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Summary

Summary

This work describes a new strategy for the supply of the semi-essential amino acid (AA)
Arginine (Arg) to food and feed: The production of the Arg rich, bacterial storage compound
cyanophycin (CGP) and its degrading enzyme cyanophycinase (CGPase), which hydrolyzes
CGP to B-Asp-Arg dipeptides, in plants. These dipeptides can be administrated in two ways:
The supplementation of food and feed with isolated CGP and CGPase, and the coexpression

of both proteins in one plant and direct administration in the chow.

In a first step the CGP production in the chloroplasts of plants was optimized for a
commercialized application by the use of the cultivars Nicotiana tabacum Badischer
Geudertheimer (BG) and Virginia Golta (VG). So far, CGP was produced in N. tabacum Petit
Havana SRI (PH) and Solanum tuberosum cultivars. BG produced 170 % more biomass than
PH and in the TO generation with up to 8.8 % more CGP in the dry weight compared to PH
(1.74 %) and S. tuberosum (7.5 %) without the phenotypic changes as described for S.
tuberosum where high CGP yields were associated with an aberrant tuber phenotype.
Furthermore, the CGP content in BG plants was more homogenous between parents and
descendants compared to VG. Consequently, BG is the most suitable cultivar for a
commercialized CGP production. In a second step, we could show that plants are able to
produce an active form of two CGPases, CPHB and CPHE, and that the coexpression of
CGP and CGPase in one plant is possible. CPHE was produced in higher amounts and
showed a higher activity than CPHB. While CPHE was stable in BG plants and degraded
CGP after cell homogenization, no activity was detected for CPHB due to its instability in

crude extract of BG plants and low expression level in the chloroplast.

Feeding studies with isolated CGP and CGPase in mice also revealed that CGP can be
degraded in the gastro intestinal tract of mice (GIT), but unexpectedly no increase in the Arg
concentration, but of B-Asp-Arg dipeptides was detected in the plasma. This indicates that
these dipeptides can’t be hydrolyzed in the enterocytes of mice and are probably not

bioavailable.

In conclusion, we showed that high amounts of CGP and CGPase can be produced for a
commercial application and that the coexpression in plants and a degradation of CGP in
crude plant extracts and in the GIT of mice is possible. Though more work is necessary
according to the bioavailability of the B-Asp-Arg dipeptides, our strategies show the potential

to replace the conventional Arg supplementation.
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Amino acids (AA) are essential for the synthesis of proteins and are precursors of many low
molecular substances with high physiological value. In the last century the effort to define the
optimal content of AA in food of humans and livestock increased (Wu, 2009). This applies not
only for essential AA, which can’t be synthesized by the organism and have to be provided in
food and feed, but also for non-essential and conditional AA, which are only essential for
some species or during certain developmental stages and environmental conditions (Hou et
al.,, 2015; Li et al.,, 2011; Rose and Rice, 1939). One example for a semi-essential and
conditional AA is arginine (Arg), which is non-essential for adult mammals but is

indispensable for young mammals and avian species (Rose and Rice, 1939).

Beside the synthesis of Arg in the organism, Arg is mainly released from food proteins by
proteases and peptidases as short chain peptides or free Arg in the lumen of the
gastrointestinal tract (GIT) (reviewed by Wu et al. (2016)). In mammals, 40 % of dietary Arg
is utilized directly in the enterocytes and in bacteria in the lumen. The other 60 % are
transported to the vascular circulation in two ways: Free Arg is transported from the lumen of
the small intestine into the enterocytes via the cationic amino acid transporters of the b®*
system while Arg, which is bound in di- or tripeptides, is transported by PepT1 or PepT2
transporters (Klang et al., 2005; Rubio-Aliaga and Daniel, 2008). The uptake of di- and
tripeptides is more efficient and furthermore, promotes the single AA uptake (Matthews and
Adibi, 1976; Wenzel et al., 2001). After the transport of di- and tripeptides into the enterocyte,
they are cleaved in the cytosol by peptidases and free Arg is transported into the vascular
circulation and to the extra-intestinal tissue by y'LAT1 and to a smaller extent by y+LAT2
transporters (reviewed by Broer (2008)). Arg is then utilized during protein synthesis and as
precursor for multiple low molecular substances such as creatine, nitric oxide, polyamines
and other AA like proline (Pro), citrulline (Cit) and glutamic acid (Glu) (reviewed by Wu et al.
(2016)).

Because the rate of utilization could be higher compared to the rate of synthesis and
insufficient amounts of Arg might be provided by food or feed, Arg has to be supplemented to
meet the optimal supply (Li et al., 2011; Wu, 2009; Wu et al., 2016). This is the case in
conventional animal production, because commonly used soy and corn diets for poultry and
pig nutrition are low in Arg (Li et al., 2011). The supplementation of this diets with Arg leads
to beneficial effects like higher reproduction rates, or better development and health of young
mammals (Mateo et al.,, 2007; Wu et al.,, 2010; Yang et al.,, 2016; Zeng et al., 2008). It
increases muscle gain and meat quality (Ma et al., 2010; Ma et al., 2015; Tan et al., 2009)

and a positive effect of Arg supplementation on human athletes performance is also
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discussed (Hwang and Willoughby, 2015). Arg also improves health and immune response
(reviewed by Hou et al. (2015)), while no adverse effect on health were found for rats and
pigs (Hu et al., 2015; Yang et al., 2015).

The AA can be supplemented to the forage using Arg rich components like for example
fishmeal (Li et al., 2011), chickpea seeds (Cortes-Giraldo et al., 2016) or free Arg
synthesized by bacterial fermentation (Utagawa, 2004). These supplementation forms are in
the case of fermentation more expensive (Merlin et al., 2014) and in the case of fishmeal not
as sustainable as the direct increase of the content in plants (Hardy, 2010). Hence, it's of

interest to increase Arg in plants to improve their nutritional value.

A1 Biofortification as strategy to increase the Arg content in plants

Increasing the nutritional value of plants by breeding or plant biotechnology is called
biofortifcation and is described for vitamins and minerals (reviewed by De Steur et al. (2015)
as well as for AA (reviewed by Galili et al. (2016)).

For the increase of the AA content in plants conventional breeding has mostly failed and if
AA were increased, the crop yield decreased (Galili and Amir, 2013; Galili et al., 2016).
Besides the decrease in crop yield, the failure of conventional breeding is caused by the
feedback inhibition of AA synthesis on different levels and the lack of possibilities to avoid
this regulation (reviewed by Galili et al. (2016)). In contrast to conventional breeding, four
transgenic approaches have led to an increase of essential AA in different plant species and

cultivars like A. thaliana, tobacco, potato, soybean, alfalfa, rice, barley, and canola.

One approach was the overexpression of different feedback insensitive regulatory enzymes
of the respective AA synthetic pathway, which led to an increase in the pool of the AA
phenylalanine and tryptophan (Trp) and their secondary metabolites in Arabidopsis thaliana
(Tzin et al., 2012), tomato (Tzin et al., 2013) and petunia (Oliva et al., 2015). This approach
was also successful in multiple studies for Trp, threonine (Thr), methionine (Met) and lysine

(Lys) in various plants as reviewed by Galili and Amir (2013) and Galili et al. (2016).

Another possibility is the suppression of seed storage proteins which contain low amounts of
the AA of interest. One example is the RNAi mediated decrease of the Lys-poor, 19 kilo
Dalton (kDa) seed storage protein a-zein. This strategy led to an increase of Lys and Met in
the total AA concentration in maize seeds (Huang et al., 2004). A similar approach was used
by Sikdar et al. (2016) who used RNAI to reduce the prolamins C-hordein and w-gliadins in
barley and showed an increase in the content of Pro, Lys, Thr, Met, leucine (Leu) and
glutamine (GIn). Combining the expression of feedback insensitive enzymes and decreasing
the zein content led to an even higher accumulation of Lys and other AA like Arg, Trp and
histidine (His) in maize seeds (Frizzi et al., 2010; Huang et al., 2006; Huang et al., 2005).
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Besides the suppression of storage proteins with a low content of AA, the down regulation of
the catabolic enzymes for these AA is another possibility which might lead to a reduction of
the respective catabolism and hence to an increase in AA. This was successfully shown in
plants for Lys (Frizzi et al., 2008; Hournard et al., 2007; Reyes et al., 2009) and Met
(Avraham and Amir, 2005). Additionally, the combination of the down regulation of the Lys
catabolism and the expression of a bacterial feedback insensitive enzyme for Lys synthesis
led to an 80 fold increase in Lys and 38 fold increase in Met content in A. thaliana (Zhu and
Galili, 2003).

The overexpression of storage proteins which contain a high amount of the AA of interest is
another strategy, which has been used to increase the AA content in plants. One approach
was the design of synthetic proteins which contain high amounts of the desired AA and
showed promising results in experiments in bacteria, but transferring these proteins to plants
did not lead to much success, because of low protein production (Beauregard and Hefford,
2006; Galili and Amir, 2013). In a second strategy, the sequence of genes encoding storage
proteins was fortified with additional codons for Lys and Met (De Clercq et al., 1990; Forsyth
et al., 2005; Hoffman et al., 1988; Torrent et al., 1997). In addition, chimeric genes were
designed to support an increase in the AA content of plants. For example a fusion of the Pro
rich region of the gamma-zein from maize and phaseoline from bean (“zeoline”) or a fusion of
the rice glutelin storage protein to the Lys rich protein from winged bean were designed
(Mainieri et al., 2004; Sun and Liu, 2008). Additionally, Wong et al. (2015) overexpressed
endogenous Lys rich histone proteins in rice seeds and measured an increase in Lys of up to
35 %. The use of storage proteins from other plants as heterologous source of AA was also
investigated. Expression of the Sb401 protein from potato in maize for example increased
the Lys content by 16.1-54.8 % and the total protein content up to 11.6-39.0 % (Yu et al.,
2005). Comparable results were described by Liu et al. (2016) who expressed the Lys rich
protein gene (LRP) of winged bean in the endosperm of rice and achieved an average
increase in the Lys content of 34,76 % combined with an increase in all other AA compared
to the controls. In line with this result, the expression of a Lys rich protein gene from cotton
(GhLRP) led to up to 65 % more Lys in maize compared to the controls (Yue et al., 2014).
Another storage protein which led to an increase in Met and Lys in different cultivars was 2S
albumin from Brazil nut and Sunflower. In tobacco and canola the Met content increased to
about 30-33 % (Altenbach et al., 1992; Altenbach et al., 1989) and up to 62 % in rice (Lee et
al., 2003). Expressing the sunflower 2S albumin in lupine even increased the Met content up
to 97 % (Molvig et al., 1997).

While all of these approaches led to promising results, they also had to deal with drawbacks

like protein instability, interference with other endogenous proteins, unfavorable phenotypes
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like lower seed biomass and reduced germination rates and in the case of S2 Albumin the
high allergenic potential of the protein, which limits its biotechnological use (Angelovici et al.
(2011), Liu et al. (2016), reviewed by Galili and Amir (2013)).

Despite these drawbacks all these strategies have the potential to avoid the feedback
regulation which also regulates the Arg synthesis (Fig. A1). Arg is synthesized in the
chloroplast via the cyclic pathway as reviewed by Slocum (2005) and Winter et al. (2015) in
two steps: First Glu is utilized in multiple steps to form ornithine (Orn) in the cyclic pathway
and secondly, Orn is catabolized to form Arg (Fig. A1). The feedback inhibition regulates the
Arg synthesis on three levels. N-acetylglutamate synthase (NAGS), the first enzyme in the
Arg synthesis, which acetylates Glu to N-acetylglutamate, is down regulated in presence of
Arg (Sancho-Vaello et al., 2009; Winter et al., 2015). The second enzyme, N-Acetylglutamate
kinase (NAGK) (Mckay and Shargool, 1981), which forms N-acetylglutamate-5-P, is also
inhibited by Arg, but only under low nitrogen levels, while the enzyme activity is increased
under high nitrogen availability, because the binding of PIl proteins to NAGK decreases the
enzymes sensitivity for Arg under these conditions (Burillo et al., 2004). The third step of the
regulation of Arg synthesis is the inhibition of N* acetylornithine:glutamate acetyltransferase
(NAOGACT), which forms Orn by removing the acetyl group of N? acetylornithine and
represents the cycle part of Arg synthesis, recycling the free acetyl group to Glu. (Shargool
and Jain, 1985). This step might limit the Orn production and therefore the amount of

substrate to form Arg (Slocum, 2005).
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Glutamate
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Fig A 1: Arginine synthesis and feedback regulation of respective enzymes in plants according to Slocum
(2005) and Winter et al. (2015). Red arrows indicate feedback regulation steps. The red dashed arrow
indicates feedback inhibition at low nitrogen availability. Acetyl CoA: Acetyl coenzyme A; ATP:
Adenosine triphosphate; ADP: Adenosine diphosphate; AMP: adenosine monophosphate;
NADP*/NADPH: Nicotinamide adenine dinucleotide phosphate; P: Phosphate; PPi: Diphosphate; NAGS:
N-Acetylglutamate synthase; NAGK: N-Acetylglutamate kinase; NAGPR: N-acetylglutamate -5-P
reductase; NAOT: Nz-acetylornithine aminotransferase; NAOGAcT: N acetylornithine:glutamate
acetyltransferase; CPS: Carbomyl phosphate synthetase; OTC: Ornithine transcarbamylase; ASSY:
Argininosuccinate synthase; ASL: Argininosuccinate lyase

Since the Arg synthesis is not yet fully understood in plants (Winter et al., 2015) and its
feedback inhibition depends on different environmental conditions and is regulated on
different levels, the most suitable strategy to increase the Arg content is the expression of
stable storage proteins in which Arg is bound in high amounts. One candidate protein for this

approach is the bacterial storage protein cyanophycin.

A2 Cyanophycin as an arginine source in plants

Cyanophycin (multi-L-arginyl-poly-L-aspartic acid) or cyanophycin granule polypeptide
(CGP), is a nitrogen, carbon and energy storage protein which is synthesized during the
transition of the cells from the exponential to the stationary phase by most of the
cyanobacteria and also several non- photosynthetic bacteria (Allen et al., 1984; Mackerras et
al., 1990; Simon, 1987; Simon and Weathers, 1976; Ziegler et al., 2002). It is built via non
ribosomal biosynthesis by the enzyme cyanophycin synthetase (CPHA) (Ziegler et al., 1998)
and consist of a L aspartic acid (Asp) backbone, which is linked via the B-carboxyl group to

the a-amino group of -L-Arg residues (Simon and Weathers, 1976) (Fig. A2).
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Arg Arg Arg Arg Arg

*HzN —Asp—Asp LAsp J Asp — Asp — COO-
n

Fig A 2: Structure of cyanophycin granule polypeptide (CGP) (Simon and Weathers, 1976)

CGP is insoluble under physiological conditions but soluble at acidic or alkaline pH values
(Simon et al., 1980). Besides its natural function it is of interest for industrial purposes,
because it can be converted into Polyaspartate and L-Arg by mild hydrolysis (Joentgen et al.,
2001). Polyaspartate can be used in various technical and medical processes to replace non-
biodegradable polyacrylates (Joentgen et al., 2001; Oppermann-Sanio and Steinbuchel,
2002; Schwamborn, 1998), while L-Arg, could serve as a starting point for the synthesis of a
broad range of chemicals (Mooibroek et al., 2007; Scott et al., 2007). Hence, in the past a lot
of effort was taken to optimize the biotechnological production of CGP in several bacteria
such as Escherichia coli (E.coli) (Abd-El-Karem et al., 2011; Du et al., 2013; Du et al., 2016;
Hai et al., 2006; Hai et al., 2002; Krehenbrink et al., 2002; Ziegler et al., 2002; Ziegler et al.,
1998), Ralstonia eutropha (Aboulmagd et al., 2001; Voss et al., 2004; Voss and Steinbuchel,
2006), Pseudomonas putida (Aboulmagd et al., 2001; Voss et al., 2004), Corynebacterium
glutamicum.(Aboulmagd et al., 2001) and Sinorhizobium meliloti (Abd-El-Karem et al., 2011).
Furthermore, also eukaryotic expression systems like Saccoromyces cerivisiae (Steinle et
al., 2009) and Pichia pastoris (Steinle et al., 2010) were used. Both eukaryotic organisms
accumulated CGP to about 15 % of the cell dry matter (CDM) (Steinle et al., 2009; Steinle et
al., 2010), while much higher expression levels of CGP where achieved in Ralstonia
eutropha (40 % of CDM) (Voss and Steinbuchel, 2006), Sinorhizobium meliloti (40 % of
CDM) (Abd-El-Karem et al., 2011) and up to 43,4 % in Pseudomonas Putida (Wiefel et al.,
2011).

Interestingly, the recombinant CGP varies in properties like composition and solubility from
the natural occurring CGP. In the recombinant CGP producing strains Lys was partially
incorporated in the side chains instead of Arg (Krehenbrink et al., 2002; Steinle et al., 2009;
Steinle et al., 2010; Ziegler et al., 1998). Furthermore, also Cit (Steinle et al., 2009; Wiefel et
al., 2011) and Orn (Steinle et al., 2009) were detected in CGP. Besides these structural
changes, recombinant strains also produced soluble CGP additionally to the insoluble
polypeptide (Fuser and Steinbuchel, 2005; Steinle et al., 2010; Wiefel et al., 2011; Ziegler et
al., 2002). Frommeyer and Steinbuchel (2013) and Wiefel and Steinbuchel (2014) found that
the Lys content in the polypeptide determines the solubility of CGP, but the cultivation

conditions and the temperature during CGP isolation might also have an influence (Du et al.,
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2016; Wiefel and Steinbuchel, 2014). Furthermore, the production of CGP in different plant
species revealed that the Lys content was very low in plants but soluble CGP was still
detected, indicating a possible influence of the CGP producing organism on the proportion of
soluble CGP (Nausch et al., 2016).

For CGP production in plants the CPHA encoding gene (cphAr) from
Thermosynechococcus elongatus BP-1 was expressed in the cytosol and chloroplast of
Nicotiana tabacum cv. Petit Havanna SRI (PH) and Solanum tuberosum cv. Desirée (STD)
and Albatross (STA) (Huhns et al., 2009; Hihns et al., 2008; Neubauer et al., 2012;
Neumann et al., 2005). Constitutive expression in the cytosol of PH led to a CGP
accumulation of about 1.1 % of the dry weight (DW). Arg was partially replaced by Lys in a
ratio of 1:1.05:0.1 (Asp-Arg-Lys) and the insoluble and soluble fraction were measured in a
ratio of 1:0.6 (Neumann et al., 2005). In STD the expression of cphAre led to only up to 0.24
% total CGP (0.19 % insoluble) of the DW in leaves in a ratio of insoluble to soluble CGP of
1:0.26. The CGP content in tubers was below the detection level, but was shown by electron
microscopy (Neumann et al., 2005). In both cultivars the expression of CGP led to an
aberrant phenotype, like limited growth rate, variegated leaves which were thicker compared
to the control plants and reduced number and size of the grana stacks in the chloroplasts
(Neumann et al., 2005). These stress symptoms might be caused by the interference of CGP
with the endogenous metabolism (Nausch et al., 2016; Neumann et al., 2005). Targeting the
CGP production to the chloroplasts of PH and STA led to a normal phenotype of the plants
and an increased CGP production (Hihns et al., 2008; Neubauer et al., 2012). In primary
transformants of PH a CGP content of up to 1.74 % DW was measured and in descendants
of the T2 generation an elite plant even produced up to 6.8 % CGP of the DW. In these
plants the fraction of soluble CGP in the total CGP pool was much lower than described
before (ratio of 1:0.003) (Hihns et al., 2008). In STA the mean CGP content increased to
1.6% DW in the leaves and 0.56 % DW in the tubers while the ratio of insoluble CGP to the
soluble CGP decreased to about 1:0.05 compared to plastidic expression in STA (Neubauer
et al., 2012). Huhns et al. (2009) showed that the tuber specific expression of CGP can
increase the accumulation in STA to about 1.35 % DW in the cytosol of the tubers, while no
CGP was found in the leaves. The respective tubers were smaller and deformed compared
to the control. As described before, targeting of the CGP production to the plastids, led to an
increase in CGP content to up to 7.5 % DW (mean 3.76 % DW). These tubers did not differ
in the size, but showed brown staining (HUhns et al., 2009). Hihns et al. (2009) also
analyzed the pool of bound and free Arg, Asp, Lys and Glu in hydrolyzed soluble cell protein,
including the soluble CGP but not the insoluble CGP, which was the major fraction of total

CGP. It was shown that the amount of bound Arg and Lys was lower in higher CGP
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producing tubers compared to the control plants which might result from its possible
incorporation into the insoluble polymer. Additionally, the pool of free Glu, which is a
precursor of Arg, was lower in the transgenic plants compared to the controls, while this did
not hold true for free Arg. (Hihns et al., 2009). During plant growth and long term storage of
plant material CGP reveals to be very stable and does not seem to be metabolized or
degraded in plants (Huhns et al., 2009). Hence CGP is a potent storage peptide for bound
Arg in plants. This stability is most likely due to the fact that the degradation of CGP is solely
catalyzed by a group of enzymes called cyanophycinase (CGPase), which have not been

found in plants yet.

CGPases occur in two classes: First, the intracellular CGPase from cyanobacteria, called
CPHB, which was described in cell extracts of Anabena 7120 by Gupta and Carr (1981),
Aphanocapsa 6308 (Allen et al., 1984) and Synechocystis sp. PCC 6803 (Richter et al.,
1999). The overexpression and analysis of CPHB in E.coli revealed that it is a serine type
exopeptidase with a dimeric structure (Law et al., 2009; Richter et al., 1999) and its binding is
highly specific for the substrate features of the B-linked aspartyl peptides (Law et al., 2009).
The second CGPase class is called CPHE, which is an extracellular Cyanopyhcinase
expressed by non cyanobacteria (Obst et al., 2002) and which was also found in the colon of
mammals, birds and fish (Sallam and Steinbuchel, 2009). Both CGPases catalyze the same
reaction, the degradation of CGP to 3-Asp-Arg dipeptides (Gupta and Carr, 1981; Richter et
al., 1999) (Fig. A3).

