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Abstract

Papain-like cysteine proteases are the most numerous family of the cysteine protease class. They are expressed throughout the
animal and plant kingdoms as well as in viruses and bacteria. More recently, this protease family has drawn attention as a potential
pharmaceutical drug target in diseases characterized by excessive extracellular matrix degradation such as in osteoporosis, arthritis,
vascular diseases, and cancer. Moreover, papain-like cysteine proteases have been identified as critical components of the life cycle
and invasive potential of various human and live stock pathogens as well as major allergens. Therefore, this protease class is rig-
orously studied and requires sufficient amounts of protease protein to analyze structure—activity relationships, their 3-D structures
as well as to screen for and optimize potent and selective inhibitors. This review summarizes approaches to generate active papain-
like cysteine proteases by heterologous expression in a variety of expression systems.

© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Papain-like cysteine proteases have been identified as
key proteolytic activities in degenerative, invasive, and
immune system related disorders [1,2]. For example,
cathepsin K is the major bone-degrading activity in os-
teoclasts and its selective inhibition is thought to be
beneficial for the treatment of osteoporosis and certain
forms of arthritis [3-5]. Cathepsin S has been demon-
strated to be critical in MHC class II dependent antigen
presentation. Inhibition of cathepsin S significantly de-
creases the response to antigens and thus cathepsin S is
evaluated as a novel drug target for asthma and certain
auto-immune diseases [6,7]. Cathepsins also have been
implicated in tumor invasion and metastasis [8,9]. In-
creasing interest is focused on cysteine proteases ex-
pressed in a wide range of pathogenic parasites causing
malaria, Chagas’ disease, and schistosomiasis [1,10].
Papain-like cysteine proteases in parasitic organisms
have indispensable roles in growth, cell differentiation,
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signaling, and host invasion, and frequently act as vir-
ulence factors by proteolytically degrading the host
immune system [11].

Functional and structural evaluations of cysteine
proteases as well as high throughput screening for
potent protease inhibitors require sufficient amounts of
protein. Whereas some of the cathepsins (e.g., cathep-
sins B, L, and H) that are ubiquitously expressed at
high levels in relatively easily accessible organs have
been isolated from human and other mammalian spe-
cies, the scarcity of the tissue and cell-type specifically
expressed cathepsins requires the production of re-
combinant protein. Furthermore, it is also advisable to
obtain cysteine proteases from hazardous and patho-
genic organisms such as from various human and an-
imal parasites by heterologous expression. Thus, the
availability of efficient protein expression systems is
critical for the further understanding of this biologi-
cally and pharmaceutically important protease family.
In this review, we will summarize methods of heterol-
ogous expression of papain-like proteases, their acti-
vation into catalytically active proteins, their
purification, and storage.
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2. Description of methods

2.1. Expression of recombinant papain-like cysteine
proteases in Escherichia coli

Escherichia coli is generally the first choice for the
heterologous expression of proteins due to the ease with
which it is manipulated and its rapid growth in inex-
pensive media. The major concerns for producing active
protease in E. coli are ensuring high transcription and
translation rates, controlling toxicity of the heterologous
gene product, maintaining solubility of the protease, and
preventing proteolytic degradation of the expressed
protein. Most of these concerns can be addressed by the
selection of expression vectors with strongly inducible
promoters and strong ribosomal binding sites, targeting
sequences which direct the gene product to the peri-
plasmic compartment, protease-deficient E. coli hosts,
and the introduction of peptide “tags’ that allow easy
purification. A major breakthrough in the development
of bacterial expression systems was the introduction
of the bacteriophage T7 promoter to control the
expression of recombinant proteins in E. coli [12]. This
system is widely used for the expression of papain-like
proteases. The first protein expressed in such a system
was cathepsin L [13], however, the protein produced
was a deletion mutant with very low yields. The first
two proteins successfully expressed and produced in
high quantity were the plant proteases, papain [14],
and caricain (papaya protease omega [15]). Since then,
the system has been successfully exploited for the
expression of mammalian cathepsins, such as cathepsin
B [16], cathepsin L [17,18], cathepsin S [19,20], cathepsin
K [21,22], cathepsin O [23], and cathepsin X [24]
(see Table 1).

