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Friends  and  relations of the  cystatin superfamily- 
new members  and their evolution 
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Abstract 

The cystatin “superfamily” encompasses proteins that contain multiple cystatin-like sequences. Some of the members 
are  active cysteine protease inhibitors, while others have lost or perhaps never aquired this inhibitory activity. In recent 
years, several new members of the superfamily have been characterized, including proteins from insects and plants. 
Based on partial amino acid homology, new members, such as the invariant chain (Ii), and the transforming growth 
factor+ receptor type I1 (TGF-/3 receptor 11) may, in fact, represent members of an emerging family within the 
superfamily that may have used some common building blocks to form functionally diverse proteins. Cystatin super- 
family members have been found throughout evolution and members of each family of the superfamily are present in 
mammals today. In this review, the new and older, established members of the family are arranged into a possible 
evolutionary order, based on sequence homology and functional similarities. 
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The concept of a cystatin “superfamily” emerged in the early 1980s, 
precipitated by an observation that multiple cystatin-like sequences 
were present in the kininogens and that the stefins were related to 
both the  cystatins  and the repeats in the kininogens (Ohkubo et al., 
1984). The cystatins are a family of cysteine protease inhibitors 
with homology to chicken cystatin (Barrett, 1981). Cystatins typ- 
ically comprise = 1 15 amino acids, are largely acidic, contain four 
conserved cysteine residues known to form two  disulfide bonds 
(Grubb et a]., 1984), may be glycosylated and/or phosphorylated, 
and contain a series of conserved  residues, most notably the 
“QVVAG’ sequence (reviewed in Rawlings & Barrett, 1990; Turk 
& Bode, 1991). 

Protein, cDNA, and genomic sequences of several cystatins have 
since been reported (e.g., Tsai et al., 1996; reviewed in Rawlings 
& Barrett, 1990; Turk & Bode, 1991). Their structural genes com- 
prise three  exons of characteristic size (e.g., Huh et al., 1995) 
(Fig. I ) ,  and a cluster of these genes is located on human chro- 
mosome 20 (e.g., Thiesse  et al., 1994) although cystatin genes are 
also found on  other  chromosomes (e.g., Pennachio et al., 1996). 

Cystatin-like sequences identified in the kininogens (Ohkubo 
et al., 1984) were found to be present as sequence duplications. 
Subsequently, it was proposed that there were three cystatin-like 
repeats in the kininogen sequence, the amino terminal repeat being 
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less conserved (Salvesen et al., 1986). This threefold repeat is 
reflected in the triplicated gene structure (Kitamura et al., 1985). 
which has been shown to be common to the kininogens (e.g., Cole 
& Schreiber, 1992). Each of the three cystatin repeats is encoded 
by three exons of characteristic size (e.g., Cole & Schreiber, 1992). 

Thus, by the late 1980s the superfamily comprised cystatins, 
stefins, and kininogens. More recent additions to the superfamily 
will be discussed in this review, followed by our thoughts on how 
the evolution of this greatly enlarged superfamily may have oc- 
curred. The story is far from complete and contains several gaps 
and weaknesses that we would like to highlight in the hope that we 
will encourage other researchers to help us in filling them. 

New members of the cystatin  superfamily 

The fetuins 

Bovine fetuin was first characterized by Pedersen in 1944  (Ped- 
ersen, 1944), but it was not until 1988 that Elzanowski et al. (1988) 
first made a real connection between the fetuins and the cystatin 
superfamily. A link between the kininogens and human fetuin had 
been tentatively suggested by Hamberg et al. in 1975. In 1987, 
Dziegielewska and colleagues first discussed the connection be- 
tween bovine fetuin and a human plasma protein, (r2-HS glyco- 
protein (Dziegielewska et al., 1987). Further work confirmed the 
initial observations and it is now clear that q - H S  glycoprotein is 
the human fetuin (Christie et al., 1987; Dziegielewska et al., 1990; 
Brown et al.,  1992a,b; Dziegielewska & Brown, 1995). 
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Fig. 1. Gene structure of the cystatins. This figure illustrates the three exon 
structure of the cystatin C gene and  the encoded protein. Relative sizes of 
the  introns  and exons are  not  drawn to scale. Open boxes denote coding 
regions, solid lines denote introns, and key amino acids are indicated in 
single letter code. The conserved gly (G), the QIVAG sequence, and  the 
conserved pro-trp (PW) sequences are indicated, as are the A- and B-type 
disulfide loops. As can be seen, the A- and B-type loops are each encoded 
in  separate exons. 