Arg Arg Arg Arg Ar @ Arg
*HyN —Asp—Asp Asp Asp—Asp—COO Asp COO
Arg n-1

n

As pj’ g

Asp

Fig A 3: Degradation of cyanophycin (CGP) by the enzyme cyanophycinase (1) to B-Asp-Arg dipeptides
and hydrolysis to single amino acids by either isoaspartyl dipeptidase, isoaspartyl aminopeptidase or
plant type arginases (2) according to Simon and Weathers (1976), Gupta and Carr (1981) and Hejazi et al.
(2002)

The release of B-Asp-Arg dipeptides with high nutritional value as supplement for food and
feed in nutrition and therapy is an additional use of CGP to the above mentioned applications
and was already investigated in bacterial cell cultures (Sallam et al., 2009; Sallam and
Steinbuchel, 2010; Santos et al., 2012). However, cell cultures may have different
disadvantages compared to plants, depending on the produced protein, and might be less

suitable for large-scale synthesis, because they are limited in terms of productivity, scalability
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and are less cost effective (Ma et al., 2003; Merlin et al., 2014; Sabalza et al., 2014). Hence,
the use of plants as source for B-Asp-Arg dipeptides could be a sustainable alternative to cell
cultures by the expression of CGP and CGPase in plants and supplementation of both
isolated components to the feed. Recently the expression of active CPHE was described in

Nicotiana benthamiana (Nausch and Broer, 2016).

The production of CGP and CGPase in one plant is a more interesting approach and might
result in a cheap and sustainable supply of Arg to livestock. Therefore, CGPase has to be
coexpressed in CGP producing plants. To achieve this goal, two strategies are possible.
First: CGPase expression in the chloroplast where CGP is present (Hihns et al., 2009;
Hihns et al., 2008), which might result in the release and accumulation of -Asp-Asg
dipeptides during plant growth. Hereby, it has to be considered that (-Asp-Arg dipeptides
might be further hydrolyzed to the single amino acids Arg and Asp by peptidases (Fuser and
Steinbuchel, 2007; Richter et al., 1999) (Fig. A3), which could result in the feedback inhibition
of the Arg synthesis. However, a B-aspartyl dipeptidase from Arabidopsis thaliana did not
cleave the B-Asp-Arg dipeptides (Hejazi et al., 2002), but unwanted cleavage of the
dipeptides in plants can’t be ruled out. The second strategy might be the cytosolic expression
of CGPase, resulting in a spatial separation of enzyme and substrate. The CGP degradation
is then restricted to the homogenization of the plant cell during the food uptake and the (-
Asp-Arg dipeptides are available in the gastro intestinal tract (GIT). Following these two
approaches it might be possible to increase the Arg content in plants and replace Arg

supplementation in the diet of mammals.

A3 Aims of this work and hypotheses

Because of its high stability and its Arg content, CGP is a suitable candidate protein to
increase the pool of bound Arg in plants, avoiding the feedback inhibition of Arg synthesis
and provide B-Asp-Arg peptides with high nutritional value. The aim of this work was to
increase the CGP content in the plant for a commercial production and enable its timely
degradation in order to allow substantial Arg supply in feed by the delivery of B-Asp-Arg
dipeptdes.

The production of CGP was already shown in potato and tobacco plants where tobacco
showed a higher CGP yield (Huhns et al., 2009; Hihns et al., 2008; Neubauer et al., 2012;
Neumann et al., 2005). Anyhow, the production in PH is not applicable for the production of
high amounts of CGP, because its biomass production is low. Hence, the CGP production in
plants with higher biomass yield is of interest. Two possible cultivars which were bred for
commercial tobacco production and high biomass vyield are N. tabacum cv. Badischer

Geudertheimer (BG) and N. tabacum cv. Virginia Golta (VG). Due to the higher biomass we
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assume that the expression of CPHA leads to a higher CGP yield in BG and VG compared to
PH. Hence, CPHA should be expressed in named plants via direct transformation as well as

by breeding.

In contrast to CGP, CGPase expression is not established in plants. Recently the successful
expression of CHPE was shown in N. benthamina (Nausch and Broer, 2016), but CPHB was
never expressed in plants. We use the MagniCON® transient expression system (Icon
Genetics GmbH, Halle/Saale, Germany) to analyze the expression of a cphB gene from
Thermosynechococcus elongatus BP-1 in N. benthamiana for fast evaluation of the gene
expression and protein behavior in plants. In a second step we analyzed the expression of
CPHB in CGP producing BG plants to determine whether the enzyme is able to degrade
CGP in planta and in crude plant extracts. Since CPHE was also produced successfully in
plants, we compared both enzymes according their ability to degrade CGP in the same

experiment to identify which enzyme is more suitable for this project.

After successful CGPase production, the enzyme should be used for feeding studies in mice,
which should give us insights about the ability of CGPase to hydrolyze CGP in the GIT of
mammals and the bioavailability of f-Asp-Arg dipeptides.

On the basis of our assumptions | formulate the following hypotheses:

1. The expression of cyanophycin synthetase (CPHA) in N. tabacum cv. Badischer
Geudertheimer and cv. Virginia Golta leads to a higher production of cyanophycin
compared to Solanum tuberosum and N. tabacum Petit Havanna SRI.

Plants are able to produce an active form of the intracellular cyanophycinase CPHB.

3. The coexpression of cynaophycin and cyanophycinase is possible and cyanophycin
can be degraded in planta in the chloroplast as well as after cell homogenization in
crude plant extracts.

4. Feeding of cyanophycin and cyanophycinase leads to the release of B-Asp-Arg
dipeptides in the gastro intestinal tract of mammals which increases the arginine

concentration in the plasma.
Finally, the results will be summarized to discuss the main thesis of this work:

“The coexpression of cyanophycin and cyanophycinase in plants can replace the

conventional Arg supplementation in the diets of mammals.”
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The results of this work are published in three peer reviewed journal articles.

B1 Tobacco as platform for a commercial production of cyanophycin.

Henrik Nausch, Tina Hausmann, Daniel Ponndorf, Maja Hihns, Sandra Hoedtke, Petra
Wolf, Annette Zeyner, Inge Broer (2016): Tobacco as platform for a commercial production of

cyanophycin. New Biotechnology 33, 842-851.

Author’'s contribution: | performed Southern blot analysis, determination of biomass

production and CGP quantification of N. tabacum var Badischer Geudertheimer plants (Event
116, 128, 125, 137, 157, 176).
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Cyanophycin (CP) is a proteinogenic polymer that can be substituted for petroleum in the production of
plastic compounds and can also serve as a source of valuable dietary supplements. However, because
there is no economically feasible system for large-scale industrial production, its application is limited. In
order to develop a low-input system, CP-synthesis was established in the two commercial Nicotiana
tabacum (N. tabacum) cultivars ‘Badischer Geudertheimer’ (BG) and ‘Virginia Golta’ (VG), by introducing
the cyanophycin-synthetase gene from Thermosynecchococcus elongatus BP-1 (CphAr) either via
crossbreeding with transgenic N. tabacum cv. Petit Havana SR1 (PH) T2 individual 51-3-2 or by
agrobacterium-mediated transformation. Both in F1 hybrids (max. 9.4% CP/DW) and TO transformants
(max. 8.8% CP/DW), a substantial increase in CP content was achieved in leaf tissue, compared to a
maximum of 1.7% CP/DW in PH TO transformants of Hiihns et al. (2008). In BG CP, yields were
homogenous and there was no substantial difference in the variation of the CP content between primary
transformants (T0), clones of TO individuals, T1 siblings and F1 siblings of hybrids. Therefore, BG meets
the requirements for establishing a master seed bank for continuous and reliable CP-production. In
addition, it was shown that the polymer is not only stable in planta but also during silage, which simplifies
storage of the harvest prior to isolation of CP.
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1. Introduction endogenous plant metabolites into polymers that do not occur

naturally in plants [6].

Currently, plastic polymers as well as cosmetics and dietary
supplements are predominantly produced from fossil resources
[1,2]. However, the use of petrochemicals is under debate from two
aspects: (i) it is one of the main contributors to climate change, and
(ii) fossil resources are limited and will become scarcer in the
future [3,4]. Renewable biomaterials derived from plants can
substitute petroleum based materials [5] and plant made polymers
such as rubber, starch, cellulose or lignin are already used
extensively [6]. The range of biomaterials made by plants can be
expanded by the addition of genes encoding enzymes that convert

Abbreviations: PH, Petit Havana SR1; BG, Badischer Geudertheimer; VG, Virginia
Golta; NIC, near isogenic control; CP, cyanophyin; CphAr, cyanophycin-synthetase
from Thermosynecchococcus elongatus BP-1; FW/DW, fresh/dry weight.

* Corresponding author.
E-mail address: henrik.nausch@uni-rostock.de (H. Nausch).

http://dx.doi.org/10.1016/j.nbt.2016.08.001
1871-6784/© 2016 Published by Elsevier B.V.

Cyanophycin (CP) is one such attractive polymer with the
potential to replace polyacrylates and polyamide-based plastics
[1,7]. In addition, it can be used for the production of food and feed
supplements of high nutritional value [8-10]. It occurs naturally in
cyanobacteria, where it serves as transient storage for nitrogen,
carbon and energy. The CP-polymer is composed of mainly
arginine-aspartate dipeptides and is synthesised by a single
enzyme, cyanophycin-synthetase (CphA), via non-ribosomal
protein biosynthesis [11]. Since the branched conformation of
CP differs substantially from the tertiary structure of proteins, CP
cannot be degraded by common proteases. Its degradation is
restricted to a special class of cyanophycinases, occurring
exclusively in bacteria, [2,12].

Previously, CP has been produced in prokaryotic cell cultures
and yeast by introducing the cphA-gene from various bacteria,
yielding up to 28% of dry weight (DW) [13,14]. However, cell


mailto:henrik.nausch@uni-rostock.de
http://dx.doi.org/10.1016/j.nbt.2016.08.001
http://dx.doi.org/10.1016/j.nbt.2016.08.001
http://www.sciencedirect.com/science/journal/18716784
www.elsevier.com/locate/nbt

H. Nausch et al./ New Biotechnology 33 (2016) 842-851 843

cultures are unsuitable for large-scale synthesis, since they are
limited in terms of scalability, productivity and cost [15-17].
Therefore, CP was produced in plants such as tobacco and potato
[18-20]. Yields of up to 6.8% of DW in tobacco leaves and 7.5% of
DW in potato tubers could be achieved by targeting the CP-
synthetase from Thermosynecchococcus elongatus BP-1 (CphAr.) to
the plastids [18,19]. Tobacco as non-food crop is a promising
platform and is already used for the production of therapeutic
proteins [21,22]. In addition to its suitability for producing high-
value compounds, tobacco also fits the needs of industrial large-
scale production of low-value materials [23]. Tobacco can be
grown without special demands on soil, fertilisation and environ-
ment, and it rapidly forms high amounts of leaf biomass [24-26].
Tobacco is commonly harvested manually in order to keep the
leaves intact [27]; however, since biomass and CP-content (not leaf
quality) are critical for CP-production, cultivation of CP-producing
tobacco can be mechanised using the existing agricultural
infrastructure, such as for corn or canola. Mechanised harvesting
is already practised by some tobacco farmers in Europe, yielding up
to 3.5 tleaf DW per year and ha [24,25]. In addition, plants might be
allowed to regrow after harvesting the shoot, potentially yielding
multiple crops per season. It has been estimated that up to 140-
165t leaf fresh weight (FW) per season could be generated by this
practice, which is equivalent to 16-32t leaf DW [27-29].

However, up to now, cyanophycin-producing tobacco lines have
been based on the cultivar Petit Havana SR1 (PH) [19,20]. This
cultivar is not eligible for the industrial production of CP since it
has not been bred for high leaf biomass yields. For commercial CP
production, tobacco breeders have developed two cultivars that
yield high biomass and that are more resistant to changing
weather conditions and abiotic stress: ‘Badischer Geudertheimer’
(BG) and ‘Virginia Golta’ (VG) [24,25]. Consequently, the produc-
tion of CP has been established in these two cultivars via crossing
with the PH T2 plant 51-3-2 with 6.8% CP per leaf DW, leading to a
CP accumulation of up to 9.4% CP/DW or via direct transformation,
yielding up to 8.8% CP/DW in TO transformants. BG with a
homogenous CP-accumulation in the T1 offspring seems to be
suitable for generation of a master-seed bank. Since CP is stable
during ensilage of plant tissue, CP-containing tobacco can be stored
at ambient conditions after harvest.

2. Material and methods
2.1. Plasmid construction, plant material and transformation

For constitutive, plastidic expression of CphAr., the plasmid
pPsbY-cphAr. was used [30]. Leaf specific expression was achieved
by substituting the 35S promoter with the C1 promoter from Beta
vulgaris [31], amplified from the plasmid pC1-TL with the primer
Spel-C1-fw  (5-TACGACTAGTAGCTTGAGGATCAACATT-3’) and
Smal-C1-rv (5'-TACGCCCGGGGGTATATTTTGGTTTCAAC-3’; restric-
tion sites underlined). The resulting vector pC1-PsbY-CphAre
(Fig. S1a) was verified by sequencing (GATC Biotech AG, Konstanz,
Germany). Transformation of tobacco plants with Agrobacterium
tumefaciens strains LBA4404, C58C1 and AGL1 was carried out as
described [32]. Transgene integration was confirmed by PCR using
cphA-fw (5'-GTGCCGGCCCATGTGATTGG-3') and cphA-rv (5-AGC-
CAGGAGCGGCATTGACC-3’) for the coding region of cphAr. and C1-
fw (5'-CACCTGTCAACCACTAGATGGATAGC-3’) in combination with
cphA-rv for the C1-promoter.

2.2. Kanamycin germination assay

At least 150 seeds from self-fertilised transgenic plants were
germinated on LS-medium containing 100 p.g/mL kanamycin as
described in [19]. Germination frequency was analysed by

germinating 50 seeds on LS-medium without Kanamycin. Taking
selection-free germination as 100%, the germination rate on
antibiotic-containing medium was calculated.

2.3. Greenhouse cultivation

Transgenic individuals were transferred from tissue culture 4
weeks after the last subculture, directly into 5L pots containing
peat soil (Stender AG, Schermberg, Germany). Plants were
fertilised once a week using 0.2% Hakaphos Blue (Hermann Meyer
KG, Rellingen Germany). Leaf samples were taken 6 and 12 weeks
after potting.

2.4. CP quantification

Cyanophycin analysis was conducted as described in [19] with
modifications. In 2 mL reaction tubes 30-35mg of freeze dried
tobacco leaf material was homogenised with ceramic pills using a
Precellys 24 homogenisator (VWR International GmbH, Erlangen,
Germany). Soluble proteins were extracted with 1 mL 50 mM Tris
(pH8) for 30 min in a shaker. After a centrifugation step, the pellet
resuspended in 1mL of 0.1 M HCI. After another centrifugation
step, 800 L of the supernatant was used for CP analysis. Tubes
with 1 to 10 pL of sample were filled up with 0.1 M HCl to a final
volume of 800 wL. After addition of 200 uL of 5x RotiQuant
Bradford reagent (Carl Roth GmbH+ Co. KG, Karlsruhe, Germany),
samples were measured at 595nm. A calibration curve was
prepared with purified CP from potato tubers, extracted after the
method of [33] and range of 1-5 pg/mL CP. OD values of leaf
samples from transgenic plants that where transformed with the
control vector pLH9000 were subtracted from OD values of
samples of transgenic plants.

2.5. SDS-PAGE and coomassie-staining

HCI extracts were prepared from freeze-dried leaf material as
for the CP quantification. The extracts were freeze-dried, separated
in a 12% SDS-PAGE, as described [34], and stained with Coomassie
Brilliant Blue R250. CP, serving as positive control, was isolated
from potato tubers as described above.

2.6. Ensilage of tobacco plants

At the age of 12 weeks, whole tobacco plants of BG hybrids, BG
near-isogenic controls (NICs), VG hybrids and VG NICs were
harvested at a DW of 16.2, 16.8, 20.4 and 21.1% FW and chopped
with a shredder (GE 210, Viking, Dieburg, Germany) to a particle
size of 50 mm. Approximately 400 g was ensiled in vacuum-sealed
polyethylene bags according to [35]. Silage treatments were made
in quintuplicates either as control without (CON) or with the
addition of a lactic acid bacteria (LAB) inoculant containing
Lactobacillus plantarum (DSM 8862 and 8866, application rate
3 x 10° cfu/g). Samples were stored at ambient temperature (20 °C)
for 49 days.

At opening day, silages were homogenised and an aliquot was
taken for freeze-drying. Afterwards, samples were milled and the
absolute DW of the lyophilised samples was determined by oven
drying at 105 °C for 3 h, whereas silage DW was corrected for the
loss of volatiles according to [36]. Another 50g of silage was
weighed into a beaker (600 mL), mixed with 200 mL deionised
water and stored overnight at 4 °C. Silage extracts were filtered and
the pH value was measured. Lactic acid was determined by HPLC
(Aminex HPX-87H, Biorad, Hercules, USA) as described in [35].
Fermentation losses were calculated by the difference in sample
weight at day 0 and the respective weight at the opening day.
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2.7. Southern blot analysis

Southern blot analysis was conducted according to [19].
Chromosomal DNA was digested with Bcll and EcoRI. The probe
was amplified from the plasmid pPsbY-CphAr using the primer
pair cphA-fw and —rv.

2.8. Statistical methods

Statistical analysis was performed with SPSS, using either the
non-parametric (Mann-Whitney-U or unpaired T-test) or univari-
ate ANOVA (including the post-hoc Bonferroni, Duncan and Tukey
test). A P-value P<0.05 (two-sided) was considered significant.
The variability of different events and siblings was characterised by
the relative coefficient of variation (CV, %):

1 s
V =—2-.100
3. Results

3.1. Biomass production of N. tabacum cv. ‘Badischer Geudertheimer
and ‘Virginia Golta’ in the greenhouse

The biomass of BG and VG was evaluated by two independent
greenhouse trials in parallel with PH. The leaf biomass was
determined after 6 and 12 weeks. For all three cultivars, biomass
yields were reproducible between the two trials (data not shown).
At both time points PH yielded significantly less biomass compared
to the other commercial cultivars (Table S2). After 6 weeks, BG and
VG were similar in their FW, with approximately 170% more
biomass taking PH as reference. After 12 weeks, VG yielded
significantly more leaf material than BG, with 251.0% (VG) while PH
and BG nearly had no increase in yield (Fig. 1). In addition, PH
started flowering at 6 weeks whereas both BG and VG started at 12
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Fig. 1. FW of the N. tabacum cultivars, harvested after 6 and 12 weeks cultivation in
the greenhouse. Asterisk: extreme value, identified by SPSS analysis.

weeks. The ratio between leaf FW and DW did not differ
significantly between cultivars and harvest time points (Table S2).

3.2. CP production in N. tabacum cv. ‘Badischer Geudertheimer’ and
‘Virginia Golta’

Recombinant CP synthesis can be achieved by two approaches:
(i) the direct transformation with a Psby-cphAp-encoding con-
struct, or (ii) by crossing both cultivars with transgenic PH plants.
Both attempts were conducted and compared in terms of CP yield
and plant biomass.

3.3. Crossbreeding of N. tabacum cv. ‘Badischer Geudertheimer’ and
‘Virginia Golta’ plants with the transgenic Petit Havana SR1 elite event

The PH T2 plant 51-3-2 [19], which has proven to be the highest
CP producer with 6.8% DW, served either as pollen donor (NIC X 51-
3-2) or pollen recipient (51-3-2 X NIC) in the crossings. The hybrids
with the highest CP yield were backcrossed.

51-3-2 served both as pollen donor and pollen recipient for BG
and VG hybrids. Independently of the crossing scheme, the mean
CP content of the F1 offspring was not significantly higher
compared to the 51-3-2 PH parent, measured in this study in
parallel (Fig. 2, Table S3). However, in the case of BG, in some
individual F1 hybrids a significantly higher CP content was found,
yielding up to 9.4% CP/DW (Table S3). F1 hybrids with 51-3-2 as the
pollen recipient had a significantly higher CP yield than F1 plants
from 51-3-2 as pollen donor, independent of the cultivar. Hence
only the former were used for backcrossing.

The mean CP content in F2 hybrids was similar to that of the F1
generation and even reduced in the case of BG (Fig. 2; Table S3).
Only for VG, individual F2 hybrids had increased CP levels, yielding
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Fig. 2. Average CP content in hybrids of BG and VG plants crossed with the PH elite
event 51-3-2. Crossing scheme mother (pollen recipient) X father (pollen donor).
Samples were taken from 12 week old plants, grown in the greenhouse.
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Fig. 3. CP contentin leaves of TO transformants of the N. tabacum cultivars in vitro and in the greenhouse. iv: in vitro; 6w/12w: 6 and 12 weeks of cultivation in the greenhouse;
(A) plants, transformed with the constitutive expression construct pPsbY-CphAr; (B) plants transformed with the leaf-specific expression construct pC1-PsbY-CphAre

(dashed bars); Circle: outlier, identified by SPSS analysis.

up to 8.1% CP/DW (Table S3). BG hybrids in general showed the
highest homogeneity in variance that was only less pronounced in
clones of PH 51-3-2 (Table S4). The mean FW of F2 BG and VG
hybrids averaged 76-84% of the NIC after 12 weeks (data not
shown).

3.4. CP content in TO events, transformed with pPsbY-CphAr. and pC1-
Psby-CphAr.

Transgenic BG and VG events with either constitutive or leaf-
specific plastidic CP synthesis were generated, using the vectors
pPsbY-CphAre and pC1-PsbY-CphAre.. (Fig. S1a) and three different
A. tumefuciens strains: LBA4404, C58C1 and AGL1. The vector pC1-
PsbY-CphAre.. was also introduced into PH. Transformation with
C58C1 and AGL1 yielded more shoots per explant compared to
LBA4404, independent of the construct (Table S1b). VG could not
be transformed using LBA4404. Transgene integration was verified
by PCR (data not shown).

CP content in transgenic BG and VG TO plants was measured in
leaf samples of in vitro cultured individuals and after cultivation in
the greenhouse for 6 and 12 weeks (Fig. 3). CP accumulation was
confirmed in the events with the highest CP accumulation in vitro
by separation in a Coomassie-stained SDS-PAGE (Fig. 4). In the case
of PH transformed with pPsbY-CphAr., samples were taken from
the T2 plant 51-3-2. Comparing BG and VG plants that expressed
the CP-synthetase under the control of the constitutive 35S
promoter, the mean CP content in vitro was nearly equal, 3.4% and
3.9% CP/DW (Table S5). Plants in the greenhouse did not reach this
CP yield, even when grown to 12 weeks (Table S5). Although mean
CP content was quite similar in BG and VG, top producers differed
significantly with 8.8% and 6.6% CP/DW respectively.

Similar to the analysis for PH in [19], the CV value was
determined for the 7 events of BG and VG with the highest CP
content. The homogeneity of variances proved to be comparable in
both cultivars, with a relative variation coefficient of BG 5.26 and
VG 4.99 (Table S6).

