APPLIED AND ENVIRONMENTAL MICROBIOLOGY, May 2006, p. 3716-3723
0099-2240/06/$08.00+0  doi:10.1128/AEM.72.5.3716-3723.2006

Vol. 72, No. 5

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Extracellular Production of Neoculin, a Sweet-Tasting Heterodimeric
Protein with Taste-Modifying Activity, by Aspergillus oryzaet

Ken-ichiro Nakajimaf Tomiko Asakura,”? Jun-ichi Maruyama,3 Yuji Morita,! Hideaki Oike,’
Akiko Shimizu-Ibuka,'$ Takumi Misaka,' Hiroyuki Sorimachi,'§ Soichi Arai,*
Katsuhiko Kitamoto,®> and Keiko Abe'*
Department of Applied Biological Chemistry, Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1 Yayoi,

Bunkyo-ku, Tokyo 113-8657, Japan'; Laboratory of Food Science, Atomi Junior College, Bunkyo-ku, Tokyo 112-8687, Japan®;
Department of Biotechnology, Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1 Yayoi,

Bunkyo-ku, Tokyo 113-8657, Japan®; and Department of Nutritional Science, Tokyo University of Agriculture,
1-1-1 Sakuragaoka, Setagaya-ku, Tokyo 156-8502, Japan®

Received 17 January 2006/Accepted 13 March 2006

Neoculin (NCL), a protein with sweetness approximately 500-fold that of sugar, can be utilized as a
nonglycemic sweetener. It also has taste-modifying activity to convert sourness to sweetness. NCL is a
heterodimer composed of an N-glycosylated acidic subunit (NAS) and a basic subunit (NBS), which are
conjugated by disulfide bonds. For the production of recombinant NCL (rNCL) by Aspergillus oryzae, c-amylase
with a KEX2 cleavage site, -K-R-, was fused upstream of each of NAS and NBS and the resulting fusion
proteins were simultaneously expressed. For accurate and efficient cleavage of the fusion construct by KEX2-
like protease, a triglycine motif was inserted after the KEX2 cleavage site. As NBS showed lower production
efficiency than did NAS, a larger amount of the NBS expression plasmid than of NAS expression plasmid was
introduced during cotransformation, resulting in successful production of rNCL in the culture medium.
Moreover, to obtain a higher production yield of rNCL, the active form of hac4 cDNA encoding a transcription
factor that induces an unfolded protein response was cloned and expressed constitutively. This resulted in a
1.5-fold increase in the level of rNCL production (2.0 mg/liter). rNCL was purified by chromatography, and its
NAS was found to be N-glycosylated as expected. The original sweetness and taste-modifying activity of rNCL
were comparable to those of native NCL when confirmed by calcium imaging with human embryonic kidney

cells expressing the human sweet taste receptor and by sensory tests.

Neoculin (NCL) is a sweet protein present in the fruits of
Curculigo latifolia, a tropical plant that is native to West Ma-
laysia. In our previous study, we characterized NCL as a het-
erodimeric glycoprotein composed of an N-glycosylated acidic
subunit (NAS) of ca. 13 kDa and a basic subunit (NBS) of ca.
11 kDa conjugated by disulfide bonds (25). NCL per se is
approximately 500 times sweeter than sugar by weight (11, 33).
NCL is unique in that it has a taste-modifying activity to con-
vert sourness to sweetness (25, 34). The molecular mechanism
of the taste-modifying activity is unclear, and thus it is an
intriguing topic in research on gustation. The use of NCL is
expected to find practical application as a low-calorie sweet-
ener, which is useful for people who are affected by diseases
linked to the consumption of carbohydrates, such as obesity
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and diabetes. In addition, its unique taste-modifying activity
may be valuable for the development of novel types of func-
tional food in the food industry. However, the harvest of C.
latifolia fruits is limited due to geographical and technical
problems, so it is beneficial to produce recombinant NCL
(rNCL) in large quantities.

Aspergillus oryzae, a filamentous fungus, has long been uti-
lized in Japan for the production of fermented foods, such as
sake, miso, and soy sauce. Due to its long history of use in the
food industry, its approval level is “generally recognized as
safe” by the U.S. Food and Drug Administration (3). In recent
years, because of the availability of genetic engineering tech-
niques and the determination of its genome sequence, this
organism has attracted a great deal of attention as a host for
the production of heterologous proteins (10, 14). In heterolo-
gous protein production by filamentous fungi, target proteins
are expressed in fusion constructs with carrier proteins, such as
cellobiohydrolase of Trichoderma reesei and glucoamylase of
Aspergillus niger and A. oryzae (1, 6). It is possible to release the
target protein from the fusion construct by inserting a KEX2
cleavage sequence, -K-R-, between the carrier and the target
protein (6). In addition, the forced expression of chaperones
and foldases and constitutive activation of the unfolded protein
response (UPR) pathway increase the production yield of het-
erologous proteins by A. niger (13, 19, 22, 29).

