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Tissue-specific expression of multiple forms of cyprosin (aspartic proteinase) in flowers of Cynara carduncubis Maria C, Cordeiro, M. Salome Pais and Peter E, Brodelius



Cordeiro, M . C , Pais, M.S. and Brodelius, P.E. 1994. Tissue-specific expression of multiple forms of cyprosin {aspartic proteinase) in flowers of Cynara carduncuhis. Physiol. Plant. 92: 645-65.'5. Tliree heterodimeric aspartic proteinases (cyprosin I, 2 and 3) wilh milk-clotting activity have previously been purified from flowers of Cynara cardunculus and partly characterized (U. Heimgartner et al. !990, Phytochemistiy 29: 1405-1410). These proteinases have now been further studied, isoeiectric focusing has revealed a microheterogeneity of the apparently pure cyprosins. Three isozymes with close isoeiectric points around 4.0 have been found. Reversed-phase high performance liquid chromatography of e!ectrophoretically purified large stibunits of cyprosin has also shown a microheterogeneity. Peptide mapping of cyprosins 2 and 3 by trypsin or BrCN cleavage indicate that they are derived from common procyprosin(s). Studies on the organspecific accumulation of the enzyme were carried out using flower buds and flowers at different stages of development and styles and coro!las from open flowers, leaves and seeds. !mmunostained western hlots revealed the presence of cyprosin in very young flowers in low amounts. The amount of enzyme increased towards later stages of development and it was mostly present in the violet parts of styles and coro!!as. The enzyme couid not be detected in leaves or seeds. Proteolytic and milk-clotting activities correlate well with these findings. The enzyme was localized by immunolabelling in the epidermal cell layer of styles. Mature flowers collected at 8 different locations in Portugal showed some variation in proteolytic activity while the milk-clotting activity was essentially the same for all extracts. Key words - Aspartic proteinase, Cynara cardunculus, cyprosin, immunolocaiization, milk clotting, tissuc-specific accumulation. M, C. Cordeiro (present address: Depto Biologia. Univ. of Evora. Apartado 94. P-7001 Evora Codex. Portugal) and M. S. Pais, Depto Biologia Vegetal, ECL, Bloco C2, Campo Grande, P-17(X) Lisboa, Portugal: P,E, Brodelius (corresponding author), Dept of Plant Biochemistry. Univ. of Lund. P.O. Box 117, S-22I00 Lund, Sweden,



, . . .. Introduction A plant coagulant obtained from flowers of Cynara cardunculus (cardoon) is widely used in Portugal to produce ewe's milk cheese. The Serpa and Serra cheeses are well known and appreciated for their characteristic taste. They are typical products from the southem and northem regions of Portugal, respectively. The cardoon plant belongs to the Asteraceae and grows wild in Portugal and the Madeira and Canary Islands. It is also found in the southem and western parts of the Mediterranean region and in northem Africa. In total eight different species are described for the genus Cynara in a



recent revision of the genus (Wik!und 1992), Only C ji a .t • J ,, %. cardunculus ^pp, flavescens cv. cardoon is referred to be used in cheese making. However, C, humilis and C. scolymus (now C. cardunculus spp. flavescens cv. artichoke) have been found to possess clotting activity. In Spain, flowers of C, humilis are used in the manufacture of various cheeses. Examples of cheeses are Serena, Torta del Casar, Pedroches and Grazalema. Besides the genus Cynara other Asteraceae species have been used to clot milk; however, generally showing a much lower clotting activity. That is the case for Centaurea calcitrapa (Domingos et al. 1992), Sv/ifcum mananMm (Fevereiroet al, 1986) and Onopordum turcicum (Tamer 1993),
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for 473 amino acids including a putative full length mature protein (439 amino acids) and a partial prosequence (34 amino acids). The deduced amino acid sequence of cyprosin shows a relatively high homology to other plant aspartic proteinases: barley (78%) and rice (63%). (Compared to other aspartic proteinases the platit enzymes contain an insert of around 100 amino acids (plant specific insert) io the C-terminal part of the protein molecule. Omitting this insert, the homology to mammalian aspartic proteinases is relatively high; human cathepsin D (55%) and bovine chymosin b (43%). Farmers only use mature flowers of C. cardunculus to produce cheese. Recent studies have indicated that the cj'prosins are organ-specific enzymes and that they are mainly present in the violet part of the flowers (Heimgartner et al, 1990, Cordeiro et al. 1992). In thi,s study the presence of the cyprosins in flower buds and flowers at variotis stages of development, as well as in other tissues of the plant has been investigated. Also their tisstiespecific accumulation has been studied. The cyprosios have also been further biochemically characterized. Abbreviations - lEF, i.soelectric focusing; PBS, phosphate-huffered saline; TFA, trifluoroacetic acid.