The C1 promoter was significantly more efficient in BG both
compared to the C1 in VG and the 35S promoter in BG and VG
under in vitro conditions (Fig. 3). In the greenhouse, CP
accumulation levels were similar between 35S and C1 in BG but
lower in VG (Table S5). Comparing the variation in CP content in
BG, VG and PH with the C1 construct, the variance was significantly
more homogenous in BG compared to VG and PH (Table S7).
Independently of the construct and cultivar, there was no
statistically significant increase in CP content between 6- and
12-week old transgenic BG and VG plants (Fig. 3). CP content was
also determined in single leaves of four 12-week old BG
individuals, carrying the constitutive pPsbY-CphAg. construct at
one time point (Fig. 5). The levels of CP in all leaves were similar
independent of the age and did not differ significantly.

3.5. CP-content in T1 descendants of N. tabacum cv. ‘Badischer
Geudertheimer’

Increased yields of recombinant proteins and polymers through
conventional breeding have already been reported [37-39]. In
addition, establishing a master seed bank of transgenic events to
enable consistent yield is a prerequisite for commercial produc-
tion. Since in the greenhouse the leaf-specific C1 construct did not
perform any better than its 35S counterpart and because VG did
not show any significantly higher CP content than BG under the
same conditions, breeding attempts were only made for the crop/
construct-combination BG + pPsbY-CphAr. The T1 generation of
six events was generated by self-pollination (Table 1). Seeds from
two events (BG 128 and 176) had considerably reduced germina-
tion rates on the selection-free medium (Table 1). In addition, for
two events of BG (116 and 125) germination rates were 100% on
selection-free medium but were considerably reduced on selective
medium. Adverse effects on the germination rate correlated
neither to the amount of CP in the parents nor to the copy numbers,
which were determined by Southern blot (Table 1; Fig. S8).

Most of the T1 plants showed very slight reductions in CP level
compared to TO plants, but this trend was not significant (Fig. 6).
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Fig. 4. Coomassie-stained SDS-PAGE of HCl-extracts from leaves of the N. tabacum cultivars from in vitro culture. (A) 35S: transgenic events, transformed with pPsbY-CphAre;
C1: transgenic events, transformed with pC1-PsbY-CphAre; leaf samples were taken 8 weeks from in vitro plants after the last sub-culturing; M: PageRuler Plus Prestained
Protein Ladder Mix (ThermoScientfic; Darmstadt/Germany): numbers: purified CP in pg. (B) events, analysed in the SDS-PAGE.

However, individual T1 descendants had considerably higher CP
content compared to the parent as well. For example the T1 plant
128-28 yielded 3.5% CP/DW compared to 2.5% in the parent 128
(Table S9). In addition, the relative variation coefficient was more
homogenous in the T1 generation compared to the TO parents
(Table S10).

3.6. Comparison of the variation of CP-content in clones and siblings of
the transgenic tobacco cultivars N. tabacum cv. ‘Badischer
Geudertheimer’

Besides the influence of the host genome, CP-content might be
impacted by environmental factors. In order to differentiate
between both factors, the variation in the CP amount among
clones of BG was determined and compared to the variation among
siblings/descendants of TO events (Fig. 7). Samples were taken
from 12-week old plants cultivated in the greenhouse. The
variation between clones was equal to or slightly lower than that

among siblings, with a CV-value of 12.97 in clones and 12.36
(£3.13) as mean of 6 lines of siblings (Table S11), which was also
true when comparing the 7 siblings with the highest CP content
(Table S12). However, only clones from one individual were
investigated.

3.7. Evaluation of the fermentation quality of silages of N. tabacum cv.
‘Badischer Geudertheimer’ and ‘Virginia Golta’

Efficient storage of VG and BG would enable decoupling of
biomass production and processing and thereby significantly
reduce the costs of CP production under industrial conditions
[40,41]. Neither cultivar has been used for the production of
tobacco silage before and they differ substantially in key
parameters that are essential for fermentation quality, such as
sugar content [24,25]. Hence, ensilability was determined using
12-week-old F2 hybrids BG 25 and VG 24, as well as using 12-
weeks-old BG and VG NICs. Experiments were conducted in two
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Fig. 5. CP content in leaves of different development stages. Lines represent CP
content in individual plants of BG transformed with expression cassette pPsbY-
CphAre. Samples were taken from 12 week old plants, grown in the greenhouse.

independent trials in 2010 and 2011. At harvest, CP content in BG
25 and VG 24 hybrids averaged 13.38 and 13.44 mg CP/g DW (2010)
and 24.60 and 21.96 mg CP/g DW (2011), respectively. Representa-
tive data for the trial in 2011 are shown in Table 2.

The most important variable to establish anaerobically stable
silages is the pH value, as undesired microorganisms are hampered

Table 1
Germination rates of TO events of the transgenic BG, used for breeding.

in an acidic silage environment. The pH value in silage extracts of
both cultivars after 49 days of ensilage ranged between 3.44 and
3.87 (Table 2). Silages inoculated with LAB were always lower in pH
than control silages without LAB addition (P < 0.05), although
differences between treatments were only marginal in the CP
producing BG 25 and VG 24. Corresponding to the low pH, in all
hybrids and NICs considerably higher content of lactic acid
between 10.4 and 15.7% of DW were measured, indicating that
lactic acid as the strongest organic acid in silages was responsible
for the pH decrease. In BG and VG NICs, the addition of LAB
positively influenced the lactic acid production (P < 0.05). Howev-
er, treatments with LAB unexpectedly showed lower lactic acid
levels in BG 25 (P < 0.05) and VG 24 (P> 0.05) hybrids than non-
inoculated silages. Lactic acid was the primary acid in all silages
and made up between 85 and 97% of the total acid content.

Fermentation losses expressed as a proportion of the initial
silage weight before ensiling were between 1.14 and 2.34%.
Coefficients of variation were considerable and ranged from 15
to 70% among all hybrid and NIC treatments. No clear influence of
either cultivar or variant could be detected. Silages without
addition of LAB in BG 25 and NICs tended to have higher losses
(P>0.05), whereas only in VG NICs were significant differences
detected (P < 0.05). In VG 24 fermentation, losses were even higher
in the LAB-treated silages. However, due to high standard
deviations of the treatment means, this is not considered
significant.

N. tabacum cultivar TO events germination rate of seeds from TO events
plant CP content transgene copy number —Km (n=50) +Km (n=150)
[mg/g DW] [%] [%]
BG 116 22.93 2 118.9 51.5
125 10.72 >2 102.5 68.2
128 25.05 >2 78.9 81.1
137 7.88 >2 118.7 98.7
157 11.64 1 104.6 94.4
176 16.66 1 81.0 90.4

BG: N. tabacum cv. Badischer Geudertheimer; Km: Kanamycin.

40
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20

CP [mg/g DW]
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Fig. 6. Comparison of the mean CP content in TO elite events of BG and in their T1 descendants. CP-content was measured after 12 weeks of cultivation in the greenhouse.
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Fig. 7. Comparison of the variation of CP-content in clones and siblings of the
transgenic BG. CP-content was measured after 12 weeks of cultivation in the
greenhouse.

3.8. Stability of CP N. tabacum cv. ‘Badischer Geudertheimer’ and
‘Virginia Golta’ during ensilage

In order to allow efficient storage of CP-containing plant
material, CP has to be stable during ensilage. Hence, at the
beginning and end of the fermentation of BG and VG tobacco
material, samples were taken and analysed for their CP content. In
the two trials, no significant degradation of CP was observed
independently of the treatment (Fig. 8a and b). CP integrity was
verified by isolation of CP from samples and subsequent separation
in a SDS-PAGE (Fig. 8c). The occasional slightly increasing trend
was probably due to the general degradation of biomass.
Additionally, at the beginning of the experiment only one sample
was taken and this cannot be considered significant.

4. Discussion

4.1. Transformation might be more suitable than crossing to introduce
CP production into ‘Badischer Geudertheimer’ and ‘Virginia Golta’

Both by crossing and transformation CP production was
successfully introduced into the BG and VG genetic backgrounds.
Comparing both methods, CP content in F1 and TO top-producers
were comparable (Tables S3 and S5). Comparing the cultivars, CP
yields in BG elite plants were substantially higher and more
homogenous in their variation (Tables S4, S6 and S7). Hence, both

Table 2
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methods seem to be equal, and BG seems to be more advantageous
for CP production. However, F1 hybrids yielded substantially less
biomass compared to the TO transformants. Backcrossing in-
creased the biomass in the F2 generation but reduced the CP
content, limiting the overall CP yield in hybrids. On the other hand
transformants were not affected in their biomass yield. Although
the mean CP content was not increased in the T1 generation of BG
(Fig. 6; Table S9), breeding generated T1 individuals with
significantly higher CP content compared to the TO parent,
indicating that the CP yield in transformants could be increased
by selective breeding. Similarly, [19] showed that although the
mean CP content in the PH T1 generation (1.0% CP/DW) was lower
compared to the TO transformants (1.3% CP/DW), there were
individual plants with a substantially higher accumulation and a
4.0-fold increase from the TO to the T2 generation could be
achieved. The increase by conventional breeding which has been
observed for other recombinant proteins and polymers as well
[37-39], indicates that this is a general phenomenon and not
related to a specific recombinant compound. Since the mean CP
content was higher both in the TO and the T1 generations of BG
compared to PH (Fig. 6), it might be assumed that BG has a higher
potential to increase the CP content by this approach.

However, direct transformation has two inherent disadvan-
tages. First, a suitable transformation protocol had to be
established for both cultivars. As the results of this study clearly
demonstrate, transformation efficiencies of A. tumefaciens strains
can differ not only between plant species but even between
cultivars. As reviewed in [42,43], this might be attributed to
different alleles of the plant genes involved in the infection
process. Secondly, due to the random transgene integration,
transformants need to be analysed not only for their CP content,
but also for their transgene copy number, integration locus and
pleiotropic off-target effects. Hence, both approaches have their
advantages and disadvantages, but direct transformation might
have the potential to yield more CP due to a higher accumulation
level.

In general CP content in transformants could not be increased
by the use of a leaf-specific promoter. Although it increased the
yield 2-fold in BG compared to 35S under in vitro conditions, this
could not be reproduced in the greenhouse and was also not shown
for VG and PH (Table S5; [19]). In addition, the CV values of BG
transformants were similar for both constructs, but three times
higher in VG and PH for the leaf-specific construct (Tables S6 and
S7; [19]). Thus, the positive effects observed by [18] when using a
tuber-specific promoter in potato could not be mirrored with the
leaf-specific C1 promoter in tobacco.

4.2. CP content is higher and more homogenous in transformants of
‘Badischer Geudertheimer’ compared to ‘Petit Havana SR1’

Due to the higher biomass yield of BG compared to PH
(Table S2), this cultivar led to a higher absolute CP production
when CP concentration is equal. Interestingly, when cphAr. gene

Fermentation parameters of BG and VG hybrids (BG 25, VG 24) and NICs (BG_NIC, VG_NIC), ensiled either without (CON) or with addition of a lactic acid bacteria inoculant

(LAB) after 49 days of storage duration (n=5).

BG_25 BG_NIC VG_24 VG_NIC
Parameter CON LAB CON LAB CON LAB CON LAB

pH 3.47%% £0.02 3.44°P 1 0.01 3.87*A1+0.16 3.57° +0.01 3.48%%1+0.01 3.46"C+0.00 3.63%+0.04 3.49"8 +0.01
Lactic acid (% DW) 15.734+£0.37 14.9°A +0.47 10.5"°+ 1.86 14.9% +0.60 14.28+0.36 13.85+0.41 10.4°¢+0.92 12.6°°+0.33
Fermentation losses' 1.84%8 +1.28 1.23+0.44 139" +0.37 1.29+0.70 1148 +0.27 1.30+0.63 2.34% 1+0.34 1.25°+0.22

DW - dry weight.

abMeans with different lower case letters within the same parameter and plant material differ significantly between treatments (p < 0.05).
AB.CDMeans with different capital letters within the same parameter and treatment differ significantly between plant materials (p < 0.05).
! Given as% of the initial weight before ensiling.
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Fig. 8. CP content in tobacco leaf material before and after ensilage. BG 25 and VG
24: transgenic hybrids events of BG and VG; T0/T49: CP content in samples before
(TO; n=1) and after ensilage for 49 days (T49) either without (CON; n=5) or with
addition of a lactic acid bacteria inoculant (LAB; n=5). Two independent trials were

expression is driven by the constitutive 35S promoter, CP content
was also increased by higher accumulation levels in comparison to
the TO transformants of PH described in [19]. Under in in vitro
culture, yields were three times higher in BG (Table S5). Top-
producers of the constitutive construct produced up to 8.5% CP/DW
in BG compared to 1.7% in the PH elite TO event 51 and even higher
than the T2 elite event 51-3-2 with 6.8%. Not only in the TO but also
in the T1 generation, the mean CP content in BG (Fig. 6; Table S9)
was significantly higher compared to the T1 of PH of [19]. In
addition, the CP content proved to be significantly more
homogenous in BG both in the TO and T1 generation (Tables S6,
S7 and S10, [19]). The same homogenous variation was found in BG,
but not in PH, when the CP content between clones from one
individual was compared to siblings, descended from the same
individual (Fig. 7, Tables S11 and S12, [19]). Hence yield and
homogeneity seem to be influenced by the genetic background of
the plant, favoring BG. In contrast to our results, [44]| could not
observe any significant difference between Nicotiana cultivars
when analyzing the accumulation level of four recombinant
proteins. Unfortunately, PH, BG and VG were not among them.
Moreover, the four recombinant proteins were directly encoded by
the transgene, whereas in case of CP not the polymer but the
corresponding synthetase is encoded by the transgene. It cannot be
excluded that the non-ribosomal protein biosynthesis of CP might
be differentially affected by the host metabolism compared to the
regular biosynthesis of proteins.

4.3. BG and VG are suitable for ensilage and fermentation quality is not
affected by CP

A key requirement for successfully fermented silage is a
sufficient decrease in the pH through lactic acid fermentation
within a short time after the silo is closed and, furthermore, that
this pH remain consistently low to maintain anaerobic stability of
the silage [45]. In all evaluated silages of both cultivars the critical
pH value was far below the necessary values [46]. However, there is
no information about the pH decline over the course of time as only
one storage duration was analysed. Nevertheless, high lactic acid
levels and the comparatively low content of undesired products
from secondary fermentations (data not shown) suggest that even
in non-inoculated silages lactic acid fermentation was spontane-
ous and probably mostly completed at an early stage of ensilage.
Unless silage fermentation is not entirely homolactic, losses are
likely to take place [47] and in accordance with silages made from
forage crops [48,49]. Concerning the application of a bacterial
inoculant to enhance fermentation, it can be assumed that
fermentation stimulants are not mandatory for successful ensilage
of tobacco.

4.4. CP is stable during ensilage of BG and VG

During ensilage, in all samples CP content was not decrease and
actually showed a slight (though insignificant) increase. The data
clearly demonstrated that there were no bacteria present during
the ensilage process that are able to degrade CP. The relative
increase can be explained by biomass losses which commonly
occur during fermentation [47-49]. This is in line with the data of
[18,19], where no CP degradation was observed either in senescing
tobacco leaves or in potato tubers, which were stored for 32 weeks.
In potato, the relative amount of CP also increased, explained by
loss of biomass without reduction of the total CP content [18].
Thus, tobacco biomass can be stored in a practical and cost-
efficient manner until processing, reducing overall production
costs.
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5. Conclusion

In this study, conditions necessary for the industrial large-scale
production of CP in tobacco have been established. Based on the
cultivars BG and VG, which produced high amounts of leaf
biomass, events were generated yielding up to 8.8% CP per leaf DW
in TO transformants. Due to the homogenous CP-accumulation in
BG, this cultivar seems to be suitable for generating a uniform
master seed bank, making CP production reliable. The stability of
CP in leaf tissue and the ability to ensilage BG allows the
decoupling of biomass production and processing, which enables
the adaptation of automated crop management practices such as
those used for corn or canola, benefiting overall economics. In
addition the protocol for CP isolation from tobacco leaf tissue
developed by [33] might support industrial large-scale purification
from tobacco. Ultimately, the real value of this system has to be
proven in field trials since CP production could significantly differ
under field conditions.
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B Results

Supporting Information to B1:

pPsbY-CphA,, LB H p35$> nptll> t355>—{ p355> psby> cphA,, > 355 RB >

Spel Smal

pC1-PsbY-CphA,, — 1B | p35$> nptll> t355>—{ C1> psby> cphA,, >t35$ RB -

Fig B1-S 1 a: Map of the nuclear transformation vectors for constitutive and leaf-specific, plastidic
expression of the cyanophycin synthetase. cphAr.: cyanobacterial coding region of the CP-synthetase
from T. elongatus BP-1, psby: peptide of the integral protein of photosystem Il, p35S: constitutive
cauliflower mosaic virus (CaMV) 35S promoter; t35S: CaMV terminator, C1: leaf-specific C1 promoter from
Beta vulgaris, nptll: coding region of neomycin phosphotransferase gene, LB and RB, left and right
borders of A. tumefaciens binary vector; Spel and Smal: cleavage sites for restriction enzymes

Table B1-S 1 b : Regeneration frequencies after transformation of the N. tabacum cultivars.

tabglc.:um construct shoots/explant
cultivar LBA4404 AGL1 C58C1

PH pLH9000 1.05 (£ 0.32) 1.43 (£ 0.41) 1.54 (£ 0.35)
pPsbY-cphAr. 0.75 (£ 0.35) n.d. n.d.
pC1-PsbY-cphAr, 0.54(+ 0.26) 1.79(+ 0.29) n.d.

BG pLH9000 0.88(+ 0.35) 1.34(+ 0.36) 1.35( 0.35)
pPsbY-cphAr, 0.80(+ 0.38) 1.73(x 0.35) 1.34(+ 0.27)
pC1-PsbY-cphAg, 1.07(x 0.37) n.d. n.d.

VG pLH9000 0 1.50(% 0.35) 1.44 (£ 0.30)
pPsbY-cphAt. 0 1.52(+ 0.37) 1.55(+ 0.25)
pC1-PsbY-cphAr, 0 1.43(+ 0.33) n.d.

PH: N. tabacum cv. Petit Havana SR1; BG: N. tabacum cv. Badischer Geudertheimer; VG: N. tabacum cv.
Virginia Golta; LBA4404, AGL1 and C58C1: A. tumefaciens strains; CphAre:: cyanophycin synthetase from T.
elongatus BP-1; pPsbY-CphAre: constitutive plastidic expression of CphAre; pC1-PsbY-CphAre: leaf-specifc
plastidic expression of CphArte; pLH9000: empty vector; n.d. = not done. Shoots were counted at 6 weeks in 3
independent transformations. Numbers: mean of at least three independent transformations, standard deviation in

parentheses.
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Table B1-S 2: Correlation between fresh and dry weight of leaves of the N. tabacum cultivars PH, BG and
VG, harvested after 6 and 12 weeks of cultivation in the greenhouse (n = 6).

6 weeks 12 weeks
DW [g] stdev DW /FW [%] |DW [g] | stdev DW / FW [%]
PH 26.03 6.80 14.22 23.25 | 1.83 12.04
BG 39.91 6.05 12.37 52.37 | 5.20 14.36
VG 44.37 4.99 14.06 83.63 | 8.35 17.26

Stdev: standard deviation, FW: fresh weight,

Table B1-S 3: Mean and highest CP content in N. tabacum hybrids of BG and VG crossed with the PH elite
event 51-3-2

CP content [mg CP / g DW]
51-3-2 BG VG
NIC 51-3-2 51-3-2 NIC 51-3-2 51-3-2
X X X X X X
51-3-2 NIC NIC 51-3-2 NIC NIC
X X
NIC NIC
mean 53.08 49.70 67.98 55.05 32.65 50.61 50.13
stdev 3.86 11.97 13.38 13.69 7.45 7.45 2211
max 58.49 75.94 94.40 72.34 39.30 67.24 80.98
no. of events 4 15 24 10 3 24 9
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Table B1-S 4: Relative variation coefficientof the seven N. tabacum hybrids of BG and VG, crossed with the PH elite event 51-3-2, with the highest CP content

plants / crossing generation mean CP stdev n variance variation relative
[mg CP /g DW] coefficient variation
coefficient

51-3-2 clones 53.08 3.86 4 14.87 0.07 3.63
BG NIC x 51-3-2 F1 59.51 8.13 7 66.05 0.14 5.16
53-3-2 x BG NIC F1 85.92 4.40 7 19.33 0.05 1.93
53-3-2 x BG NIC x BG NIC | F2 62.82 4.77 7 22.79 0.08 2.87
VG NIC X 51-3-2 F1 32.65 7.45 3 55.57 0.23 13.18
51-3-2 x VG NIC F1 58.87 4.10 7 16.82 0.07 2.63
51-3-2 x VG NIC x VG NIC | F2 57.49 18.89 7 356.93 0.33 12.42

Table B1-S 5 Mean CP-content in TO transformants of of the N. tabacum cultivars PH, BG and VG, expressing PsbY-CphAr. either under the control of the 35S or
the leaf-specific C1-promoter, measured in vitro and in the greenhouse (6 and 12 weeks), respectively

CP [mg /g DW]
35S c1

mean stdev highest n mean stdev highest n

PH | invitro 20,79 14.8 40.35 6
BG | invitro 34.11 21.31 85.60 44 68.58 13.52 100.15 17
6 weeks 11.62 7.36 31.39 26 14.06 12.61 42.25 13

12 weeks | 27.78 21.14 88.45 26 21.83 16.23 58.00 17

VG | invitro 39.76 26.44 86.59 30 33.05 26.54 76.57 11
6 weeks 16.22 1.67 17.38 3 8.68 5.28 12.84 3

12 weeks | 3250 15.45 66.26 25 9.50 11.17 38.56 11
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Table B1-S 6: Relative variation coefficient of the seven T0 eventsof the N. tabacum cultivars BG and VG,
containing pPsbY-CphAre, with the highest CP content in vitro

n mean CP stdev variance variation Relative
[mg /g DW] coefficient Variation
Coefficient
BG 7 70.99 9.88 97.69 0.14 5.26
VG 7 69.22 9.14 83.55 0.13 4.99

Table B1-S 7: Relative variation coefficient of the seven T0 eventsof the N. tabacum cultivars PH, BG and
VG, containing pC1-PsbY-CphAr., with the highest CP content in vitro

n mean CP stdev variance variation Relative
[mg /g DW] coefficient Variation
Coefficient
PH 6 20.79 14.80 219.04 0.71 29.07
BG 7 81.49 9.54 91.05 0.12 4.43
VG 7 49.67 16.47 271.34 0.33 12.53
A E B
I
— p355> psby phA,, > t355 >7
B event NIC 116 125 128 137 157 176
restriction enzyme  Marker B_E B_E B_ B_E EI_E B_E B_E
= e
23130 bp

