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Abstract A high-level production of fructosyl amino acid
oxidase (FAOD), whose production was toxic in Escherichia
coli, was investigated through attempts to utilize the peroxisome
of Candida boidinii as the place for protein accumulation. The
alcohol oxidase-depleted strain (strain aod1vv) produced FAOD
at a four to five times higher level than the wild type strain in
terms of protein amount and enzyme activity, although the
transcriptional level was similar. As a result of this study, we
could improve FAOD productivity approximately 47-fold from
the original transformant, and FAOD accumulated within
membrane-bound peroxisomes up to 18% of the total soluble
proteins.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

Many kinds of oxidases are used for quantitative and qual-
itative colorimetric assay coupled with a peroxidase reaction.
We and others have reported that fructosyl amino acid oxi-
dase (FAOD) from several fungal species can be used for
enzymatic determination of the quantity of glycated proteins
[1^4]. Non-enzymatic glycation of proteins has been impli-
cated in the pathogenesis of diabetic complications. Since gly-
cation of blood proteins is not a¡ected by transient increases
in blood glucose, the level of glycated proteins is a good index
for monitoring patients with diabetes mellitus during therapy.
Since the original fungi did not produce a su¤cient quantity
of FAOD and since the cultivation of fungi is costly, a high-
level and economical means of producing FAODs needs to be
established to supply the large amount of FAOD needed for
clinical use. Although the active form of FAOD can be ob-
tained from Escherichia coli [1], high-level expression was
toxic to the host strain probably because of the fortuitous
production of H2O2 or the retrieval of the coenzyme, £avin
adenine dinucleotide (FAD), via covalent bonding to FAOD
[2].

To avoid the problems encountered in the E. coli expression
system, peroxisomes of the alcohol oxidase-depleted strain of
the methylotrophic yeast Candida boidinii [5] (strain aod1v)
were chosen as the place for enzyme production. The rationale
and the merits for our strategy are as follows. (1) Since many
kinds of oxidases are compartmentalized together with cata-
lase in peroxisomes [6], the toxicity of heterologous oxidase
was expected to be minimized when produced in a membrane-
bound compartment. (2) Methanol-grown C. boidinii has huge
peroxisomes which contain two major matrix proteins, alco-
hol oxidase and dihydroxyacetone synthase [7]. Heterologous
oxidase can be transported by the peroxin molecules (machi-
nery proteins involved in protein transport to peroxisomes)
which originally transported alcohol oxidase [8], and can oc-
cupy the intraperoxisomal space in strain aod1v. Therefore,
we could expect e¤cient peroxisomal transport and folding of
the heterologous peroxisomal protein. (3) Many oxidases con-
tain FAD as a coenzyme, and overproduction of oxidases
could lead to a depletion of FAD. Alcohol oxidase, which is
a FAD octameric enzyme [9], makes up 10^20% of the total
soluble protein in methylotrophic yeast under batch-culture
conditions [10]. Therefore, in strain aod1v, we could expect
that FAD, which was originally used in the production of
alcohol oxidase, would be available in su¤cient amounts for
production of the putative protein. This study was conducted
to seek an economical means of producing Penicillium janthi-
nellum FAOD [2] with the aim of establishing a general ex-
pression method for toxic proteins or oxidases in C. boidinii
strain aod1v.

2. Materials and methods

2.1. Strains and media
C. boidinii TK62 (ura3) [11] was the original host for transforma-

tion. Strain aod1v was derived by replacing the 1579-bp StyI fragment
within the AOD1-coding region of C. boidinii TK62 with the sequence
which encodes C. boidinii URA3 from pSPR [5]. The ura3 marker was
then regenerated as previously described [12]. The synthetic basal
medium (BM) used to grow C. boidinii was prepared as previously
described [13]. The concentrations of the carbon and nitrogen sources
were 1.5% (v/v) methanol, 3.0% (v/v) glycerol, 0.5% (w/v) NH4Cl, and
0.5% (w/v) methylamine. The cells were aerobically grown at 28³C in
a 500-ml or 2-l Sakaguchi £ask (Iwaki Glass Co. Ltd., Funahashi,
Japan).

2.2. DNA synthesis
The sequence of the synthesized FAOD gene was submitted to

GenBank and was assigned accession number AF181866. The syn-
thetic gene was assembled from three separate fragments of the
FAOD gene, that is, the 495-bp NotI^PstI fragment, the 415-bp
PstI^HindIII fragment, and the 415-bp HindIII^NotI fragment.
Each fragment was generated by annealing 9 oligos followed by the
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conventional PCR reaction using VENT DNA polymerase (New Eng-
land Biolabs, Beverly, MA, USA).