In recent years, protein and/or cDNA sequences have been re- 
ported for human (Gejyo et al., 1983; Yoshioka et al., 1986;  Lee 
et al., 1987a), cow (Dziegielewska et al., 1990), sheep (Brown 
et al., 1992a), pig (Brown et al., 1992a), rat (Mizuno  et al., 1991; 
Ohnishi et al., 1991; Rauth et al., 1992), mouse (Yang et al., 1992; 
Yamamoto & Sinohara, 1993), and Habu snake (Yamakawa & 
Omori-Satoh, 1992) fetuins. The  disulfide  loop structure predicted 
by Elzanowski and colleagues for human and bovine fetuins (El- 
zanowski et al., 1988), on  the basis of their homology to the 
cystatins and to the cystatin domains in the kininogens has since 
been confirmed experimentally (Araki et al., 1989; Kellermann 
et al., 1989;  Chin & Wold, 1993) (Fig. 2). All of the fetuin se- 
quences contain 12 cysteine residues in positions identical to those 
in human and bovine fetuin,  and it seems likely that this disulfide 
structure is  common to all fetuins (see Dziegielewska & Brown, 
1995, for extensive review). The  one exception is the Habu snake 
fetuin, which contains a 13th cysteine (Yamakawa & Omori-Satoh, 
1992). 

Histidine-rich  glycoprotein (HRG) 

HRG has been characterized in the plasma of man, mouse, rabbit, 
cow and pig (see Leung, 1993, for references). The cDNA se- 
quence of human HRG was reported by Koide and colleagues 
(Koide  et al., 1986). From a sequence comparison, the authors 
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Fig. 2. Disulfide loop structures seen in  the cystatin superfamily. The cy- 
statins have one type A and one type  B loop. In fetuin, each cystatin domain 
has  an A- and  a B-type loop; the second domain also has the very narrow 
C-type loop where two amino acids separate the cysteine residues. In 
HMW kininogen, both  the second and  third cystatin domains have C-type 
loops. In the fetuins and kininogens, the N- and  C-terminal regions of the 
proteins  are connected by  a  further disulfide bond. 

suggested that the histidine-rich region of the protein was related 
to human and bovine high molecular weight (HMW) kininogen 
(Koide  et al., 1986), in addition to homology at the amino-termini 
of the proteins. The structure of the human HRG gene was sub- 
sequently determined (Koide, 1988), and it was shown that the 
cystatin domains were each encoded by three  exons of character- 
istic size, as they are in the cystatins (e.g., Colella & Bird, 1993), 
fetuin (Falquerho  et  al., 1991), and the kininogens (e.g., Cole & 
Schreiber, 1992). A purification method (Muldbjerg et al., 1992), 
a partial sequence, and the disulfide loop structure of the bovine 
protein (Sorensen et  al., 1993) have also been reported. The human 
HRG  gene has been localized to 3q28-q29 (Hennis et al., 1994), 
very close to the fetuin (3q27-q29, Magnuson et al., 1988), kinin- 
ogen (3q26-qter, Fong et al., 1991b), and stefin A genes (STFl, 
3cen-q21, Hsieh et al., 1991). Rizzu and Baldini (1995) reported 
that the human fetuin, HRG, and kininogen genes are located 
within 1 megabase of DNA at 3q27 (see also, James  et al., 1996). 
The role of HRG remains unclear (see Leung, 1993). In a further 
likeness to human fetuin and the kininogens, a protease-sensitive 
site was found in bovine HRG [arg297-J-ala298], although appar- 
ently not in a position homologous to any of the sites known in the 
fetuins or kininogens (Sorensen et al., 1993). 