9416 bp L -

6557 bp [

4361 bp -

- -
2322 bp 3
2027 bp i
E
estimated transgene 5 52 52 2 1 F

copy number

Fig B1-S 8: Southern blot analysis of BG T0 events. (A) transgene: black bar: cphAre hybridization probe;
B / E: restriction enzymes sites of Bcll and EcoRl; cphAr.: cyanobacterial coding region of the CP-
synthetase from T. elongatus BP-1, psby: peptide of the integral protein of photosystem Il, p35S:
constitutive cauliflower mosaic virus (CaMV) 35S promoter; t35S: CaMV terminator. (B) Chromosomal
DNA digested with Bcll and EcoRIl and hybridized with the cphAr. probe. Marker: DIG-labeled DNA
Molecular Weight Marker Il (Roche); NIC: near-isogenic control
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Table B1-S 9: Mean and highest CP content in T0 transformants of the N. tabacum cultivar BG, containing
pPsbY-CphAr., used for generation of the T1 generation

N. tabacum TO T1
cultivar event CP mean stdev | n max Event
[mg/gDW] | CP[mg/gDW] CP [mg / g DW]
BG 116 22.93 15.14 759 | 14 28.36 116-30
125 10.72 10.86 767 | 15 22.76 125-27
128 25.05 18.45 8.30 | 16 35.95 128-28
137 25.05 20.62 832 | 15 33.51 137-5
157 11.64 17.47 744 | 15 29.49 157-10
176 16.66 20.71 7.91 15 32.19 176-1
BG [mean] 17.82 (£ 6.97) 17.24 8.40 | 90 35.95 128-28

Table B1-S 10 Relative variation coefficient of CP content in TO transformants of the N. tabacum cultivar
BG, containing pPsbY-CphAre, used for generation of the T1 generation

N. tabacum | generation | n mean CP stdev | variance variation Relative
cultivar [mg / g DW] coefficient Variation
Coefficient
BG T0 6 17.82 6.97 48.62 0.39 15.97
T1 88 17.38 8.44 71.25 0.49 5.18

Table B1-S 11: Relative variation coefficient of the CP content of clones and siblings of the N. tabacum

cultivarBG.
n mean CP stdev | variance | variation Relative
[mg / g DW] coefficient Variation
Coefficient
BG 4 clones 4 23.83 6.18 | 38.19 0.26 12.97
116 siblings 14 15.14 759 | 57.62 0.50 13.40
128 siblings 16 18.45 8.30 | 68.95 0.45 11.25
125 siblings 15 10.86 7.67 | 58.90 0.71 18.25
137 siblings 15 20.62 8.32 | 69.22 0.40 10.42
157 siblings 15 17.47 7.44 | 55.33 0.43 10.99
176 siblings 15 20.71 7.91 62.64 0.38 9.87
mean | siblings 90 21.24 8.40 | 34.64 0.25 11.50 (+ 2.48)
mean lines 6 23.98 5.87 35.08 0.25 12.36 (£3.13)
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Table B1-S 12: Relative variation coefficient of the CP content of clones and seven siblings with the

highest CP content of lines of the N. tabacum cultivar BG.

n mean CP stdev | variance | variation Relative
[mg / g DW] coefficient Variation
Coefficient
BG 4 clones | 4 23.83 6.18 38.19 0.26 12.97
116 | siblings | 7 20.70 6.89 47.48 0.33 12.58
128 | siblings | 7 26.00 7.02 49.24 0.27 10.20
125 | siblings | 7 17.51 5.28 27.91 0.30 11.41
137 | siblings | 7 27.56 5.42 29.40 0.20 7.44
157 | siblings | 7 24.28 4.89 23.91 0.20 7.61
176 | siblings | 7 27.97 5.43 29.46 0.19 7.34
mean | siblings | 42 21.11 8.44 31.14 0.25 9.49 (¥ 2.11)
mean | lines 6 23.82 8.39 32.82 0.24 9.06 (+ 2.13)

Chapter B1 and the supporting information was reprinted from Publication: New
Biotechnology, 33, Henrik Nausch, Tina Hausmann, Daniel Ponndorf, Maja Hihns, Sandra
Hoedtke, Petra Wolf, Annette Zeyner, Inge Broer 842-851, © 2016 Published by Elsevier

B.V., with permission from Elsevier.

Additional results to B1:

Additional to the presented results and supporting information the total Arg and Asp content
was measured in BG and VG plants to determine whether CGP production in plants
increases the pool of both AA. CGP production leads to an increase in Arg content of about 4
times compared to the control, while the Asp pool nearly was doubled. In BG the Arg pool
increased from 0.4 % DW in the control to 1.71 % DW, while Asp was increased from 1.06 to
2.05 % DW. This was comparable for VG where Arg was increased from 0.36 to 1.29 % DW
and Asp from 0.78 to 1.59 % DW.

These experiments were conducted by S. Hoedtke of the department of Nutrition Physiology

and Animal Nutrition of the University of Rostock and presented by Nausch (2016).
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B2: Stable production of cyanophycinase in Nicotiana benthamiana and its

functionality to hydrolyze cyanophycin in the murine intestine.

Daniel Ponndorf, Sven Ehmke, Benjamin Walliser, Kerstin Thoss, Christoph Unger, Solvig
Gors, Gurbuz Das, Cornelia C. Metges, Inge Broer, Henrik Nausch (2017): Stable production
of cyanophycinase in Nicotiana benthamiana and its functionality to hydrolyse cyanophycin in

the murine intestine. Plant Biotechnology Journal 15-5, 605-613

Author’s contribution: | designed all of the used constructs, except the empty infiltration

vectors and gfp-cphB. | cloned the constructs cphB-b, cphB-s, cphB-sA and cphB-s-c and
performed Western blot analysis of infiltrated plants together with S.E. except for gfp-cphB.
Northern blot analysis was conducted by K.T. according to my instructions. | prepared the
material for the production of anti-CPHB antibodies as well as for the feeding studies in mice
and assisted during both experiments and interpreted the plant experiments and wrote the

plant sections of the article.
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Summary

Food supplementation with the conditionally essential amino acid arginine (Arg) has been shown
to have nutritional benefits. Degradation of cyanophycin (CGP), a peptide polymer used for
nitrogen storage by cyanobacteria, requires cyanophycinase (CGPase) and results in the release
of B-aspartic acid (Asp)-Arg dipeptides. The simultaneous production of CGP and CGPase in
plants could be a convenient source of Arg dipeptides. Different variants of the cphB coding
region from Thermosynechococcus elongatus BP-1 were transiently expressed in Nicotiana
benthamiana plants. Translation and enzyme stability were optimized to produce high amounts
of active CGPase. Protein stability was increased by the translational fusion of CGPase to the
green fluorescent protein (GFP) or to the transit peptide of the small subunit of RuBisCO for
peptide production in the chloroplasts. Studies in mice showed that plant-expressed CGP fed in
combination with plant-made CGPase was hydrolysed in the intestine, and high levels of B-Asp-
Arg dipeptides were found in plasma, demonstrating dipeptide absorption. However, the lack of
an increase in Asp and Arg or its metabolite ornithine in plasma suggests that Arg from CGP was
not bioavailable in this mouse group. Intestinal degradation of CGP by CGPase led to low
intestinal CGP content 4 h after consumption, but after ingestion of CGP alone, high CGP
concentrations remained in the large intestine; this indicated that intact CGP was transported
from the small to the large intestine and that CGP was resistant to colonic microbes.

Introduction

Arginine (Arg) is an indispensable amino acid (AA) for young
mammals and birds (Wu et al., 2004, 2009). In addition to its
function as a building block of proteins, Arg plays important roles
in regulating gene expression, cell signalling, vascular develop-
ment, reproduction and immunity (Bazer et al., 2012; Wang et al.,
2012; Wu, 2014). Furthermore, Arg has nutritional benefits for
athletes and the elderly or immune-compromised patients, but
because its concentration is relatively low in food proteins, it has
been used as a supplement for therapy and as an additive in food
(Sallam and Steinbuchel, 2010). Supplemental free Arg is com-
monly produced by fermentation (Utagawa, 2004). The oral
application of Arg-containing dipeptides may increase the uptake
of Arg in the small intestine compared to Arg monomers
(Matthews and Adibi, 1976; Wenzel et al., 2001). Currently,
dipeptides are synthesized by enzymatic, chemical and combined
methods (Yagasaki and Hashimoto, 2008). Overexpression of the
polypeptide cyanophycin (CGP) followed by cyanophycinase
(CGPase)-mediated degradation results in B-aspartic acid (Asp)-
Arg dipeptides, which could produce Arg (Sallam and Steinbuchel,
2009b, 2010; Sallam et al., 2009). Cyanophycin is synthesized by
cyanobacteria and several nonphotosynthetic bacteria via nonribo-
somal biosynthesis by the enzyme cyanophycin synthetase (CPHA)
(Allen et al., 1984; Simon, 1987; Simon and Weathers, 1976;

Ziegler et al., 1998, 2002) and consists of an L-Asp backbone linked
to L-Arg residues (Simon and Weathers, 1976). The expression of
the CPHA-encoding gene from Thermosynechococcus elongatus
BP-1 enables high and stable accumulation of CGP in tobacco and
potato plastids (Hihns et al., 2008, 2009; Neumann et al., 2005).
However, to the best of our knowledge, there are no reports on
feeding CGP to animals and assessing its potential to produce Arg.
CGP is highly stable and resistant to proteases (Simon and
Weathers, 1976), except CGPase (Gupta and Carr, 1981). The
cyanophycinase CPHB was described in cell extracts of Anabaena
7120 (Gupta and Carr, 1981), Aphanocapsa 6308 (Allen et al.,
1984) and Synechocystis sp. PCC 6803 (Richter et al., 1999).
Overexpression in E.coli and analysis of CPHB revealed that it is a
serine (Ser)-type exopeptidase with a dimeric structure (Law et al.,
2009; Richter et al., 1999), and its binding is highly specific for p-
linked aspartyl peptides. If CGP and CGPase can be co-expressed in
food plants, B-Asp-Arg dipeptides could become a source of
dietary Arg. The degradation of CGP resulting in the release of B-
Asp-Arg dipeptides might be achieved following two strategies: (i)
accumulation of CGP in the plastid via separation of CGP (plastid)
and CGPase (cytosol) leading to dipeptide formation after extrac-
tion when both components are joined and (ii) accumulation of the
dipeptides in plastids by targeting cyanophycin synthetase (CPHA)
and cyanophycinase (CPHB) to the chloroplast allowing dipeptide
production during plant growth.
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We used a transient expression system in N. benthamiana to
determine whether plants can produce an active and stable form
of CGPase that degrades CGP and whether the enzyme can be
translocated to the chloroplast. In the second step, we formulated
food pellets containing both, plant-made CGP and plant-made
CGPase to investigate whether CGP is hydrolysed by CGPase and
whether Arg from CGP is bioavailable in a mouse model.

Results

Cytosolic production and stabilization of CGPase in
plants

A 5' truncated coding region of the cphBy2169 gene (cphB-b)
(Prof. Dr. Wolfgang Lockau (W.L.) Humbold Univesity Berlin) and
two codon-optimized versions, cphB-s, designed to improve the
efficiency of translation (Perlak et al., 1991; Sharp and Li, 1987)
and cphB-sA, where the sequence GCT TCCTCC encoding for
Alanin (Ala)-Ser-Ser (Fig. 1), was added to improve efficiency of
translation and protein stability (Sawant et al.,, 2001) were
transiently expressed in N. benthamiana. Total soluble protein
(TSP) was assessed for the presence of CGPase using Western blot
analysis (Fig. 2a). Infiltration with cphB-b did not result in
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Figure 1 Plasmid constructs and corresponding labels of the respective
protein variants: TMV-based viral vectors (Marillonnet et al., 2005):
pICH29912: empty vector, cphB-b: bacterial coding region of the cphB
gene, cphB-s: cphB coding region adapted to the codon usage of

N. benthamiana, cphB-sA: cphB-s with the addition of the amino acids
Ala-Ser-Ser (A) (underlined sequence), gfp-cphB-s: fusion of gfp (sequence
of the green fluorescent protein from pICH18711 (Marillonnet et al.,
2005)) and cphB-s, gs: linker, cphB-s-c: complete codon-optimized coding
region of cphB as described in the database; pICH26201: containing a
consensus sequence of the transit peptide of small subunit of RuBisCO (S)
from dicotyl plants (Klimyuk et al., 2004), cphB-sA2: cphB-s with the
addition of the altered sequence of amino acids Ala-Ser-Ser (underlined
sequence). LB and RB: left and right T-DNA borders; P Act2: Arabidopsis
actin 2 promoter; RdRP: RNA-dependent RNA polymerase; MP: movement
protein; NTR: 3" untranslated region of TMV; NOS-T: nos terminator.

detection of CGPase in 50 ug TSP, but faint, not always
reproducible, signals were visible at the expected size of
approximately 29 kDa in 100 pg TSP. Expression of cphB-s and
analysis of 50 pg TSP showed faint CGPase signals, while
expression of cphB-sA resulted in more pronounced signals.
Bands were detected not only at 29 kDa but also at 60, 130 and
200 kDa. These bands were not observed in the empty vector
control and their size corresponds to potential di- and trimers and
higher aggregates of CPHB-SA. Additionally, we were not able to
detect CGPase without the addition of protease inhibitors,
suggesting its instability in the crude plant extract. Greater
stability of recombinant proteins can be achieved by fusion of the
protein to a stable fusion partner at the N- or C-terminus. One
promising fusion partner is GFP which was previously used
successfully to improve protein stability (Piron et al., 2014).
Because our constructs carry a 6*Histag at the C-terminus for
enzyme purification, we used N-terminal fusions. The fusion of
cphB-s to the green fluorescent protein (GFP) coding region,
resulting in gfp-cphB-s, led to an increase in protein yield as
shown in Figure 2b. An additional band was visible at approx-
imately 100 kDa, corresponding to the calculated size of a GFP::
CPHB-S dimer.

Because N-terminal fusions stabilized the protein, we analysed
whether the complete CGPase protein (CPHB-S-C) described in
the database is more stable compared to the truncated version.
Therefore, we used a codon-optimized version of the complete
sequence. After infiltration with cphB-s-c, three bands were
detected in 50 pg TSP at approximately 27, 29 and 35 kDa. The
35-kDa protein corresponds to the calculated size of the complete
protein. The smaller bands are potential degradation products,
while the band at 29 kDa is the size of the truncated protein.

Subcellular targeting of CPHB to the chloroplast

To determine whether CPHB-S and CPHB-SA can be targeted to
the chloroplast cphB-s was fused to the plastid leader peptide of
the small subunit of RuBisCO (S) (Klimyuk et al., 2004) resulting in
S-cphB-s. Due to sequence incompatibility between S and the
sequence GCT TCC TCC of Ala-Ser-Ser (A) in cphB-sA, it was
necessary to adapt the sequence to GCC ATT GGA (A2) prior to
the fusion to S, resulting in S-cphB-sA2. Western blot analysis of
25 ug TSP showed that S-cphB-s produced substantially more
CGPase than S-cphB-sA2 (Figs 1 and 2b) and also showed a
higher yield compared to gpf-cohB-s (Fig. 2b). To determine a
possible effect of A2 on protein folding, we conducted in silico
analysis of S-CPHB-S and S-CPHB-A2 and found different
potential a-helices between AA 4-25, caused by the integration
of Ala-Ser-Ser (Fig. S1). This might have an effect on protein
stability or folding of the transit peptide. In addition to the
expected band at 29 kDa, a band at approximately 35 kDa was
detected, corresponding to the unprocessed proteins (Fig. 2b) for
S-cphB-s and S-cphB-sA2. The same bands were present in
isolated chloroplasts (data not shown).

Putative S-CPHB-S dimers of 70 kDa were also visible when
analysing higher protein concentrations (data not shown).
Expression of S-chpB-s led to the greatest amount of enzyme
detected compared to all other constructs. To determine whether
differences between the constructs might be caused by different
RNA patterns, we conducted Northern blot analysis.

RNA analysis of different CGPase variants

Northern blot assays were performed to compare the RNA
steady-state levels of the different constructs (Fig. 3a). For all
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Figure 2 (a) Western blot analysis of 50 and 100 pg total soluble protein
isolated from N. benthamiana leaves harvested 7 days post infiltration
from one plant (dpi): + = Cyanophycinase-positive control isolated from
E. coli; 1: CPHB-B; 2: CPHB-S; 3:CPHB-SA, 4: CPHB-B; 5:

plCH29912 = empty vector control. b: 25 and 50 pg TSP harvested 7 dpi
from one plant:+ = Cyanophycinase-positive control isolated from E. coli
6:5-CPHB-S, 7:S-CPHB-SA2; 8: GFP::CPHB-S; 9: CPHB-S-C; 10:
plCH29912 = empty vector control. Plants were harvested 7 dpi.
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constructs, RNAs corresponding to the calculated size (Fig. 3c)
were observed. For cphB-sA, an additional band at approximately
1700 bp was detected. This fragment was weakly detected for
cphB-s-c, which also had a third band at approximately 1.000 bp.
While the loading control showed equal amounts of total RNA
(Fig. 3b), the strongest signal was observed with cphB-sA. CphB-
s, S-cphB-sA2, cphB-s-c and gpf-cphB-s had similar signals. The
weakest signals were found for S-cphB-s. This indicates a possible
positive influence of A on transcript stability.

Activity of N-terminal-modified CGPase in crude plant
extracts

The activity of the plant-produced, modified enzymes was
determined by adding 100 or 200 pg purified CGP to 600 pg
TSP isolated from N. benthamiana plants, which were infiltrated
with the respective vectors. One reaction was stopped immedi-
ately (T0), while the other sample was incubated at room
temperature (RT) overnight (T1). Both CGP samples were
degraded with proteins from plants infiltrated with S-cphB-s
(Fig. 4:1a) and gfp-cphB-s (Fig. 4:2a). Extracts from plants
infiltrated with cphB-s-c (Fig. 4:1b) led to a nearly complete
substrate reduction in the 100 ug CGP sample, while the 200 pg
sample of CGP was only partially reduced. No degradation was
found after incubation in plant material infiltrated with the GFP-
expressing control vector pICH18711 (Marillonnet et al., 2005)
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Figure 3 Northern blot (a) and RNA gel loading control (b) of 3 ng RNA
isolated from N. benthamiana leaves. All samples showed the
approximate expected size bands (c) but different signal strength. The
loading control (b) shows that samples were loaded equally. MIl: RNA
marker Il with a base pair (bp) range of 1516-6948 bp, MIll: RNA marker
with a bp range of 310-1517 bp. 1: cphB-s, 2: cphB-sA, 3: S-cphB-s,

4: S-cphB-sA2, 5: cphB-s-c, 6: gfp-cphB-s, 7: empty vector control.

(Fig. 4:2b) or with all other constructs used in this work (not
shown).

Feeding CGP- and CGPase-containing pellets to mice
results in the absorption of B-Asp-Arg dipeptides

Feeding studies were performed using plant-made CGP and
plant-made CGPase (S-CPHB-S) to investigate the activity of
CGPase in the intestine and the bioavailability of the CGP
constituent Arg and Asp. The mice were fed protein-free pellets
supplemented with CGP, CGP+CGPase, Asp+Arg or none of
these (CON). The pellet mass ingested was comparable between
groups (P > 0.6) (Table S1). Intake of CGP was similar in mice fed
pellets containing CGP or CGP+CGPase (Table S1). Intakes of Arg
and Asp in the CGP, CGP+CGPase and Asp+Arg mouse groups
were comparable, but intakes were zero in the CON group, as
expected. Plasma Asp, B-Asp-Arg, Arg and ornithine Orn
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Figure 4 Enzyme activity test in 600 pg TSP crude plant extract. One
hundred or 200 ug of cyanophycin was added, and the enzyme reaction was
stopped by trichloroacetic acid (TCA) precipitation immediately (TO) or after
12h incubation at room temperature (T1). Total protein was precipitated
with TCA and dissolved in 300 plL SDS sample buffer. Then, 30 ulL of the
sample was loaded on a 12% SDS gel and stained with Coomassie Brilliant
Blue for 20 min; kDa: kilodalton; CGP: cyanophycin; 1a: S-CPHB-S, 2a: GFP::
CPHB-S, 1b: CPHB-S-C, 2b: GFP (green fluorescent protein expressed with
vector pICH18711 (Marillonnet et al., 2005)) was used as a control.

concentrations were affected by group, time after administration
(with the exception of Orn), and group x time interaction
(Table S1). In the plasma of the CGP+CGPase group, we found
a relatively large peak, which was shown to be the B-Asp-Arg
dipeptide (Figs S2 and 5). This substance did not appear in the
plasma of the CGP, Asp+Arg and CON mice, respectively (Fig. 5).

Arg from B-Asp-Arg dipeptides is not bioavailable in
mice

Free Arg concentrations in the plasma of Asp+Arg mice peaked
20-40 min after pellet intake and decreased thereafter to reach
basal levels between 60 and 120 min (P < 0.05; Fig. 6a). In
contrast, in the CON, CGP and CGP+CGPase groups, the courses
of free plasma Arg, Asp (data not shown) and Orn, the product of
Arg conversion, were similar and showed no increase (Fig. 6a,b).
The course of plasma Orn concentrations in Asp+Arg mice
followed the concentration curve of plasma Arg, although the
maximal concentration of Orn was approximately twice that of
Arg, and baseline was reached again at 180 min (Table S1;
Fig. 6b). The pharmacokinetics of the plasma B-Asp-Arg dipep-
tide in the CGP+CGPase group differed from those of the free
plasma Arg in the group fed the pellets with free Asp and Arg
(Figs 5, 6). The mean Tpax and Crax of plasma Arg were 0.5 h
and 172 um, respectively, whereas plasma B-Asp-Arg peaked
with @ Tmax and Cpax of 1.7 h and 224 pm, respectively
(P<0.001 and P =0.115, for Tyax and Cnax, respectively). The
plasma area under the curve (AUC) was greater for plasma 3-Asp-
Arg than for free plasma Arg, 527 vs. 282 um x h (P = 0.003),
respectively, whereas plasma clearance (CL) for B-Asp-Arg was
lower than that for plasma Arg, 7.6 vs. 11.2 /h (P = 0.095),
respectively. Among the other proteinogenic AA, only plasma
concentrations of glutamic acid (Glu), Ala, isoleucine (lle) and
lysine (Lys) showed a group effect (P < 0.05) with higher levels of
Glu and Ala in the Asp+Arg group, and higher levels of Lys and lle
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Figure 5 Course of B-Asp-Arg concentrations in mouse plasma after
administration of a pellet with cyanophycin only (red) and cyanophycin
co-applied with cyanophycinase (black). LSMEANS =+ SE (n = 6/group).
Values with different letters (a, b) at the same time points differ between
groups (Tukey, P < 0.05).

in the CON group which received the protein-free pellet (data not
shown).

