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Background: Miraculin (MCL) is a taste-modifying protein that converts sourness into sweetness. The
molecular mechanism underlying the taste-modifying action of MCL is unknown.
Methods: Here, a yeast expression system for MCL was constructed to accelerate analysis of its structure–
function relationships. The Saccharomyces cerevisiae expression system has advantages as a high-throughput
analysis system, but compared to other hosts it is characterized by a relatively low level of recombinant
protein expression. To alleviate this weakness, in this study we optimized the codon usage and signal-
sequence as the first step. Recombinant MCL (rMCL) was expressed and purified, and the sensory taste was
analyzed.
Results: As a result, a 2 mg/l yield of rMCL was successfully obtained. Although sensory taste evaluation
showed that rMCL was flat in taste under all the pH conditions employed, taste-modifying activity similar to
that of native MCL was recovered after deglycosylation. Mutagenetic analysis revealed that the N-glycan
attached to Asn42 was bulky in rMCL.
Conclusions: The high-mannose-type N-glycan attached in yeast blocks the taste-modifying activity of rMCL.
General significance: The bulky N-glycan attached to Asn42 may cause steric hindrance in the interaction
between active residues and the sweet taste receptor hT1R2/hT1R3.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Miraculin (MCL) is a naturally occurring protein in the fruit of the
West-African plant Richadella dulcifica [1]. It is a homodimer that
consists of two glycosylated 191-amino acid polypeptides cross-
linked by disulfide bonds [2–4]. MCL is of particular interest because it
has unique taste-modifying properties. Though flat in taste at neutral
pH, it shows taste-modifying activity and converts sourness to
sweetness at acidic pH [5]. Although this interesting sensory effect

has been characterized, the molecular mechanism underlying the
taste-modifying action of MCL is unknown.

Although sweet proteins exhibit no structural similarity, the
importance of charged Arg and Lys residues was confirmed by the
mutagenetic studies [6–8]. MCL is a basic protein similar to other
sweet proteins [2], but the role of the charged residues is not fully
elucidated [5]. In the case of another taste-modifying protein,
neoculin, its sweetness depends on a structural change due to the
pH change, although the histidine residues may always playing a key
role [9,10]. Our mutagenetic study of MCL using the Aspergillus oryzae
expression system [11] showed that the histidine residue His30,
located at the interface of the two monomeric MCL subunits, is one of
the candidate active residues. As well as A. oryzae, other recombinant
MCL (rMCL) expression systems have been reported previously
[12,13]. To accelerate analysis of the structure–function relationships
of the taste-modifying activity, however, it would be necessary to
have a high-throughput expression system.

The yeast Saccharomyces cerevisiae expression system has advan-
tages as a high-throughput analysis system [14,15], and we reported
an advanced method useful for expressing proteins bearing various
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mutations [16]. Using this advanced method, mutated proteins can be
expressed within five days of mutation design. In addition, yeast can
secrete folded proteins like A. oryzae. These characteristics of yeast
expression systems render them suitable for high-throughput muta-
genetic analysis. S. cerevisiae, however, has the disadvantage of
relatively low expression levels of recombinant protein compared to
other hosts [17]. To alleviate this weakness, in this study we focused
on codon usage and signal-sequence as the first step of the system.
These factors play an important role in high-level expression of
secretory protein. Finally, through optimization of these factors, a
2 mg/l yield of rMCL in media was successfully obtained. As the
second step, the yeast rMCL was purified and its taste-modifying
activity was analyzed. Although taste-modifying activity was not
initially detected in the purified rMCL, it was significantly recovered
by deglycosylation treatment. The structural effects of glycosylation
on the taste-modifying activity are discussed, along with the results of
the mutagenetic study.

2. Materials and methods

2.1. Codon optimization

Codon-optimized genes were designed based on the protein
sequence of MCL (GenBank Accession No. BAA07603) according to
the codon bias of S. cerevisiae [18] (http://www.kazusa.or.jp/codon).
The genes were synthesized by Takara (Otsu, Japan). Codon
adaptation index (CAI) values were estimated using the JCat program
[19]. CAI is a measure of directional synonymous codon usage bias
defined in reference [20], and values clearly parallel the levels of gene
expression. The index uses a reference set of highly expressed genes
from a species to assess the relative merits of each codon, and a score
for a gene is calculated from the frequency of the use of all the codons
in that gene.

2.2. Yeast transformation

The gene fragments of signal-sequences (codon-optimized) were
synthesized by primer dimerization using various primers (Fig. S1). To
obtain the PCR fragments of MCL, gene-specific primers were used as
follows: 5′-GGTGGTGGTGATTATAAAGATGATGATGATAAAGATTCGGCACC-
CAATCCGGTTCTTG-3′ and 5′-AAATTGACCTTGAAAATATAAATTTTCCCCT-
CATTAGAAGTATACGGTTTTGTTGAAC-3′ for native-codon MCL, and
5′-GGTGGTGGTGATTATAAAGATGATGATGATAAAGATTCTGCTCCAAATC-
CAGTTTTGGACATT-3′ and 5′-AAATTGACCTTGAAAATATAAATTTTCCCCC-
TATTAGAAGTAAACAGTTTTTTGG-3′ for codon-optimized MCL. Primers
contained a gene-specific region (bold) and a homologous region
(italic). PCR fragments, signal-sequence and the SmaI-linearized pRS426
GAL1 vectors were co-transformed into S. cerevisiae strain FGY217 [21].
Transformation was performed as described previously [16].

