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in Fig. 1. In the many important physiological events,
Transglutaminase (TGase) is a calcium-dependent TGases have been implicated in a variety of conditions

enzyme which catalyzes the iso-peptide cross-link be- including acne (3), psoriasis (4), cataracts (5,6), scar
tween peptide-bound glutamine and lysine in vivo. formation (7), neuronal degeneration (8,9) and skin
Though the cross-link is developed as a barrier func- aging (10-14). Hence highly specific inactivators aretion in the skin system, overexpression of this could required to clarify the role(s) of TGases in cellular phe-invoke skin hyperkeratosis in psoriasis and roughness

nomena.in aged skin. In former research, many strong irrevers-
Mechanistic features of the active site was deter-ible TGase inhibitors failed application because of

mined by kinetic and inhibitor studies (1). On the basishigh cytotoxicity. We selected one peptide after pri-
of that study, it was revealed that cysteine residue ofmary screening of six synthetic peptides designed
the active site was a key amino acid to catalyze cross-from domains of known TGase substrates. Then we at-
linking reaction. Like many enzymes with an activetempted to reduce the size and finally obtained two
site thiol group, TGases are inactivated by alkylatingtetrameric peptides. When we treated keratinocyte
agents such as halomethyl carbonyl derivatives (15,16).with these TGase inhibitors under calcium-induced
The intrinsically high reactivity of these agents towarddifferentiation, the formation of a cornified cell enve-

lope (CE) was decreased to the same level of CE under thiol groups, however, limits their therapeutic utility.
proliferating conditions without cytotoxic effect. Alkyl isocyanates are covalent inhibitors of TGases but
Therefore, we propose that these TGase inhibitors may have the disadvantage of lacking specificity (17). Pri-
be useful for solving the physiological hypercross-link- mary amines such as methylamine and dansylcadaver-
ing problems for pharmaceutical or cosmetic pur- ine, which act as competitive inhibitors, have been used
poses. q 1997 Academic Press to inhibit TGase activity (18). However, conditions are

not ideal; they interfere with other enzymes; they are
active only at high concentrations such as millimolar
range; and they inhibit cell attachment (19). The mech-

Transglutaminases (TGase) (EC 2. 1. 2. 13) are a anism-based TGase inhibitors by halodihydroisoxa-
class of calcium-dependent enzymes that catalyze the zoles have been described(20-23). These tyrosinamido-
covalent coupling of the g-carboxamide group of pep- methyl dihydrohaloisoxazoles inhibit TGases irrevers-
tide-bound glutamine residues with an e-amino group ibly and thus reduce envelope formation in human
of peptide-bound lysine residues (1,2). The critical in- keratinocytes in vivo and in vitro (24). As an alterna-
termediate in the catalytic sequence is a thioester acyl- tive approach, it was demonstrated that selective inac-
enzyme formed between a glutaminyl-peptide acyl do- tivators of TGases can be prepared by replacing halo
nor and the active site cysteine residue, as illustrated leaving group of halomethyl carbonyl compounds with

a leaving group that lowers the intrinsic reactivity of
the inhibitor as a nonspecific alkylating agent (25).1 To whom correspondence and reprint requests should be ad- The 2-[(2-oxopropyl)thio]-imidazolium derivatives in-dressed at Pacific R & D Center, 314-1 Bora-ri, Kiheung-eup, Yongin,
activated factor XIIIa and TGase 2 irreversibly.Kyonggi-do, Korea 449-900. Fax: 82-331-285-0328.

Abbreviations used: CE, cornified cell envelope; NHEK, normal Eventhough they developed many inhibitors with con-
human epidermal keratinocytes; TGase(s), transglutaminase(s); siderations, they could not rule out the side effect of
TGase1, the membrane-associated TGase or TGase K or Type I irreversible reaction of thiol group in active sites of
keratinocyte TGase; TGase2, the tissue TGase or TGase C or Type many other enzymes in vivo system.II liver TGase; TGase3, pro-TGase E or epidermal TGase; Elafin,

