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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Among the C1A cysteine proteases, the plant cathepsin F-like group has been poorly studied. This paper describes 
the molecular and functional characterization of the HvPap-1 cathepsin F-like protein from barley. This peptidase is 
N-glycosylated and has to be processed to become active by its own propeptide being an important modulator of the 
peptidase activity. The expression pattern of its mRNA and protein suggest that it is involved in different proteolytic 
processes in the barley plant. HvPap-1 peptidase has been purified in Escherichia coli and the recombinant protein is 
able to degrade different substrates, including barley grain proteins (hordeins, albumins, and globulins) stored in the 
barley endosperm. It has been localized in protein bodies and vesicles of the embryo and it is induced in aleurones by 
gibberellin treatment. These three features support the implication of HvPap-1 in storage protein mobilization during 
grain germination. In addition, a complex regulation exerted by the barley cystatins, which are cysteine protease 
inhibitors, and by its own propeptide, is also described

Key words: Barley grain, cathepsin F-like peptidase, cystatin, cysteine protease, grain germination, propeptide, protein 
mobilization, proteolysis.

Introduction

Plant proteolysis is a complex process that involves broad meta-
bolic networks, different subcellular compartments, and vari-
ous types of peptidases, mainly cysteine, serine, aspartic, and 
metallo-proteases (van der Hoorn, 2008). Protease activities are 
regulated at the transcriptional level by differential gene expres-
sion, and at the protein level by the activation of inactive zymo-
gens and by the binding of specific inhibitors and cofactors. 
Among the >800 proteases encoded by a plant genome, ~140 
correspond to cysteine proteases (CysProts) that belong to 15 
families distributed in five clans as classified in the MEROPS 
peptidase database (Rawlings et al., 2012). The most analysed 
CysProts are the papain-like proteases, known as C1A (family 

C1, clan CA). This group of proteases is extensively present in 
land plants, with members ranking from 32 in Arabidopsis to 
45 in rice (Martinez and Diaz, 2008). C1A CysProts commonly 
contain three disulphide bonds and their chain is folded to form 
a globular protein with two interacting domains delimiting a 
cleft at the surface where substrates can be bound (Kamphuis et 
al., 1985). The evolutionarily highly conserved catalytic mech-
anism of these peptidases involves three amino acids, cysteine, 
histidine, and asparagine, in the catalytic triad, and a glutamine 
which seems to be essential for maintaining an active enzyme 
conformation. These proteins are synthesized as inactive precur-
sors, which comprise an N-terminal signal peptide, a 130–250 
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residues prosequence, upstream of the mature protein. Activation 
takes place by limited intra- or intermolecular proteolysis cleav-
ing off an inhibitory propeptide (Wiederanders et al., 2003). C1A 
CysProts from plants are synthesized as pre-proteins, processed 
either autocatalytically or with the aid of processing enzymes, 
transported via the trans-Golgi network, and finally either stored 
in the vacuoles or externally secreted (Grudkowska and Zagda-
nska, 2004).

Based on their similarity to mammalian proteases, the C1A 
proteases from plants have been grouped as cathepsin L-, B-, 
H-, or F-like (Martinez and Diaz, 2008). B-like proteins share 
a sequence similar to human cathepsin-B, which is dissimilar to 
other C1A CysProts (Karrer et al., 1993). H- and L-like proteins, 
closer in amino acid sequence, conserve a common motif in their 
prosequence, the ERFNIN signature, but are evolutionarily sepa-
rated in phylogenetic analyses (Martinez and Diaz, 2008). F-like 
proteases maintain an ERFNAQ motif in their prosequence 
typical of this kind of cathepsins, and phylogenetic analysis 
postulated them as a new subgroup of cathepsins (Wex et al., 
1999). In spite of the high number of identified genes encod-
ing C1A CysProts, information about their roles is unknown 
or still fragmentary (Martinez et al., 2012). They participate in 
protein degradation during senescence and abscission processes, 
programmed cell death, fruit ripening, and the accumulation 
and mobilization of storage proteins in seeds and tubers (Grud-
kowska and Zagdanska, 2004; Martinez et al., 2007, 2009; van 
der Hoorn, 2008; Shi and Xu, 2009; Weeda et al., 2009; Esteban-
Garcia et al., 2010; Parrott et al., 2010). Moreover, the expression 
of CysProt-encoding genes is enhanced under various environ-
mental stresses, which triggers reorganization of metabolism, 
remodelling of cell protein components, degradation of damaged 
or unnecessary proteins, and nutrient remobilization. They also 
play an essential role in local and systemic defence responses 
against pathogens and pests (Pechan et al., 2000; Shindo and Van 
der Hoorn, 2008; McLellan et al., 2009; Kaschani and Van der 
Hoorn, 2011; Shindo et al., 2012).

Regarding their roles in the grain, C1A CysProts are described 
as one of the most abundant group of proteases responsible 
for the degradation and mobilization of storage proteins in 
seeds (Fischer et al., 2000; Grudkowska and Zagdanska, 2004; 
Sreenivasulu et al., 2008). Grains act as a store of starch, pro-
teins, and lipids that are used during the germination process. 
Events occurring in this period are crucial for the survival of 
the seedling until photosynthesis is fully established. Hydroly-
sis of reserves is a key point, which is accomplished by several 
enzymes, such as amylases and proteases. These hydrolases are 
either stored during seed maturation or newly synthesized during 
early germination. The products of this degradation process are 
absorbed by the scutellum and utilized for seedling development.

Barley grain is the model for germination research in mono-
cots. Most analyses have been focused at the transcriptional 
level. A complex network of genes encoding transcriptional fac-
tors in response to phytohormones is involved in the control of 
hydrolase expression at the beginning of germination (Gubler 
et al., 1999; Moreno-Risueno et al., 2007; Sreenivasulu et al., 
2008). In contrast, there are few data related to post-germina-
tion processes where hydrolases mobilize storage compounds. 
In barley, there are at least 32 C1A CysProts, which belong to 

the L-, H-, F-, and B-like cathepsin groups (Martinez and Diaz, 
2008). A previous analysis reported that 27 CysProts are among 
the 42 proteases that are involved in the germination of barley 
grain (Zhang and Jones, 1995). More recently, Sreenivasulu 
et al. (2008) have published a complete transcriptome analy-
sis of barley grain germination in two tissue fractions (starchy 
endosperm/aleurone and embryo/scutellum) and have shown the 
induction of a high number of CysProt genes during germination, 
most of them being mediated by gibberellins (GAs). Until now, 
few of the barley C1A proteases expressed in grain tissues have 
been characterized. Among them, several cathepsin L-like pro-
teases were present in the scutellar epithelium and the aleurone 
layer, and were secreted to the endosperm upon germination in 
response to GA (Koehler and Ho, 1990; Mikkonen et al., 1996; 
Martinez et al., 2009). Moreover, a cathepsin H-like protein iso-
lated from GA-induced aleurone cells was targeted to vacuoles, 
and a cathepsin B-like protein was expressed in the aleurone and 
induced by GA treatment (Holwerda and Rogers, 1992; Mar-
tinez et al., 2003). In addition, there are only limited data on the 
effects of the inhibitors required for their regulation. The most 
well known proteinaceous inhibitors of C1A CysProts are cysta-
tins, which are extensively present in plants, and their inhibitory 
properties have been studied in depth (Benchabane et al., 2010). 
Recently, the participation of some cathepsin L-like proteins and 
cystatins from barley as partners in hordein mobilization during 
seed germination has been reported (Martinez et al., 2009). Their 
subcellular location in the endoplasmic reticulum (ER) and Golgi 
system has been detected as part of the secretory route through 
which the proteases transit to reach the protein bodies where the 
target proteins are stored. Barley CysProts and their inhibitors 
(cystatins) co-localize in the endomembrane system and also 
interact in vivo in the plant cell, as revealed by bimolecular fluo-
rescent complementation (BiFC) experiments. The functional 
relationship between cathepsin L-like proteins and cystatins 
has been shown through their implication as counterparts in the 
mobilization of hordeins stored in the seed.

