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Abstract

The latex of the tropical speciesCarica papaya is well known for being a rich source of the four cysteine endopeptidases
papain, chymopapain, glycyl endopeptidase and caricain. Altogether, these enzymes are present in the laticifers at a
concentration higher than 1 mM. The proteinases are synthesized as inactive precursors that convert into mature enzymes
within 2 min after wounding the plant when the latex is abruptly expelled. Papaya latex also contains other enzymes as
minor constituents. Several of these enzymes namely a class-II and a class-III chitinase, an inhibitor of serine proteinases and
a glutaminyl cyclotransferase have already been purified up to apparent homogeneity and characterized. The presence of a
b-1,3-glucanase and of a cystatin is also suspected but they have not yet been isolated. Purification of these papaya enzymes
calls on the use of ion-exchange supports (such as SP-Sepharose Fast Flow) and hydrophobic supports [such as Fractogel
TSK Butyl 650(M), Fractogel EMD Propyl 650(S) or Thiophilic gels]. The use of covalent or affinity gels is recommended
to provide preparations of cysteine endopeptidases with a high free thiol content (ideally 1 mol of essential free thiol
function per mol of enzyme). The selective grafting of activated methoxypoly(ethylene glycol) chains (withM of 5000) onr

the free thiol functions of the proteinases provides an interesting alternative to the use of covalent and affinity
chromatographies especially in the case of enzymes such as chymopapain that contains, in its native state, two thiol
functions.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction geometry of its active site was reviewed for the first
time in 1982 [15]. Today, its three-dimensional

Carica papaya is widely cultivated in tropical and structure has ben determined at a resolution of 1.65
˚subtropical regions all around the world for its edible A [16] and it is regarded as one of the archetypes in

fruits and for the enzymes stored in its laticifers. this family of enzymes. Joe R. Kimmel, Emil L.
Laticifers are displayed in all aerial parts of the Smith and Jan Drenth have associated their names

tree forming a dense network of articulated and with the pioneering studies on papain.
anastomosing structures [1]. Damaging the papaya The second papaya endopeptidase that has been
tree inevitably severs its laticifers, eliciting an abrupt purified up to apparent homogeneity has been cari-
release of latex. Papaya latex is a thixotropic fluid cain (EC 3.4.22.30) formerly known as papaya
with a milky appearance that contains about 15% of proteinase A or papaya proteinaseV. The purifica-
dry matter. Forty percent of this dry matter is tion of caricain was greatly facilitated given that this
constituted by enzymes, mainly cysteine endopeptid- protein is extremely basic (the letter omega, the last
ases since altogether they account for more than 80% one in the greek alphabet, was associated with
of the whole enzyme fraction. Assuming that the caricain to outline that this protein was surely the last
cysteine endopeptidases could circulate freely within one to be eluted from cation-exchange chromato-
the laticifers, their molar concentration has been graphic supports). Its amino acid sequence and its
calculated to be higher than 1 mM [2]. crystallographic structure have both been determined

The papaya endopeptidases thus constitute a po- [17,18]. Two similar but distinct cDNAs have been
tential danger for the plant. They are however stored shown to code for caricain [4]. The deduced amino
in the laticifers as inactive proforms [3–6] that acid sequence of the shorter one is identical to the
rapidly convert into active mature enzymes after the experimentally determined amino acid sequence of
release of latex from the plant [7,8]. This explains caricain (216 amino acids). The other differs at only
why these proforms have never been isolated from one position (T 214 I) and, distinctively, contains a
papaya latex. 19-amino acid-long C-terminal extension.

It is because it contains several cysteine endo- Interestingly, the presence of a papaya endopeptid-
peptidases that the latex ofC. papaya has found ase with the same isoelectric point (pI) as caricain
many applications in the food (e.g. as a meat but with aM of 28 000 (instead of 23 500 forr

tenderiser and for beer chill-proofing) and pharma- caricain) has been reported [19]. The presence of
ceutical industries [9–12 and references therein]. such a molecular species called papaya proteinaseb