2.3. Vectors and molecular methods
pNoteI was used as the expression vector [14]. Linearized DNA was

transformed to C. boidinii strain TK62 and to strain aod1v. The cells
were selected by Ura-plus phenotype. The expected chromosomal in-
tegration and the copy number of the integrated plasmid were con-
¢rmed by Southern analysis and orotidylate decarboxylase (ODC)
activity as previously described [11]. The nucleotide sequence of the
synthesized FAOD gene was con¢rmed using the Shimadzu DSQ-
1000L DNA sequencer (Shimadzu, Kyoto, Japan). RNA preparation
and Northern analyses were performed as previously described [15].

2.4. Enzyme assay
Cell-free extracts were prepared by disrupting the cells by sonica-

tion as described below. FAOD activity in the cell-free extract was
determined as previously described [2] using fructosyl valine as the
substrate. Quantitation of protein was performed using the method of
Bradford [16]. ODC activity was determined by the method of Yosh-
imoto et al. [17]. Acid phosphatase activity was determined by the
method of Toh-e et al. [18], and is expressed as units per unit of
optical density at 660 nm.

Western analysis was performed as previously described [19], using
an Amersham ECL Detection Kit (Arlington Heights, IL, USA) with
rabbit polyclonal antibody raised against puri¢ed FAOD [20].

2.5. Puri¢cation of FAOD from C. boidinii strain NPESva5
Strain NEPSva5 constructed in this study was grown in 500 ml of

BM containing 1.5% (v/v) methanol, 3.0% (v/v) glycerol, and 0.5% (w/
v) methylamine. The cultures were incubated at 28³C with reciprocal
shaking for 72 h. Enzyme puri¢cation was carried out at 4³C in 50
mM potassium phosphate bu¡er, pH 7.5, containing 0.1 mM DTT
(KPD bu¡er). Cells were ¢rst harvested by centrifugation at 8000Ug
for 20 min, and washed once with the KPD bu¡er. The cells in KPD
bu¡er were placed in the Kubota Insonator Model 200M (Kubota
Medical Appliance Supply Co., Tokyo, Japan) at 180 W for 60
min. The homogenate was centrifuged at 20 000Ug for 20 min, and
the supernatant was used as the cell-free extract (127 mg of total
protein/3110 U). Ammonium sulfate was added to the supernatant
to 30% saturation, and the precipitates were removed by centrifuga-
tion at 20 000Ug for 20 min. The remaining supernatant was applied
to a butyl-Toyopearl column (2.2qU20 cm; Tosoh Co., Tokyo, Ja-
pan) equilibrated with KPD bu¡er containing 30% saturation of am-
monium sulfate. The absorbed protein was eluted under a linear gra-
dient of ammonium sulfate (30^0% saturation). The active fractions
were collected, and precipitated by adding ammonium sulfate to 80%
saturation. The precipitates were dissolved and dialyzed against KPD
bu¡er. They were then loaded on a Sepharose Q column (1.8qU10
cm; Pharmacia Biotech, Piscataway, NJ, USA) equilibrated with
KPD bu¡er. Enzyme activity was found in the washing fraction.

The puri¢ed protein (12 mg/2290 U) gave a speci¢c activity of
191 U/mg protein. The puri¢cation yield was 75%.

2.6. Cytological technique
Subcellular fractionation experiments using C. boidinii were per-

formed as previously described [7]. Immunocytochemistry was per-
formed with polyclonal anti-FAOD antibody as previously described
[7,20].

3. Results

3.1. Expression of synthetic FAOD gene optimized for
C. boidinii codon usage

While the original FAOD cDNA of P. janthinellum con-
tains a G or C nucleotide at the third position of most codons
[2], highly expressed genes in C. boidinii have an A or T at the
third position of most codons [21,22]. The synthetic FAOD
gene was designed based on the deduced amino acid sequence
of FAOD and the preferred codon usage in C. boidinii. The
original FAOD cDNA and the synthetic FAOD DNA were
each ligated to pNoteI [14] under the AOD1 promoter, yield-
ing pNEP and pNEPS, respectively. After transformation of
strain C. boidinii TK62 (ura3) [11], one-copy transformants of
pNEP integrated at the URA3 locus and one-copy transform-
ants of pNEPS integrated at the URA3 locus were selected.
The level of FAOD expression of the transformants was com-
pared. The copy number of each transformant was estimated
from both Southern analysis (data not shown) and the level of
ODC activity, which is encoded by the URA3 gene (Table 1)
[11,23]. The pNEPS transformant (strain NEPS1) expressed
FAOD at a level approximately 2.3-fold higher than the
pNEP transformant (strain NEP1), which re£ects a di¡erence
in the translation e¤ciency of the codons. Further studies
were performed with pNEPS transformant strains.