Initial attempts to express active papain-like cysteine
proteases in E. coli failed. However, these experiments
revealed that (i) the removal of the toxic signal sequence
is essential for protein expression [25] and (ii) the pres-
ence of the prodomain is required for correct folding to
obtain fully active enzyme [23,24]. A direct comparison
with a factorial screen for cathepsin S has demonstrated
that although it is possible to express the enzyme with-
out its prodomain, yields are extremely low when com-
pared with the expression of the proenzyme [20]. Similar
results were obtained for cathepsin L [26]. An exception
seems to be falcipain-2, which only needs the N-terminal
extension, unique for falcipain, for proper folding, but
not the prodomain [27]. Therefore, successful protocols
use protease cDNAs coding for the proenzymes, which
are cloned into an expression vector (pET or pGEX
vectors are most commonly used). BL21(DE3) pLysS E.
coli strains are most commonly used as hosts [12] and
are grown in LB medium in the presence of ampicillin
(50-100 pg/ml) and chloramphenicol (25 pg/ml) at 37°C
until an Aggp of 0.6-1.0 is reached. Protein expression is

then induced by the addition of IPTG (0.4-1 mM final
concentration). Cells are harvested 3—4 h post-induction.

The T7 promoter system gives protein yields as high
as 50-220mg/L culture for papain-like cysteine prote-
ases. However, most proteins are produced in insoluble
inclusion bodies. In order to solubilize the proteins, cells
are initially resuspended in a small volume of a slightly
alkaline buffer (50 mM Tris, pH 8.0), containing SmM
EDTA and 5% sucrose (v/v) or 150 mM NacCl instead of
sucrose can be used [16,20]. Following cell lysis by
freeze—thaw cycles and sonication, inclusion body pellets
are washed in similar buffers as described above (Triton
X-100 and 1.0 M urea can be added; see [16,19,20]), and
solubilized. Solubilization requires the denaturation of
the protein with 6-7 M guanidine hydrochloride (or 8 M
urea) in a buffer solution (imidazole, Tris, etc.). At this
step, the —SH groups in the proteins may be protected by
sulfonation with disodium 2-nitro-5-thiosulphobenzoate
[28], which has been shown to be beneficial [16,18,19],
although not essential.

A purification step preceding the refolding was found
to give higher yields. This could be done either by af-
finity chromatography using Ni-chelating chromatog-
raphy, if the construct was made with a His-tag [22,27],
or by gel filtration [17,19,21].

Refolding is the most critical step in the process.
Protein is rapidly diluted (50-100-fold) into the refold-
ing buffer to a final concentration of 10-50 pg/ml. At
higher protein concentrations, yields were dramatically
decreased [16,19]. An alkaline pH seems to be essential
for the proper disulfide formation [16,20]. A typical re-
folding buffer is a 50-100mM Tris buffer, pH 8.0-8.6,
containing SmM EDTA. Addition of glycerol (10-20%
v/v) as well as the addition of Arg (0.3-0.7 M) to in-
crease polarity [19-22] is highly recommended to in-
crease the refolding yield. Furthermore, the correct
redox pair ratio of the buffers used is critical. Two
combinations have been described: (i) cysteine/cystine
redox pair (3-5mM/0-1mM) [16,17], and (ii)) reduced
(10mM) and oxidized (1 mM) glutathione [20-22,27].
The addition of detergents is optional (Brij, Chaps) and
may improve final yields [20,22]. The optimal tempera-
ture for refolding is +4 °C [16,20] and the time of incu-
bation can vary between 15 and 24 h. After the refolding
step, the samples are concentrated and dialyzed against
the refolding buffer in the absence of the redox pair
components. To avoid autoactivation, proenzymes can
be stored in this buffer (neutral to alkaline pH is es-
sential) at =70 °C (at least —20 °C) for several months. In
order to increase the purity of the final product,
proenzymes can be purified by gel filtration, ion ex-
change chromatography or affinity chromatography on
Ni-NTA-Sepharose or glutathione-Sepharose. The
latter method is only applicable if the appropriate fusion
proteins containing the His-tag or glutathione S-trans-
ferase have been expressed.
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2.2. Expression of recombinant papain-like cysteine
proteases in yeast