Materials and methods Plant materia!



Fig. 1. .4. Cynara cardunculus capitulum; B, flower hud"- at various stages of deveiopment and C, mature flowers. The clotting activity present in the flowers of C. carduncidus spp. flavescens cv. cardoon (Fig. 1) is due lo three aspartic proteinases, cypro.sins 1, 2 and 3 (previously called cynarases), which have been purified and partly characterized (Heimgartner et al. 1990). They are heterodimeric enzymes containing high mannose type giycosyiations vi'ith native molecular masses of 49 JcDa. They consi.st of one large subunit (32.5-35.5 kDa) and one small subunit (13.5-16.5 kDa) and as other aspartic proteinases they preferentially cleave peptide bonds between hydrophobic amino acid residues. They are all stongly inhibited by pepstatin A. Their proteolytic and milk clotting activities were compared to those of chymosin (Cordeiro et al. 1992), which is the most widely used enzyme in the cheese manufacturing industry, Cyprosin 3 showed the highest specific activity among the cyprosins. The clotting activity of cypro.sin 3 is comparable to that of chymosin, whiie slight differences in tlie specificity towards milk caseins are observed for these two enzymes (Cordeiro et al. 1992). A cDNA clone encoding a cyprosin has been isolated and characterized (Cordeiro et al. 1994). The nucleotide sequence contains a 1419 bp open reading frame coding 646



Flower buds and flowers of Cynara carduncubis L. in different stages of development were collected in the field in Portugal from mid-April to mid-July. They were isolated from the pappus and divided into different parts, i,e, style.-;, corollas and seeds and .subsequently frozen in liquid nitrogen and stored at —20°C. Ver)' young stages were obtained by cutting the capitula and isolating single buds. Leaves of differenl size.s (7 and 30 cm long) were collected in the field, frozen in liquid nitrogen and stored at -20°C. Mature flowers were also coliected at 8 differenl locations in Portugal. These flowers were allowed to air dry in the same way as farmers dr\' collected flowers. Crude protein extract Crude extracts of the different tissues were obtained by homogenizing frozen fresh tissue (100 mg) or dried flowers (40 mg) in a mortar under liquid nitrogen. The powder obtained was extracted with 50 mM Tris-HCI buffer, pH 8,3 (2 ml). After centrifugation at 18 000 g for 25 min at 4°C, the supematant was collected and analyzed. Purification of cyprosins Cyprosins were purified to apparent hornogeneity as described by Heimgartner et al, (1990), Hiysiol. Ptant. 92, 1994



Protein concentration Protein concentrations were determined according to Bradford (1976). Proteoiytic activity Proteolytic activity was determined at pH 5.1 using casein labelled with fluorescein isothiocyanate according to the fluorometric procedure previously described (Heimgartner et al. 1990).



munogiobulin conjugated with horse radish peroxidase (Bio-Rad, Hercules, CA, USA), Preparative electroplioresis Preparative SDS-PAGE was carried out according to Laemmli (1970) in 13% gels (340 x 130x 1,5 mm). The gels were nm for 1 540 Vh. Visualization of bands was achieved with 1 M KCl in 10% acetic acid. The bands corresponding to the large and small subunits of cyprosin 2 and 3 were cut out and kept separately in 10% acetic acid.



