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SUMMARY

Cryptosporidium parvum is an intracellular protozoan parasite that causes cryptosporidiosis in mammals including humans.

In the current study, the gene encoding the cysteine protease ofC. parvum (cryptopain-1) was identified and the biochemical

properties of the recombinant enzyme were characterized. Cryptopain-1 shared common structural properties with ca-

thepsin L-like papain family enzymes, but lacked a typical signal peptide sequence and contained a possible transmembrane

domain near the amino terminus and a unique insert in the front of the mature domain. The recombinant cryptopain-1

expressed in Escherichia coli and refolded to the active form showed typical biochemical properties of cathepsin L-like

enzymes. The folding determinant of cryptopain-1 was characterized throughmultiple constructs with or without different

lengths of the pro-domain of the enzyme expressed in E. coli and assessment of their refolding abilities. All constructs,

except one that did not contain the full-length mature domain, successfully refolded into the active enzymes, suggesting

that cryptopain-1 did not require the pro-domain for folding. Western blot analysis showed that cryptopain-1 was ex-

pressed in the sporozoites and the enzyme preferentially degraded proteins, including collagen and fibronectin, but not

globular proteins. This suggested a probable role for cryptopain-1 in host cell invasion and/or egression by the parasite.
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INTRODUCTION

Cryptosporidium parvum is an intracellular protozoan

parasite responsible for the diarrhoeal illness, crypto-

sporidiosis, in a number of mammals, including

humans (Priest et al. 2001; Tzipori andWard, 2002).

C. parvum infection is characterized by mucosal in-

jury and villous atrophywith infiltration of the lamina

propria by inflammatory cells. Most cases of human

infection usually involve self-limiting diarrhoea in

immunocompetent or healthy individuals; however,

immunocompromised individuals, most notably

those with acquired immunodeficiency syndrome

(AIDS), can develop prolonged severe diarrhoea that

is frequently fatal (Peterson, 1992). Although inten-

sive studies into the biology and biochemistry of the

parasite have been conducted in recent years, there

are currently no effective vaccines or treatment regi-

mens for C. parvum infection (Chen et al. 2002).

This situation emphasizes the importance of the

development of an effective vaccine and/or approach

to anti-cryptosporidial chemotherapy. One of the

approaches being undertaken for vaccine and chemo-

therapeutic agent development is the identification

and characterization of target molecules with essen-

tial roles in the parasite’s life cycle.

Cysteine proteases of apicomplexa protozoa, in-

cludingPlasmodium spp. andToxoplasma gondii, play

essential roles in the life cycles of these parasites.

They appear to be involved in a number of important

biological functions, including protein processing,

host cell invasion, and nutrient uptake (Shenai et al.

2000; Sijwali et al. 2001; Que et al. 2002; Rosenthal,

2002; Kim et al. 2004; Na et al. 2004). Cysteine pro-

tease inhibitors effectively block the development of

the parasites and inhibit host cell invasion (Rosenthal

et al. 2002; Shaw et al. 2002; Teo et al. 2007), sug-

gesting that cysteine proteases of the parasites are

appropriate new chemotherapeutic targets. Cysteine

protease activities have been identified in several

developmental stages of C. parvum, and are likely to

be associated with the excystation and host cell in-

vasion by the parasite (Nesterenko et al. 1995;Forney

et al. 1996) ; however, the biological and biochemical
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features of the enzymes are poorly understood.

Therefore, improved characterization of crypto-

sporidial cysteine proteases is necessary for an in-

depth understanding of the biology of C. parvum, as

well as for further investigation of the molecules as

chemotherapeutic targets for treatment of cryptospo-

ridiosis.

In the current study, we identified a gene encoding

a cysteine protease of C. parvum, designated as

cryptopain-1, and characterized the biochemical

properties of the recombinant protein. Cryptopain-1

was shown to share typical structural and bio-

chemical properties with cathepsin L-like cysteine

proteases, but is quite different from other related

enzymes in that it does not require a pro-domain for

folding. The preferential hydrolysis of collagen and

fibronectin suggested a probable biological role for

cryptopain-1 in host cell invasion and/or egress by

the parasite.

MATERIALS AND METHODS

Identification and cloning of the gene encoding

for cryptopain-1

By data-mining the recently updated C. parvum

genome sequence database (CryptoDB, http://

cryptodb.org), we identified a gene encoding a cys-

teine protease, cryptopain-1 (Gene ID: cgd6_4880).