This study covers the molecular characterization of a new 
cathepsin F-like CysProt, HvPap-1, from barley. The expression 
of HvPap-1 in several barley tissues, its subcellular location in 
embryos, and its response in aleurone layers to GA are shown. 
The functional role of HvPap-1 in mobilizing storage proteins, 
mainly hordeins, regulated either by specific inhibitors (cysta-
tins) or by its own propeptide is also discussed.

Materials and methods

Real-time quantitative PCR analysis
For real-time quantitative PCR (qRT-PCR) studies, grains of barley 
(Hordeum vulgare) cv. Bomi were germinated at 22 ºC in the dark 
for 7 d and used to collect samples of leaves and roots. Developing 
endosperm at 10–22 days after flowering (daf) and immature embryo 
(18 daf) were prepared from kernels of plants grown in a greenhouse 
at 18 ºC under an 18 h light/6 h dark photoperiod. Mature embryos 
were isolated from dry barley Bomi grains. Germinating embryos were 
obtained from imbibed grains at 8, 16, 24, and 48 hours after imbibi-
tion (hai) at 22 ºC in the dark. All samples were frozen in liquid N2 and 
stored at –80 ºC until used for RNA–protein extraction. Isolated aleu-
rone layers from embryoless barley grains (cv. Himalaya) were prepared 
(Moreno-Risueno et al., 2007), incubated in the presence or absence of 
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1 µM GA3 for 8, 24, and 48 h in a calcium succinate buffer (20 mM Na-
succinate, 20 mM CaCl2, pH 5.2), and then frozen.

Total RNA was extracted from frozen samples by the phenol/chloro-
form method, followed by precipitation with 3 M LiCl (Lagrimini et al., 
1987) and digestion with DNase. cDNAs were synthesized from 1 µg 
of RNA using the High Reverse Transcription kit (Applied Biosystems) 
following the manufacturer’s instructions. qRT-PCR analyses were per-
formed for duplicated samples by means of a CFX96 Real-time system 
(BioRad) using a SYBR Green detection system. Quantification was 
standardized to barley Actin2 mRNA levels. The primers used for PCR 
amplification were as follows: Actin2 forward, 5'-TCCACCGGAGAG-
GAAGTACAGT-3'; Actin2 reverse, 5'-AATGTGCTCAGAGATGCAA-
GGA-3'; HvPap-1 forward, 5'-TCCTGGAGTCGATCTTGGTTTC-3'; 
and HvPap-1 reverse, 5'-CAAGCATACTGTTGCGGCTTC-3'.

Protease sequence and phylogenetic analysis
The nucleotide and amino acid sequences of HvPap-1 were extracted 
from the NCBI GenBank (accession no. BN000093). Signal peptide 
analysis was performed using the SignalP version 3.0 (http://www.cbs.
dtu.dk/services/SignalP) program (Bendtsen et al., 2004). Prediction of 
N-glycosylation sites was carried out by the NetNGlyc 1.0 server (http://
www.cbs.dtu.dk/services/NetNGlyc). The three-dimensional structure 
of the barley HvPap-1 protein was modelled by the automated SWISS-
MODEL program (Bordoli et al., 2009). The known crystal structure of 
the human cathepsin-F (PDB identifier 1M6D) was used to construct the 
homology-based models. Structure analysis was performed using the 
RasMol 2.7 program (Sayle and Milner-White, 1995).

BlastP searches for cathepsin F-like cysteine peptidases were per-
formed in the comparative genomics database Phytozome v7.0 (http://
www.phytozome.net). Phytozome provides access to 23 sequenced 
and annotated green plant genomes. Searches were made in the cur-
rent releases for: Arabidopsis thaliana v9.0; Populus trichocarpa v2.2; 
Ricinus communis v0.1; Brachypodium distachyon v1.0; Oryza sativa 
v6.0; and Sorghum bicolor v1.0. Blast searches were made using the 
amino acid sequence of the HvPap-1 protein. Proteins that conserve the 
specific ERFNAQ motif for cathepsin-F-like proteases were selected. 
Cathepsin F-like proteins from H. vulgare were previously described 
(Martinez and Diaz, 2008). Information about gene models for all these 
proteins is compiled in Supplementary Fig. S1 available at JXB online. 
Phylogenetic analysis was carried out using the program MEGA version 
5.0 (http://www.megasoftware.net) (Tamura et al., 2011). Alignments of 
the amino acid sequences were performed using the default parameters 
of MUSCLE (Edgar, 2004). The displayed cathepsin-F proteases tree 
was performed by means of the Neighbor–Joining method. Bootstrap-
ping was used as a statistical test. The tree was rooted using as out-
group protein a cathepsin F-like sequence belonging to the spikemoss 
Selaginella moellendorffii.

Expression, purification, and activation of recombinant proteins 
from E.coli
The cDNA fragment spanning the whole HvPap-1 open reading frame 
(ORF), apart from its signal peptide sequences, was amplified by PCR 
and inserted in-frame into the expression vector pRSETB (Invitrogen). 
As described by Bethune et al. (2006), bacterial cells were grown at 
37 °C to an OD550 of ~0.5, induced with 0.25 mM IPTG (isopropyl 
β-d-thiogalactopyranoside) for 20 h, harvested, and processed. Con-
structs encoding the protease with both N- and C-terminal His6 tags 
were purified using an Ni-NTA agarose column (Qiagen) following the 
manufacturer’s instructions. After dialysis, the purification process was 
checked by SDS–PAGE. The final protein concentration was quantified 
by the BioRad kit with bovine serum albumin (BSA) as standard. Acti-
vation of the HvPap-1 protein was checked by diluting the protease by 
a ratio of 1:4 (v:v) in a buffer containing 100 mM sodium acetate at pH 
4.0, or by diluting the protease to 1:4 (v:v) in a buffer containing 100 
mM TRIS-HCl pH 8.0, 5 mM EDTA, 15% glycerol (v/v), and 2 mM 
β-mercaptoethanol plus pepsin at a concentration of 0.6 mg ml–1, or by 
a combination of both treatments.

For propeptides, the cDNA fragment spanning the whole HvPap-1 
propeptide (HvPap-1pro, A25–G141) or a form truncated in the N-ter-
minus (HvPap-1pro*, D44–G141) was amplified by PCR and inserted 
in-frame into the expression vector pRSETB. Cystatins (HvCPI-1 to 
HvCPI-13) and propeptides (HvPap-1pro and HvPap-1pro*) were 
expressed and purified as previously described (Martinez et al., 2009). 
pRSETB expression plasmids containing the cystatin or propeptide 
sequences were introduced into E. coli BL21 CodonPlus (Stratagene). 
Bacterial cells were grown at 37 ºC to an OD550 of ~0.5–0.6 and induced 
with 1 mM IPTG for 2 h, harvested, and processed. The fusion proteins 
with the histidine tail were purified using a His-Bind Resin (Novagen) 
following the manufacturer’s instructions. The purification process was 
checked by SDS–PAGE. The final protein concentration was quantified 
by the BioRad kit with BSA as standard.