Group, intestinal location and group x location interaction
affected the residual intestinal CGP content 4 h after pellet intake
(P < 0.05). Co-administration of CGP+CGPase resulted in a low
residual CGP content in the small and large intestine (0.8 and
1.3 ng/mg of dry matter (DM); P> 0.1), while in mice fed the
pellets with CGP only, relatively high contents of residual CGP were
detected in the large intestine (33.4 ug/mg of DM), with smaller
amounts of CGP (8 pg/mg) in the small intestine (P < 0.05).

Discussion
CGPase production in plants

In the present work, we showed for the first time the expression
of cyanophycinase in plants and its cyanophycin degrading
activity in the gastrointestinal tract (GIT) of mice. We used a
high-yield MagnICON® transient expression system (Marillonnet
et al., 2004) to determine whether plants can produce an active
form of the enzyme cyanophycinase. In contrast to other
researchers, who used similar vectors and described a high yield
of recombinant protein of approximately 7% (Nausch et al.,
2012a), 10% (Webster et al., 2009) and even 80% of the TSP
(Gleba et al., 2005), we observed low levels of detectable protein.
Because the expected RNA patterns were detected, possible
reasons for the low protein yield may be instability of the RNA,
low efficiency of translation and protein instability (reviewed by
Egelkrout et al. (2012) and Ullrich et al. (2015)). Improvements in
RNA stability and translation can be achieved by adapting the
coding region to the codon usage of plants (Barahimipour et al.,
2015; Perlak et al., 1991; Sharp and Li, 1987) and integrating the
sequence GCT TCC TCC, which encodes Ala-Ser-Ser (A), down-
stream of the initial start codon (Sawant et al., 2001). Accord-
ingly, both steps led to an increase in protein production, but the
addition of protease inhibitors was necessary to detect the
protein. As already assumed by Sawant et al. (2001) the results of
this work indicate that the insertion of A led to an increased
amount of RNA and also to an increase in protein prior to
extraction, while the sensitivity to proteases was not changed.
In contrast to the aforementioned beneficial effect of the
insertion of A, the combination of the RuBisCO transit peptide (S)
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Figure 6 Course of Arg (a) and Orn (b) concentrations in mouse plasma
after administration of a pellet with free Asp+Arg (green), cyanophycin
only (red), cyanophycin co-ingested with cyanophycinase (black) and
control pellet without supplement (dashed blue). LSMEANS + SE (n = 6/
group). Values with different letters (a, b) at the same time points differ
between groups (Tukey, P < 0.05). *Values sharing the sign at the same
time point tend to differ (Tukey, P < 0.10). x: The sign on the y-axis
indicates the overall average basal plasma concentration across the four
groups.

and A2 in the variant S-CPHB-A2 substantially reduced protein
accumulation compared to S-CPHB-S and RNA amounts were not
increased, indicating that transcription was not responsible for
the difference in protein accumulation. Hence, it appears that the
difference is caused by different translational efficiencies or
different protein stability in planta. In silico analysis of the protein
indicates an influence in the secondary structure of the transit
peptide which might result in aberrant folding and protein
degradation. In general, protein targeting to the chloroplast led
to high enzyme production. The presence of high amounts of
processed protein indicates the successful import of the protein to
the chloroplast. In addition, this may indicate that the native
protein is protected in the chloroplast because the same protein is
unstable in the cytosol. One reason may be the absence of
cytosol-specific proteases in the chloroplast, as previously
described for recombinant proteins (Benchabane et al., 2008;
Pillay et al., 2014).

In addition to the processed protein, the unprocessed 35 — kDa
protein was detected in the chloroplast fraction. Gils et al. (2005),
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who used the same transit peptide with altered cleavage sites
(valine-cysteine-Arg and proline-Ser-Arg instead of valine-gluta-
mine-cysteine in our studies), made a similar observation and
suggested that it was due to partially incorrect processing of the
target protein. The unprocessed form may either be present in the
cytosol or attached to the chloroplast membrane. Assuming that
it is located in the cytosol, the N-terminal addition of the signal
peptide may protect the protein from degradation as observed for
the N-terminal addition of GFP or the N-terminal region of the
complete protein.

While the fusion to GFP and S led to an increase in protein
accumulation, it was less pronounced for the original N-terminus.
The reduced stability of the complete protein was also indicated
by the additional bands observed for CPHB-S-C, possibly repre-
senting degradation products. The N-terminal modification may
result in a decreased sensitivity to proteases, as suggested for GFP
(Moreau et al., 2010; Piron et al., 2014), ubiquitin (Hondred
et al., 1999; Jang et al., 2012) and elastin-like proteins (Floss
et al., 2008; Patel et al., 2007). Nevertheless, we cannot exclude
the possibility that the increased levels of GFP::CPHB-S and S-
CPHB-S are due to altered translational efficiency.

The increase in protein yield was mirrored by the activity of the
protein. S-CPHB-S and GFP::CPHB-S, which had the highest levels
of CGPase, showed similar activities. Both enzyme variants
decreased the CGP content for both amounts of substrate tested.
CPHB-S-C, which was produced at lower levels, led to almost
complete degradation of 100 ug CGP but only slightly reduced
200 png CGP. No activity was detected for all other constructs.
This indicates that the degradation was independent of the N-
terminal modifications but depended on the amount of protein.
This is consistent with the observations that the fusion to GFP did
not impair biological function of an antigen (Piron et al., 2014)
and phytochrome B (Yamaguchi et al., 1999).

Absorption of CGP-derived B-Asp-Arg dipeptides in mice

We report in this study for the first time that co-application of
CGP and CGPase, both isolated from plants, results in the
enzymatic breakdown of CGP into dipeptides in the murine GIT,
as shown by the increase in B-Asp-Arg concentrations in plasma.
Upon luminal cleavage of CGP into B-Asp-Arg dipeptides by
CGPase in the GIT, B-Asp-Arg is apparently absorbed by peptide
transporters (Klang et al., 2005; Rubio-Aliaga and Daniel, 2008).
Although the Tp,.x of B-Asp-Arg dipeptide occurred at 1.7 h after
intake, increased plasma concentration of the constituent Arg or
Asp was not detected. B-Asp-Arg may be partly degraded by
peptidases in the intestinal epithelium, liberating Asp and Arg.
However, because Arg is degraded by arginase to form Orn, urea
and, to a lesser degree, nitric oxide and polyamine in the GIT,
detectable amounts of Arg do not enter the systemic circulation
(Wu et al., 2009). As we did not observe an increase in plasma
Orn concentrations in the CGP+CGPase group, we conclude that
Arg cannot be liberated from B-Asp-Arg dipeptides. This is likely
because B-Asp-Arg dipeptides contain an unusual bond between
the C1 amino group of Arg and the C4 carboxy group of Asp.
This rare phenomenon was also described for B-Ala-(Met)-His and
Gly-Gly (Matthews and Adibi, 1976). Hence, the lack of an Arg
and Orn increase in the plasma indicates that mice do not possess
a suitable peptidase to degrade B-Asp-Arg dipeptides. It has been
shown that isoaspartyl dipeptidases have different activities in
different species (Hejazi et al., 2002). Consequently, B-Asp-Arg
accumulates and is eventually transferred to the blood. The
increased plasma B-Asp-Arg concentrations from 40 to 240 min
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after pellet consumption in the CGP+CGPase group may be
explained by two reasons: CGPase was stable at the pH in the
small intestine and thus was active for 120 min after administra-
tion, after which plasma B-Asp-Arg concentrations started to
decline. Alternatively, upon entering the enterocytes, B-Asp-Arg
dipeptides accumulated but were only slowly released to the
circulation and subsequently detoxified and excreted via urine,
which we did not analyse.

Furthermore, the higher Glu and Ala plasma concentrations
observed in the Asp+Arg group indicates the interconversion of
Arg (via Orn) and Asp to Glu, whereas Asp is also biochemically
related to Ala. The higher plasma levels of Lys and lle in the CON
group fed the protein-free pellet suggest cellular proteolysis and
AA efflux to the plasma as a consequence of the lack of a suitable
AA pattern necessary for protein synthesis.

The AUC in the Asp+Arg compared to the CGP+CGPase
groups suggests that although equimolar amounts of Arg were
consumed, a large portion of the free Arg was degraded in the
small intestinal tissues to form Orn, as shown by the substantial
increase in plasma Orn concentrations. Others have shown that
supplemental Arg is rapidly catabolized to Orn by arginase
present in the hepatocytes and also in plasma (Wu et al., 2009).
Judged by the timing of the increase in plasma B-Asp-Arg
concentration compared to free Arg (1.7 vs. 0.5 h), we hypoth-
esized that the major site of CGP degradation is the small
intestine and not the stomach. This is further supported by the
comparatively low residual CGP contents in the small intestine
when mice were co-administered CGP and CGPase, which
additionally indicates that CGP was not completely degraded by
CGPase within 4 h. When mice were fed pellets with CGP only,
CGP levels were high in the large intestine, suggesting that CGP
was resistant to colonic fermentation, although bacteria express-
ing CGPase have been reported in the caecum microbiota of
rabbits, sheep and carp (Sallam and Steinbuchel, 2009a).

In conclusion, we showed that plants are able to produce high
amounts of active CGPase. Differences in enzyme activity were
caused by different CGPase accumulation, indicating that the
successful CGP degradation by CGPase depends on the enzyme
amount. The greatest accumulation was observed for S-CPHB-S
and GFP::CPHB-S; therefore, these two variants are suitable for
further investigations related to the production of CGP in plants.
The results obtained in the mouse study suggest that plant-derived
CGPase, when co-ingested with CGP, is active in the mammalian
intestine and hydrolyses CGP to form B-Asp-Arg dipeptides, which
can be absorbed. However, Arg from these dipeptides is not
bioavailable owing to the lack of a suitable dipeptidase. This
problem might be solved by the co-expression of a suitable
dipeptidase in combination with CGP and CGPase in plants.

Experimental procedures
Construction of transient plant expression vectors

For transient expression, we used the MagnlCON® vectors
pICH29912 (cytosolic expression) (Marillonnet et al., 2005) and
pICH26201 for chloroplast-targeted expression (Fig. 1), which
were kindly provided by Nomad Bioscience (Halle/Saale, Ger-
many). The cphB coding fragments were integrated using the Bsal
cloning site. Vector pet22bcphB, carrying a 55 AA N-terminal
truncated coding region of the cphBy160 gene from Ther-
mosynechococcus elongatus BP-1 (UniProt Accession No.
POC8P3) with a C-terminal 6xHistag, was provided by Prof. Dr.
Wolfgang Lockau (Institute of Biology-Plant Biochemistry of the

Humboldt-University of Berlin, Germany). This sequence, called
cphB-b, was adapted to the codon usage of N. tabacum (Eurofins
MWG Operon, Ebersberg, Germany), resulting in cphB-s. The
GCT TCC TCC sequence encoding Ala-Ser-Ser (A) was integrated
downstream of the start codon to improve the efficiency of
translation (Sawant et al., 2001), using primer Bsal-cphB-sA-fw
(Table S2), resulting in cphB-sA. N-terminal modifications were
added to the coding regions by cloning the corresponding PCR
fragments. The sequence of green fluorescent protein (GFP) was
amplified from vector pICH18711 (Marillonnet et al., 2005),
flanked by Bsal (5') and BamHI (3’) and subcloned into plet
(CloneJET PCR cloning kit, Thermo Scientific, Bonn, Germany).
CphB-s was also flanked by Bsal (3') and BamHI (5') and
integrated into plet. Subsequently, gfp was fused to cphB-s
using the BamHil sites. To create cphB-s-c, the unmodified coding
region as described in the database, a synthetic sequence
corresponding to the first 70 AA of the full-length cohB sequence
(cphB-s-c-pl), was adapted to the codon usage of Nicotiana
tabacum (Eurofins MWG Operon, Ebersberg, Germany) and
cloned into vector pEXA2-cphB-s-pl. The sequence coding for AA
71-330 (cphB-s-c-pll) was amplified from cphB-s and flanked by
Bglll and Sall restriction sides. This fragment was integrated into
PEXA2-cphB-s-c-pl, resulting in the vector pEXA2-cphB-s-c. S-
cphB-s was constructed via integration of the coding region cphB-
s into pICH26201. For vector pS-ccphB-sA2, the Ala-Ser-Ser AA
sequence at position +4 to +12 was adapted from GCT TCC TCC
to GCC ATT GGA using primer cphB-sA2-Bsal-fw. For propaga-
tion, all constructed vectors were transformed into E. coli TG1
and validated by sequencing (Eurofins MWG Operon, Ebersberg,
Germany). For plant infiltration, the vectors were transformed
into A. tumefaciens strain ICF320 (Bendandi et al., 2010).

Agroinfiltration of Nicotiana benthamiana plants

Transient expression in N. benthamiana plants was carried out as
described by Nausch et al. (2012b) (cultivation and growth of
bacteria and plants) and Leuzinger et al. (2013) (infiltration
process) with modifications (for details see Data S1). Plants were
infiltrated using vacuum infiltration with a freeze dryer (Alpha 1-4
Freeze Dryer, Christ, Germany) at 100 mBar for 2 min. Noninfil-
trated leaves were removed, and plants were incubated in the
dark overnight before they were returned to their regular growth
conditions with a 16h day and 8h night cycle at 20-22 °C.

Sample preparation and analyses of protein content and
RNA

Samples were taken 7, 8 and 9 days post infiltration (dpi), frozen
immediately with liquid N, and stored at —80 °C. All leaves were
harvested and pooled. Two to three plants per day and constructs
were analysed as independent replications. TSP was measured
according to Bradford (1976) using Pierce reagent and bovine
serum albumin (BSA) (Thermo Scientific) as the standard. Isolation
and preparation of total RNA were conducted as described
previously (Nausch et al., 2012b), and Northern blot analysis was
performed as described in Data S1 using the primers Bsal-cphB-b-
fw, cpohB-b-Bsal-rv, cphB-s-Bsal-rv and cphB-s-N-fw (Table S2).

Western blot analysis

Sample preparation and Western blot analysis were carried out as
described by Nausch et al. (2012b) with modifications (for details
see Data S1). CPHB-B isolated from E. coli was used as a positive
control. The primary anti-CPHB antibody was produced in two
Zika rabbits. Serum was obtained via centrifugation of the
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collected blood, and 0.04% sodium azide was added for storage.
A commercial secondary antibody was used (goat anti-rabbit
POD, Dianova, Hamburg Germany), and signals were detected
using the ECL chemiluminescence system.

Analysis of enzyme activity in crude plant extracts

The pooled leaf sample was mixed with chilled phosphate-
buffered saline (PBS) and homogenized using a Polytron (Pt-MR
2100, Kinematica AG, Switzerland) at maximum speed. TSP
(600 png) was incubated with 100 and 200 pug CGP. The reaction
was neutralized (Law et al., 2009). Two samples per construct
and CGP concentration were analysed. The reaction was stopped
immediately or overnight using trichloroacetic acid precipitation.
After centrifugation, the pellet was resolved in 300 pL 1x SDS
sample buffer (Nausch et al., 2012b), and 30 uL of the sample
was analysed by 12% SDS-PAGE. The gel was stained with
Coomassie Brilliant Blue R250 (Carl Roth GmbH, Germany) for
20 min.

Isolation of CGP and CGPase and prediction of protein
properties

CGP was isolated from Solanum tuberosum tubers (PsbY-cphA7e-
12) as described by Neubauer et al. (2012), and 10 mg was
dissolved in 1 mL 0.1 m HCL pH < 2. CGPase was isolated from
E. coli BL21 cells carrying pET22b-cphB-his and N. benthamiana
leaves using Ni%* NTA affinity chromatography as described in
detail in the supplementary information (Data S1). The molecular
weight of the proteins was predicted using the sequence
manipulation suite home page (Stothard, 2000). Prediction of in
silico protein folding was carried out using the Phyre2 server
(Kelley and Sternberg, 2009; Kelley et al., 2015).

Mouse study and plasma amino acid analysis

The procedures performed in this study were in accordance with
the German animal protection regulations and were approved by
the relevant authorities (Landesamt flr Landwirtschaft, Lebens-
mittelsicherheit und Fischerei, Mecklenburg-Vorpommern, Ger-
many; permission No. 7221.3-1-017/14).

Male mice (age 49 days) of an unselected control strain
(FZTDu; Dietl et al. (2004)) bred at the Leibniz Institute for Farm
Animal Biology (FBN) in Dummerstorf were housed individually
with sawdust bedding at 22 °C and a 12:12-h dark:light cycle.
Mice were fed a standard rodent diet ad /ibitum (Altromin 1314,
Altromin GmbH & Co. KG, Lage, Germany; 22.5% crude protein,
5% crude fat, 12.5 MJ ME/kg diet) and had free access to water.
Balanced for litter and body weight (BW), the mice were
randomly divided into four groups (n = 7/group) according to
the type of test pellet fed: cyanophycin (CGP), cyanophycin +
cyanophycinase (CGP+CGPase), free L-Arg and L-Asp (Asp+Arg)
and control (CON).

Protein-free test pellets were based on 220 mg of a 1:1
mixture of corn starch (Backfee, OsnaNahrmittel GmbH,
Osnabrtick, Germany) and powdered sucrose (Nordzucker AG,
Braunschweig, Germany). The basal pellet mixture was supple-
mented with 30 mg CGP (from S. tuberosum tubers), 30 mg CGP
+ 10 mg CGPase (from N. benthamiana leaves), or 15 mg Arg
(Degussa, Frankfurt/Main, Germany) plus 15 mg Asp (Reanal,
Budapest, Hungary). This corresponded to 1 mg CGP, 0.33 mg
CGPase, or 0.5 mg Arg or Asp, respectively, per g BW. The pellet
for the control group (CON) contained none of these supple-
ments. Dry matter was adjusted to 250 mg for each pellet with
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the starch/sucrose mixture to achieve comparable energy con-
tents. A volume of 40-45 uL of pH 3 water was added to the
mixtures, the mixture was filled in 1-mL plastic syringes (Omnifix®
40 Solo, Braun, Melsungen, Germany), and pellets were pressed
manually with a plunger. Pressed pellets were stored overnight at
4 °C before consumption.

At the age of 79-92 days, the mice were transferred to cages
without sawdust after overnight food withdrawal. Test pellets were
offered to the mice for 15 min, the remaining food was collected,
and the animals were transferred back to their original cages. The
tips of their tails were snipped to collect blood in sodium-
heparinized microhematocrit capillary tubes (Marienfeld, Lauda-
Konigshofen, Germany) at 0, 20, 40, 60, 120, 180 and 240 min
after pellet administration. The capillaries were immediately put on
ice and were centrifuged for 3 min at 10 000 x g and 4 °C. The
isolated plasma was diluted with ultrapure water and stored at
—20 °C. Immediately after the 240 min, blood samples were
taken, mice were killed by cervical dislocation. The abdomen was
opened, the small and large intestine were isolated, and the total
contents were rinsed with 3 mL cold PBS, weighed, and stored
frozen at —20 °C The residual CGP concentration of the small and
large intestine in the CGP, CGP+CGPase and free Asp+Arg mice
were quantified as described in Data S1. We used only mice with
>40% intake of their respective pellets. Thus, valid observations
were obtained for 6, 6, 7 and 7 mice in the CGP, CGP+CGPase,
Asp+Arg and CON groups, respectively. Plasma AA were analysed
by HPLC separation with fluorescence detection of o-phthaldialde-
hyde derivatives on a 250 x 4 mm HyperClone ODS (C18) 120 A
(Phenomenex, Aschaffenburg, Germany) as described (Kuhla et al.,
2010). Standard AA (A9906 Sigma, Munich, Germany) allowed
assignment of retention times and quantification. The B-Asp-Arg
dipeptide, eluting at a retention time of 3.8 min, was identified
using isolated CGP degraded by CGPase (Fig. S2). Enzyme
hydrolysis of CGP (200 ng) was performed as described (Law
et al., 2009) with minor modifications. CGP (10 mg/mL in 0.1 wm
HCL) was diluted in PBS (pH 7.2), and 50 pg of S-CPHB-S (1 mg/
mL) isolated from N. benthamiana was added. Samples were
incubated at RT overnight. CGPase was removed from the
hydrolysis mixture by centrifugation with Roti®-Spin MINI-3
cartridges (3 kDa, Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
for 20 minat 17 000 x g and 4 °C. The B-Asp-Arg dipeptide was
quantified by the AUC using a four-point calibration. The detection
limit was 0.5 pm. An aliquot of the B-Asp-Arg dipeptide filtrate
(100 ub) was hydrolysed in 1 mL of 6 N HCl at 110 °C for 22 h
with ascorbic acid as an antioxidant under a N, atmosphere to
confirm the Asp and Arg constituents only. After HCI removal
under a N, stream at 60 °C, the residue was diluted in 1 mL H,O,
centrifuged for 20 min at 17 000 x g and 4 °C and analysed for
AA concentrations. Based on the concentrations of Arg and Asp,
the amount of B-Asp-Arg was recalculated. Then, plasma concen-
trations of Asp, Arg, B-Asp-Arg dimer and Orn were quantified. For
calculation of the pharmacokinetics of these metabolites, data
were normalized for the pellet intake and BW after subtraction of
the mean concentrations of the corresponding AA of the CON
group. The AUC for the B-Asp-Arg dimer and Arg between 0 and
4 h after administration was calculated with TableCurve 2D V 5.01
software (SYSTAT Software Inc., Chicago, IL). The time (Tna) at
which the maximal plasma concentration, Gy, Was reached was
computed using a best curve fit. Plasma clearance was calculated
from the administered dose of CGP (converted to B-Asp-Arg
equivalents) or Arg (umol) divided by the AUC.

© 2016 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 15, 605-613



612 Daniel Ponndorf et al.

Statistical analysis of mouse study

Mouse data were evaluated with SAS 9.4 software (SAS Institute
Inc. 2011, Cary, NC). A repeated-measures ANOVA implemented
in a mixed model was used with the fixed effects of group
(CGP+CGPase, CGP, Asp-Arg, CON) and time of blood sampling
(20, 40, 60, 120, 180, and 240 min), as well as the interaction
term. The effect of repeatedly sampled animals was considered
random. The covariance structure was autoregressive (AR1). For
singly measured variables, a one-way ANOVA was used with
group as a fixed effect. Residual intestinal CGP contents were
analysed by a two-factorial ANOVA with group and intestinal
location (small and large intestine) as fixed factors and the
interaction term. Pellet intake did not differ among groups and
was not considered a factor. Effects were considered significant
at P < 0.05, and group differences were tested using the Tukey—
Kramer test. Significance levels of P < 0.10 were considered a
statistical trend. Data are presented as least-square means
(LSMEANS) and their standard errors (SE).
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Figure S1. In silico secondary structure determination of S-CPHB-
S and S-CPHB-A2 was carried out using the Phyre2 server (Kelley
and Sternberg, 2009; Kelley et al., 2015).

