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Abstract

Main conclusion Plastid-based MNEI protein mutants retain the structure, stability and sweetness of their bacterial
counterparts, confirming the attractiveness of the plastid transformation technology for high-yield production of
recombinant proteins.

The prevalence of obesity and diabetes has dramatically increased the industrial demand for the development and use of
alternatives to sugar and traditional sweeteners. Sweet proteins, such as MNEI, a single chain derivative of monellin, are
the most promising candidates for industrial applications. In this work, we describe the use of tobacco chloroplasts as a
stable plant expression platform to produce three MNEI protein mutants with improved taste profile and stability. All plant-
based proteins were correctly expressed in tobacco chloroplasts, purified and subjected to in-depth chemical and sensory
analyses. Recombinant MNEI mutants showed a protein yield ranging from 5% to more than 50% of total soluble proteins,
which, to date, represents the highest accumulation level of MNEI mutants in plants. Comparative analyses demonstrated
the high similarity, in terms of structure, stability and function, of the proteins produced in plant chloroplasts and bacteria.
The high yield and the extreme sweetness perceived for the plant-derived proteins prove that plastid transformation technol-
ogy is a safe, stable and cost-effective production platform for low-calorie sweeteners, with an estimated production of up
to 25-30 mg of pure protein/plant.

Keywords Green factory - Plastid transformation - Nicotiana tabacum - Sweet proteins - Protein structure - Low-calorie
sweeteners

Introduction

MNEI is a single chain derivative of monellin, one of the
seven members of the “sweet proteins” family (Picone and
Temussi 2012). These are structurally and biosyntheti-
cally unrelated plant proteins, provided with the remark-
able feature of eliciting a sweet taste response in humans
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to their three-dimensional shape, which allows them to
interact with the TIR2-T1R3 sweet taste receptor through
a complex patch of complementary charged residues. To
date, the model providing the best rationalization of such
interaction is the “wedge model”, according to which sweet
proteins bind to a cleft formed by portions of both subunits
of the sweet taste receptors (Morini et al. 2005; Tancredi
et al. 2004; Temussi 2011b, 2002). Sweet proteins need to
be correctly folded to elicit the sweet taste response, which is
why natural monellin loses its sweetness when heated above
50 °C. The protein indeed occurs as a small (~ 12 kDa),
globular, heterodimer whose subunits, held together by
non-covalent interactions and assembled in a cistatin-like
fold (Murzin 1993; Ogata et al. 1987) dissociate at this tem-
perature, so that the protein fold is lost. This physical limit
has restricted the use of natural monellin as a sweetener,
since industrial settings for food processing make often
use of harsher conditions. In the attempt to overcome these
limitations, single chain derivatives of monellin have been
engineered, namely SCM and MNEI, through direct linkage
of the two polypeptide chains or by introduction of the Gly-
Phe dipeptide, respectively (Kim et al. 1989; Tancredi et al.
1992), that can only be produced through biotechnology.
These “first generation” mutants possess the structure and
sweetness of the parent protein and, additionally, have higher
thermal stability and can correctly refold, regaining sweet-
ness, after thermal denaturation at acidic pH. MNEI seems,
therefore, particularly promising for industrial applications
for several reasons: the well-characterized structure (Spadac-
