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Cystatin M/E is a high affinity inhibitor of the asparaginyl endopep-
tidase legumain, and we have previously reported that both proteins
are likely to be involved in the regulation of stratum corneum forma-
tion in skin. Although cystatin M/E contains a predicted binding
site for papain-like cysteine proteases, no high affinity binding for
any member of this family has been demonstrated so far. We report
that human cathepsin V (CTSV) and human cathepsin L (CTSL) are
strongly inhibited by human cystatin M/E. Kinetic studies show that
K; values of cystatin M/E for the interaction with CTSV and CTSL
are 0.47 and 1.78 nM, respectively. On the basis of the analogous
sites in cystatin C, we used site-directed mutagenesis to identify
the binding sites of these proteases in cystatin M/E. We found that
the W135A mutant was rendered inactive against CTSV and CTSL
but retained legumain-inhibiting activity. Conversely, the N64A
mutant lost legumain-inhibiting activity but remained active against
the papain-like cysteine proteases. We conclude that legumain and
papain-like cysteine proteases are inhibited by two distinct non-over-
lapping sites. Using immunohistochemistry on normal human skin,
we found that cystatin M/E co-localizes with CTSV and CTSL. In
addition, we show that CTSL is the elusive enzyme that processes
and activates epidermal transglutaminase 3. The identification of
CTSV and CTSL as novel targets for cystatin M/E, their (co)-
expression in the stratum granulosum of human skin, and the
activity of CTSL toward transglutaminase 3 strongly imply an
important role for these enzymes in the differentiation process of
human epidermis.

The cellular activity of a protease is the result of many regulatory
mechanisms such as the concentration and compartmentalization of
substrates, the enzyme itself, and its cognate inhibitors. Cystatins are
the natural and specific inhibitors of endogenous mammalian lysosomal
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cysteine proteases and have shown important regulatory and protective
functions in cells and tissues against proteolysis by cysteine proteases of
host, bacterial, and viral origin (1-3). The inhibitory activity of cystatins
is regulated by a reversible, tight-binding interaction between the
protease inhibitor and its target protease (4). Disturbance of the
normal balance between cysteine proteases and their inhibitors at a
wrong time and location can lead to several pathological conditions
such as chronic inflammatory reactions (5), tumor malignancy (6),
and faulty differentiation processes in the epidermis and hair follicle
(7). Little is known on the specific biological functions of cystatin
family members. However, mutations in the genes encoding the cys-
tatin family members cystatin B and C cause neurological pheno-
types in humans (8, 9).

Cystatin M/E is a 14-kDa secreted protein that shares only 35%
homology with other human type 2 cystatins. Nevertheless, it has a
similar overall structure including the two characteristic intrachain
disulfide bridges (10, 11). Expression of cystatin M/E is found to be
restricted to the epidermis, more specifically in the stratum granulo-
sum, sweat glands, sebaceous glands, and the hair follicles (12, 13). In
addition to its function as a cysteine protease inhibitor, cystatin M/E
also serves as a target for cross-linking by transglutaminases (12). These
findings have suggested an important role for cystatin M/E in skin phys-
iology. We have previously reported that a null mutation in the mouse
cystatin M/E gene causes the murine ichg phenotype, which is charac-
terized by neonatal lethality and abnormalities in cornification and des-
quamation, demonstrating an essential role for cystatin M/E in the final
stages of epidermal differentiation (14). However, cystatin M/E was
excluded as the causative gene in a lethal form of ichthyosis in humans
(15). Recently, we proposed the involvement of the asparaginyl endopepti-
dase legumain in disturbed epidermal cornification in cystatin M/E-defi-
cient mice (16). Legumain belongs to family C13 of cysteine proteases,
which is unrelated to the family of papain-like cysteine proteases, and is
strictly specific for hydrolysis of asparaginyl bonds (17). This lysosomal
protease was shown to be involved in the processing of other lysosomal
proteases such as cathepsins B, H, and L (18, 19). Furthermore, a bio-
chemical study on legumain has indicated that cystatin M/E in vitro
binds to this protease with high affinity (20). We have shown that
cystatin M/E deficiency in mice leads to free cutaneous legumain
activity, increased transepidermal water loss, and dehydration. We
have reported that disturbed cornification is caused by abnormalities
in loricrin processing, which may be the result of abnormal activation of
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transglutaminase 3 (TGase 3) by cathepsins, whose activities in their
turn could be regulated by legumain (16). During keratinocyte differen-
tiation, TGase 3 is activated by limited proteolysis of a 77-kDa zymogen
(21, 22), a process that is apparently under control of cystatin M/E, at
least during skin morphogenesis in the neonatal phase. These data sug-
gest that cystatin M/E plays a key role in the regulation of proteolytic
events that are involved in barrier formation and maintenance. To
understand this process in more detail at the molecular and cellular
level, we set out to identify the relevant enzymes and inhibitors and to
study their localization in human skin. The identification of CTSV and
CTSL as novel targets for cystatin M/E, their expression in human skin,
and the processing activity of CTSL toward TGase 3 strongly imply an
important role for these enzymes in the differentiation process of
human epidermis.