In the past, all the commercially available latex has since, however, not been confirmed.
came from East Africa [from the province of Kivu in Full characterization of the other papaya endo-
East Congo (ex-Zaire) and from Uganda, mainly]. peptidases has long been hampered by difficulties
Today, some production also arises from Central encountered in the course of their purification [20–
America, from India and from Vietnam. The chemi- 23]. The revival in papaya latex enzyme research
cal composition of these lattices differs somewhat that took place during the last decade had to await
from that produced in East Africa. This subject will the discovery of glycyl endopeptidase, also known as
not be discussed here. Hence, the economic interest papaya proteinase IV [24] or chymopapain M [25]
of the papaya latex has prompted much research and the use of molecular biology techniques.
aimed at elucidating both the structures and the Five similar but distinct clones code for chymopa-
modes of action of the papaya endopeptidases. pain (EC 3.4.22.6) [6], three among which chymo

Although papain (EC 3.4.22.2) is a minor con- III, IV and V display C-terminal extensions con-
stituent (about 8%) among the papaya endopeptid- taining nine amino acid residues that are missing in
ases, this enzyme, more easily purified, has been the the experimentally determined amino acid sequences
most extensively studied. Its primary structure was of chymopapain (both corresponding to chymo II)
fully elucidated in 1970 [13] and it was the second [26,27]. Chymopapain is unique among the papaya
enzyme to be crystallized and to have its structure cysteine endopeptidases in that it has a free cysteine
determined by X-ray methods [14]. The mechanistic (at position 117, mature chymopapain numbering)
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not involved in disulfide bonds or in the active site All these enzymes, including the cysteine endo-
center. Two further chymopapain isoforms (III and peptidases, are thought to play a role within the
IV) have yet a third free cysteine residue at position defense mechanism of the plant [48]. As previously
88. This residue is a totally conserved tyrosine in all mentioned, the level of proteolytic activity in undam-
other papaya endopeptidases. Isolation from the latex aged laticifers is rather low. Following release of
of C. papaya of a molecular isoform of chymopapain latex, however, the concentration in active proteases
with 3 mol of SH per mol of protein has been increases rapidly to reach a maximum in less than
mentioned in only one report [28]. It seems that 2 min after the laticifers have been injured [7,8].
chymopapain isoform II is the sole one that is Proteolytic cleavages rapidly leads to latex coagula-
expressed in the papaya latex from East Africa. This tion, a step that probably constitutes the primary
assertion is supported by sequence works [26,27] as defense mechanism since it leads to wound sealing
well as by X-ray crystallographic data [29]. and thus protects the plant from pathogen invasion.

In marked contrast to the three above mentioned Our laboratory has been engaged for about 15
papaya proteinases which exhibit a broad specificity years in the study of papaya enzymes and it is the
[30], the specificity of glycyl endopeptidase (EC purpose of the present review to comment on our
3.4.22.25) is practically restricted to glycyl residues experience in the field of the purification of these
at position P [31]. The reason is that the active site enzymes.1

of glycyl endopeptidase is occluded due to the With the exception of papain and chymopapain
substitution of the highly conserved residues Gly 23 that are commercially available (although not in pure
and Gly 65 by Glu and Arg, respectively [32]. forms), all the papaya enzymes have to be purified

The mature forms of the papaya proteinases starting from papaya latex. Crude latex, obtained by
generally contain from 212 to 218 amino acids. Their sun-drying the whole papaya latex, is commercially
sequences exhibit a strong degree of homology [3– available but presents the disadvantage of being,
6]. from a bacteriological point of view, highly contami-

Comparison of their X-ray structures also reveals nated. Spray-dried preparations, also commercially
that they adopt identical three-dimensional folds available, are somewhat more refined. Such prepara-
[16,18,29,32]. The substrate specificity of the papain tions have been freed from any insoluble material
family is mainly controlled by the S subsite [33]. A and sterilized through membrane filtration. Lipase,2

close examination of their active site grooves that being tightly associated with the particulate fraction
separate the two domains also shows that the spe- of papaya latex, is normally absent from spray-dried
cificity restrictions dictated by the S subsites do not latex. In some cases, a part of the fraction constituted2

differ significantly among these four endopeptidases. by low molecular mass substances has also been
In addition to the above mentioned cysteine eliminated through ultrafiltration resulting in prepara-

