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Abstract. Seed storage albumins are water-soluble and highly abundant proteins that are broken-down during seed

germination to provide nitrogen and sulfur for the developing seedling. During seed maturation these proteins are subject

to post-translational modifications and trafficking before they are deposited in great quantity and with great stability in

dedicated vacuoles. This review will cover the subcellular movement, biochemical processing and mature structures of

seed storage napins.
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Napin-type seed storage albumin

Albumin is a generic name for a biochemical property and was

originally attributed to any protein that was soluble in water. In

plant seeds, there is a proportion of proteins that are soluble in

distilled water and these seed storage albumins have traditionally

been characterised and referred to by their sedimentation co-

efficient (i.e. 2S albumins) and their similarity to napin – the first

well studied seed storage albumin (i.e. napins). The seed storage

albumins of model plant Arabidopsis thaliana (L. Heynh.) have

also been referred to as arabins (Heath et al. 1986).

The remainder of the seed storage proteins require addition

of salt to dissolve and these are termed globulins (also known as

legumins, cruciferins). Many of the processing events and

trafficking pathways described here for albumins are similar or

identical for these seed globulins.

Seed storage albumins were reviewed comprehensively by

Peter Shewry and colleagues in the mid-late 1990s (Shewry

et al. 1995; Shewry and Pandya 1999) and more recently in

the context of what makes 2S albumin allergenic (Moreno and

Clemente 2008). The present review focusses on the napin-type

seed storage albumins and encompasses their biosynthesis,

trafficking, proteolytic maturation as well as their mature

tertiary structures.

The preproalbumin

Plants usually contain several to many preproalbumin genes

that are often intronless and found in tandem or arrays.

Preproalbumins typically constitute an endoplasmic reticulum

(ER) signal domain and a pro-domain, followed by the albumin

domain. After the preproalbumin has its ER signal removed, it

is referred to as proalbumin. The proalbumin is subsequently

subjected to proteolytic processing leading to the mature

albumin (Fig. 1). Here we follow the steps involved in the

maturation of preproalbumin into albumin and the concurrent

changes in subcellular location as this trafficking and post-

translational ballet ensues.

Processing from preproalbumin to folded proalbumin

During translation the ER signal peptide protrudes from the

ribosome large subunit and is recognised by the Signal

Recognition Particle. The binding of the Signal Recognition

Particle slows protein synthesis and consequently folding so

that the ribosome may be taken to the ER membrane. Once

there, protein synthesis resumes and the signal peptide is

removed co-translationally by signal peptidases (reviewed by

Paetzel et al. 2002). By combining in vitro translation and pulse-

chase experiments with seed cotyledons, the precise cleavage

point for ER signal sequence removal can be determined, as

demonstrated for a pumpkin 2S albumin (Hara-Nishimura et al.

1993).

The disulfide bonds of proalbumins are the most obviously

conserved feature and it is in the ER lumen, with its high

oxidative redox potential that disulfide bonds form. The

correct folding and formation of the native disulfide bonds is
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a critical step in the production of any disulfide rich protein,

and often requires assistance from chaperones or disulfide

isomerases. Plants express a wide range of protein disulfide

isomerases and some have been identified to play a key role in

the folding of seed albumins (Onda et al. 2011). From the ER,

proalbumins are destined for protein storage vacuoles. The

protein storage vacuole differs substantially from the better

known lytic vacuole of vegetative cells, which occupy the

majority of the plant cell, have an acidic pH, store ions and

secondary metabolites as well as play active roles in water

balance or turnover of proteins, lipids and carbohydrates. The

protein storage vacuoles, to which albumins are transported,

have a more neutral pH than lytic vacuoles, are smaller in size

and as their name implies – are rich in storage proteins. The

pH of protein storage vacuoles was shown to be ~6 during the

late torpedo embryo stage and a pH of ~4.9 in the mature

embryo. During storage protein deposition and co-incident

embryo development the luminal pH of the protein storage

vacuole is thought to gradually drop from ~5.5 to ~4.9 (Otegui

et al. 2006).

