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Desquamation of the stratum corneum is a serine protease-
dependent process. Two members of the human tissue kal-
likrein (KLK) family of (chymo)tryptic-like serine proteases,
KLK5andKLK7, are implicated indesquamationbydigestionof
(corneo)desmosomes and inhibition by desquamation-related
serine protease inhibitors (SPIs). However, the epidermal local-
ization and specificity of additionalKLKs also supports a role for
these enzymes in desquamation. This study aims to delineate
the probable contribution of KLK1, KLK5, KLK6, KLK13, and
KLK14 to desquamation by examining their interactions, in
vitro, with: 1) colocalized SPI, lympho-epithelial Kazal-type-re-
lated inhibitor (LEKTI, four recombinant fragments containing
inhibitory domains 1–6 (rLEKTI(1–6)), domains 6–8 and par-
tial domain 9 (rLEKTI(6–9�)), domains 9–12 (rLEKTI(9–12)),
and domains 12–15 (rLEKTI(12–15)), secretory leukocyte pro-
tease inhibitor, and elafin and 2) their ability to digest the (cor-
neo)desmosomal cadherin, desmoglein 1. KLK1 was not inhib-
ited by any SPI tested. KLK5, KLK6, KLK13, and KLK14 were
potently inhibited by rLEKTI(1–6), rLEKTI(6–9�), and
rLEKTI(9–12) with Ki values in the range of 2.3–28.4 nM, 6.1–
221 nM, and 2.7–416 nM for each respective fragment. Only
KLK5 was inhibited by rLEKTI(12–15) (Ki � 21.8 nM). No KLK
was inhibited by secretory leukocyte protease inhibitor or elafin.
Apart fromKLK13, all KLKs digested the ectodomain of desmo-
glein 1 within cadherin repeats, Ca2� binding sites, or in the
juxtamembrane region. Our study indicates that multiple KLKs
may participate in desquamation through cleavage of desmo-
glein 1 and regulation by LEKTI. These findings may have clin-
ical implications for the treatment of skin disorders in which
KLK activity is elevated.

As the outermost layer of the skin, the stratum corneum
functions as the body’s main protective barrier against physical
and chemical damage, dehydration, and microbial pathogens.
Inter-corneocyte cohesion within the stratum corneum
depends primarily on corneodesmosomes, structurally modi-

fied desmosomes (1–3). Akin to classical desmosomes, cor-
neodesmosomes maintain tissue integrity and mediate cell
adhesion via calcium-dependent interactions between two
families of desmosomal cadherins, the desmogleins (DSG1–4)2
and desmocollins 1–3 (4, 5). Themost abundant isoforms in the
stratum corneum include DSG1, DSG4, and desmocollin-1 (6,
7). As specialized desmosomes, corneodesmosomes also con-
tain a unique glycoprotein constituent, corneodesmosin (3).
During normal stratum corneum desquamation, the most

superficial corneocytes are shed from the skin surface. This
process requires proteolysis of the corneodesmosomal adhe-
sionmoleculesDSG1 (8, 9), desmocollin-1 (10), and corneodes-
mosin (11) likelymediated by both trypsin-like and chymotryp-
sin-like serine proteases (9, 12). To date, serine protease activity
in the stratum corneum has been attributed to human tissue
kallikreins (KLK; encoded by KLK genes (EC 3.4.21)), a sub-
group of 15 secreted serine proteases with (chymo)trypsin-like
specificity (13). Among KLKs, a role in stratum corneum des-
quamation has been ascribed to KLK5 and KLK7, originally
denoted stratum corneum tryptic enzyme (14, 15) and stratum
corneum chymotryptic enzyme (16–18), respectively. Both
enzymes are maximally expressed in the stratum granulosum
(15, 19, 20) and transported to stratum corneum interstices by
lamellar granules (20–22), where they are thought to form a
proteolytic cascade in which KLK5 activates itself and KLK7
(23). Once active, both enzymes have been shown to concert-
edly digest DSG1, desmocollin-1, and corneodesmosin, in vitro
(11, 24, 25).
In addition to KLKs 5 and 7, accumulating reports suggest

that other kallikreins are candidate desquamation-related
enzymes, based on their epidermal localization and substrate
specificity. For instance, kallikrein 1, 4, 6, 8, 9, 10, 11, 13, and 14
transcripts and/or proteins are also expressed in the stratum
granulosum (26–28), and kallikrein 6, 8, 10, 11, 13, and 14 pro-
tein levels have been quantified in the stratum corneum (29).
Interestingly, Stefansson et al. (30) have recently shown that
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KLK14 is responsible for �50% of the total trypsin-like serine
protease activity in the stratum corneum. Moreover, because
KLK14 can activate and be activated by KLK5, it may also par-
ticipate in the cascade pathway (23).
Because desquamation is a serine protease-dependent proc-

ess (9, 12), it is regulated by serine protease inhibitors (SPIs).
The serine protease/SPI balance governing desquamation is
best illustrated by its imbalance in Netherton syndrome (NS;
OMIM256500) (31–33). NS, an autosomal recessive ichthyotic
skin disorder characterized by hair shaft defects, atopic fea-
tures, overdesquamation of corneocytes, and severe stratum
corneum barrier dysfunction (31, 34), is caused by frameshift
and nonsense mutations in the serine protease inhibitor Kazal-
type 5 (SPINK5) gene (31, 35, 36). SPINK5 codes for an SPI with
15 inhibitory domains, which is denoted lympho-epithelial
Kazal-type related inhibitor (LEKTI) (37). All SPINK5 muta-
tions introduce premature termination codons in LEKTI tran-
scripts and lead to the production of truncated LEKTI forms
that lack several inhibitory domains (35, 36). Consequently, the
decrease in LEKTI expression/activity in NS causes unre-
stricted, elevated serine protease activity, as observed in the
stratum corneum of NS patients (25, 31, 33) and of Spink5�/�

mice (32), leading to overdesquamation and stratum corneum
thinning. The predicted activity of LEKTI against trypsin-like
serine proteases based on the predominance of basic P1 resi-
dues within its inhibitory domains, the colocalization of LEKTI
with multiple trypsin-like kallikrein serine proteases within the
stratum granulosum and stratum corneum (22, 31, 33, 38), and
the ability of LEKTI (domains 6, 6–9�, and 9–12) to inhibit
KLK5 andKLK7 in vitro (39, 40), strongly suggest that KLKs are
in vivo LEKTI targets and further substantiate the role of KLKs
as desquamatory enzymes. In addition to LEKTI, the skin con-
tains other SPIs that may regulate desquamation and KLK
activity. KLK7 is inhibited by two members of the trappin
(transglutaminase substrate and wap (whey acid protein)
domain containing protein) gene family, namely secretory leu-
kocyte protease inhibitor (SLPI; also known as antileukopro-
tease) and elafin (also referred to as proteinase inhibitor 3 and
skin-derived antileukoprotease (SKALP)) (41) as well as a novel
member of the �2-macroglobulin family, �2-macroglobulin-
like-1 (42).
Although the (chymo)trypsin-like substrate specificity and

epidermal localization of many KLKs other than KLK5 and
KLK7 are compatible with a function in the terminal stages of
epidermal turnover, their role as desquamatory proteases has
not been investigated. Thus, in an attempt to delineate the pos-
sible involvement ofmultiple KLKs in desquamation, this study
examines the interactions between KLK1, KLK5, KLK6,
KLK13, and KLK14 with: 1) epidermal SPI (LEKTI, SLPI, and
elafin/SKALP) and 2) the (corneo)desmosomal cadherinDSG1,
in vitro.