Three yeast based expression systems have been used
for the production of recombinant papain-like cysteine
proteases: (1) Saccharomyces cerevisiae, (1) Pichia pas-
toris, and (iii) Candida boidinii. All three systems allow
post-translational modifications such as disulfide bond
formation, proteolytic processing, and glycosylation
similar to mammalian cells, although high mannose
glycosylation is sometimes a problem using S. cerevisiae.
Cysteine protease cDNAs are ligated to the appropriate
leader sequence in transfer vectors (prepro-a-factor for
Saccharomyces and Pichia expression and signal se-
quence of proteinase A for the Candida system) with the
first codon coding for the first amino acid of the pro-
region. Whereas, the expression vectors for the Sac-
charomyces system exploit ADH or o-MF inducible
promoters, the Pichia system uses the AOXI inducible
promoter or in case of the pGAP Pichia plasmids, the
constitutive glyceraldehyde-3-phosphate dehydrogenase
promoter. The latter expression system does not require
methanol for induction. In the Candida system, the
FDH]I promoter is used. Our experience with the Pichia
system is focused on the use of the pPIC9K vector and
GSI115 cells. Particular attention should be given to the
preparation of the linearized vector/insert construct. The
restriction fragment retaining sequences that (i) regulate
the expression of the protein encoded by the insert and
(i1) facilitate homologous recombination with the ge-
nomic AOXI locus, is gel purified twice. This fragment
(0.3-3ug DNA) is then electroporated into GS115
electro-competent host cells. Terminal AOXI sequences
allow for preferred integration into the AOXI locus.
These plasmid integrants facilitate optimal expression of
the AOXI promoter driven cathepsin coding sequences.
AOXI locus specific integrants have a Mut® (slow
growing) phenotype on methanol since they are depen-
dent on the weaker AOX2 regulatory locus, while those
integrated at ectopic loci (e.g. AOX2 or insertion inte-
grants at A0XI loci) have a Mutt (rapidly growing)
phenotype on methanol due to an intact and more active
AOXI locus. The two types of integrants are scored by
replica streaking primary colonies from minimal dex-
trose agar (MDA) plates onto minimal methanol agar
(MMA) and MDA plates. Since the productivity of
Mutt and Mut® transformants is not predictable, at
least six to eight colonies of each phenotype should be
screened for levels of heterologous protein/activity ex-
pression. For example, 7/8 Mut® and 2/8 Mut™ clones
displayed high expression of cathepsin K (unpublished
FN, DB). Screening can be performed in 50 ml culture
tubes. Briefly, a 6 ml culture is grown at 30 °C, 250 rpm
for 3 days in MDA, then centrifuged, and resuspended
in 2ml BMGY. Half the aliquot (1 ml) is frozen away in
15% glycerol-BMGY. The remaining 1 ml is brought up

to 40 ml BMGY and incubated at 250 rpm, 30 °C for 2-3
days. The ODygy should be ~20. Cells are centrifuged at
1500 rpm for 10 min and the pellets resuspended in 4 ml
BMMY. The pH values can drop significantly (down to
pH 4) within the first 36 h and must be readjusted to a
pH range of pH 6-6.5. Similar drops in pH have also
been described for the Candida expression system [29].

The key variables for maximizing yields of cysteine
protease expression are: choice of culture medium, cell
density, maintaining optimal pH range (which is affected
by both the previous parameters), and timing of the
activity assays. Low pH values lead to autocatalytic
activation of the zymogen form of the expressed cysteine
protease and subsequent autodegradation and denatur-
ation of the mature protease. Autoactivation of lyso-
somal cathepsins can be prevented at pH values higher
than 6. We adjust the pH to 6.5 with 5% ammonium
hydroxide. After reaching maximal cell density the pH
remains stable in BMMY media but not in BMM.
Methanol induction should be performed every 12h
when a continuous feeding mode is not available. The
addition of antifoam is recommended to minimize de-
naturation of the secreted protease. Activity assays
should be performed twice a day after methanol induc-
tion. The supernatant will be harvested after reaching a
maximum of activity. This time point must be deter-
mined empirically, since it depends on the expression
and secretion rate of the appropriate protease and its
stability in the medium.

