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a b s t r a c t

GMCP3 encodes a cystein proteinase of Glycine max belonging to the papain-like family (C1A in MEROPS
database) that was previously found to be involved in the mobilization of protein reserves during seed
germination. Here, we report that GMCP3 is induced by senescence and diverse stresses in non-seed
tissues, thus indicating a more general function in plants. Cladistic analysis of papain-like proteins of
plants indicated that GMCP3, along with related proteases of other species, belongs to a distinct new
group within the C1A family, which can also be distinguished by the four-exon structure of the gene. We
Nonsense-mediated mRNA decay
Papain-like protease
Plant stress
S
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also describe the genomic organization of GMCP3 revealing the presence of two closely related copies
that are transcriptionally regulated in a similar way, although only one appears to be functional.
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Proteinase enzymes catalyze either limited site-specific or com-
lete hydrolysis on their substrates, acting in coordination with
ther post-translational modifications to regulate turnover, direc-
ion and activity of proteins. Among these, cysteine (sulfhydryl)
roteinases (CPs) are currently receiving much attention due to
heir involvement in very diverse aspects of plant physiology and
evelopment. They play a role in protein storage and mobiliza-
ion, senescence, programmed cell death, and are regulated by
arious types of environmental stresses (revised in Grudkowska
nd Zagdanska, 2004; Schaller, 2004). Involvement of proteolytic
nzymes, including CPs, in the ubiquitin (Ub)/26S proteasome pro-
eolytic pathway is shedding light on the connection of these
omponents to many aspects of plant biology including senescence,
ell-cycle, embryogenesis, flower morphogenesis, hormone signal-
ng, and defense (Avci et al., 2008; Vierstra, 2009).
The most investigated CPs are members of the papain-
ike group (C1A subfamily in the MEROPS catalogue
ttp://merops.sanger.ac.uk). Along with legumains (C13 fam-

ly), papain-like enzymes are the major CP in plants. C1A proteases

Abbreviations: 4-MU, 4-methylumbelliferone; ABA, abscisic acid; CP,
ystein proteinase; CSPD, Disodium 3-(4-methoxyspiro {1,2-dioxetane-3,2′-(5′-
hloro)tricyclo [3.3.1.13,7]decan}-4-yl)phenyl phosphate; DIG, digoxigenin; ER,
ndoplasmic reticulum; EtBr, ethidium bromide; IPCR, inverse PCR; MeJa,
ethyl-jasmonate; NMD, nonsense-mediated mRNA decay; nts, nucleotides; PTC,

remature termination codon.
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are synthesized as relatively inactive precursors (40–50 kDa) con-
taining an N-terminal signal peptide responsible for endoplasmic
reticulum (ER) translocation, a variable pro-sequence with regu-
latory functions in folding and activity, and a 22–35 kDa mature
enzyme. Protease activation takes place through limited intra- or
inter-molecular proteolysis (Wiederanders, 2003). The structure
of proteins from the C1 family exhibits the typical papain-like fold
(Drenth et al., 1968), composed of two domains, an �-helix-rich
(L) domain and a �-barrel-like (R) domain, separated by a groove
containing the catalytic dyad formed by residues Cys25 and
His159 (papain numbering), each one on each domain. Two other
residues also seem to be important Gln19 aids the formation of the
‘oxyanion hole’ and Asn175 is important for proper orientation of
the His imidazolium ring (Beers et al., 2004).

A number of genes encoding C1A peptidases have been identi-
fied in diverse plant species. In Arabidopsis thaliana, for instance,
the papain-like family comprises 30 genes that have been classi-
fied into eight distinct groups (C1A-1 to C1A-8) according to their
gene structures and phylogenetic relationships (Beers et al., 2004).
Although information about the roles of individual genes is still
fragmentary in this plant, the available data indicate that they are
regulated by senescence (SAG2 and SAG12, Hensel et al., 1993; Gan
and Amasino, 1995), both drought stress and senescence (RD19 and
RD21, Koizumi et al., 1993), programmed cell death (CEP genes,
Gietl and Schmid, 2001), and during xylogenesis (XCP genes, Funk

et al., 2002). More recently, involvement of RD19 in pathogen resis-
tance response has been demonstrated (Bernoux et al., 2008).

