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ABSTRACT A cDNA clone for a physiologically regulated
Tetrahymena cysteine protease gene was sequenced. The nu-
cleotide sequence predicts that the clone encodes a 336-amino
acid protein composed of a 19-residue N-terminal signal se-
quence followed by a 107-residue propeptide and a 210-residue
mature protein. Comparison of the deduced amino acid se-
quence of the protein with those of other cysteine proteases
revealed a highly conserved interspersed amino acid motif in
the propeptide region of the protein, the ERFNIN motif. The
motifwas present in all of the cysteine proteases in the data base
with the exception of the cathepsin B-like proteins, which have
shorter propeptides. Differences in the propeptides and in
conserved amino acids of the mature proteins suggest that the
ERFNIN proteases and the cathepsin B-like proteases consti-
tute two distinct subfamilies within the cysteine proteases.

The cysteine proteases are a family of enzymes that play an
important role in intracellular protein degradation. These
proteases and their cDNA clones have been isolated from
phylogenetically diverse organisms ranging from slime mold
to mammals. The tertiary structures of two plant cysteine
proteases, papain and actinidin, have been solved (1, 2). The
enzymes have two protein domains that come together to
form the active site. Amino acid sequence homologies sug-
gest this double domain structure is conserved in the animal
thiol proteases cathepsins B, H, and L (3).
The phylogenetic range of organisms for which the se-

quence of cysteine protease genes are known was extended
by determination of the sequence of a cDNA clone for a gene
from a ciliated protozoan, Tetrahymena thermophila.t Com-
parison of the deduced amino acid sequence to those of
known cysteine proteases revealed the presence of an amino
acid motif in the propeptide region consisting of highly
conserved amino acids interspersed with variable residues.
The motif was present in 15 of 20 cysteine proteases in the
EMBL/GenBank data base (August 1992). The five prote-
ases that lacked the motif were all cathepsin B-like enzymes.
Recognition of the differences in the propeptide region
prompted comparison of the mature proteins. Alignment of
the amino acid sequences of the proteases as two separate
groups allowed identification of amino acids that are highly
conserved among the proteases with the propeptide motif or
among the cathepsin B-like proteases but strikingly different
between the two groups. We suggest that the proteins with
the interspersed motif and the cathepsin B-like proteases
represent two distinct classes of cysteine proteases that can
be distinguished by both propeptide and mature protein
structure.

MATERIALS AND METHODS
Tetrahymena clone pCyP (formerly BC11) is a cDNA clone
of an RNA that is expressed in starved, but not growing, cells

(4, 5). The clone was isolated from a cDNA library of RNA
from starved cells cloned into the Pst I site ofpUC9 (4). DNA
fragments were subcloned into pBluescript for sequencing.
The sequence was scanned for open reading frames by using
the DNA INSPECTOR IIE program (Textco), taking into con-
sideration that in Tetrahymena, as in several ciliates, TAA
and TAG code for Gln (6-8). DNA sequences that code for
homologous proteins were identified through a Pearson and
Lipman (9) search ofthe EMBL/GenBank data base by using
the TFASTA program.

RESULTS
The 1189-bp nucleotide sequence of Tetrahymena pCyp and
the derived amino acid sequence of the protein encoded by
the single long open reading frame beginning at the first AUG
are presented in Fig. 1. The open reading frame encodes a
protein of 336 amino acids with a calculated molecular weight
of 37,716. A short poly(A) sequence at the 3' end of the insert
is 33 bp downstream from a consensus poly(A) addition site,
AAUAAA, and is presumably derived from the poly(A) tail
of the RNA.
The amino acid sequence of pCyP is highly homologous to

those of cysteine proteases from a variety of eukaryotes. The
deduced sequence of the Tetrahymena protein is shown in
Fig. 2 along with sequences of representative cysteine pro-
teases from a slime mold, a plant, an arthropod, and a
mammal. The sequences have been aligned to maintain
blocks of homology and to align cysteines that form disulfide
bridges in papain (3). The numbers above the Tetrahymena
sequence have been assigned with positive numbers for the
putative mature protein and negative numbers for the prepro-
region of the protein. Blocks of highly conserved sequence
contain the Gln'9, Cys25, His162, Asn179, and Trp181 residues
that are present at the active site of cysteine proteases (1).
Conservation of amino acid sequence predicts that the ma-
ture Tetrahymena protein has a molecular weight of 22,850
and an N-terminal Leu.
The structure of the Tetrahymena cysteine protease gene

