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Introduction

Plant leaves are recognised as a potential protein source for food applications
based on their nutritional profile and their large availability in agricultural waste
streams. For most industrialised crops, only specific parts of the plants (e.g. root,
flowers, fruits) are harvested and processed, while the leaves are left unused.
These discarded leaves account for many tonnes of biomass per year. Several
attempts have been made to find high-value uses through biorefining, including

protein extraction for human food and feed.

The available processes for leaf protein extraction until now focused on purification
of a soluble and colourless protein fraction. This process discards a large portion of
the leaf proteins, which remain unused. Besides proteins, leaves have a rich
nutritional profile (e.g. dietary fibres, minerals and secondary metabolites) and
consist of complex biological structures (e.g. chloroplastic membranes) that can be

explored as novel fractions that ultimately broaden the use of leaves.

Compared to traditional crops used for protein isolates and concentrates, protein
extraction from leaves leads to additional challenges. The high water content and
enzymatic activity require an initial stabilisation process to prevent spoilage before
processing. This susceptibility to spoilage is compounded by the seasonal
availability of some leaves, demanding large processing capacity. In this context,
the overall sustainability of the process needs to be assessed to find feasible
processing routes for the leaves and optimum applications for the resulting leaf

products.

1.1. Greens leaves as a food source
1.1.1. Source of proteins

The use of leaves as a protein source actually comprises a long history of research
motivated by different situations: a) war time and the accompanying general food
shortage (Morrison & Pirie, 1961; N. Pirie, 1959; N. W. Pirie, 1966); b) localised
inadequate supplies of food protein and unequal distribution of resources (J. C.
Wang & Kinsella, 1976); and c) population growth and/or change of life style and

the subsequent increase in protein demand (Fiorentini & Galoppini, 1983; Nagy et
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al., 1978). Several crops have been studied for leaf protein extraction, including
alfalfa (A. Hernandez et al., 1989; T. Hernandez et al., 1997; Lamsal et al., 2003;
Prevot-D 6 Al etiak, 004; J. C. Wang & Kinsella, 1976), spinach (Barbeau &
Kinsella, 1988), tobacco (Fantozzi & Sensidoni, 1983; Fu et al., 2010), cassava
(Coldebella et al., 2013; Urribarri et al., 2009), Moringa olifera leaves (Teixeira et
al., 2014), soybean leaves (Betschart & Kinsella, 1973), residues from tropical

plants (Agbede, 2006), among many local crops in different countries.

One important leaf source around the globe is sugar beet plants (Beta vulgaris L.),
which are within the ten-most-produced crops in several countries (e.g. Chile,
Belgium, Germany, France, The Netherlands, Italy, Turkey, Russia) (FAOSTAT,
2014). The leaves constitute 20 - 34% of the plant. In the Netherlands, the annual
production of roots is around 75 t/ha (Factfish.com, 2014), resulting in nearly 29
t/ha of leaves available every year. While the beets are used for sugar production,
the leaves are mainly left on the fields. Sugar beet leaves (SBL) are reported to
contain an average of 22.8% crude protein on dry matter basis (Lammens et al.,
2012; Merodio & Sabater, 1988), meaning that about 400 - 600 kg/ha of protein is
present inside the leaves. This value is fairly comparable to the protein production
of soy (450 - 600 kg/ha) and cereals (~ 570 kg/ha) (van Krimpen et al., 2013). On
wet basis, the protein content of leaves is rather low (3 - 5%), but the abundance
and free availability of leafy biomass (i.e. waste streams) have motivated research

on their use as a protein source (Merodio & Sabater, 1988).

Concerning the type of proteins, leaf proteins consist of both soluble and insoluble
proteins. In the soluble fraction, the enzyme ribulose bisphosphate carboxylase
oxygenase (rubisco) accounts for almost half of the soluble proteins. The insoluble
proteins mainly consists of the membrane proteins in the chloroplastic membranes
(i.e. thylakoid membranes), where they are associated with chlorophyll, carotenoids

and lipids.

In plant cells, the majority of both soluble and insoluble proteins are located in the
chloroplast (Figure 1. 1), where these proteins convert light energy into chemical

energy through photosynthetic reactions. The insoluble membrane proteins
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produce energy through an electron transport chain, and this energy fuels the CO,
fixation catalysed by rubisco (MacAdam, 2009). Rubisco consists of eight large
subunits (53 kDa) and eight small subunits (14 kDa) that assemble in a 550 kDa
complex (Barbeau & Kinsella, 1988; Fiorentini & Galoppini, 1983). In contrast,
membrane proteins consist of more than 100 different proteins with broad subunits
sizes (from <5kDa to >60kDa ) that form complex photosynthetic systems
together with pigments and cofactors. A smaller fraction of leaf proteins is found in
the cell wall (Figure 1. 1), either attached to the polysaccharides to aid the cell
cytoskeleton or loosely bound to play catalytic or regulatory roles (Kqczkowski,
2003).

1.1.2. Source of other valuable components

Leaves have more to offer than proteins. A deeper look into the typical leaf
composition points out a rich nutritional profile. Leaves are rich in minerals (Ca, Cu,

Fe, Mg, Mn, P, Zn, Si), vitamins (A, B, C, D, E, K, U), phytochemical substances

(carotene, chlorophyll, coumarins, isoflavones) and secondary metabolites
(phytoestrogens like isoflavones and coumestrol). Some of these compounds are
recognised as nutraceuticals with( @avwvbegnef i
2012).

Additionally, leaves contain abundant carbohydrates or fibres that form the cell
walls (Figure 1. 1) and confer rigidity to the leaf tissue. The cell wall consists of
cellulose microfibrils set in a matrix of non-cellulosic polysaccharides, structural
proteins and phenolic components (e.g. lignin) (Beck, 2005). Leaf fibres are
actually more abundant than proteins and they are generally discarded after initial
processing of the leaves. The common uses for the discarded fibres are animal
feed, silage and biofuels. These rather low-value applications are chosen due to
the high content of cellulose and hemicellulose, which have low digestibility (Bals et
al., 2012). However, better uses have been described for similar cellulose-rich
material, like orange peel (de Moraes Crizel et al., 2013; Wallecan et al., 2015) and
cocoa fibres (Gould et al., 2013). Cellulose-rich materials have potential for the

production of nanofibers or cellulose-rich particles with techno-functional properties
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as food ingredients (e.g. thickening, emulsifying). Moreover, the leaf fibres can be
considered to be a source of dietary fibres, which have known health benefits for
human health (Harris & Smith, 2006).

Plant cell Chloroplast

Stroma @ g

Thylakoids %
membranes ! i ! i
Cell wall Cytosol Membranes o )
proteins Rubisco

Plasma membrane

—‘—ur—’.
N——
@ Cellulose microfibrils
_]_ Hemicellulose
“— Pectin

Rlasiaimembane @ ®© Cell wall structural proteins

Cytosol

Figure 1. 1. Scheme of the plant cell and the structure of cell wall and chloroplasts. Close-up in
the chloroplast to show the location of most of the leaf proteins: membrane proteins in the
thylakoid membranes and rubisco in the chloroplast stroma. Close-up in the cell wall to show its
structure and main components.

1.1.3. Source of functional structures

In addition to single ingredients or macromolecules, leaves have highly structured
components that enable their efficient role in the plant and that can be explored as
such for high-value applications. As an example, membrane proteins are part of
sophisticated membrane structures called thylakoid membranes (Figure 1. 1),
which consists of proteins and lipids in a well-defined arrangement. Consumption
of thylakoid membranes has already been found to result in satiation and reduction
of hunger, and these effects are attributed to both composition and structure of

these membranes (Erlanson-Albertsson & Albertsson, 2015). Thus, combining the
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for green leaves.