GMCP3 is a papain-like protease previously identified in Glycine
max (Nong et al., 1995). Preliminary gene expression studies
showed that the GMCP3 transcript is stored in the dry seeds, and fur-

dx.doi.org/10.1016/j.jplph.2010.03.012
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her degraded very early during germination. A possible role in the
nitiation of storage protein mobilization has been suggested (Nong
t al., 1995). Here, we report further characterization of GMCP3,
ncluding data about the genomic organization and gene structure,
s well as relationships to other papain-like proteases. Expression
nalysis results also showed regulation of GMCP3 by senescence
nd different stresses, thus indicating a more general role in the
lant.

aterials and methods

iological material and plant treatments

The Osumi variety of Glycine max was used in all the experi-
ents. Seedlings (2–4 true leaves stage) were grown at 25 ◦C under

he controlled conditions of culture cabinets with a 16 h light/8 h
ark photoperiod and 70% relative humidity. Leaf material from
tiolated seedlings was used as a source of genomic DNA. The
ifferent organs analyzed were sampled from mature plants cul-
ivated under greenhouse conditions. The plant treatments were
erformed using plantlets grown in soil up to the stage of two to
our developed true leaves. For dehydration experiments, plantlets
ere laid on dry filter paper for the indicated times. Wounding was
erformed using a dented forceps applied to the main veins of the

eaves. Treatments with abscisic acid (ABA) and methyl-jasmonate
MeJa) (both from Sigma–Aldrich) were accomplished by pulver-
zation of a 100 �M solution in water. At the end of each treatment,
eaves were collected, pooling three plants for each experimental
oint, frozen in liquid N2 and stored at −70 ◦C until RNA extraction.

Experiments performed with transgenic tobacco plants contain-
ng the GMCP3� promoter fused to the GUS gene were performed

ith plants developed to 8–10 visible leaves stage, except for the
ssay of senescent leaves, which was carried out on adult plants.
eaf discs, pooled from three plants, were collected and analyzed for
US activity as indicated below. Stress treatments were performed
s in soybean. The results shown correspond to a representative
ransgenic line, but the same regulation was confirmed in at least
wo other lines, depending on the treatment.

loning of the GMCP3 and GMCP3� genes

The genomic sequence comprising the whole coding region
f GMCP3 was assembled from two overlapping clones obtained
y PCR on genomic DNA. The two DNA fragments of 1.5 kb
nd 1.3 kb were generated using the oligonucleotide pairs
CEP-1 (5′-ATGGAGGCAAAGCGAGGCCATGCCCTCAT-3′)/OCEP-2

5′-TTGTTGTCACAGTCAAGGAGCTGTTGTTCAC-3′), and OCEP-3
5′-GTGCGAGATAGGTAGAAGGAACAGAGTG-3′)/OCEP-4 (5′-
AGAACTAAGGAAAACCAAAGAGGAGATGC-3′), respectively. PCR
mplification was conducted using a proofreading polymerase
Pfx®, Invitrogen) and a program consisting of a denaturation step
f 2 min at 94 ◦C, followed by 35 cycles of 15 s at 94 ◦C, 45 s at 60 ◦C
nd 2 min at 68 ◦C, ending with a 7 min step at 68 ◦C. The resulting
ragments were cloned in the vector pGEM-T-Easy® (Promega) and
everal clones were fully sequenced. A full cDNA clone was also
btained for GMCP3. Briefly, a cDNA was synthesized, as described
elow, using total RNA obtained from developing soybean seeds,
nd RT-PCR amplification was performed using the flanking
ligonucleotide primers OCEP-1 and OCEP-4. The sequence of the
′-untranslated region was completed by 3′-RACE as indicated

elow.

Cloning of GMCP3� was accomplished by obtaining of
1.8 kb partial fragment by genomic PCR using primers

CEP-5 (5′-CAAGCAAGCACAGAGATGGAGGCAAAG-3′) and OCEP-
(5′-GACCTCCATTACACCCATTGTCACATG-3′), followed by bi-
Physiology 167 (2010) 1101–1108

directional genomic walking through inverse PCR (IPCR). The
method by Ochman et al. (1990) was employed with minor mod-
ifications (Garcia-Maroto et al., 2007). Thus, from the partial
sequence of GMCP3� , two nested upstream primers OCEP-
7 (5′-GAGCTAAGCACGTGATGGAATGGTCTC-3′) and OCEP-8 (5′-
AGCAGAGGATAGGGTTAGAGCGAAGAG-3′), and two nested down-
stream primers OCEP-9 (5′-TCTGCGCACGGAGAAGAAGTTCAAGGT-
3′) and OCEP-10 (5′-CATGGAGAATTACGGGAGGAGCTACTC-3′),
were designed to perform the IPCR. Either EcoRI or VspI restric-
tion enzymes were used to cut genomic DNA. Released fragments
were circularized with T4 DNA ligase and subjected to two nested
rounds of PCR amplification, allowing us to obtain 1.6 kb (from
EcoRI digestion) and 2.5 kb (VspI digestion) -long products that
were useful for the walking process. These fragments were ana-
lyzed and sequenced as described above, allowing the assemblage
of the whole coding sequence for GMCP3� , including 1.4 kb of the
5′-flanking region.