The cystatin-related  proteins (CRPs) 
Parker et al. (1978) reported the purification of a 20-22 kDa 

glycoprotein from the rat ventral prostate. Subsequently, a cDNA 
encoding the protein was cloned and sequenced (Ho et al., 1989; 
Winderickx et  al., 1990), and more recently, the genomic structure 
of two rat CRPs has been determined (Devos  et al., 1993, 1995). 
The genomic organization revealed the basis for the homology to 
the cystatins: the two genes comprised four exons, three of which 
were directly homologous to the three seen in typical cystatins 
(e.g., Colella & Bird, 1993); the fourth was homologous to the 
normal cystatin exon two. In the cystatins, exon two encodes the 
A-type disulfide loop; thus, CRPs  are predicted to have two A-type 
loops in their amino terminal region before a normal type B loop, 
encoded by exon  four in the CRPs (exon three in the cystatins). 

Variant cystatins 

A  divergent  cystatin in the venom of the 
African puff adder  (Bitis  arietans) 
Evans and Barrett described the purification of a cystatin-like 

protein from the venom of the puff adder (Evans & Bmett, 1987). 
The protein sequence was also reported (Ritonja et al., 1987). The 
protein was most closely related to the cystatins, although a series 
of differences was also apparent. The sequence contained three 
cysteine residues, two of which were presumed to form  the A-type 
disulfide loop and the third corresponded to the amino-terminal 
end of the B-type loop. The authors noted the possibility that the 
protein isolated had been truncated in  the purification process. The 
spacing between the cysteines believed to form the A-type loop 
was different to that seen elsewhere in the superfamily, there being 
a six amino acid insertion so that the cysteine residues were sep- 
arated by 15 amino acids. It is worth noting here that the protease 
inhibitor purified from another snake, the Japanese Habu, turned 
out to be fetuin (Yamakawa & Omori-Satoh, 1992). 

A  divergent  cystatin from the flesh  fly (Sarcophaga peregrina) 
In 1985, Suzuki and Natori reported the purification of sarco- 

cystatin A from the perilymph of flesh fly larvae (Suzuki & Natori, 
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1985). Two proteins, sarcocystatin A, and As, differing slightly in 
molecular weight, were characterized. Further work by the same 
group led to the cloning and sequencing of a sarcocystatin A cDNA 
(Saito et al., 1989). The  sequence revealed significant homology to 
the cystatins, stefins, and kininogen cystatin domains (Saito et al., 
1989). However, a series of differences was also readily apparent, 
most notably the fact that sarcocystatin A has two cysteine residues 
at the amino terminus separated by only two amino acids: cys-Val- 
gly-cys. Such a sequence  is found at the  amino terminal end of 
kininogen cystatin domains 2 and 3 and  in fetuin cystatin domain 
2 (see Dziegielewska & Brown, 1995). In both the fetuins and 
kininogens, a C-type  disulfide  loop  is known to  be formed by this 
sequence (Araki et al., 1989; Kellermann et al., 1989; Chin & 
Wold, 1993). It is thus possible that sarcocystatin also has a C-type 
disulfide loop. The sarcocystatin A sequence also contains two 
cysteine residues encompassing the conserved pro-trp sequence, 
which would be predicted to form the B-type  disulfide loop. How- 
ever, while it  does contain a QVVSG sequence, there are no  cys- 
teine residues that could form the A-type disulfide loop. 