Enzyme activity assays
The enzymatic activity of recombinant HvPap-1 was routinely deter-
mined using the fluorogenic substrates Z-FR-AMC (N-carboben-
zoxyloxy-Phe-Arg-7-amido-4-methylcoumarin) and Z-RR-AMC 
(N-carbobenzoxyloxy-Arg-Arg-7-amido-4-methylcoumarin) at 25 µM 
concentration and Bz-FVR-AMC (benzoyl-Phe-Val-Arg-7-amido-
4-methylcoumarin) at 100 µM, susceptible to degradation by cathepsin 
L-, B-, and H-like proteases, respectively. Mixtures of proteases and 
substrates were incubated in 100 mM sodium phosphate pH 6.0 buffer, 
containing 10 mM cysteine, 1 mM EDTA, and 0.01% (v/v) Brij35 for 3 
h at 30 ºC. Emitted fluorescence was measured with a 365 nm excitation 
wavelength filter and a 465 nm emission wavelength filter.

To determine the effect of pH, reactions were carried out in 100 mM 
sodium citrate buffer (pH 3–3.5), 100 mM sodium acetate buffer (pH 
4–5.5), 100 mM sodium phosphate buffer (pH 6–7), and 100 mM TRIS 
(pH 7.5–9), supplemented with 10 mM l-cysteine, 10 mM EDTA, and 
0.01% (v/v) Brij35 using the Z-FR-AMC substrate, for 3 h. The effect 
of the temperature was assayed in 100 mM sodium phosphate buffer 
pH 6.0, for 3 h. Triplicate assays were performed for determination of 
each value and the average was calculated. Blanks were used to account 
for the spontaneous breakdown of substrates. Emitted fluorescence was 
measured with a 365 nm excitation wavelength and a 465 nm emission 
wavelength.

Inhibitory activity of propeptides and cystatins against HvPap-1 
protease
The recombinant propeptides (HvPap-1pro and HvPap-1pro*) were 
assayed against the recombinant HvPap-1 protease, both purified from 
E. coli cultures. The recombinant barley cystatins (Martinez et al., 
2009) were also included for inhibitory experiments against HvPap-
1. Briefly, different concentrations of propeptides or cystatins plus 
300 ng of the protease were incubated in a buffer containing 100 mM 
sodium phosphate pH 6.0, 10 mM l-cysteine, 10 mM EDTA, and 
0.01% (v/v) Brij35 at room temperature for 10 min. Then, the Z-FR-
AMC substrate was added and the reactions were incubated for 1 h 
at 30 ºC. Emitted fluorescence was measured as above. The system 
was calibrated with known amounts of AMC hydrolysis product in a 
standard reaction mixture. All assays were carried out in triplicate and 
blanks were used to account for the spontaneous breakdown of sub-
strates. As negative control, proteins from E. coli transformed with 
the empty expression vector were used. The type of inhibition was 
determined from Lineweaver–Burk plots (1/V versus 1/[S]). Ki val-
ues were calculated by non-linear regression using the GraFit program 
(Leatherbarrow, 2009).

Western blot analysis
Plant protein extracts were obtained from frozen leaf, root, embryo, 
and endosperm barley tissues at the same developmental stages used 
for RNA preparation for the qRT-PCR analysis. Samples were ground 
and resuspended in a 50 mM sodium phosphate buffer, pH 6.0, con-
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taining 0.15 M sodium chloride and 2 mM EDTA. The suspension was 
centrifuged at 10 000 rpm for 10 min at 4 ºC. The protein content of 
the supernatant was quantified by the BioRad kit, using BSA as stand-
ard. After separation on an SDS–polyacrylamide gel, proteins were 
electrotransferred onto a nitrocellulose membrane (GE Healthcare). 
Immunoblotting was performed with anti-HvPap-1 peptide polyclonal 
antibody (HvPap-1-IgG) whose sequence is indicated in Fig. 1B. The 
antibody was produced in rabbits by Pineda Antibody Services (Berlin, 
Germany). Optimal dilution of the antibody at 1:5000 (v:v) in antisera 
buffer [0.05% (w/v) skim milk, 0.1% (v/v) 10× BS, and 0.001% Tween-
20] was used. Peroxidase-conjugated anti-rabbit IgG (Sigma) diluted at 
1:10 000 (v:v) was used as secondary antibody for detection with ECL 
Plus (GE Healthcare).

Glycosylation assays
To isolate glycoproteins from barley leaves, 2 g of tissue were blended 
in 20 ml of extraction buffer (20 mM TRIS-HCl pH 7.4 containing 
1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, and 0.15 M NaCl) at 4 ºC. 
The crude extract was centrifuged at 15 000 rpm for 30 min at 4 ºC 
and the supernatant was precipitated with ammonium sulphate at 90% 
(w/v) saturation. The precipitate was collected after centrifugation at 
15 000 rpm for 30 min, redissolved in 1.5 ml of deionized water, and 
dialysed against deionized water to remove salts. The desalted crude 
protein was concentrated using a freeze drier and dissolved in the 
extraction buffer to be applied to a concanavalin A (Con A)–Sepha-
rose 4B Column (GE Healthcare). The chromatography was performed 
essentially as previously described (Boonmee et al., 2011). The eluted 
protein fraction was concentrated and desalted using centrifugal filters 
of 10K (Amicon ultra, Millipore). Western blot assays were performed 
as indicated above using the HvPap-1-IgG and the anti-N-glycosyla-
tion (N-Glyc-IgG) antibodies. The N-Glyc-IgG antibody, donated by 
Dr Diaz-Perales (CBGP-UPM-INIA, Madrid, Spain), was produced in 
rabbits.

Additionally, immunoprecipitation of native HvPap-1 was per-
formed. Aliquots of protein extracts (20 µg) were prepared as indicated 
above from 24 h germinating embryos and 7-day-old barley leaves, and 
were incubated with polyclonal anti-HvPap-1 antibody (HvPap-1-IgG) 
for 1 h at room temperature. After the incubation, 4% (w/v) protein A–
Sepharose was added and vortexed briefly (5 min intervals) for 15 min. 
The beaded immunocomplexes were sedimented by centrifugation at 
12 000 rpm for 5 min, washed once with buffer [0.5 M TRIS-HCl, pH 
8.0, 1.5 M NaCl, and 1% (v/v) Triton X-100], and twice with 0.1 M 
HEPES-NaOH, pH 7.1. Pellets were dissolved in SDS sample buffer 
[50 mM TRIS-HCl, pH 8.8, 20% (v/v) glycerol, 1% (w/v) SDS, 14 mM 
β-mercaptoethanol, and 0.05% (w/v) bromophenol blue], heated for 10 
min at 90 °C, and centrifuged for 5 min at 12 000 rpm at room tem-
perature. For immunoblot assays, membranes were first incubated with 
HvPap-1-IgG antibody and then were stripped using a stripping buffer 
[glycine-HCl 25 mM, pH 2.0 containing 1% (w/v) SDS]. Finally they 
were incubated with the N-Glyc-IgG antibody, after checking that mem-
branes were clean.

Fractionation of albumins, globulins, and hordeins from barley 
grain
Albumins and globulins were sequentially extracted from barley (cv. 
Bomi) grains (Shi and Xu, 2009). Dry barley grains were completely 
crushed in a mortar, resuspended in distilled water, and continuously 
stirred for 12 h at 4 ºC. Soluble and insoluble fractions were separated 
by centrifugation at 8000 rpm for 30 min at 4 ºC. The supernatant, 
enriched in albumins, was isolated. Globulins were extracted from 
the pellet by adding 5% (w/v) NaCl in distilled water at 4 ºC. After 
a second centrifugation step at 8 000 rpm for 30 min, the recovered 
soluble fraction was enriched in globulins. Hordeins were extracted 
from dry barley grains after incubation in a buffer containing 55% 
(v/v) 2-propanol and 1% (v/v) 2-mercaptoethanol, for 1 h at 60 ºC 

and centrifugation for 10 min at 12 000 rpm (Martinez et al., 2009). 
Protein concentrations were determined using the BioRad kit, and 
BSA as a standard. Protein profiles of different reserve protein frac-
tions of barley grain, during the imbibition time, were analysed using 
standard SDS–polyacrylamide gels stained with Coomassie Brilliant 
Blue R-250.

