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SUMMARY

Asparaginyl proteinases (or legumains) are a recently identified, novel class of cysteine proteinase which specifically

hydrolyse peptide bonds after asparagine residues. Legumains have been implicated in the activation of cysteine proteases,

particularly cathepsin B-like proteinases which are thought to help degrade the bloodmeal in blood-feeding helminths

such as schistosomes, hookworms and other nematode species. An EST sequence representing a full-length legumain

was identified from the Haemonchus contortus dataset#. This encoded a protein with a predicted Mr of 49 kDa, the amino

acid sequence of which showed good homology (34–40% identity) to legumains from Schistosoma mansoni, human and

rat and contained a legumain-like active site. RT-PCR indicated that the legumain transcript was expressed from the L4

life-cycle stage onwards. The coding sequence was expressed in E. coli and antibodies to the resultant recombinant

protein indicated that the enzyme was expressed in the microvillar surface of the intestinal cells. Legumain activity was

detected in extracts of the adult parasite but not the host protective Thiol-Sepharose-binding fraction, although it was

detectable in the latter by immunoblot. Activity was relatively insensitive to E64, an inhibitor of cysteine proteinases

and completely inhibited by the alkylating agent, N-ethylmaleimide, consistent with inhibitor effects on previously

characterized legumains.
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INTRODUCTION

Much work has been done on the development of

a vaccine against H. contortus and several candidate

vaccine antigens have been identified, such as

H11 (Munn et al. 1993), Haemonchus galactose-

containing glycoprotein complex (H-gal-GP) (Smith

et al. 1999) and a Thiol-Sepharose-binding fraction

(TSBP, Knox et al. 1999). These antigens are found

on the microvillar surface of the parasite gut and are

not normally seen by the host’s immune system,

hence they are termed ‘hidden antigens’ (Newton

and Munn, 1999). The TSBP fraction is enriched

for cysteine proteinases which play a key role in the

biology of parasitic nematodes (Knox et al. 1999).

Cysteine proteases are involved in immuno-evasion,

enzyme activation, virulence, tissue and cellular

invasion as well as excystment, hatching and moult-

ing (Sajid and McKerrow, 2002). In particular,

cysteine proteinases are thought to play a key role

in the digestion of the bloodmeal ingested by

haematophagic parasites (Sajid et al. 2003; Dalton

et al. 2003). Legumains or asparaginyl proteinases

are a novel class of cysteine proteinase, and were

originally identified in plants (Chen et al. 1998) and

were first identified in animals in the human blood

fluke, Schistosoma mansoni (Dalton et al. 1995)

which is a voracious blood feeder like H. contortus.

They have since been found in mammals (Chen et al.

1997), the parasitic protozoan Trichomonas vaginalis

(Leon-Felix et al. 2004), and in the parasitic nema-

todes Toxocara canis and Brugia malayi (Maizels

et al. 2000). Studies in S. mansoni have suggested

that legumain may play an indirect role in the

digestion of haemoglobin, by activating other

proteinases, predominantly cysteine proteinases,

which digest the haemoglobin directly (Dalton and

Brindley, 1996; Tort et al. 1999). Specific legumain

activity has been demonstrated inS. mansoni extracts

(Dalton et al. 1995) and activation of native S. man-

soni cysteine proteinases by recombinant legumain

has also been shown in this parasite (Sajid et al.

2003). This study describes the identification of

a legumain homologue within the H. contortus ex-

pressed sequence tag (EST) dataset. The full-length

coding sequence was compared to known legumain

sequences and developmental expression analysed

by RT-PCR. The legumain was expressed in an

inactive form in Escherichia coli and antibody to

the resultant recombinant protein used to define
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the distribution of the enzyme in Haemonchus ex-

tracts and its localization in sections of adult para-

sites. Native enzyme activity and inhibitor sensitivity

were monitored in parasite extracts.

MATERIALS AND METHODS

Identification of the EST clone

An annotation search of the GenBank database

identified a contiguous Haemonchus EST sequence

(Accession number BF422994) which showed 38%

amino acid sequence identity toS. mansoni legumain.

This EST clone was kindly provided by the Edin-

burgh University/Sanger Centre Nematode EST

project. Bluescript phagemids were excised from the

l ZAP-XR vector according to the manufacturer’s

instructions (Stratagene). Plasmid DNA was subse-

quently isolated using a Wizard SV Mini prep kit

(Promega) and was sequenced on an ABI377 auto-

mated sequencer.

Cloning and expression in pGEX-6P-3

The full-length coding sequence was identified

and cloned into the vector pGEX-6-P3 (Pharma-

cia Biotech) in frame with the Glutathione-S-

Transferase (GST) fusion partner and transformed

into competent Escherichia coli BL21 cells (Codon

Plus, Stratagene). A colony containing the insert

was grown as an overnight culture and induced to

express by addition of b-D-thiogalactopyranoside

(IPTG, 1 mM final concentration) by standard

methods. Bacterial pellets were lysed, treated with

DNase and RNase, then centrifuged to produce

soluble and insoluble protein fractions, as previously

described by Redmond et al. (1997). Fractions were

analysed by SDS-PAGE. Aliquots of the fractions

were mixed with reducing sample buffer containing

b-mercaptoethanol and separated on 4–15% ready

gels (BioRad) at 200 V for 45 min and proteins

visualized by Coomassie Blue staining. Duplicate

gels were also run and transferred to Immobilon P

membrane (Millipore, UK) by wet blotting at 80 V

for 60 min. Blots were then probed with anti-GST

antibody (Pharmacia) to detect the legumain/GST

fusion protein.