EXPERIMENTAL PROCEDURES

Three-dimensional Modeling of Cystatin M/E—A three-dimensional
model of human cystatin M/E was generated using MODELLER (23).
The crystal structure of human cystatin D (Protein Data Bank identifi-
cation number 1Roa) was used as a starting point. Human cystatin D
and cystatin M/E have a 26% sequence identity. The sequences were
aligned using the internal aligner of MODELLER; this routine uses a gap
function that depends on the secondary structure.

Production of Cystatin M/E Variants—Cystatin M/E variants N64A
and W135A were obtained using the recombinant plasmid pGEX-2T/
cystatin M/E (a kind gift of Dr Georgia Sotiropoulou) and QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA). Primers used
for the generation of the N64A variant were 5'-GCTACAACAT-
GGGCAGCGCCAGCATCTACTACTTCC-3' (sense) and 5'-GGAAG-
TAGTAGATGCTGGCGCTGCCCATGTTGTAGC-3' (antisense).
Primers for the W135A variant were 5'-GGTCCTTGTGGTTCCCGCG-
CAGAACTCCTCTCAGC (sense) and 5'-GCTGAGAGGAGTTCT-
GCGCGGGAACCACAAGGACC-3' (antisense). All primers were from
Biolegio (Malden, The Netherlands). Sequence analysis was performed to
check for the desired mutations in the cDNA.

Production of Recombinant Proteins—Production and purification of
recombinant wild type and mutant forms of human cystatin M/E were
performed as described previously (10) with minor changes. pGEX-2T
plasmids containing the wild type or mutated cystatin M/E cDNAs were
transformed into Escherichia coli BL21 Star (DE3) bacteria (Invitrogen).
Cultures were grown from one single colony overnight at 37 °C in LB
medium with ampicillin followed by induction with isopropyl-1-thio-
B-D-galactopyranoside (Roche Applied Science) at a final concentration
of 0.5 mM for 2 h at 37 °C. Cells were lysed by four cycles of freezing in
liquid nitrogen and thawing. Glutathione-Sepharose 4B beads (Amer-
sham Biosciences) were used for purification of glutathione S-transfer-
ase fusion protein from the lysate. Cleavage of the fusion protein into
glutathione S-transferase and cystatin M/E occurred overnight at 4 °C
with thrombin (Sigma) at a thrombin to fusion protein ratio of 1:500 in
a buffer containing 50 mm Tris-HCl (pH 7.5), 150 mm NaCl, and 2.5 mm
CaCl,. Recombinant cystatin M/E was purified from glutathione S-trans-
ferase using glutathione-Sepharose 4B beads and dialyzed against phos-
phate-buffered saline with an YM3 filter (Millipore, Billerica, MA). Protein
concentration was determined using a BCA protein assay (Pierce).

Fluorimetric Enzyme Assays—Protease inhibitory activity of recom-
binant human wild type cystatin M/E, the N64A and W135A variants,