cini et al. 2001; Hobbs et al. 2007; Spadaccini et al. 2016); a
taste profile that, unlike many synthetic sweeteners, closely
resembles that of sucrose (Di Monaco et al. 2013, 2014);
and improved biochemical properties (e.g., increased ther-
mal stability and retained function even after short boiling
at acidic pH) compared to native monellin (Kim et al. 1989;
Spadaccini et al. 2001). Moreover, recent studies have been
undertaken to characterize the behavior of MNEI in more
complex, application-oriented, matrices, such as agar-based
or dairy gels (Miele et al. 2017a, b), and to begin the descrip-
tion of the physiological and eco-toxicological effects of its
introduction in the food chain (Rega et al. 2017). The intrin-
sic structural limits of wild type monellin and the restricted
availability of natural sources have led to pursue biotech-
nological approaches to produce sweet proteins, exploiting
a variety of bacterial, yeast and plant hosts (Kim and Lim
1996; Lamphear et al. 2005; Masuda and Kitabatake 2006;
Chen et al. 2007; Sun et al. 2007; Chen et al. 2011; Pham
et al. 2012; Leone et al. 2015; Reddy et al. 2015; Cai et al.
2016; Kaul et al. 2018). Genetic engineering has in fact
allowed for functional improvements of the original protein
and its single chain derivatives, through the introduction of
point mutations linked to taste (such as, for MNEI, Y65R
or Q28K) or stability (E23Q, E23A, C41S) enhancements,
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or both (Esposito et al. 2006; Rega et al. 2015; Leone et al.
2016; Leone and Picone 2016; Liu et al. 2016; Pica et al.
2018; Zheng et al. 2018). In planta expression is a very
promising technology due to costs limitation, easy scale-
up, absence of risk contamination by human pathogens and
possibility of post-translational modifications (Merlin et al.
2014; Moustafa et al. 2016; Tschofen et al. 2016). To date,
the production of sweet proteins in transgenic plants has
yielded expression levels ranging from 1 to 17% of total sol-
uble proteins (TSP) (Pefiarrubia et al. 1992; Lamphear et al.
2005; Sun et al. 2006; Hirai et al. 2011; Hiwasa-Tanase et al.
2012; Pham et al. 2012). In the case of transgenic lettuce and
tomato producing the taste-modifying protein miraculin, the
nuclear transformation system has shown some limitations,
such as gene silencing and the need to improve scale-up
and purification processes, to reduce their final production
costs (Sun et al. 2006; Hiwasa-Tanase et al. 2012). In the last
decades, it has been demonstrated that, among plant-based
technologies, chloroplast transformation has many attractive
advantages, such as site-specific integration, transgene con-
tainment due to maternal inheritance in many crops and high
expression levels, up to 70% TSP (Oey et al. 2009; Lentz
et al. 2010; Boyhan and Daniell 2011; Castiglia et al. 2016).
Nonetheless, previous attempts to express MNEI variants
in transplastomic tobacco plants led to low accumulation
levels, which, in turn, prevented adequate purification and no
evidence of the sweetness of the plant recombinant product
was provided (Roh et al. 2006; Lee et al. 2012). The aim of
our work was to develop an efficient, stable and low-cost
production system in tobacco chloroplasts for three mutant
proteins derived from MNEI, namely the hyper-sweet vari-
ant Y65R-MNEI, the highly stable E23Q-MNEI, and the
“sweeter and stronger” variant E23Q, C41S, Q28K, Y65R-
MNEI, dubbed Mut3 (Esposito et al. 2006; Leone et al.
2016; Leone and Picone 2016). Furthermore, we describe
a strategy for the efficient purification of the plastid-based
recombinant proteins and their full biochemical and func-
tional characterization, which allowed us to compare their
properties with those of their bacterial counterparts.