3.2. C. boidinii aod1v as the expression host
The level of FAOD expressed by the one-copy pNEPS1

transformants of the wild type C. boidinii strain (strain
NEPS1) and that expressed by one-copy pNEPS1 transform-
ants of C. boidinii strain aod1v (strain NEPSva1), were com-
pared. Since strain NEPSva1 could not grow on methanol
as the sole carbon source, glycerol was added to the media
of both transformant strains (methanol+glycerol/NH4Cl).

Table 1
FAOD production in various transformants of C. boidiniia

DNA/Strain ODC activity (fold) (U/mg) Copy number FAOD activity (fold) (U/mg)

Control strains
C. boidinii wild type 0.0258 (1) n.d.b

C. boidinii aod1v 0.0267 (1) n.d.
C. boidinii ura3 n.d. n.d.
C. boidinii ura3 aod1v n.d. n.d.

FAOD cDNA (pNEP)/C. boidinii ura3
Strain NEP1 0.0262 (1.02) 1 0.520 (1.00)

Synthetic FAOD (pNEPS)/C. boidinii ura3
Strain NEPS1 0.0233 (1.03) 1 1.20 (2.30)
Strain NEPS2 0.0553 (2.43) 2 2.75 (5.29)
Strain NEPS3 0.0781 (3.44) 3 4.33 (8.32)

Synthetic FAOD (pNEPS)/C. boidinii ura3 aod1v
Strain NEPSva1 0.0261 (0.98) 1 4.95 (9.52)
Strain NEPSva2 0.0553 (2.07) 2 11.7 (22.5)
Strain NEPSva5 0.133 (4.96) 5 24.5 (47.1)

aEach transformant was grown on methanol/methylamine medium to the stationary phase (72 h). The enzyme activity was then determined.
The copy number of the integrated plasmids was also estimated from Southern analysis.
bn.d., not detected.
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Although we expected the enzyme activity in strain NEPSva1
to be higher than that in strain NEPS1, the level of FAOD
activity and the quantity of FAOD protein detected on im-
munoblot analysis were the same in both strains (Fig. 1A,
lanes 1 and 4 (FAOD activity); Fig. 1B, lanes 1 and 4 (im-
munoblot)). Unexpectedly, Northern analysis of these trans-
formant strains revealed a smaller amount of FAOD mRNA
in strain NEPSva1 than in strain NEPS1 (Fig. 1C, lanes 1 and
4), suggesting imperfect activation of the AOD1 promoter in
strain NEPSva1. Reduced induction of the AOD1 promoter
in strain aod1v was also con¢rmed by using another reporter
gene, the S. cerevisiae PHO5, which encodes acid phosphatase
and which is often used to study transcriptional regulation in
S. cerevisiae [24]. AOD1-promoter-driven induction in C. boi-
dinii strain aod1v is approximately one-third to one-fourth of
that in the wild type strain.

From these results, we speculated that the AOD1 promoter
is induced not only by methanol but also by formaldehyde,
since methanol is not oxidized to formaldehyde in strain
aod1v. However, addition of formaldehyde is not practical
for industrial-scale production due to its extreme toxicity
and the technical di¤culties in the addition itself. To over-
come this problem, we changed the nitrogen source from
NH4Cl to methylamine. In C. boidinii, methylamine is metab-
olized to formaldehyde and then oxidized to formate [22].
Therefore, formaldehyde can be supplied continuously in
vivo. The level of FAOD expression was 4.1-fold higher and

acid phosphatase activity was 4.3-fold higher in the aod1v
strains grown in media which contained methylamine as the
nitrogen source instead of NH4Cl (Fig. 1A, lanes 4 and 6); the

Fig. 1. Expression analysis of the synthesized FAOD gene under the
AOD1 promoter in one-copy integrants on various media. A^C:
Lanes 1^3, strain NEPS1 (wild type), and lanes 4^6, strain NEPS-
va1 (aod1v). Cells were harvested at the early logarithmic phase (36
h). A: FAOD activity. B: Western analysis using anti-FAOD anti-
body. About 15 Wg of protein was loaded on each lane. C: North-
ern analysis using the 32P-labeled, 1.3-kb synthesized FAOD frag-
ment (upper), or 32P-labeled, 0.9-kb C. boidinii actin fragment [7]
(lower). About 3 Wg of total RNA was loaded on each lane. Each
lane number indicates the used carbon and nitrogen sources in the
medium: lanes 1 and 4, methanol plus glycerol/NH4Cl; lanes 2 and
5, glycerol/NH4Cl; lanes 3 and 6, methanol plus glycerol/methyl-
amine.