3 The abbreviations used are: TGase, transglutaminase; CTSV, cathepsin V; CTSL, cathep-
sin L; CTSB, cathepsin B; CTSS, cathepsin S; CTSD, cathepsin D; MES, 2-(N-morpho-
lino)ethanesulfonic acid; E-64, trans-epoxysuccinyl-L-leucylamido-(4-guanidino)bu-
tane; Z, benzyloxycarbonyl.
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and the recombinant human cystatins A, B, C, D, F, and S (all from R&D
Systems, Minneapolis, MN) against recombinant human legumain (24),
human CTSV (R&D Systems), and human CTSL (one-chain form,
recombinant protein, R&D Systems; two-chain form, purified from
human liver, Sigma) was determined by measuring inhibition of the
proteases using the fluorogenic synthetic substrates Z-Ala-Ala-Asn-
MCA (4-methyl-coumaryl-7-amide) (Peptides International, Louisville,
KY) for legumain and Z-Leu-Arg-AMC (7-amino-4-methyl-coumarin)
(R&D Systems) for CTSV and CTSL. Protease inhibition was measured
after an incubation period of 5 min (CTSL) or 10 min (legumain, CTSV)
at room temperature. The buffer that was used in the legumain assay
contained 0.1 M phosphate (pH 5.7), 2 mm EDTA, 1 mwm dithiothreitol,
2.67 mM L-cysteine, and 100 pg/pl bovine serum albumin. CTSV and
CTSL assays were performed in buffer (pH 5.5) containing 0.1 M acetate,
1 mM EDTA, 2 mm dithiothreitol, and 100 ug/ul bovine serum albumin.
Reactions were stopped by adding 0.1 M Na,CO, (pH 8.5). K; values
were determined using the Easson-Stedman plot as described by Bieth
(25) and as indicated in the legend of Fig. 2.

Immunohistochemistry—Human skin biopsies were processed for
immunohistochemistry as described previously (13, 26). Immunohisto-
chemical staining was performed according to the avidin biotinylated-
enzyme-complex method (Vector, Burlingame, CA) using polyclonal
rabbit-anti-human cystatin M/E antibodies (12), polyclonal sheep-anti-
human legumain antibodies (24), monoclonal mouse-anti-human
CTSV antibodies (R&D Systems), and monoclonal rat-anti-human/
mouse CTSL antibodies (R&D Systems).

Digestion of TGase 3 Zymogen with Cathepsins—Baculovirus expressed
recombinant human TGase 3 zymogen (22) was processed by treatment
with recombinant human CTSL, CTSV, cathepsin B (CTSB), cathepsin
S (CTSS), and cathepsin D (CTSD) (all from R&D Systems). To prepare
the proteolyzed form of TGase 3, 4 ug of zymogen was treated with
cathepsins using a molar ratio of ~0.001: CTSL (2.8 ng), CTSV (2 ng),
CTSS (2 ng), and CTSB (1.9 ng). In the case of CTSD, the ratio is about
0.05 (80 ng). Each incubation was performed in the appropriate buffers
as follows: for CTSL, CTSV, CTSB, and CTSS, 100 mm MES (pH 6.0), 16
mM dithiothreitol, 1.6 mMm EDTA; and for CTSD, 100 mM sodium ace-
tate (pH 4.0), 100 mm KCl. For controls, the same reaction mixtures
were prepared but with the addition of pepstatin (Nacarai, Kyoto,
Japan), which is an inhibitor of the aspartic protease CSTD, or E-64
(trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane, Peptide Insti-
tute Inc., Osaka, Japan), a synthetic inhibitor of the cysteine proteases
CTSL, CTSV, CTSB, and CTSS. Both controls were used at a final concen-
tration of 10 M. Reactions were performed at 37 °C for the indicated times
(see Fig. 4).

Immunoblotting—Reaction mixtures with proteolyzed TGase 3 were
subjected to SDS-PAGE and electroblotted onto polyvinylidene difluo-
ride membrane as described previously (27). The membrane was incu-
bated with anti-human TGase 3 monoclonal antibodies C2D and C9D,
which specifically recognize the zymogen form and the proteolyzed 30-
and 47-kDa fragments, respectively (27). Detection of the proteins was
established with peroxidase-conjugated anti-mouse IgG and IgM (Jack-
son ImmunoResearch Laboratories, West Grove, PA) and SuperSignal
West Pico chemiluminescent substrate (Pierce) according to the man-
ufacturer’s protocol.

