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Abstract

Lupins have a variety of both traditional and modern uses. In the last decade, reports assessing the
benefits of lupin seed proteins have proliferated and, nowadays, the pharmaceutical industry is
interested in lupin proteins for human health. Modern genomics and proteomics have hugely
contributed to describing the diversity of lupin storage genes and, above all, proteins. Most of these
studies have been centered on few edible lupin species. However, Lupinus genus comprises
hundreds of species spread throughout the Old and New Worlds, and these resources have been
scarcely explored and exploited. We present here a detailed review of the literature on the potential
of lupin seed proteins as nutraceuticals, and the use of -omic tools to analyze seed storage
polypeptides in main edible lupins and their diversity at the Lupinus inter- and intra-species level. In
this sense, proteomics, more than any other, has been a key approach. Proteomics has shown that
lupin seed protein diversity, where post-translational modifications yield a large number of peptide
variants with a potential concern in bioactivity, goes far beyond gene diversity. The future extended
use of second and third generation proteomics should definitely help to go deeper into coverage and

characterization of lupin seed proteome.

Keywords: Conglutins; Nutraceuticals; Seed proteome; Lupin proteome; Lupinus germplasm.



Contents

I. Introduction

2. Insight on lupin seed storage proteins

3. Research areas in nutraceutics for lupin seed proteins
3.1. Benefits on cardiovascular disease related risks
3.2. Benefits on diabetes and hyperglycemia

4. Lupin diversity and genomic resources in lupin seed storage proteins

5. Seed proteomics of lupin domestic species

6. New directions on lupin seed proteomics research

7. Conclusions

Acknowledgements

References

1. Introduction

Lupin is the common name for Lupinus, a genus with more than 200 species which belongs to
the genistoid clade, one of the six main clades of the Fabaceae family [1]. Lupins are distributed
over two main geographical centers of diversity: one is the Mediterranean basin and North
Equatorial Africa (so-called Old World lupins), and the other extends through North and South
America (so-called New World lupins). Lupins are minor legume crops characterized by their high
seed protein content, and they are cultivated worldwide across more than one million hectares
presenting a wide array of human uses [2-4].

Lupins have been historically and traditionally used as food for populations in both the
Mediterranean and the Andean cultures. Traditional lupin seeds were and still are consumed after
being boiled or abundantly washed with water, as a means to remove anti-nutritional seed alkaloids
[5]. Medicinal uses of lupins (probably Lupinus albus) date all the way back to Hippocrates of Cos
(400-356 BC). Related to the same period, there are numerous reports of their use as soil improving
crops, namely in rotation with wheat [6]. It is not surprising that domesticated forms of two lupin
species, L. albus (white lupin) and L. mutabilis (pearl lupin), emerged as the result of human
cultivation for some 3000 years in the Mediterranean and Andean regions, respectively [6,7].
During the 19th century, L. luteus (yellow lupin) and L. angustifolius (narrow-leafed lupin), two
other Mediterranean species, became fully domesticated crop plants [6,8]. Currently, these four
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L. angustifolius is now mostly grown in Australia, and L. mutabilis is a common crop in South
America. Average annual world production (2011-2013) exceeds a million tons, with Australia
being the most important producer, followed by Poland, Chile, Ukraine and Belarus [9]. Lupins are
mainly cultivated for their use as ruminant food and as green fertilizers but, even though still a
minor activity, lupin production is increasingly being used for human nutrition and the interests of
food and medical industries in lupin compounds have risen remarkably [2,6,10].

In modern societies, consumers are increasingly aware of the role of nutrition and diet in
determining both human health and their state of wellbeing. A wide range of legume seeds is
available for functional food production, among which lupin seeds stand out because of their unique
chemical composition and biological functions. Thus, lupin seeds are very rich in proteins and
dietary fiber, are almost free of starch and phytoestrogens, and contain numerous essential amino
acids as well as minerals, antioxidants (e.g. tocopherol and polyphenols) and excellent lipids rich in
unsaturated fatty acids [2,11,12]. Nowadays, lupin flour is used in pasta, bread, cakes or pastries
[6], but the use of lupins is diversifying and expanding from traditional foods and recipes into new,
functional foods. Paraphrasing the consensus document proposed by the International Life Sciences
Institute (ILSI) Europe [13], food is regarded as “functional” when it is satisfactorily demonstrated
to have a beneficial effect on at least one physiological function in the body, beyond its nutritional
effects, in such a way that it contributes to either an improved state of health and well-being or to a
reduced risk of disease,

Currently, there is an intriguing issue concerning the role of dietary proteins in the human body
beyond their nutritional importance as a source of amino acids. As a matter of fact, certain whole
proteins, or sometimes large fragments of them, are resistant to proteolysis in the gastro-intestinal
tract [14], and in some cases are known to be beneficial to human health. This is the case of some
entire proteins or peptides of a plant origin, such as the Bowman-Birk protease inhibitors, the
soybean beta-conglycinin subunit, as well as an array of alpha-amylase inhibitors and lectins [15].
Lupin seed proteins are also presumed to release some bioactive peptides playing positive roles in
fighting obesity, diabetes and cardiovascular diseases, as discussed in section 3. However, these
studies have been mainly restricted to lupin flour or seed proteins from some varieties of L. albus
and L. angustifolius. The huge diversity of the Lupinus genus is thus still widely unexplored and
unexploited regarding their potential for health and welfare, which goes hand-in-hand with the poor
coverage of Lupinus germplasm diversity in terms of seed proteins. Indeed, physiological and
health-promoting effects are highly impacted by protein structure [16] and the analysis of the
diversity of lupin seed proteins, in relation to their bioactive properties, will provide a deeper
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of lupin seed nutraceutical potential. This review focuses on lupin seed proteins with potential
health promoting effects, and also has the purpose of outlining the use of conventional and
upcoming proteomic technologies to unravel and exploit their diversity. The analyses of molecular
data provided by this review are intended to be useful to field agronomists, food technologists, and
nutritionists for a better exploitation of the potential of lupin seed proteins.

2. Insight on lupin seed storage proteins

Lupins have an average gross protein content of 33 to 40% of dry weight. This is considered to
be a higher concentration than that found in other legumes, and is only comparable to the
concentrations found in soybean [5,11]. Most of these proteins are located in cotyledonary storage
vacuoles and correspond to seed storage proteins that will be used as a source of amino acids for
initial seedling development. Flour produced from lupin seeds has been employed for the
production of good quality protein isolates with excellent functional and nutritional properties [4].
Indeed, the use of this plant can be extended to the production of protein-concentrates, which, when
added to other food products, can enrich their nutritional values, thus producing functional food
[10]. Methods for processing raw legume material into protein-rich concentrates, or even isolates,
are already available. Moreover, for lupin and pea this has proved to be economically feasible [17].