The open reading frame of cryptopain-1 was ampli-

fied with forward (5k-ATGGACATA-GGAAACA-

ACGTGGAAGAACAT-3k) and reverse (5k-TTA-

TATTGATTGAT-TAATCACTGGATACAC-3k)
primers with Taq DNA polymerase (Takara, Otsu,

Japan) and C. parvum genomic DNA. The amplified

PCR product was gel-purified using a gel extraction

kit (Qiagen, Valencia, CA, USA), ligated into the

pGEM T-Easy vector (Promega, Madison, WI,

USA), and then transformed into Escherichia coli

DH5a. Sequencing reactions were conducted with a

BigDye Terminator Cycle Sequencing Ready Reac-

tion Kit in an ABI 377 automatic DNA sequencer

(Applied Biosystems, FosterCity,CA,USA).Analy-

sis of the primary structure of the deduced amino

acid sequences was conducted with DNASTAR

(DNASTAR, Madison, WI, USA), TMHMM

(http://www.cbs.dtu.dk/services/TMHMM-2.0),

and Signal P (http://www.cbs.dtu.dk/services/

SignalP).TargetP1.1 (http://www.cbs.dtu.dk/services/

TargetP) and PSORT (http://www.psort.org) were

used to predict protein localization. The nucleo-

tide sequence encoding cryptopain-1 is available in

the GenBank database under Accession number

DQ156545.

Expression, purification, and refolding of recombinant

cryptopain-1

Toexpress the recombinant cryptopain-1, a fragment

harbouring a portion of the pro-domain and the

entire mature domain of cryptopain-1 was amplified

using the primers 5k-GGATCCGAGGAAAATC-

AAAGATTTGAAATT-3k, which contained a 5k
Bam HI site, and 5k-CTGCAGTTATATTGA-

TTGATTAATCACTGG -3k, which harboured a 5k
Pst I site. The PCR product was purified, ligated into

the pGEM-T Easy vector (Promega), and trans-

formed into E. coli DH5a. The resulting plasmid

DNA was digested with the appropriate restriction

enzymes and ligated into the pQE-30 expression

vector (Qiagen), which was then transformed into

E. coli M15 [pREP4] cells (Qiagen). Selected clones

were grownand inducedwith 1 mM isopropyl-1-thio-

b-D-galactopyranoside (IPTG). The cells were col-

lected by centrifugation at 10 000 g for 15 min at 4 xC,

and suspended in 8 M urea lysis buffer. The recom-

binant protein was purified by nickel-nitrilotriacetic

acid (Ni-NTA) affinity chromatography (Qiagen).

The purification and purity of the recombinant

protein was monitored by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE).

Refolding of the purified recombinant protein was

performed as described previously (Na et al. 2008).

In brief, 10 ml (1 mg/ml) of the affinity purified re-

combinant protein was slowly added to 1 litre of

100 mM Tris-HCl (pH 8.0) containing 1 mM ethyl-

enediaminetetraacetic acid (EDTA), 250 mM L-

arginine, 5 mMreducedglutathione (GST), and1 mM

oxidized glutathione (GSSG). After gentle stirring at

4 xC for 20 h, the sample was dialysed against 0.01 M

Tris-HCl (pH 7.5) and concentrated with Centricon

Plus (cut-off 10 kDa; Millipore, Billerica, MA,

USA). The refolded cryptopain-1 was processed to

form the fully active mature enzyme by adjusting the

pH to 5.0 with 3.5 M sodium acetate (pH 2.6) con-

taining 10 mM DTT and incubation at 37 xC for 2 h.

The debris was removed by centrifugation and the

pH of the sample was readjusted to 7.0 with 1 MTris-

HCl (pH 8.5). For substrate gel analysis, samples

were mixed with SDS-PAGE sample buffer lacking

2-mercaptoethanol, and electrophoresed in SDS-

polyacrylamidegel co-polymerizedwith0.1%gelatin.

The gel was then washed twice with 2.5% Triton X-

100 at room temperature for 30 min, incubated

in 100 mM sodium acetate (pH 5.5) supplemented

with 10 mM dithiothreitol (DTT) overnight at 37 xC,

stained with Coomassie Blue, and destained to ident-

ify the proteolytic activity as a clear band on the gel.

Enzyme assay and kinetic analysis

The enzyme activity was assayed fluorometrically as

the hydrolysis of benzyloxycarbonyl-L-leucyl-L-

arginine 4-methyl-coumaryl-7-amide (Z-LR-MCA;

Peptide Institute, Osaka, Japan). Briefly, 10 ml of

enzyme solution was added to 190 ml of sodium

acetate buffer (pH 5.5) containing 5 mM Z-LR-MCA

and 10 mM DTT, and the release of fluorescence

(excitation, 355 nm; emission, 460 nm) over 20 min
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at room temperature was assessed with a Fluoroskan

Ascent FL (Thermo, Vantaa, Finland). For kinetic

analysis, the concentration of recombinant crypto-

pain-1 was determined by active site titration with

trans-epoxy-succinyl-L-leucylamido(4-guanidino)-

butane (E-64). The kinetic parameters of the enzyme

for Z-LR-MCA, Z-L-phenylalaninyl-L-arginine-

MCA (Z-FR-MCA) and Z-L-arginyl-L-arginine-

MCA (Z-RR-MCA) were determined at room

temperature using a constant amount of enzyme

(25 nM) and varying concentrations of substrate in

100 mM sodium phosphate (pH 6.5) containing

10 mMDTT. Fluorogenic substrates were added and

activities were compared in terms of fluorescence as

a function of time. The kinetic constants Km and

Vmax were determined using GraphPad software

(GraphPad Software Inc., La Jolla, CA, USA).

