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Abstract

Caspase-14 is a cysteine endoproteinase that is expressed in the epidermis and a limited number of other tissues. It is activated during
keratinocyte differentiation by zymogen processing, but its precise function is unknown. To obtain caspase-14 for functional studies, we
engineered and expressed a constitutively active form of human caspase-14 (Rev-hC14) in Escherichia coli and cultured mammalian cells.
Rev-hC14 required no proteolytic processing for activity, showed strong activity against the caspase substrate WEHD, and was inhibited
by the pan-caspase inhibitor zZVAD-fmk. Mammalian cells that expressed active caspase-14 showed normal cell adherence and morphol-
ogy. Using positional scanning of synthetic tetrapeptide libraries, we determined the substrate preference of human caspase-14 to be W
(or Y)-X-X-D. These studies affirm that caspase-14 has a substrate specificity similar to the group I caspases, and demonstrate that it
functions in a distinct manner from executioner caspases to carry out specific proteolytic events during keratinocyte differentiation.

© 2006 Elsevier Inc. All rights reserved.
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Caspases are an evolutionarily conserved family of cys-
teine endoproteinases that cleave their substrates after
aspartic acid (D) residues and function primarily in apop-
tosis (programmed cell death) or inflammation. Most casp-
ases are expressed as inactive zymogens termed
procaspases, that consist of an N-terminal prodomain of
variable length followed by a large and small subunit
[1,2]. Caspase activation generally involves proteolytic pro-
cessing of the zymogen (procaspase) to generate the large
and small subunits, which subsequently associate to form
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the active enzyme. To date, 15 caspases have been identi-
fied, which are generally divided into three groups based
on structure and function [3-5]. These include caspase-1,
-4, and -5, which process and activate pro-inflammatory
cytokines including IL-1f and IL-18 during the inflamma-
tory response; caspase-8, -9, and -10, which function as the
upstream or initiator caspases of apoptosis; and caspase-3,
-6, and -7 which function as the downstream or executioner
caspases. Caspase-15, a recently described caspase that is
present in some mammals but not humans or mice, shares
many properties of executioner caspases [5]. In most
instances, the initiator caspases cleave and activate other
procaspases such as caspase-3, while the downstream casp-
ases cleave cellular protein substrates including cytoskeletal
proteins, transcription factors, and enzymes, resulting in
cell death. Other endoproteinases such as granzyme B
and the calpains can also cleave caspases, which can result
in their activation or inactivation [6,7].
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Caspase-14 is a recently described member of the cas-
pase family that is abundantly expressed in a variety of epi-
thelial tissues such as the epidermis, oral mucosa, retinal
pigment epithelium, and the epithelial cells of the choroid
plexus [8—12]. In mice, caspase-14 is expressed coincident
with the stratification and formation of the epidermal bar-
rier at embryonic day 16-18, suggesting an important role
in epidermal maturation [8]. It also has been reported in
some non-epithelial tissues including ischemic canine brain
[13] and in the trophoblast cells of the developing human
placenta [14]. In addition to its somewhat restricted tissue
distribution, caspase-14 exhibits a number of other unusual
features including; (1) its inability to self-cleave into large
and small subunits when overexpressed in Escherichia coli
[15,16]; (2) its inability to induce apoptosis when overex-
pressed in mammalian cells [17]; and (3) its processing to
large and small subunits at a site distinct from other casp-
ases [18]. Mouse procaspase-14 is processed by calpain I
and II in vitro ([16]; M. Kuechle et al., unpublished
results). Immunolocalization studies have demonstrated
that caspase-14 is present in both the cytoplasm and nucle-
us of epidermal granular cells [12] and cultured keratino-
cytes [11], suggesting that caspase-14 cleaves protein
substrates in different intracellular compartments during
keratinocyte differentiation.

A major hurdle to the study of caspase-14 activity and
substrate specificity has been an inability to obtain highly
active caspase-14 for in vitro studies. In this study, we
utilized a reverse engineering approach in which the
order of the large and small subunits was reversed in
the polypeptide chain. This strategy was first applied to
produce active caspase-3 and -6 from E. coli [19]. The
reverse-engineered form of caspase-14 is constitutively
active as a single, uncleaved polypeptide chain both in vi-
tro and when transiently expressed in mammalian cells.
We determined the substrate specificity of caspase-14
by profiling a completely randomized tetrapeptide
library, which affirms its close structural similarity and
substrate specificity to the group I caspases that function
in the inflammatory response.