Clotting activity Clotting activity was routinely determined at 37°C usitig cow's low fat milk preserved with 1.5 mAf NaN3. Crude extract (100 jil) was added to milk (5 ml) and clotting time was determined by direct obsen'ation of flocculation atid gel formation. Controls were prepared by adding extraction buffer to preser\'ed milk. Clotting activity was also measured with a Formagraph as previously described (Cordeiro et al. 1992). These two tnethods to measure clotting activity are not directly comparable. Eiectrophoresis Sodium dodecyl sulfale-polyacrylamide gel electrophoresis (SDS-PAGE) was performed on 13%-gels according to Laemmli (1970) and gels were stained with silver nitrate according to Blum et al. (1987). Two-dimensiona! ge! eiectrophoresis Isoeiectric focusing (IEF) of purified cyprosins was performed on 10% polyacr)'lamide tube gels in 8 Af urea containing 0.5% Ampholyte pH 4-6.5, 0.59c Ampholyte pH 3..5-I0 and 1.75% tergitol NP-40. pH gradients formed during lEF were determined by mea.suring the solution pH of 1-cm tube gel segtnent.s eiuted in 0.1 M KCl (1.0 ml) overnight at 4°C. Standard proteins (carbonic anhydrase, pi 6,1, bovine serum albumin, pi 4.9 and ovalbumio, pi 4.7) were also run to verify the pH gradients. Tube gel.s were equilibrated in SDS-PAGE buffer for 15 min and placed onto 15% acrylamide slab gels without stacking gel. Electrophoresis was earned out according to Laemmli (1970). Western blot Western blotting was performed on a semi-dry eleciroblotter (Bio-Rad, Hercules, CA, USA) according to Burnette (1981) with some modificatiotis according to Hawkes et al, (1982) and Johtison et al. (i984). Blots were incubated with polyclonal antibodies (totai serum diluted 1 ;200) raised in rabbit against the large .subunit of cyprosin 3 (Heimgartner et ai. 1990) and antigen-antibody complexes were detected using goat anti-rabbit imPhysiol. Ptanl. 92, 1994



Peptide mappitig, protein microseqnencing and reversedphase higli performance liquid chrotnatography BrCN cleavage Small gel slices (0.28 g) were cut from each isolated band from preparative electrophoresis and were equilibrated in 70% formic acid (2x 10 min). The gel slices were then treated with BrCN (50 g 1"') in 70% formic acid for 30 min at room temperature. The reaction was stopped by performing several washes with 10% acetic acid. Subsequently, the treated gel slices were washed and equilibrated with 0,1 M Tris-HCI buffer, pH 8,0, containing 0.4% SDS (4 x20 min) and fmally with the same buffer containing 2% /?-mercaptoethaooI ( 1 x 2 0 min). The equilibrated gel pieces were placed in the sample wells of a SDS-P.AGE slab gel. SDS-PAGE was performed oti 15%-gels according to Laemmli (1970). Gels were stained with silver nitrate as above. Trypsin digestion The isolated ge! slices from preparative electrophoresis containing the large subunit of cyprosin 2 and 3 were cut into small pieces ( 2 x 2 mm) and the protein was electroeluted for 5 h at 40 m,4 using 25 mM Tris buffer containing 192 mM glycine and 0.1% SDS. The collected protein was desalted by gel filtration and the protein sample was divided into portions containing 100 (ig protein in Eppendorf tubes. Subsequently the water was removed on a Speedvac and the protein digested with trypsin (EC 3.4.21.4) according to Stone et al. (1989), The dry protein was redissolved in 50 (tl 8 M urea containing 0.4 M NH4HCO3 and 5 ill 45 mM dithiothreitol (DTT) was added. The mixture was incubated first at 50°C for 15 min, cooled to room temperature and incubaied wilh 5 ^I 100 mM iodoacetamide for 15 min before adding 140 ill water. Hydrolysis Vi'as carried oul with 2, 4 or 10 }.tg trj'psin (Fluka, Buchs, Switzerland) at 37°C for 24 h and analyzed by SDS-PAGE on 15%-gels as described above, Microsequeticing Afler SDS-PAGE, BrCN and trj'psin treated proteins were electroblotted otito Problot membranes (Applied Biosystems, Fo,ster City, CA). The membranes were stained with Coomassie blue R-250 or with copper phtha647