TGase 3 Activity—Prior to the assay, E-64 was added to the reaction
mixture to block cathepsin activity. TGase 3 activity was measured by a
96-well plate assay as described previously (28, 29). Briefly, 1% dimethylca-
sein was fixed at the plate, and the uncoated sites were blocked with
skimmed milk. The sample was incubated with 5-(biotinamido-)pen-
tylamine (Pierce) in a buffer containing 100 mm Tris-HCl (pH 8.0), 10 mm
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FIGURE 1. Predicted three-dimensional representation of cystatin M/E. The crystal
structure of cystatin D was used as a basis for this model. The regions of the inhibitory
sites for papain-like cysteine proteases and for legumain are marked. The locations of the
amino acids substituted in the cystatin M/E variants are shown in white.
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FIGURE 2. Determination of the dissociation constant K; of the protease/protease-
inhibitor complex. The dissociation constant K; was determined by measuring the
residual enzymatic activity of a fixed concentration of enzyme (as shown here for CTSV)
incubated with increasing concentrations of inhibitor (cystatin M/E). An Easson-Stedman
plot (inset) was used to calculate the K;. The inset is a replot of the data according to the
following equation: [Il/1 — a = (K/a) + E°, where | is the inhibitor concentration, E° the
enzyme concentration at time 0, and a is the fractional activity, i.e. the ratio between
the enzyme activity in the presence (V) and absence (V) of the inhibitor. The plot yields a
straight line whose slope is K;. A representative curve of three experiments is shown.

dithiothreitol, and 5 mm CaCl,. After various periods of incubation, the
reaction was blocked by adding EDTA at a final concentration of 10 mm.
TGase-catalyzed conjugation of 5-(biotinamido-)pentylamine to dimethyl-
casein was measured by avidin-conjugated peroxidase, hydrogen peroxide,
o-phenylenediamine, and hydroxy peroxide. An equal volume of 2M H,SO,,
was added, and the absorbance was measured at 450 nm.

Determination of the TGase 3 Cleavage Site—Ten micrograms of
human TGase 3 was digested with 10 ng of CTSL, and the resulting
fragments were subjected to SDS-PAGE, blotted onto polyvinylidene
difluoride membrane, and subsequently stained with Coomassie Blue.
The N-terminal amino acid sequence of the 30-kDa fragment was deter-
mined by automated Edman degradation.

RESULTS

Inhibition of Protease Activity by Cystatin M/E—Based on the homology
with cystatin C, we predicted that cystatin M/E would contain two distinct
binding sites for papain-like cysteine proteases and for the asparaginyl
endopeptidase legumain. A three-dimensional model of human cystatin
M/E was generated on the basis of the published crystal structure of human
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TABLE 1

Novel Targets for Cystatin M/E

K; values of wild type cystatin M/E and mutated variants for
legumain, cathepsin V, and cathepsin L

C};\S/[t;i];in K;legumain K; cathepsin V K; cathepsin L
nm nm nm

Wild type 0.25 0.47 1.78

N64A >100" 0.34 177

W135A 0.72 >100" 11.7

“v,;/vy > 0.60 at [I] = 100 nm.
2y fve > 0.50 at[1] = 100 nu.

TABLE 2

K; values of human cystatins for legumain, cathepsin V, and

cathepsin L
Cystatin K; legumain K; cathepsin V K; cathepsin L

nm nm nm

cystatin A >100“ 0.11 0.05
cystatin B >100" 0.13 0.05
cystatin C 7.28 0.02 0.08
cystatin D >100“ 29.6 2.81
cystatin F >100“ >100° 0.49
cystatin S >100° >100° >100¢

“v,/ve > 0.99 at [I] = 100 nm.
2y ,/vy > 0.70 at [I] = 100 nm.
“v,;/ve > 0.90 at [I] = 100 nm.
4y .lvy>0.85at [I] = 100 nm.