A divergent  cystatin from the fruit$y 
(Drosophila  melanogaster) 
Delbridge and Kelly reported the cloning of a cystatin-like se- 

quence from a Drosophila head cDNA library (Delbridge & Kelly, 
1990). A genomic clone was also isolated (Delbridge & Kelly, 
1990). As has been observed elsewhere in the superfamily (e.g., 
Lee et al., 1987), the gene appeared to  be polymorphic (Delbridge 
& Kelly, 1990). The authors further noted that the cDNA sequence 
was most closely related to that of oryzacystatin I (Kondo et al., 
1989), demonstrating approximately 22% sequence identity (Del- 
bridge & Kelly, 1990). The  sequence revealed two possible in- 
frame ATG codons  (Delbridge & Kelly, 1990). Interestingly, the 
genomic sequence revealed the position of the intron, in a different 
location to that in  either the oryzacystatins (Kondo  et al., 1989, 
1991), the animal cystatins (e.g., Colella & Bird, 1993), or the 
cystatin domains in larger proteins (e.g., Falquerho et al., 1991). 
The QVVAG sequence was conserved and in the  amino terminal 
region there was a further related sequence QVVGG. If translation 
is assumed to start from the first methionine residue, then the 
intron neatly divides the protein almost exactly in half, 62 amino 
acids ahead of it, 64 downstream of it, raising the possibility that 
a duplication was involved in the formation of the current gene. 
The protein contains two  cysteine residues towards the carboxyl- 
terminus, encompassing the pro-trp sequence, By comparison with 
other superfamily sequences, these would be expected to form the 
B-type  disulfide loop. However, the sequence contains no cysteine 
residues that could form the A-type loop. 

The invariant chain (Zi-chain) 

The invariant chain is a non-polymorphic protein intimately in- 
volved in the assembly of class I1 MHC molecules (reviewed in 
Sant & Miller, 1994). The Ii-chain is believed to act as a chaper- 
onin to MHC  class 11 a,f3 heterodimers as they pass through the 
endoplasmic reticulum (ER) and  Golgi body (Anderson & Miller, 
1992). In humans, there are  four  forms of the Ii-chain as a result of 
alternative splicing and alternative initiation of translation (Strubin 
et al., 1986; O’Sullivan et al., 1987). Recently, Katunuma et al. 
demonstrated that the amino terminal region of the p3 1 form of the 
Ii-chain shows significant homology to various cystatins and ste- 
fins  (Katunuma et al., 1994). The human Ii-chain contains two 

cysteine residues, but not in positions corresponding to those in 
typical cystatins (Katunuma  et al., 1994). The sequence alignment 
reported by Katunuma et al. (1994) was constructed using the 
stefin B crystal structure (Stubbs et al., 1990) as a model, in a 
similar way to that reported by Stubbs et al. (1990). Both align- 
ments require insertions in the middle of the sequence, as there is 
a degree of homology at both ends of the sequences, again sug- 
gesting that the cystatins arose  from  the  stefins by the insertion of 
an  exon that encoded the A-type disulfide  loop (see Stubbs et al., 
1990; Katunuma et al., 1994). 

The plant  “cystatins” 

A series of cysteine protease inhibitors has now been characterized 
and studied from plant sources (e.g., Abe  et al., 1987, 1992; Kondo 
et al., 1990 Rowan et al., 1990; Waldron et al., 1993; Murzin, 
1993; Irie et al., 1996). The most studied are the oryzacystatins of 
rice (Oryza sativa) (Abe et al., 1987; Kondo et al., 1989, 1990, 
1991). While in some respects these proteins resemble the cysta- 
tins, they are stefin-like in having no disulfide bonds or cysteine 
residues. Furthermore, despite the high protein sequence homol- 
ogy, the genomic organization of the oryzacystatins has been re- 
ported to be markedly different to that seen in the animal cystatins 
(Kondo  et al., 1989, 1991). Because of this it has been suggested 
that the oryzacystatins belong to a new phytocystatin family within 
the cystatin superfamily (Kondo  et  al., 1991). More recently, a 
further plant cystatin has been characterized from corn, Zea mays 
(Abe et  al., 1992), adding weight to that argument. Again, the 
sequence revealed homology to the cystatins including conserva- 
tion of the sequence phe-ala-Val-asn-glu-his-asn, but no disulfide 
bonds, as seen in the stefins. A further  cysteine protease inhibitor 
of PI 8.3, PCP1 8.3, was characterized biochemically from the 
potato (Rowan et al., 1990), although no sequence has yet been 
reported. More recently, a much larger protein from potato tubers 
has been examined. Potato multicystatin, PMC, was shown to be a 
protein of  -87 kDa and to comprise eight repeated cystatin do- 
mains (Waldron et al., 1993). Unlike the fetuins, HRG, or the 
kininogens, no non-cystatin sequence was found at the carboxyl- 
terminus. The sequence identity between the eight domains varied 
from 53  to 89% (Waldron et al., 1993), and the domains were 
readily separable by proteolysis (Walsh & Strickland, 1993). In 
common with the oryzacystatins, the domains were stefin-like in 
having no  cysteine residues. By Southern blot analysis, related 
genes were shown to be present in the pea and maize genomes 
(Waldron et al., 1993). It was further noted that the genomic or- 
ganization was different to that of animal cystatin domains and to 
the oryzacystatins, the only other plant cystatins for which geno- 
mic sequences have been reported. Specifically, the oryzacystatin 
genes contain an intron in the 3’-UTR  (Kondo  et al., 1989, 1990, 
1991), whereas PMC  does not (Waldron et al., 1993). Recently, a 
further cystatin-related sequence has been characterized in plants; 
Murzin (Murzin, 1993) noticed that the monellin crystal structure 
(Ogata et al., 1987) bore considerable resemblance to those of 
human stefin (Stubbs et al., 1990) and chicken cystatin (Bode 
et ai., 1988). Monellin is a very sweet protein isolated from the 
berries of the African plant, Dioscoreophyllum cumminsii. 