The sequences have been deposited in the GenBank under the
accession numbers GU452503 (GMCP3 cDNA), GU452501 (GMCP3
gene) and GU452502 (GMCP3� gene).

RT-PCR and 3′-RACE analysis

The total RNA, employed for RT-PCR and RACE analysis, was
purified from different soybean tissues (leaves and developing
seeds) using the RNeasy Plant Mini Kit (QUIAGEN). Elimination of
contaminating genomic DNA was performed using DNase-I (RQ1
RNase-Free DNase, Promega). The cDNA for RT-PCR was synthe-
sized from 1 to 8 �g of RNA using oligo(dT) and employing the
SuperScript First-Strand Synthesis System for RT-PCR kit (Invitro-
gen), following manufacturer’s instructions.

Semi-quantitative RT-PCR was performed using the oligonu-
cleotide primers UP-N (5′-ATGGAGGCAAAGCGAGGCCATGC-
CCTCAT-3′) and UP-� (5′-ATGGAGGCAAAGCGAGACCATTCCATCAC-
3′) as specific upstream primers for GMCP3 and GMCP3� ,
respectively, located on the first exon, in combination with the C13
primer (5′-CTTAACTTCGGTGACAGCTCCTTTCTCTC-3′) common
to both genes and located on the second exon (see Fig. 4A). The
PCR reactions were performed in 25 �L containing cDNA derived
from 0.5 �g of RNA from developing seeds, using a hot-start Taq
polymerase (Taq Platinum®, Invitrogen) and a program consisting
of a denaturation step of 2 min at 94 ◦C, followed by 25–36 cycles
of 15 s at 94 ◦C, 30 s at 58 ◦C and 1 min at 72 ◦C, ending with a 5 min
step at 72 ◦C. Identity of the respective amplification products was
confirmed by direct sequencing of the fragments.

Similarly, relative expression of GMPCP3 and GMCP3� in
plantlets subjected to dehydration (experiment in Fig. 5C)
was estimated by RT-PCR using either UP-N or UP-� as the
upstream specific primers in combination with C11 primer
(5′-GAGAGAAAGGAGCTGTCACCGAAGTTAAG-3′), common to both
genes and located at the end of the first exon. PCR con-
ditions were as described above, using 32 cycles. As a
loading control, amplification of the actin-2 was carried out
in parallel on equivalent samples using the oligonucleotide
primers ACT2-F (5′-TCCCTCAATCTCATCTTCTTCC-3′) and ACT2-R
(5′-GACCTGCCTCATCAATCTTCTTCC-3′).

3′-RACE was performed using the SMART RACE® kit (Clon-
tech), following manufacturer’s protocols. 1–2 �g of total RNA from
developing seeds (Fig. 4C and Suppl. Fig. 2), or leaves from nor-
mal and dehydrated seedlings (Suppl. Fig. 2) were used for the
synthesis of the oligo(dT) primed cDNA linked to an appropriate

adaptor. Either the UP-N primer specific for GMCP3, UP-� and
C17 (5′-GAGAAGCTCTACACCGGCTCCGTCGAC-3′) for GMCP3� , or
the C6 (5′-TCTGCGCACGGAGAAGAAGTTCAAGGT-3′) primer, com-
mon to both GMCP3 and GMCP3� , were used as sense gene-specific
primers for PCR amplification, as indicated in the experiments. The
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CR program comprised 30 cycles of 30 s at 94 ◦C, 30 s at 68 ◦C and
min at 72 ◦C.

NA and DNA gel blot analysis

Total RNA was extracted from different soybean tissues using
he Concert® Plant RNA Reagent (Invitrogen) following the proto-
ol provided by the manufacturer. About 10 �g per lane of total
NA were loaded onto an agarose/formaldehyde gel, separated
lectrophoretically, and transferred to Hybond®-N+ membranes.
ilters were UV-crosslinked, pre-hybridized at 50 ◦C for 5 h in the
0% formamide/high SDS buffer recommended by the digoxigenin
DIG) manufacturer (Roche), and hybridized at the same tempera-
ure and same buffer solution (stringent conditions). A DIG-labeled
MCP3-specific probe was generated by random primed labeling
f a 300 bp fragment corresponding to the 5′-end of the GMCP3
oding sequence. High-stringency washes were performed twice
t 68 ◦C for 15 min in buffer containing 0.1× SSC, 0.1% SDS, and the
uminogenic substrate CSPD® was used for the detection, following
he instructions provided with the DIG detection kit. Images were
egistered using a Chemie Genius2 detection system (SynGene).