cystatin D (30), which revealed that the overall predicted structure of cys-
tatin M/E closely matched that of cystatin D (Fig. 1). To study the presumed
reactive sites and the inhibitory activities of cystatin M/E, variants of the
protein with an inactive site for either legumain or papain-like cysteine
proteases were generated by substitution of one of the conserved amino
acids. As shown in Fig. 1, the N64A variant has a substitution of the Asn®*
residue of the proposed legumain inhibitory site by an Ala residue, whereas
the W135A variant has its Trp*®® residue of the papain-like cysteine prote-
ase inhibitory site substituted by an Ala residue. Wild type and mutant
cystatin M/E was tested for inhibitory activity against legumain and several
papain-like cysteine proteases. In previous studies, it was found that cysta-
tin M/E was a poor inhibitor of most lysosomal cathepsins. Here we
extended our studies to include CTSV and we also included the one-chain
form of CTSL, as this form is the one expressed in skin. K; values were
determined using an Easson-Stedman plot as illustrated in Fig. 2 for CTSV
and wild type cystatin M/E. When the K; could not be determined in the
case of very low affinity, the ratio of protease activity in the presence (V;)
and absence (V;) of inhibitor was determined, and the remaining protease
activity at a fixed high inhibitor concentration was calculated. K; values of
wild type human cystatin M/E and the N64A and W135A variants for
interaction with human legumain and the human cysteine proteases CTSV
and CTSL are shown in Table 1. Wild type cystatin M/E is a high affinity
inhibitor for legumain, CTSV, and CTSL as witnessed by their respective K;,
values 0f0.25,0.47, and 1.78 nM. Similar K; values were found for interaction
of the N64A variant with CTSV and CSTL but not with legumain (V,/
Vo> 0.60 at [I] = 100 nm). The K; value of the W135A variant for interac-
tion with legumain was in the same range as that of wild type cystatin M/E,
whereas the K; value for interaction with CTSV could not be determined
(V;/Vy>0.50at [I] = 100 nm). The W135A mutation did not decrease the
affinity for CTSL at a similar order of magnitude as for CTSV but still
caused a 6-fold increase of the K value as compared with that of wild type
cystatin M/E (11.7 nM versus 1.78 nm). Similar experiments with several
other human cystatins were performed and K; values for the interaction
with human legumain, CTSV, and CTSL are shown in Table 2. CTSV was
efficiently inhibited by cystatins A, B, and C (K; values below 0.15 nm),
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epidermis

FIGURE 3. Immunostaining for cystatin M/E,
cathepsin V, cathepsin L, and legumain in nor-
mal human skin and its appendages. Note the
stratum-specific expression of cystatin M/E and
CTSVin the stratum granulosum of the epidermis.
CTSVis only present in the inner layer of the outer
root sheet of the hair follicle, whereas cystatin M/E
is also expressed in many more layers of the outer
root sheet of the hair follicle. The secretory coil epi-
thelium of the sweat glands is positively stained for
cystatin M/E (arrowheads), but the ductal part is
almost negative (the asterisk is surrounded by
ducts). No expression of CTSV was found in the
sweat glands. CTSL and legumain are also expressed
in the stratum granulosum. Furthermore, positive
staining was also found in the other layers of the epi-
dermis and its appendages. The sweat gland ducts
as well as the secretory coils are both positively
stained for CTSL and legumain. Scale bar = 100 pm.
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subjected to SDS-PAGE followed by immunoblot-
(A) cathepsin L (B) cathepsin V (C) cathepsin S ting analysis using monoclonal antibodies C2D and
C9D. Reactions were also performed in the pres-
" . . ence of specific inhibitors (E-64 or pepstatin) at a
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whereas the affinity of CTSV for cystatin D was weaker (K; of 29.6 nm) and
not detectable with cystatins F and S. CTSL was efficiently inhibited by
cystatins A, B, C, and F (K; values below 0.5 nm), whereas the affinity for
cystatin D was somewhat weaker (K; of 2.81 nm). Cystatin S showed no
inhibition with any of the tested cysteine proteases, whereas the ubiqui-
tously expressed cystatin C demonstrated strong inhibitory activity for all of
them, although its affinity for legumain is much weaker than that of cystatin
MJ/E (7.28 nM versus 0.25 nm).

Co-expression of Cystatin M/E and Its Biological Targets in the Stra-
tum Granulosum—To establish a functional link between cystatin M/E
and its putative target proteases, we investigated their expression at the
tissue level in human skin. Immunohistochemistry was performed on
skin biopsies from healthy volunteers. In normal human skin, cystatin
M/E and CTSV are strongly and specifically expressed in the stratum
granulosum of the epidermis (Fig. 3). In addition, both proteins are also
expressed in the hair follicle. CTSV is only present in a small layer of the
hair follicle root sheet, whereas cystatin M/E is expressed throughout
the inner half of the root sheet. The sweat glands showed no expression

15896 JOURNAL OF BIOLOGICAL CHEMISTRY

of CTSV, whereas the secretory coil epithelium but not the ductal part
of the sweat glands was positive for cystatin M/E. CTSV and cystatin
M/E both show a positive staining in the inner, mature cells of the
sebaceous glands. In contrast to cystatin M/E and CTSV, the expression
of legumain and CTSL was not limited to a specific cell layer but was
found throughout all layers of the epidermis and its appendages (Fig. 3).