Protease activities in barley grain
Electrophoretic detection of proteolytic activities was performed using 
mildly denaturing gelatine–polyacrylamide gels [0.1% (w/v) gelatine 
containing 0.1% (w/v) SDS, 12% (w/v) polyacrylamide] (Lantz and 
Ciborowski, 1994). Protein extracts (5 µg) from embryoless grains and 
isolated embryos were diluted 2-fold in electrophoresis buffer contain-
ing 62.5 mM TRIS-HCl pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 
0.05% (w/v) bromophenol blue, and subjected to electrophoresis using 
a Bio-Rad Mini-Protein II Electrophoresis Cell System. After migra-
tion at 4 ºC, gels were transferred into a 2.5% (v/v) aqueous solution 
of Triton X-100 for 30 min at room temperature, to allow restoration 
of the proteases. Gels were then placed in an activation buffer (0.1 M 
phosphate pH 6.0 with 10 mM cysteine) for 20 h at 30 ºC. Proteolysis 
was stopped by transferring the gels to a staining solution of 0.3% (w/v) 
Coomassie Brilliant Blue R-250 in 40% (v/v) methanol and 10% (v/v) 
acetic acid. The gels were destained in 25% (v/v) methanol and 10% 
(v/v) acetic acid. Bands of proteolytic activity were visualized against 
the blue background of the gel.

To determine the types of protease activities, specific protease inhibi-
tors {100 M E-64 [l-trans-epoxysuccinyl-leucylamido-(4-guanidino)-
butano]; 250 µM PMSF (phenylmethylsulphonyl fluoride), and 20 µM 
pepstatin-A} were added to the samples and incubated at 37 ºC for 
30 min before loading onto the gel. After migration at 4 ºC, gels were 
treated in the same way as those without inhibitors.

To quantify the effect of the synthetic E-64 CysProt inhibitor, in vitro 
inhibitory assays were performed with protein extracts prepared from 
de-embryonated grains and isolated embryos in a buffer containing 100 
mM sodium phosphate pH 6.0, 10 mM l-cysteine, 10 mM EDTA, and 
0.01% (v/v) Brij35, using the Z-FR-AMC substrate (25 µM). The reac-
tions were incubated for 1 h at 30 ºC and the emitted fluorescence was 
measured as described above.

Hydrolysis of stored proteins in barley grains
The capacity of the barley HvPap-1 CysProt to degrade grain storage 
proteins was checked by incubating 6 µg of different barley protein frac-
tions (hordeins, albumins, and globulins) with 3 µg of the recombinant 
protease for 4 h at 30 ºC. The effect of barley cystatins and the HavPap-1 
propeptide on its cognate HvPap-1 enzyme in the major barley reserves 
were determined by in vitro assays. Recombinant purified cystatins 
(HvCPI-1, -2, -5, -6, and -11) at 3 µM, and different concentrations (3, 
5, and 10 µM) of HvPap-1pro and its derived variant HvPap-1pro* puri-
fied from E. coli cultures, were independently incubated with HvPap-1 
protease for 30 min prior to the addition of the hordein storage fraction. 
Then, mixtures were electrophoretically separated by SDS–PAGE and 
stained with Coomassie Brilliant Blue R-250.

Specimen processing for microscopy
Barley embryos 24 hai were fixed in a freshly prepared solution of 4% 
(v/v) formaldehyde in phosphate-buffered saline (PBS) under vacuum 
and left overnight at 4 ºC. The samples were washed in PBS and dehy-
drated in a series of increasing concentrations of methanol as follows: 
methanol 30% (v/v) 30 min, methanol 50% (v/v) 30 min, methanol 
70% (v/v) 30 min, and methanol 100% 90 min (with three changes) 
at 4 ºC. Then, the specimens were progressively infiltrated in LRwhite 
resin (Agar Scientific) in a series of mixtures of methanol:LRwhite with 
increasing concentrations of resin [2:1, 1:1, and 1:2 (v:v)], for 1 h each 
at 4 ºC, then left overnight in pure resin with 0.5% (v/v) bezoin-methyl-
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Fig. 1. (A) Expression of the HvPap-1 gene in aleurone layers after 48 h of incubation in the presence or absence of 1 M GA, 
determined by qRT-PCR. Values are expressed as relative mRNA levels of barley protease and standardized using the barley Actin2 
mRNA content. (B) Nucleotide and deduced amino acid sequences of the cDNA encoding the cathepsin F-like HvPap-1 peptidase. The 
dark and light grey boxes represent the signal peptide and the propeptide sequences, respectively. The active site residues C166, H308, 
and N335, characteristic of C1A CysProts, are boxed. The conserved motif EX3RX3FX2NX3AX3Q specific for cathepsin F-like proteases 
is also boxed. The GXN/TXFXD and the GCNGG like-motifs, common to all CysProts, are double underlined. The consensus QVVGG 
sequence present in cystatins and responsible for the protease–inhibitor interaction is marked by a dotted box. Cysteine residues are 
circled and the stop codon is indicated by an asterisk. The predicted N-glycosylation motif NYS is underlined by a dotted line. The 
horizontal double arrowhead indicates the amino acid sequence used for specific antibody production (HvPap-1-IgG). (C) Ribbon plots 
of HvPap-1 and human cathepsin-F. The three-dimensional structure of HvPap-1 was predicted using the automated SWISS-MODEL 
program with the known human cathepsin-F structure as template (1M6D). The figure was prepared with RasMol 2.7. The active site 
residues of HvPap-1 are coloured in green. (This figure is available in colour at JXB online.)
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ether as a catalyst at 4 ºC. Polymerization in capsules was performed 
under UV light at –20 ºC for 2 d and at 22 ºC for 1 d. Sections of 1–2 
µm were cut from the polymerized blocks in a Leica EM UC6 ultra-
microtome. For structural analysis and evaluation of the fixation, the 
sections were stained with either 1% (w/v) toluidine blue O (Panreac) or 
Coomassie Brilliant Blue R-250 (diluted 1:2 in water from the solution 
used to stain the protein gels), observed with a Zeiss Axiophot micro-
scope under differential interference contrast (DIC) (toluidine blue) or 
bright field (Coomassie), and photographed using a Leica DFC300 FX 
CCD camera under the Leica Application Suite 2.8.1 build 1554 acquisi-
tion software. Final images were composed with Adobe Photoshop 7.0.

Immunofluorescence detection of HvPap-1
For immunofluorescence, 1–2 µm thin sections were collected on 
10-well Teflon-printed slides (Fisher Scientific Inc.) and treated with 
PBS for 5 min and 5% (w/v) BSA in PBS for 10 min. Then, they were 
incubated with 20 µl drops per well of a 1/200 solution of the rabbit-
raised antibody to the HvPap-1 (HvPap-1-IgG) in PBS, for 1 h at room 
temperature in a humid chamber. After two washes of 15 min in PBS, 
an Alexa Fluor 488 anti-rabbit antibody (Molecular Probes) was applied 
in a 1/25 solution in 2.5% (w/v) BSA in PBS for 45 min at room tem-
perature in a humid chamber. Subsequent to another two washes with 
PBS for 15 min each, the slides were mounted in a 50:50 solution of 
glycerol:PBS and observed with a Zeiss Axiophot microscope under 
blue light with the filter set ex 450–490, FT 510, em LP 520. To deter-
mine the background due to naturally autofluorescent structures, the sec-
tions were also examined under UV light (filter set ex BP 365, FT 395, 
em LP 397) and green light (filter set ex BP 546, FT 580, em LP 590). 
The structures underlying the fluorescent labelling were revealed by 
DIC. The images were captured using a Leica DFC300 FX CCD camera 
under the Leica Application Suite 2.8.1 build 1554 acquisition software. 
Negative controls were performed avoiding the primary antibody.