locyanine 3,4',4",4"'-tetrasulfonic acid tetrasodium salt (Bickar and Reid 1992). Appropriate bands were excised and subjected to N-terminal sequencing on an Applied Biosystems model 477A gas phase sequencer, Reversed-phase high peiformance liquid chromatography Reversed-phase HPLC of electrophoretically purified subunits of cyprosin 2 and 3 was carried out on a Kromasil 100 5|i C8 column (Hichrom, Reading, UK) (250x4,6 mm) using 0,1% trifluoroacetic acid (TFA) in water (solvent A) and acetonitrile;0.1% TFA (80;20) (solvent B). The program used for elution was; 0-2 min 10% B, 2-32 min 10-100% B, 32-34 min 100% B, 34-36 min 100-10% B, 36-39 min 10% B. The flow rate was 1.0 ml min'' and the sample size was 100 j.tl. Detection was carried out on a dual UV-monitor at 230 and 280 tim. Preparatioti of flower tissue for immunocytochemica! !oca!ization of cyprosin Fiowers at different stages of development were collected in the field from early May to mid-June. The capitula were cut into Iwo halves and single flower buds were isolated from the pappus and immediately inserted in fixative. All die steps until polymerization were performed at 4°C. Immunogold labellin.g was performed as described by Bergman et al. (1985) but with some modification. Each flower bud was divided into 3 parts depending on size, and transversal sections of about 1.5 mm were made with a sharp razor blade at the beginning of each of these regions. These sections were cut in fixative. Fixation was carried out in 2% paraformaldehyde and 2.5% glutaraldehyde in 50 mM sodium phosphate buffer, pH 7,2, for 1 h. Next, 3 washes in phosphate btifler were performed. Dehydration was carried out in an ascending series of ethanol in water; 30, 50, 70, 80, 90 and 100%. The cuts were incubated for 20 min in each solution and for 60 min in J00% ethanol. Einbedding was performed gradually in LR-White resin (London Resin Co. Ltd., London, UK) in ethanol; 50%, 30 min; 75%, 60 min; 100%, overnight. Then the sections were incubated in 100% resin for 2 h before they were encapsulated and oriented as well as possible in 100% resin, and polymerized at 55°C for 24 h. Semi-thin sections (1—2 \im) were mounted on microscope slides for immunogold labelling,



Immunogoid !al»e!!ing and siiver en!ianccmetJt for light microsciipj All steps were performed at room temperature. First, the sections were washed with 10 mM phosphate-buffered saline (PBS), pH 7.4, lor 5 min and then treated with 5%> (w/v) bovine serum albumin (BSA), I %• invertase and 5% foetal calf serum in PBS for 20 min. A wash with PBS for 5 tnin followed and then a treatment with primary antibody (a rabbit antLserum raised again.st the large subunit



of cyprosin 3; diluted 1 ;20) in PBS containing 1% BSA and 1% invertase for 60 min followed. Washes ( 3 x 1 5 min) with PBS were carried out and then the sections were treated with goat anti-rabbit IgG coupled with 5 nm gold particles (diluted l;20) for 30 min (AuroProbe EM GAR G5; Amersham, Berks, UK). Washes with PBS ( 2 x 1 5 min) and water ( 2 x 1 5 min) were performed next. In controls the primary antibody was substituted by 1 %• BSA and/or rabbit preimmurte serum. Silver enhancement was performed according to the instructions of the manufacturer described in the lntenSE M Kit (Amersham, Berks, UK). The assay was monitorted by light microscopy and micrographs were taken at constant lime inter\'als. After enhancemeol for 16 min, the preparations were washed in water. After drying they were stained with Azur II-methylene blue (Richardson et al, 1960), and mounted with adhesive (Merckogiass; Merck, Darmstadt, Germany).