A bacterial expression system for NCL was reported previ-
ously (27). In this system, however, the heterodimeric subunits
(NAS and NBS) were expressed in independent cells, resulting
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in intracellular production in the form of inclusion bodies
without glycosylation. Moreover, a laborious reconstitution
step is required for NAS and NBS to form heterodimers with
sensory activity. In contrast, the use of A. oryzae is beneficial
because it has the ability to secrete heterologous proteins with
complicated structures formed via posttranslational modifica-
tions, including disulfide cross-linking and glycosylation (4). To
date, many examples of heterologous protein production by
filamentous fungi have been reported (1, 7, 22, 24). However,
with the exception of humanized antibodies (30), there have
been few reports regarding the production of hetero-oligo-
meric proteins by filamentous fungi.

Here we report the extracellular production of rNCL with
sensory activities by 4. oryzae. We designed an efficient strategy
to express the two heterodimeric subunits with different pro-
ductivities and increased rNCL production level by constitutive
induction of the UPR. Morecover, secreted rNCL conferred the
original sweetness and taste-modifying activity comparable to
those of native NCL. This study demonstrated that the A.
oryzae production system is useful for the production of hetero-
oligomeric proteins as well as for investigation of the molecular
biology of this unique taste-modifying protein.

MATERIALS AND METHODS

Microbial strains. A. oryzae NS4 strain (niaD and sC anxotroph) (32) was used
as a host in expression studies. The 4. oryzae strain RIB40 was used to isolate the
active form of hacA ¢cDNA. Escherichia coli DH5« was used for plasmid ampli-
fication.

Construction of rNCL expression plasmids. All INCL expression plasmids
were constructed using a multisite gateway three-fragment vector construction
kit (Invitrogen, San Diego, CA). For details, see the supplemental material.

Isolation of the active form of hacA ¢cDNA and construction of its expression
plasmid. A gene homologous to the 4. niger hacA gene was found in the A. oryzae
genome sequence database (14). We isolated the active form of the hacA cDNA
clone from the A. oryzae RIB40 strain under endoplasmic reticulum (ER) stress
conditions. See the supplemental material for the deduced amino acid sequence
of hacA and experimental procedures.

Transformation of A. oryzae. Transformation of A. oryzae was carried out as
described previously by Kitamoto (10). In cotransformation experiments, we
changed the weight ratio of the NAS and NBS expression plasmids for the
production of the two subunits in an equimolar ratio into the NS4 strain. The
plasmid for the expression of the active form of hac4 cDNA was introduced into
the rNCL-producing strain.

Culture conditions of A. oryzae. Small-scale culture was carried out to screen
transformants producing rNCL. The transformants were grown in 20 ml of DPY
medium (2% dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% K,HPO,, 0.05%
MgSO, * 7H,0, pH 8.0) in 100-ml flasks incubated at 30°C and shaken at 150 rpm
for 72 h. Ten transformants for each construct were examined to confirm the
secretion of rNCL into the medium. For large-scale production, the strain pro-
ducing rNCL was grown in 150 ml of DPY medium in 500-ml flasks with shaking.
Conidia (1.5 X 10°) were inoculated into each flask and incubated at 30°C with
shaking at 150 rpm for 72 h. Medium samples were obtained by filtering the
fungal cultures through Miracloth (Cal Biochem, La Jolla, CA).

Purification of rNCL. The proteins were precipitated by the addition of 60%
saturated (NH,),SO, to the culture medium. The resulting precipitate was dis-
solved in buffer A (3 M NaCl in 20 mM sodium acetate buffer, pH 5.0) and
dialyzed against the same buffer. The dialysate was centrifuged at 20,000 X g for
30 min, filtered through a 0.22-pum filter, and chromatographed on an HIC
PH-814 (Showa Denko K.K., Kawasaki, Japan) with a linear gradient of 3 to 0 M
NaCl in buffer A at a flow rate of 3.0 ml/min using a Waters 600 high-pressure
liquid chromatography system (Waters, Milford, MA). Fractions showing immu-
noreactivity with anti-NCL antibodies were pooled, dialyzed against H,O, and
lyophilized. The lyophilized protein was dissolved in buffer B (50 mM sodium
acetate buffer, pH 5.0) and desalted with a PD10 column (Amersham Bio-
sciences, Piscataway, NJ). The eluate was loaded onto a Mono S cation-exchange
column (Amersham Biosciences) and eluted with a linear gradient of 0 to 1 M
NaCl in buffer B at a flow rate of 1.0 ml/min. Peak fractions were analyzed by
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immunoblotting, and the resulting positive fractions were collected, pooled, and
used as a purified rNCL sample.