Fig. 2. Localization of the produced FAOD. Results of the subcel-
lular fractionation experiments on (A) strain NEPS1 and (B) strain
NEPSva5. Catalase and cytochrome c oxidase are the peroxisomal
and mitochondrial marker enzymes, respectively. b, FAOD; R, cat-
alase; E, cytochrome c oxidase. Dotted line, sucrose concentration.
C: KMnO4-¢xed cells. D,E: Immuno-electron microscopy using
anti-FAOD antibody. Methanol-induced cells of (C) the wild type
strain, (D) strain NEPS1, and (E) strain NEPSva5. Size bars, 1 Wm.
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mRNA level and protein level of FAOD was also comparably
higher in the aod1v strains grown in media which contained
methylamine (Figs. 1B and 2C, lanes 4 and 6). In contrast, the
level of expression of both FAOD and PHO5 did not change
in the C. boidinii wild type strain upon changing the nitro-
gen source from NH4Cl to methylamine (Fig. 1A^C, lanes
1 and 3). Therefore, FAOD productivity in the aod1v
strain was 4.1^4.9-fold higher than that in the wild type
strain under optimized cultivation conditions (Fig. 1A and
Table 1).

3.3. Production of FAOD in multi-copy transformants
Multicopy integrants of pNEPS1 were derived from the

wild type and from the aod1v strain. The level of FAOD
expressed by these transformants on a glycerol+methanol/
methylamine medium was compared (Table 1). The level of
FAOD expression was nearly proportional to the copy num-
ber of pNEPS1 in both the wild type strain and the aod1v
strain. Transformants with higher copy numbers had larger
quantities of FAOD mRNA (data not shown). Therefore, it is
suggested that the increase in FAOD expression is due to an
increase in the quantity of the mRNA which encodes FAOD.
Strain NEPSva5, the ¢ve-copy integrant of pNEPS in strain
aod1v, was selected as the best producer, which produced
FAOD at a level as high as 18% of the total soluble protein.
Western analysis did not show any protein aggregates due to
improper folding of FAOD (data not shown). As described in
Section 2, FAOD was puri¢ed from a 500-ml culture through
two-step column chromatography (butyl-Toyopearl and Se-
pharose Q), yielding 75% recovery.

3.4. Characterization of puri¢ed FAOD
FAOD expressed by C. boidinii strain NEPSva5 and

FAOD expressed by the original host, P. janthinellum, were
each puri¢ed and subjected to the following tests: (1) the
kinetics of the enzyme and reactivity in assay reaction for
glycated proteins; (2) stability against temperature and pH;
(3) subunit structure; (4) N-terminal amino acid sequence of
the puri¢ed enzyme, and (5) inhibitor analysis. (6) On sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis, FAOD protein puri¢ed from C. boidinii
strain NEPSva5 co-migrated with FAD £uorescence, which
indicates that FAD produced in C. boidinii is covalently
bound to the enzyme protein (data not shown). FAOD puri-
¢ed from C. boidinii strain NEPSva5 and FAOD puri¢ed
from the original host gave the same results on all of these
tests.

3.5. Peroxisomal localization of produced FAOD
Although the NEPSva5 strain produced a large amount of

FAOD, we anticipated that all of the produced FAOD would
not be transported into the peroxisomes due to overproduc-
tion. To study this issue, we analyzed localization of FAOD in
C. boidinii strain NEPS1 and strain NEPSva5 through sub-
cellular fractionation experiments and immuno-electron mi-
croscopy. After osmotic lysis of the FAOD-producing strain
[7] and removal of cell debris and nuclei, the sample was
centrifuged at 20 000Ug for 20 min as described previously
[7]. The organellar pellet fraction, which contained mainly
peroxisomes and mitochondria, was fractionated by sucrose-
gradient ultracentrifugation. Since yeast peroxisomes are frag-
ile, only a portion of catalase and FAOD corresponding to

approximately 65^75% of catalase and FAOD activity was
recovered in the pellet fraction of each strain [7]. Fractiona-
tion experiments on each strain indicated that the produced
FAOD co-migrated with the catalase fraction but showed a
peak distinguishable from that of the mitochondrial marker
enzyme, cytochrome c oxidase (Fig. 2A,B). The peroxisomal
peak fraction was found in lighter fractions of strain NEPS-
va5 than strain NEPS1. This may be due to depletion of the
peroxisomal core enzyme, alcohol oxidase.

