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Introduction

Although numerous protein inhibitors of proteinases have been described in many
animals, plants and microorganisms, only recently has much attention been paid
to cysteine proteinase inhibitors ( CPlIs). Their discovery offers a new insight
into the processes in which they participate. At present, CPls are believed to
protect cells from innappropriate endogenous or external proteolysis and/or
they could be involved in the control mechanisms responsible for intracellular
or extracellular protein breakdown (1). Recently we have shown that some pro-
tein inhibitors of cysteine 'proteinases, such as chicken cystatin and human
cystatin C and stefin B, are able to block virus replication when added to infec-
ted cells in culture (2,3).

CPIs were isolated from different tissues and body fluids of mammalian species
including man (1, 4, 5). These inhibitors occur both intracellularly and extra-
cellularly. According to their size they are described as low-My CPI or high-Mr
CPIs. The amino acid sequence of known inhibitors show that they form a superfa-
mily of CPIs (also named cystatins; see nomenclature and classification in this
volume) which is constituted by at least three distinct families,the stefin family,
the cystatin family and the kininogen family (6, Miiller-Esterl et al., in this

volume ). Whereas members of the stefin and cystatin family are low-My proteins
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with My of about 11,000-13,000 Da, kininogens (former & -CPIs) are considera-
bly larger molecules having M, above 65,000 Da.

Low-M,. protein inhibitors, the stefins and the cystatins, are thermostable and
are not glycoproteins. They are potent inhibitors of papain, cathepsin B, H and L,
and dipeptidyl peptidase I ( cathepsin C). They do not inhibit the cysteine protei-
nase bromelain. In addition, they do not inhibit serine,aspartic and metallo-pro-
teinases. Mostly these inhibitors are isolated by a purification procedure which
includes alkaline treatment and affinity chromatography on carboxymethylated
papain.

In this paper we summarize the properties of human stefin A, human stefin B and
human cystatin C. Their amino acid sequences are compared with sequences of
other protein inhibitors of the stefin and cystatin family. A high degree of homo-
logy is observed throughout both families. Furthermore, the physical parametric
approach to protein sequence comparison was used to find the structural resem-
blance of the stefins and cystatins, and their division into two families that have

diverged during evolution.

Stefin family

Human stefin A , originally named human stefin, was isolated from polymorpho-
nuclear granulocytes and characterized as an acidic protein with pl 4.65 (7). It
isimmunologically identical to human liver CPI-A (8) and to the acidic type of
cysteine proteinase inhibitor (ACPI) isolated from human spleen (9). The inhi-
bitor was found to be abundant in polymorphonuclear leucocytes in liver (10),
thus confirming our successful isolation (7) which allowed us to purify this in-
hibitor in sufficient quantities to determine its primary structure (11, 12). The
M,. of human stefin A is 11,006 Da, as calculated from the amino acid sequence
(11) which is presented in Fig.1. The absence of Cys and Trp is evident. This
was the first indication that the cysteine residue is not directly involved in inhi-
bitory activity as was previously believed. The absence of cysteine and trypto-
phan was also observed in rat epidermal TPI (13), which is highly homologous to

human stefin A as presented in Fig.1.

Human stefin A is a very potent inhibitor of papain , cathepsin H and L (17).
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Human stefin B was isolated from human spleen in two forms with pl of about 5.9
and 6.5 (1, Lenaréic¢ et al., in this volume). This inhibitor is similar or identi-
cal with an inhibitor that has been isolated from the same organ as a neutral type
of cysteine proteinase inhibitor-NCPI (9) and from human liver (8),although there
are some minor differences in their pl values. The inhibitor was isolated in an
active monomer form of about 12,000 Da, as well as an inactive dimer form of
about 24,000 Da, in almost equivalent amounts. The appearance of dimers in
small quantities has already been reported(8,9). The inactive dimer can be con-
verted to the inhibitory active monomer form under reducing conditions, indica-
ting that the dimerization is the result of disulphide bond formation. These re-
sults are in agreement with similar behaviour of the monomer and dimer forms

of rat liver TPI (14) and not with those for human liver cystatin B (15). Whether
this observation has physiological importance has to be investigated in more
detail.

The N-terminal sequence of human stefin B was determined (Lenarcic et al., in
this volume, Lenarcic¢ et al., in press) and is identical to the corresponding part
of human liver cystatin B (15). Therefore we assume that both inhibitors are
identical and they will be refered to as human stefin B throughout this paper.
Stefin B contains only one cysteine residue at position 3, and no tryptophan (Fig.1).
The carbexymethylated monomer form retains its inhibitory activity clearly sho-
wing that the thiol group is not essential for the activity. Human stefin B is highly
homologous to rat liver TPI (16) with 79% identical amino acid residues. However,
rat liver TPI contains two cysteine residues at position 3 and 64, Cys-64 being
replaced by phenylalanine in human stefin B. This is additional evidence that
cysteine residues are not important for the inhibitory activity.