Purification of native NCL. Purification of the native NCL from the fruits of
C. latifolia was carried out as described previously (25). Briefly, C. latifolia fruits
were lyophilized and treated with 0.05 N H,SO, to extract the active fraction.
The extract was treated with Amberlite IRC-50 (Organo, Tokyo, Japan), and the
eluate was added to 60% saturated (NH,),SO, The resulting precipitate was
desalted on a Sephadex G-25 column (Amersham Biosciences) and lyophilized
to obtain native NCL.

Preparation of anti-NBS antibody. A peptide corresponding to the C-terminal
16 residues of NBS, V'?%L-Y-S-L-G-P-N-G-C-R-R-V-N-G-G'*7, was synthe-
sized, and antisera were prepared by immunizing rabbits with the hemocyanin-
conjugated peptide. The anti-NBS antibodies were purified by epoxy-activated
Sepharose 6B (Amersham Biosciences) conjugated with the antigen peptide.

Protein characterization. For immunoblotting, rabbit anti-NCL antibodies
(kindly provided by H. Yamashita) and anti-NBS antibodies were used for the
detection of rNCL. For N-terminal amino acid sequencing, protein samples
transferred onto polyvinylidene difluoride membranes were analyzed by using
the Procise 491 cLC protein sequencing system (Applied Biosystems, Foster City,
CA). For the detection of glycoproteins, INCL and native NCL were loaded onto
sodium dodecyl sulfate (SDS)-polyacrylamide gels and then analyzed by glyco-
protein staining with a ProQ-Emerald 300 glycoprotein gel stain kit (Invitrogen).
Monosaccharide composition was analyzed using the ABEE labeling kit Plus S
(Honen, Tokyo, Japan).

Ca®* imaging analysis using cultured cells to detect their sweet-taste re-
sponses. HEK293T cells were transfected with hT1IR2, hT1R3, and G,4/gust25
(35), which were subcloned into the pEAK10 expression vector (Edge Biosys-
tems, Gaithersburg, MD) using Lipofectamine 2000 reagent (Invitrogen). Ca*
imaging analysis was performed essentially as described by Ueda et al. (28). Cells
were transferred onto glass coverslips approximately 24 h after transfection.
After a further 24 h, cells were loaded with 10 pM of the calcium indicator dye
fura-2/AM (Invitrogen) for 25 min at room temperature. The cells were washed
with assay buffer (130 mM NaCl, 10 mM glucose, 5 mM KCI, 2 mM CaCl,, and
1.2 mM MgCl, in 10 mM HEPES, pH 7.4) and subjected to Ca** imaging
analysis. All sweet tastants were diluted with the assay buffer at the following
concentrations: INCL, 20 uM; saccharin, 10 mM; aspartame, 10 mM; and native
NCL, 20 pM. As a negative control, monosodium glutamate (MSG), an umami
tastant, was used at 10 mM. These tastants were applied sequentially to the cells
over a period of 30 s under gravity at a flow rate of 8 ml/min. An interval of more
than 3 min was taken between the application of the first sweetener and that of
the second to avoid desensitizing the cells. The fura-2 fluorescence intensities
resulting from excitation at 340 and 380 nm were measured at 510 nm using a
computer-controlled filter changer (Lambda 10-2; Sutter, San Rafael, CA), a
MicroMax cooled charge-coupled device camera (Princeton Instruments, Tren-
ton, NJ), and an inverted fluorescence microscope (IX-70; Olympus, Tokyo,
Japan). Images were recorded at 4-s intervals and analyzed using MetaFluor
software (Molecular Devices, Sunnyvale, CA). Changes in intracellular free
calcium ion concentration ([Ca®"]i) were determined as changes in the ratio of
fluorescence emitted at the two excitation wavelengths.