A host of proteins that are essential for the proper deposition

of seed-storage proteins into storage vacuoles have been

identified. Some of the first mutants affecting sorting were

identified using reverse genetic approaches targeting proteins

found to be abundant in vesicles rich in storage protein

precursors. The abundant pumpkin protein PV72 was

discovered for its binding of peptide fragments of proalbumin

(Shimada et al. 1997); this allowed the subsequent identification

of seven homologues in Arabidopsis and genetic defects in one

of these homologues, VACUOLAR SORTING RECEPTOR 1

was shown to cause incorrect sorting of storage proteins

(Shimada et al. 2003a). Another productive route to finding

proteins involved in sorting was Arabidopsis mutant screens

that looked for an accumulation of incompletely processed

storage proteins. This approach led to identification of the

maigo (mag) mutants (Li et al. 2006; Shimada et al. 2006;

Takahashi et al. 2010; Takagi et al. 2013). The MAIGO1

protein was shown to be a homologue of a component of the

retromer complex and this allowed the identification of other

seed storage impaired mutants by reverse genetic approaches

with Arabidopsis homologues of the retromer complex such

as VPS35 (Yamazaki et al. 2008). More recently, TAP-tagged

MAIGO2 was used to pull down three interacting proteins

(MIP1-MIP3) of differing identities, which were all confirmed

through individual mip knockout phenotypes to be essential

for storage protein transport. This work implies that MAIGO2

and at least these three MIP proteins constitute a protein

complex that transports seed storage proteins (Li et al. 2013).

MAIGO4 functions as a Golgi-tethering factor (Takahashi et al.

2010), whereas the recently published MAIGO5 is a putative

orthologue of yeast Sec16 and shown to have a functional role

in protein export from the ER (Takagi et al. 2013).

At present, it is thought there are two routes for storage

protein transport from the ER to the protein storage vacuole;

one is receptor-mediated and via the Golgi apparatus whereas

the other bypasses the Golgi apparatus and is termed

aggregation sorting. The latter route involves ER-derived

vesicles rich in storage protein precursors that were originally

found in developing pumpkin and designated as precursor-

accumulating (PAC) vesicles (Hara-Nishimura et al. 1993).

To monitor the trafficking of seed storage proteins as well

as their processing machinery, Otegui et al. (2006) raised

antibodies for ‘spacer’ regions of Arabidopsis SEED

STORAGE ALBUMIN 2 (SESA2, At4g27150, At2S-2). Two

peptide antigens were used: one for a region between the

SESA2 ER signal and the small subunit and the other for the

region joining the small and large SESA2 subunits.

Immunolabelling with these antibodies would thus track

preproalbumin and proalbumin. In addition, antibodies for

the seed storage processing proteases ASPARAGINYL

ENDOPEPTIDASE 2 (AEP2, At1g62710, b-VPE), the

VACUOLAR SORTING RECEPTOR 1, the aspartic protease

A1, mature albumin and globulin as well as others were

employed. This approach showed that although globulins and

albumins were found together, the processing machinery that

is also ER-targeted was found in regions distinct from those

containing the storage proteins themselves. The immuno-

labelling as well as subcellular fractionation experiments both

(a)

(b)

(c)

(d)

Fig. 1. Processing of typical 8-Cys preproalbumin. (a) Preproalbumin is composed of an endoplasmic reticulum

signal sequence (ER, rose) and, if hetero-dimeric, a small (SSU, green) and large (LSU, orange) albumin subunits.

(b) The ER signal is removed upon entry into the ER and here the disulfide bonds form. (c) The endo-protease

AEP removes the N-terminal pro region (solid black line) and cleaves after the residue preceding the large

albumin subunit. (d) An Asp exo-protease matures the small albumin subunit by trimming back the exposed tail

(solid black line) resulting in mature hetero-dimeric albumin.
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indicated that storage proteins and their proteases are sorted

into different types of vesicle. These two vesicles later fuse

and become what are termed multi-vesicular bodies, thereby

allowing the storage proteins and their proteolytic processing

machinery to meet each other before merging with the protein

storage vacuole (Otegui et al. 2006).

Maturation of proalbumin to albumin

Proalbumins and the proteases that process them are both

ER-targeted, but thought to occupy separate regions of the

Golgi cisternae, resulting in them being packaged separately

into vesicles and not coming into contact with each other until

they are delivered to multi-vesicular bodies (Otegui et al. 2006).

Within the multi-vesicular bodies the proalbumin is matured by

proteases, the most important being asparaginyl endopeptidase.

AEP typically cuts proalbumin at two positions: the proto-N-

termini of its small and large albumin subunits. These cleavages

change the internally disulfide-bonded proalbumin monomer

into a heterodimer held together by usually four disulfide

bonds. Not all albumins are cleaved into small and large

subunits; e.g. the sunflower SFA8 albumin has been found to

be amonomer in itsmature form (Kortt et al. 1991). Subsequent to

the action of AEP, the activity of an aspartic exo-protease has

been proposed to further process albumin by trimming the C-

terminal regions of the cleaved propetides (Hiraiwa et al. 1997).