Human stefin B is a potent inhibitor of papain, cathepsin H and L and a weaker

inhibitor of cathepsin B (17).
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Cystatin family

Human cystatin C was isolated from serum of patients with autoimmune diseases

as an alkaline low-M_. protein inhibitor (18, 19). The inhibitor occurs in several
multiple forms, ranging from pl 7.8-9.1, possibly as the result of the degrada-
tion of the amino terminal part of the molecule, producing forms lacking one or
more amino acid residues. When its partial amino acid sequence was determined
(18,19), we discovered that this inhibitor is identical to human § -trace or post
g'—globulin, a basic microprotein,of hitherto unknown biological function, iso-
lated from the urine of patients with renal failure (20). Due to its high degree
of homology with chicken cystatin, which we sequenced almost at the same time
(18), we proposed that the newly discovered inhibitor of cysteine proteinases
should be named human cystatin (18,19), and soon after the name human cys-
tatin C was suggested (17). It was reported previously that f -trace is a com-
ponentof amiloid fibrils in patients suffering from hereditary cerebrovascular
amyloidosis, thus indicating its very important biological role in metabolic pro-
cesses (21). Very recently a variant of f’—trace was found, which has an ami-
no acid substitution (Gln for Leu) at position 68 ( cystatin C numbering), which
is near the proposed active site of the CPIs (22). It is suggested that this mu-
tation might lead to the production of this abnormaly degraded bound and/or pre-

cipitated protein.

Human cystatin S was isolated from human saliva as an acidic inhibitor with pl

4.68 and M, of 13,255 Da, as determined from the amino acid sequence (23,24).
Recent studies show that human saliva contains several molecular variants of
cystatin S ( forms S5 and S7 ) as a result of the heterogeneity in the N-terminal

part of the inhibitor (Isemura et al., in this volume).

Very recently a new inhibitor, cystatin SN with a pl of 7.5 was isolated also from
human saliva and sequenced (25). All investigated inhibitors from human saliva

are highly homologous to cystatin C (19,20) and chicken cystatin(18,26).

Amino acid sequences of the cystatin family are presented in Fig.2.
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Sequence homologies among the stefin abd cystatin family

The amino acid sequences of known low-Mp. CPIs clearly show that according to
the criterion of sequence homology they fall into two families: the stefin and the
cystatin family. Both families (sequences shown in Fig.1, Fig.2 and Fig.3) toget-
her with the kininogen family belong to a single superfamily (6).

The members of the stefin family (Fig.1) are proteins composed of 98-103 amino
acid residues with M of about 11,000 Da. All inhibitors of human and rat origin
have a N-terminal methionine, which is N-acylated in three of the four. Probably
the methionine residues represent the points of the initiation of translation and
therefore this family of inhibitors does not have an N-terminal signal sequence
for translocation into extracellular space. In contrast, members of the cystatin

family do not contain methionine as the N-terminal amino acid residue.
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Fig.1. Comparison of the sequences of members of the stefin family : a) human
stefin A, b) human stefin B, c) rat epidermal TPI, d) rat liver TPI. Resi-
dues identical in at least three of the four sequences are boxed.

Members of the stefin family share the highly conserved pentapeptide Gln-Val-
-Val-Ala-Gly region (residues 52-56, rat epidermal TPI numbering in Fig.1), pre-
sumably part of the proposed reactive site (1). Additional homologous amino

acid residues are present in the other parts of the molecule. The members of the
cystatin family (Fig.2) also show several regions with a high degree of homology
(residues 49-75, residues 102-106 and dipeptide Cys-Gln at the C-termini; hu-
man cystatin C numbering in Fig.2). The most striking feature is the conserva-
tion of all four cysteine residues in all members of the cystatin family, and two

cystatin segments of the kininogen molecule. It was reported (27) that the four
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Fig.2. Comparison of the sequences of the members of the cystatin family: a)
a) human cystatin C, b) human cystatin S7, ¢) human cystatin SN,
d) human cystatin S5, e) bovine colostrum cystatin, ) chicken cystatin.
All common residues within the cystatin family are boxed.
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cysteines in human cystatin C and chicken cystatin form two disulphide bonds

( Cys71-Cys81 and Cys95-Cys115), and at least one disulphide bond is essential
for inhibitory activity. The same disulphide structure was confirmed for bovine
colostrum CPI, which belongs to the cystatin family(28).

The alignment of sequences of the stefin and cystatin family in Fig.3 shows that
only eight amino acid residues are common to both families. However,only two
residues GIn55 and Gly59 (rat epidermal TPI numbering in Fig.3), are common
to all the sequences of the stefin family, the cystatin family and two inhibitory
segments of the kininogen molecule (6). These residues might have functional
importance because they are absent from the first, non-inhibitory cystatin seg-
ment of kininogen (29).

