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We have constructed cDNA clones containing the complete nucleotide sequences coding for two highly antigenic Schistosoma 
mansoni adult worm proteins, Sm31 and Sm32. The predicted amino acid sequence of Sm31 shows significant homology to mouse, 
rat and human cathepsin B. The nucleotide sequence of Sm32 is identical to that reported by others for S. mansoni 'haemoglo- 
binase'. The different nucleotide sequences demonstrate the existence of two different proteolytic enzymes, both of which are 
synthesised in the form of precursor molecules. Structural homology of the schistosome cathepsin B to the mammalian ones in- 
dicates that the mature protein is processed from a propeptide. The calculated molecular weight of haemoglobinase of 47 000 sug- 
gests that post-translational processing is also involved in generating an active protease. 
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Introduction 

Two Sch is tosoma manson i  adult  w o r m  proteins 
of  apparen t  molecular  weights 31000 and 32000 
(Sm31/32) are highly immunogenic  in mice [1] and 
humans  [2,3]. O u r  interest  in these polypept ides  
arose mainly f rom their use as antigens for the 
serodiagnosis  of  schistosomiasis.  In  immunoblo t s  
pe r fo rmed  with total  adult  w o r m  proteins  the na- 
tive antigens readily reacted  with schistosomiasis 
infection sera,  but  not  with sera f rom patients in- 
fected with o ther  parasi tes [4]. 

We  have c loned and expressed these antigens 
in Escherichia coli, in order  to use them as probes 
for diagnostic purposes  [5]. The  c loned proteins 

Correspondence address: Mo-Quen Klinkert, ZMBH, Uni- 
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express epitopes present  on the native antigens, 
a l though the epi topes cloned so far reacted only 
with some of  the pat ient  sera [6]. 

In this paper ,  we repor t  the D N A  sequences of  
these natural ly immunogen ic  proteins  and dem- 
onstrate  the homology  of  Sm31 at the protein 
level with a mammal ian  protease ,  while the nu- 
cleotide sequence of  Sm32 is shown to be iden- 
tical to the schistosome 'haemoglob inase ' .  

Materials and Methods 

Materials. Restriction endonucleases and T4 D N A  
ligase were obta ined  f rom Renner ,  Danns tad t -  
Schauernheim,  F . R . G .  Radioact ive  nucleot ides 
were  purchased f rom Amersham-Buch le r ,  
Braunschweig,  F . R . G .  The  plasmid vector  pSP65 
[7] was used for subcloning schistosome frag- 
ments.  

Abbreviations: cDNA, complementary DNA; SDS, sodium 
dodecyl sulphate; PAGE, polyacrylamide gel electrophoresis. 

Note: Nucleotide sequence data reported in this paper have 
been submitted to the GenBank T M  Data Bank with the acces- 
sion number J03984. 

D N A  sequencing.  Nucleot ide  sequence analysis 
was under taken  using the M a x a m  Gilbert  solid 
phase technique [8] and the d ideoxynucleot ide  
chain terminat ion me thod  of  Sanger  [9]. Differ- 
ent  primers were synthesised according to the 
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phosphoamidite method [10] with an automated 
oligonucleotide synthesiser (380A9, Applied 
Biosystems). DNA sequences were processed us- 
ing the computer programmes of Osterburg et al. 
[11] and the derived protein sequences were com- 
pared to the Dayhoff protein sequence database 
(EMBL Data Library). 

Nucleic acid preparations. DNA and RNA were 
purified from frozen adult worms as previously 
described [5]. Radioactive labelling of the DNA 
was done using random primers purchased from 
Pharmacia [12]. 

Blot analysis. For analysis of genomic DNA 5 Ixg 
aliquots of schistosome DNA were digested with 
EcoRI, HindlII and HpaI. The digests were elec- 
trophoresed on 0.8% agarose gels and trans- 
ferred to nylon membranes. RNA was electro- 
phoresed through 1.2% formaldehyde agarose 
gels [13] and transferred to nylon membrane. 
Poly(A) ÷ schistosome RNA (2 ~g) and total RNA 
(10 ~g) from human liver HepG2 cells and rat 
HTC cells (kind gifts of Martin Hofmann) were 
used. 

In vitro transcription. Transcription reactions were 
performed according to Melton et al. [7]. DNA 
fragments were cloned in pSP65. Linearised DNA 
templates (5 Ixg) were transcribed in a total vol- 
ume of 50 txl containing 40 mM Tris-HC1 pH 7.5, 
6 mM MgC12, 2 mM spermidine, 10 mM dithio- 
threitol, 50 U RNAsin (Promega, Biotec, Madi- 
son, WI), 500 pxM each of four ribonucleoside tri- 
phosphates and 10 U of SP6 polymerase (Boeh- 
ringer Mannheim, F.R.G.). Following 60 min of 
incubation at 40°C, the reaction mixture was ex- 
tracted with phenol and chloroform and precipi- 
tated with ethanol. The RNA was redissolved in 
40 ixl H20. 