Materials and methods

Materials and antibodies. Acetylated (Ac) peptidyl fluorogenic 7-ami-
no-4-trifluoromethyl-coumarin (AFC) caspase substrates (Ac-YVAD-
AFC, Ac-DEVD-AFC, Ac-WEHD-AFC, and Ac-LEHD-AFC) and the
pan-caspase inhibitor z-VAD-fmk were purchased from Biovision
(Mountain View, CA). Commercial caspase enzymes (caspase-1, -3, -5,
and -9) were purchased from Biovision. IPTG was from Gold Biotech-
nology (St. Louis, MO). Mouse anti-hexahistidine (Hiss) antibody was
from Covance (Berkeley, CA). Two polyclonal antibodies to human cas-
pase-14 were used in this study: MK94 and H-99 (Santa Cruz Biotech-
nology, Santa Cruz, CA). MK94 was generated against the C-terminus of
the large subunit of human caspase-14 (GETVGGDEIVMVI). The 13
residue peptide was conjugated to keyhole limpet hemocyanin prior to
injection into New Zealand white rabbits (Genemed Synthesis, South San
Francisco, CA). The serum was affinity purified prior to use. Anti-mouse
and anti-rabbit horseradish peroxidase (HRP)-conjugated secondary
antibodies were from Amersham Pharmacia Biotech (Piscataway, NJ) or
Pierce (Rockford, IL). All other chemicals were of analytical grade.

Construction of reverse-engineered human caspase 14 ¢DNAs in pET
expression plasmid. cDNA constructs were generated that encoded two
forms of reverse-engineered caspase-14 that differed at the N-terminus
(Rev-hC14, Fig. 1 and Table 1). The large and small subunits of human
caspase-14 were amplified with the primers indicated in Table 1, using
human caspase-14 ¢cDNA [18] as template. Each fragment contained
restriction sites to facilitate cloning into pET-15b (underlined in Table 1).
cDNA constructs containing two different N-termini were generated, one
containing the amino acid sequence VMVI at the N-terminus, and one
lacking, and the results compared. These caspase-14 proteins were termed
the V and K forms, respectively. VM VI is the last four amino acids of the
large subunit of caspase-14 [18].

PCR was carried out in 50 pl reactions using the Herculase Hotstart
DNA polymerase (Stratagene, La Jolla, CA) as recommended by the
manufacturer. PCR was performed in an Eppendorf thermocycler by
heating at 92 °C for 2 min followed by 10 cycles of 10 s at 92 °C, 30 s at
65 °C, 3 min at 68 °C, followed by a further 15 cycles of 15s at 92 °C, 50 s
at 80 °C, and 3 min at 68 °C, with a final incubation at 68 °C for 10 min.
The PCR products comprising large and small subunits (450 and 270 bp,
respectively) were purified by agarose gel electrophoresis using standard
procedures [20] and cloned into pET-15b (Novagen, Madison, WI) using a
two-step cloning procedure, with the cloning of the small subunit (the N-
terminal portion) being performed first. The small subunits were cloned
into pET-15b vector using the restriction enzymes Ndel and Xhol, and the
large subunit subsequently added by cloning using the enzymes X#hol and
BamHI. The identities of all constructs were verified by DNA sequencing.

Expression of reverse caspase-14 ¢cDNAs in E. coli and purification by
nickel-chelate affinity chromatography. The pET15b-caspase-14 constructs
were transformed into E. coli BL21 (DE3) or Origami (DE3) competent
cells (Novagen) and expression induced by growth in the presence of 1—
2 mM isopropyl-f-p-thiogalactopyranoside (IPTG) essentially as descri-
bed previously [21]. Briefly, a single colony from an L-agar plate was
grown overnight in 5 ml of L-broth containing 50 pg/ml ampicillin. This
culture was diluted 1:50 into fresh L-broth and the bacteria were grown at
37 °C until the 440y reached OD 0.6-0.8. Expression of histidine-tagged
caspase-14 was induced by addition of 1-2 mM isopropyl-B-p-thiogalac-
topyranoside (IPTG) followed by growth for an additional 5 h at 30 °C.
The cells (50-200 ml) were harvested by centrifugation at 10,000g for
10 min.