In the different way, we had approched designingskin-derived antileukoproteinase, SCALP or elastase-specific in-
hibitor, ESI. of inhibitors from substrate domains of TGases. We
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FIG. 1. A proposed catalytic mechanism of TGase. Substrate 1 is a peptide-bound glutamine residue as an amine donor and Substrate
2 is a peptide-bound lysine residue as an amine acceptor. GQCWVFA is a very well conserved active-site amino acid sequence.

sized, purified by HPLC, and the compositions and concentrationsexpects peptide inhibitors designed from substrate do-
determined accurately by amino acid analysis (43).mains for each TGases will give specificity and safety of

Kinetic studies. Rate studies were carried out in 0.1 M Tris-inhibition based on reversible reaction and degradable
acetate buffer (pH 8.0) containing 10 mM CaCl2 , 0.1 mM EDTA,peptide. Especially we have focused on TGase 1 en-
5 mM DTT, varying concentrations of succinylated Hammersteinzyme. Because TGase 1 was proposed a key enzyme casein or peptide inhibitors, five different levels of synthetic pep-

in the formation of cornified cell envelope (CE) during tides (0, 1, 2, 5, 10 11005M), 0.76 mM of C14 Putrescine (specific
keratinocyte terminal differentiation among TGases activity 110 Ci/mole) with an appropriate amount of enzyme at

37 7C. The reaction was terminated at varying incubation times(26,27). Recentely a model of structure for the human
(0, 10, 20, 30 and 60 min).epidermal CE was suggested that should be consisted

The preparation of CE from cultured human keratinocyte. Weof loricrin(28,29), small proline rich proteins (SPR1,2)
used a calcium-induced differentiation model of keratinocytes(N-(30-32), elafin (32,33), involucrin (34,35) and cystatin A
HEK) as described in (27). The peptides inhibitors were added into(36). And it was demonstrated that proteins including the media as several different concentrations from 1.13 mM to 1.13

elafin, filaggrin (37), keratin intermediate filaments mM. At the 5th day, the cultured keratinocytes were harvested by
(38,39), loricrin and SPR 1,2 are isodipeptide cross- scrapper and CE was purified by established method (42). The puri-

fied CE was sonicated twice for 30 sec at 70-90 watts. Then welinked components of the human CE by TGases (40,41).
measured turbidity of the insoluble CE at 310 nm.We proposed that a certain component of CE must be

very high specific substrates for TGase 1. By the series
of kinetics of TGase 1 using synthetic peptides, we RESULTS
found highly specific peptide sequences as competitive
inhibitors. These inhibitors prevented the formation of Six different peptides were synthesized to analyze
insoluble cell envelope proteins in in vitro keratinocyte the competitive inhibitory effect for substrate binding.
culture system. The peptide sequences were from TGase substrate do-

mains of loricrin and elafin (Table 1) because those are
the most abundant components in cornified cell enve-MATERIAL AND METHODS
lope as the best substrates for TGase 1 and 3 (40,41).

Standard procedures. Isolation of recombinant TGase 1(DN62- In Fig. 2, we have fixed the sufficient concentrations of
816) from E. coli was followed by the established method (26). The putrescine (0.76mM) as an amine donor, succinylatedpurified active TGase 1 was used for kinetics. Procedures for growth

casein (1%,w/v) as an amine acceptor and syntheticof normal human epidermal keratinocytes(NHEK) in cell culture and
inhibitors (100 mM) as a competitive inhibitor in theassays for TGase activities were done as described (27).
TGase catalytic reaction. And we used optimumConstruction of synthetic peptide substrates. The two 23-mers and
amount of TGase 1 enzyme in the initial velocity rangefour 22-mers were synthesized, based on published sequences of lori-

crin (28,29) and elafin(skin-derived antileukoproteinase, SCALP or (20 nM/min). Fig. 2 A shows TGase inhibition as time
elastase-specific inhibitor, ESI) (32,33) cell envelope precursors, that dependant manner. Fig. 2 B shows the percent inhibi-
have been shown to be involved in crosslinks in vivo. After primary tion under the fixed concentrations and incubation timescreening, we have synthesized a series of tetrameric, trimeric, di-

of 60 min. Among two 23-mers and four 22-mers, elafinmeric peptides which encodes putative TGase substrate domains,
and performed kinetic assays (Table 1). All the peptides were synthe- peptide sequence (SY2001, SY2002) showed the best
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TABLE 1