suggests that it is translated as a preproenzyme. The open
reading frame has a preponderance of hydrophobic residues
in the first 19 amino acids of the protein, as expected for the
signal peptide commonly found at the N terminus of cysteine
proteases. Calculations according to the weight-matrix
method of von Heijne (15) predict that the signal sequence
cleavage site is after the first Ala residue (Fig. 1).
The putative propeptide region contains a block of con-

served amino acids from Leu-51 to Phe-40, which has pre-
viously been noted as a feature of several cysteine proteases
(16). When the propeptide regions were aligned with minimal
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tPresent address: Department of Genetics, Washington University,
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tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. L03212).
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M N K K F I I L S I I M L M
1 AAAATAAAAAAAAATAAAAAAACTAAAACTTTAAAGTATGAATAAAAAATTCATCATTTTGAGTATTATCATGCTCATG

P L C L A Q D I S V E K L L A Y N K W S S Q N Q R A
80 CCTCTCTGTTTGGCTCAAGATATAAGTGTAGAAAAACTTCTTGCTTATAATAAATGGTCAAGCTAAAATCAAAGAGCC

Y L N E D E K L Y R Q I V F F E N L Q K I K E H N S
158 TATCTGAATGAAGATGAAAAACTGTATAGACAAATAGTTTTCTTTGAAAATTTGTAAAAAATTAAGGAGCATAACAGT

N P N N T Y S I H L N Q F S D M T R E E F A E K I L
236 AACCCTAATAACACCTATTCTATCCATTTAAACTAATTCTCAGATATGACTAGAGAAGAATTTGCAGAAAAAATTCTT

M K Q D L I N D Y M K G I G Q Q A T H N N A N N E T
314 ATGAAATAGGATTTGATTAACGATTATATGAAGGGAATTGGTTAATAGGCTACTCACAATAATGCTAATAACGAAACT

Q M N S Q N H T L A A S I D W R T K G A V T S V K D
392 TAAATGAATTCATAAAACCATACTTTAGCTGCTTCTATAGATTGGAGAACAAAAGGTGCTGTAACATCGGTTAAGGAT

Q G Q C G S C W S F S A A A L M E S F N F I Q N K A
470 TAAGGTTAATGTGGTTCATGCTGGAGTTTCTCTGCAGCTGCCTTAATGGAGTCATTTAACTTCATTTAAAACAAAGCT

L V N F S E Q Q L V D C V T P E N G Y P S Y G C K G
548 TTAGTTAATTTTTCTGAGTAATAACTTGTTGATTGTGTGACCCCTGAAAATGGTTACCCCTCTTATGGATGTAAAGGA

G W P A T C L D Y A S K V G I T T L D K Y P Y V A V
626 GGATGGCCTGCTACTTGTCTGGATTATGCCTCCAAAGTAGGTATCACAACACTAGACAAGTATCCCTATGTTGCAGTA

Q K N C T V T G T N N G F K L K K W I V I P N T S N
704 CAGAAAAATTGTACTGTGACAGGTACAAATAATGGCTTTAAGCTTAAAAAGTGGATTGTAATTCCTAACACTTCAAAC

D L K S A L N F S P V S V L V D A T N W D Y Y S S G
782 GACTTAAAAAGTGCTTTAAATTTCTCTCCTGTTTCTGTTCTTGTTGATGCTACCAATTGGGATTATTATTCGTCTGGA

I F N G C N Q T N I N L N H A V L A V G Y D E K D N
860 ATTTTCAACGGATGTAATTAAACTAATATTAATCTTAATCATGCTGTATTAGCTGTAGGCTATGACGAAAAAGATAAC

938

1016

W I V K N S W S A G W G E H G Y I R L A P N N T C G
TGGATTGTTAAAAATTCTTGGAGCGCTGGTTGGGGTGAACATGGATATATTAGACTTGCTCCTAACAATACATGTGGT