EXPERIMENTAL PROCEDURES

Materials—7-Amino-4-methylcoumarin (AMC) was pur-
chased from Sigma-Aldrich. AMC peptide substrates Boc-Val-
Pro-Arg-AMC (VPR-AMC), H-Pro-Phe-Arg-AMC (PFR-
AMC), and Boc-Gln-Ala-Arg-AMC (QAR-AMC) were
purchased from Bachem Bioscience (King of Prussia, PA), and

methoxysuccinyl-Ala-Ala-Pro-Val-AMC (AAPV-AMC) was
obtained fromCalbiochem.All substrateswere diluted to a final
concentration of 80 mM in Me2SO and stored at �20 °C.
Recombinant mature KLK1 and KLK6 were expressed and
purified from a baculovirus/insect cell line system as previously
described (43, 44) (kind gifts from Dr. M. Blaber, Florida State
University). Recombinant pro-KLK5, pro-KLK13, and mature
KLK14 were produced using the EasyselectTM Pichia pastoris
expression system (Invitrogen) as described in detail elsewhere
(45–47). KLKs were purified to homogeneity (�95% purity on
Coomassie Blue-stained polyacrylamide gels), and their identi-
ties were confirmed by tandem mass spectrometry. Recombi-
nant LEKTI fragments containing intact domains 1–6
(rLEKTI(1–6)), domains 6–8 and partial domain 9
(rLEKTI(6–9�)), domains 9–12 (rLEKTI(9–12)), and domains
12–15 (rLEKTI(12–15)) were produced in a baculovirus/insect
cell line system as previously reported (40, 48–50). Recombi-
nant neutrophil elastase (NE) and elafin were purchased from
Calbiochem and Sigma-Aldrich, respectively, diluted in water
to a final concentration of 0.5 g/liter, and stored at �80 °C.
Recombinant SLPI and a recombinant DSG1/Fc chimera were
obtained from R&D Systems Inc. (Minneapolis, MN), reconsti-
tuted in phosphate-buffered saline (pH 7.4) to final concentra-
tions of 0.5 g/liter and 0.25 g/liter, respectively, and stored at
�80 °C. Anti-LEKTI monoclonal antibodies 1C11G6 and
1D6G8 were produced as previously described (50).
Kinetic Inhibition Assays—The putative inhibitory effect of

LEKTI domains 1–6, 6–9�, 9–12, and 12–15, SLPI, and elafin
on multiple KLKs was assessed by measuring residual protease
activity against AMC peptide substrates after incubation with
individual inhibitors. The inhibition of NE by SLPI and elafin
was used as a positive control. Assays were performed using
optimal substrates (PFR-AMC for KLK1; VPR-AMC for KLK5,
KLK6, and KLK13; QAR-AMC for KLK14; and AAPV-AMC
for NE) and buffer conditions (KLK1: 0.1 M Tris-HCl, 0.1 M
NaCl, 0.01% Tween-20, pH 8.0; KLK5, KLK13, and KLK14:
0.1 M sodiumphosphate, 0.01%Tween 20, pH 8.0; KLK6: 50mM
Tris, 0.1 M NaCl, 0.2% bovine serum albumin, pH 7.3; and
neutrophil elastase: 0.2 M Tris-HCl, 0.01% Tween-20, pH
7.5) (45, 51–54).
Proteases (final concentration of 12 nM for KLK1, KLK5,

KLK13, KLK14, and NE or 30 nM for KLK6) were preincubated
with LEKTI fragments (0–60 nM), SLPI (0–1.2 �M), and/or
elafin (0–1.2 �M) in 10 �l of optimal buffer at 25 °C (for LEKTI
reactions) or 37 °C (for SLPI and elafin reactions) with gentle
agitation for different time points (10 min for KLK1 and KLK6,
5 min for KLK6, 1 min for KLK5, and 10 s for KLK14 with
LEKTI fragments; 30 min for KLK1, KLK6, and KLK13, 5 min
for KLK6 and KLK14, and 1 min for NE with SLPI and elafin).
The mixtures were subsequently added to 90 �l of optimal
buffer containing several fixed AMC peptide concentrations
ranging from 4 to 3000 �M within polystyrene microtiter plate
wells. Initial rates of protease-mediated peptide hydrolysiswere
monitored by measuring free AMC fluorescence on theWallac
1420 Victor2TM fluorometer (PerkinElmer Life Sciences) with
excitation and emission filters of 380 and 480 nm, respectively,
at 1-min intervals for 20 min at 37 °C. Protease-free reactions,
for each substrate concentration, were used as negative con-
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trols, and the background counts obtained were subtracted
from each value. A standard curve was constructed using
known concentrations of AMC to convert rates of reaction
from AMC fluorescence counts/min to free AMC produced/
min. The slope of the resultant AMC standard curvewas 19.184
AMC fluorescence counts/nM AMC.

The rate changes (nanomolar AMC/min) of inhibited and
control reactions were determined from the velocity plots.
Activities were expressed relative to control incubations from
which inhibitors were excluded. Average IC50 values, i.e. the
inhibitor concentration required for 50% inhibition of protease
activity, were determined by non-linear regression analysis
using Prism (Version 4.0, GraphPad, San Diego, CA). Michae-
lis-Menten parameters (Km and Vmax), the equilibrium inhibi-
tion constant (Ki), and inhibitorymechanismswere determined
by linear and non-linear regression analysis using the Enzyme
Kinetics Module 1.1 (Sigma Plot, SSPS, Chicago, IL). All exper-
iments were performed in triplicate and repeated at least twice.
In Vitro Digestion of LEKTI and SLPI by KLKs—LEKTI

(10 ng) or SLPI (500 ng) were incubated separately with
KLK1, KLK5, KLK6, KLK13, and KLK14 (1 ng for LEKTI
reactions; 50 ng for SLPI reactions) in a final optimal buffer
volume of 20 �l for different time points ranging from 0 to
24 h at 37 °C with shaking. Control reactions, i.e. KLKs,
LEKTI, and SLPI incubated alone, were also performed. Reac-
tions were terminated by freezing in liquid nitrogen and were
subsequently resolved by SDS-PAGE using the NuPAGE Bis-
Tris electrophoresis system and 4–12% gradient pre-cast poly-
acrylamide gels under reducing conditions at 200 V for 45 min
(Invitrogen). For KLK-SLPI reactions, protein mixtures were
visualized by silver staining with the Silver Xpress kit (Invitro-
gen), according to the manufacturer’s instructions. For KLK-
LEKTI reactions, proteins were transferred to Hybond-C Extra
nitrocellulose membrane (Amersham Biosciences) at 30 V for
1 h, blocked in Tris-buffered saline-Tween (TBS-T; 0.1 mol/
liter Tris-HCl buffer (pH 7.5) containing 0.15 mol/liter NaCl
and 0.1% Tween 20) supplemented with 5% nonfat dry milk
overnight at 4 °C andprobedwith anti-LEKTImonoclonal anti-
body 1C11G6 (for rLEKTI(1–6), -(6–9�), and -(9–12)) or
1D6G8 (for rLEKTI(12–15)), both diluted 1:1,000 in TBS-T, for
1 h at room temperature. Membranes were washed three times
for 15 min with Tris-buffered saline-Tween and treated with
alkaline phosphatase-conjugated goat anti-mouse antibody
(1:10,000 in Tris-buffered saline-Tween; Jackson ImmunoRe-
search Laboratories, West Grove, PA) for 1 h at room temper-
ature. Finally, the membranes were washed again as above, and
fluorescence was detected on x-ray film using a chemilumines-
cent substrate (Diagnostic Products Corp., Los Angeles, CA).
Effect of KLKs on SLPI Activity—Prior to measuring the