In vitro translations and immunoprecipitation. 
10% of the RNA as prepared above, correspond- 
ing to 0.5-1 ~g RNA, was translated in 40 Ixl rab- 
bit reticulocyte lysate (Amersham Corp.) in the 
presence of 50 ixCi of [35S]methionine (Amer- 
sham Corp.) in a total volume of 50 Ixl [14]. After 
various times at 30°C the reaction was stopped by 

adding 100 ixg ml-~ of pancreatic RNAse. 
10 ~1 of the translation products were incu- 

bated with 10 ~xl of antiserum in the presence of 
50 ~1 RIPA (150 mM NaC1, 10 mM sodium phos- 
phate, 1% Nonidet P40, 0.5% sodium deoxycho- 
late, 0.1% sodium dodecyl sulphate (SDS)) for 1 
h at room temperature. Immune complexes were 
precipitated in the presence of 50 txl protein A- 
Sepharose (Pharmacia) for a further hour at room 
temperature [15]. Unbound materials were re- 
moved by washing twice with RIPA. Immuno- 
precipitated proteins were solubilised in an equal 
volume of sample buffer by heating to 95°C for 
15 min and analysed by SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) and autoradiogra- 
phy. 

Results 

The complete Sm31 sequence. Using the EcoRI 
insert isolated from the original Sm31 clone, H3, 
a further clone ~ H3-21 was isolated from our 
hgtl0 library. The clone contains a cDNA insert 
of 1200 base pairs (bp). Digestion with EcoRI 
yielded two insert fragments of 220 bp and a third 
fragment of 750 bp. Each was subcloned in plas- 
mid pSP65 and its nucleotide sequence deter- 
mined. A partial restriction map of the clone, to- 
gether with the sequencing strategy is shown in 
Fig. 1A. 

The primary DNA sequence is shown in Fig. 
lB. A long open reading frame starts from an ini- 
tiation triplet at position 39 and extends over most 
of the nucleotide sequence. The total coding ca- 
pacity of the sequence starting from the first me- 
thionine was calculated to be 38.5 kDa. Since the 
native protein has an apparent molecular weight 
of 31000 in Western blots, it is likely that a pre- 
cursor protein exists, which is further processed 
into a smaller polypeptide (see below). The first 
17 amino acid residues may represent a signal se- 
quence. 

The clone contains a polyadenylation signal 
(underlined in Fig. 1B) and, approximately 100 
nucleotides downstream from the end of the open 
reading frame, 11 'A' residues, which are taken 
to represent part of the poly(A) tail and thus the 
3' end of the mRNA. 
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S e q u e n c e  h o m o l o g y  wi th  ca theps in  B. In order to 
establ ish a poss ib le  funct ion for Sm31 in schisto-  
s o m e s ,  the d ed uced  a m i n o  acid s equence  was  
c o m p a r e d  to the s e q u e n c e  data bank of  Dayhof f .  
Since the Sm31 c lone  e n c o d e s  a po lypept ide  that 

A 

I I i J 

was earlier shown to originate from the gut and 
was  suspected  to be a digest ive  e n z y m e  [16], the 
inferred amino  acid s equence  of  the c D N A  insert 
was e x a m i n e d  for h o m o l o g y  with that of  other 
proteases .  

The  best  match  was  found with l iver cathepsin 
B of  the m o u s e ,  rat and human [17] (Fig. 2). For 
the m a m m a l i a n  prote inases  a precursor m o l e c u l e  
and c leavage mechan i sms  to generate  the mature  
e n z y m e s  have been  postulated.  The  primary 
structure of the schistosome protein appears to be 
similar to the mammal ian counterparts, in that the 
ex i s tence  of  precursor forms containing prepep-  
t ide and propept ide  chains at the N- terminus  can 

