120
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FIG. 3. Reaction stability of immobilized GLO as determined by
studying conversion of gluconolactone to D-EA for 120 min. Samples
were withdrawn at 30-min intervals, immobilized GLO was washed,
and the residual GLO activity was measured. Each data point is the
mean for three experiments, and the error bars indicate standard
deviations.
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FIG. 4. Typical scheme for the imbalance between the expression
levels of GLO and GOD during D-EA production in YPD medium
(containing 5% glucose) by recombinant P. pastoris. Cultivation was
performed in shake flasks containing 50 ml of the medium at 30°C and
200 rpm. The data are the data from one experiment in a series of
cultivations as described in Materials and Methods. The imbalance
between the two recombinant enzymes was observed to be essentially
the same in these experiments.

than the level of expression of GLO under control of the AOX1
promoter (Table 1), and the level of expression obtained with
the GAP promoter when glycerol was used as a carbon source
was approximately 10 times higher than the level of expression
obtained when glucose was used as a carbon source in an
otherwise similar medium. Previously published findings sug-
gest that the GOD gene can be expressed in yeast quite effi-
ciently (4, 8, 15), and this suggestion was supported by our
study. We observed almost 10-fold-higher levels of GOD (30 to
40 mg/liter) than of GLO (4 to 5 mg/liter) when the two genes
were expressed under control of the same promoter (GAP)
and under the same cultivation conditions. The imbalance in
the levels of activity of the two enzymes was even greater due
to the higher specific activity of purified GOD (approximately
360 U/mg) than of purified GLO (14.4 U/mg for the yeast-
derived GLO). The GOD activity gained (12,200 U/liter) was
over 185-fold greater than the activity of GLO (65 U/liter). The
highest GOD and GLO activities under control of the GAP
promoter were observed in BMGY medium after 7 and 8 days
of growth, respectively.

Production of p-EA by fermentation of glucose with recom-
binant P. pastoris expressing the GLO and GOD genes. Pro-
duction of D-EA from glucose by direct fermentation of P.
pastoris strains coexpressing both the GLO and GOD genes
was carried out in shake flasks by using several different glu-
cose-containing media (YPD medium with 2 or 5% glucose
and BMDY medium). The highest conversion yield observed
in these experiments was 12% (yield, 5.9 g/liter) after 144 h of
cultivation in YPD medium containing 5% glucose. The pro-
ductivity obtained with recombinant P. pastoris was 0.04 g li-
ter ! h~'. The most likely reason for the rather inefficient
productivity is the imbalance in the activity levels of GLO and
GOD (Fig. 4) and, as a result of this, accumulation of glucono-
lactone and the practically irreversible spontaneous hydrolysis
of the lactone ring. The difference in the activity levels of GLO
and GOD in a typical conversion experiment was nearly 40-
fold in favor of GOD. Also, the absence of a sufficient amount
of catalase activity may have had an effect on the half-lives of
both enzymes. Especially GLO was found to be rather unstable
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in the reaction conditions used (Fig. 3). In any case, this result
proves our concept, which is the fermentation of pD-EA from
glucose in yeast, although strain engineering work on the co-
expression of GLO, GOD, and catalase and work to investigate
high-cell-density fermentation optimization are needed to ob-
tain P. pastoris strains that produce sufficient amounts of D-EA.
In the ideal strain for production of p-EA endogenous GOD
and catalase would be efficiently expressed at high glucose
concentrations, but the strain would be devoid of gluconolac-
tonase activity. Penicillium and Aspergillus are known to pro-
duce endogenous glucose oxidase and catalase but also glu-
conolactonase. In A. niger the gluconolactonase is known to
exist in the form of isoenzymes (3). This finding is supported by
the sequencing data for two other filamentous fungi, A. nidu-
lans and Neurospora crassa. According to the GenBank data-
base, these two organisms both possess two separate previously
uncharacterized hypothetical proteins whose sequences are
homologous to Fusarium oxysporum lactonohydrolase amino
acid sequences (21). This information provides a good basis for
pathway engineering of second-generation D-EA-producing
strains, possibly including a strain of filamentous fungi in which
GLO is strongly secreted and gluconolactonase activity is abol-
ished.
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