Materials and methods
Plant material

Plants of Nicotiana tabacum L. cv. Petite Havana were
grown in sterile conditions on hormone-free medium con-
taining MS salts and B5 vitamins (Duchefa, The Nether-
lands), 30 g/l sucrose and 8 g/l agar, pH 5.6, with a 16 h pho-
toperiod of 100 umol photons m~ s~! and 8 h dark at 24 °C.
Seeds derived from transplastomic plants transformed with
genes encoding MNEI mutants (DC and SA series) or with
the empty control vector (PRV) and from wild type plants
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were sown in vitro (in the presence of 500 mg/1 of spectino-
mycin or streptomycin) in the above described condition to
confirm homoplasmy, or in soil to analyze plant phenotype.

Chloroplast transformation vectors

pDC vectors were constructed by replacing the neo coding
gene in plasmids pHK30 and pHK40 (Kuroda and Maliga
2001a, b) or the LI coding region in plasmid pPL66 (Lenzi
et al. 2008), whereas SA vectors were constructed by replac-
ing the neo coding gene in plasmid pHK40. All plasmids
were linearized with Nhel and Xbal restriction enzymes.
The Y65R-MNEI coding sequence, a variant of the single
chain monellin (MNEI) containing the Y65R mutation syn-
thesized by Polymerase Chain Reaction mutagenesis, was
amplified from pET22b-Y65R vector (Esposito et al. 2006)
to introduce 5’ Nhel and 3' Xbal restriction sites and cloned
in pHK40, pHK30 and pPL66 to develop pDC30, pDC31
and pDC32 vectors, respectively. The synthetic MNEI genes,
encoding for MNEI variants containing E23Q, Q28K, C41S,
Y65R (Mut3) and E23Q mutations, generated using the E.
coli codon usage (Leone et al. 2016; Leone and Picone
2016), were amplified from pET22b(+)-Mut3 or -E23Q-
MNEI to introduce 5’ Nhel and 3" Xbal restriction sites
and cloned in pHK40 to develop pSA1 and pSA11 vectors,
respectively. The expression cassettes of pDC30, pSA1 and
pSA11 vectors contain the rrn promoter, the 5" untranslated
region (5'-UTR) of E. coli phage T7 gene 10 and the plastid
rbcL gene 3'-UTR, whereas pDC31 and pDC32 contain the
rrn promoter fused with the 5’ translation control region (5'-
TCR), that includes the 5’-UTR and 42 N-terminal nucleo-
tides of the atpB or rbcL open reading frames, respectively,
and the plastid rbcL gene 3'-UTR. The insertion of the Nhel
restriction site downstream the 5'-UTR or 5'TCR introduced
an additional translated sequence at the N-termini of all
MNEI mutants, corresponding to the MAS tripeptide.

Stable chloroplast transformation

DNAs from pDC and pSA plastid expression vectors were
extracted by Plasmid Maxi Kit (Qiagen, Germany) and used
for delivery in tobacco leaf tissue. Biolistic experiments,
in vitro regeneration and selection of shoots were carried
out according to the protocol described in Scotti and Cardi
(2012). Homoplasmic transplastomic lines were rooted and
propagated on medium containing MS salts with B5 vita-
mins, 30 g/1 sucrose, 0.1 mg/l NAA, 80 g/l agar and with
500 mg/1 of spectinomycin under controlled conditions, and
subsequently transferred to soil in a growth chamber (14 h
light, 200 umol photons m~2 s~*, at 25 °C, and 10 h dark at
20 °C) for seeds production.

Southern blot analysis

Total DNA was isolated from leaves of transplastomic and
control plants with the DNeasy® Plant Mini kit (Qiagen).
DNA (1-2 pg) was digested with BamHI and analyzed
according to the procedure described in Scotti and Cardi
(2012). The probe corresponding to rrnl6-rpsi2 plastid
recombination site, labeled with digoxigenin-11 dUTP
(Roche Applied Science, Germany), was obtained by PCR.
Chemiluminescent signal was measured using a Chemi-
Doc™ XRS + and images were analyzed using the Image
Lab™ Software (Bio-Rad).

Protein extraction, purification and immunoblot
analysis

Leaf total soluble proteins were extracted according to a
modified Petersen and Bock (2011) protocol. Extraction
buffer contained 50 mM sodium acetate, pH 5.2, 10 mM
potassium acetate, 5 mM magnesium acetate, | mM
EDTA, I mM DTT 1 mM PMSF, 1 X complete proteinase
inhibitor (Sigma, Missouri, USA) and 1% 2-mercaptoetha-
nol. Samples were resolved by SDS-PAGE in 18% gels that
were either stained with Coomassie Brilliant Blue R-250
(Sigma) or blotted onto nitrocellulose membrane (Hybond
ECL, GE Healthcare). Membranes were incubated with
anti-Y65R-MNEI antibody (1:200, ON at 4 °C) obtained
from Primmbiotech through rabbit immunization with E.
coli-derived Y65R-MNEI, and subsequently with a HRP-
conjugated anti-rabbit antibody (1:60,000, 1 h at RT). The
expression levels were quantified using a dilution series of
purified E. coli-derived Y65R-MNEI protein and Bio-Rad
Image Lab software.