B 

1 G~ATTCCATG GATGCATGC~ TTCAAGAGTT ATTTGGAC 

80 CTT GAA GCT CAT ATT TCA GTT AAG AAC GAA AAG 
Leu Glu Ala His Iie Ser Val Lys Asn Glu Lys 

155 CAT CCG AAT GCT GGA TGG AGA GCT GAG AAA AGC 
His Pro Asn Ala Gly Trp Arg Aia Glu Lys Set 

230 GCA AGA AGA GAA GAA CCA GAT TTG AGG AGG AAG 
Ala Arg Arg Glu Glu Pro Asp Leu Arg Arg Lys 

305 CCA TCC AAT TTC GAT TCC AGG AAG AAA TGG CCT 
Pro Set Asn Phe Asp Set Arg Lys Lys Trp Pro 

380 GGA TCA TGT TGG TCT TTC GGT GCG GTC GAA GCA 
Gly Ser Cys Trp 5er Phe Gly Ala Val Glu Ala 

455 GTC GAA CTG AGT GCT GTT GAT CTT TTG ACC TGT 
Val Glu Leu Ser Ala Val Asp Leu Leu Thr Cys 

530 CCT GCT TGG GAT TAC TGG GTG AAG GAA GGT ATT 
Pro Ala Trp Asp Tyr Trp Val Lys Glu Gly Ile 

605 TAT CCA TTT CCG AAA TGT GAA CAT CAT ACC AAA 
Tyr Pro Phe Pro Lys Cys Glu His His Thr Lys 

680 CGT TGT AAA CAA ACT TGT CAG AGA AAA TAT AAA 
Arg Cys Lys Gln Thr Cys Gln Arg Lys Tyr Lys 

755 AAT GTT AAA AAT GAT GAA AAG GCT ATT CAA AAA 
Asn Val Lys Asn Asp Glu Lys Ala Ile Gln Lys 

~30 TAT GAA GAT TTT CTA AAT TAC AAA TCT GGA ATC 
Tyr Glu Asp Phe Leu Asn Tyr Lys 5er Gly Ile 

905 CGT ATT ATC GGA TGG GGT GTG GAA AAC AAG ACT 
Arg Ile Iie Gly Trp Gly Val Glu Asn Lys Thr 

980 GAA AAT GGA TAT TTC AGA ATA GTG CGT GGT CGT 
Glu Asn Gly Tyr Phe Arg Ile Val Arg Gly Arg 

1055 

ATG CTC ACA TCT ATT TTG TGT ATT GCT 
Met Leu Thr Ser Ile Leu Cys Ile Ala 

TTT GAA CCA TTG TCA GAT GAC ATA ATC 
Phe Glu Pro Leu Ser Asp Asp Ile Ile 

AAC CGT TTC CAC TCA CTG GAT GAC GCC 
Asn Arg Phe His Ser Leu Asp Asp Ala 

AGA CGT CCC ACA GTT GAC CAT AAT GAT 
Arg Arg Pro Thr Val Asp His Asn Asp 

GGT TGT AAA AGT ATC GCA ACC ATT CGT 
Gly Cys Lys Set Ile Ala Thr Ile Arg 

ATG AGT GAT CGA AGC TGC ATA CAG TCA 
Met Ser ASp Arg $er Cys Ile Gln 5er 

TGC GAA AGT TGT GGA CTT GGA TGT GAA 
Cys Glu Ser Cys Gly Leu Gly Cys Glu 

GTT ACT GCA AGT TCG AAA GAA AAT CAC 
Val Thr Ala Set Ser Lys Glu Asn His 

GGA AAG TAT CCT CCA TGT GGT AGT AAA 
Gly Lys Tyr Pro Pro Cys Giy Ser Lys 

ACC CCG TAC ACC CAA GAC AAG CAT CGA 
Thr Pro Tyr Thr Gln Asp Lys His Arg 

GAA ATC ATG AAA TAC GGA CCA GTA GAA 
Glu lle Met Lys Tyr Gly Pro Val Glu 

TAT AAA CAT ATT ACT GGA GAA GCA CTT 
Tyr Lys His Ile Thr Gly Glu Ala Leu 

CCT TAT TGG TTG ATT GCG AAT TCG TGG 
Pro Tyr Trp Leu Ile Ala Asn Ser Trp 

GAT GAG TGT TCC ATT GAA TCT GAA GTA 
Asp Glu Cys Set Ile Glu Ser Glu Val 

TCA CTA ATA ACT TTT 
Set Leu Ile Thr Phe 

TCG TAT ATC AAT GAA 
Set Tyr Ile ASh Glu 

CGA ATT CAG ATG GGT 
Arg Ile Gln Met Gly 

TGG AAT GTG GAA ATT 
Trp Asn Val Glu Ile 

GAT CAA TCA CGA TGT 
Asp Gln Set Arg Cys 

GGT GGC AAA CAA AAT 
Gly Gly Lys Gln Asn 

GGT GGT ATC CTT GGT 
Gly Gly ile Leu Gly 

ACA GGT TGT GAA CCA 
Thr Gly Cys Glu Pro 

ATC TAC AAC ACT CCT 
Ile Tyr Asn Thr Pro 

GGT AAA TCA TCC TAC 
Gly LyE Ser Set Tyr 

GCA AGC TTC ACC GTT 
Ala Set Phe Thr Val 

GGT GGG CAC GCT ATA 
Gly Gly His Ala Ile 

AAT GAA GAT TGG GGT 
Asn Glu Asp Trp Gly 

ATA GCC GGT CGA ATA 
Ile Ala Gly Arg lle 

AAC TAA TAACACAATC TTTGAACATC ATCACAAAAT GTTACTTAGG GTTAATCAAG TCATTACAAA TGTATACTAA TACTTCAAA___~T 

Asn "~* 

1141 AA_~AAGTTTTG TGTTCTGAAA AAAAAAAADC ATGCATCCAT GGAAT~C 

Fig. 1. (A) Partial restriction map and sequencing strategy for S. mansoni Sm3l cDNA. The full-length clone H3-21 was con- 
structed in hgtl0. Arrows indicate the direction in which the fragments were sequenced, and their lengths are proportional to the 
distance sequenced. (B) The complete nucleotide and deduced amino acid sequences of S. mansoni Sm31. Boxes are the adaptor 
sequences containing EcoRI sites used for cloning. The predicted protein starting at the first methionine is 340 amino acid residues 
long. Asterisks indicate the translation stop codon. A sequence showing the polyadenylation signal upstream of the poly(A) tract 

is underlined. 
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. . . . .  