inhibitory activity of SLPI against NE, individual KLKs were
incubated with SLPI at several molar ratios (i.e. 1:5, 1:20, and
1:50) for different time points (0, 8, and 24 h) at 37 °C with
gentle agitation. SLPI was also incubated alone for each time
point, as a positive control. Samples from each time point were
subsequent assayed for SLPI activity against NE, at NE to SLPI
molar ratios of 1:1.25, 1:2.5, 1:5, and 1:10, using AAPV-AMC
(0.1 mM) as a substrate. Free AMC fluorescence was measured
on the Wallac 1420 Victor2TM fluorometer for 20 min, as

described above. NE-free reactions were used as negative con-
trols, and background fluorescence was subtracted from each
value. All experiments were performed in triplicate. (Note: the
hydrolysis of AAPV-AMC by KLKs was not observed (data not
shown).)
Pre-treatment and in Vitro Proteolysis of DSG1/Fc by KLKs—

Prior to incubation with KLKs, DSG1/Fc (50 ng/�l, �0.5 �M)
was incubated at 37 °C with gentle agitation in the presence of
either: 1) Tris-buffered saline (TBS; 20 mM Tris base, 140 mM

NaCl, pH 7.6) for 1 h, 2) TBS containing 5 mM EGTA for 1 h, 3)
TBS containing 1mMCaCl2 for 1 h, 4) TBSwith 5mMEGTA for
1 h, and then treated with TBS including 1 mMCaCl2 for 1 h, 5)
TBS with 1 mM CaCl2 for 1 h, followed by the addition of 5 mM

EGTA for 1 h. DSG1/Fc also was pre-treated as above in 0.1 M

sodium acetate buffer (pH 5.4) in a total reaction volume of
70 �l. Proteolysis of DSG1/Fc was subsequently studied via
incubation of individual KLKs (50 ng) with pre-treated
DSG1/Fc (500 ng) in a final volume of 20 �l, in either TBS or
sodium acetate, for various time intervals (0, 15 min, 30 min,
1 h, 2 h, 4 h, 8 h, and 24 h) at 37 °Cwith shaking. Reactions were
stopped by freezing in liquid nitrogen. Proteins were separated
by reducing SDS-PAGE and visualized by silver staining, as
described above.
Effect of Calcium and EGTA on KLK Activity—KLK1, KLK5,

KLK6, KLK13, andKLK14 (12 nM)were pre-treatedwith either:
1) TBS (pH 7.6), 2) sodium acetate buffer (pH 5.4), 3) TBS with
1 mM CaCl2, 4) sodium acetate buffer with 1 mM CaCl2, 5) TBS
containing 1mMCaCl2 and 5mMEGTA, and 6) sodium acetate
buffer supplemented with 1 mM CaCl2 and 5 mM EGTA, at a
final volume of 100 �l in microtiter plate wells for 10 min at
37 °C with gentle agitation. Next, the appropriate AMC sub-
strates for each KLKwere applied to the wells at a final concen-
tration of 0.5mM. Free AMC fluorescence wasmeasured on the
Wallac 1420 Victor2TM fluorometer for 20 min, as described
above. KLK-free reactions were used as negative controls, and
background fluorescence was subtracted from each value. All
experiments were performed in triplicate.
N-terminal Sequencing—N-terminal sequence analysis was

performed to identify KLK cleavage sites within SLPI and
DSG1/Fc. KLKs (250 ng) were incubatedwith SLPI orDSG1/Fc
(2.5 �g) for different time points as specified by the proteol-
ysis experiments, separated by reducing SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane (Amer-
sham Biosciences), previously immersed in 100% methanol,
at 30 V for 1 h. After the transfer, the membrane was
removed and rinsed with de-ionized water, stained with
Coomassie Blue R-250 (0.1% solution in 40% methanol) for 5
min, and de-stained for 5 min in 50% methanol. The mem-
brane was then thoroughly washed with de-ionized water
and air-dried. SLPI and DSG1/Fc fragments were excised
and subjected to automated N-terminal Edman degradation
consisting of five cycles of Edman chemistry on a ABI 492
Procise cLC sequencer (Applied Biosystems, Foster City,
CA), followed by analysis of resultant phenylthiohydantoin-
amino acid residues on an high-performance liquid chroma-
tography column.
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RESULTS

Multiple KLKs Are Inhibited by rLEKTI Fragments—Because
KLKs represent likely physiological targets of LEKTI we tested
rLEKTI fragments spanning all 15 domains for their inhibitory
activity against the trypsin-like serine proteases KLK1, KLK5,
KLK6, KLK13, and KLK14, in vitro.

Among the KLKs examined, KLK1 activity was uniquely
unaffected after incubation with all rLEKTI fragments (Fig. 1),
even in the presence of an 8- to 10-fold molar excess of rLEKTI

or after different preincubation
times (0–30 min). Furthermore,
cleavage of rLEKTI fragments by
KLK1 was not detected under the
conditions used for kinetic inhibi-
tion assays (see Fig. 3). These results
are in agreement with prior studies
that demonstrate a lack of inhibition
of the porcine ortholog of KLK1 by
native and recombinant LEKTI
domain 6 (37, 55).
The remaining KLKs were inhib-

ited by rLEKTI fragments with IC50
and Ki values in the nanomolar
range (Table 1 and Fig. 1) via non-
competitive or mixed-type inhibi-
tory mechanisms, as determined by
Eadie-Hofstee plots (Fig. 2; V versus
V/[S], where the slope is equal to
�Km and the y-intercept is equal to
Vmax) and corresponding kinetic
parameters (Vmax, Km; Tables 2–5).
The overall rank order forKLK inhi-
bition by rLEKTI fragments based
on IC50 andKi values from lowest to
highest was: KLK5 � KLK14 �
KLK6 � KLK13, where values
obtained for KLK5 and KLK14 val-
ues were consistently several orders

of magnitude lower than those for KLK6 and KLK13 (Table 1).
rLEKTI(1–6) was the most potent inhibitor for all KLKs tested
(exclusive of KLK1), particularly for KLK5 and KLK14, with Ki
values of 2.35 nM and 0.22 nM and IC50 values of 2.43 nM and
0.0051 nM, respectively. The concentration-dependent inhibi-
tion of KLKs by rLEKTI(1–6) is shown in Fig. 1A. As evident by
the decrease in Vmax and increase in Km for KLK5, KLK6,
KLK13, and KLK14 in the presence of increasing rLEKTI(1–6)
concentrations, shown graphically via the Eadie-Hofstee plot
(Fig. 2A), the inhibitory mechanisms were classified as mixed,
i.e. containing both competitive and non-competitive compo-
nents (Table 2).
rLEKTI(6–9�) and rLEKTI(9–12) also exerted strongmixed-

type inhibitory activity against KLK5 andKLK14, withKi values
ranging from 2.75 to 10.26 nM (Tables 3 and 4 and Fig. 2C).
These data are in general accordance with that of Schechter et
al. (40), who recently published Ki values of 3.5–5.5 nM for the
inhibition of KLK5 by rLEKTI(6–9�) and rLEKTI(9–12) at pH
8.0. In contrast to KLK5 and KLK14 inhibition, KLK6 and
KLK13 activity was inhibited to a lower extent and in a non-
competitive manner by rLEKTI(6–9�) and rLEKTI(9–12), as
evidenced by the dose-response curves (Fig. 1, B andC) and the
increase in Vmax values accompanied by relatively constant Km
values in the presence of increasing rLEKTI(6–9�) and
rLEKTI(9–12) concentrations (Tables 3 and 4 and Fig. 2B),
respectively. Both KLK6 and KLK13 were also less effectively
inhibited by rLEKTI(6–9�) and rLEKTI(9–12) than by
rLEKTI(1–6) (Table 1). For example, the Ki values for the inhi-
bition of KLK13 by rLEKTI(6–9�) and rLEKTI(9–12) were