In order to show structural similarities between individual members of the stefin
and the cystatin family, we have constructed the hydropathy profiles according

to Kyte and Doolittle (30), using a moving segment of 6 residues. Hydropathy
profiles of the stefin family (Fig.4) and the cystatin family (Fig.5) indicate, that
the members of each family should have very similar tertiary structures. The
most pronounced features are hydrophilicity of the amino and carboxy terminal
regions and hydrophobicity of the central region of the molecule. The most con-

served region (residues 49-69), assumed to interact with the target enzymes,
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Fig.3 Comparison of the sequences of the members of the stefin and cystatin fa-
mily : a)human stefin A, b) human stefin B, ¢) rat epidermal TPI, d) rat
liver TPI, e) human cystatin C, f) human cystatin S7, g) human cystatin

SN, h) human cystatin S5, i) bovine colostrum cystatin, j) chicken cysta-
tin. Common residues (nine of ten) are boxed.

is hydrophobic. A more detailed knowledge of the tertiary structure is expected

to be obtained from X-ray structure analysis. The first inhibitor of CPIs, chicken

cystatin, has already been cristallized (31), and would probably help to establish

the mode of comlpex formation with cysteine proteinases.

Comparison of the known sequences ‘of different CPIs from the stefin, cystatin

and kininogen family enabled the construction of a scheme for the evolution of

mammalian CPIs (6). This model suggests that the diversity of these proteins

has evolved from two ancestral units forming the stefins and cystatins. In addi-

tion, the physical parametric approach to protein sequence comparison (32) has

been used to make a structural comparison based on amino acid sequences bet-

ween the CPls of the stefin and cystatin family whose sequences are known. The



436

Zi \ nowh
| ﬂiw\/

index

hydropalhic
[ —] ~
e
Ca

v AM b
B WW\F Wﬁ )

L A i M

0 25 50 15 100 125

sequence number

Fig.4. Hydropathy profiles of members of the stefin family : 1) human stefin A,
2) human stefin B, 3) rat epidermal TPI, 4) rat liver TPL.

comparison is based on the physical characteristics thought to determine the

three dimensional folding of a given polypeptide sequence, and may be applica-

ble for distantly related proteins which maintain similar structural folds with-

out any apparent sequence homology. Such a dendrogram was constructed from

the difference matrix and shows the development by divergent evolution of the
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Fig.5. Hydropathy profiles of members of the cystatin family : 1) human

cystatin C, 2) human cystatin S7, 3) human cystatin SN, 4) human
cystatin 85, 5) bovine colostrum cystatin, 6) chicken cystatin.
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stefin and cystatin family. It is evident that the most closely related inhibitors so
far sequenced are human stefin B and rat liver TPI ( Fig.6,seealso Lenar¢ié et al.

in this volume ).

Fig.6. Dendrogram constructed from the difference matrix. Cophenetic correla-
tion coefficient: 0.9634. R = maximal summed cross correlation coeffici
ent. 1) human stefin A, 2) human stefin B, 3)rat epidermal TPI, 4)rat
liver TPI, 5)human cystatin C, 6)human cystatin S7, 7)human cystatin S5,
8)human cystatin SN, 9)bovine colostrum cystatin, 10)chicken cystatin.

CONCLUSION

Progress made within tha last two years towards elucidating the primary struc-
ture of cysteine proteinase inhibitors, together with the discovery that kininogens
are also inhibitors of cysteine proteinases, made it possible to classify these
groups of proteins into three families of CPIs: the stefins, the cystatins and the
kininogens. All three families belong to the same superfamily of cystatins. Se-
quence homology of CPIs enables us to construct a dendrogram which shows the
evolutionary relatedness of these proteins. Further knowledge of their structure
and the mechanism of action is necessary to understand their biological role in

the normal and pathological processes in which they participate.
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Discovery of new inhibitors also involves questions of nomenclature. Once amino
acid sequence is established,a systematic family name should be maintained,
preceeded by a prefix indicating origin,and followed by a letter or number for
subdivision within the same species.

For better understanding the list of individual inhibitors so far sequenced is pre-

sented and grooped into logical family groups.

THE SUPERFAMILY OF CYSTATINS

Stefin family ( family 1 )

human stefin A (cystatin A)

human stefin B ( human CPI B or cystatin B )

rat stefin A ( rat epidermal TPI or rat cystatin # )
rat stefin B ( rat liver TPI or rat cystatin 4 )

Cystatin family ( family 2 )

human cystatin C (g= trace or post § - globulin)
human cystatin S

human cystatin SN

human cystatin S5

human cystatin S7

chicken cystatin

bovine cystatin

Kininogen family ( family 3 )

human high-M . kininogen
bovine high-M_ kininogen
Tat high—Mr kininogen
human low-M,. kininogen
bovine low-M_ kininogen
rat low-M,. kininogen

rat T-kininogen
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