S.mansoni 

human 

mouse 

rat 

GSS~__.~GAVEAMS D; 

P A ~ ~ G G  human 

S ~ P ~ ~ S K I ~ Q ~ ~ ~ ~  S.mansoni 

VYN ~ ~ R~_~TGE U D ~_~NKM~AG~S~K~_.~Y T~_~S D ~ u d ~ A ~  S~ F L ~ rat 

IpR S. mansoni 

TDQYWEKI human 

~TF~G~IR~TT~~97~~~~GR~ ~ o u ~ .  

PRTQQYWGRF rat 
A 

Fig. 2. Homology of the predicted amino acid sequence of S. mansoni protein Sm31 with preprocathepsin B of mouse, rat and 
man. Boxes indicate the amino acid residues of the schistosome sequence that are identical to the mammalian proteases. Arrow- 
heads indicate the potential cleavage sites of the prepeptide and propeptide fragments to generate the mature cathepsin B, as 

proposed by Chan et al. [17]. 

A 

1_ I I I I II I I J 

I • : - -  : r ; - -  

• I ~ J I n I ~  1 I 

Fig. 3. (A) Partial restriction map and sequencing strategy for S. mansoni haemoglobinase. The full-length clone M2-16 was iso- 
lated from ~.gtl0. Arrows depict the length and direction of the sequences. (B) Nucleotide and predicted amino acid sequences 
of the complete clone M2-16. The nucleotide sequence from position 647 onwards is identical to the published sequence [18], with 
the exception of 7 nucleotide exchanges indicated above the sequence. Adaptor  sequences are boxed. A potential signal peptide 

sequence (broken line) and polyadenylation signals (solid lines) are shown. 
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1 ~AATTCCATG GATGCATG~T TTTTTTTTTT TTACCCTTCG 
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ATTTTGAAAT TTTTATATTC CTCGGTGTTA ACCTCATTCT TCCATACCCA 

90 TTTGGATTTA TAACTATCTG CTAACTATTG TAAATTTTGT TTTTTCCTTT CCCATTGAAA TAACATAGAC AAACGATGCA TTTCTCTACG 

180 CTTTTTTTCA TTTGTATGTT TTATTCATTC TCAATATAAA TAACACTATT CGTTGTCACA TTATCCATTC TTCCTTTTTT GCGTAAAAGA 

270 AATATTACCA TTACCATTAC TATTATCGTT ATTCTTCGTA TTATTATTAC TATCATCCTT GTTTATATTA TTGTGAGTGT ATGTGTACAT 

360 GTTTATGTAT GAGCATGGAG CCTATAATGT GAAGATTCTT GAGTCATTAA TCGAGAAAAG CACAGCAACT TTAGAACTAC ACTACAATGT 

450 TGTACTTTAC TTTTTAAAAT ACATTAAAAC ACCACCACCA 

531 TTA CAT ATT CTA TTA GTC AAA TGT 
Leu His Ile Leu Leu Val Lys Cys 

606 AAA TGG GCT GTA TTA GTA GCT GGA 
Lys Trp Ala Val Leu Val Ala Gly 

681 CAT GTA TTA CGT TCA AAG GGT ATA 
His Val Leu Arg Ser Lys Gly Ile 

756 ATG AAT CCA TTT CTT GGG AAA CTT 
Met Asn Pro Phe Leu Gly Lys Leu 

C 
831 CGC 

Arg 

906 AAA 
Lys 

981 GAT 
Asp 

1056 ATT 
Ile 

1131 ACA 
Thr 

1206 TTA 
Leu 

1281 GAG 
Glu 

1356 GAA 
Glu 

1431 TCG 
Ser 

1506 ATG 
Met 

1581 AAT 
Asn 

1656 TTC 
Phe 

G 
1731 GCA 

Ala 

GGT AAA AAA GTC AAC TCG AAA 
Gly Lys Lys Val Asn Ser Lys 

AGT GGA AAA AAT GAT GAT GTA 
Ser Gly Lys Asn Asp Asp Val 

GAA TTA TAT GCC AAA GAA TTT 
Glu Leu Tyr Ala Lys Glu Phe 

TAT ATT GAA GCA AAT GAA TCA 
Tyr Ile Glu Ala Asn Glu Ser 

T 
GCT GCT AAT CCA ACT GAA TGT 
Ala Ala Asn Pro Thr Glu Cys 

TAC TCA TAC AAC TGG ATT GTT 
Tyr Ser Tyr Asn Trp Ile Val 

GTT AAA CGT GAA ACG GAT CTT 
Val Lys Arg Glu Thr Asp Leu 

TTT CAA GGA AGT CGA GAT AAG 
Phe Gln Gly Ser Arg Asp Lys 

AGA GAT ATT CCA TTG CAT ACT 
Arg Asp Ile Pro Leu His Thr 

CAA ATT CTT GGT TTG AAA CTG 
Gln Ile Leu Gly Leu Lys Leu 

AAT GAA GAA ATA CCA AAT ACC 
Ash Glu Glu Ile Pro Asn Thr 

AAA AGT AAA TGT TTC ACA CTA 
Lys Ser bys Cys Phe Thr Leu 

GAT GGT TAT ACA GCT GAA ACG 
Asp Gly Tyr Thr Ala Glu Thr 

TTATTGAT ATG ATG CTA TTC TCT TTA TTT CTT ATT AGC ATC 
Met Met Leu Phe Ser Leu Phe Leu Ile Ser Ile 