Production of antibody for cryptopain-1 and

Western blot analysis

Specific antibody against recombinant cryptopain-1

was produced by immunization of BALB/c mice

with purified recombinant cryptopain-1 (50 mg) 3

times at 2-week intervals. Two weeks after the final

inoculation, themicewere sacrificed and the serawere

collected. The immunoglobulinG (IgG) fraction was

isolated from the sera with a Protein G-Sepharose

column (Amersham Biosciences, Piscataway, NJ,

USA). For Western blot analysis, the sporozoites

of C. parvum were prepared as previously described

(Ctrnacta et al. 2006). The sporozoites (109 cells)

were suspended in phosphate-buffered saline (PBS;

pH 7.4) which contained a complete protease inhibi-

tor cocktail (Roche,Mannheim, Germany), and were

sonicated on ice using 5-sec pulses at 50% output

power for up to 3 min in a W-380/385-series Soni-

cator Ultrasonic Liquid Processor (Misonix Inc.,

Farmingdale, NY, USA). The sonicated extract of

C. parvum sporozoites (20 mg) was subjected to SDS-

PAGE, and the proteins were transferred to

a nitrocellulose membrane (Bio-Rad, Hercules, CA,

USA). The membrane was blocked with PBS sup-

plemented with 0.05% Tween 20 (PBST; pH 7.4)

and 3% skim milk for 1 h. The membrane was then

incubated with antibody raised against the recom-

binant cryptopain-1 which was diluted 1 : 1000 in

PBST at room temperature for 2 h. After several

washes with PBST, the membrane was incubated

with 1 : 1000 diluted horseradish peroxidase-

conjugated goat anti-mouse IgG (Sigma, St Louis,

MO, USA). The blot was visualized with 4-chloro-

1-naphthol (Sigma) and the reaction was stopped by

washing the membrane with distilled water.

Biochemical properties of recombinant cryptopain-1

The optimal pH for the maximum activity of

cryptopain-1 was assessed in sodium acetate

(pH 4.0–5.5), sodium phosphate (pH 6.0–6.5), and

Tris-HCl (pH 7.0–9.0). Recombinant cryptopain-1

(50 nM) was added to each pH buffer supplemented

with 5 mM Z-LR-MCA and 10 mM DTT and the

enzyme activity was measured as described above.

For each pH, the appropriate blank was separately

measured as a control. The requirement of reducing

conditions formaximum activity of cryptopain-1 was

determined by assay of the enzyme activity in

100 mM sodium phosphate (pH 6.5) with different

concentrations of GSH, ranging from 0 to 20 mM.

The pH stability of recombinant cryptopain-1 was

also examined at pH 5.0, 6.5, or 8.0 by incubating the

enzyme at 37 xC in the appropriate buffers.

N-terminal amino acid sequencing

Fully processed mature recombinant cryptopain-1

was separated by SDS-PAGE, transferred to a poly-

vinylidene difluoride (PVDF) membrane, stained

with Coomassie Blue, and destained. The protein

band was excised and sequenced by Edman sequen-

cing at the Korea Basic Science Institute (Daejeon,

Korea).

Requirement of the pro-domain for folding

To investigate the requirement of the pro-domain for

the proper folding of cryptopain-1, constructs encod-

ing for the cryptopain-1mature domain and different

lengths of the pro-domain were amplified by PCR

using the following primers:x65E CP1 (5k-GGAT-

CCGAGGAAAATCAAAGATTT-3k), x37E CP1

(5k-GGATCCGAAATGAATGAATTTGGT-3k),
x10E CP1 (5k-GGATCCGAAAGGGTATTTA-

AGTCA-3k), CP1 (5k-GGATCCGCAAGCGAAT-

CAGAAGAG-3k), and +14N CP1 (5k-GGATC-

CAATTGGGTGGAAGCTGGA-3k) ; in all cases

the reverse primer was 5k-CTGCAGTTATATT-

GATTGATTAATC-3k. The DNA fragments were

digested with Bam HI and Pst I, ligated into pQE-

30 expression vector, and transformed into E. coli

M15 [pREP4] competent cells. Each protein was

expressed, purified, and refolded as described

above. An enzyme assay and substrate gel analysis of

each refolded enzyme was performed as described

above.