A major advantage of yeast for the expression of
cysteine proteases is that it does not express and secrete
endogenous cysteine endoproteases. The only endoge-
nous cysteine protease produced in yeast is the cytosolic
aminopeptidase, bleomycin hydrolase [30], which can be
easily distinguished from heterologously expressed pa-
pain-like cysteine proteases. A further specific advantage
of the Pichia system is its very low level of secretion of
endogenous proteins which leave the heterologously
expressed protein, the only major protein in the pro-
duction media, and thus dramatically simplify the pu-
rification procedure [31]. Yeast systems have been
extensively used to express papain-like cysteine prote-
ases (see Table 1).

2.3. Expression of recombinant papain-like cysteine
proteases in insect cells

Baculovirus expression vectors have been used for the
production of several mammalian, including human
thiol-dependent cathepsins and various parasite derived
papain-like cysteine proteases (Table 1). Similar to yeast
expression systems, they allow post-translational modi-
fications similar to mammalian cells. To express a
functional protease, the complete coding region for the
protease, including the ATG start codon, has to be
cloned into a shuttle vector (e.g., pVL1392.93, pBlue-
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Bac, and pFastBac) and then inserted into the genomes
of polyhedros virus, AcNPV or a Bacmid DNA by ho-
mologous recombination. Expression transfer vectors
are available with His-tag for simple purification or
epitope tags for easy detection. Host cells for AcNPV
infections are cell lines (Sf9 and Sf21) derived from the
fall armyworm (Spodoptera frugiperda) and from egg
cells from Trichoplusia ni (High Five). A distinct dis-
advantage of insect cells for the expression of cysteine
proteases is that they express several endogenous ca-
thepsin-like activities which might interfere in the anal-
ysis of the recombinant protease. In addition, a
cathepsin B-like cysteine protease is encoded in the
baculovirus [32]. Care must be taken to remove all en-
dogenous cathepsin-like activities during the purifica-
tion procedure. The insect cell expression system allows
high level production in the milligram range as described
for cathepsin S, although other related cathepsins re-
vealed significantly lower yields (see Table 1).

2.4. Expression of recombinant papain-like cysteine
proteases in mammalian cells

Heterologous expression of cysteine proteases in
mammalian cells is mostly used to study intracellular
transport mechanisms, the secretion of zymogens, or
regulatory aspects of protease biology [33,34] and less
for large scale production of recombinant protein. This
is due to the high costs of mammalian cell cultures and
the availability of alternative expression systems as dis-
cussed above. Similar to the insect cells, mammalian
cells express numerous endogenous cathepsins which
have to be eliminated in the purification procedure.
Sloane and co-workers [35] have expressed functional
recombinant human procathepsin B in monkey kidney
and HeLa cells using the Vaccinia expression system.
Rhesus monkey cathepsin K has been expressed in
Chinese hamster ovary (CHO) cells [36].

2.5. Activation of precursors

Papain-like cysteine proteases contain a proregion
which has a tri-fold function: (i) acting as a chaperone
domain for the transport to the endosomal/lysosomal
compartment, (ii) ensuring the correct folding of the
catalytically mature protein, and (iii) inhibition of the
activity of the proenzyme. The length of the proregion
varies significantly and comprises peptide length be-
tween 38 amino acids for cathepsin X and 251 amino
acids for cathepsin F. Most heterologous expression
systems for cysteine proteases produce proteolytically
inactive proenzymes which are stable at slightly acidic
to slightly alkaline pH values. In order to generate
proteolytically active proteases the propeptide region
must be removed. The proregion can be removed
autocatalytically by incubating the precursor proteins

in acetate buffer at pH 4-4.5. Autocatalytic activation
can be facilitated in the presence of negatively charged
glycosaminoglycans with dextran sulfate being most
commonly used (5-20pg/ml; [18,37]). The only en-
zymes where no autoactivation was observed were the
exopeptidases, cathepsins X [38] and C [39]. They
both required an additional protease for full activa-
tion. Cathepsin C could be activated during the pu-
rification procedure, but this was likely due to trace
amounts of a cathepsin L-like protease from the host
insect cells [39]. Autocatalytically processed cysteine
proteases normally have N-terminal extensions of 2-6
amino acid residues [16,19,40]. However, these exten-
sions do not interfere with catalytic properties of the
enzymes.