Crude extracts of transplastomic plants were enriched
by two subsequent thermal treatments of 15 min each at
60 °C. Extracts from SA1 and SA11 transplastomic plants
were also treated at 70 °C or with a unique treatment of
20 min at 60 °C. Heat treated samples, clarified by cen-
trifugation at 20,000g, for 30 min at 4 °C, were dialyzed
against 50 mM acetic acid and then applied to a 5 ml
Macro-prep High-S cation exchange column (Bio-Rad) in
50 mM sodium acetate, pH 5.5. Elution was performed
with a linear gradient from 0 to 500 mM sodium chloride
in the same buffer over 20 CV at 2 ml/min. Fractions con-
taining the protein of interest were pooled, desalted and
lyophilized. Finally, samples were purified on a Super-
dex75 HR 10/300 (GE Life Sciences) in 50 mM acetic
acid with 150 mM NaCl. Protein containing fractions were
desalted and lyophilized. Desalting steps were performed
on a 15 ml Sephadex G-25 column in 50 mM acetic acid.
Protein purity was assessed by mass spectrometry (see
below).
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Mass spectrometry

Positive Linear and Reflectron MALDI spectra were
recorded on a 5800 MALDI-ToF/ToF (Sciex, Framingham,
MA) as described by De Lorenzo et al. (2005). Mass calibra-
tion was performed using external peptide standards from
Sciex. MS/MS analyses were performed using 1 kV collision
energy with air as CID gas.

Circular dichroism

Circular dichroism (CD) spectra were recorded in 20 mM
phosphate buffer, pH 5.1 on a Jasco J-715 spectropolarimeter
according to previously published protocols (Leone et al.
2015). A concentration of 0.2 mg/mL protein was used
for each sample. Thermal denaturation experiments were
recorded and analyzed as previously described (Leone et al.
2016).

Taste evaluation

Sweetness threshold was evaluated by triangle test on a
panel of 5 subjects (2 males and 3 females), as previously
described (Esposito et al. 2006; Leone et al. 2016; Masuda
et al. 2016). Solutions of the proteins produced in E. coli
were used as positive control and water as negative control.
Three paper cups, one containing 5 mL of protein solution
and the others containing 5 mL of mineral water, were given
to the panelists, who were asked to indicate which cup had
the taste-eliciting solution and to rate the taste from O (no
taste) to 5. A value of 1 indicated the perception of a taste, 2
meant the taste was recognized as sweet. Sample solutions
were provided from the lowest (0.15 mg/l) to the highest
(2.4 mg/1) concentration. Data are presented as mean + SEM.
All methods were carried out in accordance with relevant
guidelines and regulations. All experimental protocols were
approved by the Ethics Committee of the University of
Naples Federico II. Written informed consent was obtained
from all study participants.

Results

Vector construction and production of MNEI
transplastomic plants

To obtain high-level expression of MNEI mutants in tobacco
plastome, we developed five plastid transformation vectors.
All constructs had the same constitutive ribosomal RNA
operon promoter (Prrn) and the plastid 7bcL gene 3'-UTR
(TrbcL) (Fig. 1). Three out of five constructs (pDC series)
contained the Y65R-MNEI coding sequence (Esposito et al.
2006), with different 5’ regulatory sequence. In pDC30
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vector, the transgene expression was under control of the
gene 10 5'-UTR (77g10) from phage T7 (Kuroda and Maliga
2001a), whilst in pDC31 and pDC32 the expression of the
Y65R-MNEI gene was controlled by the 5' translation control
region (5'-TCR) that includes the 5'-UTR and 42 N-terminal
nucleotides (DB) of the atpB or rbcL open reading frames
(Kuroda and Maliga 2001b), respectively (Fig. 1). In the
PSA vector series, the expression of E. coli-optimized Mut3
and E23Q-MNEI transgenes (Leone et al. 2016; Leone and
Picone 2016) relied on the 77g70 5'-UTR (Fig. 1). All plas-
tid transformation vectors developed here target exogenous
DNA to the trnV-rpsl2/7 region of the tobacco plastid
genome and contain aminoglycoside 3' adenylyltransferase
(aadA) gene as selectable marker.

Biolistic transformation of tobacco plants produced sev-
eral primary spectinomycin-resistant shoots for each vector
that were subjected to one regeneration round on medium
containing spectinomycin to isolate homoplasmic lines. Cor-
rect integration of the transgenes in the plastid genome of
regenerated transplastomic plants was detected by Southern
blot analysis using the targeting sequence as probe (Fig. 2).
For all recombinant vectors homoplasmic plants were identi-
fied by detection of a 4.9 kb containing the coding sequences
of the different MNEI mutants, whilst a 3.3 kb fragment was
detected for wild type plants (Fig. 2b). The homoplasmy was
also confirmed by lack of phenotypic segregation in inher-
itance assay (Fig. S1). In Fig. 2b, heteroplasmic lines are
also shown, marked with an asterisk, containing both wild
type and transformed plastomes. These lines were subjected
to an additional regeneration round on medium containing
spectinomycin.