The Q W A G  sequence 

Almost as soon as sequences became available, it became obvious 
that there were several strongly conserved regions in the cystatin, 
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stefins, and the kininogen domains 2 and 3 (see Ohkubo  et al., 
1984; Elzanowski et al., 1988). The most notable were a conserved 
glycine, the proline-tryptophan sequence, PW, and what was as- 
sumed to be the  active  site sequence glutamine-valine-valine- 
alanine-glycine, QVVAG (see Fig. 1). Several reports of mutagenesis 
experiments, aimed at  examining how much variation is tolerated 
in these sequences, have appeared in the literature (Nikawa  et al., 
1989; Jerala et al., 1990; Auerswald et al., 1992). The consensus 
currently is that this  sequence should probably be referred to as 
QxVxG, where x can be one of several amino acids. More recently, 
the crystal (Bode  et al., 1988; Stubbs  et al., 1990) and NMR 
structures (Martin  et al., 1994, 1995; Tate et al., 1995), and the 
resulting docking model (Stubbs et al., 1990), have gone some way 
to explain the role of these sequences. The QxVxG sequence was 
found on the first &hairpin loop and the PW sequence is found on 
the second loop. These  two hairpin loops and the largely unstruc- 
tured amino terminus of the protein form a wedge that fits into the 
protease (Bode  et al., 1988;  Stubbs  et al., 1990; Machleidt et al., 
1995; Auerswald et al., 1996). In the fetuins and HRGs, these 
sequences have been extensively altered, making it unlikely that 
they are viable cysteine protease inhibitors. 

Conserved sequences around the cysteine at the carboxyl- 
terminus of the fetuins, HMW kininogen, and HRG 

As Elzanowski et al.  (Elzanowski  et al., 1988) noted, the sequence 
immediately surrounding the last cysteine residue, pro-pro-_cys- 
pro-gly-arg in human fetuin (Gejyo et al., 1983; Lee  et al., 1987) 
shares significant homology with the same region of human pro- 
lys-*-pro-gly-arg (Ohkubo et al., 1984; Kitamura et al., 1985; 
Salvesen et al., 1986; Kellermann et al., 1986, 1987), and bovine 
pro-lys-%-pro-ser-arg (Nawa et al., 1983; Kitamura et al., 1983; 
Sueyoshi et al., 1984, 1985) high-molecular weight kininogen, 
suggesting a possible common origin of the carboxyl-terminal re- 
gions of the two proteins. Furthermore, the sequence around the 
last cysteine in bovine glu-ser-cys-pro-gly-thr (Sorensen et  al., 
1993) and human glu-ser-cys-pro-gly-lys (Koide  et  al.,  1986) 
histidine-rich glycoprotein is also similar. 