FIGURE 1. Dose-dependent inhibition (IC50 determination) of KLK activity by rLEKTI fragments. KLK1 (f),
KLK5 (‚), KLK6 (�), KLK13 (E), and KLK14 (F) were incubated with increasing concentrations of rLEKTI(1– 6) (A),
rLEKTI(6 –9�) (B), rLEKTI(9 –12) (C), and rLEKTI(12–15) (D). Residual KLK activity was measured via proteolysis of
AMC substrates (0.125– 0.5 mM VPR-AMC for KLK5, KLK6, and KLK13; 0.125 mM QAR-AMC for KLK14) in the
presence of rLEKTI divided by that of the uninhibited protease. Each data point represents mean � S.E. of three
independent assays. IC50 values are listed in Table 1.

TABLE 1
Inhibitory profile of rLEKTI fragments

LEKTI KLK IC50 R2 Ki R2

nM nM
LEKTI(1–6) KLK1 NIa

KLK5 4.62 0.9985 2.35 � 0.22 0.995
KLK6 14.73 0.9837 13.08 � 2.36 0.975
KLK13 29.10 0.9773 24.13 � 3.82 0.984
KLK14 2.368 0.9994 0.22 � 0.021 0.998

LEKTI(6–9�) KLK1 NI
KLK5 9.39 0.9987 4.68 � 0.66 0.984
KLK6 56.01 0.9566 47.58 � 1.40 0.988
KLK13 206.60 0.9300 222.12 � 9.51 0.978
KLK14 8.79 0.9970 3.41 � 0.80 0.996

LEKTI(9–12) KLK1 NI
KLK5 6.06 0.9986 2.75 � 0.24 0.996
KLK6 134.90 0.9671 195.32 � 11.66 0.993
KLK13 1172.00 0.7840 408.63 � 16.47 0.988
KLK14 16.95 0.9934 10.26 � 1.25 0.984

LEKTI(12–15) KLK1 NI
KLK5 54.68 0.9742 21.80 � 2.40 0.990
KLK6 NI
KLK13 NI
KLK14 NI

a NI, no inhibition.
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10-fold and 20-fold higher, respectively, than for rLEKTI(1–6)
inhibition. Interestingly, the KLK6 Ki values obtained for
rLEKTI(6–9�) and rLEKTI(9–12) inhibition are comparable to
those determined for KLK7, i.e.11 nM and 220 nM, respectively
(40).
KLK5was the onlyKLK tested to be inhibited by rLEKTI(12–

15) (Tables 1 and 5 and Figs. 1D and 3D), indicative of a strin-
gent or unique specificity for this rLEKTI fragment. The
observed lack of inhibitory activity of rLEKTI(12–15) against
the other KLKs tested was unexpected based on the primary
LEKTI sequence,which contains highly favorable P1-Arg active
site residueswithin domains 12–14. Thus, the general inactivity
of this fragment could be 1) attributed to the presence of a

P1-Lys residue within domain 15, which is not highly preferred
byKLK5, KLK6, KLK13, or KLK14 (45, 52–54) and is supported
by the finding that rLEKTI domain 15 does not inhibit KLK5
(39) or 2) possibly due to an unfavorable tertiary structure (e.g.
suboptimal backbone angles) within P3-P3� regions, which
form the canonical binding loops that interact with serine pro-
teases. In the case of KLK14, the lack of detectable inhibition
by rLEKTI(12–15) may be due to the rapid proteolysis and
possible inactivation of this inhibitory fragment by KLK14
(Fig. 3D). We have recently identified a putative KLK14 cleav-
age sitewithin LEKTI domain 15, i.e.Arg10342Gln1035 (LEKTI
numbering according to GenBankTM accession number
NP_006837), by phage display substrate technology (47), which

would give rise to a �6.5-kDa frag-
ment of rLEKTI(12–15).
Due to its classification as a

reversible, tight-binding, “standard”
mechanism inhibitor, LEKTI acts as
highly specific protease substrate,
which mediates inhibition through
cleavage of a reactive site bond by
the cognate protease (56, 57). Typi-
cally, hydrolysis of the inhibitor is
extremely slow and does not pro-
ceed to completion (57). Thus, the
stability of rLEKTI fragments
against KLK proteolysis and of
KLK/rLEKTI complexes was also
investigated (Fig. 3). Relative rates
of proteolysis were determined
upon examination of the decrease in
intensity of intact rLEKTI bands
over time. rLEKTI fragments were
generally resistant to digestion by
KLKs, with the exception of the
complete hydrolysis of: rLEKTI(6–
9�) by KLK6 after 24 h (Fig. 3B),
rLEKTI(9–12) by KLK6 and KLK14
after 4 h (Fig. 3C) and rLEKTI(12–
15) by KLK14 after 1 h (Fig. 3D).

FIGURE 2. Representative Eadie-Hofstee (V versus V/[S]) plots for the hydrolysis of AMC substrates by
KLKs in the presence of rLEKTI fragments. A, mixed-type inhibition of KLK6 by rLEKTI(1– 6); B, non-compet-
itive inhibition of KLK13 by rLEKTI(6 –9�); C, mixed-type inhibition of KLK14 by rLEKTI(9 –12); and D, mixed-type
inhibition of KLK5 by rLEKTI(12–15). Each data point corresponds to mean values � S.E. of triplicate measures
of a representative experiment. The solid lines represent the linear regression fits.