Phylogenetic tree

Amino acid sequence alignments were performed

using Clustal W available at (http://ebi.ac.uk) and

the phylogenetic tree constructed using MEGA

version 3.1 (http://www.megasoftware.net) (Kumar

et al. 2004).

Antiserum production

The remaining insoluble fraction was separated

under reducing conditions on a large 10%

SDS-PAGE at 90 V overnight with ‘Serva Blue G’

dye in the cathode buffer reservoir. The band con-

taining recombinant legumain was readily identified

and excised. The recombinant protein was then

electroeluted from the gel slice using an AE-3590

Max Yield GP Electroeluter according to the

manufacturer’s instructions. A rabbit was inoculated

subcutaneously with 50 mg of recombinant legumain

in Quil A adjuvant, this being repeated 3 and 6 weeks

later. Blood was collected and serum was harvested

1 week after the final inoculation.

Immunolocalization

Adult H. contortus paraffin sections were prepared

as previously described (Redmond et al. 1997). The

sections were de-waxed and rehydrated, then rinsed

in 25 mM Tris, 137 mM NaCl, 2.7 mM KCl, pH 7.4,

0.05% (v/v) Tween 20 (TBST) and blocked in 5%

(v/v) horse serum in TBST, overnight at+4 xC.

Sections were then incubated in rabbit anti-legumain

antiserum in TBST at a dilution of 1 in 200 for 3 h.

After incubation with primary antiserum the sections

were washed (3r10 min) in TBST and incubated

in goat anti-rabbit IgG (whole molecule) FITC

conjugate (Sigma) diluted 1 in 100 in TBST for 1 h.

Sections were rinsed again in TBST 3r10 min and

mounted in Citifluor (Citifluor Ltd). Sections were

subsequently visualized under a fluorescence

microscope (Olympus BX50).

Immunoblot analysis of parasite extracts

Water-soluble (S1), membrane-associated (S2),

membrane-bound (S3) extracts, H-gal-GP and

TSBP fractions of H. contortus were prepared as

previously described (Smith et al. 1994). The re-

spective extracts were separated by SDS-PAGE

on 4–15% ready gels (BioRad) under reducing con-

ditions and transferred onto Immobilon Pmembrane

(Millipore). The blot was blocked in 5% (w/v)

Marvel in TBST for 1 h, then washed in TBST

(3r10 min). Blots were then incubated in the pri-

mary antiserum for 3 h at a dilution of 1 in 200

in TBST, then washed (TBST, 5r10 min) prior to

incubation in secondary antibody and development

with FastDAB (Sigma), as above.

Developmental expression

Reverse transcriptase (RT-) PCR was used to

evaluate the developmental expression of H. con-

tortus legumain mRNA. cDNA was prepared from

life-cycle stages using the mRNA Isolation Kit

(Stratagene) and subsequently the Superscript

First Strand Synthesis System for RT-PCR kit

(Invitrogen). Fifty mg of each life-cycle stage cDNA

was used as template in PCR under the following

conditions. Initial denaturation at 94 xC for 5 min,
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followed by 30 cycles of 94 xC for 1 min, 55 xC

for 2 min and 72 xC for 3 min, followed by a final

extension of 72 xC for 7 min. A positive control

reaction was also included using 50 mg of plasmid

DNA prepared from the previously described

legumain clones.

Legumain activity and inhibitor sensitivity assays

Legumain activity was assayed by cleavage of the

fluorescent substrate benzyloxycarbonyl-alanine-

alanine-asparagine-aminomethyl coumarin (Z-Ala-

Ala-Asn-AMC; Sigma, 2 mM final concentration).

Assays were performed in the presence of dithio-

threitol (DTT), (50 mM) in a final volume of 100 ml
at room temperature using a LS5OB Luminescence

spectrometer (Perkin Elmer Instruments). The

amount of fluorescent AMC released over a 30-min

period was measured with excitation and emission

wavelengths of 340 nm and 450 nm, respectively.

Legumain activity was assayed in the S1, S2, S3 and

TSBP fractions of H. contortus.

The pH optimum of legumain activity was deter-

mined using S3 extracts of H. contortus. Activity

was measured as described above, using buffers in

the pH range 3–10 as detailed previously (Knox et al.

1993).

The inhibitor profile of legumain was determined

at pH 7.0 using S3 extracts. The inhibitors tested

and the final reaction concentrations were the

cysteine protease inhibitors E64 (1 mM), Z-Phe-Ala-

CHN2 (10 mM) and leupeptin (1 mM), the alkylating

agent, N-ethylmaleimide (2 mM), the serine protease

inhibitor, 4-(2-aminoethyl) benzenesulphonyl flu-

oride AEBSF (5 mM), the aspartyl protease inbibitor,

pepstatin A (100 mM) and the metalloprotease in-

hibitor 1,10 phenanthroline (5 mM). Activity was

measured as above.