Results

A cathepsin F-like protease is involved in the germination 
of the barley grain

A detailed transcriptome analysis of barley grain germination 
using the Affymetrix Barley1 GeneChip was previously per-
formed (Sreenivasulu et al., 2008). Based on these data, several 
C1A papain-like CysProts were detected to be highly expressed 
in both the aleurone and the embryo during grain germination. 
Among them, a protein (probe Contig2402_s_at) was determined 
to belong to the subgroup of cathepsin F-like CysProts, which had 
not been previously characterized in the barley grain. This protein 
corresponds to the HvPap-1 protein detected in barley (Martinez 
and Diaz, 2008). To corroborate its presence in the germinating 
grain, barley de-embryonated grains were subjected to treatment 
with 1 µM GA for different time periods (8, 24, and 48 hai). The 
aleurone layers were isolated and the expression pattern was ana-
lysed by qRT-PCR. As shown in Fig. 1A, the HvPap-1 gene was 
expressed during grain germination, and GA treatment induced 
a remarkable increase in its expression, which peaked at 24 hai.

Like other C1A peptidases, HvPap-1 is synthesized as an inac-
tive precursor which comprises a signal peptide, an N-terminal 
propeptide of 217 amino acids, and the mature protein, with an 
estimated size of 40.016 kDa (Fig. 1B). The propeptide contains 
the non-contiguous ERFNAQ signature (Ex3Rx3Fx3Nx3Ax3Q) 
specific to cathepsin F-like proteases, and the consensus motif, 
GxN/TxFxD, common to all CysProts. Interestingly, a QVVGG 
sequence, which is the conserved inhibitory site of cystatins 

(Martinez and Diaz, 2008), responsible for their inhibitory 
capacity against C1A CysProts, appears at the N-terminal part 
of the propeptide. In the mature protein, the active site residues 
C166, H308, and N335, crucial in the activity of these peptidases, 
the GCNGG like-motif, common to all CysProts, and several 
cysteine residues, presumably involved in the formation of disul-
phide bridges to maintain the three-dimensional structure of the 
protein, were identified. In addition, the analysis of the HvPap-1 
sequence predicted the presence of a potential N-glycosylation 
site NYS in the mature protein (Fig. 1B).

To show how the sequence determined the three-dimensional 
structure, the known crystal structure of the human cathepsin-F 
(Wang et al., 1998) was used as a molecular model to establish 
the predicted structure of the barley HvPap-1 (Fig. 1C). Globally, 
both models were similar, although several changes in the loca-
tion and size of secondary structures such as some α-helices and 
β-sheets were detected. These differences putatively imply differ-
ent functional specificities for the substrates they could degrade.

Evolutionary insights into cathepsin F-like proteases in 
angiosperms

An evolutionary analysis of papain-like CysProts, including cath-
epsin F-like proteins, from algae to land plants, was previously 
reported (Martinez and Diaz, 2008). To obtain more information 
on the evolutionary relationships of cathepsin F-like proteins in 
angiosperms, three monocot (B. distachyon, O. sativa, and S. 
bicolor) and three eudicot species (A. thaliana, P. trichocarpa, 
and R. communis) were selected. The genomes of these six 
species have been completely sequenced and drafts of these 
sequences are available on the internet. Therefore, searches by 
BLAST were made to obtain the cathepsin F-like proteases from 
them (Table 1). Sequences that presented the conserved ERFNAQ 
motif were selected. The sequences of cathepsin F-like proteases 
from H. vulgare were also retrieved (Martinez and Diaz, 2008). 
To obtain evolutionary information on this family in angiosperms, 
the selected proteins were aligned by MUSCLE (Supplementary 
Fig. S1), and a phylogenetic tree was constructed by the Neigh-
bor–Joining method (Fig. 2). The angiosperm cathepsin F-like 
sequences were grouped into two different clades supported by 
bootstrap values of 100%. Both clades included proteins from all 
eudicot and monocot species. Group A was formed by two sub-
groups; one of them contained eudicot sequences and the other 
monocot sequences. The composition of the subgroups suggests 
a duplication event in the ancestor both of the eudicot and of the 
monocot species. The sequences in group B were also separated 
into eudicot and monocot clades. Only one sequence per spe-
cies was detected, suggesting orthology for all group B proteins. 
The barley cathepsin F-like protein HvPap-1 belonged to a clade 
within group A together with BdPap-1, OsPap-41, and SbPap-1, 
putative orthologues in cereal species.

Recombinant active HvPap-1 protease is correctly 
processed

To analyse further the protease properties of HvPap-1 protein, 
it was expressed as a fusion protein with a histidine tail in  
E. coli cultures. The recombinant protein was purified to 
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homogeneity by denaturing Ni-NTA affinity chromatography, 
and refolded by rapid dilution into a buffer at pH 8.0, yielding 
folded HvPap-1. Since some related cysteine endoproteases 
self-activate in vitro to their mature forms in an acidic envi-
ronment while other enzymes need an assistant protease to be 
activated, an analysis was carried out to determine whether 
recombinant HvPap-1 could be activated to its mature form 
under analogous conditions. The recombinant HvPap-1 was 
therefore incubated in a pH 4.0 buffer with and without pepsin. 
At the same time, several fluorescence substrates susceptible to 
degradation by CysProts were assayed to determine the most 
suitable for HvPap-1 studies. Proteolytic activity was only 
observed with a combination of low pH and pepsin (Fig. 3A), 
and its maximum levels were reached when the Z-FR-AMC 
substrate was assayed (Supplementary Fig. S2 at JXB online). 
The extent of activation as a function of time was analysed 
by SDS–PAGE. As shown in Fig. 3B, under these conditions, 
the HvPap-1 precursor of ~40 kDa was almost completely pro-
cessed to its mature form (~26 kDa) within the first 5 min. 
Likewise, the activity was higher when reactions were incu-
bated at pH 6.0 and a temperature of 30 ºC (Fig. 3C).

Table 1. Inhibition constant (Ki) values of the barley cystatins 
and the two propeptides derived from the HvPap-1 protease, 
against the HvPap-1 barley peptidase expressed as 
recombinant proteins in E. coli cultures

Inhibitors Ki (M)

Cystatins  
HvCPI-1 1.5×10–7 
HvCPI-2 4.1×10–8

HvCPI-3 NI
HvCPI-4 2.8×10–7

HvCPI-5 3.5×10–7

HvCPI-6 1.3×10–9

HvCPI-7 NI
HvCPI-8 6.4×10–7

HvCPI-9 1.8×10–8

HvCPI-10 NI
HvCPI-11 2.5×10–8

HvCPI-12 NI
HvCPI-13 7.3×10–7

Propeptides  
HvPap-1pro 2.3×10–8

HvPap-1pro* 1.5×10–8

No inhibitory activity (NI) was observed at 5 mM concentration of the 
cystatin.

Fig. 2. Phylogram of the cathepsin F-like CysProts from several monocot and eudicot species. The amino acid sequences were aligned 
by MUSCLE and analysed with the Neighbor–Joining method. Bootstrap values are indicated. A cathepsin F-like protein from Selaginella 
moellendorffii (SmPap-8) was used to root the tree. At, Arabidopsis thaliana; Pt, Populus trichocarpa; Rc, Ricinus communis; Bd, 
Brachypodium distachyon; Hv, Hordeum vulgare; Os, Oryza sativa; Sb, Sorghum bicolor.
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Recombinant HvPap-1 propeptide and cystatins are able 
to inhibit HvPap-1 protease activity

To test the inhibitory capacity of the HvPap-1 propeptide against 
its cognate HvPap-1 enzyme, two different constructs were 
prepared and expressed as recombinant proteins. HvPap-1pro, 
which spanned the entire HvPap-1 propeptide (A25–G141) and 
HvPap-1pro* which lacked the first 19 amino acid residues 
(D44–G141) to exclude the QVVGG motif, described above as 
the conserved inhibitory site of cystatins, were expressed in 
E. coli as fusion proteins and purified to homogeneity by Ni2+ 
affinity chromatography (Supplementary Fig. S3 at JXB online). 
Inhibitory assays were done against HvPap-1 peptidase using the 
optimal conditions described above. Kinetic analyses revealed 
that both HvPap-1 propeptides, HvPap-1pro and HvPap-1pro*, 
exhibited a competitive tight binding inhibition against HvPap-1. 
Likewise, Ki values were similar for both propeptide constructs 
(Table 1).