Plant phenotypes and expression of MNEI protein
mutants in transplastomic plants

The accumulation of MNEI mutants in tobacco chloroplasts
generally did not interfere with plant growth (Figs. 3a, 4a).
Transplastomic plants exhibited a phenotype comparable
with control plants (wild type and transformed with empty
vector), except DC31 transplastomic plant that showed a
slight delay in growth (Fig. 3a). All transplastomic plants
were able to reach maturity, flower and produce viable seeds
by selfing.

Western blot analysis, using E. coli-derived Y65R-MNEI
(about 12 kDa) as reference protein, revealed different yields
of Y65R-MNEI within the DC series of transplastomic
plants. In particular, a 5 and 1.5% TSP yield, corresponding
to~ 160 and 65 ug/g of Fresh Weight (FW), was measured
for DC30 and DC31, respectively (Figs. 1, 3b). DC32 plants
accumulated recombinant Y65R-MNEI at levels undetect-
able by Western blot. Based on phenotype and protein yield
results, DC30 transplastomic plants were selected for sub-
sequent analyses. Immunoblot analysis performed on crude
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Fig. 1 Plastid vectors and expression cassettes used in transformation experiments containing the transgene encoding different variants of MNEIL.
For each vector, regulatory sequences, protein accumulation level and phenotype in corresponding transplastomic plants are indicated

extracts of SA1 and SA11 plant leaves indicated that the
expression of Mut3 and E23Q reached up to 20 and 50%
of TSP, corresponding to ~0.50 or 1 mg/g FW, respectively
(Figs. 1, 4b). It is well-known that biosynthesis of recombi-
nant proteins could vary in leaves according to their develop-
mental stage. Therefore, the accumulation profile of MNEI
variants as function of leaf age was also investigated in
subsequent generations of transplastomic plants (Fig. S2a).
DC30 transplastomic plants showed variable accumulation
of Y65R-MNEI in plant leaves, with the highest protein
yield detected in old leaves (Fig. S2b), whilst no significant
variation in protein accumulation was highlighted for Mut3
(SA1 plants) and E23Q-MNEI (SA11 plants) (Fig. S2c).

Purification of recombinant MNEI protein mutants
from transplastomic plants

Leaf crude extracts of DC30, SA1 and SA11 transplastomic
plants were subjected to different thermal treatments, to test
the possibility of enriching them in MNEI mutant proteins,

taking advantage of their high thermal stability. For DC30
plants, the treatment at 60 °C for 15 min did not reveal a
significant enrichment in Y65R-MNEI protein (Fig. S3a), in
fact, the T1 and T2 fractions showed the same protein profile
of the crude extract.

On the contrary, protein samples of SA1 and SA11 plants
heated to 60 or 70 °C produced a better enrichment in the
proteins of interest (Fig. S3b, c¢), being that most of the
plant proteins precipitated in the P1 fraction as showed in
Coomassie stained SDS-PAGE. Because no significant dif-
ference was evident between the thermal treatment at 60 or
70 °C for both Mut3 and E23Q (Figs. S3b, c), we chose the
thermal treatment at 60 °C for 20 min for subsequent down-
stream processes and biochemical characterization.

Despite the good enrichment indicated by SDS-PAGE,
analytical Size Exclusion FPLC and Circular Dichroism
(CD) spectroscopy showed abnormal patterns also in the
case of Mut3 and E23Q-MNEI, due to the presence of
protein and non-protein contaminants. Therefore, ther-
mally treated extracts were subjected to a double round of
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Fig.2 Identification of independently generated transplastomic
tobacco lines per each construct. Schematic representation of the
rps12/7-trnV targeting region in the plastid genome (Nt-ptDNA)
and maps of transformed (Nt-DC and Nt-SA series) plastid genome
regions involved in transgene integration (a). Southern blot analyses
of plastid transformants to select homoplasmic lines per each con-

chromatography using first a strong cationic exchange resin
followed by size exclusion chromatography, which yielded
each mutant with a purity of at least 99% (see materials and
methods section for details).

