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Introduction

Low—Mr protein inhibitors of cysteine proteinases have been purified and cha-
racterized from many mammalian tissues and body fluids including human (1-3).
These inhibitors can be found both intracellularly and extracellularly. The human
inhibitors studied are from epidermis (4, 5), various squamous epithelia (6,

7, 8), liver (9), spleen (10), blood polymorphonuclear granulocytes (11, 12),
serum (13-16), urine (17), amiloid fibrils (18), saliva (19-21) and amniotic
fluid (22). Although these proteins .share similar Mr of about 12,000 Da, they
differ in their pl values and their immunological and kinetic properties. The
amino acid sequences of human stefin A, previously called human stefin (12),
human cystatin B (23), human cystatin C (16, 17, 24, 25), human cystatin S

or SAP-1 (19), as well as of chicken cystatin (24, 26), rat liver TPI (27), rat
epidermal TPI (28) and bovine colostrum CPI (29) have confirmed our earlier
suggestion that these proteins can be grouped into two families, the stefin and
cystatin families (1). Moreover, it has also been shown recently that these two
families, along with the newly discovered kininogen family of cysteine proteina-
se inhibitors, belong to the same superfamily of cystatins (30, W.Miiller et al.,
G.Salvesen et al., in this book).

We present here the purification, some properties and structural data of the
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cysteine proteinase inhibitor from human spleen. This inhibitor occurs in two
isoelectric variants with pl values of 5.9 and 6.5 and in an active monomer form
as well as an inactive dimer form. The inactive dimer can be converted to the
inhibitory active monomer form by reduction. The amino acid sequence of the
N-terminal 65 amino acids is identical to that of human liver cystatin B (23). On
the basis of amino acid sequence homology, the spleen inhibitor is shown to
belong to the stefin family of cysteine proteinase inhibitors . It differs from the
originally described stefin inhibitor found in polymorphonuclear granulocytes

(12) and is therefore called stefin B.

Materials and methods

Materials. Cm-papain Sepharose 4 B was prepared as described previously (31).
Human kidney cathepsin H was prepared by the modified method developed for

bovine spleen (32). All other chemicals used were of analytical grade.
Methods

Purification procedure. Frozen human spleens (1100 g) were thawed and freed

of fat and large blood vessels. The tissues were cut into small pieces, washed
with 0.9 % NaCl (1 : 1.5, w/v) and centrifuged at 4200 g for 90 min. The super-
natant was adjusted to pH 10.5 with 5 M NaOH and after 1 hr to pH 7.0 by 3 M
HC1. After centrifugation at 4200 g for 30 min acetone was added to the super-
natant. The 50-75 % acetone precipitate, dissolved in and dialysed against 10 mM
Tris/HC1, pH 7.8, containing 0.1 % Brij and 1 M NaCl was applied to an affinity
column of Cm-papain Sepharose 4 B, equilibrated with the same buffer. The
column was washed with the starting buffer and the bound proteins eluted with
10 mM NaOH, pH 11.0. Fractions with inhibitory activity were collected, adju-
sted to pH 8.0 with 3 M HCI and concentrated on an ultrafiltration membrane
YM-5 (Amicon). The bulked sample was dialysed against 10 mM Tris/HCI bu-
ffer, pH 7.8, containing 100 mM NaCl and then applied to a Sephadex G-75 co-
lumn, previously equilibrated with the same buffer. Three peaks of the inhibito-
ry activity were obtained. The last two peaks corresponding to Mr of about

24,000 and 12,000 Da were further concentrated, dialysed against 10 mM Tris/
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HC1 buffer, pH 9.3, and submitted to FPLC (Pharmacia) on a Mono Q column
equilibrated with the same buffer. The inhibitor was eluted by increasing the con-

centration of NaCl (0 - 0.1 M) in the buffer.

Assay of inhibitor. Papain was assayed using Bz-Arg-NNap as the substrate (33).

Cathepsin H activity was determined using Leu- NNap as substrate according to
Barrett (33) in the presence or absence of cysteine as reducing agent. In inhibiti-
on assays , the enzyme and the inhibitor were preincubated together at 37° C for
5 min before the addition of the substrate. One unit of inhibitory activity was de-

fined as the amount which inhibited 1 pg of papain completely.