According to Osborne’s classification [18], the protein pool of lupin seeds is divided into two
large fractions: namely globulins and albumins. Albumins are soluble in water and, for the most
part, have an enzymatic activity, although a storage role has also been attributed to some of them.
Globulins, which are insoluble in water but soluble in salt solutions, outnumber albumins and
constitute seed storage proteins in the strict sense. In addition, seed storage proteins have been
classified into three classes according to their sedimentation coefficients, i.e. 11S, 7S and 2S
classes. 11S and 7S are globulins. In the case of 2S storage proteins, even if they are in general most
often termed albumins, in different species such in lupins they include proteins that has been
classified either as albumins or globulins [11,19,20,22-25]. Main lupin seed proteins have been
classified according to their electrophoretic mobility since the pioneer work of Blagrove and
Gillespie [25] and Cerletti et al. [26], resulting in four groups: the two major storage proteins, called
a-conglutin and B-conglutin, and two minor groups, called y-conglutin and d-conglutin (Table 1).
Besides classifications based on physicochemical properties which have a certain empirical degree,
the current availability of gene and protein sequences allow an unequivocal classification of lupin
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proteins as a-, B-, y- and d-conglutins. Later works in the early nineteen eighties analyzed conglutin
isoelectric points [27], reporting the acidic nature of a-, B- and 6-conglutin and the basic nature of y-
conglutin, and the already clearly stated conglutin heterogeneity [27-30]. These former studies also
reported the relative richness in sulfur-containing amino acids (cysteine, methionine) of a-, y- and
d-conglutin and the presence in their monomeric structure of disulfide bonds, which are absent in -
conglutin, as well as the presence of carbohydrates, mostly neutral sugars, in most of the conglutins
[21,27]. Since then, technical improvements in protein separation and analysis have allowed further
characterization of conglutin chemical properties, structure (e.g. subunit composition and
oligomeric status) and post-translational modifications (PTMs). Most of these studies have been
focused on white and narrow-leafed lupins ([22,31], and others below), and only a few were
conducted on the other edible lupin, such as L. luteus [32] and L. mutabilis [7]. Main features of
lupin conglutin genes and proteins are summarized in Table 1.

a—Conglutin, also called legumin-like or 11S globulin family, is a major globulin which may
account for amounts of about 35-37% of the total seed storage proteins in white lupin seeds [21]. In
its mature form, after pro-polypeptide post-translational proteolysis, a—conglutin is a hexameric
protein. Each monomeric unit of a-conglutin is composed of acidic, also called o, and basic, also
called B, subunits with molecular weight (MW) of between 42-52 kDa and of between 20-22 kDa,
respectively. Both subunits are obtained by proteolytic cleavage of pro-monomer and remain linked
by one disulphide bond [33]. White lupin a-conglutin, unlike most legumin-like globulins, can be
glycosylated in some of its a-chains, those where a serine residue in a sequence N-X-S (where X is
not Pro) has been shown to be present at the N-terminus [33,34]. However, this feature is not
present in any of the L. angustifolius a-conglutin sequences (Table 1) or in the only a-conglutin
sequence available in databases for L. albus (UniProtKB ID: Q53154).

The most abundant lupin globulin is B-conglutin, also called vicilin-like or 7S globulin family,
which represents around 44-45% of white lupin seed storage proteins [21]. They are relevant in
human nutrition since they have been hypothesized as being the hypocholesterolemic component of
lupin proteins for their high homology with the o’ subunit of B-conglycinin [15], the major
bioactive component of soy proteins [35]. In its mature form after proteolytic processing, [-
conglutin is a trimeric protein, each monomer being formed by three polypeptides of a low (17-20
kDa), medium (25-46 kDa) and high (53-64 kDa) molecular weight [36]. A B-conglutin precursor
(54-75 kDa) constitutes each precursor monomer and is at the origin, through proteolysis, of the 3
polypeptides composing the monomer [36]. Likewise, many of the different [B-conglutin
polypeptides are glycosylated [37,38]. As already mentioned, no disulphide bridges are present in

B-conglutin.



Among the conglutins, the y-conglutin (7S globulin family) is also regarded with particular
interest, since it displays some of the bioactive properties of lupins, claimed by pharmacopeias since
ancient times and reported by recent research, which will be detailed later on in this review. The
content of y-conglutin in mature white lupin seeds accounts for about 5% of the total amount of
proteins [21]. At a neutral pH, y-conglutin monomer is a tetrameric protein which at acidic pH
dissociates into monomers with a mass of about 50 kDa and is composed of two subunits (around
17 and 29 kDa), linked by disulfide bonds and obtained by proteolysis of a pro-polypeptide [37,
39]. Only the large subunit is glycosylated [40]. Even though conserved sequences within y-
conglutin suggest a xylanase-inhibiting activity, it lacks any kind of inhibitory activity against plant
cell-wall degradation enzymes and its biological function still remains unknown [41]. y-Conglutin
IS quite unique since it does not degrade during seed germination and it is resistant to digestion [41].
A similar protein, called BG7S, has been discovered in soybean, and both BG7S and lupin y-
conglutin have been seen to bind insulin in vitro [42,43]. The quaternary structure of L.
angustifolius y-conglutin has recently been reported (UniProtKB - Q42369), which will help to
explain the structural basis of its physiological role [44]. Two complete deduced amino acid
sequences of y-conglutin can be found in the the UniProt Knowledgebase (UniProtKB) for L. albus
(Q9FEX1 and Q9FSH9) and for L. angustifolius (Q42369 and F5B8W?7), and in all the sequences a
glycosylation consensus one is present and resides in a cysteine-rich stretch in proximity to the N-
terminal region (Table 1).

Finally, &-conglutin, belonging to 2S storage protein family, is the least abundant lupin
conglutin, representing only around 3-4% of total conglutins in white lupin [45]. 6-Conglutin is a
small monomeric protein (precursor of around 17 kDa), consisting of one small and one large
subunit of around 4 and 9 kDa, respectively, which are linked by two disulfide bonds and are not

glycosylated. In addition, the large subunit contains two additional intrachain disulfide bonds [23].

3. Research areas in nutraceutics for lupin seed proteins

Studies exploring the bioactive properties and nutraceutic potential of lupin seed proteins has
been performed using a diet implemented either with lupin flour or different fractions of lupin
conglutins, the latter allowing one to focus on bioactive candidates. Three main isolation protocols
have been implemented for conglutin fractionation, starting from defatted lupin flour. These
fractionation protocols vary in their production scale and the purity of their fractions, these two

parameters being inversely related. The “lab scale” procedure allows the purifying of the four
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different conglutin families, and is based on saline solution (0.5 M NaCl) extraction at
neutral/slightly alkaline pH, and further separation by different coupled chromatographic systems
[30,43,46]. At the other end, the “industrial scale” procedure is based on extraction under alkaline
conditions and further separation by isoelectric precipitation at pH 4-5, and it generates partially
purified fractions, one containing a-/B-/8-conglutin (precipitated fraction=LPI-E, with emulsifying
properties) and the other y-conglutin (soluble fraction=LPI-F, with foaming properties) [47]. An
“intermediate scale” procedure, versatile and useful from lab to industrial scale, gives three
fractions (a-/B-conglutin, -conglutin, and y-conglutin fractions) of a greater purity compared to the
industrial scale procedure. The latter procedure is based, like the industrial scale one, on extraction
under alkaline conditions and separation by isoelectric precipitation at pH 4-5, but with further
precipitation steps for increased purification [45].