I L S S N I Q V T A *
ATCTTAAGCTCTAATATATAAGTTACTGCTTGAAAATTAGGATAAGCTATTATAATTAAAATTTATTAAAATATATTA

1094 TTCGTATAAACAAAAATATTATATAAAATAAATAGTCTTTCAAATATTAAGATTTGTTTAATTTTA31

FIG. 1. DNA sequence and deduced amino acid sequence of pCyP. Arrows, putative sites of posttranslational cleavage; *, stop codon;
underlined, poly(A) addition site. The sequence contains 13 TAA and 2 TAG Gln codons.

gaps, a consensus sequence was found between Glu-81 and
Asn-62 that consists of conserved amino acids interspersed
with variable ones: EX3RX2(V/I)FX2NX3IX3N. This "ER-
FNIN" motif, named for the single letter code of the con-
served amino acids, was found in 15 cysteine protease genes
identified in a combined search of the literature and the
GenBank data base (Table 1).

All of the cysteine proteases with similarity to the mam-
malian H and L cathepsins contain the ERFNIN motif and
amino acid variants within the motif generally display a high
degree of structural similarity to the consensus residue.
Discounting the Trypanosoma protease, the first two amino
acids ofthe motif, Glu and Arg, and the final Asn are perfectly
conserved among the 14 enzymes. The Phe is present in 11 of
the proteins and in the other 3 Phe is replaced by another
amino acid with an aromatic ring, Trp. There are two
variations in the first Asn of the motif and the three examples
in which the consensus Ile is replaced by Val. These are all
highly conservative changes as measured by the scale ofFeng
et al. (14).
The most unusual cysteine protease that bears an identi-

fiable ERFNIN motif is the Trypanosoma enzyme (Table 1).
In this protein, three residues in the motif are replaced by
Ala, which does not bear strong structural resemblance to the

consensus amino acid. The significance of this degree of
variation is unknown; however, it is noted that the Try-
panosoma cysteine protease is also unique in another re-
spect. It has a long 108-residue extension at the C-terminal
end in the deduced protein. Estimates of the molecular mass
suggest that at least some ofthe C-terminal extension persists
in the mature enzyme (17).
The interspersion distance of the conserved amino acids in

the ERFNIN motif suggests that they lie along one face of an
a-helix. In addition, the interspersed motif is found at a
discrete distance from the block of conserved amino acids in
the propeptide. In 7 of the 15 cysteine proteases, 14 amino
acids are present between the last Asn of the ERFNIN motif
and the first Asn of the conserved block. In the other 8
proteases, there are 10 or 11 amino acids, a number consis-
tent with one fewer turn of an a-helix. This suggests that the
interspersed ERFNIN motif plus the conserved block pre-
viously noted by Ishidoh et al. (16) constitute a functional
unit.
The five cysteine proteases in the data base that did not

contain the ERFNIN motif were the cathepsin B-like prote-
ases. The propeptides of the cathepsin B-like proteases are
shorter than those of the proteases that contain the ERFNIN
motif. It is difficult to predict from conservation of sequence
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TeCtrahymena cysteine proteasC rt) .......... .............. MNKKFI ILS
Dictyostelium cysteine protease 1 (Dd) .......... .............. MKVILLF
Papaya papain (Cp) ........................ MAMIPSISKLLFVAICLFVYMGLSFGDF
Lobster cysteine protease 2 (Ha) ............................................
Rat cathepsin L (Rn) ........................ MTPLLLL

-110 -90 -70

IIMLMPLCLAQDISVEKLLAYNKWSSQNQRAYLNEDEKLYRQIVFFENLQKIKEHNSNPN
VLAVFYVFVSSRGIPPEEQSQFLEFQDKFNLLYSHEEYLERFEIFKSNLGKIEELNLIAI
SIVGLYSQNDLTSTERLIQLFESWMLKHNKIYKNIDEKIYRFEIFKDNLKYIDETNKKNN
.MKVAVLFLCGVALAAASPSWEHFKGKYGRQYVDAEEDSYRRVIFEQNQKYIEEFNKKYE
AVLCLGTALATPKFDQTFNAQWHQWKSTHRRLYGTNEEEWRRAVWEKNMRMIQLHNGEYS