Structure characterization of the purified proteins

Pure protein samples from E. coli and from tobacco leaves
were compared by MALDI-ToF analysis (Fig S4). All
proteins were correctly expressed in the plant system, as
confirmed by the MS data summarized in Table 1, show-
ing, for each species, an m/z consistent with the theoretical
molecular weight. All MNEI variants produced in plants
gave, as expected, peaks with higher molecular weight than
the homologous bacterial counterparts, due to the introduc-
tion of the tripeptide MAS at the N-terminus of the proteins
by the cloning procedure. Moreover, the observed m/z val-
ues indicated that quantitative cleavage of the N-terminal
methionine had occurred for all plant constructs, whilst it
was retained in all bacterial proteins. Hence, the plant pro-
teins ultimately differed from their bacterial homologues
by two amino acids, i.e., the AS dipeptide, at the N-termi-
nus. MALDI mapping after trypsin digestion and MS/MS
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struct. Heteroplasmic (marked with an asterisk and containing both
wild type and transformed plastomes) or untransformed lines (marked
with two asterisks) were also shown (b). goi=gene of interest;
P =promoter; L=5'-UTR or leader sequence; DB =downstream box
corresponding to 42 N-terminal nucleotides of the coding region of
either atpB or rbcL tobacco gene

fragmentation experiments on selected ion peaks confirmed
the correct expression of the plastid-based proteins and a
100% sequence identity. As an example, Fig. 5 shows the
fragmentation pattern of the ion at m/z 2206.02, correspond-
ing to the N-terminal peptide of the plastid-derived proteins.
MALDI-ToF mapping results are summarized in Table S1.

The similarity of the CD spectra recorded on the proteins
purified from E. coli and from tobacco leaves confirmed
that the plastid-based proteins assume the same fold of the
reference proteins (Fig. S5). CD spectroscopy was also used
to evaluate the proteins’ stability toward thermal denatura-
tion. Figure 6 shows that the denaturation profiles of all the
proteins from transplastomic plants are comparable to their
bacterial homologues.

Functional characterization of the purified proteins

The sweetness threshold of all protein samples was deter-
mined by triangle test (Esposito et al. 2006; Masuda et al.
2016; Leone et al. 2016). All plant-derived proteins revealed
a sweetness threshold of 1.08 +0.04 mg/1, 1.64 +0.04 mg/l
and 0.40+0.02 mg/1 for Y65R-MNEI, E23Q-MNEI and
Mut3, respectively. In comparison, proteins produced in E.
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transformed with the empty vector and wild type, respectively) and
transplastomic plants grown under photoautotrophic conditions in soil
(a). Detection of Y65R-MNEI protein accumulated in transplastomic

Fig.4 Transplastomic plants a
(T1 generation) producing the
Mut3 (SA1) and E23Q-MNEI
(SA11) variants of MNEI sweet
protein. Comparison of plant
growth between control plants
(PRV and PH, transformed with
the empty vector and wild type,
respectively) and transplastomic
plants under photoautotrophic
conditions in soil (a). Detection
of MNETI protein variants accu-
mulated in transplastomic SA
plants by western blot analysis.
Difterent amounts of Y65R
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DC plants by western blot analysis. Different amounts of Y65R stand-
ard protein and leaf protein extracts were tested. Each transplastomic
line shows a 12 kDa protein band corresponding in size to the foreign
protein (b). Y65R =E. coli-derived Y65R-MNETI standard protein
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Table 1 Comparison of the