TABLE 2
Classification of rLEKTI(1– 6) inhibitory mechanisms

KLK rLEKTI(1–6) Vmax Km R2 Inhibitory mechanism
nM nmol liter�1 min�1 mM

KLK1 NIa
KLK5 0 2884 � 35 0.46 � 0.019 0.997 Mixed

12 1140 � 18 0.93 � 0.040 0.997
24 1028 � 44 1.88 � 0.16 0.993
60 350 � 15 3.72 � 0.26 0.998

KLK6 0 912 � 9 0.23 � 0.012 0.996 Mixed
12 653 � 11 0.29 � 0.019 0.987
24 580 � 9 0.33 � 0.020 0.990
60 266 � 6 0.43 � 0.030 0.989

KLK13 0 777 � 12 0.48 � 0.025 0.995 Mixed
12 712 � 10 0.57 � 0.025 0.996
24 534 � 7 0.64 � 0.025 0.997
60 506 � 8 0.82 � 0.035 0.997

KLK14 0 6965 � 127 0.12 � 0.0073 0.986 Mixed
12 1428 � 84 1.34 � 0.15 0.990
18 1195 � 35 1.45 � 0.091 0.996
24 962 � 9 1.53 � 0.032 1.000

a NI, no inhibition.
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rLEKTI(1–6) and rLEKTI(6–9�) were digested at a slower rate
by KLK5 (Fig. 3,A andB) as was rLEKTI(12–15) by KLK13 (Fig.
3D). Notably, rLEKTI(1–6) was not fully degraded by any KLK,
suggesting that it may have a longer half-life than other rLEKTI
fragments (data not shown), which may be due to a unique
domain conformation. With respect to the KLKs that were
inhibited by rLEKTI fragments, most did not recover their
activities even after 24 h, except for the few examples described
above. Taken together, rLEKTI fragments exhibited both per-
manent (pseudoirreversible) and temporary (reversible) behav-
ior, depending on the KLK/LEKTI fragment combination.
Temporary inhibition of trypsin by native and recombinant
LEKTI domain 6 was also observed, as evidenced by trypsin

digestion of the inhibitor at the reactive site after a 1-h incuba-
tion, indicative of a short-lived, unstable trypsin-LEKTI com-
plex (55). This instability was attributed to the presence of only
two of three disulfide bridges that characterize Kazal-type
inhibitors within the LEKTI domain 6 (55). Furthermore, our
results suggest that rLEKTI fragments function as intact, mul-
tidomain fragments and need not be processed into single
domains to be active, as previously postulated (31).
KLK Activity Is Not Inhibited by SLPI or Elafin—SLPI (58)

and elafin/SKALP (59) are present in the stratum corneum and
are implicated in desquamation. For instance, both SLPI and
elafin can inhibit corneocyte shedding in vitro and inhibit KLK7
activity (41), some NS patients do not display increased epider-

TABLE 5
Classification of rLEKTI(12–15) inhibitory mechanisms

KLK rLEKTI(12–15) Vmax Km R2 Inhibitory mechanism
nM nmol liter�1 min�1 mM

KLK1 NIa
KLK5 0 6279 � 113 0.27 � 0.015 0.995 Mixed

12 5991 � 77 0.32 � 0.012 0.996
24 5598 � 92 0.47 � 0.024 0.994
60 4796 � 66 0.65 � 0.026 0.997

KLK6 NI
KLK13 NI
KLK14 NI

a NI, no inhibition.

TABLE 3
Classification of rLEKTI(6 –9�) inhibitory mechanisms

KLK rLEKTI(6–9�) Vmax Km R2 Inhibitory mechanism
nM nmol liter�1 min�1 mM

KLK1 NIa
KLK5 0 2829 � 34 0.44 � 0.021 0.996 Mixed

12 1640 � 20 0.67 � 0.027 0.997
24 1079 � 24 1.41 � 0.072 0.997
60 451 � 21 2.96 � 0.024 0.997

KLK6 0 1186 � 15 0.44 � 0.021 0.989 Non-competitive
12 958 � 14 0.36 � 0.021 0.984
24 709 � 13 0.32 � 0.025 0.980
60 501 � 4 0.32 � 0.012 0.996

KLK13 0 1069 � 24 0.51 � 0.038 0.981 Non-competitive
12 905 � 20 0.42 � 0.034 0.974
24 788 � 8 0.40 � 0.015 0.995
60 757 � 12 0.51 � 0.027 0.991

KLK14 0 4186 � 123 0.25 � 0.021 0.984 Mixed
24 739 � 17 0.32 � 0.027 0.985
60 171 � 3 0.33 � 0.018 0.994

a NI, no inhibition.

TABLE 4
Classification of rLEKTI(9 –12) inhibitory mechanisms

KLK rLEKTI(9–12) Vmax Km R2 Inhibitory mechanism
nM nmol liter�1 min�1 mM

KLK1 NIa
KLK5 0 2795 � 33 0.44 � 0.019 0.997 Mixed

12 1144 � 26 0.75 � 0.049 0.992
24 823 � 24 1.66 � 0.011 0.997
60 707 � 62 5.09 � 0.064 0.996

KLK6 0 937 � 16 0.14 � 0.0077 0.991 Non-competitive
12 893 � 17 0.28 � 0.020 0.985
24 698 � 11 0.24 � 0.018 0.984
60 593 � 8 0.25 � 0.018 0.986

KLK13 0 1064 � 19 0.50 � 0.030 0.988 Non-competitive
60 868 � 11 0.40 � 0.021 0.993

120 832 � 17 0.52 � 0.034 0.986
KLK14 0 3480 � 34 0.18 � 0.0061 0.996 Mixed

12 2608 � 61 0.23 � 0.016 0.989
24 1901 � 20 0.38 � 0.011 0.998
60 1326 � 29 0.68 � 0.041 0.992

a NI, no inhibition.
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mal serine protease activity, indicating that other SPI are pres-
ent to attenuate serine protease function (25), and elafin is over-
expressed in the epidermis of NS patients (50, 60). This
prompted us to test the hypothesis that additional KLKsmay be
targeted by these two inhibitors. However, unlike the effect of
elafin and SLPI on KLK7, no demonstrable inhibitory activity
was found against any KLK studied under the experimental
conditions chosen, even at a 100-fold molar excess of either
inhibitor (data not shown). These results are likely explained by
the presence of P1-Leu72 and P1-Ala84 within the reactive sites
of SLPI (61) and elafin (62), respectively, both of which are
unfavorable P1 amino acids for the KLKs tested. (Note: the
numbering starts from themature SLPI sequence and the elafin
preproprotein sequence according to GenBankTM accession

numbers NP_003055 and NP_002629, respectively). Similarly,
lack of inhibition of KLK3 (also known as prostate-specific anti-
gen) by SLPI has also been reported (63).
Proteolytic Processing of SLPI by KLKs—The incubation of

SLPIwith individual KLKs at a 26:1molar ratio for 24 h resulted
in the generation of 2 or 4 SLPI degradation products, depend-
ing on theKLK (Fig. 4). Intact SLPIwas visualized as a�12-kDa
band and contains two C-terminal whey acidic protein (WAP)
domains, whereby the first possesses antimicrobial activity (64)
and the second harbors inhibitory activity (65). KLK14was able
to completely degrade intact SLPI after 24 h; lower hydrolysis
rates were exhibited by KLK1, followed by KLK6, KLK5, and
KLK13. Due to cleavage at peptide bond Arg20–Tyr21 within
the first WAP domain, all KLKs produced two SLPI fragments
of 9.6 kDa (S1; Tyr21–Ala132) and 2 kDa (Ser1–Arg20) (Table 6).
An additional cleavage site was identified for KLK6 and KLK14
within the secondWAP domain at Leu72–Met73, which gener-
ated another two SLPI fragments of 5.8 kDa (S2; Tyr21–Leu72)
and 3.5 kDa (S3; Met73–Ala132). Although P1-Leu is not a pre-
ferred amino acid for either KLK, the observed cleavagemay be
due to the relative exposure and susceptibility of the reactive
site Leu72–Met73 bond to protease attack and/or the impor-
tance of other residues, in addition to P1, to protease specificity.
The presence of KLK6 and KLK14 cleavage sites within the

second WAP domain of SLPI, which contains the reactive site
P1-Leu72 for protease inhibition, impelled us to examine
whether KLKs could inactivate SLPI and thereby diminish its
inhibitory activity against NE. Upon incubation with both
KLK6 and KLK14, SLPI activity was decreased to only 90% of
control (i.e. SLPI alone). However, this may not be significant
compared with cathepsins L and S, which have been shown to
completely abrogate SLPI activity against NE in a 1-h time
period (66). The reason(s) for this disparity are not clear, but
may be attributed to the location and number of the cathepsin
andKLK cleavage sites within the secondWAPdomain. Cathe-
psins cleave SLPI at two sites, i.e. Thr68–Tyr69 and Met73–
Leu74, and may affect the structure of the intervening region,
Tyr69–Met73, which is involved in binding SLPI target pro-
teases (66, 67). In contrast, KLK6 and KLK14 cleave solely after