The processing of procathepsins can be dramatically
enhanced by the addition of porcine pepsin (0.6 mg/ml).
Here, the crude supernatants of cathepsin producing
expression cultures are adjusted to a pH of 4.0 prior to
the pepsin addition and the mixture is incubated at
37°C. Aliquots of the reaction mixture are analyzed for
the rate of hydrolysis of a suitable substrate (e.g., Z-FR-
MCA). Aliquots should be tested at 5min intervals to
determine the maximum level of activity. Autocatalytic
as well as pepsin activation lead to a partial degradation
of the recombinant enzyme and thus the optimal time
point for a balance between maximal activation and
minimal degradation must be determined. Pepsin acti-
vation or autocatalytic processing can be terminated by
raising the pH to 5.5. Samples of the time course of
activation should be saved and analyzed by Western
blot analysis if a suitable antibody for the appropriate
recombinant protease is available. This will verify whe-
ther the processing of the proenzyme has been com-
pleted. Pepsin-activated cysteine proteases normally
have the correct processing site (YPro). An additional
advantage of the use of pepsin is the proteolytic clear-
ance of most yeast culture proteins present in the su-
pernatant of the culture.

2.6. Purification of recombinant papain-like cysteine
proteases

Autoactivation or activation of secreted protease
zymogens by pepsin hydrolyzes most proteins present
in the culture medium. This proteolytic clearance
simplifies subsequent purification and frequently al-
lows to obtain electrophoretically homogenous protein
after a single chromatography step. Depending on the
physico-chemical parameters of the recombinant pro-
tease any combination of chromatographic resins
available can be selected. This includes cationic and
anionic resins, various resins based on hydrophobic
interactions, as well as affinity chromatography. Since
many cysteine proteases generated in yeast, insect or
mammalian expression systems are glycosylated, Con
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A-Sepharose columns can be wused. Thiopropyl-
Sepharose is uniquely suited to bind to activated
cysteine residues as present in the ion pair of active
sites in these proteases. At acidic pH, only cysteine
proteases bind to this resin and can be easily eluted
from the column at neutral pH with an excess of a
reducing agent such as cysteine or dithiothreitol.
However, it should be mentioned that not all cath-
epsins bind equally efficiently to thiopropyl-Sepharose.
In our experience, thiopropyl-Sepharose was less ef-
fective for cathepsins K, V, and F from supernatants
of Pichia cultures. Chromatography steps used for the
purification of various papain-like cysteine proteases
are compiled in Table 1.

2.7. Activity assays for papain-like cysteine proteases

Mammalian cysteine proteases from the papain
family are expressed in lysosomes and have pH optima
at pH 5.540.5. With the exception of cathepsin S they
are unstable at neutral or alkaline pH. The standard
assay is performed in an acetate or phosphate buffer,
pH between 5 and 6 containing 1-2.5mM dithiothrei-
tol (or 5-10mM cysteine) and 1-2.5mM EDTA. The
concentrations of buffer, dithiothreitol and EDTA,
vary between protocols but do not seem to have a
significant effect on the enzyme activities. The protease
concentration is between 0.1 and 10nM. Z-FR-MCA
can be used for most mammalian cathepsins with an
endopeptidase activity (cathepsins B, L, S, K, V, F,
and O) and the hydrolysis of the substrates can be
continuously recorded with a fluorimeter using 380 nm
for excitation and 450nm for emission. Alternatively,
the chromogenic substrate Z-FR-pNA can be used and
recorded at 405nm. For some of the endopeptidolyti-
cally active cathepins more selective and potent sub-
strates are available. Z-RR-MCA is selective for
cathepsin B, Z-GPR-MCA is only cleaved by cathep-
sins K and B, Z-VVR-MCA is approximately §-10
times more efficient than Z-FR-MCA for cathepsin S,
and Z-LR-MCA is twice as potent for cathepsin K
than Z-FR-MCA. It should be noted that these sub-
strates are not selective for cathepsins S and K but
provide an alternative if the availability of the protease
amount is an issue.

Cathepsins H and C exhibit an amino and di-
peptidyl aminopeptidase activity and thus require N-
terminally unprotected peptide substrates. Arg-MCA
(or Arg-pNA) can be used for cathepsin H and GF-
MCA (or a pNA analogue) for cathepsin C. Ca-
thepsin X is a carboxypeptidase and internally
quenched fluorescence substrates such as Abz-FRF-
(4NO,) are recommended.