The major scientific evidence of the utility of lupin seed proteins as a nutraceutic to help reduce
cardiovascular disease and diabetes, as well as the factors playing a critical role, are discussed

below.

3.1. Benefits on cardiovascular disease-related risks

Cardiovascular disease (CVD) is the first cause of death in developed countries, but 80% of
CVD deaths occur in developing countries. Therefore, we face a global epidemic that affects men
and women equally, regardless of socio-economic barriers [48,49]. Many aspects of a person’s
lifestyle influence the appearance of CVD besides an array of genetic predispositions, yet the main
risk which can contribute to CVD is unhealthy diet habits. In economic terms, CVD treatment
accounted for more than $500 billion in the United States in 2010, considering drugs, surgery and
revascularization procedures [50]. This is why prevention techniques should be encouraged, in
particular upstream processes that, like diet, could improve cardiovascular health.

Studies in the late 20th century showed that numerous legumes have a beneficial
hypocholesterolemic effect, even if they have only been proved useful when consumed by
hypercholesterolemic subjects. One outcome of these results was, for example, that in 1999 the
Food and Drug Administration approved a health claim for the cholesterol-lowering potential of soy
proteins [51]. In this context, the interest in other legumes, e.g. lupins, has increased for the
treatment and prevention of hypercholesterolemia, and new discoveries have been made in the last
decade in lupin proteins. Thus, the same way that soy did [35], first studies using animal models
showed that lupin seeds also constituted a potential dietary protein source, which could decrease



cardiovascular disease risk through a significant cholesterol-lowering effect and an anti-
atherosclerotic activity in rats [52] and rabbits [53].

Since then, research on the hypocholesterolemic effect of lupin proteins has mainly concerned
animal model trials. Thus, Bettzieche et al. [54] reported that total protein extracts from three
different cultivars of narrow-leafed lupin (Boregine, Probor and Vitabor), and a-/B-conglutin from
cv Boregine, showed differential effects on the plasma lipids in rats fed on a hypercholesterolemic
diet containing these lupin proteins (50 g/kg). Seed proteins from the cv Vitabor presented the most
beneficial effects, followed by a-/B-conglutin, and they were presumed to have been caused by the
down-regulation of genes involved in lipid synthesis. The same group later reported that a diet
enriched with narrow-leafed lupin proteins (200g/kg) showed a decreased triglyceride and
cholesterol concentration in plasma, and increased triglycerides in liver and milk of
hypercholesterolemic growing mouse dams [55]. However, the offspring of dams fed with lupin
proteins gained less weight than the control group. This fact, together with the triglyceride-raising
effect in plasma, led Bettzieche et al. [55] to advise a limited consumption of lupin protein during
pregnancy and lactation. The hypocholesterolemic effect of lupin seed proteins was also reported by
both Parolini and co-authors [56] using rats fed with a diet enriched with L. angustifolius seed
proteins, and Fontanari and co-authors [57] using hypercholesterolemic/hyperlipidemic hamsters
fed with a diet enriched with L. albus seed proteins. The latter study also showed a beneficial effect
on blood triglycerides levels and fat accumulation in liver. Kapravelou et al. [58] later supported
such claims with a similar study, but this time in rats, and they further noted a diminution in blood
glucose levels. Recently, Radtke et al. [59] also confirmed that L. angustifolius y-conglutin (200
a/kg) exerts a beneficial impact on serum cholesterol in apoE-deficient mice, a model of
atherosclerosis, but this did not result in any obvious atheroprotective effect. The only study made
in other animal models apart from rodents, was the one conducted by Radtke et al. [60] using pigs
fed with a chow containing either a L. angustifolius protein isolate or casein as a control. The lupin
protein reduced plasma cholesterol concentration and increased the cholesterol output in feces.
They also confirmed that two intestine sterol transporters (NPC1L1 and SR-BI), which are involved
in the transport of cholesterol from the intestinal lumen into the intestinal epithelial cells, were
significantly down-regulated and that this decrease was partially responsible for the cholesterol-
lowering effects.

On the other hand, most of the studies performed in humans evaluated the effects of lupin fiber
or lupin flour, and only a few studies carried out human trials to test the hypocholesterolemic effect
of lupin seed proteins. In a randomized, double-blind, placebo-controlled study performed in 43

moderately hypercholesterolemic adults, WeiRe et al. [61] reported that LDL:HDL cholesterol ratio



was beneficially reduced for the subjects consuming lupin proteins (35 g/day). The authors
concluded that lupin protein can lower cardiovascular risk, albeit acknowledging that a 35 g/day
dose is impracticable [61]. Later, in a double-blind, controlled crossover study performed on 33
hypercholesterolemic human adults, the inclusion of a feasible dose (25 g/day) of L. angustifolius
seed proteins decreased diastolic blood pressure, pulse at rest, and benefited the LDL:HDL ratio
[62].

All in all, bioactive properties of lupin proteins have been proven, and their beneficial effects in
subjects with hypercholesterolemia are undeniable. However, the underlying mechanisms remained
somewhat elusive, even if some of the above mentioned studies have provided some clues (Fig.
1A). Thus, Weille et al. [61] and Parolini et al. [56] reported for lupin-protein-fed groups an
increase in the expression and activity of SREBP-2, a transcription factor that upregulates the LDL
receptors (LDL-R) in hepatocytes. Furthermore, Bettzieche et al. [55] and Parolini et al. [56]
reported that expression of CYP7A1L, a rate-limiting enzyme which converts cholesterol into bile
acids, was also up-regulated by the lupin protein diet, suggesting that the cholesterol-lowering
effect was also due to an increased excretion of bile salts in feces. On the basis of the hypothesis
that specific peptides influence the liver gene expression, Lammi et al. [63] made an important
breakthrough in this field by elucidating some of the molecular pathways that play a role in the
reported cholesterol-lowering effects. They carried out an in vitro assay on a hepG2 cell line, which
was treated with two hydrolysates of L. albus protein extract. The main finding of the study was
that lupin protein hydrolysates can increase the LDL-R concentration and activity, therefore
increasing the LDL uptake and reducing cholesterolemia, via the regulation of SREBP-2 gene
expression through the IP3K/Akt/GSK3[3 metabolic pathway. Another important discovery has been
that protein hydrolysates act as statins by decreasing the HMG CoA reductase activity, therefore
reducing the de novo cholesterol synthesis [63].