Amino acid sequence analysis. Reduction, S-carboxymethylation with iodo-(3 H)

acetic acid (Amersham) and cyanogen bromide cleavage were performed accor-
ding to standard protocols. Fragments used for sequence analysis were purified
by gel chromatography on a column (0.6 x 150 cm) of Sephacryl S-200 superfine
and eluted (0.84 ml/hr) with 80 % formic acid (v/v) at room temperature. Ami-
no acid analysis was done with a Kontron Liquimat Il analyser using fluorescence
detection after post-column reaction with o-phtalaldehyde. Amino acid sequences
were determined by automated solid-phase Edman degradation (34). The poly-
peptides to be sequenced were coupled via lysine side chains to diisothiocyanate-
activated aminopropyl glass and via carboxyl groups to aminopropyl glass after
hydroxybenzotriazole-catalysed carbodiimide activation as detailed in (35). The
degradations were performed in a non-commercial solid-phase sequencer with
on-line detection of the released amino acid phenylthiohydantoin derivatives (PTH)
by quantitative high performance liquid chromatography (35). Cysteine was iden-

tified as S-(3 H)carboxymethylcysteine by radioactivity.

Comparisons of amino acid sequences. The physical parametric approach (36)

to protein sequence comparison was used to derive the maximal summed cross
correlation coefficients with a lag value between -20 and +20 for all possible
pairs of known sequences of stefins and cystatins. Once all the homologues had
been compared in this way, a different matrix was constructed and systemic clu-
stering according to the method of weighted pair-group with arithmetic averaging

was undertaken (37).
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Other methods. Polyacrylamide gel electrophoresis (PAGE) and SDS-PAGE were
performed as described in (38) and (39), respectively. Analytical gel isoelectric
focusing (pH range from 2 to 10) was performed following the manufacturer” s

instructions (Pharmacia). Protein was assayed by the method of Lowry et al. (40)

Results

Stefin B was isolated from human spleen by affinity chromatography on Cm-papain
Sepharose 4 B which is the essential purification step for the isolatation of cysteine
proteinase inhibitors. Gel chromatography on Sephadex G-75 separated three
inhibitory fractions (a, b, ¢) with Mr of about 65,000, 24,000 and 12,000 Da,

respectively (Fig.1). Fraction according to its Mr value corresponds to low—Mr
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Fig.1. Gel chromatography of CPls on Sephadex G-75.
( ) protein; (----) % inhibition; fractions 6.5 ml

kininogen and was not further investigated. Both fractions b and ¢ were further
purified by FPLC (Fig. 2A and B). Whereas fraction b (Mr of about 24,000 Da)

yielded a single sharp inhibitory peak (Fig. 2A), fraction ¢ (Mr of about
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12,000 Da) was separated into several peaks with inhibitory activity (Fig. 2B).
It can be seen that the elution profile of the middle peak with highest inhibitory

activity corresponds to the inhibitor from Fig. 2A.
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Fig.2. Fast protein liquid chromatography on Mono Q anion exchange resin.
A : fraction b from gel chromatography
B : fraction c¢ from gel chromatography
( ) protein ; (----) % inhibition

Therefore both inhibitory active peaks were subjected to isoelectric focusing
(Fig.3). It is evident that both peaks are composed of two forms, focused at

pH 5.9 and 6.5. Other inhibitor peaks from Fig. 2B showed pl values of pl 4.65
(stefin A), 5.5 and above 7.0 (not shown) and were not further investigated.

Both inhibitory peaks from Fig.2 A and B with Mr of 24,000 and 12,000 Da obtained
by gel chromatography were analysed by SDS-PAGE (Fig.4). The Mr of both peaks
under reducing conditions was 12,000 Da, whereas the inhibitor from Fig. 2A
showed two bands under non-reducing conditions at 24,000 and 12,000 Da. These

results indicate that fraction b (with Mr of about 24,000 Da obtained by gel
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chromatography )represents a dimeric form of the inhibitor from Fig. 2 B.