Legumain activity – antibody inhibition studies

IgG from sheep vaccinated with TSBP, cystatin-

binding proteins, recombinant HMCP 1, 4 and 6 or

control sera (Redmond andKnox, 2004) were used to

determine the effect of antibodies on legumain ac-

tivity in S3 extracts. IgG was purified using protein

G-agarose (Todorova et al. 1995). S3 (10 ml) was

incubated at room temperature for 5 min with 10 ml
of the purified IgG and then the other assay com-

ponents, described above, were added. The amount

of fluorescence released was measured continuously

over 30 min using the time drive function on the

LS50B Luminescence Spectrometer.

RESULTS

Sequence analysis

The EST DNA sequence from the databases

(HCC00265, NEMBASE@nematodes.org.uk)

appeared to be full length by alignment and further

sequencing confirmed this. The full coding sequence

was 471 amino acids with a predicted molecular

weight of 49 kDa. There is a predicted signal peptide

cleavage site between residues 19 and 20 and an

additional site between residues 29 and 30 (› in

Fig. 1A). Moreover, comparisons with the S. man-

soni sequence indicated that the C-terminus exten-

sion is cleaved between 291 and 292 (›, Fig. 1A).

The Haemonchus protein has 3 predicted N-linked

glycosylation sites (underlined in Fig. 1A). Align-

ment (Altschul et al. 1990) of the amino acid

sequence (Fig. 1B) showed the similarities of the

Haemonchus sequence to other legumains. The H.

contortus legumain was found to show 40%, 38%

and 34% identity to legumains of rat and human,

S. mansoni and jackbean origin respectively. Also

the residues associated with catalysis (Chen et al.

1998) were conserved through these 5 highly diver-

gent species including a histidine, glycine and

cysteine, essential for catalysis (bold, marked with

#, Fig. 1B). In addition, consistent with other

proteinases of this class, 2 blocks of 4 predominantly

hydrophobic residues (bold, marked with * Fig. 1B),

one N-terminal to the active-site HG residues, the

other N- terminal to the active-site cysteine, are

also conserved.

Phylogenetic tree

Phylogenetic analysis of the entire coding sequences

(Fig. 2) failed to show any clear relationship between

the Haemonchus sequence and those from the blood-

feeding trematodes S. mansoni and F. hepatica. The

sequences of mammalian and plant origin formed

discrete groups with good bootstrap confidence and

Haemonchus legumain was more closely related to

plant legumains although bootstrap confidence was

limited. The relationships were unaltered when the

analysis was applied to the mature enzyme coding

sequences, which include the more conserved active-

site domains.

Cloning and expression of recombinant legumain

Recombinant legumain was expressed in pGEX-

6P-3 as a fusion protein with GST. The fusion

protein appeared as a band of approximately

75 kDa, which is the expected molecular mass

for the fusion protein, (GST 26 kDA+49 kDa

predicted molecular mass of legumain) and was

recognized by anti-GST antibody (Pharmacia Bio-

tech, Fig. 3A).

Immunoblot and immunolocalization

Antiserum to the recombinantly derived legumain

recognized faintly peptides in S3, H-gal-GP and

TSBP fractions of adult parasites. A 36 kDa
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band (predicted Mr of the mature enzyme) was

recognized faintly in S3 with slightly larger bands

being evident in the H-gal-GP and TSBP frac-

tions (Fig. 3B). The antiserum did not recognize

Haemonchus-derived GST (Mr 26 kDa, Sharp et al.

1991).

The antiserum was used to probe transverse sec-

tions of the adult parasite and immunofluorescence

MTLLFRIAPLAALVISVAS↓↓↓↓LAIPEIEGEL↓↓↓↓YALLVAGSDGWWNYRHQADVS   50 

HAYHTLINHGVKPDNIIVMMKDDIANHERNPYKGKIFNDPSLTDVYEGVV    100 
                                             ** 
IDYKDKSVTPSNFLAILQGNETAVKGGNGRVIHSTVNDRIFVYFSDHGGV    150 
                                    * 
GTISFPYERLTAKQLNSVLLDMHRKDKFGHLVFYLETCESGSMFHNILKK    200 

NINVYAVTAANPDESSYATYCFEDPRLPCLGDEFSVTWMDDSDETDITLE    250 

TLNEQFDHVRDLVEESHVQRYGNATMSKFPVSWFHGS↓↓↓↓GKVKKVPKVMNKN   300 

RRRSGKWPSRDVELMYLERMKHFGLATAEADDRISEIHKERQRIEAVFEN    350 

LVDSLVKDQTERSRILEERGGVEDLDCHDDVVTSLDSVCPDISKHDYVLK    400 

FMNVLNNLCTKFNDSAKIIKAMRATCSRRRS   431

A

B
human            --MVWKVAVFLSVALGIGAVPI-------DDPEDGGK--HWVVIVAGSNGWYNYRHQADA 49
rat              --MTWRVAVLLSLVLGAGAVHIGV-----DDPEDGGK--HWVVIVAGSNGWYNYRHQADA 51
H.contortus      MTLLFRIAPLAALVISVASLAI---------PEIEGE--LYALLVAGSDGWWNYRHQADV 49
S. mansoni       -MMLFSLFLISILHILLVKCQLDTNYEVSDETVSDNN--KWAVLVAGSNGYPNYRHQADV 57
jackbean         MVMMLVMLSLHGTAARLNRREWDSVIQLPTEPVDDEVGTRWAVLVAGSNGYGNYRHQADV 60
                   