Two regions may be trimmed from proalbumin; the C-terminal

tail of the large albumin subunit and the C-terminal tail of the

small subunit.

The N-termini of the matured small and large albumin

subunits often possess residues or post-translational

modifications that are thought to protect them from

degradation by aminopeptidases. The most common N-

terminal residue for mature albumin subunits is proline, which

effectively ‘caps’ the mature proteins. N-terminal prolines have

been shown for the monomeric SFA8 (Kortt et al. 1991) and

both the small and large subunits of PawS1 and PawS2 (Mylne

et al. 2011). Another common N-terminal residue is pyro-Glu,

which is caused by the side chain cyclisation of either glutamic

acid or glutamine. The conversion of Gln to pyro-Glu is a

deamination reaction that confers resistance to degradation by

aminopeptidases (Schilling et al. 2008). Pyrolated N-termini

have been shown for subunits of mabinlin II (Liu et al. 1993)

and an albumin from castor bean (Sharief and Li 1982).

Asparaginyl endo-peptidase

AEP (also known as vacuolar processing enzyme, VPE or

legumain) was first identified from castor bean seeds in the

early 1990s for its ability to cleave after Asn (Hara-Nishimura

et al. 1991). Retrospectively, it was clear that AEP was

responsible for the Cys protease activity that had been

observed earlier in castor bean (Harley and Lord 1985) and

pumpkin seeds (Hara-Nishimura and Nishimura 1987).

Several subsequent studies showed that AEP was very capable

of maturing seed storage proteins in vitro and had a strong

preference for Asn and, to a lesser extent, for Asp. In proteins

matured by AEP, the most commonly observed target was

cleavage between Asn-Pro bonds. The importance of AEP for

seed storage protein processing was most strikingly shown in

Arabidopsis where loss-of-function genetic mutants were used

to unpick AEP function. Extensive screening for mutations

affecting seed storage protein profiles not only revealed many

genes involved in in seed storage trafficking, but also found

lesions in Arabidopsis AEP2 (At1g62710, b-VPE) (Shimada

et al. 2003b). Arabidopsis aep2 mutants had mild defects in

seed storage protein profile (Gruis et al. 2002; Shimada et al.

2003b). Single mutation in the other three AEP genes did

not give noticeable changes in seed protein profile, but when

lesions in AEP genes were pyramided the resulting plants had

dramatically perturbed seed storage protein profiles (Shimada

et al. 2003b; Gruis et al. 2004). Quadruple aep null plants had

a dramatically different seed protein profile, but this defective

processing did not affect seed germination or the adult plant

phenotype, which makes one wonder what the purpose of all

this post-translational processing is? A close analysis of the

proteins in aep null seeds showed that in the absence of AEP,

rather than remain completely unprocessed the proalbumins

(and proglobulins) were processed improperly and inaccurately

by other proteases that otherwise played little or no role in

albumin maturation (Shimada et al. 2003b; Gruis et al. 2004).

Proteomic analysis of the albumin in Arabidopsis wild type

and aep null plants also showed that one of the four

Arabidopsis SEED STORAGE ALBUMIN (SESA) proteins

was not fully dependent upon AEP for its maturation.

Specifically the large albumin subunit of SESA3 (At4g27160,

At2S-3) is N-terminally matured in an AEP-independent

fashion although by which protease is not clear (Shimada et al.

2003b; Gruis et al. 2004).

Although its importance in seed storage protein processing

under standard growth conditions is the focus here, AEP has an

important biological function in caspase-like inducible cell

death as part of a resistance response to the detection of viral

entry (Hatsugai et al. 2004) or fungal toxins (Kuroyanagi et al.

2005). Biochemically, AEP has also been found to readily

perform a transpeptidation or protein ligation reaction in vitro

(Min and Jones 1994) and more recently, AEP has been

demonstrated to be involved in the biosynthesis of several

different types of cyclic plant peptides (Mylne et al. 2012).

Albumin structure

The first primary structure for a processed and mature napin

was presented by Ericson et al. (1986). In this study the

authors both cloned a transcript from rapeseed for a napin-type

albumin precursor and purified the corresponding mature

napin. They reduced and alkylated the napin to separate the

small and large subunits and partly sequenced them to

describe the multiple processing events and region removed

from the precursor to result in a mature, heterodimeric albumin.