It should be noted that the measured activities of
papain-like cysteine proteases derived from heterolo-
gous expression should always be confirmed by the in-

hibition with E64, a selective but broad-specificity
irreversible inhibitor for all mammalian cathepsins with
the exception of cathepsin X. This is in particular im-
portance when expression systems are used which con-
tain tryptic and aminopeptidase activities (e.g., the
insect cell baculovirus system, any mammalian expres-
sion systems, and yeast expression systems). Z-XR-
MCA substrates are hydrolyzed by trypsin-like activities
and R-MCA (pNA) is degraded by various non-serine
and metallo-dependent amino peptidases. Those over-
lapping activities are particularly a problem when the
heterologously expressed cysteine protease has to be
isolated from the host cell extract. Attention must also
be given to endogenous cathepsin activities in mamma-
lian and insect cell expression systems. Endogenously
expressed cysteine protease activities are frequently very
similar to the recombinant enzyme activities. For ex-
ample, baculovirus expresses a cathepsin B-like activity
[32] as well as several endopeptidase activities with one
being very similar to cathepsin K (unpublished obser-
vation, DB).

Various plant and parasite-derived cysteine protease
activities have a pH optimum of pH 7.5 £ 0.5 and can be
analyzed in appropriate Tris/HCI, Hepes or related
neutral to slightly alkaline buffer systems.

2.8. Storage of recombinant cathepsins

In general, cysteine proteases are relatively unstable
enzymes which are prone to autocatalytic degradation,
oxidation, and protein denaturation. Exposure of most
recombinant cathepsins to room temperature and in
sub-micromolar enzyme concentration leads to a rapid
loss of enzyme activity. According to our observa-
tions, some cathepsins such as cathepsin K are un-
stable at -20°C and must be stored at —80°C.
Micromolar stocks of cathepsins L, K, V, S, and F in
acetate buffer, pH 5.5, containing 1 mM dithiothreitol
and 1 mM EDTA retained their full activity at —80°C
over several years. It is strongly suggested that the
protease stock solutions are frozen in small aliquots to
avoid frequent melting and freezing which results in
significant losses of enzyme activity. It has been re-
ported that cathepsins B, L, and H can be stored over
long periods of time in the form of a reversible mer-
cury complexes [41]. In this form the protein is also
stable at room temperature. Prior to use the protease
has to be reactivated in the presence of 10mM
EDTA. However, it should be noted that not all
cathepsins can be stored by this method. Unpublished
observations suggest an irreversible denaturation of
cathepsins K and S in the presence of mercury ions.
Alternatively, papain-like cysteine proteases can also
be reversibly inactivated by the addition of methyl
methane thiosulfonate (MMTS) in a molar ratio of
1.25:1 (inhibitor:enzyme) [42].
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3. Concluding remarks

The purpose of this review was to provide an over-
view of the various protein expression systems for the
generation of papain-like cysteine proteases, their puri-
fication, and activity assays. Each of the expression
systems discussed have specific advantages as well as
disadvantages and the researcher has to decide which
systems suit his/her application most. Based on our ex-
perience, the Pichia system appears to be the most effi-
cient when high yields of active protease are required at
minimal production costs. A clear advantage of Pichia
and yeast expression systems in general is the lack of
endogenous cysteine proteases, the high yields, and the
low content of proteins in the production media all of
which facilitate a simple purification protocol. If gly-
cosylation is a problem for crystallographic studies,
potential N-glycosylation sites can be easily inactivated
by site-directed mutagenesis. E. coli based expression is
clearly advantageous if large amounts of inactive pro-
teins are needed with a minimal investment in time and
costs. Inclusion of body-based protease protein is suit-
able for antigen production to generate antibodies. The
bacterial expression system is also recommended when a
workable refolding protocol is on hand which permits
the generation of active proteases. For most human
cathepsins, detailed methods of expression and purifi-
cation have been described. However, the increasing
number of parasite-derived cysteine proteases with
pharmaceutical relevance may require the development
of modified and novel expression and purification pro-
tocols.
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