-50 -30 -10

Tt NTYS ... IHLNQFSDMTREEFAEKILMKOQDLINDYMKGIGQQATHNNANNETQMNSQNHT
Dd NHKADTKFGVNKFADLSSDEFKNYYLNNKEAIFTDDLPVADYLDDEFINS.
Cp SYW.. LGLNVFADMSNDEFKEKYTGSIAGNYTTTELSYEEVLNDGDVNF.
Ha NGEVTFNLAMNKFGDMTLEEFNAVMKGNIPRRSAPVSVFYPKKETGPQ.
Rn NGKHGFTMEMNAFGDMTNEEFRQIVNGYRHQKHKKGRLFQEPLMLQ ..........

10 30
* 0 *

50
0

LAASIDWRTKGAVTSVKDQGQCGSCWSFSAAALMESFNFIQNKALVNFSEQQLVDCVTPE
IPTAFDWRTRGAVTPVKNQGQCGSCVSFSTTGNVEGQHFISQNKLVSLSEQNLVDCDHEC

70 90 110
0 * 0

Tt NGYPSY .....GKGGWPATCLDYAS . KVGITTLDKYPYVAVQKN. CTVTGTNNGFKLKK
Dd MEYEGEEACDEGONGGLQPNAYNYIIKNGGIQTESSYPYTAETGTQCNFNSANIGAKISN
Cp Y . GCNGGYPWSALQLVA QYGIHYRNTYPYEGVQRY . CRSREKGPYAAKTD
Ha GPQ.. .GCNG;GWMNDAFDYIKANNGIDTEAAYPYEARDGS . CRFDSNSVAATCSG
Rn GNQ ....... GNGGLMDFAFQYIKENGGLDSEESYPYEAKDGS . CKYRAEYAVANDTG

130 150
0 *

Tt WIVIPNTSNDLKSALNF. .SPVSVLVDAT. .NWDYYSSGIFNG. .CNQTNINLNNAVLAV
Dd FTMIPKNETVMAGYIVST . GPLAIAADAV. . EWQFYIGGVFDIP . CNPN. . SLDBGILIV
Cp GVRQVQPYNEGALLYSIANQPVSVVLEAAGKDFQLYRGGIFVGP .CGNK .. . VDNAVAAV
Ha HTNIASGSETGLQQAVRDIGPISVTIDAAHSSFQFYSSGVYYEPSCSPS. . YLDNAVLAV
Rn FVDIPQQEKALMKPVATV . GPISVAMDASHPSLQFYSSGIYYEPNCSSK. . DLDIGVLVV

Table 1. Conserved motif in the propeptide of cysteine proteases

Gene ERFNIN motif N-N

Consensus E X3 R X2 (I/V) F X2 N X3 I X3 N
Cysteine protease

Tetrahymena
thermophila - - V - - - - 11

Trypanosoma brucei - - A - - A A 10
Dictyostelium cpl - - I - - - - 14
Dictyostelium cp2 - - I - - V - 11
Papaya papain - - I - - - - 10
Actinidia actinidin - - I - T - - 11
Vigna mungo - - V - - V - 10
Barley aleurain - - I - S V - 10
Lobstercpl - - V - - - - 14
Lobstercp2 - - I - - - - 14
Lobster cp3 - - V - - - - 14
Mouse cathepsin L - - I W - - - 14
Rat cathepsin H - - V - - - - 10
Rat cathepsin L - - V W - - - 14
Human cathepsin L - - V W - - - 14

Nonprotease
Mouse CTLA-2a - - V W - - - 14
Mouse CTLA-2f3 - - M W - - - 14

-, Identity of the amino acid with that of the consensus sequence;
N-N, the number of amino acids between the last Asn of the
ERFNIN motif and the Asn of the conserved sequence block.
References: Trypanosoma brucei (17), D. discoideum (10), papaya
(11), Actinidia (18), V. mungo (19), barley (20), lobster cpl, cp2, and
cp3 (12), mouse (21), rat cathepsin H (16), rat cathepsin L (13),
human cathepsin L (22), and mouse CTLA-2a and -,8 (23).