Sensory evaluation of the taste-modifying activity of rINCL. The original sweet-
ness of INCL and its taste-modifying activity were evaluated by three panel
members who had been well trained to accurately describe the intensities of
sweetness. For further accuracy, they fasted for at least 30 min prior to the
sensory test (25). Each panel member tasted 100 wl of the NCL solution and was
asked to describe its intensity of sweetness. As the sense of original sweetness
disappeared within 30 s, they were successively given 300 pl of 100 mM citrate
buffer (pH 4.0) to evaluate its sweetness intensity, which was defined as the
taste-modifying activity of neoculin. Sweetness scores were determined as fol-
lows: 5, very strong; 4, strong; 3, moderate; 2, weak; and 1, not sweet.

RESULTS

Expression of the two subunits of rNCL as separate con-
structs. NCL is a heterodimer of NAS-NBS held together by
disulfide bonds (25). On electrophoresis without dithiothreitol
(DTT) treatment, the NAS-NBS heterodimer is detected as a
22-kDa band, while the two subunits (the 14-kDa band of NAS
and 12-kDa band of NBS) are dissociated under reducing
conditions (Fig. 1A). In the present study, we took the bal-
anced expression of both subunits into consideration. We used
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FIG. 1. Immunoblotting analysis of rNCL produced by A. oryzae transformants. Culture media of the transformants indicated below were
subjected to 15% SDS-PAGE in the presence or absence of 50 mM DTT. (A) The native NCL protein. (B) The strain cotransformed with the
separate NAS and NBS expression plasmids (Table 1, pAAsC and pAB rows). (C) The strain cotransformed with the modified separate NAS and
NBS expression plasmids (Table 1, pA3GAsC and pA3GB rows). The NCL subunits released from the fusion protein are indicated by arrows a

to c. Asterisks indicate the AmyB-NCL fusion protein.

a-amylase (AmyB) as a carrier protein to fuse rINCL because it
is one of the most abundantly secreted proteins in A. oryzae. A
KEX2 cleavage site (-K-R-) was inserted at the N terminus of
each subunit to allow release of the recombinant proteins from
fusion constructs (Table 1). We chose the strategy to simulta-
neously express the two subunits (NAS and NBS) as indepen-
dent fusion constructs with AmyB. Two expression plasmids,
PAAsC and pAB, were generated and cotransformed into the
NS4 strain (Table 1). The A. nidulans sC gene was included in
the NAS expression plasmid as a selectable marker but was not
included in the NBS expression plasmid (Table 1, pAAsC and
PAB rows, respectively). By immunological analysis using anti-
NCL antibody, we detected a protein of approximately 15 kDa
in the culture media of 10 of 12 transformants, which migrated
as a 24-kDa band under nonreducing conditions, similar to the
native NCL (Fig. 1B, arrow a). However, the N-terminal se-

TABLE 1. Expression plasmids used in this study

Expression type Plasmid Expression cassette”
Separate PAASC H{AmE FNASHHG]
PAB [ AmyB FESH
Modified separate pA3GAsC [ _AmyB PI3G-NAS |
pA3GB [ AmyB P/3G-NBS]
Overexpression of the pPHacniaD H>[Hach —-[maD]

active form of HacA

“ Filled arrows, amyB promoter nt 9-606 (Hara et al., 1992 [8a]); open arrow,
pgkA promoter nt 7-1623 (D28484); AmyB, amyB open reading frame nt 607-
2647 (Hara et al., 1992 [8a]); NAS, NAS nt 67-405 (AB167079); NBS, NBS nt
77-421 (X64110); 3G-NAS, triglycine motif attached to NAS; 3G-NBS, triglycine
motif attached to NBS; HacA, active form of zacA cDNA nt 1-1038 (AB246349);
hatched rectangles, KEX2 cleavage site (KR) in linker; crosses, amyB terminator
nt 2044-2595 (Hara et al., 1992 [8a]); sC, A. nidulans sC gene nt 1-3627
(X82541); niaD, A. oryzae niaD gene nt 1-5140 (D49701).