In addition to hypocholesterolemic effects, lupin seed proteins are also under current research for
their use in preventing or reducing hypertension. Boschin et al. [64,65] tested the ACE
(Angiotensin-converting enzyme) inhibiting capacities of the lupin seed conglutins. The ACE
enzyme catalyzed the conversion of Angiotensin | to Angiotensin I, the latter being a powerful
vasoconstrictor and an inhibitor of the potent vasodilator bradykinin. In this regard, Boschin et al.
[64] discovered an ACE-inhibitor activity in lupin proteins, thus offering a powerful alternative to
the synthetic ACE inhibitors, which may cause diverse side effects. Among several legume protein-
extracts tested, both L. angustifolius and soybean extracts had the strongest ACE-inhibiting
capacities, and L. albus achieved the third position in their rank. Furthermore, using protein isolates,

they demonstrated that the B-/a-conglutin isolate was responsible for that effect. In a subsequent



study, Boschin et al. [65] improved the methodological approach and extended studies to L. luteus
seed proteins, which were proven to have a higher ACE-inhibiting score than previously tested
species. Although the analysis results are promising, there is a lack of understanding whether the
active ACE-inhibiting lupine peptides are able to cross the intestine barrier and reach the circulatory

system for an activity in vivo.

3.2. Benefits on diabetes and hyperglycaemia

Diabetes has become one of the most frequent diseases worldwide and the number of cases is
expected to reach 400-450 million cases in 2030 [66,67]. The treatment for diabetes is expensive, as
can be seen by the total worldwide cost to treat the disease in the year 2000, which ascended to
$132 billion [68]. This pandemic is mainly represented by type-2 diabetes, as it accounts for about
90% of diagnosed cases. A correct nutrition model constitutes the basic treatment and prevention of
type-2 diabetes [69]. Leguminous plants are a key factor in the diabetic diet since they provide
vegetable protein and dietary fiber, have a low glycemia index, and are rich in bioactive
compounds, which can influence glucose metabolism [70]. Furthermore, lupin and soy have been
proved to contain specific bioactive peptides, which is an additional advantage when compared to
other legumes. To our knowledge, the first breakthrough in lupin protein properties for diabetes
prevention is attributable to Magni et al. [43], who managed to prove their hypoglycemic potential
through an assay carried out on rats receiving different y-conglutin concentrations as well as a
constant glucose overdose intake. The results showed a significant decrease in postprandial
glycemia, which was y-conglutin dose-dependent. Magni et al. [43] also described the y-conglutin
capacity of binding insulin in vitro (K4 = 10 uM), by means of an ionic union, which also showed
itself to be pH and ionic-strength dependent. Ten years later, Vargas-Guerrero et al. [71] compared
isolated y-conglutin to a common antidiabetic drug (glibenclamide) in streptozotocin-induced
diabetic rats. Interestingly, y-conglutin administered rats had increased insulin levels, higher Ins-1
expression and reduced blood glucose levels than the control, although these changes were lower
than in the glibenclamide group.

A series of studies have also been conducted on humans, although most of them used lupin flour.
The first trial testing the hypoglycemic effect of specific lupin proteins was conducted by Bertoglio
et al. [72]. In a 4-week controlled-study they demonstrated that isolated L. albus y-conglutin is
capable of exerting a long-term hypoglycemic effect in healthy adults when administered prior to a
carbohydrate intake, even if no significant variations were observed for the insulin levels.

Interestingly, the effects were proven to be exerted with only 50 mg of isolated protein per dose
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[72]. The same laboratory hypothesized a pathway explaining hypoglycemic-effects of L. albus -
conglutin after conducting a new in vitro experiment, in which the insulin receptor of myocytes was
proven to be targeted by the lupin protein [73]. In this study, common intracellular kinases for
insulin and y-conglutin were tested, and the results suggested that y-conglutin has some insulin-
mimetic properties. The way y-conglutin reaches the blood torrent from the intestine had been
somewhat elusive up to then. However, Capraro et al. [74] proposed a putative metabolic pathway
for y-conglutin protein (L. albus), and tested it in an in vitro and ex vivo model of rat intestine. Their
results suggested that the protein made its way across the enterocytes via endomembrane vesicles in
order to reach the blood torrent circulation. The study had two major outcomes: Caco-2 cells are
responsive to y-conglutin, and the process allowing the protein to reach the blood involves the
transcytosis mechanism (Fig. 1B). Capraro et al. [75] have also proved that hepatocytes (G2 cell-
line) respond in vitro to y-conglutin (L. albus) by a multiple-phosphorylation and internalization of
this protein. However, that study sheds no light on the putative effects of y-conglutin on the glucose
metabolism in hepatocytes. A more recent study compared y-conglutin to the other conglutins in
relation to their effect on body and blood parameters of hyperglycemic rats [76]. The authors
reported the advantages of conglutins, in particular y-conglutin, in controlling body weight gain and
glycemia.

Finally, it is worth mentioning that some minor seed proteins could also be of interest from a
health and welfare point of view. Among them, Bowmane-Birk serine protease inhibitors (BBIs) are
a good example of this kind of interest as some BBIs have shown anti-carcinogenic or anti-
inflammatory effects [39,77]. However, this protease inhibitor activity, thought to be at the origin of
health-promoting properties and allowing them to retain biological activity during digestion, also
contributes to their anti-nutritional impact and thus reduces seed quality [78]. Likewise, lupin
conglutins have also shown some undesirable allergenic properties [79,80]. Lupin-containing food
has to be included as an allergen in the ingredient lists of the products sold in the European Union
[81] as well as in the United States [82], and it is also a matter of discussion for the Food Standards
Australia New Zealand [83,84]. Lupin allergy has a particular cross-reactivity with peanut allergy
sufferers. However, even if taking into account the current and potential food uses of lupin proteins,
it is obvious that their allergenicity is a relevant issue, this should not dampen interest in their
bioactive properties and their use as nutraceuticals. In this context, the available natural resources of
the genus Lupinus can offer an invaluable source of seed protein variants presenting an enhanced
health-promoting activity and/or reduction of undesirable side effects such as allergenicity in the
case of conglutins or anti-nutritional properties in the case of BBIs [as shown for pea; 78].
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4. Lupin diversity and genomic resources in lupin seed storage proteins

Lupinus genus contains several hundred species (200 to 500, according to the authors)
distributed in both the Old and the New World [85, and references therein]. However, species are
more numerous in the New World, where they spread from Alaska to southern South America, than
in the Old World, which contains less than 20 species (Fig. 2). The latter can be divided into two
subgroups: (i) the rough-seeded species (mainly found in North-Equatorial Africa and the
Mediterranean region), and (ii) the circum-Mediterranean smooth-seeded species. New World
species are almost all small-seeded and outcrossing, whereas Old World lupine seeds are larger and
mainly self-pollinating [86]. Moreover, Old World species have variable numbers of chromosomes
(between 32 and 52) compared to their New World congeners, which have a more stable
chromosome content (mainly 2n=48, with, exceptionally, 2n=96, or 2n=36) [8]. While phylogenetic
relationships betweem species are still not completely resolved, they have been considerably
improved during the last fifteen years, providing a much clearer overview of the evolutionary
pattern of the genus Lupinus (Fig. 2) [85,87,88].