Figure S2. Chromatogram of the B-Asp-Arg dipeptide after
enzymatic degradation of cyanophycin with cyanophycinase and
subsequent enzyme removal (blue); Asp and Arg signals after acid
hydrolysis of the B-Asp-Arg dipeptide (red); LU, luminescence
units.

Table S1. Body weight, intakes of pellets, cyanophycin (CPG),
cyanophycinase (CPGase), and free Asp and Arg, as well as
concentrations of plasma Asp, B-Asp-Arg dipeptide, Arg, and Orn
in four groups of mice fed protein-free pellets supplemented with
CPG, CPG+CPGnase, Asp+Arg, or none of these (control; CON).
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Data S1. Detailed experimental procedure.
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Fig B2 S 1: In silico secondary structure determination of S-CPHB-S and S-CPHB-A2 was carried out
using the Phyre2 server (Kelley et al. 2009, Kelley et al. 2015).
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Figure B2 S 2: Chromatogram of the R-Asp-Arg dipeptide after enzymatic degradation of cyanophycin
with cyanophycinase and subsequent enzyme removal (blue); Asp and Arg signals after acid hydrolysis
of the R-Asp-Arg dipeptide (red); LU, luminescence units.
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Table B2 S 1: Body weight, intakes of pellets, cyanophycin (CPG), cyanophycinase (CPGase), and free
Asp and Arg, as well as concentrations of plasma Asp, B-Asp-Arg dipeptide, Arg, and Orn in four groups
of mice fed protein-free pellets supplemented with CPG, CPG+CPGnase, Asp+Arg, or none of these
(control; CON).

CPG+ Asp+
CPG CPGase | Arg CON | SE' P<
G* T GxT
BW*, g 39.4 395 39.0 418 | 1.74 | 0615 -t -t
Intakes
Pellet, mg 223 207 210 186 | 20.4 | 0.603 - -
CPG, mg kg
BW 683.5° 662.2° 0° 0° | 58.89 | 0.001 - -
CPGase, mg -
kg BW 0° 260° 0° 0° | 26.54 | 0.001 - -
Asp, mg * kg’
BW 290.6°t | 281.1% | 324.1° 0° | 29.75 | 0.001 - -
Arg, mg " kg”
BW 393.5° 381.5° | 324.1° 0° 37.5 | 0.001 - -
Plasma concentrations, pumol/L§
Asp 7.3% 10.1%® 16.3° | 14.0® | 1.92 | 0.012 | 0.019 | 0.091
R-Asp-Arg 0° 77° 0° 0° 6.5 | 0.001 | 0.001 | 0.001
Arg 62.5° 71.7°q | 106.9° | 63.7% | 9.79 | 0.008 | 0.001 | 0.001
Oorn 95.8" 97.3° 230.9° [ 123.2° | 142 | 0.001 | 0.275 | 0.001

Data are shown as LSMEANS + SE, and n = 6 — 7 mice per group.

*G = group, T =time, G x T = group x time interaction, body weight (BW).

1Singly measured variables were analyzed with one-way ANOVA.

FValues differing among groups have different letters (a, b) on the same line (Tukey, P < 0.05).

§Basal plasma Arg, Asp, and Orn concentrations in mice prior to pellet intake were 102 + 5.1, 12.8 £ 1.5, and
99.5 £ 10.2 ymol - L7, respectively (P> 0.5).

{Values sharing the sign on the same line tend to differ (Tukey, P < 0.10).
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Table B2 S 2: Sequence of primers used in this study1

Name Sequence Vector
Bsal-cB-b-fw 5-TTTTGGTCTCACATGGCGATCGGGGGAGCGGAGG-3' pcB-b
cB-b-Bsal-rv 5-TTTTGGTCTCAAAGCTTAGTGGTGGTGGTGGTGGTGCTCG-3' pcB-b
Bsal-cB-s-fw 5-TTTTGGTCTCACATGGCCATTGGAGGGGCAG-3' ECS;?:BSS
Bsal-cB-sAfw 5TTTTGGTCTCACATGgcttcctccGCCATTGG-3' pcB-sA
cB-s-Bsal-rv 5-TTTTGGTCTCAAAGCTTAGTGATGGTGATGATGATGTTCC-3' gg?:BS(g(\,)AQ)
BamHI-cB-s-fw 5-TTTTGGATCCATGGCCATTGGAGGGGCAG-3' pGFP-cB-s
Bsal-GFP-fw 5-TTTTGGTCTCACATGGTGAGCAAGGGCGAGGAGCTGTTCACC-3 pGFP-cB-s
GFP-BamHI-rv 5'-CCCCCGATCGCCATGGATCCCTTGTACAGCTCGTCCATGC-3 pGFP-cB-s
Bsal-cBs-c-pl-fw 5-TTTTGGATCCGGTCTCACATGTTGTACAGAATTC-3' pcB-s-c
cBs-c-pl-Sall-rv 5-TTTTGTCGACGAATATTGTAGGAG-3' pcB-s-c
Bglll-cBs-c-pll-fw 5-TTTTGCAGATCTTGACTACCTTTTGCCAAAGAGC-3' pcB-s-c
cB-s-c-pll-Sall-Bsal-rv 5-TTTTGTCGACGGATCCGGTCTCAAAGCTTAGTGATGGTGATGATGATG-3' | pcB-s-c
Bsal-cB-sA2-fw 5-TTTTGGTCTCACATGgcctctagcGCCATTGG-3' pScB-sA2
cB-s-N-fw 5TTTTCAGAAGATAAGGTTAGAGGAAGGCAG-3 Northern

'Restriction sites used in this study are shown in bold. Start and stop codons of cphB are underlined. The added amino acids A-S-S are shown in small letters. cB= abbreviation
for cphB
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Text S1 Experimental Procedure
Agroinfiltration of N. benthamiana plants

Modifications: the volume of infiltration buffer was increased from 50 mL to 4 L. Therefore,
400 mL of an A. tumefaciens secondary overnight culture was grown and treated as
described for the primary culture (Nausch et al. 2012). The resulting pellet was dissolved in 4
L infiltration buffer (Marillonnet et al. 2004)), and 1 mL of the detergent Silwet Gold (Spiel3-

Urania; Hamburg, Germany) was added.
RNA analysis

A 3 ug aliquot of RNA was separated by gel electrophoresis on a 1.5% agarose gel in MOPS
buffer (20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA, 5% formaldehyde, pH 7). Blotting,
hybridization and signal detection were performed as described for Southern blot analysis by
Nausch et al. (2012) with modifications. The membrane was prehybridized for 3 h at 51°C,
DIG-labeled probes were amplified using the primers Bsal-cB-b-fw, cB-b-Bsal-rv, cB-s-Bsal-

rv and cB-s-N-fw (Table S2) and the membrane was hybridized to the probe at 51°C.
Western blot

Modifications during sample preparation: PMSF in the protein extraction buffer was replaced
with protease inhibitor cocktail tablets (Complete Tablets, Mini, EASYpack, Roche,
Mannheim, Germany) according to the manufacturer's recommendations. Total soluble
protein (TSP) was precipitated using trichloroacetic acid at 4°C for 2.5 h and dissolved in 30
ML 1x sample buffer (10% glycerin, 150 mM Tris (pH 6.8), 3% SDS, 1% mercaptoethanol,
and 2.5% bromophenol blue).

After separation, the samples were blotted on a 0.45 pym nitrocellulose Amersham Hybond
ECL membrane (GE Healthcare Life Science, Darmstadt, Germany), which was blocked
overnight at room temperature (RT) in TBS+T buffer (10 mM Tris, 15 mM NaCl, pH 7.6,

0.05% Tween) containing 5% skim milk powder.

Antibody concentration and incubation: the primary serum was used at a 1:6000 dilution and
incubated for 2 h at RT. After 3 washing steps, the secondary antibody (goat anti-rabbit POD,
Dianova Hamburg, Germany) was diluted 1:20,000 and incubated for 1 h at RT. After
another 3 washing steps, the signals were detected using the ECL chemiluminescence
system, and the membrane was exposed to Amersham Hyperfim™ ECL films (GE

Healthcare Limited, Darmstadt Germany) for 2 and 5 min.
Analysis of enzyme activity in crude plant extracts

PBS: 140 mM NaCl, 10 mM KClI, 6.4 mM Na,HPO,, 2 mM KH,PO,, pH 7.2.
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Ni#* NTA affinity purification of cyanophycinase (CPGase)

A single colony of E. coli BL21 carrying pET22b-cphB-His (Lockau unpublished) was grown
in 50 mL Luria-Bertani (LB) medium (Carl Roth GmbH, Karlsruhe, Germany) containing 1 %
glucose, 125 ugml” ampicillin at 37°C for 3 h . After centrifugation (10 min, 4,600g, RT), the
pellet was dissolved in 100 mL of the same medium and incubated for 2 h at 37°C. Following
centrifugation (10 min, 4,600 g, RT), the pellet was dissolved in 200 mL LB medium,
containing 250 ugml™ ampicillin and 1 mM IPTG and grown overnight at RT. This culture
was centrifuged (15 min, 4,600 g, RT), and the pellet was dissolved in 30 mL NPI buffer (50
mM NaH,PO,-H,0, 300 mM NaCl, pH 8) containing 10 mM imidazole. Cells were lysed using
an ultrasonic unit on ice (2x30 s, output 120) and subsequently centrifuged for 15 min at 4°C,
4,600 g. The supernatant was transferred to a new tube and centrifuged again for 1 h, 4°C,
12,000 g. A 2.7 mL ProBond®Resin (Novex® Life Technologies™, Van Allen Way Carlsbad,
CA, USA) NiZ*-NTA matrix was equilibrated with 25 mL NPI buffer. Then, 20 ml of
supernatant was loaded on the column, which then was washed twice with 25 mL NPI buffer
containing 20 and 30 mM imidazole. Protein was eluted from the matrix surface using 6
fractions of NPI buffer containing 300 mM imidazole. Fractions 2, 3 and 4 were desalted
using a PD-10 Sephadex® G-25M column (Pharmacia Biotechnology, Uppsala, Sweden),
which was equilibrated with 50 mL PBS (pH 7.5) and eluted with 3.5 mL of the same buffer.
Aliquots of 200 uL were stored at -20°C or 4°C for next day use. CPGase was isolated from
N. benthamiana leaves by homogenization of leaf material from one whole plant with a
Polytron (2x30 s, 19,000 rpm) in cold 50 mM Na,HPO,-H,O buffer (pH 8) containing 0.3 M
sucrose and 0.24 M NaCl. Homogenized material was filtered through 3 layers of Miracloth
(Merck Millipore, Germany) and centrifuged (4°C, 45 min, 12,000 g). CPHB was isolated as
described above, but 15 mL column matrix was used. Therefore, the amounts of buffers were
adjusted, and all fractions were rebuffered with PBS (pH 7.5) using Vivaspin 20
concentration tubes according to the manufacturer’s protocol (Sigma Aldrich, Steinheim,

Germany).
CGP quantification in the large and small intestine

Intestinal digesta samples were stored at -20°C. Cyanophycin (CGP) analysis was
conducted as described by Hihns et al. (2008) with modifications. Freeze-dried intestinal
digesta samples (20-35 mg) were analyzed. Soluble proteins were extracted with 1 mL 50
mM Tris (pH 8) for 30 min in a shaker (1,000 rpm). After a centrifugation step (13,200 rpm,
RT, 15 min), the supernatant was discarded and the pellet resuspended in 1 mL of 0.1 M
HCI. After another centrifugation step, 800 L of the supernatant was collected and used for
CGP analysis. Tubes with 1 to 10 pyL of sample were filled with 0.1 M HCI to a final volume of
800 pL. After addition of 200 pL of 5 x RotiQuant Bradford reagent (Cat. No. K015.1, Carl
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Roth GmbH + Co. KG, Karlsruhe, Germany) and a 5 min incubation, samples were
measured at 595 nm in microcuvettes (Cat. No.: 67.742; Sarstedt AG & Co., Niumbrecht,
Germany). A calibration curve was prepared with purified CGP from tobacco leaves or potato
tubers, extracted as described by Neubauer (2012), with a concentration range of 1 to 5 ug -
mL™" CGP. OD values of the control mice were subtracted from OD values of samples from

the CGP and CGP+CGPase groups.
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B3: Coexpression and comparison of two cyanophycinases in transgenic,

cyanophycin producing tobacco plants.

Daniel Ponndorf, Inge Broer, Henrik Nausch (2017): Coexpression and comparison of two
cyanophycinases in transgenic, cyanophycin producing tobacco plants. Transgenic

Research, 1-9

Author’s contribution: Together with 1.B. and H.N. | designed the experiments. Together with

H.N. | performed the plant experiments and the molecular analysis of the plants. Western
blots and comparison of enzyme activity was performed by H.N. | performed the statistical

analysis and interpretation of the data and wrote the article.
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Abstract Increasing the arginine (Arg) content in
plants used as feed or food is of interest, since the
supplementation of food with conditionally essential
Arg has been shown to have nutritional benefits. An
increase was achieved by the expression of the Arg-
rich bacterial storage component, cyanophycin (CGP),
in the chloroplast of transgenic plants. CGP is stable in
plants and its degradation into B-aspartic acid (Asp)-
Arg dipeptides, is solely catalyzed by bacterial
cyanophycinases (CGPase). Dipeptides can be
absorbed by animals even more efficiently than free
amino acids (Matthews and Adibi 1976; Wenzel et al.
2001). The simultaneous production of CGP and
CGPase in plants could be a source of B-Asp-Arg
dipeptides if CGP degradation can be prevented in
planta or if dipeptides are stable in the plants. We have
shown for the first time that it is possible to co-express
CGP and CGPase in the same plant without substrate
degradation in planta by transient expression of the
cyanobacterial CGPase CPHB (either in the plastid or
cytosol), and the non-cyanobacterial CGPase CPHE
(cytosol) in CGP-producing Nicotiana tabacum
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plants. We compared their ability to degrade CGP in
planta and in crude plant extracts. No CGP degrada-
tion appeared prior to cell homogenization indepen-
dent of the CGPase produced. In crude plant extracts,
only cytosolic CPHE led to a fast degradation of CGP.
CPHE also showed higher stability and in vitro
activity compared to both CPHB variants. This work
is the next step to increase Arg in forage plants using a
stable, Arg-rich storage protein.

Keywords Cyanophycinase CPHB - CPHE -
Cyanophycin - Transient coexpression - Nicotiana
tabacum

Introduction

Arginine (Arg) is important for animal nutrition and
has shown beneficial effects on growth, health,
reproduction and meat quality (Ma et al. 2015; Wang
et al. 2015; Wu et al. 2014) while no adverse effects of
long-term Arg supplementation were found in pigs,
sheep and rats (Hu et al. 2015; Wu et al. 2007). Since
Arg also plays an important role in human bio-vital
processes, it is used in medicine and as an additive in
the food industry (Sallam and Steinbuchel 2010). Arg
is commonly produced by fermentation (Utagawa
2004) and is supplemented as a free amino acid.
Enhancing the Arg content in forage crops could lead
to a cheaper, easier and sufficient Arg supply for
livestock. To our best knowledge, no successful
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breeding attempt to increase the content of free Arg in
plants has been described so far. One reason for this
failure might be the feedback inhibition of Arg
synthesis (Sancho-Vaello et al. 2009; Winter et al.
2015). In order to prevent this, newly synthesized Arg
needs to be bound, keeping the free Arg content at the
endogenous level.

Storage can be achieved by incorporating Arg in the
cyanobacterial storage polypeptide cyanophycin (mul-
ti-L-arginyl-poly-L-aspartic acid, CGP). CGP is a
nitrogen, carbon and energy storage protein, which is
synthesized by most cyanobacteria and also several
non-photosynthetic bacteria (Allen et al. 1984; Simon
1987; Simon and Weathers 1976; Ziegler et al. 2002).
It is created via non-ribosomal biosynthesis by the
enzyme cyanophycin synthetase (cphA) (Ziegler et al.
1998) and consists of an L-aspartic acid (Asp)
backbone with linked L-Arg residues (Simon and
Weathers 1976). CGP proved to be stable and resistant
to common eukaryotic and prokaryotic proteases
(Simon and Weathers 1976), and its degradation is
restricted to cyanophycinases (CGPases), which are
produced by prokaryotes and occur in two classes: (1)
Intracellular, called CPHB, mainly produced by
cyanobacteria (Allen et al. 1984; Gupta and Carr
1981; Richter et al. 1999), and (2) extracellular CPHE,
produced by non-cyanobacterial prokaryotes (Obst
et al. 2002). CPHB and CPHE catalyze the degrada-
tion of CGP into B-Asp-Arg dipeptides (Gupta and
Carr 1981; Obst et al. 2002; Richter et al. 1999). In
human trials, these dipeptides had an improved
nutritional effect compared to free AA, since they
are taken up more efficiently (Matthews and Adibi
1976; Wenzel et al. 2001).

The chloroplast-targeted expression of the cphA
coding region from Thermosynechococcus elongatus
BP-1 in tobacco and potato led to the stable production
of CGP in plants and an increase in the amount of total
Arg (Hiihns et al. 2008, 2009; Nausch et al. 2016;
Neumann et al. 2005). Although CPHE-producing
bacteria were found in the colon of mammals (Sallam
and Steinbuchel 2009a), feeding of CGP should not
result in an increase in Arg in the blood, since Arg
uptake is mainly restricted to the small intestine (Broer
2008). This has been confirmed in a previous study
where we showed that CGP can only be degraded by
mice when degrading enzymes have been added to the
feed (Ponndorf et al. 2016). Thus the co-expression of
CGPase and CGP might enable the release of B-Asp-
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Arg dipeptides in the gut, making the addition of the
enzyme unnecessary.

As already shown for bacteria (Richter et al. 1999;
Sallam et al. 2009; Sallam and Steinbuchel
2009b, 2010), CPHB and CPHE were successfully
produced in Nicotiana benthamiana. In case of CPHB,
it was necessary to improve translation and stability
for successful enzyme accumulation in plants, while
CPHE was produced in high amounts in a stable man-
ner without any adaptations. In addition, CPHE
demonstrated a higher CGP degrading activity. Nev-
ertheless, when added to crude N. benthamiana
extracts, both CPHB and CPHE were able to degrade
purified CGP at room temperature (RT) (Nausch and
Broer 2016; Ponndorf et al. 2016).

In this study we analyzed the co-expression of
different CGPases in CGP-producing Nicotiana taba-
cum var. Badischer Geudertheimer plants (BG)
(Nausch et al. 2016) to allow the release of dipeptides
during digestion of the feed.

Materials and methods

Transient expression in Nicotiana tabacum var.
badischer geudertheimer (BG) and sample
preparation

We used the constructs S-cphB-s and gfp-cphB-s for the
production of S-CPHB and GFP::CPHB (Ponndorfetal.
2016) and cphE241syn (pcphE-s) for the production of
CPHE (Nausch and Broer 2016), respectively. Clones of
one parental BG plant were used for transient expression
[Event 176 (Nausch et al. 2016)]. Four-week-old clones
were transferred from tissue culture, containing Mura-
shige—Skoog medium, to peat soil and grown under
greenhouse conditions for another 2 weeks before
vacuum infiltration as described by Ponndorf et al.
(2016). The vectors were transferred into the Agrobac-
terium tumefaciens strain ICF320, cultivated in LB with
50 pg x ml~!' rifampicin and kanamycin, each. Cell
cultures were centrifuged and diluted in infiltration
buffer (100 mM MES (pH 5.5), 10 mM MgCl,, 0.02%
Silwet Gold). BG plants were submerged into the
infiltration buffer and vacuum was applied (50 mbar,
5 min), using a freeze drier. Infiltrated plants were kept
in the dark for one night. After 10 days post infiltration
(dpi) 3-5 leaves per plant were harvested and cut
vertically. One half was frozen immediately without
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homogenization to analyze the in planta state, while the
other half was homogenized using a PT2100-Homog-
enizer (Kinematica AG, Littau-Lucerne, Switzerland)
(30.000 rpm; 3045 s) and incubated overnight at
22-24 °C.

Quantification of CGP

CGP was quantified as described by Nausch et al.
(2016). Freeze dried leaf material (30-35 mg) was
homogenized with ceramic pills using a Precellys 24
homogenisator (VWR International GmbH, Erlan-
gen, Germany) and incubated in 1 mL 50 mM Tris
(pH 8) for 30 min. After centrifugation, the pellet
was resuspended in 1 mL of 0.1 M HCl and
incubated for 1 h at room temperature. After another
centrifugation step, 800 mL of the supernatant was
used for CGP analysis. For that 1-10 pL of sample
were diluted with 0.1 M HCI to a final volume of
800 and 200 mL of 5 x RotiQuant Bradford reagent
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
was added. Samples were measured at 595 nm. A
calibration curve was prepared with purified CGP
from potato tubers, as described in 2.3. OD values of
leaf samples from non-transgenic plants that were
infiltrated with the corresponding Agrobacterium
strain were subtracted from OD values of samples of
infiltrated transgenic plants. Complete Protease
Inhibitor Cocktail Tablets EASYpacks (Roche) were
added to the 50 mM Tris buffer according to the
manufacturer’s advice. Additionally, we added
2 mM Pefabloc® (Sigma-Aldrich), 1 pg ml~'Apro-
tinin and 1 mM PMSF (Sigma-Aldrich) to prevent
unwanted CGP degradation during protein
extraction.

Isolation of CGP and CGPase

Isolation of CGP from Solanum tuberosum tubers was
conducted as described by Neubauer et al. (2012).
Ground potatoes were stirred in 1% (w/v) NaHSOj; for
1 h and the homogenate decanted through a sieve
(<0.5 mm pore diameter). The aqueous CGP-contain-
ing flow-through was passed again through a sieve
(70 um pore diameter) and the residue treated with
0.1 M HCI to solubilize CGP. CGP was separated
from insoluble starch via centrifugation (4466xg,
15 min) and CGP precipitated in the supernatant by
adjusting to pH 5 with NaOH.

CGPase from E. coli and N. benthamiana were
isolated as described by Ponndorf et al. (2016) for
CPHB and by Nausch and Broer (2016) for CphE.
Since all CGPases contain a His-Tag, they were
purified via Ni-NTA purification. The ProBond™
Purification System (Thermo Fisher Scientific) and a
Glass Econo-Column® (BioRad, Hercules, USA), that
were packed with the nickel resin was used. Crude
E. coli or leaf extracts were centrifuged at (16,260x g,
4 °C) and after an initial equilibration of the resin with
NPI buffer [SO mM NaH,PO4 (pH 8), 300 mM NacCl]
containing 10 mM Imidazol, the supernatant was
loaded onto the column. After two washing steps with
buffer, containing 20 and 40 mM imidiazol, the His-
tagged target protein was eluted with NPI buffer and
300 mM imidazol.