170 190
* * * 0

Tt GYDEKD ........ NWIVKNSWSAGWGEHGYIRLAP ..... NNTCGILSSNIQVTA
Dd GYSAKNTIFRKNMPYWIVKNSWGADWGEQGYIYLRRGK .... NTCGVSNFVSTSII
Cp GYGPN......... YILIEIWSGTGWGENGYIRIKRGTGNSYGVCGLYTSSFYPVKN
Ha GYGSEGGQD ..... FWLVKNSNATSWGDAGYIKMSRNR.. .NNNCGIATVASYPLV
Rn GYGYEGTDSNKDK.YWLVKESGKEWGMDGYIKIAKDR ... .NNHCGLATAASYPIVN

FIG. 2. Deduced amino acid sequence of the Tetrahymena cys-
teine protease and four representative cysteine proteases from
Dictyostelium (10), papaya (11), lobster (12), and rat (13). *, Amino
acids in the active site; 0, cysteines in disulfide bridges in papain;
=, conserved in all five proteins; -, similar in all five proteins where
any pair of amino acids within the group have a score of 4 or greater
on the scale of Feng et al. (14); . , gaps introduced to maximize
alignment; boldface type, residues conserved in all known cysteine
proteases. The numbers above the Tetrahymena sequence indicate
the number of the amino acid with positive numbers for the putative
mature protein and negative numbers for the prepro- region of the
protein.

which amino acids in the cathepsin B propeptide are required
for function. The high degree of similarity in the propeptides
of the three mammalian cathepsin B-like proteases may
simply reflect short evolutionary distance. Conservation of
the peptide sequence -57 to -37 between the mammalian
enzymes and cathepsin B from Schistosoma mansoni (Fig. 3)
suggests that this region may be important for propeptide
function, but the Haemonchus contortus propeptide shows
no striking homology to the others. The sequences ofcDNAs
for additional cathepsin B-like proteases are required to
determine whether there is a conserved motif in their propep-
tide regions.
The subfamily of cysteine proteases that contains the

ERFNIN motif encompasses all of the enzymes described
thus far that are similar to mammalian cathepsins H and L.
The cathepsin B-like enzymes apparently constitute a sepa-
rate class of cysteine proteases with respect to the structure
of the mature protein and the propeptide. With regard to the
overall structure, the proteases containing the interspersed
ERFNIN motif in the propeptide have longer propeptides and
are processed to smaller mature enzymes than the cathepsin

B-like proteins. In terms of amino acid sequence, there are

several examples of active site residues that are highly
conserved within the ERFNIN proteases or within the ca-
thepsin B-like proteases but different between the two groups
(Table 2). (i) The seventh amino acid in the ERFNIN
proteases is an invariant Trp, whereas there is a consensus
Ala at this position in the cathepsin B-like proteases. (ii)
Although the three amino acids that precede the active site
Gln are structurally similar in the two groups, the specific
amino acids are different between the two groups. (iii) The
active site His is located within a block ofhydrophobic amino
acids that is interrupted by charged amino acids specific to
one group or the other. In the ERFNIN group, the His is
preceded by Asp or Asn; in the cathepsin B-like proteins, the
third amino acid after the His is Lys or Arg. (iv) The amino
acid that precedes the active site Asn is a basic Lys in 14 of
15 ERFNIN proteases and an Arg in the last example. There
is an invariant nonpolar Ala at this position in the cathepsin
B-like proteins.

In the ERFNIN proteases and the cathepsin B-like prote-
ases, there is a motifGly-Cys-Asn-Gly-Gly (residues 67-71 in
Tetrahymena and 70-74 in human cathepsin B, Figs. 2 and 3).
With the exception of the central Asn residue, this motif is
invariant in all ofthe cysteine proteases examined. In papain,
the Cys in this motif is involved in a disulfide bond and is
located within a turn. The conservation of this motifbetween
the two families of cysteine proteases suggests that it has an

important structural role.

DISCUSSION

Analysis of the deduced amino acid sequence of a cysteine
protease gene from Tetrahymena suggested that it is trans-
lated as a preproenzyme. The putative propeptide region of
the protein contains an amino acid motif in which highly
conserved amino acids are interspersed with variable ones.