quence of the 15-kDa band (NH,-A-G-S-K-R-D-S- [the N-
terminal sequence of NAS is underlined]) indicated that the
processing of the fusion protein occurred at an incorrect po-
sition upstream of the KEX2 cleavage site (-K-K |, A-G-S-K-
R-D-S-). The protein purified from the 24-kDa band under
nonreducing conditions was found to consist of only NAS and
did not show any original sweetness or taste-modifying activity
(data not shown). Moreover, bands of AmyB-NCL fusion pro-
teins were detected at 75 kDa under nonreducing conditions
and at 70 kDa under reducing conditions (Fig. 1B). While
similar results were observed using the pAAsC-transformed
transformants expressing the NAS-NAS homodimer and the
AmyB-NAS fusion protein (Table 1), the transformation of the
NBS expression plasmid containing the A. nidulans sC marker
did not yield any products (data not shown), suggesting lower
stability of NBS than NAS. It was apparent that it was neces-
sary to improve the efficiency and accuracy of the KEX2-like
protease cleavage and to increase the productivity of NBS.
Successful production of rNCL by inclusion of a triglycine
motif following the KEX2 cleavage site and with the optimized
weight ratio of expression plasmids during cotransformation.
The addition of a triglycine motif to the C terminus of the
KEX2 cleavage site has been reported to improve cleavage
accuracy and efficiency in A. niger (26, 30). Therefore, we
constructed modified expression plasmids with insertion of this
motif into the NH, termini of NAS and NBS (Table 1,
PA3GAsC and pA3GB rows, respectively). As it was suggested
that NBS showed lower stability, we introduced NAS and NBS
expression plasmids in various weight ratios during cotransfor-
mation. In 2 of 12 strains obtained by cotransformation of 2 pg
of pA3GAsC and 10 ng of pA3GAB, the two bands of approx-
imately 15 and 13 kDa that were seen under reducing condi-
tions were detected in the culture medium by immunological
analysis (Fig. 1C, arrows b and c, respectively). The band
shown in Fig. 1C, arrow c, is a doublet. This may be due to



VoL. 72, 2006

processing and glycosylation. The two bands were approxi-
mately 24 kDa under nonreducing conditions, which suggested
that these strains secreted NAS-NBS heterodimers conjugated
by disulfide bonds into the culture medium. With other weight
ratios of the two expression plasmids during cotransformation
(e.g., 2 pg of pA3GAsC and 2 pg of pA3GAB), only NAS-
NAS homodimers were produced and NBS was not detected
(data not shown). After purification (see below), the N-termi-
nal sequence of the 15-kDa protein was determined as NH,-
G-G-G-D-S-V-L-L-S- (the N terminus of NAS is underlined)
and that of the 13-kDa protein was determined as NH,-G-G-
G-D-N-V-L-L-S- (the N terminus of NBS is underlined), con-
firming that both of the subunits (NAS and NBS) were pro-
duced successfully in the culture medium. Furthermore, this
result demonstrated that the appropriate cleavages occurred
between the KEX2 cleavage site and the triglycine motif (-K-
K-A-G-S-K-R | G-G-G-D-S- and -K-K-A-G-S-K-R | G-G-G-
D-N-) in both the AmyB-NAS and AmyB-NBS fusion proteins,
respectively. Neverthless, AmyB-NCL fusion proteins were ob-
served at a molecular weight of approximately 75 kDa (Fig.
1C). The transformant producing the highest level of rINCL
was designated as AB2-2.

Improvement of rNCL production level by overexpression of
the active form of hacA ¢cDNA. The HacA protein of A. niger is
a transcription factor that induces the expression of chaper-
ones and foldases in response to ER stress (20). Under con-
ditions of ER stress, the unconventional 20-nucleotide (nt)
intron in the hacA mRNA is spliced out, resulting in the trans-
lation of an active transcription factor (20). Although forced
expression of the active form of hacA cDNA increases the
production yield of heterologous proteins by A. niger (29), the
effects of constitutive activation of UPR on the production of
hetero-oligomeric heterologous proteins have not been re-
ported. To improve the rNCL production level, a plasmid
expressing the active form of the hacA cDNA under the con-
trol of the pgkA promoter (for constitutive expression) was
prepared and introduced into the AB2-2 strain. The 4. oryzae
niaD gene (18) was used as a selectable marker. Immunolog-
ical analysis using anti-NBS antibody was carried out with the
culture medium of the transformant. We compared eight dif-
ferent transformants of the hacA-introduced AB2-2 strain and
the control and found that the average amount of rNCL pro-
duced in the former case was 1.5 times higher than that in the
control (Fig. 2). This indicated that the constitutive expression
of the active form of hacA cDNA enhanced the level of pro-
duction of a heterodimeric heterologous protein, rNCL.