The tertiary structure was solved for the prototypic napin

by Rico et al. (1996). Since then data for six more napin-type

seed storage albumin have been deposited in the Protein Data

Bank (PDB). In all, four of the structures are native proteins

extracted from seeds, whereas the remaining three were

expressed recombinantly in Escherichia coli or Pichia pastoris

(Table 1; Fig. 2). The structure of mabinlin II was resolved by

X-ray crystallographic analysis whereas the remainder of

the structures were solved using solution NMR spectroscopy
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techniques. The latter technique is particularly useful for

studying protein dynamics, and Rundqvist et al. (2012) used

their expression system to produce isotopically labelled Ber e 1,

allowing a detailed description of its internal motion.

Albumins typically possess eight Cys residues that show

the connectivity: I-V, II-III, IV-VII, VI-VIII. The number of

residues between CysI and CysII in the small albumin subunit

ranges between 9–14 residues whereas the CysIII and CysIV at

the beginning of the large subunit are a highly conserved di-

Cys pair. CysV and CysVI are also highly conserved and

flank a single residue whereas CysVII and CysVIII vary in

their position and may be separated by 3–7 residues. Although

Table 1. Known structures for napin-type albumins and their origins

PDB Protein Species Expression system Reference

1PNB BnIb Brassica napus (oilseed rape) Brassica napus (Rico et al. 1996)

1PSY RicC3 Ricinus communis (castor bean) Escherichia coli (Pantoja-Uceda et al. 2003)

1S6D SFA8 Helianthus annuus (sunflower) Helianthus annuus (Pantoja-Uceda et al. 2004b)

1SM7 rproBnIb Brassica napus Pichia pastoris (Pantoja-Uceda et al. 2004a)

1W2Q Ara h 6 Arachis hypogaea (peanut) Arachis hypogaea (Lehmann et al. 2006)

2DS2 Mabinlin II Capparis masaikai Capparis masaikai (Li et al. 2008)

2 LVF Ber e 1 Bertholletia excels (Brazil nut) Pichia pastoris (Rundqvist et al. 2012)

(a)

(b)

Fig. 2. Preproalbumin and albumin structures. (a) Typical proalbumin has a disulfide connectivity of: I-V, II-III, IV-VII, VI-VIII. (b) Ribbon models of

all known napin-type seed albumin structures showing how the small subunit (green) is embraced by the large subunit (orange). The disulfide bonded

residues (yellow) are all buried within the interior of the structures. Four of these structures are of fully processed, native albumins. Three are recombinant

proteins. Consistent with (a), if present, spacer regions are coloured (black) according to the published mature sequences (Irwin et al. 1990; Alcocer et al.

2002; Pantoja-Uceda et al. 2004a). The structures include a recombinant Brassica napus albumin (rproBnIb) that differs from the native BnIb protein by

three residues (black) that join the small and large albumin subunit. Structures were aligned in PyMol and all rotations shown are by 90�.
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connectivity of the four disulfide bonds is conserved among

all albumins, Arachis hypogaea Ara h 6 (1W2Q) has an extra

disulfide bond between Cys86 and Cys126 and there are

many other examples of gene-predicted albumin precursors

with 10 Cys residues that could similarly form five disulfide

bonds.

The structures all comprise five helices that are closely

packed into a bundle creating a similar global fold (Fig. 3).

The small albumin subunit possesses two helices that adopt a

‘V’ shape by a bend in the loop between helix1 and helix2.

Within the large albumin subunit, helix3 and helix4 adopt an

open hairpin conformation and this open hairpin is saddled by

the V-shaped small albumin subunit. Helix5 loops back along

helix4 in a hairpin and although some contact is made between

helix5 and the end of helix2 of the small subunit, most of its

contacts are with helix3 and helix4 of the large albumin

subunit. The combination of the disulfide bonds and the

compact fold makes the albumins extremely stable and

resistant towards proteolytic degradation and heat (Rundqvist

et al. 2012).

A cleavage between large and small subunit was found not

to cause a significant change in structure for BnIb. The native

BnIb structure (Rico et al. 1996) was compared with a

recombinant form called rproBnIb expressed in Pichia pastoris

and identical in primary structure except for Ser-Glu-Asn,

which joins the small to large subunits (Pantoja-Uceda et al.

2004a).

Evolution of albumins

Provided they maintain their conserved Cys pattern, albumins

appear to be free to evolve. Within a single plant species there

can be considerable variation in sequence among albumins.

The common sunflower possesses six known albumin genes

HaG5 (Allen et al. 1987), HaB1B2 (GenBank AJ275962),

pHAO (Thoyts et al. 1996), SFA8 (Kortt et al. 1991), PawS1

and PawS2 (Mylne et al. 2011). HaG5 and HaB1B2 have a

general structure shown Fig. 1, but they each encode two

mature albumins. SFA8 encodes a mature albumin that is

monomeric and the PawS1 and PawS2 genes each encode a

typical heterodimeric albumin as well as a small cyclic peptide.