This motif was present in all the cysteine protease genes in

Tt

Cp
Ha
Rn

Tt
Dd
Cp
Ha
Rn

Biochemistry: Karrer et al.
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Table 2. Consensus sequences of cysteine proteases

Protease Consensus sequence
6 * * 160* 175 * *

ERFNIN protease DWRTKGAVTP... VKNQGQCGSCWAFSXlqSEQNLVDC LDHGVLAVGY WLVKNSW
1=1 =1 = I11111111 1=1I = = II I

Cathepsin B DAREQWSNCPTIXIRDQGSCGSCWAFGXlqSAEDLLTC GGHAIRILGW WLVANSW

Numbers refer to the first amino acid in the sequence according to the Tetrahymena numbering. *, Active site amino acids;
boldface type, conserved in all cysteine proteases; 1, conserved between the consensus sequences; =, conserved within the
group and different between the two groups; . . ., gap introduced to align active site residues.

the data base, with the exception of the cathepsin B-like
proteases.
One possibility is that the ERFNIN motif in the propeptide

serves to inhibit protease activity and that removal of the
propeptide converts the protein to the enzymatically active
form. Although it has not been demonstrated that the propep-
tide inhibits enzyme activity of cysteine proteases, proregion
peptides of an aspartyl protease and carboxypeptidase A
specifically inhibit the respective mature proteases (28, 29).

If the function of the propeptide is inhibition of enzymatic
activity, it is not surprising that proteases that lack the

Human (Hs) ............. ....... MWQLWASLCCLLVLANARSRPSFHPVS
MOUSC (Mm) .................... MWWSLILLSCLLALTSAHDKPSFHPLS
Rat ) .................... MWSLIPLCLLALTSAHDKPSFHPLS
Schistosoma mansom (Sm) .............. MLTSILCIASLITFLEAHISVKNEKFEPLS

Haemonchus conrtus c) ............. MKYLVLALCTYLCSQTGADENAAQGIPLEAQ

-50

Hs
Mm
Rn
Sm

Hc

-30 -10

DELVNYVNKR . NTTWQAGHNFYNVDMSYLKRLCGTFLGGPKPPQRVMFTEDLK .....
DDLINYINKQ. NTTWQAGRNFYNVDISYLKKLCGTVLGGPKLPGRVAFGEDID .....
DDMINYINKQ . NTTWQAGRNFYNVDISYLKKPCGTVLGGPKLPERVGFSEDIN ...
DDIISYINEHPNAGWRAEKSNRFHSLDDARIQMGARREEPDLRRKRRPTVDHNDWNVE
--___-._ __ _- __ ._ __. _

10

Hs
Mm
Rn
Sm
Hc

30 50

LPASFDAREQWPQCPTIKEIRDQGSCGSCWAFGAVEAISDRICIHTNAHVSVEVSAED
LPETFDAREQWSNCPTIGQIRDQGSCGSCWAFGAVEAISDRTCIHTNGRVNVEVSAED
LPESFDAREQWSNCPTIAQIRDQGSCGSCWAFGAVEAMSDRICIHTN. . VNVEVSAED
IPSNFDSRKKWPGCKSIATIRDQSRCGSCISFGAVEAMSDRSCIQSGGKQNVELSAVD
IPPSYDPRDVWKNCTTFY. IRDQANCGSCWAVSTAAAISDRICIASKAEKQVNISATD

70

Hs
Mm
Rn
Sm
Hc

90 110

LLTCCGSMCGDONOGYPAEAWNFWTRKGLVSGGLYESHVGCRPYSIPPCEHHVNGSR
LLTCCGIQCGDGCNaGYPSGAWNFWTKKGLVSGGVYDSHIGCLPYTIPPCEHHVNGSR
LLTCCGIQCGDOCNCGYPSGAGNFWTRKGLVSGGVYNSHIGCLPYTIPPCEHHVNGSR
LLTCC . ESCGLQCEGILGPAWDYWVKEGIVTASSKENHTGCEPYPFPKCEHHTKGKY
IMTCCRPOCGDGCEGt;WPIEAWKYFIYDGVVSGGEYLTDVCRPYPIHPCGHHGNDTY