DNA gel blot of the PCR products obtained in the 3′-RACE anal-
sis was conducted using the same DIG-labeled probe as above
nd following a similar protocol. In this case, pre-hybridization and
ybridization were performed in 50% formamide/high SDS buffer
t 42 ◦C, and washes were performed at 65 ◦C.

ladistic analysis

A search for CPs of the C1A family (MEROPS catalog) was
erformed in GenBank using the CP of Arabidopsis representa-
ive of the different subfamilies previously defined (Beers et al.,
004) as inputs for independent searches. A total of 165 CPs
rom dicotyledonous species were gathered and further aligned,
sing the program Clustal X v.1.7 (Thompson et al., 1997) under
he default settings. The alignment output was used to generate
n unrooted phylogenetic tree based on the Minimum Evolution
ethod (Rzhetsky and Nei, 1992), as implemented in the MEGA

ackage v4.0 (Tamura et al., 2007). The Poisson correction metric
as used together with the pairwise deletion option, and confi-
ence of the tree branches was checked by bootstrap generated
rom 1000 replicates.

ransformation of tobacco with GMCP3� promoter fused to GUS

The sequence, about 1.4 kb, of the 5′-flanking region of GMCP3�
as obtained by IPCR as indicated above. To isolate this region, a

CR was performed and the resulting fragment was cloned in the
Bluescript (KSII) plasmid and sequenced. A SalI–BamHI fragment
as excised from KSII and cloned into the pCAMBIA 1391Z binary

ector (CAMBIA, Australia). The T-DNA region of this plasmid con-
ains a promoterless GUS gene interrupted by a catalase intron.
he resulting construct was used to transform the A. tumefaciens
BA4404 strain. Tobacco leaf disc transformation was achieved
ssentially as described by Horsch et al. (1985). Homozygous lines
ontaining a single T-DNA insertion were selected for the exper-
ments based on segregation of the hygromycin resistance in the
rogeny.

luorometric determination of GUS activity
Leaf discs were collected and ground in Eppendorf tubes with a
estle and sand. After grinding, 0.5 mL of extraction buffer (125 mM
H2PO4/K2HPO4 pH 7.0, 100 mM Na2EDTA, 1 mM DTT, 0.5% v/v Tri-

on X-100, 0.5% w/v Laurylsarcosine) was added and centrifuged
or 10 min (13,000 rpm) at 4 ◦C. A 5 �L aliquot of the supernatant
Physiology 167 (2010) 1101–1108 1103

was completed with 20 �L of extraction buffer and mixed with
25 �L of pre-warmed (37 ◦C) GUS assay solution (2 mM methyl-
4-umbelliferyl-�-d-glucuronide in extraction buffer). The mixture
was incubated at 37 ◦C for 1 h, and 15 �L were withdrawn and
added onto 1 mL of stop buffer (0.2 M Na2CO3). Stop buffer and
10–100 nM 4-methylumbelliferone (4-MU) were used for cali-
bration and standardization. The fluorescence was determined
using a microtiter plate reader fluorometer (Mod. FLx800, BIO-TEK
Instruments Inc) at 360 and 465 nm as excitation and emission
filter wavelengths, respectively. The protein concentration of the
extracts was estimated by the Lowry method (Lowry et al., 1951).
GUS-specific activity in the experiments was expressed as nmol
of released 4-MU per min and mg of protein extract under our
standard conditions.

Results

Structure and genomic organization of the GMCP3 gene

The sequence of the GMPC3 gene, spanning about 2.5 kb of
genomic DNA, was obtained as described in ‘Materials and meth-
ods’ section. The nucleotide sequence deduced for the coding region
was identical to that of the cDNA (Acc. No. GU452503). Gene struc-
ture, obtained by comparison to cDNA, revealed the presence of four
exons (Fig. 1A). Sequences around intron/exon boundaries were
found to conform the usual consensus splice sites, and are in good
agreement to those predicted by software tools such as GENSCAN
(Burge and Karlin, 1997).

GMPC3 encodes a protein of 380 residues, with a predicted
molecular mass of 41.6 kDa. Both the signal peptide (residues 1–29)
and propeptide (30–139) were encoded within the first exon of the
gene, while the mature protein was contained mainly (except for
the first 19 residues) in exons 2–4 (Fig. 1A).