endopeptidases, several other enzymes are stored in tions with higher enzymes content.
the papaya laticifers. Some of these enzymes have Whatever starting material is chosen, the free thiol
been purified up to apparent homogeneity and further functions, present in many papaya enzymes, should
characterized. Those that fall in this category of be blocked in order to protect them from air oxida-
papaya enzymes are a lysozyme [34–37], a class-II tion. This is particularly important in the case of the
chitinase [38], a Kunitz-type inhibitor of serine endopeptidases where cysteine 25 is essential to the
proteinase [39,40] and a glutaminyl cyclotransferase catalytic activity [15]. Oxidation of these residues
(PQC, an enzyme that catalyzes the conversion of results in the loss of their proteolytic activities.
glutaminyl peptides into 5-oxoprolyl peptides with Reaction of the free thiol functions with
the concomitant liberation of ammonia) [41–44]. methylmethanethiol sulfonate, 2,29-dipyridyl disul-
Others have not yet been isolated and are only fide or tetrathionate ions [23,25] results in their
known through their cDNA or through their en- conversion into mixed disulfide bonds (Fig. 1).
zymatic activity. This is the case of an endo-b-1,3- Addition of low molecular mass thiols (e.g. dithio-
glucanase [45], of a cystatin [46] and of a lipase threitol, cysteine) allows the regeneration of the free
[47]. thiol functions when suited.
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Fig. 1. Schematic representation of the conversion of the free thiol functions present in some papaya enzymes (E-SH) into mixed disulfide
bonds using methylmethanethiol sulfonate, dipyridyl disulfide or sodium tetrathionate.

2 . Fractionation of the papaya enzymes on contains very few proteins and no known enzymatic
cation-exchange supports activity with the possible exception of glycosidases

[54]. The second pool (denoted PAP in Fig. 2)
Chromatography on cation-exchange supports has contains papain as the main constituent and lyso-

traditionally been used as the first purification step of zyme as a contaminating species (the amidase activi-
papaya enzymes [23,49–53]. The elution pattern ty of the four cysteine endopeptidases is measured
obtained at pH 5.0 on SP-Sepharose Fast Flow spectrophotometrically at 410 nm following the
(Pharmacia Biotechnology, Uppsala, Sweden) and release ofpara-nitroaniline from N-a-benzoyl-DL-
shown in Fig. 2 illustrates well that fresh papaya argininep-nitroanilide for papain, chymopapain and
latex is a complex mixture of enzymes. This elution caricarin, and fromN-acetyl-L-phenylalanylglycine
profile is somewhat atypical since it was obtained 4-nitroanilide in the case of glycyl endopeptidase).
starting from a fresh papaya latex preparation not Lysozyme (denoted LYS in Fig. 4), identified
submitted to spray-drying. Spray-drying (spray-dried through its bacteriolytic activity againstMicrococcus
latex, provided by Enzymase International, Brussels, luteus cells [suspended at 378C in 0.066 M phos-
Belgium) results in simplified elution profiles where- phate buffer at pH 6.2; the decrease in the ab-
in several peaks (indicated by arrows in Fig. 2) sorbance at 450 nm (initial value: 0.7) is followed as
either are no longer visible or have been considera- a function of time] [35,36] is also present in the third
bly smoothed out. pool, mainly constituted by chymopapain and glycyl

Protein fractions from the cation-exchange sup- endopeptidase (respectively denoted CHP and GEP
ports are generally regrouped into four pools. The in Fig. 2) [23,50]. Papaya class-II chitinase denoted
first pool amalgamates the fractions that do not bind CHI in Fig. 4 (assessed fluorimetrically by itsb-N-
at pH 5.0 to the chromatographic support. This pool acetyl-D-glucosaminidase activity, measured at 508C
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pool with the exception, as previously mentioned, of
lysozyme. The distribution of the latter into two
pools is in agreement with the observation by
Howard and Glazer of the existence of several forms
of lysozyme separable on Amberlite CG-50 (Aldrich,
Steinheim, Germany), another cation-exchange chro-
matographic support [35,36].