Fig.3. Isoelectric focusing of stefin B
a) monomer form (20 pg)
b) dimer form (23 pg)
c) standards
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Fig.4. SDS-polyacrylamide gel electrophoresis of stefin B (25 pg)
a) standards, b) monomer form (reduced), c) monomer form (non-
reduced), d) dimer form (reduced), e) dimer form (non-reduced),
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The presence of the 12,000 Da band can be explained by the presence of monomer
which was not well separated from dimer during gel filtration (Fig.1). The di-
merization of the inhibitor can most probably be explained by the formation of
S-S bond between two free cysteins.

In order to understand in more detail the nature of the monomer and dimer forms
of the inhibitor the complex with cathepsin H was prepared under reducing ( in
the presence of 2 mM dithiothreitol ) and non-reducing conditions. The samples
were tested for mobility on nondenaturating PAGE and for cathepsin H activity.
From Fig.5 it is evident that under non-reducing conditions the monomer ex-
hibits two bands and the dimer only one band. Both monomer and dimer forms

of the inhibitor can bind cathepsin H under reducing conditions (Fig.5e and i)

and as shown by inhibitory activity (Table I). However, only the monomer form

Fig.5. Polyacrylamide gel electrophoresis of stefin B (monomer and dimer
form) and its interaction with dithiothreitol and cathepsin H
a) cathepsin H, b) monomer form, c¢) monomer form and cathepsin H,
d) monomer form in the presence of DTT, e) monomer form in the pre-
sence of DTT and cathepsin H, f) dimer form, g) dimer form and ca-
thepsin H, h) dimer form in the presence of DTT, i) dimer form in the
presence of DTIT and cathepsin H
The content of reactants : monomer and dimer form of stefin B (18 pg),
cathepsin H (30 pg), 10 mM dithiothreitol (10 ul).

of the inhibitor can inhibit cathepsin H activity under non-reducing conditions.

The dimer must be converted to monomer in order tobe able to inhibit cathepsin H.
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Table 1.The effect of monomer and dimer form of stefin B on cathepsin H
activity (The contents of reactant : cathepsin H 3.1 ug, stefin B -mono-
mer and dimer form 2.2 ug, dithiothreitol 2 mM. )

residual enzyme

activity (%)
Cathepsin H 100
Cathepsin H + dithiothreitol 100
Cathepsin H + monomer 50
Cathepsin H + dithiothreitol + monomer 0
Cathepsin H + dimer 100
Cathepsin H + dithiothreitol + dimer 0

To test whether the cysteine residue is involved in activity the inhibitor was S-
carboxymethylated. The inhibitory activity was not affected indicating that the
single cysteine in stefin B is not essential for formation of the enzyme-inhibitor

complex.

To summarize these results , the monomer contains a slow band of the inhibitor
and a faster band ascribed by Katunuma et al. (41) for the rat inhibitor to a
mixed disulphide with glutathione. The product of S-carboxymethylation runs in
the same position as the mixed disulphide, having the same charge. The dimer
runs in the same position as the reduced monomer as expected for the disulphi-
de bonded dimer which cannot therefore bind glutathione. It is of interest that,
while the cysteine of the monomer is shown not to be involved in inhibitory acti-
vity, fhe dimer is inactive. This suggests that the binding site is located not far

from the cysteine.

No amino acid sequence was obtained when the intact inhibitor was directly sub-
jected to automated Edman degradation indicating that the molecule is N-termi-
nally blocked. The blocking group could not be removed by incubation under de-
formylating conditions (42). Cyanogen bromide cleavage followed by gel chroma-
tography generated two fragments of approximate apparent Mr of 23,000 Da and

11,000 Da showing identical amino acid compositions and containing no methio-
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nine, and a low—Mr fraction containing only homoserine lactone. As the intact
inhibitor has only two methionine residues, these findings provide indirect evi-
dence for an N-terminal Met-Met sequence which is N-acylated, most probably
N-acetylated.