In the course of cloning GMCP3, a closely related gene was
also detected and was studied further. The genomic sequence
obtained for this gene (see ‘Materials and methods’ section) shares
95% of identical nucleotides of the putative coding sequence with
that of GMCP3. According to the existence of two closely related
GMCP3 genes, DNA gel blot analysis revealed the presence of mul-
tiple hybridization bands under stringent conditions (results not
shown), as also shown in a previous report (Nong et al., 1995). A
detailed characterization of the GMCP3-related gene, hereafter des-
ignated GMCP3� , revealed a 17 nts deletion at the end of the first
exon (Fig. 1B). This generates a premature termination codon (PTC)
placed 358 nts downstream the ATG, and 100 nts from the predicted
splicing site located downstream (Fig. 1A).

GMCP3 defines a distinct subgroup within the C1A family of
proteases

GMCP3 encodes a cistein proteinase belonging to the C1A fam-
ily (MEROPS catalogue), which groups papain-like proteases with
a catalytic dyad composed of Cys134 and His307 residues (Beers
et al., 2004). A database search showed similarity of GMCP3 to
CPs CPR4 of Vicia sativa (Acc. No. Z99172) and Phaseolus vulgaris
(Acc. No. Z99955), which are involved in seed development and
globulin mobilization during early germination stages (Fischer et
al., 2000; Muntz et al., 2001; Muntz and Shutov, 2002). To further
analyze relationships of GMCP3 with other CPs, we performed an
extensive cladistic analysis including 165 plant proteinases avail-

able in GenBank and belonging to the C1A family. The unrooted
Minimum Evolution tree from this analysis is depicted in Fig. 2. As
shown in this figure, GMCP3 and CPR4 group together with two
other uncharacterized proteins from Vitis vinifera (CAN64491) and
Arabidopsis thaliana (AAL49820), making up a clade (99% bootstrap
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Fig. 1. (A) Deduced genomic structures for the GMCP3 genes. The position of the PTC within the first exon of GMCP� is indicated. Correspondence to the protein sequence
(dark shadowed), as well as critical Q, C, H and N residues for proteolytic activity (see ‘Introduction’ section) are also shown. (B) Sequence alignment around the PTC in
GMCP3� and GMCP3 genes. The PTC is generated by a 17 nts deletion in GMCP3� .

Fig. 2. Unrooted Minimum Evolution cladogram of plant cystein proteinases from the C1A family. Amino acid sequences retrieved from the GenBank were analyzed as
described in ‘Materials and methods’ section, and the different clades designated according to the eight groups (C1A-1 to CA1-8) previously described in Arabidopsis (Beers
et al., 2004). Sequences from Arabidopsis are identified by their accession numbers. Also five different sequences identified in soybean are designated as G. max-1. Putative
GMCP3 orthologues within the GMCP3 group are identified by the name of their respective species. Bootstrap values supporting the different groups are indicated on relevant
nodes.
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Fig. 3. RNA gel blot analysis of GMCP3 in different soybean organs. Equivalent
amounts (about 10 �g) of total RNA from green leaves (L), developing seeds (Se),
stem (St), flowers (F), roots (R) and senescent leaves (Ls), collected from adult plants
at anthesis, were subjected to electrophoresis in an agarose/formaldehyde gel and
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Fig. 4. Expression analysis of GMCP3 and GMCP3� in developing seeds of soy-
bean by semi-quantitative PCR and 3′-RACE. (A) Location scheme of oligonucleotide
primers used in the experiments. (B) Semi-quantitative PCR on developing seeds
RNA. Equivalent amounts of oligo-dT synthesized cDNA (0.5 �g) were employed for
RT-PCR using the UP-N/C13 (N) or UP-�/C13 (�) primer combinations specific for
GMCP3 and GMCP3� genes, respectively, for the indicated cycle numbers (25–36
cycles). The identity of the PCR fragments was confirmed by direct sequencing. (C)
3′-RACE analysis on RNA from developing seeds. cDNA obtained using an appro-
priate oligo-dT anchor primer was subjected to PCR amplification using a nested
nalyzed by RNA gel blot as described in ‘Materials and methods’ section. Hybridiza-
ion was performed using a DIG-labeled GMCP3 probe under high-stringency
onditions and the detection with CSPD. The ethidium bromide (EtBr) staining of
he gel is shown below as a loading control.