Next, immuno-electron microscopy was performed on the
cells of strain NEPSva5 and strain NEPS1. As shown in Fig.
2D,E, immuno-gold labeling was limited to a speci¢c area
within the cells. The labeled areas were considered to be per-
oxisomes due to their similarity to the morphology of perox-
isomes in methanol-induced cells of the wild type strain (Fig.
2C). Although the peroxisomes of strain aod1v were smaller
than those of the wild type (data not shown), the peroxisomes
of pNEPS1 transformants of strain aod1v were similar in size
to those of the wild type strain (Fig. 2D,E). From these re-
sults, we concluded that FAOD produced in C. boidinii is
transported e¤ciently to the peroxisomes.

4. Discussion

Many successful examples of heterologous protein produc-
tion in methylotrophic yeast have been reported [14,25^27].
Other investigators have demonstrated intraperoxisomal pro-
duction of peroxisomal and non-peroxisomal model proteins
in yeast cells to avoid toxicity or to stabilize the produced
proteins [28^30]. However, some problems that have been
encountered include: (1) the expressed protein was not fully
targeted to peroxisomes, (2) the protein was not properly
folded, and (3) the quantity of expressed protein was low
[28,30]. Using C. boidinii strain aod1v, which contains no
alcohol oxidase, we have overcome these problems and have
shown the ¢rst example of high-level intraperoxisomal pro-
duction of a commercially important protein. The advantages
of using C. boidinii are: (1) an e¤cient gene expression system
was established, coupled with robust peroxisome prolifera-
tion. Indeed, intraperoxisomal production caused the increase
in FAOD productivity. When three amino acids at the car-
boxy-terminus representing peroxisome targeting signal type 1
of FAOD were deleted, the FAOD productivity was decreased
to one fourth (data not shown); (2) alcohol oxidase is encoded
by a single gene in C. boidinii [5] ; (3) glycerol does not repress
methanol induction of the AOD1 promoter and supported the
growth of strain aod1v ; (4) the peroxins and FAD originally
used for alcohol oxidase would be available for transport and
activation of heterologous oxidase to the peroxisomes.

The aod1v strain could not grow on methanol alone as the
single carbon source. Su¤cient induction of the AOD1 pro-
moter in strain aod1v in the original glycerol plus methanol/
NH4Cl medium was not achieved, probably because methanol
was not metabolized further in the aod1v strain. We used
methylamine as the nitrogen source for growth of strain
aod1v, which provides formaldehyde in vivo. This procedure
enabled us to activate the AOD1 promoter to the level of the
wild type strain. Although the quantity of mRNA transcripts
of FAOD in the aod1v strain was nearly the same as that in
the wild type strain, the level of FAOD expression in the
aod1v strain was 4^5-fold higher than that in the wild type
strain. This di¡erence can be ascribed to better e¤ciency in
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post-translational events, e.g. transport of peroxisomes and/or
FAD supply.

Another outcome of this study besides the establishment of
a new expression system was the achievement of an econom-
ical means of producing FAOD. Expression of the active form
of FAOD in C. boidinii reached as high as 18% of the total
soluble protein, which exceeds the expression level in E. coli
(maximum 0.2%) [2]. Since the puri¢cation yield was also high
(75%), a 3-day 500-ml culture enabled us to produce and
purify 2290 U of FAOD, which was su¤cient for assaying
approximately 14 000 patient samples for determination of
the content of glycated proteins (1 ml of assay volume).

Although many kinds of oxidases and `assay kits' are cur-
rently commercially available, the cost of production has
often been the economical limiting factor to large-scale indus-
trial production, as is the case for FAOD. The production
system and strategy taken here will not be limited to the
production of FAOD from P. janthinellum. The same system
was also e¤cient for the production of FAOD from A. terreus
(data not shown) [2]. Our next interest is to produce non-
peroxisomal oxidases in the peroxisomes of C. boidinii.
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