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Phosphorylated cystatin o is a natural substrate of epidermal
transglutaminase for formation of skin cornified envelope
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Both keratohyalin granules (KMG) und cornified envelopes were stained histochemicully in an indirect immunofluorescent study by anti-
phosphorylated cystatin a antibody, indicating that phosphorylated cystutin & is u component of the cornified envelope proteins. When
phosphorylated cystatin & (P-cystatin @) was incubuted with epidermal transglutaminase (TGase) und Ca™ jons, polymerized protein was produced
by formation of &-(y-glutamyl)lysine cross-linking peptide bonds between lysine residues of eystatin @ and glutamine residues of suitable protein(s)
in the enzyme preparation. However, phosphorylated and non-phosphorylated cystating were pelymerized to similar extents by the TGase.
Immunofluorescent and immunoslectron microscopic observations revealed that P-cystatin @ could be detecred in vivo in the KHG and cornified
envelopes. Treutment of sphingosine, a specific inhibitor of protein kinase C, murkedly suppressed the incorporation of eystatin a into KHG. Thus
phosphorylation of cystatin @ by pretein kinuse C may play an important role in targeling cystutin « into KHG.

Cysteine proteinase inhibitor; Phosphorylated cystatin a: Cornified envelope; Epidermal trunsglutaminase

1. INTRODUCTION

Cysteine proteinase inhibitors of the rat skin were
reported by Jirvinen et al. in 1975 [1], and they have
subsequently been characterized by other investigators
[2-4]. Recently. we reported that cystatin 2, a cysteine
proteinase inhibitor, is located in keratohyalin granules
(KHG) of the epidermis as a hematoxylin-stainable pro-
tein, and that cystatin & located in the granules is
phosphorylated by protein kinase C [5.6]. We found, by
an immunofluorescent technique, that KHG of the epi-
dermis were stained histochemically with both anti-
phosphorylated cystatin & (P-cystatin &) {7] and anti-
cystatin & antibodies, using Lowicryl K4M-embedded
sections, and that the cornified envelope of the skin in
the cryostat sections also reacted strongly to both anti-
bodies. These findings suggested that polymerized P-
cystatin @ is a main component of cornified envelope
proteins, Transglutaminase (TGase) catalyzes the for-
mation of an &-(¥-glutamyl)lysine cross-linking peptide
bond between a lysine residue of one protein and a
glutamine residue of another [8]. P-cystatin & is quite
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rich in lysine residues (13.7%) [9] and, furthermore, ker-
atinocytes contain a large amount of TGase.

TGase in keratinocytes is known to ast on soluble
protein substrates, such as involuerin [10], keratolinin
[11], loricrin [12] and filaggrin [13]). The resulting insol-
uble cornified envelope is formed beneath the plasma
membrane of the stratum corneum cells during terminal
differentiation of the epidermis [14]. Therefore, this re-
action 1s important for the formation of the stratum
corneum and the barrier function of the skin.

In this study, we examined whether P-cystatin @ was
polymerized by the action of epidermal TGase forming
the cornified envelopes, and we clarified the location of
P.cystatin @ on cornified envelopes. We also investi-
gated the significance of phosphorylation of ¢ystatin @
by inhibiting its phosphorylation with a protein kinase
C inhibitor, sphingosine {15]. This resulted in a marked
suppression of the targeting of cystatin into KHG. The
process of cornified envelope formation from cystatin
e is discussed at the molecular level in this paper.

2. MATERIALS AND METHODS

2.1, Materials

Recombinant cystatin @, which was prepared by the method of
Katunuma ¢t al. (16], an antibody against cystatin &, and recombinant
human cystatin C, were provided by Dr. Ohshita and Dr. Nikawa,
respectively, of the Division of Enzyme Chemistry, Institute for En.
zyme Rescarch, The University of Tokushima, Egg white cystatin and
sphingosine were from Sigma, USA. FITC-conjugated anti-rabbit IgG
goat 1gG was from Cappel, USA. Gold-conjugaled anti-rabbit IgG
goat IgG was {rom Amersham, UK. Superose-12, Mono-Q columns
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und ampholines were orderad from Pharmucin-LK B, Sweden, Lowi-
eryl K4M und Epon embedding kits were obtained from TAAD Lubo-
ratories, UK.

2.2, Purification of Psevstatin @ und formetion of Fodb against Pe
cvsiaiin a
Newborn rat cpidermis wus separuted with EDTA solution us de-
scribed previously [9). and Pcystatin 2 wus purified by separative
isaclectric focusing, Superosc-12 gel (iltrution and Mono-Q union-
exchange column chromutogruphy. Thix wus then used (o ruise a
patyclanal antihady (PoAb) [9)

2.3, Indivect imnnenafheorescent shxly

Lowicryl Kd4M-cmbedded sections [17) of newborn rat skin previ-
ousty lixed in 2% pariformuldehyde-0.025% gluturildehyde solution
At 4*C far | h, or cryostat sections of newhborn rut skin fixed in cold
cthunol €=20°CY for 4 min, were incubated with unti-P-cystutin
PaAb (1:200) at 37*C for 30 min, The seetions were rinsed in phos-
phate-buffered suline (PBS) and incubuted with FITC-conjugated
anti-rubbit 1pG gout 13G (1:200) 42 A7°C for 30 min. They were rinsed
in PBS und visualized by fluareseent microscopy.