Purification and characterization of rNCL. We next puri-
fied rNCL from the culture supernatant of the AB2-2 strain
as described in Materials and Methods. Purification was
performed by ammonium sulfate precipitation and phenyl-
hydrophobic interaction and ion-exchange chromatography.
The purified INCL was subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) and analyzed by Coomassie bril-
liant blue (CBB) staining. Under nonreducing conditions,
rNCL was observed as a band of approximately 24 kDa near
the 22-kDa band of native NCL (Fig. 3A). Under reducing
conditions, two bands appeared at approximately 15 and 13
kDa, which were almost in accordance with the bands of native
NAS (14 kDa) and NBS (12 kDa), respectively. The difference
in mobility on SDS-PAGE is due to the addition of GGG at
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FIG. 2. Improvement of the level of INCL production by overex-
pression of the active form of hacA cDNA. Immunological analysis
with anti-NBS antibody was carried out using the culture media of the
strain overexpressing the active form of hac4 cDNA (+) and the niaD
marker-transformed strain (—). The amounts of rINCL produced in the
culture medium were calculated by measuring the intensities of the
bands and comparing with those of native NBS. The average value of
the rNCL production level is shown below the panel.

the N terminus and also to the heterogeneity of the sugar
chains added. Although the band of the recombinant NBS
showed less staining than that of NAS by CBB (Fig. 3A), the
intensities of the two bands under immunoblotting analysis
were similar to those of the respective native proteins (Fig.
3B). These results suggested that the recombinant NAS and
NBS were produced in an almost equimolar ratio. Next, we
performed glycoprotein staining for INCL, and the results in-
dicated that both rNCL and native NCL responded positively
under nonreducing conditions (Fig. 3C). Under reducing con-
ditions, a positive band appeared at the position of NAS in
both recombinant (Fig. 3C) and native NCL. Monosaccharide
composition analysis of INCL demonstrated the presence of
mannose, N-acetylglucosamine, and galactose. The range of
electrophoretic mobility of the recombinant NAS was within
approximately 2 kDa, probably due to the heterogeneity of
N-glycans in size (data not shown). It was inferred that the
N-glycan of the recombinant NAS was of the high-mannose
type, which is known to be common in aspergilli (2).
Evaluation of the sweetness of rNCL. To evaluate the sweet-
ness of the recombinant product, we examined the responses
of the human sweet taste receptor to rNCL by calcium imaging
analysis. TIR2 and T1R3, both of which belong to the G
protein-coupled receptor family, were reported to associate
with each other and to function together as a sweet taste
receptor (5, 12, 21, 35). Human T1R2/T1R3 responds to low-
molecular-weight sweeteners (sucrose, saccharin, several D-
amino acids, and sweet peptide aspartame) and sweet proteins
(thaumatin, monellin, and brazzein) (9, 12, 21, 31, 35). First,
c¢DNAs for both hT1R2 and hT1R3 were transiently intro-
duced into cultured HEK293T cells together with the chimeric
Ga protein, G, /gust25, a promiscuous phospholipase C-linked G
protein (28). The receptor activation of hT1R2/T1R3 can be
detected by using fura-2/AM calcium indicator dye, which al-
lows monitoring of the intracellular calcium increase caused by
phospholipase C activation (9, 21, 35). An increase in calcium
in response to INCL was detected in HEK293T cells express-
ing hT1R2/T1R3 (Fig. 4A and B). These cells also responded
to other sweet substances, such as saccharin, aspartame, and
native NCL (Fig. 4C). Conversely, 88% (107/122 cells) and
97% (96/99 cells) of cells that responded to aspartame and to
saccharin also responded to rNCL, respectively. These results
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FIG. 3. Purification and characterization of tNCL produced by A. oryzae. (A) SDS-PAGE analysis. The purified INCL (see Materials and
Methods) and native NCL (8 wg of each protein) were subjected to 15% SDS-PAGE in the presence or absence of 50 mM DTT and detected by
CBB staining. (B) Immunoblotting analysis. Proteins (100 ng of the purified rINCL and native NCL) were transferred onto polyvinylidene difluoride
membranes and probed with anti-NCL antibody. (C) Glycoprotein staining. The purified INCL and native NCL (8 pg of each) were subjected to
15% SDS-PAGE in the presence or absence of 50 mM DTT. Glycoproteins were detected using a ProQ Emerald glycoprotein stain kit
(Invitrogen). The white arrowhead indicates recombinant NAS. Lanes r, purified -NCL; lanes n, native NCL.

indicated that the frequencies of cell responses to INCL were
similar to those to the other sweeteners, saccharin and aspar-
tame. Furthermore, the intensities of cell responses to 20
pM rNCL were the same as those of an equal concentration
of the native NCL (Fig. 4C). These results indicated that
rNCL conferred the original sweetness at the same level as
native NCL did.