FIGURE 3. Immunodetection of rLEKTI(1– 6) (A), rLEKTI(6 –9�) (B),
rLEKTI(9 –12) (C), and rLEKTI(12–15) (D) after incubation with individual
KLKs. rLEKTI fragments (10 ng) were incubated with individual KLKs (1 ng) in
optimal KLK reaction buffer for various time points (0, 1, 4, 8, and 24 h) at 37 °C.
Reactions were terminated and separated by SDS-PAGE followed by Western
blotting using anti-LEKTI monoclonal antibody 1C11G6 (1:1000; for rLEKTI
domains 1– 6, 6 –9�, and 9 –12) or 1D6G8 (1:1000; for rLEKTI domains 12–15).
rLEKTI fragments were incubated alone for 24 h in each optimal KLK reaction
buffer (�KLK lanes). The solid arrowhead (‡) indicates intact rLEKTI fragments.
Molecular mass standards (kilodaltons) are indicated on the left.

FIGURE 4. SDS-PAGE analysis of SLPI after incubation with KLKs. SLPI (500
ng) was incubated with KLK1, KLK5, KLK6, KLK13, and KLK14 (50 ng) for 24 h at
37 °C. SLPI (SLPI� lane) and individual KLKs (SLPI� lanes) were also incubated
alone. Reactions were terminated and separated by SDS-PAGE followed by
silver staining. The solid arrowhead indicates intact SLPI and open arrowheads
indicate KLK-generated SLPI fragments. SLPI fragments subjected to N-termi-
nal sequence analysis are labeled “S1–S7” on the right, and the results are
listed in Table 6. A schematic representation of KLK-mediated SLPI cleavage is
shown on the right. Molecular mass standards (kilodaltons) are indicated on
the left.
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the active site P1-Leu72 and do not disrupt the protease binding
site or significantly alter the structure of SLPI. Further stabili-
zation of KLK6- and KLK14-cleaved SLPI conformation is
likely provided by the four disulfide bridges within the WAP
domain, which thereby facilitates SLPI inhibition ofNE, even in
the presence of these two KLKs. Moreover, cleavage at P1-R20

by all KLKs tested could possibly abrogate the antibacterial
activity of SLPI. The consequences of KLK-mediated digestion
of SLPI are to be determined.
KLK-mediated Proteolysis of DSG1—A prerequisite for stra-

tum corneum desquamation is the degradation of the desmo-
somal cadherin, DSG1 (8, 9). KLKs are implicated in DSG1
proteolysis due to: 1) their colocalizationwithDSG1 in the stra-
tum corneum, 2) the in vitro digestion of DSG1 within epider-
mal extracts by KLK5 (24), and 3) the correlation between
decreased DSG1 levels and elevated KLK activity within the
epidermis ofNS patients (25). Given this, we examinedwhether
DSG1 could serve as a substrate for KLK1, KLK6, KLK13, and
KLK14, in addition to KLK5, in vitro. DSG1/Fc, a chimeric pro-
tein formed of the five extracellular domains of DSG1 followed
by a peptide linker and the Fc region of human IgG1, was incu-
bated with KLKs for increasing time periods at pH 5.4, within
the acidic pH range of the stratum corneum (68), and at pH 7.6,
within the optimal pH range for KLK activity (Fig. 5). In all
cases, no degradation of DSG1/Fc was observed in the absence
of KLKs (Fig. 5,A–D, lane 2). Relative KLK cleavage efficiencies
were assessed by the decrease in intact DSG1/Fc band intensity
over time. As expected, higher KLK activity was generally
observed at pH 7.6 rather than pH 5.4, and despite their similar
specificity for P1-Arg, each KLK produced a distinct DSG1/Fc
cleavage pattern and cleaved at unique sites (Fig. 5 andTable 6).
No detectable digestion of DSG1/Fc by KLK13 was found at
either pH tested, even after 24 h of incubation (data not shown).
KLK1 showed minimal activity against DSG1/Fc at pH 5.4,
which was slightly elevated at pH 7.6, allowing for the determi-
nation of two putative cleavage sites at K197–Ile198 and K445–
Asn446 (Table 6).
The remaining KLKs demonstrated comparably higher

DSG1/Fc cleavage rates, with a rank order of KLK6�KLK5��
KLK14, from lowest to highest efficiency. As indicated in Fig.

5C, KLK6 generated three major DSG1/Fc fragments of �66,
55, and 50 kDa, the latter two of which were denoted 6A and 6B
and resulted from the cleavage at Lys368–Ala369 and R422–
Tyr423 (Table 6). In contrast, KLK5 induced a relatively faster
decrease in intact DSG1/Fc and generated a multitude of
DSG1/Fc degradation products. The N-terminal sequence of
four major DSG1/Fc fragments of �66, 45, 36, and 25 kDa (Fig.
5, A–D, respectively) was identified, and permitted us to deter-
mine three putative cleavage sites at Arg146–Val147, Arg242–
Asp243, and Arg422–Tyr423 (Table 6). These results agree with
those of Caubet et al. (24), who demonstrated efficient KLK5-
mediated degradation of DSG1within epidermal extracts at pH
5.4. Undoubtedly, DSG1/Fc was the best substrate for KLK14.
Complete digestion of intact DSG1/Fcwas demonstrated in the
presence of KLK14 after 30 min at pH 5.4 and 5 min at pH 7.6
(Fig. 5D). Twomajor cleavage products of�40 and 37 kDa (14A
and 14B, respectively) were obtained, and were not further
degraded after a 24-h incubation period (data not shown). The
N terminus of both 14A and 14B fragmentswas Ser529-Ser-Glu-
Pro-Gly-Asn, suggestive of cleavage at the Tyr528–Ser529 pep-
tide bond. The P1-Tyr specificity of KLK14 is not surprising as
we previously determined that KLK14 is a dual specificity
enzyme with both trypsin and chymotrypsin-like activity (47).
Given that calcium is essential for the stabilized conforma-

tion and adhesive function of cadherins such as DSG1 (4) we
addressed whether the presence/absence of calcium would
affect the susceptibility of DSG1 to proteolysis by KLKs. To this
end, DSG1/Fc was pre-treated with 1 mM CaCl2 and/or 5 mM
EGTA, a chelator with high selectivity for Ca2� ions in two
buffer systems, TBS (pH 7.6) and sodium acetate (pH 5.4). As a
control, DSG1/Fc was also pre-treated in buffer only, i.e. in the
absence ofCaCl2 andEGTA, as in the time-course experiments.
A significant effect onKLK activity byCaCl2 and EGTAwas not
observed (data not shown). As shown in Fig. 6, the presence of
either EGTA or CaCl2 did not influence the efficiency of
DSG1/Fc digestion by KLKs, under the experimental condi-
tions chosen. Hence, the calcium-stabilized conformation of
DSG1 may not be required for KLK-mediated cleavage. This is
also the case for other serine proteases such as trypsin and V8
proteinase, but not for exfoliative toxins, which can only cleave