Additionally, we also tested the capability of the barley cys-
tatins to block the HvPap-1 protease activity. Inhibitory in vitro 
assays were done using the conditions previously established. 
Kinetic analyses revealed that barley cystatins also exhibited a 
competitive inhibition against HvPap-1. The inhibition constant 
values (Ki) were determined, and showed different specificities 
(Table 1). Nine of the 13 barley cystatins were good inhibitors 
of HvPap-1, cystatin HvCPI-6 being the strongest inhibitor with 
a Ki value of 3.9×10–9 M. Barley cystatins HvCPI-3, -7, -10, and 
-12 were inactive towards HvPap-1 protease under the tested 
conditions.

HvPap-1 is ubiquitously expressed

To study the expression pattern of the HvPap-1 gene and its 
HvPap-1 protein, qRT-PCR normalized to barley Actin2 mRNA 
levels and western blot analyses using a specific HvPap-1 anti-
body were carried out in the major barley tissues. RNA and pro-
tein samples were prepared from developing endosperm at 10, 
14, 18, and 22 daf, from immature (18 daf), mature, and germi-
nating embryo at 8, 16, 24, and 48 hai, and from 7-day-old leaves 
and roots (Fig. 4). The HvPap-1 gene was mainly expressed in 
the mature and germinating embryo and in the vegetative tis-
sues such as the leaf and root. Meanwhile, its expression was 
scarcely detected in the endosperm and in the immature embryo. 
These results were confirmed by western blot assays where a 
direct correlation between the transcript and the protein accu-
mulation patterns could be appreciated. Interestingly, the protein 
profile showed three bands of different sizes. The smallest and 
the middle size bands of ~26 kDa and 40 kDa corresponded to 
the mature processed protein and the immature protease contain-
ing the propeptide, respectively. The higher size band could be 
due to post-translational modifications which did not take place 
when the protease HvPap-1 was purified as a recombinant pro-
tein in E. coli cultures (lane rC in Fig. 4).

HvPap-1 cathepsin F-like protease is N-glycosylated

The absence of the highest size protein band observed in the 
western blot assays when the HvPap-1 protease was purified 

as a recombinant protein in E. coli cultures suggested that a 
post-translational glycosylation of the protein occurred. To 
analyse the putative glycosylation state of HvPap-1 protease, 

Fig. 3.  Analysis of the biochemical parameters of the 
recombinant barley HvPap-1 protease. (A) Time-dependent 
activation of the barley procathepsin F-like HvPap-1 peptidase at 
37 ºC in 100 mM sodium acetate buffer pH 4.0 with 0.6 mg ml–1 
pepsin (filled squares), in 100 mM sodium acetate buffer pH 4.0 
(open circles), in 100 mM TRIS-HCl buffer pH 8.0 with 0.6 mg ml–1 
pepsin (open squares), and in 100 mM TRIS-HCl buffer pH 8.0, 
considered as control (open triangles). Values, expressed as units 
of fluorescence emitted at 465 nm, are means ±SE of triplicate 
measurements. (B) Western blot analysis of the recombinant 
proprotein HvPap-1 pepsin-mediated processing at pH 4.0, at 
different incubation times (in minutes). (C) pH and temperature 
profiles for the recombinant barley HvPap-1 protease activity.
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two approaches were used. First, total glycoproteins from bar-
ley leaves were isolated using Con A affinity column chroma-
tography. Immunoblotting profiles of crude leaf proteins and 
glycoprotein preparations were compared using the specific 
HvPap-1-IgG antibody and an anti-N-glycosylation N-Glyc-
IgG antibody. As shown in Fig. 5A, the putative glycosylated 
form of HvPap-1 observed in crude extracts was coincident 
with a similar size band detected by the antibody HvPap-1-
IgG in the leaf glycoprotein sample. As expected, a complex 
pattern of proteins appeared when membranes were incubated 
with anti-N-glycosylation antibody (N-Glyc-IgG). However, 
these results showed the high specificity of the HvPap-1-IgG 
antibody able to recognize the putative glycosylated HvPap-1 
within a complex pool of glycoproteins. Secondly, to assess the 
existence of the glycosylated protease form, the native HvPap-1 
protein was isolated by immunoprecipitation from crude barley 
extracts (embryo and leaf) using the specific antibody HvPap-
1-IgG. The immunoprecipitates were analysed by western blot 
assays with both antibodies, HvPap-1-IgG and N-Glyco-IgG. 
Interestingly, the immunoblotting revealed the presence of the 
same band pattern in germinating embryo and leaf samples 
independently of the antibody used (Fig. 5B), indicating that 
the highest size band corresponded to the glycosylated form of 
the HvPap-1 protein. The band which was smaller in size, but 
of much greater intensity, corresponded to the large subunit of 
the HvPap-1-IgG. These results indicated the presence of an 
N-glycosylated form of the HvPap-1 peptidase which is sup-
ported by the N-glycosylation site identified in its amino acid 
sequence (Fig. 1B).

CysProt activity is present in the barley grain during 
germination

Due to HvPap-1 protein being detected in most tissues of the bar-
ley grain (Fig. 4), the protein pattern and the proteolytic activities 
were further analysed in two grain fractions (de-embryonated 
grain and embryo) during germination. Based on hordeins being 
the most abundant proteins accumulated in the mature barley 
grain together with albumins and globulins, enriched fractions 
of the three types of reserve proteins were prepared at differ-
ent germination times. Protein fractions were electrophoretically 
separated and, as is shown in Fig. 6A–C, the degradation pattern 
profile of hordeins, albumins, and globulins during the imbibi-
tion process was detected at 24–48 hai and was greatly increased 
until 96 hai. The reduction of protein bands of larger size was 
parallel to an increase in smaller size bands between 48 and 96 
hai. Their temporal pattern of degradation correlated with the 
production of the active HvPap-1 CysProt form detected from 
16 hai by western blot assays (Fig. 6D). In addition, total crude 
proteins were extracted from embryos at different times after 
water imbibition and the protein degradation products were also 
observed after 24 h of water imbibition (Supplementary Fig. S4A 
at JXB online).

To study the proteolytic activities involved in grain protein 
degradation, the activity of the main protease groups (cysteine, 
serine, and aspartic proteases) was analysed in the same two 
grain fractions. Protease activities were assayed using mild 
denaturing gelatine–PAGE. After electrophoretic protein sepa-

ration and subsequent renaturation, active proteases hydrolysed 
gelatine, showing clear bands of lysis against dark Coomassie 
Blue-stained gelatine in the gel. As shown in Supplementary Fig. 
S5 at JXB online, the band profile showed the major protease 
activity between 48 and 72 hai and drastically decreased at 96 
hai. Curiously, an intense activity band was also detected before 
starting the water imbibition (0 hai), indicating the accumulation 
of proteases in the mature grain. When protein extracts were pre-
incubated with the CysProt inhibitor E-64, the intensity of the 
hydrolytic bands was reduced and some bands even disappeared. 
The inhibition was greater after pre-incubation in the presence of 
the PMSF protease inhibitor which is considered as specific for 
serine proteases although it can also partially inhibit CysProts 
(Dunn, 1989). In contrast, the specific aspartic protease inhibitor 
pepstatin did not inhibit the proteolytic process (Supplementary 
Fig. S5).