human            CHAYQIIHRNGIPDEQIVVMMYDDIAYSEDNPTPGIVINRPNGTDVYQGVPKDYTGEDVT 109
rat              CHAYQIIHRNGIPDEQIIVMMYDDIANNEENPTPGVVINRPNGTDVYKGVPKDYTGEDVT 111
H.contortus      SHAYHTLINHGVKPDNIIVMMKDDIANHERNPYKGKIFNDPSLTDVYEGVVIDYKDKSVT 109
S. mansoni       CHAYHVLRSKGIKPEHIITMMYDDIAYNLMNPFPGKLFNDYNHKDWYEGVVIDYRGKKVN 117
jackbean         CHAYQLLIKGGVKEENIVVFMYDDIAYNAMNPRPGVIINHPQGPDVYAGVPKDYTGEDVT 120
                                                 

human            PQNFLAVLRGDAEAVKGIGSGKVLKSGPQDHVFIYFTDHGSTGILVFPNE-DLHVKDLNE 168
rat              PENFLAVLRGDEEAVKGKGSGKVLKSGPRDHVFVYFTDHGATGILVFPNE-DLHVKDLNK 170
H.contortus      PSNFLAILQGNETAVKG-GNGRVIHSTVNDRIFVYFSDHGGVGTISFPYE-RLTAKQLNS 167
S. mansoni       SKTFLKVLKGDKS-----AGGKVLKSGKNDDVFIYFTDHGAPGLIAFPDD-ELYAKQFMS 171
jackbean         PENLYAVILGDKSKVKG-GSGKVINSNPEDRIFIFYSDHGGPGVLGMPNAPFVYAMDFID 179
                                                ****  ##                        

human            TIHYMYKHKMYRKMVFYIEACESGSMMN-HLPDNINVYATTAANPRESSYACY------- 220
rat              TIRYMYEHKMYQKMVFYIEACESGSMMN-HLPDDIDVYATTAANPNESSYACY------- 222
H.contortus      VLLDMHRKDKFGHLVFYLETCESGSMFHNILKKNINVYAVTAANPDESSYATYC------ 221
S. mansoni       TLKYLHSHKRYSKLVIYIEACESGSMFQRILPSNLSIYATTAASPTESSYGTFC------ 225
jackbean         VLKKKHASGGYKEMVIYIEACESGSIFEGIMPKDLNIYVTTASNAQENSFGTYCPGMNPP 239
                              ****  #                

human            YDEKRSTYLGDWYSVNWMEDSDVEDLTKETLHKQYHLVKSHTNTS-------HVMQYGNK 273
rat              YDEERSTYLGDWYSVNWMEDSDVEDLTKETLHKQYHLVKSHTNTS-------HVMQYGNK 275
H.contortus      FEDPRLPCLGDEFSVTWMDDSDETDITLETLNEQFDHVRDLVEES-------HVQRYGNA 274
S. mansoni       DDPTITTCLADLYSYDWIVDSQTHHLTQRTLDQQYKEVKRETNLS-------HVQRYGDT 278
jackbean         PPEEYVTCLGDLYSVSWMEDSETHNLKRETVQQQYQSVRKRTSNSNSYRFGSHVMQYGDT 299

human            TISTMKVMQFQG-MKRKA-SSPVPLPPVTHLDLTPSPDVPLTIMKRKLMNTNDLEES-RQ 330
rat              SISTMKVMQFQG-MKHRA-SSPISLPPVTHLDLTPSPDVPLTILKRKLLRTNNMKES-QV 332
H.contortus      TMSKFPVSWFHGSGKVKK-VPKVMNKNRRRSGKWPSRDVELMYLERMKHFGLATAEA-DD 332
S. mansoni       RMGKLHVSEFQG-SRDKS-STENDEPPMKPRHSIASRDIPLHTLHRQIMMTNNAEDK-SF 335
jackbean         NITAEKLYLYHGFDPATVNFPPHNGNLEAKMEVVNQRDAELLFMWQMYQRSNHQPEKKTH 359

human            LTEEIQRHLDARHLIEKSVRKIVSLLAASEAEVEQLLSERAP----LTGHSCYPEALLHF 386
rat              LVGQIQHLLDARHIIEKSVQKIVSLLAGFGETAQKHLSERAM----LTAHDCHQEAVTHF 388
H.contortus      RISEIHK---ERQRIEAVFENLVDSLVKDQTERSRILEERGG----VEDLDCHDDVVTSL 385
S. mansoni       LMQILGLKLKRRDLIEDTMKLIVKVMNNEEIPNTKATIDQT--------LDCTESVYEQF 387
jackbean         ILEQITETVKHRNHLDGSVELIGVLLYGPGKSSSVLHSVRAPGLPLVDDWTCLKSMVRVF 419

human            RTHCFNWHSPTYEYALRHLYVLVNLCEKPYPLHRIKLSMDHVCLGHY------------- 433
rat              RTHCFNWHSVTYEHALRYLYVLANLCEKPYPIDRIKMAMDKVCLSHY------------- 435
H.contortus      DSVCPDIS--KHDYVLKFMNVLNNLCTKFNDSAKIIKAMRATCSRRRS------------ 431
S. mansoni       KSKCFTLQ--QAPEVGGHFSTLYNYCADGYTAETINEAIIKICG---------------- 429
jackbean         ETHCGSLT----QYGMKHMRAFGNVCNSGVSKASMEEACKAACGGYDAGLLYPSNTGYSA 475