Activation of TGase 3 by CTSL—In a previous study, we have found
that lysosomal cysteine proteases are probably involved in the process-
ing of human epidermal TGase 3 in vitro, suggesting that this could be a
mechanism for activation. So far, the responsible proteases for this acti-
vation remained unknown. To address this issue more in depth at the
functional level, recombinant human TGase 3 was incubated with a
panel of recombinant human lysosomal cysteine proteases to investi-
gate their proteolytic activity toward the zymogen form of TGase 3. We
found that CTSL is able to proteolyze TGase 3 into 30- and 47-kDa
fragments (Fig. 44) in a concentration- and time-dependent manner.
When the cathepsin inhibitor E-64 was added to the reaction mixture,
no TGase 3 proteolysis could be detected. Other cathepsins were not

VOLUME 281+NUMBER 23+JUNE 9, 2006
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FIGURE 5. Activity of TGase 3 proteolyzed by cathepsin L. The enzymatic activity of
proteolyzed TGase 3 was measured after digestion with CTSL for 3 min. The enzymatic
reaction products are shown as the value of A;54 ,m. The open and closed circles indicate
the reactions using 100 ng of zymogen and the proteolyzed forms, respectively.

able to cleave the TGase 3 zymogen in this experimental setup (Fig. 4,
B-E), except in the case of longer incubation times with cathepsin S (Fig.
4C). In the presence of relatively high amounts of cathepsins B, S, and V
in the reaction mixture (molar ratio of 1:10), TGase 3 was limitedly
proteolyzed (data not shown). Next, we measured the enzymatic activity
of the proteolyzed products of TGase 3 zymogen that was digested by
CTSL. Although the TGase 3 zymogen showed no enzymatic activity,
TGase proteolyzed by the action of CTSL demonstrated an apparent
enzymatic activity (Fig. 5). N-terminal sequencing of the 30-kDa TGase
3 fragment revealed that the CTSL cleavage site in TGase 3 is before
Ala*’, two amino acids downstream as compared with the cleavage site
generated by dispase digestion (Fig. 6).

DISCUSSION

In this study, we show that the protease inhibitor cystatin M/E inhib-
its legumain and papain-like cysteine proteases due to two distinct non-
overlapping sites. The papain-like cysteine proteases CTSV and CTSL
are strongly inhibited by cystatin M/E, suggesting that these proteases
are new targets for cystatin M/E. Immunostaining of cystatin M/E,
CTSV, CTSL, and legumain in normal human skin shows co-expres-
sion, especially in the stratum granulosum and the hair follicles, suggest-
ing that these enzymes have an important role in human epidermal
differentiation and hair follicle morphogenesis. Our data indicate that
CTSL is the elusive protease that can process and activate TGase 3, an
enzyme that is involved in cornified envelope formation.

Based on the homology with cystatin D, we generated a three-dimen-
sional model of cystatin M/E. This model shows that a loop located on
the opposite side to the cysteine protease-binding surface, between the
a-helix and the first strand of the main B-sheet of the cystatin M/E
structure, contains the asparaginyl residue that is probably involved in
legumain binding. Site-directed mutagenesis was used to identify the
presumed binding sites of papain-like cysteine proteases and that of the
asparaginyl endopeptidase legumain in cystatin M/E. Substitution of a
conserved amino acid by alanine in the two reactive sites resulted in loss
of inhibitory activity. We could confirm that the conserved Asn®* resi-
due (cystatin M/E numbering) in the legumain inhibitory site is impor-
tant for cystatin-legumain interaction. Our K; values for this interaction
are somewhat higher than the K; values found by Alvarez-Fernandez
et al. (20), but this could be explained by our use of recombinant human
legumain, whereas pig legumain extracted from kidney was used by the
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FIGURE 6. Processing of TGase 3. The 77-kDa zymogen form of TGase 3 is proteolyzed
into the activated form consisting of 30- and 47-kDa fragments, which then associate
non-covalently to form the active enzyme (21). The N-terminal sequence of the 30-kDa
fragment of human TGase 3 was determined by automated Edman degradation. For
comparison, we show the cleavage site of TGase 3 after digestion by dispase, a neutral
bacterial protease that is commonly used to activate TGase 3 in vitro. The open and closed
triangles represent the cleavage sites of dispase and CTSL digestion, respectively.