The PawS1 and PawS2 genes from sunflower provide

interesting examples of innovations from within preproalbumin.

These two genes encode otherwise normal napin-type albumins,

but within the pro-region between the ER signal and the small

albumin subunit is a region that, through the processing by AEP

forms small cyclic peptides that have a single disulfide bond

(Mylne et al. 2011). The 14-residue peptide buried in PawS1was

isolated previously and is called Sunflower Trypsin Inhibitor 1

(Luckett et al. 1999) and as its name suggests it is a potent (Ki 0.1

nM) inhibitor of trypsin. PawS2 was found by homology to

PawS1 and encoded by its sequence is a 12-residue peptide of

similar sequence to SFTI-1 that is not trypsin-inhibitory. This

SFTI-Like 1 (SFT-L1) peptide is in a similar region to SFTI-1,

but is preceded directly by the ER signal sequence (Mylne et al.

2011). There are interesting parallels between this hijacked

preproalbumin and PV100; a precursor for a larger storage

protein called vicilin in pumpkin seeds. The action of AEP

was responsible for cleaving PV100 into vicilin as well as

helix4helix4hehehhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh lilix4x44444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444444

helix1helix1helix1
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helix1helix1helix1

helix1helix1helix1

helix2helix2helix2

helix2helix2helix2

helix2helix2helix2

helix2helix2helix2

helix3helix3helix3

helix3helix3helix3

helix3helix3helix3

helix3helix3helix3

helix4helix4helix4

helix5helix5helix5

helix5helix5helix5

helix5helix5helix5

helix5helix5helix5

helix4helix4helix4

Fig. 3. The conserved five-helix structure of mature albumins. Ribbon

models of mature albumin show the open-V shaped helix1 (blue) and

helix2 (cyan), which in hetero-dimeric albumin constitute the small sub

unit, is embraced by an open hairpin consisting of helix3 (green) and

helix4 (yellow). Helix5 (brown-red) hairpins back along helix4 and has an

unstructured tail. Each rotation is by 90�.
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three Arg-rich peptides and two Cys-rich peptides, one of which

inhibits trypsin (Yamada et al. 1999).

Questions to be answered

Albumins are rapidly evolving proteins that are produced so

they may be broken down during germination. The albumins

for which structures have been solved have a structurally

similar, five-helix fold. Apart from the conserved Cys residues

and a general richness in Gln, albumin sequences are not

conserved, but fold into a common structure implying the five-

helix structure is advantageous for such highly abundant

proteins to fold well and remain stable during long-term

storage. It seems strange that the perturbations in processing

caused by the loss of the major processing enzyme AEP

have no effect on seed germination. Although all storage

proteins in AEP knockouts are mis-processed and the gross

seed protein profile is greatly altered, the disulfide bonds in

each protein are likely to form correctly in these mis-processed

proteins as disulfide bond formation and albumin folding

precedes the maturation by AEP. The structures of BnIb

(1PNB) and rproBnIb (1SM7) are identical despite rproBnIb

possessing a sequence that is usually processed out to produce

mature small and large BnIb subunits, so a lack of processing by

AEP may have little effect on the overall structure.

Storage proteins may also be an untapped source of new

proteins. Most plants have several or many genes for their

seed storage proteins that, combined with the observation that

they can vary their sequences greatly, make storage proteins

potentially interesting to explore for novel peptides and

bioactivities. The sunflower PawS proteins and PV100 are

good examples, but there could be many more waiting to be

found. Most expressed sequence tag or next-generation

sequencing projects study green tissues and avoid seeds

because of their less diverse transcriptome. The current table

of over 1300 plant samples sequences held by The 1000 Plants

Initiative (www.onekp.com, accessed 7 April 2014) has only

three samples that list seeds as their tissue type.With the lowering

costs for next-generation sequencing and development of better

tools to analyse the data, sequencing seed transcriptomes is

more viable than ever.

Finally, studying the evolution of seed storage proteins is

daunting because of their rapid evolution. What makes a ‘good’

albumin? Is it just long-term storage or is it a store that is ideally

suited for the subsequent mobilisation as the seed germinates?

Seed storage proteins are arguably one of the most important

sources of protein for humans and their abundance made them

the subject of many of the first studies in plant protein

biochemistry. Perhaps it is time to redouble our efforts using

the panoply of molecular and biochemical tools and techniques

now available?
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