Fetuin domain D3 has no homology to any sequence currently in 
the sequence databases, beyond that around the carboxyl-terminal 
cysteine residue discussed above. In particular, the domain shares 
no homology with the carboxyl-terminal region of HRG, which 
might appear to be closely related. It was originally reported that 
this region in HRG was encoded by two  exons (Koide, 1988). 
Hennis et al. (1994) have since challenged this; they found no 
evidence of intron H (Koide, 1988) in a genomic clone that they 
isolated. Thus, the entire carboxyl-terminal region of the protein 
may  be encoded by a single terminal exon as it is in fetuin (Falquerho 
et al., 1991) and the kininogens (e.g., Kitamura et al., 1985). It has 
also been noted that the histidine-rich region of HRGs carboxyl- 
terminus, encoded by exon VI11 (Koide, 1988) has some homology 
to the carboxyl-terminal region of human and bovine HMW ki- 
ninogen (Koide  et al., 1986). 

Conclusions 

The superfamily has thus been dramatically enlarged in recent 
years. In addition to the original cystatin, stefin, and kininogens 
families, it  is clear that the fetuins, the HRGs, and the CRPs 
constitute entire new families.  The number of members in the 
cystatin and stefin families has also been greatly enlarged and both 

families now contains sequences from a biologically more diverse 
background (Fig. 3). 

Evolution 

Over the last decade several papers have discussed the evolution of 
the cystatin superfamily (e.g., Rawlings & Barrett, 1990; Muller- 
Ester1 et al., 1985). One proposed scheme (Muller-Ester1 et al., 
1985) involved the evolution of the various members of the  cy- 
statin superfamily, in which the cystatins, and from them the ki- 
ninogens, emerged from a stefin-like precursor protein by a fusion 
of separate exons. Of theses exons only the exon encoding the 
N-terminal sequence was related to the stefins. The proposed evo- 
lutionary pathway also contained a "missing link," a two cystatin- 
domain protein that evolved from the cystatins, by duplication. In 
this new cystatin superfamily there were two candidates for such a 
protein: fetuin and HRG. Several aspects of the proposed scheme 
outlined above now seem unlikely for the following three reasons: 

1. Alignments of stefin and cystatin sequences reveal that specific 
amino acid residues are common throughout the length of the 
molecules, not just at the amino terminus, as such a scheme 
would predict. For example, a strongly conserved tyrosine (res- 
idue 112). and the PW (pro-trp ) sequence (residues 115-1 16), 
found toward the carboxyl-terminus of the cystatin, are com- 
mon to oryzacystatin I (a plant stefin), many cystatins and 
kininogen domain D3 (see Rawlings & Barrett, 1990). 
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Fig. 3. A block diagram  representation of some of the  members of the 
cystatin superfamily. The disulfide loop structure is indicated as in Fig- 
ures 1 and 2 .  The "incomplete" disulfide loops in  fruit fly and  puff  adder 
cystatins indicate unpaired cysteine residues in  the sequences that  are  in 
positions corresponding to disulfide loops in  the  archetypal cystatin protein. 
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On  the  basis  of  the crystal  structure of  human stefin B (Stubbs 
et a!., 1990) and comparison with  the  known crystal  structure of 
chicken  cystatin  (Bode  et  al.,  1988,  1990).  Stubbs  et a!. (1990) 
presented a sequence  alignment  based on equivalent  positions 
in the  two  crystal  structures.  The  alignment  required  the  inser- 
tion  of a 23  amino  acid  gap,  including  the  A-type  disulfide  loop. 
As  is it now  known  that this  loop  and  flanking  sequence  are 
encoded  by a single  exon in the  animal  cystatins  (e.g.,  Cox & 
Shaw,  1992).  HRG  (Koide.  1988),  fetuin (Falquerho et  al., 
1991),  the  CRPs (Devos et a!., 1993),  and  the  kininogens  (e.g., 
Kitamura  et  al.,  1985). it seems more  likely  that  the  evolution 
from  the  stefins  occurred by the insertion of  such  an exon  rather 
than  its addition to  the  3’-end of  the coding  sequence. 