Fig. 1. (A) The predicted amino acid sequence of Haemonchus contortus legumain showing the predicted cleavage

sites (›) utilized to yield the mature enzyme as well as the active site histidine, glycine and cysteine (in bold, *), the

2 short hydrophobic domains (in bold) and predicted N-linked glycosylation sites (underlined). (B) Amino acid

sequence Clustal W alignment of legumain homologues from human (Q99538), rat (Q9R0J8), H. contortus

(AM177177), S. mansoni (P09841), and jackbean (P49046).
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was observed in the microvillar layer lining the gut

lumen with no immunofluorescence observed using

control sera (Fig. 4).

Developmental regulation of expression

RT-PCR, using cDNA prepared from various life-

cycle stages of H. contortus, showed that legumain

was transcribed in L4, 11-day, 22-day and 28-day

worms but not in eggs or L3 (Fig. 5).

Legumain activity and inhibition assays

Legumain activity was monitored in different

extracts of H. contortus with optimal activity in each

extract being detected at pH 7.0 (not shown). In

general terms, activity was associated with the

membrane-bound S3 fraction being 6-fold higher

than that observed in the water-soluble S1 fraction.

No significant legumain activity was detectable in

the S3 proteins which bound tp Thiol-Sepharose

(TSBP, Table 1). The inhibition profile of legu-

main activity in S3 extract of H. contortus at

pH 7.0 was compared to that of S. mansoni (Dalton

et al. 1995). In general terms, both enzymes showed

similar inhibitor sensitivities with H. contortus

activity being only partially inhibited by E64, Z-

Phe-Ala-CHN2 and leupeptin (27.1%, 40.8% and

47.3% respectively), but completely inhibited by

N-ethylmaleimide. AEBSF inhibited 45.8% of

legumain activity, pepstatin A inhibited 8.4% and

1,10 phenanthroline inhibited 27.5% of legumain

Human
Rat
Bovine

Ixodes
H. contortus
Rice

Kidney bean
Tobacco

S. mansoni
F. hepatica

T. vaginalis

44
100

54
100

99

100 59

89

0·1

Fig. 2. Phylogenetic tree of the evolutionary relationship

of Haemonchus contortus legumain with others from the

animal and plant kingdoms. The protein sequences were

obtained from GenBank using the Accession numbers

given below and alignments conducted using Clustal W.

Phylogenetic analysis was performed using Mega (http://

www.megasoftware.net) to produce a neighbour-joining

bootstrapped tree. The scale bar shows the number of

nucleotide substitutions per site and the numbers on the

tree are the bootstrap values. Sequences compared and

their Accession numbers were legumains (also known as

asparaginyl endopeptidases) from human (Q99538), rat

(Q9R0J8), bovine (Q95M12), Ixodes ricinus (Q6PRC7),

Rice (Q8GS39), kidney bean (O24325), tobacco

(Q707T9), Schistosoma mansoni (Q9NFY9), Fasciola

hepatica (Q71182), Trichomonas vaginalis (Q6EHZ6) and

Haemonchus contortus (AM177177).

1 2 3 4

31-

55-

66-

5

36-

kDa

21-

97-
116-

A

B

55-

36-
31-

66-

kDa

116-
97-

21-

14-

1 2 3 4 5 6

Fig. 3. (A) Western blot of expression samples probed

with anti-GST antibody. Lanes 1-molecular weight

markers, 2-uninduced pellet, 3-uninduced supernatant,

4-induced pellet, 5-induced supernatant. Band of

expressed fusion protein indicated by arrow. (B) Western

blot of S1, S2, S3, H-galGP and TSBP fractions probed

with legumain antiserum. Lanes 1 – molecular weight

markers, 2 – S1, 3 – S2, 4 – S3, 5 – H-gal-GP, 6 – TSBP.

Legumain immunoreactivity indicated by arrow.

A B

100 µm
|------------|

100 µm
|------------|

Fig. 4. Paraffin wax sections of adult Haemonchus

contortus probed with rabbit anti-legumain antiserum (A)

and control serum (B). Immunofluorescence (indicated

by arrows, A) was restricted to the microvillar surface of

the intestine (A) and was absent in controls (B).
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activity. Activity was relatively unaffected by DTT

(not shown).

Legumain activity – antibody inhibition study

Post-vaccination IgG from TSBP-vaccinated sheep

had more inhibitory effect on native legumain

activity than post-vaccination IgG from sheep

vaccinated with an unrelated group of proteins

prior to challenge infection (data not shown). This

was not, however, statistically significant according

to analysis with a general linear model (F3,1=0.27,

P=0.612).

DISCUSSION

Cysteine proteases are thought to be involved in

various key roles of parasite biology including

digestion of the bloodmeal (Williamson et al. 2003,

2004). Recent work has shown that a cathepsin B

from S. mansoni with haemoglobinase activity is

activated by cleavage of the pre-pro-region by an

asparaginyl proteinase (legumain) to yield the

mature protein (Sajid et al. 2003). Given the pre-

sumed importance of cathepsin B-like proteinases

for bloodmeal digestion in Haemonchus (Baig et al.