2.3. Liquid expression

For expression-screening of rMCL, transformants were selected
and grown in −Ura selection medium (0.2% yeast synthetic drop-out
medium without Ura, 0.7% yeast nitrogen base without amino acids
and 2% glucose). After growing at 30 °C for 24 h, cells were harvested
by centrifugation and resuspended in an equal volume of expression
medium (1% casamino acids, 1.5% yeast nitrogen base without amino
acids and 2% galactose, pH 4.0) at a final OD600 of 7 and grown at 20 °C
for 24 h. The culture supernatant was collected and analyzed using
anti-MCL antibody [11]. The expression yields were estimated by the
detection level in comparison with that of native MCL (nMCL). For
over-expression conditions, after growing in −Ura selection me-
dium at 30 °C for 24 h, cells were transferred into growth medium
(1% peptone, 0.5% yeast extract and 2% glucose) and grown at 30 °C for
24 h. Cells were harvested by centrifugation, resuspended in a half-

volume of expression medium at a final OD600 of 14, and grown at
20 °C for 24 h.

2.4. On-plate detection of secreted MCL

The signal-sequence optimization method is illustrated in Fig. 1.
Twelve yeast signal-sequences selected according to the report by
Sahara et al. [22] and MCL signal-sequence were synthesized by
primer dimerization (Fig. S1). After co-transformation with a mixture
of 13 signal-sequences and MCL PCR fragment, cells were distributed
on a−Ura expression plate (2% agarose, 0.2% yeast synthetic drop-out
medium without Ura, 0.7% yeast nitrogen base without amino acids,
0.1% glucose, 2% galactose) and covered by a PVDF membrane.
Colonies were grown at 30 °C for 24 h and 20 °C for 72 h. The
membrane was analyzed by immunodetection using anti-FLAG
antibody.

2.5. Purification and deglycosylation

rMCL was purified by hydrophobic, cation-exchange and size-
exclusion column chromatographies [11]. Purity and yield of purified
rMCL were evaluated by SDS-PAGE. For deglycosylation, endoglyco-
sidase F1was added to purified rMCL. After incubation at 30 °C for 12 h
[23], the enzyme was removed by size-exclusion chromatography.

2.6. Sensory analysis of the taste-modifying activity

The taste-modifying activity of MCL was evaluated by a panel of
well-trainedmembers. In the preliminary experiment, 0.5 mg/ml rMCL
was equivalent to 0.1 mg/ml nMCL in terms of taste-modifying activity
atpH3.0, and the specific activity of rMCLwasestimated to beabout0.2-
fold that in the nMCL. Thus, 100μl of MCL solution, 0.1 mg/ml for nMCL
or 0.5 mg/ml for rMCL, was applied to the tongue and held for 1 min,
and the mouth was then rinsed with water. Then 400 μl of 100 mM
sodium citrate buffer at pH 7.0, 5.0 or 3.0 was applied to the tongue and
the sweetness was evaluated by comparing the taste of these solutions
with those of standard aspartame solutions. Sweetness scores were
represented according to the concentration of aspartame: score 9,
N2 mM; score 8, 2 mM; score 7, 1–2 mM; score 6, 1 mM; score 5, 0.5–
1 mM; score 4, 0.5 mM; score 3, 0.25–0.5 mM; score 2, 0.25 mM; and
score 1, b0.25 mM.

2.7. Mutation analysis at the glycosylation sites

Thesite-directedmutagenesismethodusing S. cerevisiaewasdescribed
previously [16]. To mutations at positions 42 or 186, the following gene-
specific primers were used: 5′-CTGTTTCTGCTACTACTCCACAAGG-
TACTTTCGTTTGTCCACCTAGAGTTGTCCAAAC-3′ and5′-GTTTGGACAACTC-
TAGGTGGACAAACGAAAGTACCTTGTGGAGTAGTAGCAGAAACAG-3′ for
N42Q, 5′-GATAAACCATTCGCTTTCGAGTTCCAAAAAACTGTTTACTTCTAA-
TAGGGGGAAAATTTATATTTTCAAGGTCAATTT-3′ and 5′-AAATTGACCTT-
GAAAATATAAATTTTCCCCCTATTAGAAGTAAACAGTTTTTTGGAACTC-
GAAAGCGAATGGTTTATC-3′ for N186Q. Primers contained amutation site
(underlined). PCR fragments, SSP120 signal-sequence and the SmaI-
linearized pRS426 GAL1 vectors were co-transformed into S. cerevisiae
strain FGY217 [21]. Mutated proteins were expressed under screening
conditions (see Section 2.3), and the culture supernatant was probed by
immunoblotting analysis using anti-MCL antibody [11].

3. Results

3.1. Enhanced expression of miraculin through codon optimization

To improve the expression level, MCL codon usage was optimized
for yeast codon frequencies (see Section 2). Fig. 2 shows the gene
sequence of native and optimized MCL. rMCL was detected as a broad
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