1.2. Extraction processes with leaves
1.2.1. Extraction of leaf soluble proteins

As mentioned earlier, leaf protein extraction has been studied for several decades
and the typical process contains four main operations (Figure 1. 2): tissue
disruption and filtration, protein fractionation, protein separation and concentration,
and final protein purification. The mechanical disruption of the leaves opens the
plant cells and releases the cellular contents. This step is normally done by
pressing and filtration to collect the leaf juice and simultaneously separate the cell
wall components. Typical equipment includes sugarcane rollers, extruders,
hammer mills, screw presses, cheesecloth-filtration systems, belt presses, roller
presses and V-presses. A sequence of devices results in nearly complete cell
disruption, although at high energy inputs (Bals et al., 2012).

Pressing/ fractionation ) raction Isolate
S separation/
filtration (heat/ pH concentration
coagulation) Precipitate

(green proteins)

Leaves —¥]

Fibrous
pulp

Figure 1. 2. Overview of a leaf protein extraction process.

Once the leaf juice is produced, the next step is to separate the soluble and
insoluble protein fractions. Typical processes include coagulation by heat or pH,
based on different denaturation temperatures and isoelectric points of leaf proteins,
respectively (Jwanny et al., 1993; Lamsal et al., 2003; Merodio et al., 1983). Then,
the dissolved proteins can be separated and concentrated by salt precipitation,
ultrafiltration (Fiorentini & Galoppini, 1983), polyelectrolyte coagulation (Bray &
Humphries, 1979; Fiorentini & Galoppini, 1983) or membraneless osmosis (Yu A
Antonov, 2000a; Yu A Antonov & Tolstoguzov, 1990).
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So far, only soluble proteins have been studied for food applications because of
their white colour, nutritional quality and easy extractability (Bals et al., 2012; T.
Hernandez et al., 1997). Within the soluble proteins, rubisco protein is the main
target for extraction given its abundance and specific molecular weight, which
enables the use of chromatographic techniques for purification towards a rubisco

protein isolate.

1.2.2. Extraction of leaf membrane protein

Leaf membrane proteins, also referred as green proteins (Chiesa & Gnansounou,
2011), are discarded during rubisco isolation. Those green proteins contain the
chlorophylls and pigments, which explains the green colour (Fiorentini & Galoppini,
1983). Besides the green colour, leaf membrane proteins are not used for food so
far due to their lower nutritional quality compared to soluble proteins in terms of
amino acid profile and presence of antinutritional factors (e.g. phytates, saponins,
tannins, protease inhibitors) (Bals et al., 2012; Chiesa & Gnansounou, 2011; T.
Hernandez et al., 1997). However, the latter can be reduced by choosing the right
plant source (e.g. varieties among one specie), adapting the processing conditions
(Bals et al., 2012) or working with edible leaves.

Despite the disadvantages of membrane proteins for food applications, they often
represent the majority of the proteins in leaves, and their extraction could
contribute to increase the protein yield and improving total feasibility of leaf
processing. The extraction of leaf membrane proteins demands specific processing
steps that detach the proteins from the lipid membrane and remove cofactors,
chlorophylls, and other pigments. Such processing steps are described in analytical
methods of research disciplines like proteomics and photosynthesis biology that
perform fractionation on analytical scales, aimed at understanding the biological
function of these complex proteins. For these disciplines, the extraction conditions
have no constraints as compared to food-grade processes, and therefore allows
the extraction of membrane proteins that are rather difficult to extract. Therefore,
protocols used in proteomics can provide understanding on the fundamental steps

for membrane protein extraction.
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1.2.3. Extraction of other components

Leaves and leaf side-streams are suitable for the extraction of cell wall components
using processing routes that have been developed for other waste streams with
similar dietary fibre composition. Cell wall components have potential applications
based on health benefits, and more interestingly, based on their abilities to bind
water and stabilise emulsions (Harris & Smith, 2006). Different products are
obtained from cell walls depending on the extraction conditions. Harsh conditions
(e.g. alkaline pH) produce cellulose nanofibers and nanocrystals that can be used
in nanocomposite edible sheets and fat replacers, respectively. The harsh
conditions enable the hydrolysis of non-cellulosic compounds to yield pure
cellulose particles. Milder conditions like grinding and agqueous treatment result in
cellulose-rich particles that can form particle stabilised emulsions (pickering
emulsions) or may increase the viscosity of a suspension (Harris & Smith, 2006).
The benefit of producing less pure particles is two-sided. First, the mild or less
processing results in an overall chain that has a smaller footprint and thus
contributes to sustainable use of the biomass. And second, the other components
present in the particles may result in a better nutritional profile and might broaden
the final application, as it occurs with protein traces found in polysaccharides used

as emulsifiers and stabilisers (Wallecan et al., 2015).

1.3. Leaf processing challenges
1.3.1. Leaf anatomy

Understanding the anatomy of the leaves is key to develop leaf fractionation
processes. The | eafds primary photosy
active metabolic entities and lean in storage domains (Beck, 2005). This is contrary
to storage plant tissues such as seeds, roots, or fruits in which the fraction of
storage domains is much larger, both in quantity and size. Figure 1. 3 shows a
rough comparison of the sizes of plant cell organelles or entities. Oil bodies (0.5 i
5um) and protein bodies (<3 um) are typically found in seeds, while starch

granules (107 100 um) are accumulated in roots and grains. These three entities

nt het.i
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constitute storage domains and their size and robust structure facilitate separation.
In contrast, the components in leaves are structured at a smaller scale of size.
Most leaf proteins are inside the chloroplast (31 5 um) in sophisticated structures
with lipids and pigments, forming the highly specialised thylakoid membranes.
Inside these structures, the membrane proteins are interconnected with other

membrane domains to carry out the multiple photosynthetic reactions.

Oil bodies Chloroplast
0.5-5 pm 3-5um ——3F <lpum
—_—
0 =
Starch granules Leaf fibres
10-100 pm 50-100 pm
H Protein bodies ?%
<3 um
@ s
(eormr = :
Thylakoid
0.3 um membrane

Figure 1. 3. Plant cell domains and their average size. Leaf fibres corresponds to fibre fragments
present in the juice after leaf pressing.

The leaf fibres are then an exception to the small-size arrangement of the plant cell
due to their rigidity, which renders large fragments (50 i 100 um) in the leaf juice
(Figure 1. 3). This fraction is in principle removable by filtration or decanting.
However, leaf fibores have a high water holding capacity and many of the cell
contents (e.g. proteins) are retained within the fibre structure. Removing the fibres
would also translate into protein losses.

1.3.2. Low protein yield

One of the motivations for the present study is the low protein yield reached with
protein extraction processes developed for leaves in earlier studies. A leaf protein
concentrate from alfalfa leaves was achieved with a protein yield of ~6% and a
protein content of 74% in the concentrate (Dijkstra et al., 2003). Similarly, an
isolate from spinach leaves can have a protein content of 95% (Martin et al., 2014),
with an estimated protein yield of 4.5%. This low protein yield is due to large
protein losses along the process, amongst other in the form of a green insoluble

curd that contains the leaf insoluble proteins. With this waste stream, about 50% of
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the total protein is discarded (Barbeau & Kinsella, 1988) and further protein losses
occur after subsequent purification steps. The net effect of a low protein yield from
leaves is that the extraction processes has not been widely adopted, mainly
because the economics are not competitive with those of other protein sources
(Dale et al., 2009). Hence, methods that extract a larger fraction of proteins will

improve process feasibility.

Moreover, the moisture content of leaves ranges between 85 and 90%. Therefore,
processing leaf plant material means handling large amounts of water. The high
moisture content of leaf and leaf products implies large volumes of biomass to be
transported and requires fast stabilisation to avoid spoilage. The process logistics
to tackle these problems are challenged even more by the seasonal availability of
some crops that demand high peak capacities for some unit operations.
Specifically, sugar beet leaves are available during autumn, which is a wet and
cold season. The options to avoid spoilage are stabilising treatments that aim at
removing water (e.g. drying) or halting enzymatic reactions (e.g. freezing). The
energy requirements for stabilisation methods might determine the sustainability of
the process, which are particularly high for drying treatments. Therefore, the initial
handling of leafy biomass is important to assess the overall sustainability of leaf

processing.