Although lupins are grown in several temperate countries, genomic and transcriptomic data
available on lupin species are still scarce, thus limiting the generation of genomic tools for aiding
breeding efforts to improve yield and nutritional quality. However, with the generalization of Next
Generation Sequencing (NGS) and the growing interests in lupins, the amount and type of available
data should significantly increase in the next few years, notably with a progressive release of
transcriptomes and the first complete genome of L. angustifolius recently sequenced in Australia
[89-91]. Concerning genes encoding for conglutins, different approaches at the genomic and
transcriptomic scales have been used to identify them. Through the use of cDNA clones libraries
construction and sequencing but also using NGS (Roche-454, Illumina, IonTorrent...) and whole
genome sequencing, data about gene structure and expression level in lupin seeds have been
accumulated during the last 15 years. Today, many sequences are available for different lupin
species. The majority of these genes belong to L. angustifolius and 16 different genes have been
identified: three encode a-conglutins, seven belong to the B-conglutin family, two are y -conglutins
and four encode &-conglutins [92]. Encouraged by the relatively low-cost of RNA sequencing
(RNAseq) and the continuous improvement in sequencing technologies but also in the assembly and
analysis tools of transcriptomes, numerous transcriptomes of L. angustifolius seeds at different

times of development have been produced. Consequently, Foley and her colleagues [92] assumed
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that these 16 genes represent the complete family of conglutins in L. amgustifolius, because none
others conglutin known sequences have been identified in the different transcriptomes. Moreover,
all the genes identified thanks to the transcriptomic approach were also found in the draft half-
genome of L. angustifolius [91,93]. This draft provides for the first time the flanking region of the
conglutin genes that could be used to study in detail their structure and regulation [91]. The high
accessibility of RNAseq, transcriptome assembly and analysis provides an insight into the
variability of genes among species but also across the different varieties of one species. Recently,
Foley et al. [93] identified conglutin sequences in seed transcriptomes of different lupin species and
varieties: L. angustifolius (wild variety P27255, domesticated Unicrop and Tanjil varieties), L.
albus (Andromeda and Kiev mutant), L. luteus (Pootalong, a cultivated variety), L. mutabilis
(variety 1D13) and L. cosentinii (domesticated variety Erregulla). The results show an identical
number of each type of conglutin but the phylogenetic results revealed differences in the conglutin
gene evolution. Indeed, relationships between lupine conglutin genes suggest that “a and y
conglutins diverged prior to lupin speciation, whereas B and 6 members diverged both prior to and
after speciation” [93].

The advent of RNAseq brought a considerable number of advantages for studying gene
expression. Although gene expression can be determined using northern blot, q°PCR or microarray
analyses, RNAseq appeared as a more powerful tool because of its high sensitivity with no limit in
terms of genes number. Moreover, RNAseq allows the detection of transcriptional modification
(e.g. alternative splicing) and is now common for expression gene studies [94]. Comparison of lupin
seed transcriptomes did not reveal any significant variation in expression between the different
varieties of L. angustifolius and L. albus but showed differences between the different species: &
conglutins are highly expressed in L. cosentinii and L. luteus but not in L. albus; B conglutins
represented more than 35 % of the conglutin transcripts in L. mutabilis, L. angustifolius and L.albus
but not in the other species [93]. Furthermore, Foley et al. [93] did not observe a correlation
between transcript expression and protein levels of conglutins, suggesting that posttranscriptional
control is an important factor in conglutin abundance in lupin species.

In spite of all these studies referring to genomic and transcriptomic data on lupin seeds, it has
been extremely difficult to set up a clear database of the conglutins nucleotide and protein
sequences because the availability of data remains poor. For example, none of the any conglutin
sequences used in the study of Foley et al. [93] are available in Genbank, only the RNAseq reads
have been deposited up to date. Moreover, some sequences available on public databases (e.g
Genbank, EMBL) and produced by different research groups at different times are identical or very

similar. For example, B-conglutin BOYJF7 [95] is completely included in the conglutin BETA7
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(AEB33718.1) from Foley et al. [92] with only one mismatch between the two amino acid
sequences. In the same way, B conglutin B8QS5GO [95] is identical to BETAL1 conglutin
(AEB33712.1; [93]). These findings illustrate the need for a greater availability of data for research
teams, but also the necessity for a clear database without any redundancy or ambiguities between

sequences.

5. Seed proteomics of lupin domestic species

A mass-spectrometry (MS)-based proteomics analysis of Lupinus seeds was published by Wait
et al. [96], using the 2-DE standard workflow. Proteins were extracted by Tris-HCI buffer (pH 7.5,
4 °C) in order to obtain a total protein extract, and by the “industrial scale” procedure [47] to
procure an LPI-E conglutin fraction. They were then separated by 2-DE (pH 4 to 10, and 7.5-17.5%
polyacrylamide gradient) and the resolved spots subjected to ESI- tandem-mass spectrometry
(MS/MS) analysis. The identification of proteins based on their peptide fragmentation patterns was
performed by correlation of uninterpreted MS/MS spectra with entries in SwissProt/TrEMBL using
Protein-Lynx Global Server, and when the score was less than 100, additional searches were
performed against the NCBInr database using MASCOT. The percentage of identified proteins by
correlation with database sequences was of 65% (47 over 72 spots analyzed), all but two of the
positively identified spots corresponding to B-conglutin fragments [96]. Since then, 12 papers have
been published, with the differences between them including the species analyzed and the
methodology. A few of these studies used label-free quantitative proteomics, but the use of second
generation proteomics was scant and third generation approaches have not yet been employed. This
would help to go deeper into the proteome coverage.

Up to date, the proteomic analyses of lupin seeds have not considered their different anatomic
parts or their physiological status, and were thus exclusively whole or fractionated mature-seed
proteomics. Therefore, currently “lupin seed proteomics” means proteomic analysis of the storage
tissues/organs, that will not be a handicap to this review as it is focussed on seed storage proteins.
There have been few analyses of lupin seed storage proteomes compared to other legumes [97]. A
greater agronomic interest in the legume species most studied, and the fact that complete or
important genomic data are available, have certainly contributed to that [98]. Indeed, from the
beginning it was reported that the correct identification of conglutins depended largely on the
availability of new conglutin cDNA sequences and on mature protein ones deduced by taking into

account cleavage sites [96,99]. To help with legume proteomics, a legume specific protein database
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(LegProt) containing sequences from seven legume species, i.e., Glycine max, Lotus japonicus,
Medicago sativa, Medicago truncatula, Lupinus albus, Phaseolus vulgaris, and Pisum sativum) was
created in 2011 [100]. However, an important number of the available lupin genomic data (see
previous section) have not been uploaded into this database, which could be improved in this sense
for use in Lupinus proteomics.