TABLE 6
N-terminal sequence analysis of KLK-generated SLPI and DSG1/Fc fragments and putative KLK cleavage sites

Fragment N-terminal sequencea KLK KLK cleavage site location within intact molecule
SLPI
S1/2 (Arg20)2YKKPEb KLK1, KLK6, and KLK14 First WAPc domain
S3 (Leu72)2MLNPPN KLK6 and KLK14 SecondWAP domain

DSG1/Fc
1A (Lys197)2IIRQEPd KLK1 Second CADe domain
1B (Lys445)2NKVTKE Fourth CAD domain
5A/D (Arg242)2DGGADG KLK5 Second CAD domain
5B (Arg422)2YVMGNN Fourth CAD domain
5C (Arg146)2VLDIND First CAD domain (Ca2� binding motif)
6A (Lys368)2ASKIXfX KLK6 Third CAD domain (Ca2� binding motif)
6B (Arg422)2YVMGNN Fourth CAD domain
14A/B (Tyr528)2SSEPGN KLK14 Between fourth CAD domain and TMg region

a The N-terminal sequence is preceded by the putative KLK cleavage site (2) with the P1 amino acid in parentheses.
b Numbering starts from the mature SLPI sequence (GenBankTM accession number NP_003055).
c WAP, whey acidic protein domain (also known as the four-disulfide core domain).
d Numbering starts from desmoglein 1 preproprotein sequence (GenBankTM accession number NP_001933).
e CAD, cadherin repeat domain.
f The amino acid was not determined.
g TM, transmembrane region.
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DSG1 in the presence of calcium
(69), exclusively within a calcium
binding site at Glu381–Gly382 (70).

DISCUSSION

Stratum corneum desquamation
is a tightly regulated process,
orchestrated by the concerted func-
tion of serine proteases and SPI
within the intercorneal matrix. To
date, serine protease action in the
stratum corneum has been linked to
two members of the human kal-
likrein family: KLK5 and KLK7. Yet,
besides KLK5 and KLK7, it is now
recognized that an additional nine
KLKs are expressed in the upper-
most epidermal layers (26). Among
these, the stratum corneum levels of
six KLKs have been quantified (29),
and one, namely KLK14, has been
recently purified from the stratum
corneum in its active form (30). The
present study is the first to support a
role for kallikreins other than KLK5
and KLK7, namely KLK6, KLK13,
and KLK14, as desquamatory
enzymes, as indicated by their effi-
cient digestion of DSG1 and/or
their potent inhibition by LEKTI,
in vitro.
Unregulated desquamation drives

and sustains the phenotype of NS,
an inherited skin disorder in which
the serine protease/SPI balance is
tipped in favor of serine proteases,
due tomutations in the gene encod-
ing LEKTI. This study is the first to
profile the inhibitory capacity of all
15 inhibitory LEKTI domains
against multiple KLKs, summarized
in Fig. 7. Our in vitro data indicate
that KLK5, KLK6, KLK13, and
KLK14 are significantly inhibited by
rLEKTI fragments. To establish the
in vivo significance of protease-in-
hibitor interactions, the determina-
tion of in vitro kinetic parameters
(e.g. Ki) as well as the in vivo inhibi-
tor concentration are generally
required (71, 72). Although in vivo
LEKTI stratum corneum concen-
trations are currently unknown, in
the case of KLK-LEKTI interac-
tions, the resultant low Ki constants
(in the nanomolar range), which
indicate the formation of relatively
stable KLK-LEKTI complexes and

FIGURE 5. Time-dependent digestion of DSG1/Fc by KLKs and putative KLK cleavage sites. DSG1/Fc
(500 ng) was incubated with 50 ng of KLK1 (A), KLK5 (B), KLK6 (C), and KLK14 (D) for increasing time periods
at 37 °C. Reactions were carried out at both pH 5.4 and pH 7.6, as indicated below gel images, terminated,
resolved by reducing SDS-PAGE, and visualized by silver staining. Lane 1, KLKs incubated alone for 24 h
(A–C) and 2 h (D). Lane 2, DSG1/Fc incubated alone for 24 h (A–D) and 2 h (E). For A–C, lanes 3–10 represent
0, 0.25, 0.5, 1, 2, 4, 8, and 24 h time points, respectively. For D, lanes 3–11 indicate 0, 1, 2, 5, 10, 15, 30, 60,
and 120 min time points, respectively. Solid arrowheads indicate intact DSG1/Fc; open arrowheads and
labels (i.e. 1A, 1B, etc.) denote KLK-generated DSG1/Fc fragments subjected to N-terminal sequence anal-
ysis (results are listed in Table 6). Arrows indicate KLK protein bands (KLK5, shown in lane of B, is repre-
sented by four protein bands). M, molecular mass standards in kilodaltons. E, location of KLK cleavage sites
within the extracellular domains of DSG1. Downward arrows denote the location of KLK cleavage sites (P1
amino acid is shown; numbering starts from desmoglein 1 preproprotein sequence (GenBankTM accession
number NP_001933)). Gray boxes denote the calcium binding motifs. ECI-ECIV, extracellular cadherin
repeat domains I–IV; EA, extracellular anchor; TM, transmembrane region.

Tissue Kallikreins as Desquamation-related Proteases

3648 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 6 • FEBRUARY 9, 2007

 by guest on M
arch 4, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


strong inhibition, along with the in vivo colocalization of KLKs
and LEKTI in the stratum granulosum and stratum corneum
and the KLK/LEKTI imbalance observed in NS, strongly sug-
gest that KLKs are physiological targets of LEKTI.
Notably, the individual rLEKTI fragments utilized in the pres-

ent study and by Schechter et al. (40) display distinct inhibitory
specificities against the KLKs examined thus far (Fig. 7). Gener-
ally, LEKTI domains 1–8 can potently inhibit multiple KLKs;
yet domains 9–12 exhibit a higher specificity toward KLK5 and
KLK14, whereas domains 12–15 can only inhibit KLK5. This
suggests that each domain or fragment may have one or more
preferred protease targets in vivo. Although these rLEKTI frag-
ments may not be fully representative of physiological LEKTI
forms, accumulating studies suggest that post-translational
processing of LEKTI occurs in vitro and in vivo. For instance,
LEKTI domains 1, 5, and 6 have been isolated from human
blood filtrates (37, 73), and several multidomain LEKTI frag-
ments ranging from 30 to 68 kDa are present in the conditioned
media of normal primary human keratinocytes (38, 48, 74, 75),
indicating that both single and multidomain fragments of
LEKTI occur naturally.
Inhibition of KLK activity by rLEKTI fragments occurred via

non-competitive or mixed-type mechanisms. Jayakumar et al.
(49) previously proposed that the non-competitive inhibitory
action of rLEKTI(6–9�) could be due to the interaction between
1) the canonical loop of one inhibitory domain with the cata-
lytic site of the protease and 2) the binding of a second inhibi-
tory domain to an allosteric site within the protease. Similar
reasons could account for the observed inhibitory mechanisms
of rLEKTI on KLKs. Further studies are warranted to clarify
these findings.
SLPI and elafin/SKALP are implicated in the regulation of

desquamation, yet neither inhibitor could attenuate the activity
of any KLK studied. Putative targets of SLPI and elafin inhibi-
tory action within the skin may include KLK7 (41) and elastase
I, which is expressed by cultured primary keratinocytes (76) and
is known to interact with these inhibitors in other tissues, in
vivo. Moreover, KLK1 activity was not attenuated by any of the
SPIs studied. These results were particularly unexpected for