The eluted proteins were desalted via Sephadex
G25 M Desalting Columns (Column PD-10; GE
Healthcare Europe GmbH; Freiburg, Germany) and
desalting buffer [20 mM Tris (pH 8) and 1 mM DTT].

In planta, semi in vivo and in vitro activity assays

The CGPase activity assay in planta was carried out as
described above. The activity in vitro and in crude
extracts was determined as described by Nausch and
Broer (2016). Purified CGP (200 pg) was diluted
either in PBS or in 1000 pg of crude TSP extracts of
BG and 500 ng or 5 ng of purified CGPase were added
respectively, diluted with PBS to a final volume of
5 ml and incubated at 22-24 °C. At 15 min time
points, one tenth of the original reactions was
collected and the reaction stopped by TCA precipita-
tion. Pellets were resuspended in 25 pl SDS-PAGE
loading buffer, separated in a 12% SDS-PAGE and
subsequently Coomassie stained.

SDS PAGE and western blot

Samples were resuspended in loading buffer, (10%
glycerin, 150 mM Tris (pH 6.8), 3% SDS, 1% pB-
mercaptoethanol, and 2.5% bromophenol blue) and
denaturated at 95 °C for 5 min prior to separation in a
12% SDS-PAGE. Proteins were transferred onto a
nitrocellulose membrane, using a BioRad Trans-Blot
semi-dry transfer cell. Two mA/cm?2 were applied for
1 husing 50 mM Tris, 40 mM glycine, 0.01% SDS, and
20% methanol as the transfer buffer (pH 8.5). CPHB
variants were detected via a self-made rabbit anti CPHB
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antibody (Ponndorf et al. 2016) and a goat anti-rabbit,
POD-conjugated antibody (Dianova, Hamburg, Ger-
many). For the detection of GFP, a rabbit anti-GFP
antibody (SySy GmbH, Géttingen, Germany) and the
same secondary antibody were used as previously
described. CPHE was detected as described by Nausch
and Broer (2016) via its His-Tag using a mouse anti-His
and a donkey anti-mouse, POD conjugated antibody
(both Dianova). Proteins were detected via chemilumi-
nescence using a Kodak Biomax light X-ray film
(VWR; Darmstadt, Germany).

Calculation and prediction of protein properties

Molecular weight of proteins was predicted using the
sequence manipulation suite homepage (Stothard
2000).

Statistical evaluation

Exploratory data analysis, the comparison of means
and creation of box plots was carried out using IBM
SPSS Statistics 22. Tests were chosen depending on
the data properties. Normal distribution was tested
using the Shapiro—Wilk test with p > 0.05 defined as
normally distributed. Homogeneity of variation was
tested using the Levene statistic with p > 0.05 defined
as homogenous. Depending on these requirements and
the respective dataset the corresponding statistical
tests were chosen.

Results

The MagnICON® transient expression system (Mar-
illonnet et al. 2005) was used to co-express CGPase in
transgenic N. tabacum var. BG plants (event BG 176)
producing CGP in the plastid (Nausch et al. 2016). We
analyzed three CGPase variants, which had been
successfully produced in plants before and were
confirmed to be active in plant material. The intercel-
lular CGPase CPHB from Thermosynechococcus
elongatus BP-1 was targeted to the chloroplast by
the fusion to the transit peptide of the small subunit of
RuBisCO (S-CPHB) or stabilized in the cytosol by the
fusion to the green fluorescence protein (GFP)
(GFP::CPHB) (Ponndorf et al. 2016). The intercellular
CGPase CPHE from Pseudomonas alcaligenes
(Nausch and Broer 2016; Sallam et al. 2011) was
expressed in the cytosol.
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Infiltrated clones of BG 176 were harvested at 10 dpi,
and the CGP content was determined in freeze-dried
material. Leaves were harvested at 10 dpi to allow even
small amounts of CGPase to degrade CGP in the
chloroplast (S-CPHB), or in the case that the separation
might not be complete (GFP::CPHB, CPHE). The CGP
content varied between independent experimental repli-
cates (data not shown), but these differences did not
occur between plants of the same replicate.

CPHE shows higher activity compared to S-CPHB
under in vitro conditions

As shown previously in N. benthamiana, CPHB
variants and CPHE were active in vitro, and S-CPHB
and GFP::CPHB did not differ in their activity in V.
benthamiana (Nausch and Broer 2016; Ponndorf et al.
2016). Therefore, purified S-CPHB (5 pg) and CPHE
(0.5 pg) isolated from N. benthamiana were incubated
with purified CGP (20 pg) either under in vitro
conditions or in crude BG extracts, containing
100 pg of total soluble protein (TSP, Fig. 1). The
reaction was stopped every 15 min and analyzed with
SDS-PAGE by Coomassie staining. Experiments were
conducted at least twice. Within the time investigated,
the activity of CPHE in BG crude extracts was much
higher than S-CPHB. Although the amount of
S-CPHB added to the samples was 10 times higher
than CPHE, its degradation of the same amount of
CGP was approximately 2 times slower (Fig. 1).

Additionally, when the amount of S-CPHB was
reduced to 2.5 png per sample, no visible decrease in
CGP content occurred over the time investigated (data
not shown). In contrast, only 100 ng of CPHE per
sample are sufficient for a detectable CGP degradation
(Nausch and Broer 2016).

Expression of chloroplast-targeted CGPase does
not result in CGP degradation in planta

In order to analyze whether the storage of Arg in -Asp-
Arg dipeptides is superior to CGP storage in the
chloroplasts, CGPases should be transported to the
chloroplast where CGP is present. Since CPHE could
not be targeted to the plastids of N. benthamiana
(Nausch and Broer 2016), we only investigated the
effect of chloroplast targeting for S-CPHB in BG. At 10
dpi comparable amounts of CGP were analyzed in
uninfiltrated plants [median value, 6.7 pg mg™~"' dry
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Fig. 1 Comparison of enzyme activity of S-CPHB and CPHE
a in vitro (CPHE already shown by Nausch and Broer 2016).
b Degradation of 20 pg isolated CGP in 100 pg total soluble
protein (TSP) isolated from N. tabacum Badischer

weight (dw)], the empty vector control (10.0 pg mg™"

dw) and in plants transfected with the S-CPHB
expressing vector (8.0 pg mg~'dw); (Fig. 2). The
observed differences were not significant (Dunnet-T3
test). The presence of S-CPHB was verified by western
blot (Fig. 3). The two bands represent the expected size
of the monomer [29 kilo Dalton (kDa)] and dimer (ca
70 kDa) of the mature protein. The expected size of the
unprocessed monomer including the signal peptide is
about 35 kDa. Stronger signal intensity was observed
for S-CPHB compared to GFP::CPHB in the anti-CPHB
western blot, but was not detectable at all when using
anti-His antibodies, probably due to the lower sensitiv-
ity of this antibody. Because only the mature CPHB was
detected in the western blot, it is likely that the enzyme
enters the chloroplast. However, this expression did not
decrease the amount of CGP in the plastids. After
homogenization and incubation of the plant material for
24 h, no S-CPHB signals could be detected (Fig. 3)
indicating instability of the enzyme after cell
homogenization.

Transient expression of CPHE in CGP producing
N. tabacum BG plants is sufficient to completely
degrade CGP in homogenized leaf tissue

The spatial separation of CGP and CGPase should
prevent degradation of CGP in the chloroplast in
planta and might enable the controlled degradation of
CGP after cell homogenization. Therefore, BG 176
clones were infiltrated with vectors gfp-cphB-s and

Geudertheimer M = PageRulerTM Plus Prestained Protein
ladder; -CGPase = control without the addition of S-CPHB
and CPHE respectively

cphE241syn encoding GFP::CPHB and CPHE to
allow cytosolic enrichment of CGPase. Leaf material
was harvested at 10dpi, homogenized and incubated
for 24 h at RT. The CGP content was measured
directly after harvest and after cell homogenization
and incubation. The expression of cytosolic
GFP::CPHB did not lead to a measurable degradation
of CGP in comparison to the GFP control, neither
before nor after cell homogenization (Fig. 2). The
expression of CPHE in the cytosol did not result in
CGP degradation in intact leaves, but a significant
decrease (p = 0.00, Dunnet T3 Test, oo = 0.01) was
measured in homogenized tissue. While the mean
CGP content averaged 21 pg CGP mg dw ™! directly
after homogenization, only 1 ug CGP mg dw™' was
present after 24 h (Fig. 2).

In order to investigate whether the absence of CGP
degradation for most constructs was caused by the
absence of the CGPase or its inactivity, western blots
were conducted (Fig. 3). Anti-CPHB and anti-GFP
western blots seem to be more sensitive compared
anti-His western blots, since 5 times more purified
protein was necessary to give the same signal intensity
in anti-His blots compared to anti-CPHB and anti-GFP
blots.

As shown in Fig. 3, GFP::CPHB was detected in
samples directly after harvest (T0), while a decrease in
protein was observed after cell homogenization and
incubation (T24). Using anti-GFP antibodies, a protein
corresponding to the size of the GFP protein (29 kDa)
was detected. Although GFP and CPHB monomers
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Fig. 2 In planta and crude plant extract activity assay of
different cyanophycinase (CGPase) variants at two different
experimental time points (I and II). Infiltrated N. tabacum
Badischer Geudertheimer leaves were harvested at 10 days
post-infiltration (dpi), and vertically cut into halves. One half
was frozen immediately without homogenization (T0). The
other half was homogenized and incubated for 24 h at room
temperature (T24). The material was freeze dried and CGP
content was measured. Circles in the box plot show outliers;
CGP, cyanophycin; dw, dry weight; NIC, N. tabacum Badischer
Geudertheimer-176 near isogenic control; GFP, empty vector
control: pICH18711 expressing the green fluorescent protein
(Marillonnet et al. 2005). Values with different letters (a,
b) significantly differ between groups (Dunnet T3, p < 0.01)

have an equal size we assume this band is specific for
GFP, because no CPHB signals were detected in the
anti-CPHB western blots for the same sample

@ Springer

In contrast to S-CPHB and GFP::CPHB, CPHE was
clearly detectable in TO as well as T24 samples.

Discussion

Here we could show for the first time that sufficient
storage of arginine and timely delivery of -Asp Arg
dipeptides is possible when CGP and CPHE are
coexpressed in a commercial tobacco cultivar but
produced in separate compartments. The commercial
usage of CGP producing plants to supplement Arg in
feed depends on the storage of high amounts of CGP or
B-Asp-Arg dipeptides in the plant and its controlled
and complete degradation to B-Asp-Arg dipeptides in
the extract. The fact that the separation of CGP
(chloroplast) and CGPase (cytosol) is sufficient to
prevent premature degradation and that the co-expres-
sion of CPHE in the CGP-producing commercial N.
tabacum variety BG leads to complete CGP degrada-
tion 24 h after homogenization supports the assump-
tion that the valorization of feed is possible without
additional effort. Considering that the degradation of
CGP in the gut after co-delivery of isolated CGP and
CGPase is possible, and that B-Asp-Arg dipeptide
uptake has been proven (Ponndorf et al. 2016), this
result represents another crucial step for the enrich-
ment of B-Asp-Arg dipeptides in feed.

Degradation of CGP could not be observed after
targeting CPHB to the chloroplast. In contrast to
CPHE, where only unprocessed protein was found
when targeted to plastids (Nausch and Broer 2016), in
this study the presence of processed CPHB after
infiltration of BG indicated an import of at least parts
of the enzyme (Abad et al. 1989; Lamppa and Abad
1987; Richter and Lamppa 1998; Robinson and Ellis
1984). In a previous study, we demonstrated that
different CPHB variants are unstable outside of the
chloroplast (Ponndorf et al. 2016). Here we show in
addition that CGP degradation depends on the amount
of CGPase, hence the most obvious cause for non-
degradation of CGP in the chloroplast is low CPHB
activity or low protein content, which is in line with
the results obtained for the cytosol.

All cytosolic CGPase variants could be detected
but, as expected, no CGP degradation was shown
without cell homogenization. As desired, the spatial
separation of CGP and CGPase into different cell
compartments prevents the degradation of CGP. The
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Fig. 3 Western blot analysis of 100 pg total soluble protein
(TSP) isolated from N. tabacum Badischer Geudertheimer leaf
material. Leaves were cut vertically. One half was frozen
immediately (TO) the other half was homogenized and incubated
for 24 h (T24). GFP, expressed by vector pICH18711 (Maril-
lonnet et al. 2005) was used as control. kDa, kilodalton; P1,

protection of recombinant proteins from cytosolic
proteases via localization in different plant compart-
ments has often been described as reviewed by Pillay
et al. (2014). Hence storage and accumulation of CGP
in chloroplasts is possible in parallel to the accumu-
lation of the degrading enzyme in the cytosol.

After cell homogenization, nearly the complete
pool of CGP was degraded in plants expressing CPHE
after 24 h. This is accompanied by stable and high
expression of CPHE similar to that described by
Nausch and Broer (2016). In contrast to this,
GFP::CPHB did not cause a measurable degradation
of CGP and proved to be instable in crude plant
extract. This instability seems to be due to a degra-
dation of CPHB, since only the GFP domain of the
fusion protein was still detectable, likely due to its
high stability in plant cells (Sheen et al. 1995). This
instability of GFP::CPHB was not observed in previ-
ous studies in N. benthamiana (Ponndorf et al. 2016),
probably due to the substantially higher expression
levels of the MagnICON vectors in N. benthamiana
(Nausch et al. 2012a).

In addition to the protein stability, CPHE is more
active compared to both S-CPHB and GPF::CPHB and

b

positive control GFP::CPHB isolated from E.coli; P2, positive
control CPHB isolated from E.coli; P3, positive control: CPHE
isolated from E.coli; anti-his western: 5 ng of P1, P2 and P3;
anti-CPHB western: 1 ng of P1 and P2, anti-GFP western: 1 ng
of P1

therefore more suitable for the expression in CGP-
producing plants. The data presented here show for the
first time that it is possible to express sufficient
amounts of active CPHE in plants to degrade the
complete pool of CGP present in the same plant.
However, the high amounts of CPHE observed
after transient expression will probably not be
achieved in stably transformed plants (Gleba et al.
2005; Nausch et al. 2012b). Therefore, it remains to
be seen whether stably transformed plants can
produce sufficient amounts of CGPase to degrade
CGP into B-Asp-Arg dipeptides. Stable expression
might also demand another expression system such
as seeds. Huckauf et al. (personal communication)
could demonstrate that the expression of the viral
antigen VP60 in pea seeds was significantly higher
compared to transient expression in N. benthamiana.
Due to their high nutritional value, peas would be a
perfect feed additive. Stable accumulation of CGP
has already been shown by Baars et al. (in prepa-
ration) in this plant species. Hence the coproduction
of CGP and CPHE in pea seeds might be a
promising strategy to enhance the Arg content in
food and feed. Nevertheless, at least in mice, Arg

@ Springer
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derived from [-Asp-Arg dipeptides were not
bioavailable (Ponndorf et al. 2016).

However positive effects of B-Asp-Arg dipeptide
supplementation on fish body mass have been
described in aquaculture (Dr. Martin Krehenbrink,
personal communication). Hence B-Asp-Arg dipep-
tides might also be bioavailable for other species, and
it remains to be ascertained whether this holds true for
other mammals. The coexpression of a suitable isoas-
partyl dipeptidase might also increase bioavailability.
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C Discussion

C Discussion

In this work we describe a new and promising approach for the supply of the conditional AA
Arg to the chow of livestock: The production of CGP, a bacterial storage protein which
sequence contains high amounts of Arg (Simon and Weathers, 1976) and the expression of
the corresponding enzyme CGPase in plants. CGPase catalyzes the degradation of CGP to
B-Asp-Arg dipeptides (Gupta and Carr, 1981; Richter et al., 1999) which is of benefit,
because the uptake of dipeptides is not only more efficient, but also promotes the uptake of
single AA (Matthews and Adibi, 1976; Wenzel et al., 2001). This approach shows two

possibilities to supplement Arg to the diet.

I: The production of both proteins in plants and supplementation of the isolated proteins to
the feed, and

[I: The coexpression of both proteins in one plant either produced in different cell
compartments or in the chloroplast. The supply of the B-Asp-Arg dipeptides is then possible
during feed uptake, when the cells are homogenized or are accumulated in the chloroplast

during plant growth, which makes it unnecessary to isolate the proteins.

The first approach is already described in bacterial cell cultures (Sallam et al., 2009; Sallam
and Steinbuchel, 2010; Santos et al., 2012), but the use of plants could be more promising,
because plant production can be easily scaled up and needs only soil or substrate, light,
water and fertilizers. In addition it requires less investment compared to fermentation. Plants,
depending on the cultivar, also can produce a higher biomass per time, space and energy
supply and hence, a higher yield of protein could be possible (Fischer et al., 1999; Ma et al.,
2003; Merlin et al., 2014; Sabalza et al., 2014). It has to be kept in mind that lower
investment applies for stably transformed plants but that this is not necessarily true for
transiently produced proteins, because the MagnICON® transient expression system requires
bacteria, the respective growth media and fermentation equipment, as well as the equipment
for the vacuum infiltration. In this case, the suitability of plants compared to bacteria depends
on the produced amount of CGPase in combination with the produced biomass of N.
benthamiana. Because we did not evaluate the overall production of CPHB or CPHE in
plants, it is not yet known whether the CGPase production in plants could be more efficient

than in bacteria.

The coexpression of CGP and CGPase in plants seems to be more interesting than the first
approach, because this could make an isolation of the proteins unnecessary which will safe

material costs, chemical waste and labour. Up to date the coexpression of a storage protein
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and a corresponding degrading enzyme has not been described for the biofortification of

plants with AA and presents a new scientific strategy.

For both approaches it is necessary to meet a couple of requirements. For the first approach
it is important to produce both proteins in industrial scale and provide an easy and cheap
possibility for isolation. Furthermore, the degradation in the animal has to be possible without
any allergenic potential or negative influences on the health of animals caused either by CGP
or CGPase. Meeting the requirements of the second approach is more complicated. Beside
the aforementioned demands and the main goal, the increase of bound Arg in plants, it is
important to consider any possible influences on the endogenous metabolism of the host
plant, which could change the composition of the diet. Effects of the increase of AA by
different strategies like altered AA composition (Zhu and Galili, 2003), aberrant phenotypes
which negatively influenced the agronomic performance of plants (Angelovici et al., 2011; Liu
et al., 2016) and a change in the composition of endogenous proteins (Cohen et al., 2016;
Liu et al., 2016) were described before and their possible occurrence has to be considered
for CGP as well as CGPase. In the following, | want to discuss how our approaches meet the
named requirements and provide an overview about remaining experiments and work.
Finally, | want to discuss, if one or both approaches are suitable to replace the conventional

Arg supplementation in the diets of livestock.

C1 Can cyanophycin be produced in high amounts in plants and which

cultivars are most promising for a commercial production?

The first important requirement for both approaches described, is a high CGP and CGPase
production in plants to supply sufficient amounts of Arg. Hereby, the total production of the
protein does not only depend on the total accumulation in the plant, but also on the produced

biomass, the time for cultivation and m? needed which varies between cultivars.

For the first approach, the production of CGP and CGPase in plants and supplementation of
the isolated proteins to the feed, N. tabacum is a promising cultivar, because it is industrial
scalable and already used for the production of a broad range of recombinant proteins
(Tremblay et al., 2010; Tuse et al., 2014; Xu et al., 2012). So far CGP was produced in PH,
STA and STD, where the highest amounts of CGP were 6.8 % CGP of the DW in PH (HUhns
et al., 2008) and up to 7.5 % DW in STA (HUhns et al., 2009). However, PH is not suitable for
the commercialized production of CGP, because this cultivar does not produce a high
biomass. Hence other N. tabacum cultivars which were bred for a commercial application
were used to produce CGP. As described in Chapter B1 we showed that the cultivars BG
and VG, which produced 170 % more biomass, are more promising than PH. In BG a higher

CGP amount was measured with up to 8.8 % DW". Crossbreeding of the PH elite event and
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BG even led to 9.4 % CGPDW™, but the biomass was reduced to 76-84 % compared to the
BG controls. After backcrossing with BG the biomass increased, but the CGP content
decreased. Hence, the production of CGP in directly transformed plants was more suitable.
Furthermore, BG showed a higher homogeneity of the CGP content compared to VG, which
is another advantage of this cultivar. A low variation between parents and descendants as
well as between siblings promotes the development of a master seed bank, which enables a
stable CGP yield between generations. It was also shown that the transient expression of
CGPase in BG and N. benthamiana is possible and leads to high amounts of recombinant

protein which is discussed in detail later on.

BG also produces more CGP than the potato cultivars STD and STA. STA furthermore
showed a negative effect of high CGP amounts on the tuber phenotype, which was
expressed in brown staining of the tubers (Hihns et al., 2008), while no influence of CGP
production on the phenotype of BG was visible. For the commercialized production of CGP it
is also advantageous to decouple the harvest of the plants and the CGP isolation. Therefore
it is important to enable long term storage of the plant material. In case of potato tubers this
usually can easily be realized, but it was shown that the browning of the tubers increased
during storage. However, the CGP content did not decrease (Huhns et al., 2008), but in high
CGP lines the tubers went slate and it was impossible to isolate pure CGP (Ponndorf
unpublished). During ensilage of BG plants the CGP content was also stable, showing that

the long term storage of CGP in ensilaged tobacco material is possible.

Hence, BG seems to be the most promising cultivar for the commercialized production of
CGP, but their might still be room for improvement by further selection and breeding,
because it was already shown that conventional breeding can enhance the produced amount
of recombinant proteins in transgenic plants (HUhns et al., 2008; Mikschofsky et al., 2009;
Streatfield, 2007). In conclusion we can state that our first hypothesis: “The expression of
cyanophycin synthetase (CPHA) in N. tabacum cv. Badischer Geudertheimer and cv. Virginia
Golta leads to a higher production of cyanophycin compared to Solanum tuberosum and N.

tabacum Petit Havanna SRI” was proven und can be accepted.