Sequence of Synthetic Peptides

Number Sequence Km, mM IC50, mM

Control 0.055 { 0.0038
SY1001a SGKGVPICHQTQQKQAPTWPSK
SY1002b SSGGSGSGYVSSQQVTQTSCAPQ
SY3001c GLEPAVGTDPVKGQPAVRGFVG
SY3002d QVSGGRLPVSQQDPVKGHVPPK
SY2001e PVKGQDTVKGRVPINGQDPVKG
SY2002f QDTVKGRVPFNGQDPVKGQVSVK
SY2003 GQDP 0.107 { 0.0064 220 { 3.5
SY2004 GQVS 0.088 { 0.0054 410 { 22.0
SY2005 QDTV 0.073 { 0.0027 612 { 7.5
SY2006 GQD 0.070 { 0.0055 682 { 19.0
SY2007 GQ 0.060 { 0.0076 854 { 2.2
SY2008 0.061 { 0.0024 738 { 12.3
SY2011 PVKG 0.128 { 0.0035 165 { 5.1
SY2012 VSVK 0.073 { 0.0066 432 { 11.0
SY2013 VKGR 0.134 { 0.0091 144 { 8.7
SY2021 KGQV 0.080 { 0.0081 572 { 34.0
SY2014 VKG 0.091 { 0.0088 380 { 10.2
SY2015 KG 0.086 { 0.0022 425 { 13.1
SY2016 VK 0.094 { 0.0083 363 { 23.0

Note. The synthetic peptides were made using the published method (43). Each peptide sequence was originated from (a) human loricrin
C-terminus, (b) human loricrin N-terminus, and (e, f) human elafin N-terminus. (c, d) The artificial peptide sequences were generated for
putative TGase substrate, based on consensus amino acid of TGase substrate domains of seminal vesicle protein-1 (44), involucrin (34, 35),
nidogen (45), and plasminogen activator inhibitor-2 (46).

inhibitory effect. We have gradually reduced the pep- in the cultured media was a optimum condition to
observe the reduction of CE within 5 days. Fig. 4tide sequences and found tetrameric sequences pre-

senting minimal structural size for specific inhibitory showed a comparison of inhibitory effect of CE forma-
tion among synthetic inhibitors including negativeeffect on TGase activity.

In Fig. 3, we used all the same kinetic conditions as control (High Ca//). SY2003 and SY2011 gave the
best inhibitory efficacy of CE formation to the almostabove under varying inhibitor conditions from 0 to 0.1

mM for 30 min reaction time. Fig. 3 A showed the per- same level of CE from keratinocyte grown under low
calcium condition, although SY2013 showed a lowercent inhibition of TGase activity on the linear corela-

tion with inhibitor concentration. Among seven differ- IC50 value (in vitro) than SY2003 (Table 1).
ent tetramers, two peptides were expected for good in-
hibitors (SY2011, SY2013). Fig. 3 B and 3 C showed DISCUSSION
the same experiments using further reduced peptide
size as four different dimers and two different trimers Earlier competitive TGase inhibitors such as pri-
respectively. One or two amino acid reduction from tet- mary amines have been used to inhibit TGase activity
ramer gave about 2 to 5 fold loss of inhibitory effect. (18). However they interfere with other enzymes and

We measured the velocity versus [S] in the presence inhibit cell attatchment (19). Hence we have devel-
and in the absence of a competitive inhibitor (0.1 mM). oped competitive TGase inhibitor from putative TGase
In Table 1, Km values using casein were implied a 1 substrate domains by competing acyl-enzyme inter-
competitive inhibition pattern to compare the control action (Fig. 1). Through the various kinetics (Figs. 2,3)
Km value with others. Among those values, Km of the using different size of synthetic peptides, we have
SY2013 was increased up to 2.5 fold of control. found that peptides from the TGase substrate domain