2002), this study was initiated to establish whether

or notH. contortus possessed a legumain-like enzyme

and if so, to characterize this enzyme more fully.

Indeed, the cathepsin B-like cysteine proteinases

of H. contortus are themselves leading vaccine can-

didates, with a cocktail of 3 recombinant cysteine

proteases (HMCP 1, 4 and 6) inducing a 38% re-

duction in worm burdens in a recent vaccination

trial (Redmond et al. 2004). If an enzyme that was

potentially capable of processing these molecules

did exist, then it could be a viable vaccine candidate

or drug target in its own right.

Asparaginyl endopeptidases are a novel family of

cysteine proteinases that were initially characterized

in leguminous plants, hence the name legumain

(Dalton et al. 1995). The first legumainwas identified

and characterized from Canavali ensiformis, the jack

bean, and since then they have been identified in

many plants and also some mammals and the

blood-fluke S. mansoni (Sajid et al. 2002). They are

cysteine-class enodopeptidases assigned to the CD

clan (Caffrey et al. 2000) but are not susceptible

to E64 inhibition. They are present in mammals,

helminth and protozoan parasites and in plants (see

http://merops.sanger.ac.uk/pepcards/c13p004.htm

and Brindley and Dalton, 2004). We readily ident-

ified an EST sequence from the Haemonchus

dataset (NEMBASE, Parkinson et al. 2004) which

showed homology to existing legumain sequences.

Comparisons of the predicted full-length peptide

sequence with other legumain sequences showed

that H. contortus legumain was 40% identical to

rat and human, 38% identical to the blood-fluke

S. mansoni and 34% identical jackbean legumains.

Also key histidine, glycine and cysteine residues

required for catalysis, were found to be conserved

through these 5 highly divergent species. In addition,

this analysis indicated that, in common with the

S. mansoni enzyme (Caffrey et al. 2000) and other

legumains of animal and plant origin, the Haemon-

chus sequence encodes a putative N-terminal pro-

domain and a C-terminal extension. The latter

may inhibit the active-site until activity is required

(Caffrey et al. 2000). The predicted molecular

weights of the full-length coding sequence and

mature enzyme forHaemonchus legumain are 49 kDa

and 30 kDa respectively. The putative mature

protein was detected in parasite extracts aty36 kDa.

The discepancy in molecular weights could be

explained by glycosylation at one or more of the

3 predicted N-linked glycosylation sites. In addition,

it is notable that protein in the S3 extract appears as

a doublet, possibly indicative of differing glyco-

forms. Moreover, slight differences in the molecular

weights of the immunoreactive peptides in S3,

H-gal-GP andTSBPwere noted, possibly indicating

differing processed forms of the enzyme in these

fractions. These observations are generally consist-

ent with the enzyme being processed in a similar

manner to the S. mansoni legumain.

1.6-

1 2 3 4 5 6 7 8 9

1.0-

2.0-
3.0-
4.0-

Kb

0.5-

Fig. 5. Developmental expression of Haemonchus

contortus legumain. Agarose gel electrophoresis of

RT-PCR products amplified from sscDNA of respective

life-cycle stages. PCR was carried out from eggs, L3,

exsheathed L3, L4 11-, 22- and 28-day H. contortus and

positive control and the results shown in lanes 2 to 9,

respectively. Lane 1 molecular weight markers.

Table 1. Legumain activity in extracts of

adult Haemonchus contortus determined using

Z-Ala-Ala-Asn-AMC as substrate

H. contortus extract

Specific enzyme
activity (AMC
released/min/mg
protein; n=3)

S1 (water soluble) 0.21¡0.004
S2 (membrane associated) 0.63¡0.005
S3 (membrane-bound) 1.35 ¡0.07
TSBP (cysteine
proteainase-enriched)

0.03¡0.005
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Despite this similarity, phylogenetic analysis re-

vealed that the legumains from the blood-feeding

helminths were divergent from each other, possibly

reflecting differing functions, substrate specificities

or, perhaps, immunological pressures.

Antiserum to the recombinant fusion protein

strongly recognized a band at y75 kDa and further

immunoblot analysis showed that the protein had

a native molecular weight of y36 kDa and is not

water soluble, being undetectable in the S1 fraction.

Notably, this analysis indicated that the protein

was present in TSBP despite only trace levels of

enzyme activity being detectable. Legumain activity

assays confirmed that native asparaginyl protease

activity is mostly present in the S3 fraction of

H. contortus although this analysis did indicate that

some activity was also present in the water-soluble

fraction.

The antiserum used was raised to the legumain

fused to S. japonicum GST raising the possibility

that immunoreactivity could also be ascribed to

cross-reaction betweenS. japonicum andH. contortus

GSTs. However, the immunoblot analysis clearly

showed that there is no recognition below 30 kDa,

Haemonchus GST having a known molecular weight

of 26 kDa (Sharp et al. 1991). These authors also

commented on the apparent lack of immunological

cross-reactivity between GSTs from different

sources despite sequence similarities.

Immunohistochemical analysis showed that the

legumain was expressed on the microvillar surface

of the intestinal cells in adult worms. This coincides

with the location of a family of cysteine proteinases

thought to be involved in blood-feeding (Skuce et al.