For the second approach, the direct supply of CGP and CGPase to the feed, N. tabacum BG
and VG are not suitable, because both are non-food plants due to the high content of the
alkaloid nicotine. Hence, the production in tobacco seeds, which can be administrated to
animals (Rossi et al., 2014), or other cultivars is necessary. One cultivar that shows the
potential to produce CGP is pea (Pisum sativum) (Baars unpublished). However, CGP
production in pea leads to an aberrant growth and reduced germination of the seeds (Baars,
personal communication) which limits the potential of this cultivar for our application, unless

this problem can be solved. Additionally, CGP and CGPase could be produced in more
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common food plants like corn. Since CGP production in maize is not published up to now, it
is unknown whether this is possible. The use of low alkaloid tobacco (MSLA, Menassa et al.
(2001) might be an alternative. This tobacco can be added to the chow of mice with up to
20% without negative influences (Menassa et al., 2007). Since it was shown that tobacco has
the potential to produce CGP and CGPase it is likely that both proteins can be produced in
MSLA which might then represent an alternative to BG and VG. However, in this work we
focused on proof of concept research and used N. tabacum as model plant for time
inexpensive analysis of our strategy and to determine the suitability of CGP as Arg source in

plants by CGPase mediated degradation.

C2 Is cyanophycin a suitable Arginin store in plants?

The approach of using recombinant stable storage proteins to increase the AA content in
plants is not new and was conducted successfully before. However, different requirements
have to be considered when recombinant proteins are used as stable storage proteins. First,
the protein has to be expressed in a sufficient amount and it must be stable in plants to
increase the AA content. This was, for example, the limitation when synthetic proteins were
used as AA source (Beauregard and Hefford, 2006; Galili and Amir, 2013). As described
previously, CGP accumulates in high amounts and in a stable manner during plant growth

and in consequence meets these demands.

Additionally, the used storage proteins have to lead to an accumulation of the desired AA
which have to be available during digestion of the feed. The production of CGP in plants led
to four times more Arg and twice the Asp compared to the controls in total AA content in VG
and BG. This is one of the highest increases in the AA content described for stable storage
proteins. So far the mean amounts ranged between 30-65 % (Altenbach et al., 1992; Lee et
al., 2003; Liu et al., 2016; Wong et al., 2015; Yu et al., 2005; Yue et al., 2014), while the
highest increase was described by Molvig et al. (1997), who expressed the sunflower 2S
albumin in lupine and enhanced the Met content up to 97%. Other approaches which led to
an up to 80fold enhancement of Lys in A. thaliana were associated with major drawbacks,
which are discussed later (Zhu and Galili, 2003). To benefit from the increased Arg content in
plants it is necessary that CGP can be digested in the GIT of animals. This requires the
presence of CGPase, because we showed that CGP is not degradable in the intestine of
mice (chapter B3) without the enzyme. Though the presence of bacteria that express CPHE
in the colon of mammals, birds and fish was described (Sallam and Steinbuchel, 2009), the
B-Asp Arg dipeptides will most likely not be available, because the AA uptake takes place in
the small intestine prior to a possible degradation of CGP in the colon (Bréer, 2008). We also

detected large amounts of CGP in the colon of mice after administration of CGPase free
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pellets, what indicates that CGP is not degraded in the GIT. This is suggesting that either a
degradation, mediated by CPHE expressing bacteria, is not possible in vivo, or that these

bacteria do not exist in all mammals.

We showed that feeding of CGP and CGPase in mammals leads to the successful
degradation of CGP and in consequence to the release B-Asp-Arg dipeptides and their
absorption. Hence, CGP in combination with CGPase meets the demands according to the

accumulation of AA and their ability during digestion of the food.

The uptake of the proteins with food and feed introduces another important requirement. The
administration of CGP and CGPase should not have impacts on the health of the target
organism such as toxicity and a possible allergenic potential. This was the major drawback of
the Met rich storage protein 2S-serum albumin from Brazil nut which was used to increase
the Met content in transgenic plants (Altenbach et al., 1992; Altenbach et al., 1989) and
revealed to transfer the allergenic potential from Brazil nut to the host plants (Nordlee et al.,
1996). We did not conduct any allergenicity test for CGPase so far, but tests for CGP

provided no hints for an allergic potential (Steinmann, 2011).

Furthermore, the production of CGP and CGPase in plants has also to be possible without
significant interference with the endogenous metabolism. For example, high amounts of Lys
in seeds led to the reduction of seed germination in other approaches (Angelovici et al.,
2011; Liu et al., 2016; Zhu and Galili, 2003). We did not observe a correlation between the
CGP content and seed germination (chapter B1), but the toxicity of CGP in the cytosol of
plants and a negative influence on the growth and germination was described previously
(Neumann et al., 2005). Though it was possible to mitigate this negative influence by the
targeting of the CGP production to the plastids (Hiihns et al., 2009; Hihns et al., 2008) high
CGP contents still had an influence on the phenotype of potato tubers and CGP also leads to
reduced growth and germination in pea (Baars, personnel communication). This might be
caused by a shift in the AA composition in the host plant which might result in an interference
with the production of endogenous proteins (Nausch et al., 2016). Hihns et al. (2009)
described a reduction in the free Asp and Glu pool, but no analysis of the proteome was
conducted. Hence, it is not clear what exactly is the reason for the phenotypic differences.
Since we did not analyze the composition of other AA but the total Arg and Asp content, we
can’t discuss whether other AA or proteins are influenced in BG and VG plants by CGP.
Alterations of the AA composition and endogenous proteins have also been described in
different other publications using storage proteins or other strategies to increase the AA
composition. Biofortification of plants with AA such as Lys and Met did not only lead to an
altered storage protein composition (reviewed by Galili and Amir (2013); Cohen et al. (2016))

but also to variations in the content of different AA such as Pro, Leu, GIn and Glu (Liu et al.,
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2016; Sikdar et al., 2016; Wong et al., 2015). This suggests that biofortification of plants with
AA influences the endogenous biosynthesis. Hence, total AA composition and the expression
of endogenous proteins has to be considered in the future to characterize a possible
influence of CGP in detail. This does also account for CGPase, which proteolytic activity
might influence other proteins, though this is unlikely due to its high substrate specificity (Law
et al., 2009).

We showed that CGP led to an increase of total Arg while Hihns et al. (2009) measured no
decrease in free Arg. This is indicating that our approach can avoid the feed-back inhibition
of the Arg synthesis. Furthermore, the bound Arg is available for mice by the co-
administration of its degrading enzyme CGPase. Hence, CGP shows a high potential to
serve as an Arg store in plants, though further investigations has to be done according

possible interference with the endogenous metabolism.

While much effort was taken to improve the CGP production in plants, the expression of

CGPase in plants is new and has to be analyzed from the beginning onwards.

C3 Are plants able to produce an active form of cyanophycinase?

To answer this question, we analyzed the production of CGPase in N. benthamiana and BG
via transient expression. The MagnlCON® expression method (Marillonnet et al., 2004)
enables the fast production of recombinant proteins. Consequently, only a short period of
time is necessary to analyze the expression and the properties of plant made recombinant
proteins (Gleba et al., 2005; Marillonnet et al., 2005; Nausch et al., 2012a; Nausch et al.,
2012b). These first approaches yielded high amounts of CGPase and showed promising
results (Chapter B2 and B3 and Nausch and Broer (2016)).

A satisfying production of CPHB required different strategies to optimize the expression of
the truncated cphBr. gene. As described in chapter B3, the first step was to optimize the
translation of the gene by the adaption to the codon usage to N. tabacum and the insertion of
the sequence GCT TCC TCC, encoding for Alanin-Serine-Serine, behind the start codon as
described by Sawant et al. (2001). Both steps increased the amount of CPHB substantially.
The positive effect of the adaption of the codon usage was also shown for cytosolic cphE
expression in N. benthamiana (Nausch and Broer, 2016). However, in contrast to CPHE,
which turned out to be very stable, CPHB was degraded in crude plant extract during protein
isolation. Hence, we used different strategies to stabilize the protein. Fusion of CPHB to GFP
(GFP::CPHB) and the translocation of CPHB to the chloroplast (S-CPHB) increased the
production and stability of the protein. The expression of the full CPHB, which carries a 55
AA elongation at its N-terminus was less successful. However, after expression of these

enzymes in CGP producing BG plants, CPHB revealed to be instable in crude plant extract
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despite all modifications. This might also have been the case in N. benthamiana, but was
most likely not observed for GFP::CPHB and S-CPHB due to the high production rates,
which can’t be achieved in BG (Nausch et al., 2012a). In contrast CPHE remained stable in
BG crude plant extracts for at least 24 hours (chapter B3). This stability is a major advantage

of CPHE compared to CPHB in both of our strategies.

The analysis of the enzyme activity showed that both, plant made CPHE and CPHB are
active in vitro and in crude plant extract of N. benthamiana, but that CPHE is more active
compared to CPHB under the same conditions. Repetition of these experiments with crude
extract from BG plants showed no activity for GFP::CPHB, but for CPHE. This was most
likely caused by a combined effect of enzyme stability and different activity levels of the
enzymes. In planta degradation in the chloroplasts was only analyzed with S-CPHB, because
it was not possible to locate CPHE in the chloroplast up to now (Nausch and Broer, 2016).
As shown in crude plant extracts of BG for GFP::CPHB, no CGP degradation was detected
in the plastids of BG plants. This might be caused by low expression levels of S-CPHB in BG
plants, because the enzyme was detected in Western blots and seems to be stable in the
plastid, but its ability to degrade CGP depends on the enzyme concentration in the presence
of CGP as shown in chapter B3. Purified S-CPHB proofed to be able to degrade plant made
CGP in the GIT of mice. Because CPHE has been more stable and active compared to
CPHB under the same conditions, | assume that CPHE might also lead to the degradation of
CGP in animals. These results show that our strategies are promising and that CPHE is
more suitable than CPHB, but more work is necessary to further improve the enzyme

production.

To follow the approach of supplementation of the isolated proteins to food and feed requires
plants which produce high amounts of both proteins for commercial production. As
aforementioned this is already possible for CGP in stably transformed plants and the
production of CPHE is promising, because transient expression in N. benthamiana is largely
scalable for industrial purposes (Holtz et al., 2015; Leuzinger et al., 2013). The purification of
CGPase via the 6* His-tag by nickel-nitrilotriacetic acid (Ni**-NTA) affinity chromatography,
which is time and material expensive, is a drawback of this strategy. Alternative isolation
methods like the oleosin fusion system which proofed to be less expensive and time
consuming compared to chromatography purification methods (reviewed by Lojewska et al.
(2016)) might solve this problem. For a commercialized production of CPHE it is also
necessary to establish a reliable CPHE quantification method to conduct techno-economic
analysis as described by Walwyn et al. (2015) and Nandi et al. (2016). This would also

enable a comparison with other expression systems like bacteria cell cultures.
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The coexpression of CGP and CGPase requires stably transformed plants which should
produce high amounts of the enzyme, because we showed that the CGP degradation
depends on the amount of CGPase (Chapter B3 and Nausch and Broer (2016)). While the
transient expression system prooved to produce high amounts of CPHE it is not known, if
this holds true for stably transformed plants, because transient expression usually leads to
higher protein yields than stable transformation (Gleba et al., 2005; Nausch et al., 2012b).
Hence, it has to be analyzed if sufficient amounts of the enzyme can be produced in stable
transformants. If this is the case, the direct supply of B-Asp-Arg dipeptide during the food
uptake might be possible. In contrast, the release of the dipeptides during plant growth
seems not to be promising, because of the lack of in planta activity of CPHB and the fact that
CPHE can’t be translocated to the chloroplast. To further follow this strategy it might be
possible to analyze the chloroplast targeting of CPHE with other transit peptides, because
the efficiency of the transport depends on the coding sequence of the cargo protein and
might work with other leader peptides (Hihns et al., 2008; Jang et al., 2002; Liu et al., 2004;
Wong et al., 1992).

In conclusion we could show that plants are able to produce an active form of CGPase which
degraded CGP in vitro, in crude plant extract and in the GIT of mice. Hence, we can state
that our second hypotheses: “Plants are able to produce an active form of the intracellular
cyanophycinase CPHB” can be accepted, but that CPHE is the more suitable enzyme for our
approach, because of the higher stability and activity. In conclusion, this CGPase should be

used in further attempts like generating stably transformed plants.

In contrast, our third hypothesis: “The coexpression of cynaophycin and cyanophycinase is
possible and cyanophycin can be degraded in planta in the chloroplast as well as after cell
homogenization in crude plant extracts” can only be partially accepted. We showed that CGP
can’t be degraded in the chloroplast by S-CPHB, but after cell homogenization in crude plant
extract by CPHE.

C4 Does the release of B-Asp-Arg dipeptiedes lead to an increased Arg level in

the plasma?

To analyze if the degradation of plant made CGP in the murine GIT is possible by the co-
administration of plant made CGPase and to analyze whether the released [B-Asp-Arg
dipeptides lead to an increased Arg level in the plasma, feeding studies were performed.
Four Groups of mice were analyzed according the respective pellet which contained either
CGP, CGP+CGPase, Arg+Asp or no protein as the control (CON). As described previously
the degradation of CGP by CGPase in the murine GIT was possible and it was also shown,

that the degradation required the presence of the enzyme, because notably higher CGP
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amounts were found in the intestine samples of mice after administration of CGPase free
pellets. The high amount of CGP in the colon samples of the CON group is also an indication
for the absence of bacteria which express CPHE as shown for mammal species as well as
for birds and fish (Sallam and Steinbuchel, 2009).

Mice fed with pellets containing CGP+CGPase showed an increase in 3-Asp-Arg dipeptides
in the plasma which was not detected in the other groups. Unexpectedly no increase in Arg,
Asp or Orn was measured as shown for the mice fed with the pellets containing free AA. This
indicates that the B-Asp-Arg dipeptides are absorbed by peptide transporters (PepT1 and
PepT2) (Klang et al., 2005; Rubio-Aliaga and Daniel, 2008), but that they were not
hydrolyzed later on as suggested. Usually the majority of di- and tripeptides is cleaved in the
cytosol after the transport into the enterocyte by peptidases and free Arg is transported into
the vascular circulation and to the extra-intestinal tissue by 4F2/y"LAT1 and 4F2/y+LAT2
transporters as pictured in Fig. C 1 (reviewed by Brder (2008)).

Basolateral membrane Apical membrane
(blood) (Lumen)

~ N

Enterocyte

Fig C 1: Absorption of cationic amino acids (AA") and di- and tripeptides in the small intestine according
to Broer (2008). 1: Di- and tripeptides are absorped via PepT1 and PepT2 transporters into the enterocyte
((Rubio-Aliaga and Daniel, 2008) and hydrolyzed by peptidases to single AA (3). 2: Arg monomers are
transported via cationic AA transporter of the b%* system. Singl e cationic AA are either metabolized or
transported into the blood stream via 4F2/y+ LAT1/LAT2 transporters (4)

This observation is also in contrast to the work of Dorer et al. (1968) who showed that
aspartyl di-and tri peptides in rats are rather metabolized than excreted. He isolated the
responsible B-aspartyl peptidase from rat livers and kidneys (Dorer et al., 1968) and further
works showed that B-aspartyl peptides are hydrolyzed by isoaspartyl dipeptidase (Gary and
Clarke, 1995), isoaspartyl aminopeptidase (Larsen et al., 2001) and plant type
asparaginases from E.coli, Anabena, Synechocystis and Arabidopsis thaliana (Hejazi et al.,

2002). The analysis of plant type asparaginases revealed that the substrate specificity differs
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between species and that B-Asp-Arg dipeptides are hydrolyzed by the enzymes from E.coli,
Anabena and Synechocystis but not by asparaginase isolated from Arabidopsis thaliana
(Hejazi et al., 2002). This suggests that no appropriate dipeptidase is present in mice which
is in line with the observation that some dipeptides are entering the bloodstream without
being cleaved (Matthews and Adibi, 1976).

So far it seems like the dipeptides are not bioavailable in the blood stream. As shown in
detail in chapter B2 the concentration of 3-Asp-Arg dipeptides declined after 120 minutes and
it seems like they are slowly released to the circulation and subsequently detoxified and
excreted via the urine, though this theory has to be confirmed by the analysis of the amino
acid composition of the urine and other tissues like the liver and kidney. In contrast to that, a
positive effect of the administration of [-Asp-Arg dipeptides in fish was observed
(Krehenbrink, personal communication) which shows the potential of our approach and
further feeding studies in other species than mice seem to be justified. For example, it might
be possible to determine a possible hydrolysis of the B-Asp-Arg dipeptides by adding isolated
dipeptides to enterocyt cell cultures from various species and analyze a possible
degradation. A similar experiment was successful with isolated bacteria from different
species to analyze the presence of CGPase expressing bacteria in the digestive tract of
mammals, birds and fish (Sallam and Steinbuchel, 2009). If mammals are not able to
metabolize the B-Asp-Arg dipeptides it might also be possible to administrate CGP, CGPase
and a suitable dipeptidase to the chow either in isolated form or coexpressed in plants. In this
approach the beneficial effect of dipeptides compared to single AA might be lost, because
CGP is degraded to p-Asp-Arg dipeptides which are then hydrolyzed to free Arg and Asp in
the GIT. This would still be more sustainable than fishmeal, but it has to be analyzed if it is

more beneficial than Arg from bacterial fermentation.

In conclusion, our fourth hypothesis: “Feeding of cyanophycin and cyanophycinase leads to
the release of B-Asp-Arg dipeptides in the gastro intestinal tract of mammals which increases
the arginine concentration in the plasma” can be accepted only with limitations. Indeed we
showed that CGP is degraded in the GIT of mammals by CGPase, but we can’t explain what
happens to the B-Asp-Arg dipeptides which unexpectedly appeared in the plasma instead of
Arg.

C5 Final conclusion

So far | discussed my working hypotheses and how our strategy meets the existing
demands. Now, | finally want to discuss the main hypothesis of this work. “The coexpression
of cyanophycin and cyanophycinase in plants can replace the conventional Arg

supplementation in the diets of mammals.”
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Arg is conventionally supplemented in two forms: Isolated Arg from bacterial fermentation
(Utagawa, 2004) and in the form of fishmeal (Li et al., 2011). Our strategies have two major
advantages. The supply of B-Asp-Arg dipeptides by the CGPase mediated degradation of
CGP might be beneficial compared to isolated Arg, because the uptake of dipetides is more
efficient (Matthews and Adibi, 1976; Wenzel et al., 2001) and plants show advantages
compared to bacterial fermentation (Merlin et al., 2014) and are more sustainable compared
to the use of fishmeal (Hardy, 2010). However, plants have to produce sufficient amounts of
CGP and CGPase to supply the necessary amounts of B-Asp-Arg dipeptides, which also

have to be bioavailable, to represent a possible alternative.

We showed that the accumulation of CGP in plants can be optimized by the use of the
cultivar BG and that an active form of CGPase can be produced in N. benthamiana and in
CGP expressing BG plants. After homogenization of plant tissue, CPHE led to the
degradation of CGP in crude BG extract, while it was shown that plant made CPHB degrades
CGP in the GIT of mice, which shows the suitability of our approach. Unexpectedly no
increase of Arg, but of B-Asp-Arg dipeptides was measured, indicating that the dipeptides are

not bioavailable for mice.

Concluding, | can state that CGP is a suitable Arg store in plants and that the approach of
the coexpression of CGPase, as a new scientific strategy, was successful and presents a
possible alternative to conventional forms of Arg supplementation, if the released dipeptides
are bioavialable. More work has to be done to optimize the CPHE isolation, to establish the
coexpression of CGP and CPHE in stably transformed plants and to analyze the bio-
availability of B-Asp-Arg dipeptides in other animals than mice. Hence, the main thesis of this
work “The coexpression of cyanophycin and cyanophycinase in plants can replace the
conventional Arg supplementation in the diets of mammals” can’t be accepted so far, but our

work describes a high promising strategy to reach this aim.
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E1 Index of abbreviations

% Percent

AA Amino Acid(s)

Arg Arginine

Asp Aspartate (Aspartic acid)

BG Nicotiana tabacum cv. Badischer Geudertheimer
CDM Cell dry matter

CGP Cyanophycin

CGPase Cyanophycinase

Cit Citrulline

CON Control

CPHA Cyanophyin synthetase
CPHB Intracellular Cyanophycinase
CPHE Intercelleular Cyanophycinase
Dpi Day post- infiltration

DW Dry weight

GFP::CPHB Fusion protein of the green fluorescent protein and CPHB
GIT Gastrointestinal tract

Gin Glutamine

Glu Glutamic acid

His Histidine

kDa Kilo Dalton

Leu Leucine

Lys Lysine

Met Methionine

NAGK N-Acetylglutamate synthase
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NAGS
NAOGACT
Orn

PH

Pro

S-CPHB

STA
STD
Thr
Trp
VG

N-Acetylglutamate kinase
N2-Acetylornithine:glutamate acetyltransferase
Ornithine

Nicotiana tabacum Petit Havanna SRI

Proline

CPHB, targeted to the chloroplast by the Transit peptide from the small
subunit of RuBisCO (S)

Solanum tuberosum cv. Albatros
Solanum tuberosum cv. Desirée
Threonine

Tryptophan

Nicotiana tabacum cv. Virginia Golta
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E7 Hypothesis

1.

The expression of cyanophycin synthetase (CPHA) in N. tabacum cv. Badischer
Geudertheimer and cv. Virginia Golta leads to a higher production of cyanophycin
compared to Solanum tuberosum and N. tabacum Petit Havanna SRI.

Plants are able to produce an active form of the intracellular cyanophycinase CPHB.

3. The coexpression of cynaophycin and cyanophycinase is possible and cyanophycin

can be degraded in planta in the chloroplast as well as after cell homogenization in
crude plant extracts.

Feeding of cyanophycin and cyanophycinase leads to the release of (B-Asp-Arg
dipeptides in the gastro intestinal tract of mammals which increases the arginine

concentration in the plasma.

Finally, the results will be summarized to discuss the main thesis of this work:

“The coexpression of cyanophycin and cyanophycinase in plants can replace the

conventional Arg supplementation in the diets of mammals.”

E7 Thesen

Arbeitsthesen:

1.

Die Expression des Enzymes Cyanophycin Synthetase (CPHA) in N. tabacum cv.
Badischer Geudertheimer und cv. Virginia Golta flhrt zu einer gesteigerten
Produktion von Cyanophycin im Vergleich zu Solanum tuberosum und N. tabacum
Petit Havanna SRI.

Pflanzen sind in der Lage, eine aktive Form der intrazellularen Cyanophycinase
CPHB zu produzieren.

Die Koexpression von Cyanophycin und Cyanophycinase in einer Pflanze ist mdglich
und Cyanophycin kann in den Chloroplasten und in homogenisiertem
Pflanzenmaterial abgebaut werden.

Die Futterung von Cyanophycin und Cyanophycinase flhrt zur Freisetzung von f3-
Asp-Arg Dipeptiden im Verdauungstrakt von Saugern und zu einer Erhdhung des

Argininspiegels im Plasma.

Hauptthese:

Die Koexpression von Cyanophycin und Cyanophycinase in Pflanzen kann die

Konventionelle Arginin Supplementierung in der Erndhrung von Saugetieren ersetzen.”
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