The  “missing  link,” a possible  two  cystatin-domain  protein  that 
could  have  evolved  from  the  cystatins.  does  not  seem  to  be 
either HRG or fetuin.  Cystatin  domains  two and three in the 
kininogens  are  functional  cysteine  protease  inhibitors  (Salvesen 
et a!., 1986).  Neither  domain in fetuin  appears  to be a functional 
cysteine  protease  inhibitor  (Brown  et a!.,  1992a. 1992b). Anal- 
ysis of the HRG sequence  also  suggests  that  neither  domain is 
likely  to  be a functional  inhibitor in this  protein  either,  although 
no experimental  data  has  yet been  reported. If fetuin  or HRG 
were  the  “missing  link,”  then  the  kininogens,  which  were  sug- 
gested  to  have  evolved  from  the  two-domain  protein,  would 
have  to  “re-evolve”  their  protease  inhibitory  activity and se- 
quences. It seems  rather more  likely  that  there  is  still a missing 
link, either  lost in evolution or, as yet,  undiscovered  (see  below). 

Intermediate forms? 
Recently,  two  sequences of cystatin-related  proteins  from  insects 
have  been reported; a cystatin-related  protein  from Drosophila 
(Delbridge & Kelly, 1990), and sarcocystatin A from  the  flesh fly 
(Suzuki & Natori,  1985). It seems  that  the  search  for  further  insect 
protein,  cDNA,  and  genomic  sequences  would  be  most  valuable. 
The  two  examples to date  appear  to be intermediate  between  the 
animal  stefins  and  plant  inhibitors on  the one hand  and  the cysta- 
tins  and  cystatin  domains  seen in the  larger  proteins on  the  other. 
Sarcocystatin A has a cys-xaa-xaa-cys sequence  (Suzuki & Natori, 
1985), which could  form a C-type  disulfide  loop, in addition  to the 
B-type  loop  that  both it and  the Drosophila protein  are  expected  to 
have.  Neither,  however,  apparently  has an  A-type loop,  surround- 
ing the pro-trp (PW) sequence  (Suzuki & Natori,  1985;  Delbridge 
& Kelly, 1990).  The  cystatins of higher  animals  do not  have  the 
C-type  loop,  suggesting  possibly  that  the  two-domain  “missing 
link,”  discussed  below, may  have evolved by a duplication  before 
the  cystatins  lost  the  C-type  loop in higher  animals (Fig. 4). 

Summary 
It is now clear that  the  cystatin  superfamily  comprises a series of 
families:  the  original  cystatins,  stefins, and kininogens  and  the 
more  recently  characterized  fetuins,  histidine-rich  glycoproteins 
and cystatin-related  proteins.  Additionally,  the  rat  has a further 
family  of kininogens,  the  T-kininogens.  The  invariant  chain, Ii, 
homologous  to  the  cystatins,  may  also be a new  member  of  an 
emerging  family.  Whether  the  plant  stefins  belong in a family  of 
their own  as  was  proposed  by  Kondo et al. (1991) depends on 
whether  the  genomic  organization of the  animal  stefins,  which  has 
not  yet  been reported, is different. 

Each  of  the above-mentioned  proteins  presumably  derived  from 
a single  ancestral  gene  at  some  point in evolution. On  the  one 
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Fig. 4. Evolution of the cystatin superfamily. A possibly evolutionary scheme 
to explain the generation of the cystatins, potato multicystatin (PMC), 
which has eight cystatin repeats  and no non-cystatin sequence at  the  car- 
boxyl terminus.  and  the cystatin-related proteins (CRPs) from  the  arche- 
typal stefin. We propose a missing link here; this protein would be a 
cystatin with types A, B, and C disulfide loops. From this one domain 
protein,  the two cystatin domain missing link, and  from it the fetuins, 
HRGs. and kininogens (see Fig. 5). could then evolve. 

hand,  the  disulfide  loop  structure  has  been  mostly  retained, on  the 
other hand several of  the families  have  lost  the  ability  to  inhibit 
cysteine  proteases.  The  fetuins, HRGs,  CRPs,  and  domain 1 of  the 
kininogens  have  all  lost  some  amino  acids  that  are now  known  to 
be  important in this  regard. 