. . Protein Theor. Average m/z Experimental m/z N-terminal met

theoretical and experimental

molecular weights/charge ratio Y65R-MNEI (E. coli) 11396.0 11408.3 Yes

g;’f;lfe"sr the purified protein Y65R-MNEI (plant) 11554.1 11578.4 No
Mut3 (E. coli) 11379.0 11385.0 Yes
Mut3 (plant) 11537.1 11544.1 No
E23Q-MNEI (E. coli) 11402.0 11413.6 Yes
E23Q-MNEI (plant) 11560.1 11570.6 No
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coli had a threshold of 0.72 +0.02 mg/l, 0.96 +0.02 mg/1 and Vaishnav, 2009; Sanchez-Garcia et al. 2016; Zhou et al.
and 0.25 +0.03 mg/l, respectively). Hence, all plant-based  2018). Among them, plants have been proposed as an afford-
constructs were marginally less sweet than their bacterial  able, safe and easily scalable production system, character-
counterparts (Fig. 7). ized, in recent years, by exciting biotechnological progresses
(Lomonossoff and D’Aoust 2016; Moustafa et al. 2016;
Tschofen et al. 2016). In particular, the extraordinarily high

Discussion expression levels obtained for proteins produced by plastome
transformation (Oey et al. 2009; Lentz et al. 2010; Boyhan
Over the past decades, a wide range of heterologous expres-  and Daniell 2011; Castiglia et al. 2016) has opened new

sion systems has been developed for the production of  perspectives to plant biotechnologists. In this work, we
recombinant proteins with industrial applications (Demain  exploited the possibility to use tobacco chloroplasts as a
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Fig.6 Circular Dichroism (CD) unfolding curves at pH 5.1 of Y65R-MNEI, Mut3 and E23Q-MNEI produced in tobacco chloroplast (green) or
in E. coli (red). All mutants show comparable stability independently from the production host
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Fig.7 Sweetness thresholds of the different MNEI mutants produced
in plants (green) or in E. coli (red). All proteins possess comparable
sweetness to their bacterial homologous

stable and cheap production platform for high expression
levels of MNEI mutant proteins, which could become alter-
native sweeteners, employed also by people suffering of
chronic diseases (e.g., obesity, diabetes and hyperlipemia).
After its start in the 70s, research on sweet proteins has in
fact had a recent comeback, due to the need of substituting
sucrose in the diet to stem the spreading of these patholo-
gies, both in western world and developing countries. The
use of sweet proteins as sugar replacers has been tradition-
ally limited by various factors: the difficulty of farming the
tropical plants from which they could be extracted; the
intrinsic structural lability of the proteins upon exposure to
harsh environmental factors and, in some cases, the lack of
thorough evaluations of the effects of their consumption on
human health. To date, in fact, only thaumatin has been
approved by food agencies for human consumption, in con-
sequence of its recognized lack of toxicity (Higginbotham
et al. 1983). Recent experimental work, though, indicates
the absence of mutagenetic effects and environmental toxic-
ity for MNEI (Rega et al. 2017), which bodes well for future
studies in this direction and for the possibility of extending