To investigate if those TGase inhibitors are useful could compete with TGase substrate as an inhibitory
for reducing the cornified cell envelope formation, we effect. Fig. 2 showed the pro-peptide sequence of pre-
used the calcium-induced differentiation model of proelafin could be the best TGase substrate or compet-
keratinocyte as described in method. Keratinocytes itor. The pro-sequence of the elafin precursor has 5
proliferate under low calcium condition and can homologous repeats of a 6-amino acid unit containing
switch to the differentiation state acompanying insol- lysine and glutamine (32). These repeats (V-K-G-Q-X-
uble envelope formation under high calcium condi- X) are very similar to those of the homologous repeats

found in the major clotting protein SVP-1 from guineation (34). We found 50 mM of inhibitor concentration
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FIG. 3. Kinetics of TGase activity with synthetic inhibitors. (A)
The comparison of percentage inhibition of TGase activity with seven
tetrameric peptides was measured at the fixed incubation time (10
min) using various inhibitor concentration (10 to 100 mM) under an
initial velocity range. (B) Two trimeric and (C) four dimeric peptides
were measured using the same condition as in (A).

FIG. 2. Kinetics of TGase activity with synthetic inhibitors (four
22-mers and two 23-mers). (A) Kinetics of three different inhibitors
as the concentration of 0.1 mM on the reaction of incorporating 14C-
putrescine (0.76 mM) into succinylated casein at various time. (B)
The comparison of percentage inhibition of TGase activity was mea-
sured at the fixed incubation time (10 min) and inhibitor concentra-
tion (0.1 mM) within an initial velocity range.

pig seminal vesicle which are covalentely cross-linked
by TGase (44). We attempted to define the minimal
structural conformation of substrate domain for the
competition of TGase catalysis. Hence we reduced the
peptide size from pro-sequence of preproelafin. In vitro
kinetics revealed that series of tetramer such as
SY2011 and SY2013 have the better inhibitory efficacy
(Table 1). These two peptides share the three amino-
acid sequence (V-K-G), which implies an adequate se-
quence for access to TGase 1 active site. Interestingly
SY2003 and SY2011 showed the better inhibitory ef-

FIG. 4. The inhibitory effect of cornified cell envelope formationficacy of the insoluble CE formation in NHEK culture
in a cultured human keratinocyte system by treatment of TGasesystem(Fig. 4). In this experiments, SY2011 was coin-
inhibitors. Synthetic TGase inhibitors were added into culture mediacided with kinetics results, however SY2013 was not. (to the concentration of 50 mM). The keratinocytes (NHEK) were

Perhaps arginine residue of SY2013 might interfere harvested after 5 days under high calcium conditions and the CE
was measured at 310 nm (details under Materials and Methods).transfering the peptide into the cell. The clear func-
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FIG. 5. Secondary structure characteristics of the 23-mer synthetic inhibitor sequence from pre-elafin sequence. These were performed
using the IBI Pustell sequence software packages and are based on the analytical methods of Ref. 47. Only the hydrophilicity, surface
probability, and secondary structure profiles are shown.

tion of proline in SY2003 and SY2011 was noticed to of inhibitor into active site pocket; the third, peptide
structure retaining amino group, carboxyl group andcompare with SY2006 and SY2014 respectively. There

were two to three fold differences of IC50 value be- side chains as glutamine or lysine to increase solubility
in physiological media; and the last, flexible sequencestween SY2003 and SY2006 or SY2011 and SY2014 in

Table 1. to give turn structure which promote better diffusion
into cells (Fig. 5).By the analysis of the secondary structure of SY2003

and SY2011 using IBI program, we found that these In the inhibitor treatment on cultured cell, we have
observed no side effect such as cell detachment or cellsynthetic peptide inhibitors have four structural fea-

tures: the first, glutamine or lysine group which could death. Interestingly there was an observation of in-
crease in proliferation markers after TGase inhibitioncompete with second substrate or primary substrate

respectively by means of nucleophilic substitution at with cystamine in WI-38 human lung cells (48). Fur-
ther study will be answered weather SY2003 andthe acyl-enzyme intermediate during catalysis; the sec-

ond, short and fexible sequences to enhance affinity SY2011 have a growth-promoting effect or not.
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