1.4. Aim and outline of this thesis

The overall aim of this thesis is to obtain understanding on the use of green leaves
as a food source by exploring currently neglected leaf fractions. The research can
be divided into three objectives concerning the extraction of membrane proteins
from leaves, the properties of other valuable leaf components (complexes and
fibres), and the feasibility of leaves as a food crop. These topics are developed

throughout the chapters.

Chapter 2 studies the extraction of leaf proteins from sugar beet leaves by a
traditional heat coagulation method. The distribution of soluble and insoluble

proteins is followed along the extraction process to discern the effect of the heating
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step on protein fractionation. At the same time, other leaf components are analysed
along the process to identify interactions that can impair protein extraction and
fractionation. Further processing of the insoluble protein fraction is proposed
through multiple washing and the addition of surfactants. A final discussion focuses
on the relation between protein content and protein yield in the resulting fractions.

This relation is used as starting point to develop new approaches for leaf use.

To gain deeper understanding on the extraction of leaf insoluble proteins, Chapter
3 describes the application of proteomic analytical extraction protocols to analyse
the fractionation behaviour of the proteins. First, a solvent extraction protocol is
examined. The analysis of each extraction step comprises the effect on the
extracted proteins and other leaf components (e.g. secondary metabolites), as well
as the protein yield. Second, a milder proteomics protocol was considered (i.e.
phase-partitioning with surfactant) to have a broader view of membrane protein
extraction options. A detailed look into characteristics of leaf membranes proteins
is used to explain the necessity for the extraction steps found in proteomic
protocols. This knowledge is then translated into food-grade processing steps. The
protein heterogeneity determines the processing conditions required, but also
enables fractionation of leaf biomass with potential properties for food.

Chapter 4 analyses the properties of a class of valuable components from leaves
(i.e. thylakoid membranes) and their emulsifying mechanism. Thylakoid
membranes are regarded as protein/lipid complexes that are characterised by a
sophisticated and dynamic structure. Both composition and structure make
thylakoid membranes suitable as a biobased material for food and pharma
applications such as target release encapsulates. Having in mind these
applications, thylakoid membranes were extracted from sugar beet leaves through
a sequence of buffer washing and filtration steps. The resulting extract was
characterised in terms of composition and physical properties, and was used as
emulsifier in oil-in-water emulsions. The interfacial properties and surface rheology
analyses were used to discern the emulsifying mechanism of thylakoid

me mbr anes. Mor eover, t he thylakoi dods
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considered to understand the interfacial behaviour and emulsifying properties of

these natural membranes.

To continue exploring valuable structures from leaves, Chapter 5 reports on the
interfacial properties of cellulose-rich particles obtained from leaf pulp. The pulp
obtained after leaf pressing is rich in dietary fibre and represents a large side
stream during leaf processing. To determine potential applications for this pulp,
aqueous purification was applied, followed by drying and milling. This mild
processing aimed at sustainable process conditions while retaining natural leaf
structures. The resulting powder was characterised for its composition and
interfacial behaviour. Exploring the applications of this leaf side stream broadens

the options for total leaf processing, contributing to resource use optimisation.

A sustainability assessment of leaf processing is discussed in Chapter 6, focusing
on challenges that may appear at large scale. Sugar beet plants, as potential leaf
sources, are seasonal crops and the beet root determines the optimum harvest
time. The seasonal availability of leaves implies large amounts of biomass that
need to be processed or stabilised within a short time. The time constrains are
defined by the high moisture content of leaves (85 - 90%) and their sensitivity to
spoilage. Freezing whole leaves was considered as stabilisation step at different
points of leaf processing, analysing two scenarios i.e. centralised and decentralised
processing. The sustainability of such process and network configurations was
assessed with energy consumption and exergy analysis. Exergy is a
thermodynamic state variable that quantifies the potential work of a processing
stream. Cumulative exergy losses were used as indicators to visualise the effect of
freezing as stabilising treatment during leaf processing and the feasibility of a
centralised or decentralised process. Moreover, the sustainability assessment was
extended with reported information on soil quality and fertility associated to sugar

beet leaves.
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Chapter 7, concludes this thesis with a general discussion of the main findings.
First, the main results and conclusions are summarised, followed by the
implications for processing options that aim at total leaf biorefinery. We will then
conceptually design a biorefining strategy that would result in protein rich fractions
that can be used for food. The chapter ends with an outlook for future research of

leafy biomass and potential uses of the final products.
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2

Recovery of protein from green
leaves: Overview of crucial steps
for utilisation

Highlights

1 We extracted proteins from sugar beet leaves by traditional heat coagulation
method.

1 Leaf proteins divide almost equally over the resulting fractions.
9 Both soluble and insoluble proteins are found in the various leaf products.
9 Proteins and cell debris seem to irreversibly associate upon heat precipitation.

1 Functionality of protein-containing fractions could increase leaf utilisation.

This chapter has been published as:

Tamayo Tenorio, A., Gieteling, J., de Jong, G. A. H., Boom, R. M., & van der Goot,
A. J. Recovery of protein from green leaves: Overview of crucial steps for
utilisation. Food Chemistry (2016), vol 203, pages 402-408.

17



Recovery of protein from green leaves

Abstract

Plant leaves are a major potential source of novel food proteins. Till now, leaf
protein extraction methods mainly focus on the extraction of soluble proteins, like
rubisco protein, leaving more than half of all protein unextracted. Here, we report
on the total protein extraction from sugar beet leaves (BetavulgarisL.) by a
traditional thermal extraction method consisting of mechanical pressing, heating to
50°C and centrifugation. The resulting streams (i.e. supernatant, green-protein
pellet and fibrous pulp) were characterised in terms of composition, physical
structure and processing options. The protein distributed almost equally over the
supernatant, pellet and pulp. This shows that thermal precipitation is an unselective
process with respect to fractionation between soluble (rubisco) and insoluble
(other) proteins. About 6% of the total protein could be extracted as pure rubisco
(90% purity) from the supernatant. Surfactants commonly used for protein
solubilisation could hardly re-dissolve the precipitated proteins in the pellet phase,
which suggested that irreversible association was induced between the co-
precipitated proteins and cell debris. Thus, the extraction of this protein will require
prevention of their co-precipitation, and should take place in the original juice

solution.
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2.1. Introduction

Leaf proteins could potentially form a major protein source for food application.
Leaves from several crops have been considered depending on their protein
content, regional availability, social needs and current uses (e.g. alfalfa, spinach,
grass, cassava, moringa, tobacco). Other sources include leaves that are available
as by-products from certain crops on large scale (e.g. cassava, barley, broccoli,
sugar beet). Despite many decades of leaf protein study and the broad portfolio of
suitable crops, the existing extraction processes have not reached industrial
production for human food application yet. An important reason could be the focus
on soluble proteins, thereby neglecting the great potential of the other proteins
present in leaves. It is therefore important to further explore how te remaining

proteins can utilised as well, which is the purpose of this study.

Traditional leaf protein extraction methods focus on soluble protein recovery in the
form of leaf protein concentrate (LPC). Soluble LPC accounts for about half of the
leaf proteins and it is the preferred protein fraction for human food applications due
to its white colour and lack of off-flavour (Barbeau & Kinsella, 1988). The enzyme
ribulose-1,5-bisphosphate carboxylase/oxygenase (rubisco) accounts for most of
the solubilised protein and it can be purified from the soluble leaf protein fraction.
During LPC production, the final protein yield is typically 40 to 60% of the total leaf
protein and it depends on the plant source and extraction process (Bals et al.,
2012; Chiesa & Gnansounou, 2011; Dijkstra et al., 2003).

Leaf protein extraction involves three major steps: tissue disruption by mechanical
treatments, protein precipitation by one or more heat and/or pH treatments and
protein concentration (Coldebella et al., 2013; Edwards et al., 1975; Jwanny et al.,
1993; Merodio & Sabater, 1988). For instance, rubisco purification from soluble leaf
concentrate often combines different methods such as heat precipitation at 80 -
82°C, pH precipitation, flocculation and organic solvent precipitation (Barbeau &
Kinsella, 1983, 1988; Martin et al.,, 2014; Van de Velde et al.,, 2011). The
combination of steps allows protein fractionation to some extent as well as removal

of the undesired green colour.