group of Alvarez-Fernandez. Cystatins are known as inhibitors of lyso-
somal cysteine proteases of the papain family (C1). Although cystatin
MU/E contains a predicted binding site for papain-like cysteine proteases,
no high affinity binding for any member of this family had been dem-
onstrated so far (11, 12, 16). The present study shows that cystatin M/E
is a high affinity inhibitor of CTSV and CTSL. For this study, we used
recombinant CTSL that was obtained as a one-chain form, which is the
relevant form for skin (31). In general, CTSL is translated as prepro-
CTSL, and during intracellular transport to the lysosomes, the preproen-
zyme is subsequently modified to pro-CTSL and processed into the
mature one-chain and two-chain forms of CTSL. Processing of pro-
CTSL results in a ~30-kDa one-chain form of CTSL, which in turn
can be further processed into the two-chain form (5 and 24 kDa)
(32). It is not known whether this conversion regulates CTSL activity
or substrate specificity, but recently, it has been reported that both
forms are proteolytically active and can execute the essential functions
of CTSL (19, 32). As we had previously found that CTSL purified from
human liver (the two-chain form) was only weakly inhibited by cystatin
MY/E, the strong inhibition by recombinant one-chain form CTSL was
unexpected. Comparison of human liver CTSL from different suppliers
revealed that we have previously underestimated the inhibition of cys-
tatin M/E for reasons we cannot explain. Based on the CTSL prepara-
tions used in this study both the one-chain and two-chain form of CTSL
are inhibited equally well by cystatin M/E (not shown). CTSV is a
recently discovered protease, also known as cathepsin L2 or stratum
corneum thiol protease. CTSV is closely related to CTSL sharing ~80%
protein sequence identity (33—36). Their encoding genes are located on
adjacent sites on chromosome 9q22.2, suggesting that CTSV and CTSL
have evolved by duplication from an ancestral gene (35). However,
although CTSL is ubiquitously expressed, CTSV expression is more
restricted and predominantly found in thymus, testis, cornea of the eye,
and epidermis (33, 34, 36). Besides the general function of lysosomal
cathepsins, i.e. bulk proteolysis, studies using a knock-out mouse model
have suggested that CTSL has specific functions in keratinocyte prolif-
eration and hair follicle morphogenesis and cycling (37-39).

The role of CTSV and CTSL in terminal differentiation of keratino-
cytes and hair follicle morphogenesis is unknown, but these proteins
probably process and activate other enzymes in pathways that lead to
skin barrier formation. Our biochemical assays show that CTSL is the
first identified mammalian protease that is able to cleave and activate
TGase 3 invitro (Figs. 4 and 5). TGase 3 is an epidermis-specific enzyme
responsible for cross-linking loricrin and small proline-rich proteins in
the stratum granulosum (27, 40). TGase 3 is also the most efficient
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cross-linking enzyme of soluble trichohyalin, a major structural protein
in hair follicle differentiation (41). Remarkably, a reduced expression of
trichohyalin was found in CTSL-deficient mice (38). Our results provide
evidence that CTSL initiates the cross-linking activity of TGase 3 in the
process that leads to cornification, by cleavage of the 77-kDa TGase 3
zymogen and thereby activation of the enzyme. This mechanism could
possibly be regulated by the inhibitory activity of cystatin M/E against
CTSL. Legumain inhibition by cystatin M/E could have a regulatory role
in CTSL activity since legumain is involved in CTSL processing (18, 19).
Cystatin M/E-deficient mice show epidermal and follicular hyperkera-
tosis resulting in a scaly skin, abnormal hair follicles, and an impaired
barrier function (14). This could be explained by elevated CTSL and/or
legumain activities due to cystatin M/E deficiency that subsequently
lead to an early or excessive activation of TGase 3, resulting in a prema-
ture or enhanced cross-linking of loricrin molecules and small proline-
rich proteins, incomplete desquamation, thickening of the stratum cor-
neum, and abnormal hair morphogenesis.