Taste-modifying activity of rNCL compared to that of native
NCL. NCL per se has sweetness but this taste disappears in a
short time (referred to as “original sweetness”) (25, 33). When
an acid solution is placed on the tongue shortly after the
disappearance of the original sweetness of NCL, the sourness
of the acid is restrained and a stronger sweetness is elicited (25,
33). This taste-modifying activity of tNCL was evaluated by
sensory tests. The activity was represented by sweetness inten-
sities (5 ranks) determined by a panel who tasted 100 mM
citrate buffer (pH 4.0) shortly after the disappearance of the
original sweetness of NCL. While the average score of the
original sweetness in 0.25 mg/ml rINCL was 2.0, stronger sweet-
ness (score, 3.5) was elicited when citrate buffer was added
after the disappearance of the original sweetness of INCL (Fig.
5; left). Likewise, when 0.5 mg/ml rfNCL was used, stronger
sweetness (score, 5.0) was observed in the presence of the acid
than the original sweetness (score 2.0). Similar scores were
obtained when the native NCL was evaluated at the same

concentrations as INCL (Fig. 5, right). These results indicated
that the taste-modifying activity of tNCL was comparable to
that of native NCL.

DISCUSSION

In the present study, we succeeded in obtaining extracellular
production of a heterodimeric protein, NCL, by 4. oryzae (Fig.
1C). Moreover, the purified INCL showed an original sweet-
ness and taste-modifying activity equivalent to those of the
native NCL (Fig. 4 and 5).

Although humanized antibodies consisting of heavy and
light chains conjugated with disulfide bonds were produced by
A. niger (30), no other examples of production of such hetero-
oligomeric proteins by filamentous fungi have been reported.
As NCL is a heterodimer composed of two subunits (NAS and
NBS) linked to each other via disulfide bonds, it was important
to establish a production system capable of expressing the two
subunits in an equimolar ratio with the correct dimeric con-
formation. Initially, we attempted to produce rNCL as tandem
constructs of the two subunits (NAS-NBS and NBS-NAS) but
failed in all cases (data not shown). Recently, our group has
completed X-ray crystallographic analysis of native NCL, and
the results demonstrated that NAS and NBS are conforma-
tionally in a parallel orientation (A. Shimizu-Ibuka, Y. Morita,
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FIG. 4. Sweet-tasting effect assay. (A and B) Sample images of
HEK293T cells expressing hT1R2/T1R3 before (A) and after (B) ad-
dition of INCL (20 pM). The color scale indicates the Fs,/Fsg, ratio,
where F is fluorescence intensity. White arrowheads and colored ar-
rows show NCL-responding cells (scale bar, 100 pm). (C) Line traces
show the ratiometric value changes for representative cells. White
arrows indicate the time of application of 20 pM NCL, 10 mM sac-
charin, 10 mM aspartame, 20 uM native NCL (nNCL), and 10 mM
MSG (negative control). Each trace was derived from cells indicated
by colored arrows (A and B). Note that MSG, an umami tastant (12),
did not trigger any cell responses.

T. Terada, T. Asakura, K. Nakajima, S. Iwata, T. Misaka, H.
Sorimachi, S. Arai and K. Abe, submitted). Therefore, the
joining of NAS and NBS in tandem may have caused an im-
proper conformation, which may have resulted in degradation
by ER quality control. We then tried cotransformation of NAS
and NBS. In this case, we first investigated whether the two
transformants introducing the NAS or NBS plasmid indepen-
dently express equimolar amounts of NAS and NBS proteins.
However, it resulted that only NAS protein was efficiently
produced, and there was no expression of NBS protein. This
may be due to the fact that, although NAS and NBS share 92%
identity at the nucleotide sequence level (25), either or both
the genome integration efficiency and the mRNA stability are
different between the two genes. Also, some differences in
stabilities between the NAS and NBS proteins can be consid-
ered as a reason for the observed differences in their expres-
sion efficiencies. This may be because it acts as a good sub-
strate of KEX2-like protease, as it contains two KEX2
recognition sequences, -R®>-R7°- and R"*2-R'*3-, Another rea-
son may be that NAS attaches an N-linked glycan (-N*%3-G'%4-
T'%.), which is likely preferable for secretion (4), while NBS
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FIG. 5. Taste-modifying activity assay. Gray columns show intensi-
ties of the original sweetness of rNCL (left) and native NCL (right).
Black columns show the sweetness intensities when added with 100
mM citrate buffer (pH 4.0) (CA) shortly after the disappearance of the
original sweetness of NCL. The sweetness scores are shown as means *+
standard deviations (error bars) (n = 3). (Sweetness scores were de-
termined as follows: 5, very strong; 4, strong; 3, moderate; 2, weak; and
1, not sweet).

lacks N-glycosylation sites. It is thus suggested that NBS can be
secreted only when it forms a heterodimer with NAS with the
attachment of an N-linked glycan.