1808 GTAATAAACT TTGTCGGTGT GAAATTTTTA ATAAATGATT 

CAA TTA GAT ACA AAT TAT GAA GTA TCC GAT GAA ACT GTT AGT GAT AAT AAT 
Gln Leu Asp Thr Asn Tyr Glu Val Ser Asp Glu Thr Val Ser Asp Asn Asn 

TCT AAT GGT TAT CCC AAT TAT AGA CAT CAA GCA GAT GTC TGT CAT GCT TAT 
Ser Asn Gly Tyr Pro Asn Tyr Arg His Gln Ala Asp Val Cys His Ala Tyr 

AAA CCT GAG CAT ATT ATC ACA ATG ATG TAT GAT GAT ATC GCT TAT AAT TTG 
Lys Pro Glu His Ile Ile Thr Met Met Tyr Asp Asp Ile Ala Tyr Asn Leu 

TTT AAT GAT TAT AAC CAT AAA GAT TGG TAT GAA GGA GTG GTG ATA GAT TAT 
Phe Asn Asp Tyr Asn His Lys Asp Trp Tyr Glu Gly Val Val Ile Asp Tyr 

ACT TTT CTG AAA GTT TTG AAG GGA GAT AAA AGC GCT GGT GGG AAA GTT TTG 
Thr Phe Leu Lys Val Leu Lys Gly Asp Lys Ser Ala Gly Gly Lys Val Leu 

TTC ATA TAC TTT ACT GAT CAT GGT GCA CCG GGT CTA ATT GCT TTC CCT GAT 
Phe Ile Tyr Phe Thr Asp His GIy Ala Pro Gly Leu Ile Ala Phe Pro Asp 

ATG TCA ACG TTG AAA TAC TTA CAT AGT CAC AAA CGT TAT TCA AAA TTG GTG 
Met Ser Thr Leu Lys Tyr Leu His Ser His Lys Arg Tyr Ser Lys Leu Val 

GGT TCC ATG TTC CAA CAA ATA TTA CCG TCG AAT CTA AGT ATT TAC GCG ACT 
Gly Ser Met Phe Gln Gln Ile Leu Pro Ser Asn Leu Set Ile Tyr Ala Thr 

AGT TAT AGT ACA TTT TGT GGT GAT CCA ACA ATA ACT ACT TGT CTG GCT GAT 
Ser Tyr Ser Thr Phe Cys Gly Asp Pro Thr Ile Thr Thr Cys Leu Ala Asp 

GAC TCA CAA ACA CAT CAT TTA ACA CAA CGA ACA CTC GAT CAA CAG TAT AAA 
Asp Ser Gln Thr His His Leu Thr Gln Arg Thr Leu Asp Gln Gln Tyr Lys 

AGT CAT GTT CAG AGA TAT GGT GAT ACG AGA ATG GGT AAA TTA TAC GTT AGC 
Ser His Val Gln Arg Tyr Gly Asp Thr Arg Met Gly Lys Leu Tyr Val Ser 

T T C G 
TCT TCA ACT GAG AAC GAT GAA TCT CCA ATG AAG CCA AGA CAT TCC ATC GCT 
Set Ser Thr Glu Asn Asp Glu Set Pro Met Lys Pro Arg His Ser Ile Ala 

CTA CAT CGT CAA ATA ATG ATG ACC AAT AAT GCA GAA GAC AAA AGC TTT CTG 
Leu His Arg Gln Ile Met Het Thr Asn Asn Ala Glu Asp Lys Ser Phe Leu 

AAG AGA AGA GAT CTC ATT GAG GAT ACT ATG AAA TTA ATA GTG AAA GTA ATG 
Lys Arg Arg Asp Leu Ile Glu Asp Thr Met Lys Leu Ile Val bys Val Met 

AAG GCA ACT ATC GAT CAA ACA TTG GAT TGT ACA GAA TCA GTC TAT GAA CAG 
Lys Ala Thr Ile Asp Gln Thr Leu Asp Cys Thr Glu Ser Val Tyr Glu Gln 

CAA CAG GCT CCA GAA GTT GGA GGG CAC TTT TCT ACT CTT TAC AAT TAT TGT 
Gln Gln Ala Pro Glu Val Gly Gly His Phe Set Thr Leu Tyr Asn Tyr Cys 