N-terminal sequencing of the 30-kDa fragment revealed that CTSL
cleaves TGase 3 between amino acids Ala**® and Ala*®” (Fig. 6). TGase 3,
as well as other TGases, consists of four domains: a B-sandwich, a cat-
alytic core, B-barrel-1, and B-barrel-2. In TGase 3, the unique hinge
region (Pro®'-Glu*”®) separates the catalytic core and B-barrel-1
domain (21). In our previous studies, the cleavage site of human TGase
3 by dispase-digestion was Phe*®, which is located in this hinge region
(42). Since treatment of TGase 3 with thrombin or trypsin produces 30-
and 47-kDa fragments, this hinge region appears to be a domain that is
sensitive to proteolysis (43). As CTSL preferentially cleaves peptide
bonds with aromatic residues in P2 and hydrophobic residues in the P3
position (44), we believe that we have identified the exact cleavage site of
human TGase 3 by CTLS. This conclusion is based on the fact that in the
P2 and P3 position of the TGase 3 cleavage site, an aromatic residue
(Phe™®) and a hydrophobic residue (Pro*®*) are found, respectively.
Future studies should clarify whether this is the physiological cleavage
site in vivo as well.

It is likely that CTSV has a role in skin that is distinct from CTSL
because its expression is specifically restricted to the upper epidermal
layers. The secretion of both cystatin M/E and CTSV by differentiating
keratinocytes (12, 36) makes them both plausible candidates to be
involved in desquamation. A detailed description of the cellular and
subcellular localization of cystatin M/E and its target proteases in epi-
dermis and hair follicles was beyond the scope of this report. Our immu-
nohistochemical data comprise only a small part of the human hair
follicle, and the transverse sections at the level of the infundibulum
(Fig. 3) preclude a detailed analysis of the inner and outer root sheet at
the deeper levels.

Biochemical enzyme assays with cystatins other than cystatin M/E
show that cystatins A, B, and C are strong inhibitors of CTSV and CTSL
as well. Cystatin A is known to be expressed in skin and participates in
epidermal barrier formation and function (45, 46). Cystatin A belongs to
the type 1 cystatins, which are primarily intracellular proteins. Cystatin
M/E on the other hand can be secreted, probably into the extracellular
space between corneocytes. Keeping this in mind, it is possible that
CTSV and/or CTSL activity in the upper epidermal layers of the skin is
intracellularly regulated by cystatin A and extracellularly regulated by
cystatin M/E. Compartmentalization studies at the ultrastructural level
could shed further light on the exact role of cystatin M/E and its prote-
ase targets.

Recently, the phenotype of CTSL knock-out mice was rescued by
transgenic epidermal re-expression of either murine CTSL or human
CTSV, indicating that human CTSV can compensate for murine CTSL
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(47, 48). No orthologue of CTSV in mice has been discovered yet, but it
is plausible that murine CTSL is actually the orthologue of human
CTSV, in view of the fact that human CTSV is phylogenetically more
closely related to murine CTSL than to human CTSL (47). Our immu-
nohistochemical data provide a novel clue in support of this theory since
in epidermis, CTSV expression in the upper epidermal layers is similar
to that of murine CTSL. Another possibility is that murine CTSL con-
trols the specific functional enzymatic activities of both human CTSL
and CTSV. A closer inspection of hair follicle morphogenesis in CTSL-
deficient mice showed that defects in the differentiation, keratinization,
and desquamation of the inner root sheet form the basis of the abnormal
hair phenotype (38). Therefore, a more in-depth study of cellular and
subcellular localization of CTSL and TGase 3 in the entire human hair
follicle is required to elucidate the potential role of these molecules in
hair follicle morphogenesis.

We conclude that cystatin M/E has an important regulatory function
in human epidermal differentiation. Cystatin M/E could regulate cross-
linking of structural proteins by TGase 3 in cornified envelope forma-
tion through inhibitory activities against CTSL and legumain. In addi-
tion, cystatin M/E could also have a role in the desquamation process as
CTSV activity is involved in the degradation of corneodesmosomes.
Further studies are necessary to elucidate the regulatory role of cystatin
M/E in pathways that are involved in desquamation. CTSV and CTSL
may activate other transglutaminases such as TGase 1 and TGase 5, or
other proteases, such as cathepsin D, that are involved in terminal dif-
ferentiation. Recently, it has been demonstrated that cathepsin D-defi-
cient mice show a reduced TGase 1 activity and impaired stratum cor-
neum morphology, similar to the skin of TGase 1 knock-out mice and
the human skin disease lamellar ichthyosis (49). Collectively, this find-
ing and the data from our studies strongly support a functional link
between protease activity and activation of TGases in the epidermis.
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