19



Recovery of protein from green leaves

LPC and rubisco by-products contain the remaining leaf proteins. These by
products are the leaf pulp (rich in fibres) and a green insoluble curd. In general,
rubisco isolation methods are designed to precipitate undesired components to the
green curd, which contains cell debris, broken chloroplast, pigments and
particulates (Lamsal et al., 2003). The proteins in the curd are often referred as
green-protein fraction. So far, main focus was on the nutritional value of this protein
fraction for animal feed applications rather than exploring further processing
options and protein recovery for high value applications such as food (Byers, 1971;
Chiesa & Gnansounou, 2011; Merodio et al., 1983).

The fact that rubisco and LPC side streams are still rich in proteins explains the low
protein yield of the extraction processes. Leaf protein production for food is not yet
economically feasible at large scale, though coupling to biofuel production in a
larger biorefinery operation might positively influence the economic feasibility (Bals
& Dale, 2011; Bals et al., 2012; Chiesa & Gnansounou, 2011). The use of rubisco
side streams for high value applications such as food proteins has not been
extensively reported. A study with tobacco leaves described the extraction of
green-proteins using harsh conditions such as alkaline pH, organic solvents and
high temperatures, recovering half of the protein from the tobacco biomass (Teng &
Wang, 2011). A similar approach for protein recovery would not only improve the
feasibility of rubisco production, but would also enhance the use of existing bio-
resources; although milder extraction conditions are necessary to preserve protein

functionality and achieve a food grade application.

The aim of this study is to consider options for protein extraction from side streams
of the rubisco production and to analyse the effects of the initial extraction steps on
the overall protein yield and the downstream processes. Rubisco production
processes have been extensively developed and optimised for several crops;
therefore, it is a relevant starting point to explore the used of the valuable side
streams. Sugar beet leaves were used for this study due to their large availability
and the lack of extensive research on protein extraction from those leaves. The

resulting fractions after thermal extraction were characterised in terms of
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composition, physical structure, functional properties and processing options. This
information was used to evaluate the feasibility of two processing scenarios: further
protein recovery from side streams after rubisco extraction and total protein
recovery from leaves. The latter is focused on obtaining functional leaf fractions
rather than single-protein isolation and considers the need for re-thinking the leaf

biorefinery approach that has been followed for several decades.

2.2. Materials and methods
2.2.1. Leaf material and protein extraction

Sugar beet leaves (SBL) were harvested from a sugar beet production field in
Wageningen, The Netherlands. The leaves had an average dry matter content of
12% (wt) and the average composition in dry basis was 14.8 wt% protein, 2.9 wt%
fat, 30.3 wt% total dietary fibre and 20 wt% ash. The leaves were washed with cool
tap water (~ 10°C; hardness 4.4 degrees German hardness, dGH) and dried with
towel-paper before processing the leaves with a screw press, Angelia juicer 11 7500
(Angel Juicers, Queensland, Australia). Pressing gives a layer of fibres around the
screws inside the press barrel, acting as filtering bed. A green juice is expressed,

while the fibrous pulp is extruded out at the end of the screws.

Leaf proteins were extracted from the juice by heat precipitation (50°C, 30 min) as
described by several authors for rubisco and LPC extraction protocols (Jwanny et
al.,, 1993; Martin et al., 2014; Merodio et al., 1983; Rathore, 2010; Sheen, 1991,
Telek, 1983). The heated juice was centrifuged at 15000 g for 30 min and carefully

separated into supernatant and pellet.

Consecutive washing

The SBL green pellet remaining after centrifugation was washed three times with
tap water for additional recovery of the soluble protein that remained in the
interstitial fluid. The washing steps were done with a pellet-to-water weight ratio of
1:20 and centrifuged at 7,000 g for 30 min. The resulting supernatant and pellet

were analysed for composition and mass distribution.
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Solubilisation with surfactants

The pellet obtained after heat precipitation was freeze dried and stored before
processing. The dried pellet was re-suspended in different surfactant solutions or
water as control. The surfactants tested were Triton X-100 (p-(1,1,3,3-
tetramethylbutyl)-phenyl ether, octyl phenol ethoxylate), Zwittergent 3-12 (n-
Dodecyl-n,n-dimethyl-3-ammonio-1-propanesulfonate) and CHAPS  ((3-[(3-
chol-amido-propyl)-dimethyl-ammonio]-1-propanesulfonate); all from Sigma-
Aldrich (St. Louis, MO, USA) at the same concentration (0.3 wt%) and two pellet
concentrations were compared 0.3 wt% and 5 wt%. The final mix was centrifuged
at ~ 4800 g for 20 min. The resulting supernatant and pellets were analysed for

composition and mass distribution.

2.2.2. Compositional analysis

The dry matter content was determined by oven drying at 50°C for 48 h and the
weight losses were recorded. Protein nitrogen was determined by Dumas analysis
with a NA 2100 Nitrogen and Protein Analyser (ThermoQuest-CE Instruments,
Rodeno, lItaly). Methionine was used as standard during the analysis. Duplicate
measurements were made for all samples. A conversion factor of 6.25 was used to
convert nitrogen values to protein; this factor is commonly used in previous leaf
protein studies (Fantozzi & Sensidoni, 1983; T. Hernandez et al., 1997; Sheen,
1991; Teixeira et al., 2014; Teng & Wang, 2011; Zanin, 1998). The concentration
of soluble protein was determined by BCA assay (Smith et al., 1985), using Pierce
BCA Protein Assay Kit (Thermo Scientific, Rockford, US), in which BSA was used
as standard. The lipid content was determined by Soxhlet extraction with petroleum
ether, according to AACC method 30-25 (AACC, 1983b). The samples were dried
and ground before the extractions. Total dietary fibre was determined according to
AACC method 32-05.01 using Megazyme assay kit K-TDFR (Megazyme
International, Bray, Ireland). The ash content was determined according to the
AACC official method 08-01(AACC, 1983a).
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2.2.3. Microscopy

Microscopic images of the SBL products were made with a Nikon Microphot FL
microscope equipped with a Photometrics CCD camera (PhotometricsN, Tucson,
USA). Samples were placed directly on a glass slide, covered with a normal cover
glass and observed using normal light, polarised light, and fluorescence with a
Nikon B-3A fluorescence filter to detect chlorophyll auto-fluorescence (I gy =

440 nm; | ¢ = 685 nm). Rhodamine B was used for protein staining.

2.2.4. SDS-page

The protein characterisation of the samples was done by reducing SDS
polyacrylamide gel electrophoresis, using a Bio-Rad Mini-Protean cell (Bio-Rad
Laboratories Inc., Hercules, USA). The samples were diluted with sample buffer
(62.5 nM Tris-HCI, pH 6.8; 2% w/v SDS; 5% w/v 2-mercaptoethanol). The weight
ratio of sample-to-buffer was 1:4 for pellet samples and 1:1 for supernatant and
juice samples. Before electrophoresis, each sample was heated to 95°C for 5 min
in a heating block and then centrifuged at 10,000 g for 10 min. An amount of 20 uL
of each sample was loaded on a 12% Tris-HC| SDS-ready gel; and 10 pL of Pre-
Stained Protein Standard (Bio-Rad Laboratories Inc, Hercules, USA) were loaded.
The electrophoresis was carried out at 200 V for about 1 h. Afterwards, the gel was
stained with Bio-safe Coomassie Stain (Bio-Rad Laboratories Inc, Hercules, USA).
The identification of the proteins in the samples was done by comparing their band

pattern with results from previous studies.