the safe status also to monellin derivatives. We focused on
the hyper-sweet Y65R-MNEI, the highly stable E23Q-
MNEI, and the “sweeter and stronger”” Mut3 (Esposito et al.
2006; Leone et al. 2016; Leone and Picone 2016). The pro-
duction of constructs with improved characteristics, which
overcome the intrinsic limits of natural wild type monellin,
is in fact one of the most important benefits of the recombi-
nant production of these proteins. All MNEI mutants were
stably expressed in tobacco chloroplasts, with protein yields
ranging from 5% to more than 50% TSP for Y65R-MNEI
and E23Q-MNE]I, respectively. These high expression levels
had no negative effect on plant phenotype. It is well-known
that many factors, such as gene regulatory sequences (pro-
moter, 5'-UTR or TCR, 3'-UTR), codon usage, intrinsic
properties of recombinant proteins, plant tissue and species,
can affect the protein accumulation level in transgenic chlo-
roplasts (Scotti et al. 2009; Apel et al. 2010; Castiglia et al.
2016). Since in this work, the maximum yield for each
MNEI mutant was obtained using the 5'-UTR of gene /0 of
the phage T7 as regulatory sequence, the variable expression
level observed between the variants tested could be due to
both codon usage and intrinsic property of recombinant pro-
teins. In fact, the highest yields were achieved with the E.
coli-optimized Mut3 (20% TSP) and E23Q-MNEI (50%
TSP) transgenes. These two mutant proteins also showed,
compared to Y65R-MNEI, a more stable and constant accu-
mulation level in leaves at different developmental stage, and
a good enrichment by thermal treatment of leaf extracts.
Compared to previous studies on the expression of MNEI
mutants in transplastomic plants using different 5'-UTR as
regulatory sequence (Roh et al. 2006; Lee et al. 2012), the
protein yields here reported represent the highest accumula-
tion levels for the production of MNEI mutants in plants so
far. In particular, the highest yield obtained in the tobacco
plastome (5% TSP) with MNEI-E24W mutant (Lee et al.
2012) is comparable to the accumulation level we achieved
with the Y65R-MNEI protein, the mutant characterized by
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the lowest protein yield. Furthermore, the plastid-derived
MNEI-E24W and other mutants were not characterized from
biochemical or functional point of view, being these analyses
performed on E. coli-derived protein mutants (Lee et al.
2012). In this study, we report, for the first time, the develop-
ment of a purification procedure for MNEI protein mutants
produced in transplastomic plants that allowed for a 50%
recovery of pure protein (with 99% of purity). Purification
procedure is still a crucial and limiting downstream process
for recombinant proteins as demonstrated by the poor recov-
ery (400 ug of miraculin from 100 g of transgenic tomato
leaves) achieved by Sun et al. (2007) through a purification
protocol based on ammonium sulfate precipitation and three
rounds of chromatography. Based on the accumulation level
and the percentage of pure protein recovery we could esti-
mate a lab-scale production up to 25-30 mg of MNEI mutant
protein/plant, notably, without the introduction of affinity
tags. Usually, the use of an affinity tag permits the develop-
ment of a faster purification protocol based on a single chro-
matography step but for such proteins this is an important
issue, because even small modifications in the sequence of
sweet proteins could dramatically affect their function. In
fact, all sweet proteins own their peculiar taste profile to the
possibility of binding to the dimeric sweet taste receptor
T1R2-T1R3 (Cui et al. 2006). This interaction occurs
according to the so-called “wedge model”, which involves
several surface residues of the protein binding to a cleft
encompassing both subunit of the receptor (Morini et al.
2005; Temussi 201 1a and b) and is only possible when the
protein is correctly folded and the proper amino acids pattern
is displayed on the protein surface. The purity and identity
of plastid-based recombinant proteins was demonstrated by
MALDI-ToF analysis, which showed peaks with higher
molecular weight than their bacterial counterparts due to the
insertion, for cloning purposes, of the tripeptide MAS at the
N-terminus of the proteins. This analysis also showed that
the start methionine was correctly cleaved in all plastid-
derived proteins, a mechanism in many cases related to the
correct functionality of the synthesized proteins (Giglione
et al. 2003). By contrast, the proteins produced in E. coli
retained the methionine, a phenomenon sometimes associ-
ated to protein overproduction, which, in our case, fortu-
nately did not affect the proteins’ taste (Giglione et al. 2004).
No other sequence differences were revealed by MALDI-
ToF and MS/MS analyses. Additional biochemical analyses
confirmed the high similarity, in terms of structure, stability
and function, of the proteins produced in plant chloroplasts
and bacteria. The small sequence differences, localized at
the N-terminus, might slightly affect the interaction between
the protein and the sweet taste receptor and be responsible
of the marginally lower sweetness of plastid-based MNEI
mutants compared to their bacterial homologues. Neverthe-
less, based on results of E. coli-derived MNEI protein that

@ Springer

showed a Recognition Threshold (RT) 3000 times lower than
sucrose (Di Monaco et al. 2013), we could assume that all
plastid-derived proteins, even if they showed a slightly lower
sweetness compared to their bacterial counterparts, still
exhibited a remarkable sweetness, and hence they can be
considered promising candidates as high intensity hypoca-
loric sweeteners. The high protein yields obtained in this
study confirm that plastid transformation technology is a
realistic, safe, stable (in all plant generation tested), and cost-
effective production platform for low-calorie sweeteners,
because once a homoplasmic transplastomic plant is
achieved and seeds are collected, they can be grown and
scaled up according to the requirements without particular
equipment either in academic research laboratory or at
industrial scale. On the contrary, fermenter-based systems
require equipment and growth media, which affects the pro-
duction costs (Waheed et al. 2015). No significant difference
in term of costs was observed between plant-and fermenter-
based production systems for downstream processing. Fur-
ther work will be necessary to complete the direct compari-
son of the properties of plastid-based MNEI mutants and
sucrose.
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