upport) clearly differentiated from the eight groups (C1A-1 to C1A-
) previously described in Arabidopsis (Beers et al., 2004, Fig. 2). In
his tree, the GMCP3 clade appears as a sister group of the C1A-6
ubfamily that includes two other papain-like proteins of soybean
designated G. max-2 and G. max-3 in Fig. 2) and the RD19 pro-
ein, which is induced by drought in Arabidopsis (Koizumi et al.,
993) and is involved in pathogen resistance (Bernoux et al., 2008).
ifferentiation of the GMCP3 and the C1A-6 groups is also sup-
orted by their gene structures. While GMCP3 and their putative
rthologues of Arabidopsis (NC 003075), Vitis (NC 012009), Populus
NC 008475), and Ricinus (NW 002994282) share a common gene
tructure comprised by four exons, members of the CA1-6 group
n their respective species have three or four (Beers et al., 2004).
lignment of C1A and GMCP3-related proteins revealed strong sim-

larity between the two groups (Suppl. Fig. 1), with long stretches
f conserved residues, including critical residues. However, con-
picuous differences were apparent, mainly in a region before the
rocessing site for the propeptide. Thus, a glycine-rich sequence is
resent at the end of the propeptide in GMCP3-like proteases, while
harged residues predominate in the same region of CA1-6 proteins
Suppl. Fig. 1). Divergence within this region might be responsible
or differences in the processing of the two groups of CPs.

MCP3 expression in different organs of the soybean plant

The expression of GMCP3 in different organs of the soybean plant
as investigated by RNA gel blot analysis. As shown in Fig. 3, the
MCP3 transcript was detected only in developing seeds of normal
lants. Interestingly, a high expression level was also observed in
enescent leaves, while it was not detectable in green leaves sam-
led from equivalent positions (same leaf number) of a younger
lant (Fig. 3). Since cross-hybridization of the DNA probe was
xpected from the high similarity of the two related GMCP3 genes,
n evaluation of the individual expression of each gene was car-
ied out using semi-quantitative RT-PCR analysis. When PCR was
erformed using cDNA from developing seeds together with appro-
riate specific primer combinations (Fig. 4B), a much lower amount
f the amplification product was always obtained for GMCP3� as
ompared to GMCP3, a difference that was particularly apparent at
ower cycle numbers (Fig. 4B). Similar results were obtained using
wo other primer combinations (results not shown), indicating that
he expression level of GMCP3� in the seed tissues was much lower
elative to that of the GMCP3 gene. A low relative expression of
MCP3� was also found when RT-PCR was performed on mRNA
rom senescent leaves (not shown).
To further investigate gene expression and the size of transcripts

erived from each gene, 3′-RACE was performed using the seed
DNA (Fig. 4C). Different specific combinations of a gene-specific
pstream primer with the common downstream anchor primer
oligonucleotide in combination with gene-specific primers (UP-N for GMCP3, UP-�
or C17 for GMCP3� , or C6 for both genes; see panel A. Amplification products were
separated by electrophoresis and detected either directly by EtBr or by DNA gel blot
using a DIG-labeled GMCP3 probe and development with CSPD.

were assayed (Fig. 4A). Amplification using the GMCP3-specific
primer UP-N produced a 1.4 kb band of the expected transcript
size that hybridized with a GMCP3 probe. Sequencing of this frag-
ment confirmed the identity of the GMCP3 transcript, and allowed
the identification of a polyadenylation site 256 nts downstream
from the stop codon (Acc. No. GU452501). However, no detectable
product hybridizing with the GMCP3 probe was obtained from the
same cDNA using either the UP-� or the C17-specific primers for
GMCP3� (Fig. 4C). Although two bands (of 0.4 and 1 kb) were appar-
ent after PCR with the C17 primer, cloning and sequencing of these
fragments showed that they were not related to any of the GMCP3�
genes. RACE amplification with C16, a common primer for both
genes, produced a 1.2 kb band of the expected size, although further
analysis of the product revealed that it corresponded exclusively to
GMCP3.

The reduced transcript level for GMCP3� is in agreement with
the presence of a PTC on the first exon of this gene, and indicates
that it could be down-regulated through a nonsense-mediated
mRNA decay (NMD) mechanism (Hori and Watanabe, 2007).