ATC AAT GAA GCA ATC ATA AAA ATT TGC GGT TAA ATCAAAATTG ATCTGTCAGT 
Ile Asn Glu Ala Ile Ile Lys Ile Cys Gly *** 

CTTTCCTCAA AAAAAAAAAA AAAAAAAAA~ CATGCATCCA TGGAAT~ 
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be deduced. Amino acid sequence comparison of 
the mature cathepsin B of all four species reveals 
more than 50% identity, as shown by the boxed 
amino acids. However ,  the propeptide sequence 
of the worm protease expresses less homology 
than the other prosegments. In addition, even 
though the amino terminal ends are not homol- 
ogous, they seem to represent signal peptides. The 
potential cleavage site of the signal peptide is 
proposed to be between alanine and histidine [17]. 
A stop codon is present in the schistosome se- 
quence before the position of the putative proc- 
essing site in the mammalian proteases. Thus the 
schistosome polypeptide does not appear to be 
processed at the C-terminus. 

Sm32 is identical to haemoglobinase. The cDNA 
clone M2-16 containing the complete sequence of 
another gut-located protein was isolated from the 
)~gtl0 library, probed with the original H6 clone 
and confirmed with another  clone M2, which ex- 
tends approximately 200 bp into the N-terminal 
end of H6. Fig. 3 shows the sequencing strategy 
along with the nucleotide sequence. An initial at- 
tempt to compare the nucleotide and deduced 
amino acid sequences with known sequences 
(Dayhoff  data base) yielded no significant hom- 
ologies. However ,  our sequence was found to be 
identical to the one recently published for the 
schistosome haemoglobinase by Davis et al. [18]. 

The sequence has a long open reading frame, 
which encodes approximately 80 amino acids in 
addition to those published, 19 of which appear 
to represent a typical signal sequence (Fig. 3B). 
The potential cleavage site is proposed to be be- 
tween cysteine and glutamine at positions 19 and 
20. Beginning with the start codon a protein com- 
prising more than 400 amino acid residues can be 
deduced. The calculated molecular weight is 
47 000, which is considerably larger than the na- 
tive haemoglobinase. Davis et al. [18] postulated 
processing of the precursor protein around the C- 
terminus to give a 32 kDa protein, by virtue of 
homology of the deduced amino acids at the N- 
terminus with data obtained from amino acid se- 
quencing. 

The nucleotide sequence contains a homopoly- 
meric run of 11 'T'  residues downstream of the 5' 
adaptor sequence, suggesting that the M2-16 clone 

represents a head-to-head fusion of two different 
cDNAs. This idea is supported by the observa- 
tion of an open reading frame of approximately 
50 amino acids in the opposite direction (towards 
the 5' end of the cloned cDNA). The beginning 
of this open reading frame may indicate the point 
where the two cDNAs have been fused, some 120 
nucleotides upstream of the start of the haemo- 
globinase coding region. This 120 bp sequence 
contains several stop codons in all possible read- 
ing frames in both 5' and 3' directions and is thus 
an untranslated region rather than a part of a 
protein reading frame. 

Cathepsin B and haemoglobinase transcripts. 
Poly(A) + RNA from adult worms was analysed 
by the Northern blot technique. A 1.4 kb tran- 
script was recognized using the H3-21 cDNA in- 
sert as probe (Fig. 4, lane 1). Using HepG2 hu- 
man and HTC rat RNA, no hybridisation signals 
were detected (data not shown). This finding is 
not too surprising since there is no strong ho- 
mology at the nucleotide level with cathepsin B 
from other organisms for crosshybridisation to 
occur. The haemoglobinase-specific insert de- 
rived from M2-16 hybridised to a slightly larger 
transcript of approximately 1.5 kb in length (lane 
2). This finding is consistent with the results of 
Davis et al. [18]. In both cases smaller transcripts 
around 1-1.2 kb were also observed. These RNA 
species are presumably degradation products. 

In vitro translations. RNA transcribed in vitro was 
used for in vitro translation in rabbit reticulocyte 
lysate in the presence of [35S]methionine. The la- 
belled products were analysed by SDS-PAGE and 
autoradiography. 

Using the RNA transcribed by pSP65-H3-21, 
one prominent band of approximately 31 kDa was 
detected (Fig. 5, lane 1, arrow). On a longer ex- 
posure (not shown) an additional protein with 
apparent molecular weight of 42000 was also re- 
cognised (see also lane 7). While the smaller pro- 
tein is taken to represent the mature protease, the 
larger product could serve as a precursor protein. 
The predicted molecular mass of a gene product 
starting from the first methionine [19] was calcu- 
lated to be 38.5 kDa and could be represented by 
the 42 kDa species. The reason for the slower mi- 
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! 2 

1 4 Kb 
1.5 Kb 

Fig. 4. Northern blot analysis of the cathepsin B and hae- 
moglobinase transcripts of S. rnansoni. 2 Ixg of poly(A)- RNA 
were separated on a 1.2% formaldehyde-agarose gel, trans- 
ferred to nylon membrane and hybridised to (1) H3-21 cath- 
epsin B-specific and (2) M2-16 haemoglobinase-specific probes. 
The size of the m R N A  was estimated from restriction frag- 

ments of single stranded D N A  from bacteriophage fd. 

gration, however, is not clear. From its relatively 
weak intensity it would appear that the precursor 
protein is translated and simultaneously proc- 
essed into a more stable mature product of 31 
kDa. Alternatively the 31 kDa species, rather 
than being the mature enzyme, could correspond 
to a protein synthesised from the second methi- 
onine in the reading frame. Evidence against this 
argument is the lack of a eukaryotic translation 
initiation sequence upstream from this ATG tri- 
plet [20]. 