2.3. Results and discussion

The dry matter composition of the SBL fractions and its distribution is presented in
Figure 2. 1. The composition of the juice resembles that of the leaves except for
the total dietary fibre, which was clearly the main component of the fibrous pulp.
The supernatant carried most of the ash and rest of the dry matter from the juice.
This latter fraction includes soluble carbohydrates, pigments and other soluble dry

matter.
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Figure 2. 1. Dry matter composition and distribution during protein extraction from SBL.
Embedded table: composition of SBL fractions in dry basis, except the dry matter content.
Sup = supernatant. GP = green pellet, TDF = total dietary fibre, and DM = dry matter. *Values
estimated from the mass balance.

Sugar beet leaves have a low lipid content (3.4 + 1.0 wt%), which was mainly
recovered from the green pellet fraction after leaf processing. This fraction contains
cell debris and particulates that include chloroplastic structures. The latter are rich
in lipids and consist mainly of pigments and lipid membranes (i.e. outer membrane
and thylakoids) (Bolton & Harwood, 1978). The low lipid content is a typical feature
for leaves because of the physiological function of leaves in the plant: the leaves
do not accumulate lipids but carbohydrates to support the plant structure and
growth (Chapman et al., 2013).

The sugar beet leaves have a higher ash content (20 wt%) compared to other
crops used for LPC such as cassava leaves (4.6 - 6%) (Awoyinka et al., 1995),
alfalfa (9.6%) (Edwards et al., 1975) and Moringa leaves (10.9%) (Teixeira et al.,
2014). The mineral composition of the SBL has been reported as part of a nutrient
study of leaves at different ages and plant locations. The minerals monitored
included P, K, Ca, Mg, Na, Zn, Cu, Fe, Mn, B, and Mo, showing different
concentrations depending on leaf age, plant location and season (Fragoso et al.,
1993).
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2.3.1. Characterisation of SBL fractions

Leaf composition and protein distribution

The SBL have an average water content of 88.5 ° 1.6 wt%. The protein content of
the dry matter was 15.5 + 1.7 wt%. A higher protein content (~ 23 wt% db) has
been reported for SBL (Lammens et al., 2012; Merodio & Sabater, 1988), but this
compositional difference can be explained by differences in leaf processing. Whole
leaves (blade and stem) were used for the present study. When only blades were
processed for protein extraction, the leaf protein content was increased to
21.6° 1.6 wt% db, which is in agreement with the values reported earlier. The
stem accounted for 49.8 wt% of the leaf and contains only 10.4 ° 1.7 wt% protein
(db).

Nevertheless, it was decided to use full leaves as separation of leaves into blades
and stems might be difficult on (semi-) industrial scale. Due to the high water
holding capacity and stiffness of the cellulose rich material, a large by-product
stream is created of about 16.0 wt% of the leaves after SBL pressing. The rest of
the leaves was transformed into a green juice. The proteins in the fibrous pulp

accounted for 31% of the leaf proteins (Figure 2. 2 A).

Extra washing of the fibrous pulp solubilised only 2.2% of extra leaf protein. Similar
results were observed with cassava leaves. Additional processing of the fibrous
residue did not increase the protein yield (Coldebella et al., 2013). The protein
collected in the supernatant and pellet accounted for 68.9% of the leaf protein. To
increase the protein concentration and purity, the supernatant can be further
processed to isolate rubisco as described by Martin et al. for spinach leaves
(2014).

For this study, the total protein content was determined from total nitrogen values,
while the amount of solubilised protein was determined by a spectrophotometric
method. The difference between these values was assumed to be the green

(insoluble) protein content; a similar approach was used by Teixeira et al. with
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Figure 2. 2. (A) Protein distribution during protein extraction from SBL. A fraction of the green
proteins remain suspended in the supernatant. (B) Coomassie blue-stained SDSi page of SBL
fractions on a 12% polyacrylamide gel. a) molecular weight marker. b) SBL juice. Soluble protein
fraction (supernatant): c) from fresh juice and d) from heat treated juice. Green proteins (pellet):
e) from fresh juice and f) from heat treated juice. The arrows indicate the bands for rubisco
subunits.

Kjeldahl and Lowry methods (2014). The pellet composition was estimated from a
mass balance of the soluble and green proteins, obtaining 69.5 wt% and 30.5 wt%,
respectively. Consequently, both solubilised proteins and green proteins distribute
more or less evenly among pellet and supernatant. These results were supported
by an amino acid analysis of the SBL fractions (supplementary Figure. S1). The
amino acid profile in the supernatant did not resemble that of rubisco, suggesting
that other proteins remained suspended in this fraction. As described by previous

studies, portions of both cytoplasmic (soluble) and chloroplastic (insoluble) proteins
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can be found in the green and white fractions (Chiesa & Gnansounou, 2011)
because the heat precipitation is not highly selective (Merodio et al., 1983). The
centrifugation divided the proteins in two fractions almost equally: 45.4 wt% in the

pellet and 54.6 wt% in the supernatant.

Protein characterisation

The proteins extracted in each fraction were characterised with SDS-page (Figure
2. 2 B). Both supernatant and pellet contained rubisco subunits (53 kDa and
14 kDa), which were clearly more abundant in the supernatants as expected. The
bands observed in the pellet samples were regarded as mostly membrane protein
subunits given the molecular weight of the bands obtained. Plant membrane
proteins are generally part of the chloroplastic membranes and include the
photosynthetic systems. These photosystems are known for their high complexity,
illustrated by the fact that they contain more than 100 different proteins (Friso et al.,
2004), with subunit sizes ranging between <5kDa to > 60 kDa. The protein
complexes can contain up to 11 different subunits (e.g. Photosystem I) reaching a
size of 540 kDa with attached chlorophylls and pigments (Kugler et al., 1997).

There were no clear differences between the fresh and heat treated samples: all
samples showed similar band patterns from the supernatants and from the pellets
(Figure 2. 2 B: lanes c - d and e - f, respectively). Membrane proteins are known to
aggregate between 50 and 64°C, while soluble proteins aggregate a higher
temperature (80 - 82°C) (Nagy et al., 1978). We therefore assumed that the heat
treatment did not affect the type of precipitated proteins, but just increased the final

protein yield (about 50% more protein was recovered from the heated juice).

Microscopic observations

The mechanical press converted 84 wt% of the wet weight of the starting leaves
into a green juice (Figure 2. 3 A) that is rich in cell contents and cell debris. A few
intact cells were observed among the juice solids (Figure 2. 3 B - C). It is usual that
a few intact cells remain after mechanical cell disruption; their percentage depends
on the plant source, fibre (cellulose/lignin) content and the mechanical disruption

technique. With low-fibre leaves the percentage of intact cells can be as high as
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51 10% (Barbeau & Kinsella, 1988), while adding a disk mill after pressing can
reduce this percentage to 0% (Bals et al., 2012). Besides intact cells, large pieces
of plant fibres and aggregates were observed. Chloroplasts were identified by

fluorescence (Figure 2. 3 C), making use of the auto-fluorescence of the

chlorophyll.

Figure 2. 3. Microscopy pictures of SBL juice: (A) bright field; (B) bright field focused on intact
cell cluster and (C) cell cluster observed with fluorescence filter to detect chlorophyll auto-
fluorescence (red). Microscopy pictures of SBL pellet: (D) bright field; (E) rhodamine B-staining
for proteins (red); and (F) rhodamine B-staining and polarised light.

Similarly, the pellet containing the green proteins was observed with light
microscopy. This SBL fraction was rich in long rod-like structures, probably being
cellulosic material (Figure 2. 3 D) and contained protein as shown by using
rhodamine-B for protein staining (Figure 2. 3 E). The cellulose and other fibrous
material found in this fraction may absorb the green juice during leaf pressing,
hindering extraction of soluble proteins. The juicing step needs to be fast to
prevent protein losses (Barbeau & Kinsella, 1988) or the fibre-rich portions of the
plant (e.g. stems, petioles) have to be left out of the process (Coldebella et al.,
2013; Kammes et al., 2011). Finally, small crystal-like structures were observed

using polarised light (Figure 2. 3 F), but these were not starch particles as
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evidenced by the fact that they were not responding to starch staining (using
iodine, image not shown). They were therefore regarded as salts, given the small
size, the crystal-like structure and the literature available on SBL crystals
(Semenova & Romanova, 2011). The cr ypositian manly compnises
oxalate salts such as magnesium, potassium and calcium oxalate. These salts are
abundant in SBL and they can be insoluble as a result of ion and osmotic
regulation of the plant cells (Franceschi & Horner, 1980). From these observations
and at this structural level, the pellet fraction had no clear separation of

components that could lead to physical means of fractionation.