Degradation of host proteins

Purified collagen (from human placenta), fibronectin

(from human plasma), alpha2-macroglobulin (from

human plasma), albumin (from human serum),

haemoglobin (from human blood), IgA (from human

colostrum), IgG (from human serum), and IgM

(from human serum) were purchased from Sigma.

Each protein (1 mg/ml) was incubated with crypto-

pain-1 (50 nM) in 50 mM sodium phosphate (pH 6.5)

with 1 mM GST for 1 or 2 h at 37 xC. The reactions
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were terminated by adding reducing sample buffer

and analysed by SDS-PAGE.

RESULTS

Cloning and molecular characterization of

cryptopain-1

The gene encoding cryptopain-1 consisted of a

1206 bp sequence that encoded for 401 amino acids.

The modified ERFNIN and GNFD motifs,

characteristic of cathepsin L-like cysteine proteases,

were identified in the pro-domain of the enzyme.

The Q, C, H, N, and W residues, which are crucial

for stabilization of either the thiolate-imidazolium

ion pair or the transition states, were well conserved.

The 6 cysteine residues that form disulfide bridges

critical for maintenance of the tertiary structure

were also well conserved (Fig. 1). Primary sequence

analysis of cryptopain-1 revealed that a typical signal

Cryptopain-1 :
Toxopain-2 :
Falcipain-2 :
Falcipain-3 :
Vivapain-2 :
Vivapain-3 :
Papain :
Human :

MDIGNNVEEHQEYISGPYIALINGTNQQRE---PN--------KKLKNIIIAT-----------------------LIAIFIVLVVTV
MDSSET--HYVSFLNGEDDGLENGELHQRRGVRAGRPSPP--------FVVTTRTYFWKKFLRQRNFTARAWI--ALVAAAVSLLVFA
MDYNMDYAPH-EVISQQGERFVDK-YVDRKILKNKKSLLVIISLSVLSVV-GFVLFY---FTPNSRKSD--LFKNSSVENNNDDYIIN
MEYHMEYSPN-EVIKQEREVFVGKEKSGSKF-KRKRSIFIVLTVS-ICFMFALMLFY---FTR--NENNKTLFTNSLSNNINDDYIIN
MEYHIEYASN-ESGKSEKEAFVQNSFSQTNG-KGRKGLLVVLFVSAICLL-AGSAFY---FTRTGKESDGPLYGNALDESSSDDFIIT
MDYHMQYNAQ-DPINGERKGFVGQGYIDKAILKKKKNCLILLSVSAICI-FVCSAFY---FTRPAKRDGGVTY--KIADKVDDDYIIN
MAMIPSISK-------------------------------------------------------------------LLFVAICLFVYM
MNPTLILAA-----------------------------------------------------------------FCLGIASATLTFDH

: 54
: 76
: 80
: 80
: 82
: 81
: 21
: 23

Cryptopain-1 :
Toxopain-2 :
Falcipain-2 :
Falcipain-3 :
Vivapain-2 :
Vivapain-3 :
Papain :
Human :

SL--------YITNNTSDKIDDF-----------------------------VPGDYVDPATR---------EYRKSFEE--------
SF--------LIQWQGEDDRAVF-----------------------------PPSPVEDHQPPANIWEWKEAHFQDAFSS--------
SLLKSPNGKKFIVSKIDEALSFYDSKKNDINKYNEGNNNNNADF-------KGLSLFKENTPSNNFIHNKD-YFINFFDNKFLMNNAE
SLLKSESGKKFIVSKLEELISSYDKEKKMRTTGAEENNMNMNGIDD--KDNKSVSFVNKKNGNLKVNNNNQVSYSNLFDTKFLMDNLE
TLLKSPGGKKFIVSKLTELVASYDKDGN---SQEEKHSGELTTTEE--RSEKGEEHYKKRFGNLKISKKSEINFA---DAKFLMTNLE
FLLKSKNGKKFIASKVQELISTYDVKKENLPAQHGGTYKRFAKRDQCTRNNCSVSPYGKNAAQVEVVAQ-VNLVNPLVDTKFLMANLE
GL----------------SFGDF-----------------------------SIVGYSQNDLTST------ERLIQLFES--------
SL-------------------------------------------------------EAQWTKWK-----------------------

: 88
: 119
: 160
: 166
: 162
: 168
: 50
: 33

Cryptopain-1 :
Toxopain-2 :
Falcipain-2 :
Falcipain-3 :
Vivapain-2 :
Vivapain-3 :
Papain :
Human :