Automated solid-phase Edman degradation of the 11,000 Da fragment yielded a
continuous sequence of 65 residues which, excebt for one single residue, was

identified unambiguously (Fig.6). An identical sequence was obtained for 60
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Fig.6. Solid-phase Edman degradation of the 11,000 Da cyanogen bromide frag-
ment of the inhibitor.
The semilogarithmic plot shows the yields of amino acid phenylthiohydan-
toin derivatives (PTH) released in the individual degradation steps as de-
termined by high performance liquid chromatography. Residues indica-
ted along the top of the panel were identified, but not quantitated, X
stands for a residue which could not be identified in this degradation. Po-
sition 1 was found to contain cysteine in a different experiment. The me-
thionine found in step 1 belongs to a minor sequence resulting from in-
complete cleavage of the N-terminal Met-Met bond of the inhibitor (cf.
text). The straight line represents the theoretical yields corresponding
to a mean repetitive yield of 94.5 %.

steps of the 23,000 Da fragment (not shown) suggesting that this is a dimer of

the 11,000 Da molecule. The non-identified residue at position 57 was found to
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be valine. The first residue of both the monomeric and dimeric fragment was
shown to be a cysteine in separated degradations of the S-(3H) carboxymethyla-
ted peptides. An observed minor sequence (less than 20%) starting with methio-
nine and running one residue behind the frame of the main sequence (not shown)
would be due to incomplete cyanogen bromide cleavage of the Met-Met bond thus
confirming the proposed acylated Met-Met sequence and aligning it with the se-

quence of the large cyanogen bromide fragments.

The amino acid sequence of human liver cystatin B, an inhibitor with similar or
identical properties to that described here from human spleen, has recently been
determined (23). Amino acid sequences of both inhibitors in the first 65 amino
acid residues in the N-terminal part of the molecule are identical thus strongly

suggesting that both inhibitors are structuraly identical proteins (Fig.7).

10 20 30
Chicken Cystatin SEDRSRLLGAPVPVDENDEGLORALGFA
Human Cystatin C SSPGEKPPRLVGGPHMDASVEEEGVRRALDFA
Human Cystatin 5 11 PGGEIYDADLNDEWVRRALHFA
Human Stefin A M1 P[GlG L[BE A K P 1[@ v R 4l [- -
Human Stefin B xMMCiGlaPisSiaTRIPAT|IAIE|T|R[H] o@ RsjgLE|- -
Rat Liver TPI acM M C|GlA PIS|A THIP A T|T|IE|TIRE D slaL E|- -
Rat Epidermal TPI acM DP BT TG IV[GeGV(slIEaklPaTlrlelik E DKVKIRBLE|- -
40 50 &0
Chicken Cystatin MAEYNRASNDKYSSRVVRVISAKRAOLVSGI
Human Cystatin C VEEYNKASNDMYHSRALBVVRARKRIVAGY
Human Cystatin S I1SEYNKATEDEYYRRPLOVLRAREQGTFGGV
Human Stefin A R LSS B T - ETYG--KLEAV]eyY T
Human Stefin B - = = =IE K|Y = N|K FP==uVW F §F 5|a v aG
Rat Liver TPI - ===l K|Aa -|N|R|K|F D - -V ISFRR|IQVVAG
Rat Epidermal TPI ----EK|T -NE|K]YE - -k vzvﬂsa v aGla
7c 80 0
Chicken Cystatin KY1LR@VEIBRTTCPKSSGDLAGSCEFHDEPE
Human Cystatin C NYFLDVELGBRTTCTKTRPNLDNCPFHDGPH
Human Cystatin S NYFFDVEVGBRTICTKSRBPNLDTCAFHEGEPE
Human Stefin A Y Y RAGIDNK Y M- - - - K - - K § G
Human Stefin B ¥Y|F 1 H GIDEDF V = = = = R - - Qs H
Rat Liver TPI FIF 1 DWGBIEEKC WV - - - - R - - EFP H
Rat Epidermal TPI T LIFEM DVMGBINGRFL=-=-=-=HMNK--lv[LrRG|L[S6
100 110 120
Chicken Cystatin MAKYTTCTFVVYSIPWLNBIKLLESKCR
Human Cystatin C LKRKAFCSFRIYAVPERGTHMTLSKSTCRDA
Human Cystatin S LBEKK@LCSFEIYEVPWEDRMSLVDSRCGEA A
Human Stefin A ] ED--|LlVIL]| T G|Y Q@ D N DIDEL T|G|F
Human Stefin B E KP-=|L|TIL|S N]Y B8 T|N A HID EL T|Y|F
Rat Liver TPI EINKP - =L|T|L]s s|vy @ T|p[K|E|K|H|ID E L T|Y|F
Rat Epidermal TPI D-DD--[LkLjLDlya TINK|T|KINIDEL T/D|F

Fig.7. Comparison of the amino acid sequence of human stefin B with other
known sequences of the members of the stefin and cystatin families
( for sequences see references).
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Therefore the human spleen inhibitor would also consist of 98 amino acid resi-

dues (cofirmed by amino acid composition - not shown ). It is evident from Fig.7
that the human spleen inhibitor shows 53 % identity with human stefin A (12) and
79 % identity with rat liver TPI (27). Sequence homologies with other known cys-

tatins show that they are only distantly related in terms of sequences.