2.4, Perdinl purification af epidernial TGuse

Cow snout epidermis witx Iyophilized and the powder was extracted
and partindly purified by the maodified method of Buxman and Wuep-
per (1K} by union-exchunge chromatography and gel filiration, The
resulting preparation wus purified about 10-fald over the crude extract
us judged by its activity,

A8, Palvmerization of Pecystetin & emd otler evstating by epicdermal
TGrase

We examined the propertics of P-eystutin & us o substrate of epiders
mal TGise ux follows: i mixture of P-cystutin 2 and epidermal TGase
wux incubiuted in either Tris-HCH activation solution containing 10
mM CuCly und 10 mM dithiothreital, or Tris-HCl ¢helation solution
contuining 10 mM EDTA overnight ut 37*C. Sumples were then
treited with 1% SDS und 2-mereuptacthunol and subjected to SDS-
PAGE. Gther cystatins, such as 4 recombinant cystatin @, a recombi-
nunt human cystutin C. und cpg white ¢ystutin, were ulso exumined
for polymerization,

2.6, [numenofleoreseent ented inumuhoeleciron nieroscapic ahservations
of isalared cornificd envelapes

Cornified envelopes were preparcd according to the modified
method of Richurds et i), {1 3], Briefly, posdered newborn rut stratum
corneum was heuted, with stirring. in Tris-HCH buffer (pH 8.0) con-
tsining 2% SDS. 20 mM dithiothreitol und § mM EDTA for 10 min
in boiling water. After centrifugation at 10,000 rpm for 18 mia, the
residue was suspended in the above buffer and sonicated. These treat-
ments were repeated ugain. The sumple wits kept for 10 min and the
flouting envelopes were collected by centrifugation at 10,000 rpm for
18 min. The residue wis re-suspended and wished with 20 mM Tris-
HCI (pH 7.5) containing | miv EDTA, 1% Triton X-100 and 0.1%
BSA. Far the immunofluorescent study, thus prepared cornified crive-
lopes were embedded in QCT compound. and eryostat sections of &
am thickness were prepared, The specimens were stained as reported
in section 2.3, For immunosclectron microscopic anulysis, suspended
cornified envelopes were reacted with cither anti-P-cystatin a PoAb
or pre-immune rabhit serum (1:200), After o rinse, they were incubated
in gold-conjugated unti-rabbit IgG gow 4G (1:10), They were fixed
in 2% glutaraldehyds, rinsed and post-fixed in 2% osmium tetroxide.
The specimens were seriully dehydriated and embedded in Epon, Thin
sections were staired with uranyl acetate and lead acetite,

2.7, Effect of indribition af pratein kinase C hy sphingesine on formation
of KHG
Newlsorn rat skin was pre-treated with chlorelorm:methunol (1:1)
solution to remove the intereellular lipids of the stratum corneum cells.
Filter paper souked in sphingosine~-DMSC solulion (0.5 mg/ml
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Fig. 1. Indirect immunofluoreseent exumination using u cryostat see-

tion of newborn rat skin. (A) Lowieryl K4M-embedded section: the

arrowhend indicates the specific fluorescence of unti-P-eystatin @

PoAb in KHG. (B) Cryastal section: the urrow indicates the speeific

luoressense of unti-P-cystatin @ PoAD in the cell membrane region of

thestrutum corneum. Dotted line indieules the dermal-epidermal june-
tion. Mugnificution x350,

DMSO) or DMSO alone was upplicd overnight by the acelusive dress.
ing technique to skin thiut had been treated with ehloroform:methunol
solution. Lowicryl KaM-embedded seclions of the previously sphin-
gosine-treated skin portion, whieh were fixed in the mixture of 2%
paruformuldehyde und 0.025% gluturaldehyde solution, were stained
with anti=cystatin @ PoAb (1:200) andd exumined by the indircet im-
munofluoreseent teehnigue us deseribed ubove,

3. RESULTS

We examined Lowicryl KéM-embedded sections
(Fig. 1A) or cryostat sections (Fig. 1 B) of newborn rat
skin by the indirect imiaunofluorescent technique with
anti-P-cystatin & antibody (o determine the distribution
of P-cystatin @. As shown in Fig. 1B, the layers of
cornified envelopes were clearly stained with the anti-
body. suggesting that the cornified envelopes contain
P-cystatin & protein.