-------FKKKYHKVYSSMEEENQRFEIYKQNMNFIKTTNSQ----GFSYVLEMNEFGDLSKEEFMARFTGYIKDSKDDERVFKSSRV
-------FQAMYAKSYATEEEKQRRYAIFKNNLVYIHTHNQQ----GYSYSLKMNHFGDLSRDEFRRKYLGFKKSRNLKSHHLGVA--
HINQFYMFIKTNNKQYNSPNEMKERFQVFLQNAHKVNMHNNN---KNSLYKKELNRFADLTYHEFKNKYLSLRSSKPLKNSKYLLDQM
TVNLFYIFLKENNKKYETSEEMQKRFIIFSENYRKIELHNKK---TNSLYKRGMNKFGDLSPEEFRSKYLNLKTHGPFKTLSPPVSYE
SVNSFYLFVKEYGRKYKTEEEMQQRYLAFVENLEKIKAHNSR---ENVLYRKGMNQFGDLSFGEFKKKYLTLKSFD-FKTFGGKLKRI
TVNSFYLFMKEHGKEYSTADEMQQRYLSFAENLAKIKAHNSR---ENVLYRKGMNRFGDLSFEEIKKKYLTLKSFD-LKSDGIKSPRV
-------WMLKHNKIYKNIDEKIYRFEIFKDNLKYIDETNKK----NNSYWLGLNVFADMSNDEFKEKYTGSIAGNYTTTEL----SY
---------AMHNRLYGMNEEGWRR-AVWEKNMKMIELHNQEYREGKHSFTMAMNAFGDMTSEEFRQVMNGFQNRKPRKGKVFQ----

: 165
: 194
: 245
: 251
: 246
: 252
: 123
: 107

Cryptopain-1 :
Toxopain-2 :
Falcipain-2 :
Falcipain-3 :
Vivapain-2 :
Vivapain-3 :
Papain :
Human :

SASESEEEFVPPNSI-------NWVEAGCVNPIRNQKNCGSCWAFSAVAALEGATCAQTNRGLPSLSEQQFVDCSKQNGNFGCDGGTM
TELLNVLPSELPAGV-------DWRSRGCVTPVKDQRDCGSCWAFSTTGALEGAHCAKTGK-LVSLSEQELMDCSRAEGNQSCSGGEM
-NYEEVIKKYRGEE-NFDHAAYDWRLHSGVTPVKDQKNCGSCWAFSSIGSVESQYAIRK-NKLITLSEQELVDCSFKN--YGCNGGLI
ANYEDVIKKYKPADAKLDRIAYDWRLHGGVTPVKDQALCGSCWAFSSVGSVESQYAIRK-KALFLFSEQELVDCSVKN--NGCYGGYI
TNYEDVIDKYKPKDATFDHASYDWRLHKGVTPVKDQANCGSCWAFSTVGVVESQYAIRK-NQLVSISEQQMVDCSTQN--TGCYGGFI
SDYDDIIHKYKPKDGTFDYVKHDWREFNAVTPVKDQKNCGACWAFSTVGVVESQYAIRKKE-LVSLSEQEMVDCSFKN--YGCDGGNI
EEVLNDGDVNIPEYV-------DWRQKGAVTPVKNQGSCGSCWAFSAVVTIEGIIKIRTGN-LNEYSEQELLDCDRR--SYGCNGGYP
----EPLFYEAPRSV-------DWREKGYVTPVKNQGQCGSCWAFSATGALEGQMFRKTGR-LISLSEQNLVDCSGPQGNEGCNGGLM

: 246
: 274
: 328
: 336
: 331
: 337
: 201
: 183

Cryptopain-1 :
Toxopain-2 :
Falcipain-2 :
Falcipain-3 :
Vivapain-2 :
Vivapain-3 :
Papain :
Human :

GLAFQYAIKNKYLCTNDDYPYFAE-EKTCMDSFCENYIEIPVKAYKYVFPRNINALKTALAKYGPISVAIQADQTPFQFYKSGV-FDA
NDAFQYVLDSGGICSEDAYPYLAR-DEECRAQSCEKVVKIL--GFKDV-PRRSEAAMKAALAKSPVSIAIEADQMPFQFYHEGV-FDA
NNAFEDMIELGGICPDGDYPYVSDAPNLCNIDRCTE--KYGIKNYLSV---PDNKLKEALRFLGPISISVAVSD-DFAFYKEGI-FDG
TNAFDDMIDLGGLCSQDDYPYVSNLPETCNLKRCNE--RYTIKSYVSI---PDDKFKEALRYLGPISISIAASD-DFAFYRGGF-YDG
PLAFEDMIEMGGLCSSEDYPYVADIPEMCKFDICEQ--KYKINNFLEI---PEDKFKEAIRFLGPLSVSIAVSD-DFAFYRGGI-FDG
PIAFEDLLDLGGICKEKEYPYVDVTPELCDIDRCKN--KYKITTYVEI---PQLRFKEAIKFLGPISVSICAND-DFVYYEGGL-FDG
WSALQLVAQYG-IHYRNTYPYEGV-QRYCRSREKGPYAAKT-DGVRQVQPYNEGALLYSIANQ-PVSVVLEAAGKDFQLYRGGI-FVG
DYAFQYVQDNGGLDSEESYPYEAT-EESCKYNPKYSVANDT--GFVDIPKQEKALMKAVATVGPISVAIDAGHESFLFYKEGIYFEPD