Immunoprecipitations were carried out in a 
parallel experiment, the results of which support 
the existence of a precursor protein and the ma- 
ture protease (Fig. 5). Both the 31 and 42 kDa 
products were immunoprecipitated using specific 
antiserum raised against the MS2-cathepsin B fu- 
sion protein, while the 45 kDa band was not im- 
munoprecipitated (lane 8). The 45 kDa protein 
band is presumably a reticulocyte lysate specified 
polypeptide (lanes 1-7). It is also present during 
translation of the lysate in the absence of exoge- 
nous RNA (data not shown). 

The appearance of the translation products was 

followed by translating the RNA for various pe- 
riods of time. The results demonstrate that the 31 
kDa band appeared as early as 10 min (lane 3) 
and its intensity increased over 60 min (lanes 4-6). 
A possible explanation as to why the 42 kDa pre- 
cursor was not observed could be that it is not 
translated in sufficient quantity in this particular 
experiment to be visible or it is quickly processed 
into the mature protease. Treatment of the reti- 
culocyte lysate with RNAse after translation re- 
moved acyl-tRNA molecules (arrowhead) as per- 
formed in lanes 4--6. 

The processing of the mammalian preproca- 
thepsin B at amino acid position 88 between glut- 
amine and isoleucine has been postulated [13]. In 
this work a plasmid was constructed, in which the 
first 81 amino acids of pSP65-H3-21 were deleted 
through a convenient HinclI site, and replaced by 
a linker fragment containing a eukaryotic 
translation initiation consensus sequence includ- 
ing the initiation triplet [20]. 

1 2 II  3 ~ 5 6 7 8 

- 9 2 . 5  

-45 ~ 

-30 

-14.3 

Fig. 5. In vitro translations of cathepsin B. A rabbit reticu- 
locyte extract was incubated with in vitro synthesised RNA and 
the translation products analysed by SDS-PAGE and auto- 
radiography. On translation of pSP65-H3-21 RNA,  a 31 kDa 
protein was detected (lane 1, arrow). On a longer exposure a 
second protein of 42 kDa was also observed (see also lane 7). 
RNA from a deletion mutant directed the synthesis of a slightly 
smaller protein of 30 kDa (lane 2, arrow). In the same ex- 
periment (after exposure for a longer period), the appearance 
of the 31 kDa protein over a time course was observed (lane 
3, 10 min; lane 4, 20 min; lane 5, 30 min; and lane 6, 60 min). 
Translation was terminated with the addition of RNAse (lanes 
4-6). In a different experiment the 31 and 42 kDa polypep- 
tides could be specifically immunoprecipitated by anti-cath- 
epsin B antibodies (lane 8) from total translation products 

(lane 7). 
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The mR NA is expected to synthesise a product 
initiating 9 amino acids upstream from the pos- 
tulated cleavage site and therefore be larger than 
the mature enzyme. Alternatively the product is 
processed at the postulated site and thus comi- 
grates with the mature cathepsin B. However,  on 
translation of the m R N A  a slightly smaller gene 
product of 30 kDa was obtained (lane 2). This 
finding suggests that processing into a mature 
protease does not take place at the same site pos- 
tulated for the mammalian enzyme, but is likely 
to occur further upstream. By comparing the 
worm sequence with that of the other species, we 
note that the former is longer and that there are 
5 additional amino acids immediately upstream of 
the putative cleavage site in the sequence (see Fig. 
2). This divergence could account for a different 
cleavage specificity in the schistosome. 

Discussion 

This report  identifies two highly antigenic S. 
mansoni worm proteins, Sm31 and Sm32, as acid 
proteases. Based on the nucleotide and deduced 
amino acid sequence data these proteins are ho- 
mologous to mammalian cathepsin B and schis- 
tosome 'haemoglobinase' ,  respectively. Differ- 
ences in nucleotides between our sequence and 
the 'haemoglobinase' sequence of Davis et al. [18] 
may be due to allelic or strain variation. 