Results and disctissron Cyprositis Protein extracts of mature flowers of C cardunctdus (Fig. 1) contain relatively high proteolylic atid milk clotting activities (Heimgartner et al. 1990, Cordeiro et al. 1992), Three proteinases (cyprosins 1, 2 and 3) have been purifted from such extracts (Heimgarttier el al. 1990). The three cyprosins are heterodimeric enzymes of a.spartic acid type wilh a native molecular mass of ca 49 kDa. They are glycoproteins containing N-linked high matinose type glycans. Similar heterodimeric asparlic proleinases have been found in resting barley grains (Sarkkinen el al. 1992) while other plant aspartic proteinases are monomeric (Doi et al. 1980, Polanovvski et al. 1985, Belozersky el al. 1989). Determination of pi Apparently pure cyprosin 2 and 3 (according lo SDSFAGE) were subjected to Iwo-dimensional electrophoresis to determine their isoeiectric points. The first dimension gel was an IEF gel within the pH range of 3.5 lo 6.5. The second dimension gel was an SDS-PAGB. Both purified enzymes .showed a niicrohelerogeneity wilh protein species of differenl pi. For example, apparently pure cyprosin 3 was fractionated into 3 isozymes with pi values of 3.85, 4,00 and 4.15, respectively, as shown in Fig. 2. Weslem blotting showed that the large subunit.s of all three isozymes hybridized with antibodies raised against the large subunit of cyprosin 3 (Fig. 2B). A.spartic proteinases are often synthesized as preproenzymes which are converted to zytrtogeos by the remova! of an N-termitial signal sequence. These zymogens are subsequently converied to mature enzymes by die removal of the prosequence (Tang and Wong 1987). Since Southern blot analysis of a nuclear DNA restiction map has revealed multiple cyprosin genes (at least three; CorPhy.siol. Planl. 92. 1M4
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Fig. 2. T^vo-dimensional eleclrophoresis ol purifted cypro.sin 3. Isoeiectric focu.sing was performed in ihc fins! dimension and SDS-P.AGE in the second as described in Materials and methods. A. silver-stained gel; B, immunostained western blot of con'esponding gei.



deiro el al. 1994) il is most likely tliat the three isozymes are fomied through the expression of a cyprosin geoe family. This assumption is further supported by the fact lhat we recently have isolated and sequenced a second cyprosin cDNA (M. Pielrzak, M. S. Pais and P, E. Brodelius. unpublished results) showing some substitutions in the N-terminus of the putative tnature proteiti.



Reversed-phase !iigh performance iiquld chromatography



Analytical reversed-phase HPLC of the electrophoretically purified large subutiits of cyprosin 2 and 3 (.see controls in Fig. 3) also revealed microheterogeneity. These large subunils could aach be resolved into three peaks (data not shown).



Peplide mapping



The larger subunils ot cypro.sios 2 and 3 were purified by preparative eiectrophoresis (controls in Fig. 3) and Ihe isolated peptides were subjected to cleavage by BrCN or tr\'psin. The treatments resulted in peptide maps as shown in Fig. 3. Some of the peplides generated by the cleavage (arrow.s B4, Tl and T2) appeared to be the same for both



Standards



cyprosins indicating some common structural features of the two enzymes and that they may be derived from a common procyprosin. It is possible that the bands labelled B1 and B5 are generated by cleavage of the peptide chains at the same methionine io the two cyprosins. The apparent size difference of the pair of peptides formed is essentially the same as that of the two nonhydrolyzed large subunits. The occurrence of heterodimeric forms of the enzyme containing subunits of different sizes could thus be due to proteolytic processing of the cyprosin molecule at different sites. We have previously suggested that the cyprositis have peptide regions in common (Heimgartner et al. 1990).