: 332
: 357
: 409
: 417
: 412
: 418
: 284
: 268

Cryptopain-1 :
Toxopain-2 :
Falcipain-2 :
Falcipain-3 :
Vivapain-2 :
Vivapain-3 :
Papain :
Human :

PCGTK-VNHGVVLVGYDMD--------EDTNKEYWLVRNSWGEAWGEKGYIKLALHSGKK-GTCGILVEPVYPVINQSI---------
SCGT-DLDHGVLLVGYG--------TDKESKKDFWIMKNSWGTGWGRDGYMYMAMHKGEE-GQCGLLLDASFPVM-------------
ECGDQ-LNHAVMLVGFGMKEIVNPLTKKGEKHYYYIIKNSWGQQWGERGFINIETDESGLMRKCGLGTDAFIPLIE------------
ECGAA-PNHAVILVGYGMKDIYNEDTGRMEKFYYYIIKNSWGSDWGEGGYINLETDENGYKKTCSIGTEAYVPLLE------------
ECGEA-PNHAVILVGFGAEDAYDFDTKTMKKRYYYIVKNSWGVSWGEKGFIRLETDINGYRKPCSLGTEALVALVD------------
SCGFS-PNHAVILVGYGMEEMYDAMSRKNEKRYYFWLKNSWGEKWGEKGYMKIQTDEYGLMKTCSLGAQAFVALIDEV----------
PCGNK-VDHAVAAVGYG--------------PNYILIKNSWGTGWGENGYIRIKRGTGNSYGVCGLYTSSFYPVKN------------
CSSEDMDHGVLVVGYGFE-------STESDNNKYWLVKNSWGEEWGMGGYV--KMAKDR-RNHCGIASAASYPTV-------------

: 401
: 422
: 484
: 492
: 487
: 495
: 345
: 333

: 401
: 422
: 484
: 492
: 487
: 495
: 345
: 333

Identity (%)
–

33.6
23.9
24.6
25.1
25.4
26.7
30.9

Fig. 1. Multiple sequence alignment. The deduced amino acid sequence of cryptopain-1 (GenBank Accession number

DQ156545) was aligned with those of cysteine proteases; toxopain-2 (AY660746), falcipain-2 (AF239801), falcipain-3

(AF282974), vivapain-2 (AY208270), vivapain-3 (AY211736), papain (P00784), and human cathepsin L (M20496).

Dashes represent gaps added to maximize alignment. The ERFNIN and GNFD motifs are indicated with closed and

open circles, respectively. The dotted line on the cryptopain-1 sequence is the predicted transmembrane domain.

Asterisks indicate conserved active-site residues. The arrow-head indicates the position of the mature domain

processing site of cryptopain-1.
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peptide sequence was absent, but it did contain a 23-

amino acid hydrophobic stretch (37–59 amino acids)

that was predicted by the PRED-TMR algorithm

to represent a transmembrane domain (Pasquier et al.

1999). In addition, 4 putative N-glycosylation sites

were identified (23NGT25, 60NNT62, 61NTS63,

and 398NQS400).

Expression, purification, and refolding of recombinant

cryptopain-1

A portion of the pro-domain and the entire mature

domain of cryptopain-1 was amplified, cloned into

the pQE-30 expression vector, and transformed into

E. coli. The recombinant cryptopain-1 was expressed

in E. coli as an insoluble protein with an apparent

molecular weight of 34 kDa (Fig. 2A), which was

consistent with the estimated molecular mass from

the deduced amino acid sequence of cryptopain-1.

The recombinant protein purified by Ni-NTA af-

finity chromatography and refolded under alkaline

conditions was processed to the enzymatically-active

species of approximately 26 kDa under acidic con-

ditions and its activity was shown to be effectively

inhibited by E-64 (Fig. 2A and B). The N-terminal

amino acid residues, determined by N-terminal

amino acid sequencing of the fully active mature

recombinant cryptopain-1, were ASESE (Fig. 1).

To determine the expression of cryptopain-1 in

C. parvum sporozoites, Western blot analysis was

performed. The specific antibody for recombinant

cryptopain-1 was reacted with a protein with an

approximate molecular weight of 35 kDa, which co-

incided well with the predicted molecular size of

pro-form cryptopain-1, in the extract of C. parvum

sporozoites (Fig. 2C).

Biochemical properties of recombinant cryptopain-1

Cryptopain-1 showed a broad pH optimal range

(pH 5.5 to 7.0), with a maximum at pH 6.5 (Fig. 3A)

and reducing conditions were required for maximum

activity (Fig. 3B). The enzyme was relatively stable

at neutral pHs, but relatively unstable in acidic

conditions (Fig. 3C). The substrate specificity of

cryptopain-1 was characterized with several fluoro-

genic peptide substrates. Cryptopain-1 readily hy-

drolysed Z-FR-MCA and Z-LR-MCA, but did not

show activity against Z-RR-MCA (Fig. 3D).