The presence of an acidic proteolytic enzyme 
in the digestive tract of S. mansoni with a sub- 
strate specificity for haemoglobin was demon- 
strated by Timms and Bueding as early as 1959 
[21]. Since then the general term 'haemoglobi- 
nase' has been in use for gut-derived schistoso- 
mal proteinases. Biochemical evidence suggested 
that more than one enzyme is present [22-26] and 
similarities to mammalian cathepsin B [23] as well 
as to cathepsin D [27] have been observed. In ad- 
dition, several acid proteases without haemolytic 
activity but associated with the worm's digestive 
system have been reported [28]. This report  pro- 
vides conclusive evidence on the basis of the dif- 
ferent nucleotide sequences that 'haemoglobi- 
nase' and cathepsin B are different enzymes. 

Southern blot analysis was performed to esti- 
mate the gene copy number  of cathepsin B. Us- 
ing nick translated pSP65-H3-21 DNA to probe 

worm genomic DNA digested with different re- 
striction enzymes simple hybridisation patterns 
characteristic of a single copy gene were ob- 
served in each case (data not shown). This find- 
ing is consistent with that reported for mammal- 
ian cathepsin B. 

In vitro translation studies demonstrated that 
two proteins 31 and 42 kDa in size were synthe- 
sized under the direction of RNA from H3-21. 
Results from immunoprecipitation experiments 
showed that both proteins were immunoprecipi- 
tated using specific antiserum, suggesting that the 
larger product probably represents the primary 
unprocessed polypeptide and the smaller one the 
mature enzyme. 

Interestingly, two potential glycosylation sites 
that are conserved in the mammalian cathepsin B 
species (amino acid positions 42 and 201, Fig. 2) 
are not found in the schistosome sequence, but 
are present elsewhere in the sequence (positions 
184 and 299). In addition two potential glycosy- 
lation sites have also been located on the hae- 
moglobinase sequence. However,  previous work 
showed that both worm proteases do not stain for 
carbohydrate. It is therefore reasonable to as- 
sume that they are not glycosylated. 

Sm31 and Sm32 are among the most immuno- 
genic proteins of adult S. mansoni and induce high 
levels of antibodies already during prepatency in 
mice [1] and men [2]. Similar results were ob- 
tained with S. japonicum [3,29] and S. haemato- 
bium [4]. Immunogenicity of a haemoglobinolytic 
enzyme following its intradermal injection to 
Schistosomiasis mansoni patients was previously 
observed by Senft and Maddison [30]. The lack 
of cross-reactivity with other schistosome species 
observed by these authors is in contrast with the 
high cross-reactivity of Sm31 and Sm32 obtained 
in our studies, but this discrepancy might be re- 
lated to the different test systems used. Anti- 
Sm31/32 antibodies were not observed following 
vaccination of mice with irradiated cercariae [1] 
nor after immunisation with a schistosome ho- 
mogenate [16]. However,  vaccination did not 
preclude antibody formation following a chal- 
lenge infection [1]. These findings were recently 
confirmed by the observation of anti-SMw32 pro- 
teinase antibodies in infected or in vaccinated- 
challenged baboons, but not in animals vacci- 
nated with irradiated schistosomula [31]. 



The  iden t i f i ca t ion  of  Sm31 and  Sm32 as two 
p ro t eo ly t i c  e n z y m e s  p e r m i t s  a co r r e l a t i on  of  the  
i m m u n o l o g i c a l  and  b i o c h e m i c a l  p r o p e r t i e s  of  
these  p ro te ins .  T h e  diff icul ty in reso lv ing  c lear ly  
ind iv idua l  s ch i s to some  c o m p o n e n t s  in the  same  
m o l e c u l a r  we igh t  r ange  bo th  in W e s t e r n  b lo ts  
[1,2] and  in e n z y m e  p r e p a r a t i o n s  [27,31] a rgues  
for  the  p r e s e n c e  of  seve ra l  p ro t e in s  wi th  s imi lar  
mobi l i t i es .  Thus ,  the  poss ib i l i ty  tha t  o the r  p ro-  
t eo ly t ic  enzymes  exis t ,  bes ides  the  two desc r ibed  
he re ,  c anno t  be  r u l e d  out .  A n  i m m u n o g e n i c  p ro -  
t e inase  of  30 k D a  has  also b e e n  r e p o r t e d  in cer-  

car iae  [32]. 
In  view of  the  usefu lness  of  Sm31 and  Sm32 as 

p r o b e s  in the  d e v e l o p m e n t  of  d iagnos t ic  me th -  
ods ,  we a t t e m p t e d  to express  all pu ta t ive  anti-  
genic  d e t e r m i n a n t s  on the  p r o t e i n s  as r ecombi -  
nan t  an t igens  in E .  co l i .  To da te ,  we have only  
succeeded  in fusing sequences  encod ing  the al- 
mos t  fu l l - length  p r o t e a s e s  to the  MS2 p o l y m e r a s e  
f ragment .  P r e l i m i n a r y  resul ts  suggest  tha t  the  
c loning  of  p r o t e a s e s  bo th  as p r ecu r so r s  and  in ac- 
t ive fo rms  in high copy  n u m b e r  p lasmids  has a le- 
thal  effect  on  hos t  cells.  Success  in the  i so la t ion  
of  our  fu l l - length  h a e m o g l o b i n a s e  c lone  in h a p -  
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