FIGURE 6. SDS-PAGE analysis of pre-treated DSG1/Fc after incubation
with KLKs. DSG1/Fc (500 ng) was incubated with 50 ng of KLK1 (A), KLK5 (B),
KLK6 for 24 h (C), and KLK14 (D) for 2 h at 37 °C. Lane 1, DSG1/Fc incubated
alone for 24 h (A–C) and 2 h (D), negative control. Lanes 2– 6, reactions per-
formed in TBS at pH 7.6; lanes 7–11, reactions carried out in sodium acetate
buffer at pH 5.4. DSG1/Fc was pre-treated under various conditions prior to
incubation with KLKs. Lanes 2 and 7, DSG1/Fc pre-treated in buffer only; lanes
3 and 8, DSG1/Fc pre-treated in buffer containing 5 mM EGTA; lanes 4 and 9,
DSG1/Fc pre-treated in buffer with 1 mM CaCl2; lanes 5 and 10, DSG1/Fc pre-
treated in buffer with 5 mM EGTA, followed by the addition of 1 mM CaCl2;
lanes 6 and 11, DSG1/Fc pre-treated in buffer containing 1 mM CaCl2 followed
by the addition of 5 mM EGTA. Reactions were terminated and separated by
SDS-PAGE followed by silver staining. Solid arrowheads indicate intact DSG1/
Fc; open arrowheads and corresponding labels (i.e. 1A, 1B, etc.) denote KLK-
generated DSG1/Fc fragments subjected to N-terminal sequence analysis
(results are listed in Table 6). Arrows indicate KLK protein bands. Molecular
mass standards (kilodaltons) are shown on the left. Note that the protein band
corresponding to KLK5 is masked by KLK5-generated DSG1/Fc fragments.

FIGURE 7. Summary of rLEKTI inhibition of KLKs. A, organization of LEKTI
inhibitory domains (GenBankTM accession number NP_006837). Gray boxes
denote Kazal-type inhibitory domains (three disulfide bonds); white boxes
represent non-Kazal-type domains (two disulfide bonds). The identity of the
active site P1 residue is indicated above each domain. B, boxes indicate
strength of LEKTI inhibition of individual KLKs based on Ki values. White boxes
indicate no inhibition; gray boxes indicate moderate inhibition (Ki � 200 nM);
black boxes represent strong inhibition (Ki � 50 nM). KLK7 data are derived
from the study by Schechter et al. (40). Not shown is the lack of inhibition of
domain 6 toward KLK1 (37, 55) and of domain 15 against KLK5 and KLK7 (39).
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LEKTI, which harbors P1-Arg in the majority of its inhibitory
domains, a residue that is highly favored by KLK1 (51). How-
ever, KLK1 possesses a strong preference for large hydrophobic
residues at P2 (77, 78) and for basic residues at P3 (79). Thus,
the presence of P2-Thr/Pro and P3-Cys within LEKTI inhibi-
tory domains may explain, in part, the resistance of KLK1 to
inhibition by LEKTI. The regulation of KLK activity, particu-
larly KLK1, by other SPIs in the epidermis, i.e. �2-macroglobu-
lin-like-1 (42), protein C inhibitor (80), and plasminogen acti-
vator inhibitor-2 (81), may be worth examining in the future.
As a (corneo)desmosomal adhesion molecule, DSG1 is

essential for the maintenance of epidermal integrity (4), as evi-
denced by various inherited and acquired skin diseases that
target DSG1 (82). Previous studies have shown that KLK5 can
digest DSG1 in vitro (24) and that an association between pre-
mature DSG1 degradation and elevated KLK activity in the epi-
dermis of NS patients exists (25). In the work presented here,
we provide evidence for the direct cleavage of DSG1 by KLK1,
KLK5, KLK6, and KLK14 and identify a number of putative
cleavage sites, in vitro. Four KLK cleavage sites occur within the
first three extracellular cadherin repeat domains (EC1–ECIII),
which mediate heterophilic binding to desmocollins (e.g. des-
mocollin-1) (83). Among these sites, two reside within calcium
binding motifs, responsible for the calcium-dependent confor-
mation needed for proper DSG1 function. Interestingly, the
KLK14 cleavage site is located a few amino acids N-terminal to
the transmembrane domain, which would result in shedding of
the entire ectodomain of DSG1. Thus, based on the location of
KLK cleavage sites, the coordinated action of several KLKs
might destabilize DSG1 structure and abolish adhesion to des-
mocollins on neighboring corneocytes.Moreover, extracellular
DSG1 proteolytic fragments generated by KLKs may further
perturb intercellular adhesion by competing with intact DSG1
and desmocollin-1 molecules for binding, as shown for soluble
E-cadherin ectodomain fragments (84). Ultimately, KLK action
could lead to corneocyte dyshesion during normal epidermal
turnover but can result in overdesquamation and an impair-
ment of epidermal barrier function when it is unopposed as in
NS (25, 31–33).
Given the above, the results of our studymay have important

therapeutic implications for the treatment of skin disorders
characterized by dysregulated KLK activity.We and others (39,
40) have shown that LEKTI has a potent inhibitory capacity for
several KLKs. Hence, the administration of LEKTI as a thera-
peutic agent, to balance its deficiency in NS and/or of other
KLK-specific inhibitors, to attenuate unopposed KLK activity
observed in other diseases, could result in the restoration of
epidermal integrity, permeability barrier function and a reduc-
tion of pro-inflammatory responses.
It has been postulated that the clinical severity of NS is cor-

related with the location of mutations within the SPINK5 gene
(31). That is, NS patients with mutations near the 3�-end of
SPINK5 encode LEKTI forms with a higher number of inhibi-
tory domains than those whose mutation reside near the
5�-end. Accordingly, the degree of serine protease/SPI imbal-
ance in the former will be lower than in the latter, resulting in
a moderate increase in serine protease activity and hence, a
less severe disease phenotype (31). As aforementioned, rLE-

KTI fragments display distinct inhibitory profiles against
KLKs (Fig. 7). Hence, the lack of specific LEKTI domains in
NS may lead to the elevation in the activity of only certain
KLKs (e.g. deficiency of domains 12–15 may cause an
increase in KLK5 activity specifically). Taken together, our
data could allow for the development of tailored therapeutic
strategies for subgroups of NS patients with distinct SPINK5
mutations and corresponding clinical severities. For
instance, NS patients with downstream mutations may ben-
efit from the administration of LEKTI(12–15) or another
inhibitor that targets KLK5 specifically, whereas patients
with upstream mutations may require the suppression of
multiple KLKs via LEKTI(1–6) or a more general SPI.
In conclusion, our results clearly demonstrate that multiple

KLKs are potently inhibited by LEKTI and are able to efficiently
degrade DSG1, in vitro. This study further substantiates the
role of KLK5 as a desquamatory protease and also reveals that
KLK6, KLK13, and particularly KLK14 may contribute to epi-
dermal turnover and homeostasis under normal and patholog-
ical conditions. Accordingly, the suppression of KLK activity by
LEKTI and/or other specific inhibitors may represent novel
therapeutic strategies for the treatment of various skin diseases.
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