Cryptopain-1 does not require the pro-domain for

folding

To better characterize the determinants of folding

for cryptopain-1, multiple constructs with or without

different lengths of the pro-domain of the enzyme

were expressed in E. coli (Fig. 4A). All of the con-

structs were successfully expressed with the sizes

expected (Fig. 4B, upper panel). Each recombinant

protein was then refolded and activated in acidic

pH conditions (Fig. 4B, lower panel). The constructs

harbouring full-length mature domain (E1–E4) suc-

cessfully refolded and showed proteolytic activities,

but E5, which did not contain the full-length mature

domain, did not show activity (Fig. 4C and 4D).

Degradation of various host proteins

To investigate the probable biological roles of

cryptopain-1, its proteolytic activity was determined

for several human proteins, including collagen, fibro-

nectin, a2-macroglobulin, albumin, haemoglobin,

IgA, IgG, andIgM.High levels of hydrolysis offibro-

nectin and collagen were observed with no significant

kDa
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Fig. 2. Expression, purification and refolding of recombinant cryptopain-1. (A) Proteins were analysed by

SDS-PAGE and stained with Coomassie Blue. Lane 1, E. coli lysate control ; lane 2, IPTG-induced E. coli lysate;

lane 3, unbound fraction of Ni-NTA affinity chromatography; lane 4, bound fraction of Ni-NTA affinity

chromatography; and lane 5, fully activated mature recombinant cryptopain-1. (B) Fully activated mature recombinant

cryptopain-1 was analysed by substrate gel supplemented with 0.1% gelatin as substrate. Lane 1, without E-64; and

lane 2, with E-64 (10 mM). (C) Western blot analysis. Lane 1, recombinant cryptopain-1 (5 mg); lane 2, extract of
Cryptosporidium parvum sporozoites (20 mg). The blot was probed with the antibody raised against recombinant

cryptopain-1.
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reducing conditions. Enzyme activity was assayed in 100 mM sodium phosphate (pH 6.5) with different concentrations

of GSH. (C) Enzyme stability. Recombinant cryptopain-1 was incubated in various pH buffers at 37 xC for the

indicated time and residual enzyme activity was assayed. (D) Substrate kinetics. Kinetic parameters of cryptopain-1 for

different fluorogenic substrates were determined.
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Fig. 4. Cryptopain-1 does not require the pro-domain for folding. (A) Domain organization of pre-pro-cryptopain-1.

The schematic shows locations of a predicted transmembrane domain (TM), the mature domain processing site

(arrowhead), and an unusual amino-terminal extension of the mature protease (underline). Sequence flanking mature
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hydrolytic activity for the other aforementioned

protein substrates (Fig. 5).

DISCUSSION

In this study, we identified and characterized

cryptopain-1, a cysteine protease of C. parvum.

Cryptopain-1 is a typical papain-like enzyme which

shares similar structural and biochemical character-

istics with other cathepsin L-like enzymes, but its

pH optimum is slightly neutral compared to other

related enzymes. Interestingly, cryptopain-1 has

some unusual features, including a large pro-domain,

a putative transmembrane domain near the amino

terminus, and some unique insertions in the front

of the mature domain sequence, which are not found

in typical papain-family enzymes. In general, papain-

family cysteine proteases show highly similar struc-

tural properties, consisting of a signal peptide, a

pro-peptide, and a catalytic domain representing

the mature active enzyme. All of these proteases are

initially synthesized as inactive pro-enzymes har-

bouring an N-terminal pro-domain which mediates

proper folding of the enzymes into their active

forms (Smith and Gottesman, 1989). Although the

pro-domain sequences of the enzymes are more

variable than the mature domain, the two regions

of pro-domain (ERFNIN and GNFD motifs) are

relatively well-conserved and play an important role

in the processing and folding of these enzymes

(Smith and Gottesman, 1989; Vernet et al. 1995;

Yamamoto et al. 1999; Shinde and Inouye, 2000).

The pro-domains have also been suggested to act as

potent inhibitors of their cognate proteases to pre-

vent the disastrous consequences of uncontrolled

hydrolytic activity by the enzymes (Baker et al. 1992;

Carmona et al. 1996; Coulombe et al. 1996; Guay

et al. 2000). Mature enzymes were finally produced

by cleavage at the mature protease cleavage site.