1999). It is possible that the legumain is involved

in the activation of these proteinases in a similar

way to the activation of S. mansoni cathepsin B

(Sajid et al. 2003). At least 3Haemonchus cathepsin B

sequences aligned from the databases contain an

asparagine residue at the predicted junction of the

pro-region with the mature enzyme (D. P. Knox,

unpublished observations) and this could be a

cleavage site for the Haemonchus legumain.

The developmental expression studies showed

that H. contortus legumain is expressed in L4, im-

mature and mature adult stages, all of which imbibe

host blood. Expression is coincident with that of

gut-derived cysteine proteinases (Skuce et al. 1999)

further suggesting that the legumain could indeed

activate these enzymes. Immunolocalization studies

in S. mansoni have shown that legumain and several

of the cysteine proteinases (cathepsins L, B and D)

are also expressed in the gut (Dalton et al. 1996)

and, as noted above, further studies have shown

the activation of cysteine proteases by legumain in

S. mansoni (Sajid et al. 2003).

The H. contortus legumain shares similar bio-

chemical characteristics with that from S. mansoni.

The pH optimum of the former is pH 7 and the

latter is pH 6.8 (Dalton et al. 1995). The inhibitor

profile of the two enzymes is also similar and follows

the inhibition profile typical of the asparaginyl

endopeptidase family (Dalton et al. 1995). Both are

partially inhibited by E64, Z-Phe-Ala-CHN2 and

leupeptin and almost completely inhibited by N-

ethylmaleimide. AEBSF reduces activity by about

half and pepstatin A inhibits approximately 10%

of activity for both enzymes. 1,10 phenanthroline

partially inhibits the H. contortus legumain.

Similarities in the pH optima and inhibitor profiles

between the H. contortus and S. mansoni legumains

further suggest that H. contortus legumain may play

a similar role in the activation of cysteine proteases.

If this is the case, then legumain would be an ideal

candidate for a vaccine or be a viable drug target.

By inactivating legumain, activation of the cysteine

proteases might be blocked and digestion of the

bloodmeal would be impaired with likely detrimental

effects on the parasite. Indeed, antibodies from

sheep that had been partially protected following

vaccination with TSBP (Redmond et al. 2004) did

partially inhibit native H. contortus legumain

activity, although this was not statistically signifi-

cant (data not shown).

In conclusion, this study has identified one of

the first legumains to be found in a parasitic

nematode. However, much work still remains to

characterize H. contortus legumain more fully and

to evaluate it as a candidate vaccine antigen or

drug target. The first step would be to test whether

recombinant legumain has any enzymatic activity

and can indeed process H. contortus cysteine pro-

teases as has been reported in S. mansoni (Caffrey

et al. 2000).

We thank Claire Whitton of the Nematode EST project
for kindly supplying the EST. The financial support of
the Scottish Executive Environment and Rural Affairs
Department (SEERAD) is gratefully acknowledged.

REFERENCES

Altschul, S. F., Gish, W., Miller, W., Meyers, E. W.

and Lipman, D. J. (1990). Basic local alignment search

tool. Journal of Molecular Biology 215, 403–410.

Baig, S., Damian, R. T. and Peterson, D. S. (2002). A

novel cathepsin B active site motif is shared by helminth

blood feeders. Experimental Parasitology 101, 83–89.

Brindley, P. J. and Dalton, J. P. (2004). Schistosome

legumain. InHandbook of Proteolytic Enzymes, 2nd Edn

(ed. Barrett, A. J., Rawlings, N. D. andWoessner, J. F.),

pp. 1305–1310. Academic Press, London, UK.

Caffrey, C. R., Mathieu, M. A., Gaffney, A. M., Salter,

J. P., Sajid,M., Lucas, K. D., Franklin, C., Bogyo,M.

andMcKerrow, J. H. (2000). Identification of a cDNA

encoding an active asparaginyl endopeptidase of

Schistosoma mansoni and its expression inPichia pastoris.

FEBS Letters 466, 244–248.

Chen, J.-M., Dando, P. M., Rawlings, N. D., Brown,

M. A., Young, N. E., Stevens, R. A., Hewitt, E.,

Asparaginyl proteinase from Haemonchus contortus 243

https://doi.org/10.1017/S0031182006000229 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182006000229


Watts, C. and Barrett, A. J. (1997). Cloning,

isolation, and characterization of mammalian legumain,

an asparaginyl endopeptidase. Journal of Biological

Chemistry 272, 8090–8098.

Chen, J.-M., Rawlings, N. D., Stevens, R. and Barrett,

A. J. (1998). Identification of the active site of legumain

links it to caspases, clostripain and gingipains in a new

clan of cysteine endopeptidases. FEBS Letters 441,

361–365.

Dalton, J. P., Hola-Jamriska, L. and Brindley, P. J.

(1995). Asparaginyl endopeptidase activity in

adult Schistosoma mansoni. Parasitology 111, 575–580.

Dalton, J. P. and Brindley, P. J. (1996). Schistosome

asparaginyl endopeptidase Sm32 in haemoglobin

digestion. Parasitology Today 12, 125.

Dalton, J. P., Brindley, P. J., Knox, D. P., Brady, C. P.,

Hotez, P. J., Donnelly, S., O’Neill, S. M., Mulcahy,

G. and Loukas, A. (2003). Helminth vaccines: from

mining genomic information for vaccine targets to

systems used for protein expression. International

Journal for Parasitology 33, 621–640.