The method of Argos et al. (36) has been used to make a structural comparison
based on amino acid sequences between the inhibitors whose sequences are
known. The comparison is based on the physical characteristics thought to deter-
mine the three dimensional folding of a given polypeptide sequence and is there-
fore capable of following the conservation or change of a conformation even where
sequence homology is not detectable. This provides a more effective way of
assessing evolutionary relation between different proteins. Such a "phylogenetic"
tree is shown in Fig.8. This shows the developments by divergent evolution of
two families of inhibitor, stefins and cystatins. On the basis of the pronounced
similarity between rat liver TPl and human spleen inhibitor or liver cystatin B

we propose the name human stefin B for human spleen inhibitor.

Fig.8. Dendrogram constructed from the difference matrix. Cophenetic corre-
lation coefficient : 0.9634. R stands for maximal summed cross corre-
lation coefficient. 1) human stefin A, 2) human stefin B, 3) rat epi-
dermal TPI, 4) rat liver TPI , 5) human cystatin C, 6) human cys-
tatin S7, 7) human cystatin S5, 8) human cystatin S1, 9) bovine co-
lostrum cystatin, 10) chicken cystatin.
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Discussion

We have isolated from human spleen an inhibitor of cysteine proteinases compri-
sing two components with isoelectric points 5.9 and 6.5 which are similar to the
neutral type of isoelectric variants (10) and cystatin B (9) described earlier.
Attempts to separate the two forms have not so far been successful. Using gel
chromatography we have isolated in almost equal amounts monomer and dimer
forms of the inhibitor with Mr of about 12,000 Da and 24,000 Da, respectively.
In some preparations from human liver (9) and spleen (10) the dimer form
appeared as a minor component. When subjected to SDS-PAGE under reducing con-
ditions the dimer form was converted to the monomer form, indicating that the
dimerization is the result of disulphide bond formation . Similarly, the inactive
dimer form was converted into inhibitory active monomer after the addition of
dithiothreitol. The carboxymethylated monomer form of the inhibitor retains its
inhibitory activity, clearly showing that the thiol group is not essential for the
activity. These results are consistent with similar behaviour of the monomer
and the dimer form of rat liver TPI (41).

From the amino acid analysis and partial amino acid sequence of the spleen in-
hibitor, it is apparent that the human spleen inhibitor, stefin B, and human liver
cystatin B (23) are identical proteins and highly homologous to rat liver TPI (27).
Human stefin B contains only one cysteine, at position 3. In contrast, rat liver
TPI contains two free cysteine residues, at position 3 and 64 (27). The Cys-64
of rat liver TPI is replaced by Phe in human stefin B, a further indication that
neither of two cysteine residues is essential for the inhibitory activity. This
hypothesis is supported by the finding that in rat liver TPI Cys-3 is exposed on
the surface of the molecule whereas Cys-64 is buried (41).

From inspection of the known sequences of the cysteine proteinase inhibitors it
is evident that human stefin B also contains a highly conserved region between
residues 44 and 57 which might be responsible for the inhibitory activity. It has
been suggested that the stefin family consists of two subfamilies characterized
by the presence or absence of cysteine residues (1). Human stefin A and rat
epidermal TPI do not contain cysteine (stefin subfamily 1), whereas rat liver

TPI contains two and human stefin B only one cysteine (stefin subfamily 2). It
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is now recognized that conformation is a more important basis for evolutionary
and functional similarity than sequence homology. Comparisons on this basis
are shown to be in support of the fundamental structural resemblance of indivi-
dual inhibitors of both stefins and cystatins (1, 30), and their division into two
families that have diverged during evolution. The most closely related proteins
so far sequenced are human stefin B and rat liver TPI. These results clearly
indicate that human stefin B belongs to the stefin family , and not to the cystatin

family.
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