Regulation of GMCP3 and GMCP3� by plant stresses

We examined the possible regulation of the GMCP3 gene in
soybean seedlings subjected to different stresses. RNA gel blot anal-
ysis showed a clear induction of GMCP3 in plantlets that were

dehydrated over 24 or 48 h (Fig. 5A), while expression was not
detectable at 12 h or in control plants. Pulverization treatment of
plants with 100 �M ABA, a well-known mediator of the drought
stress, was also able to trigger a similar response of GMCP3 (Fig. 5B).
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Fig. 5. Expression analysis of GMCP3 and GMCP3� in soybean plantlets subjected
to hydric stress or ABA treatment. (A) RNA gel blot analysis of total RNA obtained
from plantlets subjected to dehydration for different times (12–48 h). Hybridiza-
tion was performed under stringent conditions using a DIG-labeled GMCP3 probe,
and detection with CSPD. (B) RNA gel blot on total RNA from plantlets collected
at different times (12–48 h) after pulverization either with 0.1 mM ABA or with
water as a negative control. (C) Semi-quantitative PCR on RNA from control or 48h-
dehydrated plantlets. PCR amplification was performed on equivalent amounts of
oligo-dT directed cDNA, using the C13 primer in combination with gene-specific
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Fig. 6. Expression analysis of GMCP3 and GMCP3� in soybean plantlets subjected
to mechanical wounding or MeJa treatment. (A) RNA gel blot analysis of total RNA
obtained from plantlets collected at different times (24 or 48 h) after wounding.
rimers UP-N (for GMCP3, lanes N) or UP-� (for GMCP3� , lanes �). As a control
f equal template loading amplification with actin-2 primers was performed under
he same conditions. PCR products were analyzed by electrophoresis and visualized
ith EtBr.

T-PCR performed with specific primers to individually determine
he regulation of GMCP3 and GMCP3� indicated that dehydration
ncreases the expression of both genes, though the transcript level
f GMCP3 under stress conditions was again higher than the levels
ttained by GMCP3� (Fig. 5C). 3′-RACE experiments using specific
rimers were in agreement with these results and, in addition, they
howed that transcripts generated upon stress induction of GMCP3
ere the same size as those present in normal developing seeds

Suppl. Fig. 2).
Regulation of GMCP3 by wounding and related regulatory

olecules was also investigated. As shown in Fig. 6A, induction
f GMCP3 was detected by RNA gel blot analysis from 24 h after
eaf wounding. Treatment of plants with MeJa, a key mediator
n the octadecanoid pathway that is activated by wounding, also
ncreased the expression of GMCP3 (Fig. 6B).

Results from RT-PCR experiments indicated that GMCP3� might
e up-regulated under stress conditions. To further confirm this
ypothesis, we fused the 5′-regulatory region of GMCP3� (about

.4 kbp) to the GUS reporter gene in the pCAMBIA-1391Z vector,
nd the prGMCP3� ::GUS construct was employed to transform
obacco plants via Agrobacterium tumefaciens. Experiments carried
ut with different primary transgenic lines indicated tissue reg-
lation of GMCP3� similar to that found for GMCP3 in soybean,
(B) RNA gel blot on total RNA from plantlets collected at different times (12–48 h)
after pulverization either with 0.1 mM MeJa, or with water as a negative con-
trol. Hybridization was performed under stringent conditions using a DIG-labeled
GMCP3 probe, and the detection with CSPD.

with low GUS activity in vegetative organs relative to the attained
level in developing seeds (results not shown). As shown in Fig. 7, a
progressive increase of GUS activity was observed along leaf senes-
cence in adult plants (Fig. 7A). Moreover, a clear induction of GUS
activity was registered when prGMCP3� ::GUS plantlets were sub-
jected to wounding (Fig. 7B) or drought stress (Fig. 7C). Similarly,
pulverization with MeJa and ABA regulators induced GUS activity
(Fig. 7D).

Discussion

In a previous study, a cDNA encoding a papain-like protease in
soybean, called GMCP3, was reported (Nong et al., 1995). The ini-
tial characterization of GMCP3 indicated seed-specific expression
and a possible role during protein storage mobilization. Data pre-
sented here suggest a more general function. We have shown that
GMCP3 is also highly expressed during leaf senescence. Regulation
by senescence has been also reported for CPs from diverse sub-
families of papain-like proteinases (Fig. 2), including, for example,
SAG2, SAG12, RD19 and RD21 in Arabidopsis (Hensel et al., 1993;
Koizumi et al., 1993; Gan and Amasino, 1995). These proteases
have been classically recognized as effectors in protein remobiliza-
tion, allowing recycling to other parts of the plant (Smart, 1994;
Buchanan-Wollaston, 1997), although a regulatory role in the pro-
grammed cell death established during senescence has been more
recently proposed (revised in Schaller, 2004). GMCP3 is also induced
by drought stress, similarly to what has been reported for other CPs
including RD19 and RD21 (Koizumi et al., 1993). Accordingly, up-
regulation by ABA, a key hormonal regulator of the hydric stress
pathway, was also observed for GMCP3. Although the protein sub-
strates of CPs induced by water deficiency have not been defined,
their involvement in rebuilding of damaged or misfolded proteins