Seed proteome analysis has also had to face a number of limitations and challenges related to the
disparity of seed proteins in terms of quantity, polymorphism and PTM [97]. Thus, storage proteins
are extremely abundant in seeds, and this fact could be technically challenging if any analysis is
intended for exploring global seed proteome including low abundance proteins. In fact, an
overwhelming majority of the peptides identified after proteomic analysis of lupin seeds belonged
to the different families of storage proteins as discussed below. But even in the case of an interest
restricted to seed storage proteins, quantitative disparity can represent a constraint for the
identification of minority isoforms or PTMs, all of these together resulting in broad polypeptide
heterogeneity [101]. To address at least partly this constraint, previously described pre-fractionation
methods, allowing the separation of different groups of conglutin families in lupins, have also been
integrated into proteomics analyses and have proved helpful for validating and complementing
direct seed proteome analysis [95,96,99,101,102]. The first proteomic works used 2DE-MS/MS
analysis and were performed on L. albus, the most common species of lupin consumed by humans,
i.e. cultivars Arés [96] and Multitalia [99]. These pioneer works demonstrated the huge potential of
these techniques to extend previous knowledge on conglutin peptide diversity and on
structure/action relationships. Even if, in agreement with the high number of proteolytic processing
sites in -conglutin, most of the identified spots corresponded to proteolytically cleaved B-conglutin
peptides, these studies also improved knowledge on the other conglutins.

In addition to 2DE-gel-based quantitation methods used in these early research works, other MS-
based quantitation strategies have been followed for the study of white lupin seed proteomes. The
Food Chemistry and Mass Spectrometry (University of Milan, Italy) laboratory performed two
liquid chromatography (LC)-MS/MS label-free experiments. The first of them reported a
preliminary qualitative and semi-quantitative evaluation on total and fractionated white lupin
storage proteins, as well as lupin foods and food ingredients, through conventional HPLC-ESI-
MS/MS [102]; and the second one used microfluidic nanoHPLC-Chip lon Trap-MS/MS for the
qualitative characterization and relative quantitation of white lupin conglutins of four L. albus
cultivars (Adam, Arés, Lucky, and Multitalia) based on ion intensities [103]. This latter approach
facilitated an important increase in the reproducibility and sensitivity of protein detection compared

to the first one, and provided the characterization of each conglutin group with a similar accuracy to
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that obtained from the 2DE-MS/MS analyses done in previous works [96,99]. Furthermore, this
internal standard nanoHPLC-Chip-MS/MS method permitted the identification of amino acid
substitutions in conglutin sequences and the elaboration of the different expression of - and vy-
conglutin, reporting the existence of cultivar-specific isoforms that are expressed in a differential
way both qualitatively and quantitatively.

Besides Lupinus albus, early proteomics studies have also considered L. angustifolius, another of
the main lupin crop species. The first of these studies reported a 2DE sightseen of L. angustifolius
seed proteome, as well as L. albus and L. luteus proteomes, but their complete analysis was not the
focus of this work and MS/MS analysis was only done for the spots that presented allergenic
properties, i.e. IgE reactivity [95]. Most of the identified IgE-binding proteins were 3-conglutins (31
spots), but also some y-conglutins accounted for IgE-reactive spots (5). A later research work on L.
angustifolius attempted to evaluate the effects of various processing conditions (thermal and
mechanical) on seed proteome using 2DE-MS/MS analysis [104]. However, they began by the
identification of the main spots separated after 2DE of L. angustifolius (cv Boregine) seed proteins,
i.e. 57 over 202 spots detected, which were distributed throughout the gel. Both HPLC-Chip-lon
Trap and HPLC-Chip-qTOF, the latter for ‘‘de novo sequencing” in order to overcome the lack of
L. angustifolius a-conglutin sequences at this time, permitted the assignation of spots to the major
lupin storage proteins: a-conglutin (18 spots), B-conglutin (30), y-conglutin (3) and 3-conglutin (4).

Until recently, L. luteus, the third domestic lupin species considered for use as a protein source,
had not been the subject of proteomic analysis. Ogura et al. [105] performed a systematic study and
developed a comprehensive seed protein catalog for L. luteus using a combination of 2DE and
nano-LC-MS/MS. Taking advantage of EST sequences available for immature seeds of yellow
lupin [90], a total of 152 unique proteins were identified and made available in the World-2DPAGE
repository (http://world-2dpage.expasy.org/repository/0066/). Among them, eight storage proteins
which were present as multiple isoforms in the 2DE gels were reported.

The great heterogeneity of conglutins is well reflected in all these proteomic analyses. Thus, a
conserved feature of 2DE maps of lupin seed proteins is the frequent presence of rows of spots with
a similar molecular weight but varying pl values, which represent different isoforms of the same
protein with different degrees of PTMs. Furthermore, these rows of spots are often placed forming
clusters of rows of closely spaced MW values, reflecting a differential proteolytic cleavage from
common pro-proteins. Among PTMs, N-glycosylation is an important one for conglutin bioactive
potential because it greatly influences the structural and functional characteristics of proteins
[106,107]. However, PTMs were only briefly outlined in the above-discussed proteomic studies.
Recently, an exhaustive analysis of glycosylation modifications of L. albus y-conglutin was
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undertaken wusing high-resolution accurate mass liquid chromatography—multi-stage mass
spectrometry [101]. Schiarea and co-authors [101] performed an in-depth molecular
characterization of N-glycosylations, analyzing structure, micro-heterogeneity and attachment site
of the bound N-glycan(s), and providing extensive coverage of the protein sequence. The
glycoproteomic workflow used in this study was based on the preparation of different protease
digests, which were then treated or not with N-glycosidase PNGase A or PNGase F, before being
analyzed by LC-Orbitrap MS, where MS survey scans were followed by “data-dependent” MS2 or
targeted MSn mode. Of the two partially “overlapping” potential N-glycosylation sites in y-
conglutin, Asniz; and Asnis_36, the N-glycan was proven to reside on Asnis;, which corresponded
to the glycosylation site that was predicted using ANTHEPROT software (Table 1; [108]. Among
the N-glycans bound to y-conglutin, the four most abundant variants had both core 31,2-xylose and
core al-3-fucose plant glyco-epitopes, called Cross-reactive Carbohydrate Determinants (CCDs),
but corresponding fucose-free variants were also identified as minor components. These CCDs
could contribute to the allergenicity of glycoproteins, but the degree of their contribution and their
clinical relevance are controversial issues [109]. Schiarea and co-authors [101] also went further in
their explanation of the heterogeneity of the y-conglutin small subunit, identifying, in addition to the
C-terminal [110] and the N-terminal [111] peptides described in previous works, two additional N-
terminal tryptic peptides differing in the number of serines (one, three or five) at the N-terminus.
The study of the qualitative and quantitative diversity of seed storage proteins at the interspecific
level has also been the subject of lupin proteomics, and, in addition to its usefulness for crop
improvement through breeding programs, it is an important one for nutraceuticals since different
beneficial health effects have been observed between seed proteins from different lupin cultivars
(see section 3). A fingerprinting study by Islam et al. [112] using direct Matrix-Assisted Laser
Desorption lonization Time-Of-Flight (MALDI-TOF) mass spectrometry on 25 cultivars of L.
angustifolius showed considerable variations in conglutins between the cultivars. They
demonstrated the feasibility of this technique to accurately perform a high throughput analysis of
the proteins of a large number of lupin seed samples. For all 25 cultivars, a total of 364 seed protein
mass peaks were clearly identified by MALDI-TOF, including 355 polymorphic protein peaks. The
proteomic diversity reported was very high since the number of mass peaks identified for each
cultivar varied from 88 to 186, the percentage of total mass peaks present in a few cultivars (three
or less) was high (30.5%), and common mass peaks among cultivars only represented 2.4%. This
polymorphism is well tuned in with the heterogeneity of polypeptides based on multigenic origin
and huge diversity of PTMs in seed storage proteins. The polymorphic protein mass peaks showed