Assays carried out with protein extracts prepared from isolated 
embryo fraction showed a hydrolytic activity-associated band at 
48–96 hai which was slightly reduced in the presence of E-64 
(Supplementary Fig. S4B, C at JXB online). The quantification of 
proteolytic activity by an inhibitory in vitro assays with or without 
the E-64 inhibitor corroborated the cysteine-type protease activ-
ity already detected at 24 hai, with a peak at 72 hai for embryo 
extracts and at 96 hai or even later for the de-embryonated grain 
fraction (Supplementary Fig. S6).

Fig. 4.  Analysis of the mRNA and protein expression of the 
barley HvPap-1 gene, assayed by real-time quantitative PCR and 
western blot analysis, respectively. Expression of the HvPap-1 
gene in different barley tissues. RNAs and proteins were extracted 
from developing endosperm at 10 (E1), 14 (E2), 18 (E3), and 22 
(E4) daf, from immature embryos (iE), mature embryos (mE), and 
germinating embryos collected at 8 (G1), 16 (G2), 24 (G3), and 48 
(G4) hai, and from 7-day-old leaves (L) and roots (R). Recombinant 
proprotein HvPap-1 was purified from E. coli cultures (rC). Values 
of transcripts, expressed as the relative mRNA content of the 
cathepsin F-like HvPap-1, were standardized to the barley Actin2 
mRNA level. The approximate location of molecular marker bands 
for western blots is shown. The polyclonal antibody HvPap-1-IgG 
was prepared against a specific peptide, indicated in Fig. 1B.
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HvPap-1 is involved in the degradation of storage 
proteins in the barley grain

The functional relevance of CysProt activity detected in the two 
fractions of barley grain was investigated by analysing the impli-
cation of HvPap-1 in the mobilization of different storage pro-
teins during grain germination. When different reserve protein 
types (hordeins, albumins, and globulins) were extracted and 
incubated with the recombinant HvPap-1 CysProt (Fig. 7A), the 
barley cathepsin F-like peptidase totally hydrolysed all electro-
phoretic bands corresponding to B, C, and D hordeins, but only a 
partial degradation of albumin and globulin bands was detected 
at the concentration tested. Additionally, whether the combina-
tion of HvPap-1 with barley cystatins and with its own propep-
tide modified the breakdown of protein reserves accumulated in 
the endosperm was explored. The results indicated that the capa-
bility of HvPap-1 CysProt to degrade hordeins was not altered 
by the addition of the barley recombinant cystatins HvCPI-1, 
HvCPI-2, HvCPI-5, HvCPI-6, and HvCPI-11 at 3 µM concentra-
tion. Only some weak bands appeared in the presence of cystatin 
HvCPI-6 and HvCPI-11 (Fig. 7B). When propeptide HvPap-1pro 
or its variant HvPap-1pro* were incubated with the HvPap-1 
protease prior to the addition of the hordein fraction, the proteo-
lytic activity was not inhibited at low propeptide concentrations 

(3 µM). However, higher concentrations of propeptides showed 
a recovery of the hordein band profiles (Fig. 7C).

HvPap-1 is located in cytoplasmic refringent bodies

To determine the subcellular location of the HvPap-1 protease in 
the grain, immunodetection assays were performed in germinat-
ing embryos as the most important living grain tissue. A struc-
tural check of the specimens to be used for immunofluorescence 
showed a good fixation of the embryo, with polygonal-shaped 
cells containing a large nucleus and a cytoplasm rich in vacuoles 
of different sizes and round refringent bodies detected by DIC 
(Supplementary Fig. S7A at JXB online). Coomassie staining on 
parallel sections identified numerous cytoplasmic protein bodies 
with a similar size to that of the refringent structures revealed by 
the DIC technique (Supplementary Fig. S7B). Immunofluores-
ence experiments with a specific antibody against the C-terminal 
peptide of HvPap-1, HvPap-1-IgG antibody previously used for 
western blot and glycosylation assays, showed abundant bright 
foci dispersed in the cytoplasm as ring-shaped structures (arrows 
in Fig. 8A; Supplementary Fig. S8B). The corresponding image 
of the cell’s structure under DIC revealed that the fluorescence 
was located in the refringent bodies (arrows in Fig. 8B). Some 
unspecific labelling was also found in the naturally autofluores-
cent cell walls, in lignin of xylem vessels, and in deposits inside 
the vacuoles (Fig 8A; Supplementary Fig. S8B). Unspecific 
labelling due to cell wall components was also seen in the nega-
tive controls without the primary antibody (insert in Fig. 8A). 
These structures showed a fluorescent signal when excited with 
UV, blue, and green light (Supplementary Fig. S8A, C). The spe-
cific signal detecting the HvPap-1 protease was only observed 
under blue light. Negative controls without the primary antibody 
did not show any labelling (data not shown).

Discussion

Barley grain has been considered as a monocot model in germi-
nation research and, like other cereals, stores starch, proteins, 
and lipids in the endosperm that are used during the germination 
process until photosynthesis is fully established. Barley germina-
tion starts with water uptake by the quiescent dry seed and ends 
with protrusion of the radicle tip through the grain coat 16–24 h 
after imbibition. During this phase, the embryo produces phy-
tohormones, mainly GAs, which induce expression and/or de 
novo synthesis of hydrolytic enzymes in aleurone layers. In a 
second phase, the enzymes are secreted and break down the 
stored reserves of the endosperm, releasing nutrients that sup-
port embryo growth until the onset of photosynthesis (Bove et 
al., 2002; An and Lin, 2011). Most studies have been focused at 
the transcriptional level involving a complex network of regula-
tory programmes (An and Lin, 2011). In contrast, remarkably 
little is known about post-germination processes where proteases 
and amylases involved in hydrolysing and mobilizing storage 
compounds are also strictly regulated. The contribution of C1A 
CysProts of barley in post-germination events has been shown, 
but to date only members of the cathepsin L-, H-, and B-like 
groups involved in this process have been characterized (Chen 

Fig. 5.  Analysis of the glycosylation state of HvPap-1 protease. 
(A) Western blot analysis of crude protein extracts from leaves (CE) 
and glycoproteins purified from barley leaves on a concanavalin A 
column (Con A). Membranes were incubated with anti-HvPap-1 
(HvPap-1-IgG) and anti-N-glycosylation (N-Glyc-IgG) antibodies. 
(B) Protein extracts from 24 h germinating embryos (E24) and 
7-day-old barley leaves (L) were immunoprecipitated with the 
HvPap-1-IgG antibody and analysed by western blot. Membranes 
were first incubated with the HvPap-1-IgG antibody, then 
stripped, and subsequently the N-Glyc-IgG antibody was used. 
Glycosylated (Glyc-HvPap-1), inactive (In-HvPap-1), and active 
(A-HvPap-1) forms of the HvPap-1 protease are indicated. L, large 
subunit IgG immunoglubulin.
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and An, 2006). The HvPap-1 protein, described in this study, 
belongs to the cathepsin F-like C1A CysProt group (Martinez 
and Diaz, 2008). It first appeared as a non-characterized enzyme 
(probe Contig2402_s_at) among protease genes during grain 
germination identified in the transcriptome analysis of the bar-
ley grain (Sreenivasulu et al., 2008). Here it is shown that the 
HvPap-1 gene/protein is expressed mainly, although not exclu-
sively, in germinating grain tissues. In particular, it has been 
detected in embryo and aleurone layers where it is induced after 
incubation in the presence of GAs. Moreover, the immunode-
tection assays of germinating embryo have localized cathepsin 
F-like HvPap-1 in small, refringent structures of the size of those 
stained with Coomassie, probably protein bodies. This subcel-
ullar location is determined by the N-terminal signal peptide of 
the HvPap-1 protein that directs the nascent protein to the ER, 
where a glycosylation event takes place in a unique site found 
in its sequence. The lack of the KDEL retention signal suggests 
a further movement through the secretory pathway, presumably 
via Golgi vesicles, and loading into embryo protein bodies upon 
germination. Maturation of ER-synthesized N-linked glyco-
sylated proteins and de novo O-glycosylation within the Golgi 
apparatus fulfil major roles in protein sorting through the endo-
membrane system by providing tags for efficient subcellular fate 
(Schoberer et al., 2009). Thus, the subcellular traffic experienced 
by HvPap-1 protease to reach its final location and its glyco-
sylated form are two closely related physiological events.