is generally assumed. We have shown that GMCP3 is also induced
by mechanical wounding and the regulator of the octadecanoic
pathway MeJa, thus linking its expression to the plant defensive
response. Evidence is emerging that papain-like CPs play crucial
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Fig. 7. GUS activity in GMCP3� ::GUS transgenic tobacco plants under different conditions: (A) leaves from four adult primary transformant plants collected at different
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enescence states (dark green non-senescent, light green starting senescence, or
echanical wounding. Unwounded plants were taken at the same time as a cont

onditions were used as a control; (D) plants pulverized with 0.1 mM ABA, MeJA
escribed in ‘Materials and methods’ section, and the values expressed as specific a

oles in plant–pathogen/pest interactions. Some examples are the
apain from papaya and Mir1 (maize inbred resistance 1) from
aize, both extracellular secreted proteins acting against insect

arvae (see Shindo and Van Der Hoorn, 2008 for a review). It has
ecently been reported that RD19, a CP from the sister clade to the
MCP3 group, is required for the R-protein-mediated resistance to

he bacteria Ralstonia solanacearum in Arabidopsis (Bernoux et al.,
008).

We cloned the genomic sequence of GMCP3, revealing a gene
tructure composed of four exons. Comparison of GMCP3 to other
lant CPs allowed the detection of highly related sequences in
rabidopsis, Vitis, Populus and Ricinus (Suppl. Fig. 1) making up a
ell-supported separate cluster. All of these genes shares the same

tructure, and they likely represent GMCP3 orthologues. This notion
s reinforced by the existence, in the same organisms (also in soy-
ean), of related CPs within the C1A-6 sister clade, and suggests
n early divergence of these two lineages in dicots. Previous analy-
is allowed the identification of eight groups within the C1A family
ased on sequence similarity and gene structure (Beers et al., 2004).
ur cladistic analysis indicated that GMCP3-related proteins make
p a separate group within the C1A family for which little infor-
ation is available from any of these organisms. In Arabidopsis, for

nstance, a cDNA (CAB41090) was annotated encoding a possible
rthologue of GMCP3, but it was assumed to be seed-specific (Gruis

t al., 2002). However, a more detailed analysis, using the Gen-
vestigator software (Hruz et al., 2008) on available transcriptional
rofiling data for the Arabidopsis gene, indicated similar regulation
o GMCP3 by diverse plant stresses (including drought and wound-
ng) as well as related hormonal signals (ABA and MeJa) (Suppl. Fig.
senescent yellow leaves); (B) plants collected at different times (12–72 h) after
) Plants kept without watering for 6–30 days. Watered plants grown in the same
st water as a control. GUS measurements were performed on protein extracts as

(4-MU nmol min−1 mg−1).

3), in addition to seed-specific expression under normal conditions
(Suppl. Fig. 4).

A search for cis-acting DNA motifs in promoters of the GMCP3
group is also in agreement with a similar regulation for these genes.
Thus, element complexes containing RY and G boxes, which are
involved in seed-specific expression and ABA response (Ezcurra
et al., 1999), are present within the proximal 5′-regulatory region
of the genes (Suppl. Table 1). In addition to G elements, mul-
tiple W-boxes classically involved in defense-related processes
(Chakravarthy et al., 2003) might be related to the wounding/MeJa
response.

We found a closely related copy (GMCP3� ) of the GMCP3 gene
in soybean. The presence of a PTC at the end of the first exon, in
addition to a reduced level of the GMCP3� transcript, suggests
that this gene represents a ‘non-functional’ copy (pseudogene) of
GMCP3. Analysis of the 5′-regulatory region of GMCP3� showed
that it is able to direct high expression of a reporter gene with a
similar regulation pattern to that of GMCP3. This indicates some
kind of post-transcriptional regulation. It has been found that genes
containing a PTC located more than 50 pb of the next intron–exon
boundary are subject to down-regulation through a NMD mecha-
nism (Hori and Watanabe, 2007; Wu et al., 2007). Since this is the
case for GMCP3� , it is likely that reduced expression of the pseu-
dogene is caused by selective degradation of its transcript via NMD.
However, a possible role for GMCP3� cannot be excluded, even
though its transcript level is largely reduced compared to GMCP3.
It is important to note that eventual translation of the GMCP3�
mRNA would result in a truncated protein containing the whole
propeptide. Given the inhibitory activity described for this domain
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Taylor et al., 1995; Chagas et al., 1996), it is tempting to speculate
possible function of the GMCP3 paralogue to trans-regulate the
rotease activity of GMCP3.
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