ERFNIN motif also show differences in the structure of the
enzymatic moiety. It is difficult to identify a region of the
propeptide that might serve a similar function for the cathep-
sin B-like proteases because the number of available se-
quences and the phylogenetic distribution of the organisms
from which they have been obtained are limited.
A search of the data base was done to determine whether

the ERFNIN motif was present in proteins other than cys-
teine proteases. The search uncovered CTLA-2a and CTLA-
2(3, cDNA clones of mouse RNAs that are specifically
expressed in T lymphocytes. The deduced CTLA-2 gene
products are small proteins that have striking homology to
the cysteine protease propeptides but are not associated with
a catalytic moiety (23). Their function is unknown but,
because the propeptides of several proteases serve to inhibit
protease activity, it was suggested that the CTLA-2 proteins
may regulate the activity of unidentified cysteine protease(s).

Analysis of the 20 cysteine protease genes in the EMBL/
GenBank data base suggests that they can be divided into two
distinct classes. Phylogenetic distribution suggests that the
two types of cysteine proteases were established early in
evolution. The ERFNIN proteases are found in organisms
ranging from protozoa to mammals. It is likely that the
cathepsin B-like enzymes evolved before the divergence of
the platyhelminthes.

We thank Kevin Miller and Alan Friedman for assistance with
computer analysis. This work was supported in part by Grant
GM39890 from the National Institutes of Health and by National
Science Foundation Grant MCB-9110651. K.M.K. is a Clare Boothe
Luce Professor and gratefully acknowledges the support of the
Henry Luce Foundation.

130 150

Hs PPCTGEG . DTPKCSKICEPGYSPTYKQDKHYGYNSYSVSNSEKDIMAEIYKNGPVEGA
Mm PPCTGEG . DTPRCNKSCEAGYSPSYKEDKHFGYTSYSVSNSVKEIMAEIYKNGPVEGA
Rn PPCTGEG . DTPNCNKMCEAGYSTSYKEDKHYGYTSYSVSDSEKEIMAEIYKNGPVEGA
Sm PPCGSKIYNTPRCKQTCQRKYKTPYTQDKHRGKSSYNVKNDEKAIQKE IMKYGPVEAS
Hc YGECRGTAPTPPCKRKCRPGVRKMYRIDKRYGKDAYIVKQSVKAIWSEILRNGPVVAS

190 210 230

Hs FSVYSDFLLYKSGVYQHVTGEMMGGEAIRILGWGVENGTPYWLVANSWNTDWGDNGFF
Mm FTVFSDFLTYKSGVYKHEAGDMMGGNAIRILVWGVENGVPYWLAANSWNLDWGDNGFF
Rn FTVFSDFLTYKSGVYKHEAGDVMGGIAIRILGWGIENGVPYWLVANhWNVDWGENGFF
Sm FTVYEDFLNYKSGIYKHITGEALGGBAIRIIGWGVENKTPYWLIANSWNEDWGENGYF
Hc FAVYEDFRHYKSGIYKHTAGELRGYHAVKMIGWGNENNTDFWLIANSWHNDWGEKGYF

250

Hs KILRGQDHCGIESEVVAGIPRTDQYWEKI
Mm KILRGENHCGIESEIVAGIPRTDQYWGRF
Rn KILRGENHCGIESEIVAGIPRTQ
Sm RIVRGRDECSIESEVIAGRIN
Hc RIIRGTNDCGIEGTIAAGIVDTESL

FIG. 3. Derived amino acid sequence for cathepsin B-like cys-
teine proteases from human (24), mouse (24), rat (25), Schistosoma
(26), and Haemonchus (27). *, Amino acids in the active site; =,
conserved in the propeptide region ofthe first four proteins; -, similar
in the first four proteins where any pair of amino acids within the
group have a score of 4 or greater on the scale of Feng et al. (14); .,
gaps introduced to maximize alignment; boldface type, residues
conserved in all known cysteine proteases. The numbers above the
human sequence indicate the number of the amino acid with positive
numbers for the putative mature protein and negative numbers for
the prepro- region.
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