2.3.2. Further processing of the green protein fraction

To increase the protein purity, the supernatant can be further processed to isolate
rubisco as described by Martin et al. for spinach leaves (2014). The spinach
supernatant is processed by adjusting the pH to 8, filtering the juice and adsorbing
the proteins on chromatographic columns. The resulting fractions containing
rubisco are desalted and stored after sterile filtration. Although 90% purity is
reached by this method, the protein yield is very low, 0.1 g of rubisco per 100 g of
leaves, which makes the procedure suitable for analytical purposes, but not

feasible for biorefinery purposes.

Consecutive washing.

The green protein fraction was washed 3 times with distilled water and centrifuged
till obtaining a final precipitate. With each washing step, the pellet material was
diluted to a very low concentration. This dilution might change the density and
viscosity of the material and the solids are re-dispersed rather than solubilised,

implying the loss of some solids in every step.

The protein content increased from 31.3 wt% to 41.1 wt% after 3 washes (Figure 2.
4) and in total ~ 26% of the dry matter was removed. However, the main effect was
observed after one wash, which removed 17.1% of the dry matter, whereas the
subsequent washes removed 7.0% and 3.4%, respectively. Within the solubilised

fractions, 5 wt% of the total protein was extracted. These results suggest a slight
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but consistent protein purification at each step. The type of proteins being
solubilised was checked through SDS-Page (image not shown). Only a few
proteins were solubilised during the first washing step. The second and third
solubilised fractions did not show any bands. The proteins found in the green pellet
remained constant after the consecutive washes. It was estimated from the mass
balance that about 70 wt% of the proteins in the green protein fraction was soluble
protein. However, only 12 wt% was actually recovered after washing the pellet.
This suggests that the previously soluble proteins became insoluble during
processing, possibly due to interaction (complexation) with other insoluble material

in the pellet.
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Figure 2. 4. Protein concentration of the washed pellet (A) and washing liquid (* ), and total
protein yield (z ) after consecutive washes of the green pellet.

Solubilisation with surfactants

Since many of the green proteins are particular membrane proteins, it is to be
expected that they cannot be solubilised as such. Thus they need to be solubilised
with amphiphilic components. These can detach the proteins from the lipid
membrane, from other proteins and from pigments, and suspend them into micellar
structures. Triton X-100 (p-(1,1,3,3-tetramethylbutyl)-phenyl ether, octyl phenol
ethoxylate), Zwittergent 3-12 (n-Dodecyl-n,n-dimethyl-3-ammonio-1-propane
sulfonate) and CHAPS (3-[(3-cholamidopropyl)-dimethyl-ammonio]-1- propane
sulfonate) were used to solubilise (part of) the green protein fraction. These

surfactants were selected because of their successful earlier application on
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membrane protein extraction from leaf materials (Carpentier et al., 2005; Kragh-
Hansen et al., 1998). Zwittergent 3-12 was able to solubilise 49% of the protein
present in the pellet when the protein to surfactant ratio was 1:1 (Figure 2. 5 A).
This was more than two-fold the value observed with just water, and also higher
than with other surfactants. At higher protein to surfactant ratio, the highest protein
solubilisation observed was 30% using Triton X-100 (Figure 2. 5B). The best
solubilisation was observed when the surfactant was in excess compared to the
protein in the mixture. This is also the case when proteins are solubilised by SDS
for electrophoresis. For example, 1% SDS is used at a protein to surfactant ratio of
0.6:1.
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Figure 2. 5. Protein (A) and dry matter yield (z) aft eactantpr ot ei n
solutions. Surfactant concentration was 0.3 wt% in all experiments. Green pellet concentrations
were: (A) 1.0 wt%,; and (B) 5.1 wt%. DM = dry matter. n=3

It is important to highlight that the surfactants were applied to a highly diluted
suspension of pellets, and that not only protein but also other DM was solubilised.
Therefore, some of the solids might be simply re-dispersed rather than solubilised.
In all cases, the protein content was lower than in the starting material (which was
about 30 wt%), which points out that other solids (of variable composition) and
soluble material (e.g. sugars) were preferentially dissolved or suspended, in spite

of the presence of a surfactant.

It is difficult to determine to what extent the dry matter is associated to surfactant

micelles. Lipids could form mixed micelles with the surfactants and contribute to
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protein solubilisation. Other solids may be dispersed by the weakening of the
interaction between different particles, due to the presence of the surfactant. The
resulting smaller particles can be more easily dispersed.

2.3.3. Consequences for leaf biorefinery

As for all purifications processes, any concentration step will compromise the final
yield (Berghout et al., 2015). This can be depicted in Figure 2. 6. The concentrated
rubisco fraction accounts for nearly 6% of the total proteins, about 50% ends up in
the washing liquids. For a better understanding of leaf proteins and how to optimise
their extraction, it helps to have a closer look to how they are arranged in the plant
cell and what their physiological role is. About 80% of the leaf proteins are located
inside the chloroplast (Fiorentini & Galoppini, 1983), where a sophisticated
membrane system (i.e. thylakoids) contains several membrane protein complexes.
The surrounding fluid (i.e. stroma) contains rubisco and other soluble proteins.
Most of these proteins are involved in the enzymatic reactions of the
photosynthesis. The remaining 20% of the leaf proteins are found in the cytoplasm
and small percentage is found within the nucleus (1 - 2%) and mitochondria (< 5%)
(Fiorentini & Galoppini, 1983).
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Figure 2. 6. Protein purity vs. protein yield of SBL products.

Optimising the process to reach high protein purity is limited to the soluble protein

fraction. Protein coagulation either by heat treatment, pH shift, flocculation or
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membraneless osmosis mainly results in a discoloured protein solution that
enables the production of a white protein powder from the soluble fraction (Yu A.
Antonov, 2000b; Lamsal et al., 2003; Martin et al., 2014; Merodio et al., 1983;
Telek, 1983). On the other hand, the green proteins remain in side streams mixed
with chlorophylls, particulates and salts. The complexity of this green protein
fraction implies further processing to remove the cellulosic material and the
different pigments, and to further concentrate the proteins. The cellulosic materials
can be avoided already by using low-fibre crops or removing fibre rich portions of
the plant material (e.g. stems, petioles) (Bals et al., 2012); but the pigment removal
and protein concentration steps have not been further developed for this protein
fraction.

Compared to other plant segments such as seeds or roots, the leaves show a more
or less homogeneous distribution of components on larger length scale, meaning
that all parts have roughly the same composition. In contrast, in seeds starch is
primarily localised in the endosperm, while oil and protein bodies are found in the
embryo, and dietary fibre in the pericarp. Moreover, seed storage proteins are
stored in abundance inside the protein bodies, lacking an enzymatic role in most
cases, which makes them stable during processing (Tan-Wilson & Wilson, 2012).
Keeping these differences in mind, the approach for leaf protein extraction should
be coupled to the intended use of the proteins extracted. Main attention should be
on the question whether high purity is essential, or whether a fraction can have

relevant properties as well (van der Goot et al., 2016).

The results in this paper show that a simple process leads to three product streams
with a rich composition. That is why we suggest that biorefinery of leaves should
aim for total protein use instead of pure-single proteins, because of the large
variety of proteins and their location in the plant cell. We suspect that the feasibility
of the extraction process is more influenced by protein yield rather than purity. A
focus on total protein use can optimise the use of leaves as a food source and
make use of the bioactive value of molecules that end up in the extracted proteins

(e.g. carotene, zeaxanthin, chlorophyll, isoflavones). Additionally, the existing
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complexes (e.g. protein-lipid, protein-carbohydrate) might exhibit functional
properties that need to be explored and characterised. For instance, the fibrous
pulp can follow biorefinery processes that aim for feed or biofuels (T. Kim et al.,
2013). It could even follow agueous extraction to remove the remaining proteins
and use the fibre-rich fraction as techno-functional ingredients for food. The
existing complexes in the green proteins fraction, such as thylakoid membranes,
could be refined from this neglected leaf protein fraction and increase its added

value once a food application for the thylakoids is established.