Cleavage usually occurs immediately upstream of the

sequence,XP whereX represents a non-polar amino

acid commonly about 25 amino acids upstream of the

catalytic cysteine residue in typical papain-family

enzymes (Berti and Storer, 1995). The conserved

proline was also found in cryptopain-1 in nearly the

same upstream position as in all presently known

papain-family proteases. However, the N-terminal

amino acid sequencing analysis of fully activated

mature cryptopain-1 showed that the enzyme con-

tained an extra amino-terminal extension, with an

additional 9 amino acids relative to other papain-

family enzymes. This atypical N-terminal extension

has also been found in plasmodial cysteine proteases

(Shenai et al. 2000; Sijwali et al. 2001; Na et al.

2004) and determined to mediate the correct fold-

ing of the enzymes (Sijwali et al. 2002; Kumar et al.

2004; Pandey et al. 2004). Our present result also

clearly showed that cryptopain-1 did not require the

pro-domain for correct folding to the active form, but

rather folding was mediated by a 9 amino acid

domain-processing site of cryptopain-1 was aligned using the Clustal method with corresponding regions of falcipain-2,

falcipain-3, vivapain-2, vivapain-3, papain, and human cathepsin L (human CL). Fully conserved amino acids are

shaded black, and identities with cryptopain-1 are shaded light or dark grey. The ERFNIN and GNFD motifs are

indicated with closed and open circles, respectively. Mature protease domain cleavage sites confirmed in this study and

previous studies are indicated by arrow-heads. The amino-terminal extensions are underlined. To better understand the

role of the pro-domain of cryptopain-1 for folding, constructs coding for cryptopain-1 mature domain with or without

different lengths of the prodomain (E1–E5) were amplified by PCR. Each PCR product was ligated into the pQE-30

vector, transformed into M15 [pREP4] E. coli competent cells, and expressed. (B) SDS-PAGE analysis. The

recombinant proteins purified with Ni-NTA affinity chromatography were evaluated by SDS-PAGE before (upper

panel) and after (lower panel) refolding and activation. (C) Refolding progress. The purified recombinant proteins were

refolded in refolding buffer and incubated at 4 xC. Aliquots from each reaction were obtained at the indicated time

intervals and assayed for proteolytic activity against Z-LR-MCA. The results are expressed as the percentage of

maximum activity. (D) Substrate gel analysis. Each refolded recombinant protein was evaluated by gelatin-substrate

SDS-PAGE.
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Fig. 5. Degradation of various human proteins

by recombinant cryptopain-1. Each macromolecular

protein was incubated with fully activated mature

recombinant cryptopain-1 (50 nM) in 50 mM sodium

phosphate (pH 6.5) in the presence of 1 mM GST for 1 or

2 h at 37 xC and analysed by SDS-PAGE. Lane C,

protein without recombinant enzyme; lanes 1 and 2,

incubated with recombinant enzyme for 1 and 2 h,

respectively.
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N-terminal extension of the mature enzyme. It is not

clear why these apicomplexa protozoan parasites

have developed this unique folding mechanism for

their cysteine proteases and further comprehensive

studies are required to clarify the biological and

evolutionary meanings of the atypical folding fea-

tures of the enzymes. The presence of a transmem-

brane domain in the pro-domain of cryptopain-1 also

remains to be elaborated as to whether this region

plays any role in the processing and localization of the

enzyme in the parasite.

Because the biological role for cryptopain-1 is not

clear, an effort was made to detect or predict the

probable role of cryptopain-1, using an immuno-

fluorescence assay of the sporozoites of C. parvum to

characterize the cellular localization of cryptopain-1

in the parasite. But a clear result, which suggested its

expression or localization might be in a specific or-

ganelle or cellular compartment of the parasite, was

not obtained. In silico analyses using several software

programs were also not able to predict the probable

cellular location of cryptopain-1. Nevertheless, our

observation that cryptopain-1 is expressed in the

sporozoite stage of the parasite, as confirmed by

Western blot analysis, and preferentially hydrolyses

proteins such as fibronectin and collagen, which are

constituents of the host’s extracellular matrix and

maintain cellular integrity, suggested a probable role

in host cell invasion and/or egression by the parasite.

Indeed, it is well-known that parasite-derived pro-

teases play critical roles in the processes of other

apicomplexa parasites including Plasmodium falci-

parum andToxoplasma gondii (Blackman, 2000; Hoff

and Carruthers, 2002; Que et al. 2002; Kim, 2004;

Dasaradhi et al. 2005). Our observation that only a

putative pro-form of the enzyme was detected in

C. parvum sporozoites also raised the question on

in vivo processing of the enzyme and should be

elucidated further. Although the molecular mech-

anism of host cell invasion and egression by C. par-

vum is as yet poorly characterized, if cryptopain-1

is involved in host cell invasion and/or egression

by the parasite, it is feasible that the enzyme would

be a reasonable target for therapeutic drug develop-

ment for the treatment of cryptosporidiosis. Further

comprehensive investigations are also required for in-

depth understanding of the biological role of the en-

zyme in the physiology and life cycle of the parasite.
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