themselves to be useful for phylogenic analysis which was in agreement with DNA marker-based
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studies and broadly supported by pedigree information. Based on this phylogenetic relationship, the
same research group selected four L. angustifolius cultivars (Coromup, Tanjil, Uniharvest and
Yorrel) distributed in different groups, and performed a comprehensive proteome analysis of mature
seeds using 2D IEF/SDS-PAGE followed by mass spectrometric peptide sequencing [113]. They
reported differences in abundance between cultivars for 24.3% of the spots, among which 20.6%
were only present in one or two cultivars. By far the greatest variability was observed in -conglutin
since all the identified proteins either present or absent in some cultivars belonged to this group,
which were followed in decreasing order by a-, y- and d-conglutin. In addition, this research group,
using the same methodology as in their 2011 paper [112], analyzed the interaction of genetic and
environmental factors on seed protein profiles of five L. angustifolius cultivars (Belara, Coromup,
Jenabillup, Mandelup and Tanjil), and showed that protein mass peak profile was significantly
influenced by cultivars but not by environmental variation and that interactions between both
factors were not significant [114].

These proteomic studies of domestic Lupinus species set up the basis and clearly established the
huge potential of proteomic techniques for screening and studying Lupinus germplasm in order to
exploit diversity in seed storage proteins with potential beneficial bioactive properties. Information
generated by proteomics contributes to an accelerated discovery of potential useful genes/proteins
that could play key roles toward the improvement of the presence of bioactive proteins as an
important crop trait. Indeed, a major obstacle for crop improvement programs faced by plant
breeders is a limited gene/protein pool of domesticated crop species. In this sense, proteomics
approaches are proving to be an effective way to speed up crop improvement programs for different
traits since proteomic studies reveal the knowledge that is important for understanding the
biological functions, have dynamic capabilities, introduce the dimension of post-translational
modifications, and contribute to systems biology which further opening up new methods for crop
improvement studies via the signaling, regulatory, and metabolic networks underlying plant
phenotypes (for review see [115,116]. To date, Lupinus germplasm resources remain essentially
untapped, and only very few studies have created an analysis scale considering substantial numbers

of lupin species and populations, as will be discussed in the next section.

6. New directions in lupin seed proteomics research

Genetic diversity available for lupins should be explored more extensively as it represents a

potential source of substantial diversity in seed proteins, as have been described in the case of
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soybean or pea for example [78,117,118]. However, as seen above, almost all the canonical
proteomic studies on these important bioactive compounds were conducted on only very few
varieties from the two Mediterranean lupins, L. albus and L. angustifolius, which left nearly
unexplored both their widely cultivated and naturally available germplasms, and the huge natural
lupin diversity adapted to various ecogeographical conditions in the Old and the New World. The
few interspecific comparative analyses, previously performed on seed storage proteins, resulted in
the same pattern of conglutin families (o, B, v, 6) [32,119,120]. Nevertheless, these analyses also
revealed a great diversity in polypeptide electrophoretic patterns of total denatured and reduced
conglutins [120-122]. Most Old World lupins exhibited their own pattern, as can be seen in Fig. 3,
and interspecific differences were found in all conglutin families, particularly in conglutins o and f.
While some polypeptide components of conglutins a and y appeared to be common and highly
conserved among the lupin species surveyed, such as cong-o4 and vy1, respectively (see Fig. 4),
almost all the other conglutin-polypeptide chains with which they are associated were polymorphic
among lupins. The latter mostly results from post-translational transformations of polypeptide-
precursors [24,32-34,37,120], rather than from a large number of genes, as recently demonstrated
by Foley et al. [93] from analyses of conglutins across some lupin species using transcriptomic,
protein and comparative genomic approaches. At a lower level, such polypeptide heterogeneity was
also observed at the intraspecific level in Mediterranean lupins, as can be seen, for example, among
natural populations in the poorly studied L. micranthus (Fig. 5).

It is only recently that different canonical proteomic analyses have undertaken to characterize the
diversity of lupin seed proteins at the intra- and interspecific level beyond domestic lupin species. In
the first of these works, and the only one published in a scientific journal, Islam and co-authors
applied direct MALDI-TOF mass spectrometry, a well-established methodology used in some of
their previous works [112,114], to determine the protein profile across 33 genotypes spread in 19
lupin species (all species minus the four Mexican ones listed in Fig. 2) [123]. Results revealed an
important seed protein diversity with the identification of 630 polymorphic mass peaks.
Interestingly, Islam and co-workers [123] found only 23 mass peaks common to more than 10
species, whereas 111 of the 630 mass peaks were specific to 2 or 3 species generally sharing similar
phenotypes but also molecular characters. The cultivated species L. angustifolius, L. albus and L.
luteus had the highest number of “rare” mass peaks (shared by 2 or 3 species). Moreover, 19 mass
peaks were specific to one species and concerned 12 different species. These findings confirm a
great diversity throughout the seed protein of the Lupinus genus. Diversity of seed protein is also
greater in the Old World smooth-seeded lupin compared to the Old World rough-seeded species
[123]. Finally, fingerprints obtained by the MALDI-TOF-MS method were used for phylogenetic
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analysis and results revealed distinct clusters containing Old World smooth-seeded, Old World
rough-seeded and New World species, except for two New World species which were attached to
the old World smooth-seeded clade [123]. These results were consistent with the previous ones
obtained by other research groups using other phylogenetic criteria (alkaloids, flavonoids,
conglutins, internal transcribed spacers, etc.), revealing the value of the MALDI-TOF-MS approach
to screen a huge amount of proteins in different samples and to determine phylogenetic
relationships between species.

The other communications reporting studies on protein diversity of genomic resources of lupin
seeds were presented during the XIV International Lupin Conference held in Milan (ltaly) on June
21-26, 2015. Thus, protein diversity of Mexican lupin species (L. aschenbornii, L. campestris, L.
hintonii and L. montanus) has been studied using SDS-PAGE and 2DE and compared to the
proteome of L. albus and L. angustifolius. According to these authors, these analyses revealed a
great heterogeneity between the different conglutin families of lupins with a huge diversity in
polypetptides composing conglutins [124]. Similar work has been achieved on the L. mutabilis
proteome which, when compared to L. angustifolius, revealed a high diversity in terms of structure
and composition of a and B conglutins [125]. These great diversities in seed proteins could be
explained by post-translational modifications of proteins, which play an important role in the seed
protein life cycle [26,123,124].