As P-cystatin a contuains thirteen lysine residues per
mole (13.7%), P-cystatin « is u possible substrate for
TGuase. After incubation of P-cystatin & with partially
purified cpidermal TGase, the reaction products were
analyzed by SDS-PAGE. After incubation in the acti-
vated condition. P-cystatin & wis polymerized to the
high molecular weight protein, whereas in chelated con-
ditions, or with P-cystatin ¢ or TGase alone, no poly-
mer formation occurred. The partner substrate protein
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Fig. 2. Polymerizutions of P-cystatin & and other cystuting by epider-
mal TGase. (Lanss u,b) Epidermul TGase; (lanes ¢.d) egg white cys-
wtin; (lanes . hunun eystatin C: (lanes g.h) eystatin a: (lunes i)
Pecystatin 2, (Lanes a.c.e.g.4) With 10 mM EDTA: (lunes blfihy)
with 10 mM Cu®” ions und 10 mM dGithiothreital, (Lune m) Moleculur
weight murkers; (from top to battorn in kDa) 94, phosphorylse b: 67,
bovine serum aloumin: 43, avitlbumin: 30, carbonic anhydrase; 2001,
soybeun (rypsin inhibitor; 14,2, lactalbumin. Arrows indicute poly-
merized high moleculur weight protein. Coomassic brilliant blue
itaining.

that supplied glutamine residues to bind with the lysine
residues of P-cystatin @ in the TGase reaction is not
known. Under the same conditions, cystatin & also
formed high molecular weight proteins, but egg white
cystatin and human cystatin C formed only trace
amounts of high moleculur weight proteins, as shown
in Fig. 2,
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Under in vitro conditions both types of cystatin deriv-
atives, phosphorylated and non-phosphorylated, were
equitlly susceptible to the TGase in their two forms, The
immunofluorescent and immuncelectiron microscopic
examinations revealed that P-cvstatin @ was located on
the cornified envelope, as shown in Fig. 3. Therefore,
the phosphorylation does not participate in the poly-
merization step.

What is the biological significance of the phosphory-
lution of cystatin a in epidermal differentiation? To an-
swer this, we examined the effect of inhibition cf phos-
phorylatior: by protein kinase C on the targeting of
cystatin & into KHG. We found that sphingosine. a
specific inhibitor of protein kinase C, markedly inhib-
ited the incorporation of cystatin @ into KHG based on
the observation by the immunofluorescent study shown
in Fig. 4. These results indicate that phosphorylation is
importunt in targeting of eystatin & into KHG.

4. DISCUSSION

Cystatin @ is located in the epidermis of the skin, and
in smuller ymounts in the upper parts of the mucosal
epithelium of the esophagus und digestive tract. This
distributiop is unique. so it seemed interesting to inves-
tigate why cystatin @ is mainly located only in the epi-
thelium, especiully the epidermis. Cystatin @ is located
in KHG and the cornified envelopes of the skin. as
shown by immunofluorescent and immunoelectron
studies. Although the reason why the specific fluores-
cence on KHG is not observed in cryostat sections is not
understood, the fluorescence of KHG in Lowicryt

Fig. 3. Immunofluorescent and immuneosleciran microscopic examinations of cornified envelopes using anti-cystatin @ PoAb, (A.B) Immunofluo-

reseent examination. (C,D) Immunoeleciron microscopic examination. (A.C) Stained with anti-cystatin @ PoAb. (B,D) Stained with preimmune

rabbit serum. Arrows indicite spesific fluorescence of cornified envelopes. Arrowheads indicate gold purticies bound 1o cornified envelopes.
Mugnification A.B, «350; C.D, x45.000.
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Fig. 4. Inhibition of cystatin @ incerporation into KHG by sphinge-

sine treatment; indirest immunefluorescent study of newborn rat skin

using anti-cystatin @ PoAb. (A) Skin treated with sphingotine-DMSO

solution, {B) Skin treated with DMSO alone, Arrowheads indicate

KHG and dotied line indicates the dermal-epidermal junction.
Magnification x350.

K4M-embedded sections is specific, because it could not
be observed when cither the antiserum previously ab-
sorbed by the purified P-cystatin @ or the pre-immune
serum were used. This wuny be cuused by masking of the
antigenic site. Also data from an ELISA indicate that
P-cystatin & is contained in the prepared cornified enve-
lopes (data not shown). _

Cystatin ¢ in KHG is phosphorylated by protein ki-
nase C, and this phosphorylation is important in target-
ing oystatin & into the grasulas, There is probably a
specific receptor for P-cystatin ¢ on the KHG, but the
mechanism of recognition of P-cystatin & is still un-
known. We demonstrated that one of the cornified en-
velope proteins was produced by polymerization of P-
cystatin @ with epidermal TGase. However, we did not
identify the partner substrate protein that supplies glu-
tamine residues to bind with the lysine residues of cys-
tatin a. The reversible reaction of TGase may be useful
for separating these proteins from the conjugate poly-
mer [8] for its identification.

From the above results, we speculate that post-trans-
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Fig. S. Proposed hypothesis on post-iranslational processing. target-
ing and cornified envelope formation of cystatin @& in skin,

lational modification of cystatin @ and its translocation
during cpidermal differentiation may occur as illus-
trated in Fig. 5.
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