Papaya cystatin constitutes the other noteworthy
exception. The papaya cystatin-encoding cDNA has
been sequenced [46]. The predicted amino acid
sequence revealed a single polypeptide chain that
contains 98 amino acids (M 511 131). The absencer

of a signal peptide and of putative glycosylation
site(s) in the predicted sequence strongly suggests
that papaya cystatin is located in the cytoplasm of
the laticifers where it could possibly prevent undesir-
able vessel damage by endogenous proteinases.
When the latex is expelled, papaya cystatin comes in
contact and forms tight complexes with the endo-
peptidases resulting in the distribution of cystatin
within the three chromatographic pools containing
the proteinases. As shown in Fig. 3, papaya cystatin

Fig. 2. Ion-exchange chromatography of the papaya enzymes on
SP-Sepharose Fast Flow. Sample: 1330 mg of papaya enzymes
derivatized with methylmethanethiol sulfonate; column: 3032.6
cm I.D.; fractions of 15 ml; flow-rate: 60 ml /h; room temperature;

1eluting buffer: 100 mM (referring to Na concentration) sodium
acetate at pH 5.0 followed by a linear gradient 100–800 mM (total
volume: 1500 ml) followed by 800 mM. Each chromatographic
fraction was analysed by measurement ofA and conductivity280

(continuous trace and broken line, respectively). Solid bars
indicate the fractions that were pooled for further analysis.

using 4-methylumbelliferyl N-acetyl-b-D-gluco-
saminide as the substrate) which elutes between this
third pool and the pool constituted by caricain
(denoted CAR in Fig. 2) is generally regrouped with
this latter one [38]. Glutaminyl cyclotransferase
(denoted PQC in Fig. 4) and the inhibitor of serine
proteinases (denoted PPI in Fig. 4) also elute in the

Fig. 3. SDS–PAGE of the different chromatographic pools ob-CAR pool. Measurement of the PQC activity is
tained after chromatography of the papaya enzymes on SP-Sepha-

based on the liberation of ammonia fromL-glutamine rose Fast Flow. Experiments were carried out on slab gels using
tert.-butyl ester using the diagnostic kit provided by the Mini-Protean II cell (Bio-Rad Labs) as described previously
Sigma (St Louis, MO, USA). The activity of the [41]. Lanes: 1 and 6, molecular mass standards (kDa) including

(from top to bottom) phosphatase B (97.4), bovine serum albumininhibitor of serine proteinases is assessed through its
(66.2), ovalbumin (45.0), carbonic anhydrase (31.0), soybeanability to inhibit the amidase activity (N-a-benzoyl-
trypsin inhibitor (21.5) and lysozyme (14.3); 2, the papain (PAP)

DL-argininep-nitroanilide as the substrate) of bovine pool; 3, the chymopapain (CHP) pool; 4, the caricain (CAR) pool
pancreatic trypsin. and 5, the glycyl endopeptidase (GEP) pool from the Fractogel

Each individual enzyme is located in one single TSK Butyl 650(M).
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is visible on sodium dodecylsulfate–polyacrylamide papaya enzymes [38,41,53,55]. Three such supports
gel electrophoresis (SDS–PAGE). Examination of have been evaluated, namely: Phenyl Sepharose [53]
Fig. 3 shows that papaya cystatin is the main (Pharmacia Biotechnology), Fractogel TSK Butyl
contaminant of papain and of chymopapain while it 650(M) [38,41,55] and Fractogel EMD Propyl
bound less strongly to caricain and to glycyl endo- 650(S) (both from Merck, Darmstadt, Germany)
peptidase. (results reported here for the first time).

Such an observation is in agreement with the Despite some success encountered with Phenyl
measured dissociation constants between papaya Sepharose on an analytical scale (HPLC experi-
cystatin and the papaya endopeptidases (K of 0.39, ments), the scaling-up of hydrophobic interactiond

0.43, 1.49 and 3.44 nM, respectively for papain, chromatography (HIC) with this kind of gel caused
chymopapain, caricain and glycyl endopeptidase) problems [53]. This is not the case with the other
[46]. examined hydrophobic supports.