Knox, D. P., Redmond, D. L. and Jones, D. G. (1993).

Characterization of proteinases in extracts of adult

Haemonchus contortus, the ovine abomasal nematode.

Parasitology 106, 395–404.

Knox, D. P., Smith, S. K. and Smith, W. D. (1999).

Immunisation with an affinity purified protein extract

from the adult parasite protects lambs against infection

with Haemonchus contortus. Parasite Immunology 21,

201–210.

Kumar, S., Tamura, K. and Nei, M. (2004). MEGA3:

Integrated software for molecular evolutionary genetics

analysis and sequence alignment. Briefings in

Bioinformatics 5, 150–163.

Leon-Felix, J., Ortega-Lopez, J., Orozco-Solis, R. and

Arroyo, R. (2004). Two novel asparaginyl

endopeptidase-like cysteine proteinases from the protist

Trichomonas vaginalis : their evolutionary relationship

within the clan CD cysteine proteinases. Gene 335,

25–35.

Maizels, R. M., Tetteh, K. K. A. and Loukas, A.

(2000). Toxocara canis : genes expressed by the

arrested infective larval stage of a parasitic nematode.

International Journal for Parasitology 30, 495–508.

Munn, E. A., Smith, T. S., Graham, M., Tavernor,

A. S. and Greenwood, C. A. (1993). The potential

value of integral membrane proteins in the vaccination

of lambs against Haemonchus contortus. International

Journal for Parasitology 23, 261–269.

Newton, S. E. andMunn, E. A. (1999). The development

of vaccines against gastrointestinal nematode parasites,

particularly Haemonchus contortus. Parasitology Today

15, 116–122.

Parkinson, J., Whitton, C., Schmid, R., Thomson, M.

and Blaxter, M. (2004). NEMBASE: a resource for

parasitic nematodes ESTs. Nucleic Acids Research,

Database issue D427-D430.

Redmond, D. L., Knox, D. P., Newlands, G. and

Smith, W. D. (1997). Molecular cloning and

characterisation of a developmentally regulated putative

metallopeptidase present in a host protective extract

of Haemonchus contortus. Molecular and Biochemical

Parasitology 85, 77–87.

Redmond, D. L. and Knox, D. P. (2004). Protection

studies in sheep using affinity purified and recombinant

cysteine proteinases of adult Haemonchus contortus.

Vaccine 22, 4252–4261.

Sajid, M. and McKerrow, J. H. (2002). Cysteine

proteases of parasitic organisms. Molecular and

Biochemical Parasitology 120, 1–21.

Sajid, M., McKerrow, J. H., Hansell, E., Mathieu,

M. A., Lucas, K. D., Hsieh, I., Greenbaum, D.,

Bogyo, M., Salter, J. P., Lim, K. C., Franklin, C.,

Kim, J. and Caffrey, C. R. (2003). Functional

expression and characterisation of Schisosoma mansoni

cathepsin B and its trans-activation by an endogenous

asparaginyl endopeptidase. Molecular and Biochemical

Parasitolgy 131, 65–75.

Sharp, P. J., Smith, D. R. J., Bach, W., Wagland, B. M.

and Cobon, G. S. (1991). Purified Glutathione

S-transferases from parasites as candidate protective

antigens. International Journal for Parasitology 21,

839–846.

Skuce, P. J., Redmond, D. L., Liddell, S., Stewart,

E. M., Newlands, G. F. J., Smith, W. D. and Knox,

D. P. (1999). Molecular cloning and characterization

of gut derived cysteine proteinases associated with a

host protective extract from Haemonchus contortus.

Parasitology 119, 405–412.

Smith, S. K., Pettit, D., Newlands, G. F., Redmond,

D. L., Skuce, P. J., Knox, D. P. and Smith, W. D.

(1999). Further immunization and biochemical studies

with a protective antigen complex from the microvillar

membrane of the intestine of Haemonchus contortus.

Parastie Immunology 21, 187–199.

Smith, W. D., Smith, S. K. and Murray, J. M. (1994).

Protection studies with integral membrane fractions

of Haemonchus contortus. Parasite immunology 16,

231–241.

Torodova, V. K., Knox, D. P. and Kennedy, M. W.

(1995). Proteinases in the excretory/secretory products

(ES) of adult Trichinella spiralis. Parasitology 111,

201–208.

Tort, J., Brindley, P. J., Knox, D., Wolfe, K. H. and

Dalton, J. P. (1999). Proteinases and associated genes of

parasitic helminths. Advances in Parasitology 43,

162–266.

Williamson, A. L., Brindley, P. J., Knox, D. P., Hotez,

P. J. and Loukas, A. (2003). Digestive proteases of

blood-feeding nematodes. Trends in Parasitology 19,

417–423.

Williamson, A. L., Lecchi, P., Turk, B. E., Choe, Y.,

Hotez, P. J., McKerrow, J. H., Cantley, L. C.,

Sajid, M., Craik, C. S. and Loukas, A. (2004).

A multi-enzyme cascade of hemoglobin

proteolysis in the intestine of blood-feeding

hookworms. Journal of Biological Chemistry 279,

35950–35957.

E. M. Oliver and others 244

https://doi.org/10.1017/S0031182006000229 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182006000229