N-termiual sequencing The population of cyprosins in flowers of C cardunculus is very complex. They vary in subunit size and in isoeiectric points. This complexity complicates detailed studies of the protein. Attempts to carry otit N-terminal seqtiencing of electrophoretically (SDS-PAGE) purified subunits of cyprosins 2 and 3 (controls in Fig. 3) have been unsuccessful. This appears to be due to a microheterogeneity of the N-terniinal end since it is clear that the protein is not N-terminaly blocked. We assume this microheterogeneity to ari,se through the expression of the cyprosin getie family containing genes coding for verj" closely related proteins. However, an intemal partial N-terminal sequence has been obtained from a peptide obtained by BrCN-cleavage of cyprosio 2 (arrovv B2 in Fig. 3). This internal sequetice (Mel-Leu-Asn-Gln-Gly-Leu-Val-Gln-Glu) was used to identify a cDNA clone coding for the cyprosin (Cordeiro et al. 1994). This sequence may be part of a highly conserved region in the cyprosin isozyrnes. Attempts to sequence peptides obtained by trypsin treatment of cyprosin 2 and 3 (arrow T l , Fig. 3) did not result in any N-terminal sequence. This is most likely due to the microheterogeneity of the N-temiinal end of this peptide. We assume this N-terminal end to be the same as that of the undigested subunit. BrCN
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Fig. i. SDS-PAGE of electrophorelically purified large siibuiiits of cyprosin 2 and 3. Controls are untreated siibuoil^. Peptides obtained afler BrCN and trypsin treatments of the subunits are labelled B and T, respectively. Ali gels were .stained with silver nitrate. Pliysiol. Ptml. 92, 1994
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Tab. 1. Protein conteni, proteoiytic activity and clotting time of extracts from various tissues of C cardunculus, NC, no clotting during assay time (480 min); "from open capitula; "from pre-open capitula; 100% relative specific activity correspondes to 1.15 ng casein hydrolysed (mg protein)"' min"'. Tissue Flower buds 2 mm 3 mm 4 mm 7 mm 11 mm 18 mm 31 mm 37 mm" 35 mm" Open flowers 50 mm Corollas Styles Seeds Leaves 70 mm 300 mm Midribs



Protein (mg ml"')



Relative specific proteolytic activity (%)



Clotting time (min)



J.47 1.32 1.30 L32 L2] .60 .29 .11 .40 ().95 .26 .61 .35



21.2 26.4 36.3 30.7 38.4 30.4 51.7 62.7 67.9 100.0 80.0 76.6 7.0
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Studies on the expression of cyprosins in plants of C, cardunculus have been carried out by studying the proteolytic and milk clotting activities as well a.s the accumulation of the protein(s). Flower buds and flowers in various stages of development (2 to 50 mm in length), styles and corollas from mature flowers (see Fig. 1), as well as seeds and ieaves have been used in these studies. The results obtained are summarized in Tab. 1.



(2—7 mm) showed relatively low specific proteolytic activity (20 to 30% of mature flowers). During flower development, a continuous increase in proteolytic activity was observed. The highest activities were obtained in mature flowers and in isolated styles and corollas. Addition of pepstatin A (! jtiW) to ihe flower extracts cornpletely inhibited the proteolytic activity showing that only a.spartic proteinases are preseni in such extracts. Seeds and leaves showed DO significant proteolytic activitv.



Proteolytic activity The protein content of the various extracts varied from 0.95 to 1.61 g 1~'. Early stages of flower development



Clotting activity The earliest stage at which undoubtable clotting activity couid be observed was at the 11 mm flower bod staee



Sttidies on the expression of cyprosins
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