Fig. 4 compares the chromatographic behavior of
the papaya enzymes on Fractogel TSK Butyl

3 . Fractionation of the papaya enzymes on 650(M), on Fractogel EMD Propyl 650(S) and on a
hydrophobic supports thiophilic support [56] obtained by successively

treating BioGel 0.5 m (Bio-Rad Labs, Hercules, CA,
Hydrophobic supports have disclosed their ex- USA) with divinylsulfone and 2-mercaptoethanol.

treme usefulness in the context of the purification of This gel, called T-gel, obviously also behaves, at

Fig. 4. Chromatographic behavior of the individual papaya enzymes on Fractogel TSK Butyl 650(M) (A), Fractogel EMD Propyl 650(S)
(B) and on the Thiophilic gel (C). Column: 1233.2 cm I.D.; fractions of 15 ml; flow-rate: 60 ml /h; room temperature; eluting solutions: 2
M ammonium sulfate followed by a linear gradient (total volume: 1600 ml) from 2 to 0M ammonium sulfate, followed by water and finally
by 9% n-butanol in water. Each chromatographic fraction was analysed by measurement ofA and conductivity (broken line). Solid bars280

indicate the elution volumes of the different papaya enzymes.
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least partly, as a hydrophobic support. In all cases, 4 . Covalent and affinity chromatography of
elution of the bound proteins proceeds through the papaya endopeptidases
application of a linear gradient decreasing in ionic
strength from 2 to 0M (NH ) SO . As judged by native and SDS–PAGE experiments,4 2 4

As shown in Fig. 4, among the three examined the combination of chromatographies on SP-Sepha-
supports, Fractogel TSK Butyl 650(M) is the one rose Fast Flow followed by Fractogel TSK Butyl
that fractionates the papaya enzymes over the widest 650(M) provides the four individual endopeptidases
range of ionic strength. Caricain does not bind to this in a homogeneous form. From 30 to 50% of the
support even in the presence of 2M (NH ) SO proteinases in the starting papaya latex are however4 2 4

while, on the other hand, elution of papain which irreversibly oxidized, their cysteine residues being
fails even in the absence of salts, requires the converted into cysteic acid [14]. As a consequence,
presence of 9%n-butanol. each proteinase preparation is a mixture of irrever-

Combining two chromatographies successively on sibly and reversibly (e.g. in the form of aS-
SP-Sepharose Fast Flow and on Fractogel TSK Butyl thiomethyl derivative) oxidized endopeptidase. Sev-
650(M) provides, in a nearly homogeneous form, all eral chromatographic supports (Table 1) have been
the papaya enzymes with the exception of the designed with the aim of separating the fully active
glutaminyl cyclotransferase and the inhibitor of endopeptidases from the irreversibly oxidized ones.
serine proteinases which coelute on both gels. Their The first successful attempt was realized in 1970 on
separation is however readily achieved through an agarose organomercurial support and resulted in a
affinity chromatography on immobilized trypsin [39] papain preparation titrating 1 mol of SH per mol of
or through chromatography on the thiophilic gel enzyme [57]. Chymopapain and caricain also bind to
(Fig. 4). Passage of the glutaminyl cyclotransferase the organomercurial gel [23]. Other commercially
preparation through the T-gel also removes a pro- available covalent chromatographic supports include
teinase, visible with difficulty on SDS–PAGE gels, immobilized glutathione-S–S-(29-pyridyl) and im-
but readily detectable by its amidase activity on mobilized 2-hydroxypropyl-S–S-(29-pyridyl) [25].
fluorescent substrates [41]. Fractogel EMD Propyl Both chromatographic supports are able to specifical-
650(S) and T-gel are less efficient than Fractogel ly react with fully active papain [25], chymopapain
TSK Butyl 650(M) leading to highly contaminated [58,59] and caricain [23]. Glycyl endopeptidase, on
preparations of chymopapain, glycyl endopeptidase, the other hand, does not bind at all to the organo-
caricain and class-II chitinase. mercurial gel [23] nor to the electrophilic sites of the

Table 1
Covalent and affinity supports used in the context of the purification of the papaya proteinases titrating 1 mol of essential thiol group per mol
of proteinase

Ligand Bound endopeptidase(s)
1 2Phenyl-Hg CH COO Papain [57], chymopapain [23]3

caricain [23]
Glutathione-S–S-(2-pyridyl) Papain [58], chymopapain [23,59]

caricain [23]
2-Hydroxypropyl-S–S-(29-pyridyl) Papain and glycyl endopeptidase [25]
S–SO –R Papain [61]2

Gly–Gly–Tyr(Bz)–Arg Papain [62], caricain [63]
Gly–Phe–NH–CH –CN Papain, glycyl endopeptidase [24]2