2.4. Conclusions

Protein from plant leaves are traditionally extracted by mechanical pressing and
thermal precipitation of fibre, chlorophyll and other components. Only part of the
soluble proteins in the juice is then used for further refinement. For better use of
the potential of SBL, also the other protein present in leafs should be made

suitable for (food) applications.

We showed that both soluble and insoluble protein distribute almost evenly over
the various fractions: juice, pulp, supernatant and final pellet. Re-dissolution of the
precipitated proteins in the pellets is very difficult; even using surfactants that are
commonly used for protein solubilisation do not result in re-dissolution of these
proteins. Subsequent washing of the pellet yields an unrefined green protein
fraction with 41.1 wt% protein content, which account for 26.7% of the leaf protein.
About 6 % of the total protein could be extracted as pure rubisco (90% purity) from
the supernatant. Most likely, harsh conditions may be required to obtain higher
protein yields, which might impair the protein quality and compromise the economic

feasibility.

We hypothesise that this is due to irreversible association between these proteins
and the debris from the precipitation process. Thus, a future route towards
utilisation of these proteins probably need to prevent their precipitation but should

fractionate them while keeping them in solution. Also the functionality of protein-
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containing product streams should be explored as alternative to making pure

protein fractions.

Acknowledgments

The authors thank Royal Cosun (The Netherlands) and the Technology Foundation
STW (The Netherlands) for their project and financial support.

Supplementary figure

0.6
0.4 -
0.2 -

0
-0.2

-0.4

06 4 mJuice

Difference with rubisco

038 Supernatant
mGreen pellet

Figure S1. Amino acid (AA) profile of SBL fractions compared to that of rubisco. Cysteine,
lysine, tryptophan and serine were not included in the calculations due to hydrolysis during
sample preparation. Values for rubisco AA profile were obtained from the complete protein
sequence (Dohm et al., 2014; H. Li et al., 2014). Amino acid composition determined via UPLC
(Meussen et al., 2014) after sample hydrolysis in 6 N HCI containing 1% (w/v) phenol at 110°C for
24 h. The amino acids were separated with an Acquity UPLC BEH C18 reversed phase column
and the detection was done at wavelengths of 338 nm and 263 nm, using Dionex RSLC (Dionex
Corporation, Sunnyvale, CA, USA).
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Understanding leaf membrane
protein extraction to develop a
food-grade process

Highlights
1 There is no process to extract leaf membrane proteins for food applications

1 We used proteomic extraction protocols with leaves to inspire a food-grade
process

9 Processing steps provide conditions (e.g. solubility, polarity) to isolate proteins
9 Leaf protein heterogeneity limits selectivity of the extraction

1 Protein heterogeneity also enables fractions with potential properties for food

This chapter has been published as:

Tamayo Tenorio, A., Boom, R. M., & van der Goot, A. J. Understanding leaf
membrane protein extraction to develop a food-grade process. Food Chemistry
(2017), vol 217, pages 234-243.
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Abstract

Leaf membrane proteins are an underutilised protein fraction for food applications.
Proteins from leaves can contribute to a more complete use of resources and help
to meet the increasing protein demand. Leaf protein extraction and purification is
applied by other disciplines such as proteomics. Therefore, this study analysed
proteomic extraction methods for membrane proteins as an inspiration for a food-
grade alternative process. Sugar beet leaves were extracted with two proteomic
protocols: solvent extraction and Triton X-114 phase partitioning method.
Extraction steps contributed to protein purity and/or to selective fractionation,
enabling the purification of specific proteins. It was observed that membrane
proteins distributed among different solvents, buffers and solutions used due to
their physicochemical heterogeneity. This heterogeneity does not allow a total
membrane protein extraction by a uniqgue method or even combinations of
processing steps, but it enables the creation of different fractions with different

physicochemical properties useful for food applications.
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3.1. Introduction

Green leaves are considered as an underutilised protein source for food
applications. A potential leaf source are leaves from sugar beet plants (Beta
vulgaris L.), since the leaves can be regarded as edible (Lim, 2016) and constitute
an abundant waste stream. Total protein extraction from sugar beet leaves would
deliver 450-600 kg/ha, which is comparable to soy (450-600 kg/ha), and cereals
(~570 kg/ha) (van Krimpen et al., 2013). However, the use of leaf proteins, not only
from sugar beet plants, is hindered by the lack of extraction processes that can
reach high yields (Bals et al., 2012). So far, the development of protein extractions
processes from leaves have focused on the soluble protein fraction, leaving the
insoluble fraction in side streams (Angelica Tamayo Tenorio, Gieteling, et al.,
2016). Therefore, a suitable extraction process for these neglected proteins is
needed to increase the current protein yield, to deliver food quality proteins, and
ultimately to optimise existing resources.

Leaf insoluble proteins mainly consist of membrane proteins and their lack of
solubility in water hinders extraction and subsequent utilisation. These proteins are
removed in the extraction processes available for food applications (Lamsal et al.,
2007). By discarding the membrane proteins, not only the intense green colour of
leaf proteins is removed, but also half of the proteins. To utilise the leaves better,
processes for the extraction of the membrane proteins are required. Other
disciplines such as proteomics, photosynthesis biology and plant membrane
dynamics utilise different solubilisation strategies to analyse these proteins. Thus,
the extraction methods developed for analytical purposes can provide insights and

inspiration on how to extract membrane proteins.

Proteomic protocols are optimised to extract all types of membrane proteins, even
in their native state because of their important roles in several cell functions.
Isolation of membrane proteins means detaching the proteins from the lipid
membrane and breaking the interactions (electrostatic, van der Waals, hydrogen
bonds) with enzyme cofactors, chlorophylls, and other pigments. These

interactions and the presence of interfering compounds, make leaf and stem
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material more challenging for protein extraction compared to tissue from other
organisms such as yeast or mammals (W. Wang et al., 2008). Even if proteomic
protocols are meant to achieve complete extraction, they cannot be directly
translated to a preparative, industrial scale process, since they use extraction
media that would not be allowed on larger scales. However, the protocols do
generate understanding of the interactions that are at play, providing valuable

insights for large-scale extraction using other media.

The objective of the study reported here is therefore to learn from proteomic
protocols on possible extraction routes for leaf membrane proteins and evaluate
food-grade equivalent options through understanding the role of each extraction
step/reagent and the behaviour of the membrane proteins during extraction. Two
proteomic extraction methods were explored with sugar beet leaves: a protocol
designed especially for membrane protein purification, and a phase partitioning
protocol using Triton X-114, designed for integral membrane protein isolation. The
effect of each extraction step was analysed in terms of total protein distribution and
chlorophyll removal. The knowledge gained through these proteomic methods was
used to assess the possibilities for membrane protein extraction and to explore
food-grade alternatives depending on the final application. Understanding these
methods gave insights on the technical feasibility of a food-grade process aimed

for large scale implementation.

3.2. Materials and methods
3.2.1. Chemicals

Ammonium acetate, phenol, TCA (trichloroacetic acid), SDS (Sodium dodecyl
sulphate), Triton X-114 ((1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol)), HCI
(hydrogen chloride), Tris-HCI, 2-mercaptoethanol and PBS components (Na,HPOy,,
KH,PO,4, NaCl, KCI) were purchased from Sigma-Aldrich Co. LLC. (St. Louis,
USA). Pre-Stained Protein Standard and 12% Trisi HClI SDS-ready gel were
purchased from Bio-Rad (Bio-Rad Laboratories Inc., Hercules, USA) Acetone and

methanol were purchased from Actu All Chemicals b.v. (Oss, The Netherlands).
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3.2.2. Plant material

Sugar beet leaves (SBL) were collected from a sugar beet field (0.85 ha) near
Wageningen, The Netherlands. The field belongs to Wageningen University. The
leaves had an average dry matter content of 10.3°0.4 wt% and a protein content of
19.4°1.9 wt% on dry basis. Before processing, the leaves were washed with cool
tap water (~10°C; hardness 4.4 degrees German hardness, dGH) and dried with
paper-towel. SBL are regarded as edible leaves and as a potential crop for protein

extraction.