It is necessary to take into consideration the amounts of
expression plasmids introduced during cotransformation.
There have been no previous reports of changing the weight
ratio between two expression plasmids in cotransformation in
an attempt to achieve the production of heterologous protein
by filamentous fungi. In the present study, we succeeded in the
production of rNCL only when a larger amount of the NBS
expression plasmid than that of the NAS expression plasmid
was introduced during cotransformation. The copy numbers of
the introduced genes were investigated by PCR using NAS- and
NBS-specific primers. We carried out transformation with the
NAS and NBS expression plasmids at 1:1 (molar ratio) and
with them at 1:5. The NAS band intensities were almost similar
in both cases, while in the latter a much stronger NBS band
intensity resulted, suggesting that the latter (1:5) had higher
copy numbers of NBS than that of the former (1:1) (data not
shown). Thus, our success in efficiently producing the NAS-
NBS heterodimer is probably due to the fact that the sufficient
integration of the NBS plasmid has no selectable marker. In-
creasing the NBS copy number can lead to enhanced expres-
sion of the NBS protein.

In heterologous protein production by filamentous fungi, the
target protein is released from the fusion construct by the
insertion of a KEX2 cleavage site (6). In the present study, the
AmyB-NAS fusion protein was processed incorrectly at the
sequence upstream of the KEX2 cleavage site (see Results).
Other groups reported that aberrant processing occurred
around the expected cleavage site when glucoamylase was used
as a carrier (7, 8, 15-17, 23), which suggests that the use of
a-amylase as a carrier did not cause the inaccurate cleavage.
The insertion of a triglycine motif at the C terminus of the
KEX2 cleavage site led to correct processing after the KEX2
cleavage site (see Results), which was consistent with the re-
sults reported previously (26, 30). Nevertheless, AmyB-NCL
fusion proteins were observed at a molecular weight of approx-
imately 75 kDa (Fig. 1C). Low efficiency of processing at the
KEX2 cleavage site was also observed in the case of the pro-
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duction of humanized antibodies (30). In the production of
human lysozyme by A. oryzae, however, the target protein was
released completely from the a-amylase-fused construct with-
out insertion of a triglycine motif (data not shown), suggesting
that low cleavage efficiency at the KEX2 cleavage site was not
due to the use of a-amylase as a carrier. To our knowledge, in
the case of production of heterologous proteins other than
humanized antibodies (30) using glucoamylase as a carrier, the
processing of the fusion construct occurred efficiently with
insertion of the KEX2 cleavage site (7, 8, 16, 17, 23). Taking
these results together, we hypothesized that the low processing
efficiency at the KEX2 cleavage site was caused by steric hin-
drance of oligomeric proteins, such as NCL and humanized
antibodies, with complex structures, regardless of the use of
a-amylase or glucoamylase as a carrier.

Finally, we performed a sweetness assay by using HEK cells
transiently expressing human sweet taste receptors, and the
results indicated that the cell response to INCL produced by A4.
oryzae was comparable to that of the native NCL (Fig. 4).
Sensory tests also confirmed that rNCL had taste-modifying
activity like that of the native NCL (Fig. 5). Therefore, it was
suggested that the overall structure of rINCL was very similar to
that of the native NCL, which was verified by circular dichro-
ism spectroscopy (data not shown). Although rNAS has an
N-glycan consisting of mannose, N-acetylglucosamine, and ga-
lactose (clearly different from that of native NCL, which con-
sisted of mannose, N-acetylglucosamine, fucose, and xylose
[25]), these results indicated that the structural differences in
the N-glycan of rNCL did not affect its sensory activities. The
rNCL production system used in the present study will facili-
tate mutation analysis on NCL, which will contribute to the
evaluation of the critical regions or amino acid residues in-
volved in taste-modifying activity.

The results of the present study indicated that A. oryzae is a
host capable of producing hetero-oligomeric proteins that un-
dergo complex posttranslational modifications. TNCL pro-
duced in this study is expected to be applicable for use in both
clinical settings and in the food industry because of the utili-
zation of A. oryzae, a safe microorganism, which has long been
used in fermentation processes in food.
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