Epoxysuccinyl-L-Leu-amino-
4-guanidinobutane Papain [64]
(Kunitz type)-soybean-
trypsin-inhibitor Caricain [65]
Chicken-cystatin Papain [66]
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Sepharose glutathione-2-pyridyl disulfide [60]. Fully an immobilized Kunitz-type trypsin inhibitor from
active glycyl endopeptidase however reacts with soybean and to chicken cystatin has also been
immobilized 2-hydroxypropyl-S–S-(29-pyridyl) [25]. reported [66,67].
Immobilization of alkyl thiolsulfonate groups also
provides a means to obtain fully active papain [61].
It is expected that such gels would also be able to 5 . Further purification of chymopapain through
react with the three other papaya endopeptidasesthe S-thiol poly(ethylene glycol) derivatization
provided that, in the case of glycyl endopeptidase, technique
the alkyl group on the thiolsulfonate function is not
too bulky. The sole isoform of chymopapain that has been

Immobilization of the tetrapeptide Gly–Gly– isolated so far from the latex ofC. papaya contains
Tyr(Bz)–Arg similarly results in the binding of fully two free thiol functions located at cysteinyl residues
active papain [62] and caricain [63] while the 25 (essential for the catalytic competence of the
irreversibly oxidized enzymes are not retained. Sur- proteinase) and 117 in its amino acid sequence
prisingly, an affinity column consisting of this tetra- [26,27]. Since about 50% of the thiol functions in
peptide attached to Sepharose binds caricain at anpapaya latex are irreversibly oxidized, it may be
ionic strength (400 mM) significantly higher than the estimated that the native species (with two free thiol
one at which papain is bound. Bound caricain is functions) content in chymopapain preparations
released by deionized water suggesting an important amounts to only 25%. The remainder does contain
contribution of hydrophobic interactions between chymopapain species in which at least one of the two
subsite S of this enzyme and the side chain of2 SH functions is fully and irreversibly oxidized. Thus,
Tyr(Bz). chymopapain may be viewed as an equimolar mix-

Glycyl endopeptidase has been discovered, quite ture of four molecular species according to the
fortuitously, in the course of experiments aimed at oxidation state of the sulfur atoms of the two
testing new ligands for the affinity purification of cysteinyl residues. Both cysteines 25 and 117 are
cysteine proteinases. One such new ligand, namely located on the protein surface [29] and are thus
Gly–Phe–aminoacetonitrile, linked to CH-Sepharose freely accessible to covalent chromatographic sup-
4B is able to selectively retain both papain and ports. This explain why such supports, unable to
glycyl endopeptidase while chymopapain and cari- immobilize fully oxidized chymopapain, do provide
cain pass straight through the gel [24]. Papain and the proteinase as an equimolar mixture of the three
glycyl endopeptidase, after their elution, titrate, remaining molecular species. On the other hand, the
respectively 0.84 and 0.95 mol of thiol function per use of active-site directed affinity gels does also
mol of enzyme. provide chymopapain, at best, as a mixture con-

trans-(Epoxysuccinyl)-L-leucylamino-4-guanidino- taining two molecular species differing by the oxida-
butane (E-64), isolated fromAspergillus japonicus, tion state of the sulfur atom of cysteine 117.
is another inhibitor of papain, chymopapain and Several monomethoxypoly(ethylene glycol) (Al-
caricain but not of glycyl endopeptidase [24]. E-64 is drich) derivatives (mPEG), such as the one shown
an irreversible inhibitor being capable through its below, capable of reacting with thiol functions of
epoxy group to react with the essential thiol function proteins have been synthesized in our laboratory in
of the proteinases [64]. Attachment of the inhibitor order to covalently graft mPEG chains with molecu-
to thiopropyl Sepharose through its epoxy group lar mass of about 5000 on thiol-containing enzymes
results in the loss of its irreversible inhibition activity [68–71].
but does not affect the specificity of interaction to

CH –(O–CH –CH ) –spacer arm–S–S–(29-pyridyl)bind cysteine proteinases [65]. Papain that has served 3 2 2 n

as a model cysteine endopeptidase was fully active
after its elution. Modification of chymopapain leads to a mixture of

Binding of caricain and of papain, respectively to differently grafted enzymes. About 25% of the
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