Proteins  containing  repeated  structures  are, of course, not  unique 
to  the  cystatin  superfamily.  Many  other  large  proteins,  and in par- 
ticular, many other  plasma  proteins  (e.g.,  a-fetoprotein, AFP, Eif- 
erman  et  al.,  1981;  albumin,  Brown,  1976a.  1976b;  transferrin, 
Greene & Feeney,  1968;  Bowman  et  al.,  1988;  and  ceruloplasmin, 
Ortel  et a!., 1984)  also  contain  repeated  structures  (see  also,  Doo- 
little,  1992).  However,  the  single  domain  proteins  from  which 
these  larger  proteins  were  derived  are no longer  present in higher 
animals. For example,  several  attempts  have been  made  to  find  the 
single  domain  transferrin  precursor (see Martin  et  al.,  1984)  but  as 
far  back,  evolutionarily, as the  hagfish,  this  plasma  protein  has 
been  shown to bind  two ferric  ions [Fez+] and to  have a molecular 
weight  of  -75  kDa (Martin et  a!., 1984).  Martin  et  al. (1984) 
suggested  that  the  iron-binding  protein  isolated  from  the  prochor- 
date Pyura  stolonifera might  represent  the  ancestral  gene.  How- 
ever, more  recently  it  has  been  shown  that  the  transferrin  protein 
from  the  sphinx  moth (Manduca sexta) has a duplicated  structure 
and  shares  extensive  sequence  and  structural  homology  with  ver- 
tebrate  transferrins  (Bartfeld & Law, 1990). 

The  cystatin  superfamily  is  possibly  unique in that so many  of 
its  members  have  survived  through  evolution  and  are  still  currently 
represented;  members of  each  family are  present in mammals  to- 
day. There  still  appears  to be  at  least  one  missing link in addition 
to  the  one  discussed  above.  The  missing link, as  we  would  now 
propose,  would  be a two cystatin  domain  protein in which  both 
domains  were  functional  cysteine  protease  inhibitors.  From it, the 
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kininogens, fetuin,  and HRG could have evolved separately or 
perhaps in parallel, and retained or lost their protease-inhibitory 
activity and  active  site sequences. In support of this idea is the 
observation of conserved sequences immediately around the  cys- 
teine  at  the  carboxyl-terminus of the fetuins, HMW kininogen, and 
HRG, again suggesting  a  common origin of all three proteins. 
Given that at least one reptile has a fetuin (Yamakawa & Omori- 
Satoh, 1992), it will be necessary to look a  considerable way back 
in evolution  for  this missing link (Fig. 5).  

Did the structural remodelling of the family lead to members 
that have lost their protease inhibitory activity and acquired new 
functions? One exciting new finding is that in the fetuins, a  se- 
quence of amino  acids  (residues 114-132 of the bovine sequence, 
Dziegielewska et a!., 1990) that forms  a  disulphide  loop in fetuin 
can inhibit binding of transforming growth factor-P. TGF-P, and 
bone morphogenetic proteins (BMPs) to their receptor, TGF-P 
receptor, type I1 (Demetriou et al., 1996). We have suggested 
before that fetuin’s structure  could be a possible “receptor” for an 
unknown cytokine or hormone (Dziegielewska & Brown, 1995), 
and the work of Demetriou et al. supports this. It is well known 
that in another family of protease inhibitors, the  serpins (serine 
protease inhibitors), members of that family that have lost their 
protease inhibitory activity, have been remodelled to function as 
cortisol- and  thyroxine-binding  proteins  (see Dziegielewska & 
Brown, 1995). Thus, in the cystatin superfamily, as in other known 
protein families, the common building blocks (cystatin domains) 
have been used to create functionally diverse proteins. 
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