3.2.3. Proteomic extraction protocols

Two proteomic protocols were considered in this study to observe the protein
distribution under different conditions. Proteomic studies usually combine several
methods, which complement each other and result in identification of more proteins
(Friso et al., 2004; Kamal et al., 2013).

Solvent extraction protocol

A standard proteomic extraction protocol was used as described by Wang et al.
(2006), while the sample size was increased up to 10 g to allow mass and protein
balance calculations. SBL were pulverised with liquid nitrogen and mixed with 10%
TCA/acetone in a powder to liquid ratio of 1:10, followed by centrifugation (step 1).
After discarding the supernatant, 80% methanol with 0.1 M ammonium acetate was
added to the pellet in a 1:10 ratio, mixed and then centrifuged (step 2). The
supernatant was again discarded, replaced with 80% acetone in a pellet to solvent
ratio of 1:10, mixed and centrifuged (step 3). The supernatant was discarded and
the pellet was air dried. Afterwards, 6 ml/g pellet of 1:1 phenol/SDS buffer was
added, mixed and incubated for 5 min at room temperature to allow phase
separation (step 4). After centrifugation, the phenol phase was transferred to a
new centrifuge tube. The tube was filled with 80% methanol with 0.1 M ammonium
acetate in a 10:1 ratio with the phenol phase. The mixture was stored over night at
-20°C and then centrifuged (step 5). The white pellet was collected and washed

consecutively with 100% methanol (step 5) and 80% acetone (step 6), followed by

45



Understanding leaf membrane protein extraction

centrifugation each time. The final pellet was air dried. All mixing steps where done
by vortexing at room temperature and the centrifugation steps were done at 16,000
g at 4°C for 3 min. From the mass and protein balance, the protein yield was
calculated as grams of protein in the sample per grams of protein in the starting

leaf material.

Phase partitioning protocol

The phase partitioning with Triton X-114 was done based on two methods:
according to Brusca and Radolf (1994) and Okamoto (2001). SBL were also
ground in liquid nitrogen. The leaf powder was mixed with a Titron X-114 solution
(2% final concentration) in PBS (pH 7.4) to a surfactant:protein ratio of 10 to 1,
using a rotor-stator IKA T25 (IKA-Werke GmbH & Co. KG, Staufen, Germany) at
6,500 rpm for 30 s and at 9,500 rpm for 30 s. The mixture was centrifuged (13,000
g, 4°C, 10 min) to remove the cell debris. The supernatant was incubated at 37°C
for 10 min and centrifuged at 13,000 g for 10min. The surfactant (bottom) phase
was analysed for composition and protein characteristics. The aqueous (top) phase
was transferred to a new tube and mixed again with Titron X-114 solution in a 1:1
weight ratio, incubated and centrifuged under the same conditions. Samples were
taken at each extraction step to establish mass and protein balances and to
calculate the protein yield as previously indicated. The resulting phases were
analysed for their composition and protein characteristics (SDS-page). Before
compositional analysis, the fractions were dried in a convective oven at 105°C for
24 h.

3.2.4. Food-grade extractions

Fresh SBL were pressed through a twin screw press Angelia juicer 11 7500 (Angel
Juicers, Queensland, Australia). The juice was used for protein extraction, while

the fibrous pulp was extruded out at the press and discarded.

pH precipitation
The initial juicebs pH was 6.1 and it

solution. The juice was incubated under continuous stirring for 1h and centrifuged
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at 7,000 g for 10 min at room temperature. Both the pellet and supernatant were

collected for compositional analysis. Samples were done in triplicate.

Successive acetone washes

SBL juice was heated to 50°C for 30 min and centrifuged at 15,0009 for 30 min.
The resulting green pellet was freeze-dried and stored until used. The dry pellet
was washed with 80% acetone for 5 times, using a powder to solvent ratio of 1 to
20. At each washing step, the mixture was incubated at -20°C for 1 h, followed by
centrifugation at 4,816g for 20 min, at 4°C. The supernatants were analysed for

chlorophyll content and the pellets for composition.

3.2.5. Compositional analysis

The dry matter content was determined by drying each fraction overnight at 105°C.
The protein content was determined by Dumas analysis with a NA 2100 Nitrogen
and Protein Analyser (ThermoQuest-CE Instruments, Rodeno, Italy), using
methionine as standard and 6.25 as conversion factor. Although this conversion
factor is high for leaf material, it was used to allow comparison to previous studies.
A value based on amino acid composition could be around 5.3. Each sample was
measured in duplicates. The protein content of a number of samples was estimated
from the mass balance due to insufficient amount of material for analysis; those
samples are indicated with * in the results. The chlorophyll concentration was
estimated by spectrophotometry as described by Porra et al. (1989), using acetone

for extraction.

3.2.6. SDS-page

The protein in the resulting phases was characterised by reducing SDS
polyacrylamide gel electrophoresis, using a Bio-Rad Mini-Protean cell (Bio-Rad
Laboratories Inc., Hercules, USA). The proteins were first precipitated with 10
volumes of 80% acetone, incubated at -20°C overnight and centrifuged at 4,816 g
for 15 min. The resulting pellets were re-suspended in SDS-sample buffer. Sample
preparation and electrophoresis were carried out as described by Tamayo Tenorio
et al. (2016).
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3.3. Results and discussion
3.3.1. Solvent extraction protocol

Several proteomic protocols are available for membrane protein extraction
depending on the target protein, the type of tissue and the research question. SBL
were extracted with a protocol typically used for a wide range of leaves and fruits
(W. Wang et al., 2006). Mass balances for the dry matter and total protein were
established to show their distribution during the extraction process. Figure 3. 1 A
and B depict the dry matter flow and protein flow, respectively. Each step enables
higher purity in the final fraction but leads to protein losses as well. The protein
yield in the final pellet was 8.3°1.4%, calculated as grams of protein in the pellet
per grams of protein in the leaf. This final fraction had a protein content of 79.6 °
1.7 wt% (db). On wet basis, about 200 mg of membrane protein extract (pellet 6)

was obtained from 100 g of leaves.

Role of each step

The membrane protein extract (pellet 6) is the result of multiple steps, each of them
fulfilling a specific purification task. The first step of any plant protein extraction
process is mechanical tissue disruption for cell wall opening and release of cellular
content. The mechanical process is done at low temperatures (liquid N,) to avoid
proteolytic and enzymatic degradation reactions, which are caused by proteases
released from different organelles after tissue disruption (W. Wang et al., 2008), as

well as phenoloxidases and polyphenols (Carpentier et al., 2005).

Once the plant material is pulverised, the addition of 10% TCA/acetone precipitates
the protein and starts the removal of substances that interfere with final protein
analysis, such as phenolics, lipids and pigments (Jacobs et al., 2000; W. Wang et
al., 2008). The low pH induced by 10% TCA ensures an environment free of any
enzymatic activity, preventing proteolysis and oxidation. Both enzymatic processes
can modify the molecular weight or isoelectric point of the proteins, which interfere
later with isolation techniques and subsequent interpretation of the analytical

results (Jacobs et al.,, 2000). Similarly, acetone dissolves interfering compounds
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Figure 3. 1. Dry matter (A) and protein (B) distribution during proteomic extraction protocol from SBL. The details of each processing step are
described in Materials and methods. Sup = supernatant. (*) denotes streams of which the composition was estimated by mass balances. The
thickness of the arrows correlates with the size of the streams as depicted in the scale.
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