Mature barley grains accumulate hordeins, albumins, and 
globulins in the protein bodies, as the main reserve proteins 
which were the appropriate targets of proteases post-germination 
to support the first steps of seedling growth. However, little is 

known about hydrolases synthesized by the aleurone layer, with 
the exception of starch-degrading enzymes which have been stud-
ied in detail due to their importance for the malting industry. The 
prevalence of serine and cysteine peptidase activities detected in 
the germinating embryo and aleurone layer in the present experi-
ments using zymograms and fluorescent substrates implicated 
these enzymes in the mobilization of reserves. A recent study of 
intracellular and secreted proteomes analysed in barley aleurone 
layer identified one serine-carboxy-peptidase and nine extra- and 
three intracellular C1A CysProts (Finnie et al., 2011), but none 
of them corresponds to the cathepsin F-like HvPap-1. However, 
the same authors highlighted the extreme difficulties in detecting 
secreted proteins from aleurone during germination since most 
of them are produced in much smaller quantities in comparison 
with the abundant -amylases. Nevertheless, the temporal coin-
cidence of depletion of grain protein reserves with the expression 
pattern of HvPap-1 peptidase and, in particular, with its temporal 
protein processing to generate mature peptidase forms, demon-
strates that HvPap-1 plays an active role in the post-germination 
process.

Plant C1A CysProts are synthesized as inactive or weakly 
active precursors to prevent inappropriate proteolysis and to 
become active when they need to be processed. Therefore, the 
prosequences act as important modulators of the protease activ-
ity to guarantee that the mature enzyme is formed in the right 
place and/or at the right time (Demidyuk et al., 2010). The pro-
tease precursor activation is a complex process involving the 
appropriate pH, other protease activities, inhibitors, and some 
compounds strongly dependent on the cellular or extracellu-
lar environment. A key point for the further analysis of protein 

Fig. 6.  Protein pattern from de-embryonated barley grain during germination. (A–C) Protein accumulation pattern of reserve proteins 
(hordeins, albumins, and globulins) from barley de-embryonated grain at different germination times (0–96 h) stained with Coomassie 
Brilliant Blue R-250. (D) Expression of HvPap-1 protein of de-embryonated barley grain at different germination times (0–96 hai) using 
the HvPap-1-IgG antibody.
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processing and activity of a peptidase is to be able to purify it. 
To date, other cathepsin F-like proteins from the human liver 
fluke Opisthorchis viverrini and the olive flounder Paralychthys  

olivaceous have been purified (Wang et al., 1998; Ahn et al., 
2009; Pinlaor et al., 2009). For the first time, a plant cathep-
sin F-like protein as well as its propeptide has been purified in 
E. coli. Recombinant proteins have allowed assays not only on 
protein processing but also on peptidase interactions with their 
putative inhibitory proteins (cystatins and propeptides). In fact, 
in vitro inhibitory assays have been performed using the whole 
family of barley cystatins (Martinez et al., 2009) and its own 
inhibitory propeptide, both purified as recombinant proteins. 
Moreover, two different constructs of the HvPap-1 propeptide 
were prepared, which differed in the presence of a QVVAG motif 
that resembles the reactive inhibitory site of cystatins. However, 
no differences in the inhibitory properties between the two vari-
ants were observed, indicating that the cystatin motif was not 
responsible for the inhibition. As expected, most cystatins were 

Fig. 7.  Effects of barley HvPap-1 CysProt, barley cystatins, and 
HvPap-1 propeptide on grain reserve mobilization. (A) Effects of 
barley HvPap-1 protease on the degradation of grain storage 
proteins. Proteins (hordeins, albumins, and globulins) extracted 
from barley (cv. Bomi) dry grains were incubated with 3 g of the 
recombinant protease HvPap-1. (B) Effect of 3 M barley cystatins 
HvCPI-1, -2, -5, -6, and -11 (Cy1, Cy2, Cy5, Cy6, and Cy11) on 
the proteolytic activity of HvPap-1 to degrade hordeins. (C) Effect 
of different concentrations of the HvPap-1 propeptides (HvPap-
1pro and HvPap-1pro*) on the proteolytic activity of HvPap-1 to 
degrade hordeins. SDS–polyacrylamide gels were stained with 
Coomassie Brilliant Blue R-250. Molecular masses of molecular 
markers (M) are shown in kDa. The location of B, C, and D 
hordeins are indicated.

Fig. 8.  Immunodetection of HvPap-1 protease in barley embryos 
after 24 h of water imbibition. (A) Immunofluorescence localization 
of HvPap-1 on 2 m sections of formaldehyde-fixed and LR 
white-embedded barley embryos 24 hai. Numerous bright foci 
of different sizes (arrows) are observed within the cytoplasm, 
excluding the vascular bundle (xy). (B) The fluorescent foci 
correspond to refringent structures (arrows) revealed by differential 
interference contrast (DIC). The cell walls (asterisk), clearly 
identified by DIC, also show some unspecific autofluorescence as 
seen in the negative control (inset in A).
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able to inhibit the activity of the mature HvPap-1 protease, sug-
gesting a complex control of peptidase activity mediated by their 
inhibitors.

Focusing on the interaction of proteases and inhibitors in the 
mobilization of storage proteins, HvPap-1 degraded the most 
important storage proteins in barley, the hordeins, more effi-
ciently than albumins or globulins. It has been suggested that 
C1A CysProts and cystatins form inactive complexes that are 
dissociated when they interact with the storage protein bodies 
(Kiyosaki et al., 2007). However, in contrast to the inhibition 
of cathepsin L-like activity by barley cystatins, and its in vitro 
capacity to inhibit HvPap-1, higher concentrations of all cys-
tatins tested are needed to reverse the degradation of hordeins 
by HvPap-1 peptidase. Likewise, only high concentrations of 
HvPap-1 propeptide block the proteolytic action of its cognate 
HvPap-1 enzyme. These results reinforced the importance of 
further analysis of the cystatin–CysProt interaction in the regu-
lation of proteases, and open up the possibility of an alterna-
tive regulatory mechanism involving propeptides released from 
them. Taking all these results together, it can be concluded, 
first, that barley HvPap-1 cathepsin F-like peptidase partici-
pates as an active component together with other cysteine and 
serine proteases in the mobilization of grain stored proteins, 
mainly hordeins, during the last phase of grain germination. 
The second, and perhaps the most important, conclusion is that 
HvPap-1 cathepsin F-like activity in the barley grain is strictly 
regulated by its subcellular location, the GA content in the grain, 
endogenous inhibitors such as specific cystatins, and its own 
propeptide.

HvPap-1 was also expressed in vegetative tissues such as 
leaves and roots, indicating its participation in additional physi-
ological roles. Experiments to overexpress and silence the 
HvPap-1 gene by generating transgenic barley plants as well as 
the characterization of the other two barley cathepsin F-like pro-
teins, belonging to the same phylogenetic group (HvPap-2) or 
not (HvPap-3), will bring new insights into the function of cath-
epsin F-like peptidases.
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