Regarding this significant interspecific and intraspecific diversity of lupin conglutins found in
this limited sample of Lupinus (Fig. 2), it is expected that a wider screening of the taxonomic and
natural diversity in the genus, using a combination of the more recent approaches and technologies
(transcriptomics, proteomics, functional genomics, biological validation processes, etc.) to identify,
characterize and investigate the bioactivity of lupin seed storage proteins, will undoubtedly provide
novel potential resources beneficial to human health. They will also be useful for selecting and
improving current and future edible lupins, as well as for promoting the other conglutins and
discovery of other beneficial functions. In addition, a deeper knowledge of the existing Lupinus
natural germplasm variants for conglutin proteins will assist, along with associated molecular

markers, breeding programs.

7. Conclusions
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The human population is expected to continue growing, so food production needs to match the
increase in demand for the forthcoming years. In this context, nutrition studies indicate that legumes
are the perfect candidates for contributing to mankind’s diet. In parallel, both common belief and
research output agree that there is a strong connection between our nutrition habits and our health.
This is where lupin seeds stand out among legumes, not only because of their excellent nutritional
properties, but for their recently discovered resources as a functional food. Lupin isolated protein
extracts can thus be used in food supplements for the prevention and treatment of dysglycemia and
hypercholesterolemia.

The use of conventional and canonical proteomic approaches has been essential in unraveling
and exploiting lupin seed protein diversity, which goes far beyond gene diversity since the protein
level adds to the latter differential proteolytic cleavage of conglutin pro-proteins and a diverse array
of glycosylation forms and sites. However, in spite of the promising health promoting effects of
lupin seed proteins, the available natural resources of the genus Lupinus remain unexplored, thus
hampering the discovery of seed protein variants presenting an enhanced health-promoting activity
and therefore their use as nutraceuticals. In this direction, upcoming proteomic technologies have
been little exploited for lupin seed proteomics. Currently, a wide array of proteomic tools (top-down
or bottom-up, gel-based or gel-free, label-based or label-free, PTMs, interactomics,...) allow the
large-scale, high-throughput study of the abundance, structure, variability (sequence and PTMs) and
function of proteins. Future research should thus aim to determine the lupin species and varieties
containing the most bioactive seed proteins, and to characterize the diversity of lupin seed proteins.
In this sense, particular seed proteins should be analyzed in relation to their bioactive properties,

and the relationships between structure and bioactive properties studied more thoroughly
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FIGURE CAPTIONS

Fig. 1. Underlying mechanisms and pathways of hypocholesterolemic and normoglycemic effects
of lupin seed proteins. (A) Hepatocyte-cholesterol metabolic mechanisms that have been suggested
to be altered by lupin protein hydrolysates. Drawn from the results of Parolini et al. [56] and Lammi
et al. [63]. (B) Suggested pathway for y-conglutin to exert its normoglycemic effects. Drawn from
the results of Capraro et al. [74], Terruzzi et al. [73], Capraro et al. [75] and Vargas-Guerrero et al.

[71]. IR= Insulin receptor.

Fig. 2. Schematic dendogram of the Lupinus genus. This dendogram has been redrawn and adapted
using data from Drummond et al. [87]. Each branch corresponds to a different Lupinus species. The
names indicated here correspond to the Lupinus species used in canonical proteomic approaches,
discussed in this review. Dashed lines indicate predicted position of Lupinus species that were not
reported in Drummond et al. [87]. General geographic regions are also indicated. Flo: Floridian;
Circum-Med: Smooth-seeded Circum-Mediterranean; Afri-Med: Rough-seeded North Equatorial

Africa/Mediterranean.

Figure 3. Diversity of seed storage proteins amongst 5 different Old World lupin species.
Electrophoretic patterns of total conglutins under denatured and reduced conditions (R-SDS-PAGE)
isolated from mature seed samples of 13 populations and varieties, originating from different
localities in North Africa and eastern Mediterranean [120]. 1= L. pilosus (Pi); 2= L. albus (Al); 3, 4,
5, 6 and 7 = L. micranthus (Mic); 8 and 9= L. luteus (Lu); 10, 11, 12 and 13= L. angustifolius (Ang).

Figure 4. Interspecific variability of mature seed storage proteins within conglutin families among
the Old World lupins. Comparative diagrams (on the right) summarizing the polypeptide chain
components of y-, a- and B-conglutins identified in 5 different species (one sample per species),
resulting from one- and two-dimensional polyacrylamide gel electrophoreses (PAGE) analyses,
under denaturing conditions of non-reduced (SDS-PAGE) and reduced (R-SDS-PAGE) of the
protein samples [120]. The non-reduced subunit (S.U) structure is indicated in boxes on the left for
each conglutin family. Mi = L. micranthus; An = L. angustifolius ; Lu = L. luteus ; Al = L. albus ; Pi

= L. pilosus.

Figure 5. Within species variability of mature seed storage proteins in the Mediterranean lupin, L.

micranthus. A comparative diagram summarizing the polypeptide chain components of (- and [1-
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conglutins identified in 5 natural populations originating from different localities in North Africa.
Characterization of subunits and polypeptide chains resulting from different steps of conglutin
isolation, differential fractionation, and one- and two-dimensional polyacrylamide gel
electrophoreses (PAGE) under denaturing conditions of non-reduced (SDS-PAGE) and reduced (R-
SDS-PAGE) protein samples [119,120]. Seed samples 3, 4, 5, 6 and 7 originated from Berrouaghia,

L’ Arbatache, Beloua, Bainem and Boutlelis, respectively, in Algeria.
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Table 1. Key features of lupin conglutin genes and proteins
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Data from ® Lupinus angustifolius or ° Lupinus albus [11] conglutins.
¢ As reported in the UniProtKB database (http://www.uniprot.org/uniprot/).

¢ Calculated using ANTHEPROT software (http://antheprot-pbil.ibcp.fr) [105].

¢ Amino acid position and sequences of potential N-glycosylation sites (N-{P}-[ST]-{P}) determined using
ANTHEPROT software.

T Covalently linked by disulphide (S-S) bonds.
¥ Glycosylation. Y/N: not all the polypeptides are glycosylated.

S: Sedimentation coefficient. Y: Yes. aa: Amino acids. bp: Base pairs. n.d.: Not determined.



Significance

Some important topics concerning storage proteins from lupin seeds are presented and analyzed
in an integrated way in this review. Proteomic approaches have been essential in characterizing
lupin seed protein diversity, which goes far beyond gene diversity since the protein level adds to the
latter differential proteolytic cleavage of conglutin pro-proteins and a diverse array of glycosylation
forms and sites. Proteomics has also proved helpful for screening and studying Lupinus germplasm

with the future aim of exploiting and improving food production, quality, and nutritional values.
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Highlights

e Lupin seed proteins stand out among legumes for their bioactivity potential.
e  Proteomics has been essential in unraveling lupin conglutin diversity.
e  Conglutin diversity is mainly due to differential proteolysis and glycosylation.

e Lupinus germplasm remains basically unexploited for seed protein diversity.
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