Soluble recombinant protein was isolated from E. coli using the Bug-
Buster system (Novagen) with the addition of rLysozyme and Benzonase
nuclease (Novagen) essentially as recommended by the manufacturer.
Protein concentration of total soluble lysates was determined using the
BioRad Protein Assay kit with Bradford reagent (BioRad, Hercules, CA).
His Bind resin (Novagen) was prepared in a small column as described by
the manufacturer. Protein lysate (15 ml or 2-2.5 g of bacterial cell pellet)
was generally loaded onto 2.5 ml of nickel-charged His Bind resin pre-
equilibrated with binding buffer. The column was washed under non-de-
naturing conditions with column wash buffer and bound proteins were
eluted with a buffer containing 50-500 mM imidazole. Fractions (0.1—
0.5 ml) were collected at each imidazole concentration and low molecular

Pro
Normal procaspase-14 " LS | SS |

Pro
Rev-hC14  Hise | ss " LS |

Fig. 1. Construction of recombinant reverse-engineered human caspase-
14 proteins. Reverse-engineered human caspase-14 (Rev-hC14) was
engineered by PCR and the cDNAs cloned into pET-15b to generate
caspase-14 recombinant protein with an N-terminal hexahistidine (Hisg)
tag. The normal, endogenous procaspase-14 zymogen is shown at top for
comparison. The position of the small 13-amino acid propeptide (Pro) in
the normal and reverse-engineered proteins is shown. There were two
versions of Rev-hC14 produced, the V- and K-versions. The V-version
contained 4 additional amino acids (VMVI) at the N-terminus of the
protein (see Table 1). LS, large subunit; SS, small subunit.
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Table 1
PCR primers used to generate reverse-engineered caspase-14 cDNAs

PCR fragment PCR Primers®

Product size (bp)

Small subunit, V*

Forward, CCCCATATGGTGATGGTCATCAAAGACAGCCC 270

Reverse, CCCCTCGAGCTGCAGATACAGCCGTTTCCG

Small subunit, K°

Forward, CCCCATATG AAAGACAGCCCACAAACCATCC 270

Reverse, CCCCTCGAGCTGCAGATACAGCCGTTTCCG

Large subunit

Forward, CCCCTCGAGAGCAATCCGCGGTCTTTGGAAGAGG 450

Reverse, CCCGGATCCCTAGATGACCATCACAATCTCATCTCC

& Contains the amino acid residues VM VI at N-terminus of caspase-14 (termed V version).

® Lacks VMVI at N-terminus. Begins with natural N-terminus of small subunit, i.e. the amino acid residues KDSP (termed K version).

¢ The restriction sites used for cloning into pET-15 b are underlined. They were Nde I and Xho I for the small subunit and X%o I and Bam HI for the large
subunit. Italicized nucleotides (CTA) represent a stop codon engineered into the reverse primer for the large subunit. All sequences are shown 5’ to 3’.

contaminants removed by centrifugation in a Sorvall SS-34 centrifuge
using Centriplus 10/30/60 columns from Millipore (Bedford, MA). Gen-
erally, a second round of nickel affinity chromatography was carried out
to remove contaminating bacterial proteins. Recombinant enzyme prep-
arations were further purified and desalted using Vivapure anionic
exchange spin columns from Vivascience (Goettingen, Germany). Purified
recombinant enzyme was aliquoted and stored at —20 °C, or at —80 °C for
long-term storage.

SDS/IPAGE and Western blots. Protein samples were separated by
SDS/polyacrylamide gel electrophoresis (SDS/PAGE) and transferred to
either nitrocellulose (Schleicher and Schuell, Keene, NH) or PVDF
membrane (Millipore). SDS/polyacrylamide gels were stained with Coo-
massie Brilliant Blue R-250 or by silver staining with the Silver Snap kit
(Pierce, Rockford, IL). Western blots were probed with primary antibody,
e.g., anti-hexahistidine antibody, as recommended by the manufacturer,
and immunoreactive proteins visualized with ECL (Amersham Pharmacia
Biotech).

In vitro caspase assays. Activity of Rev-hC14 preparations was assessed
using the fluorogenic AFC substrates (Biovision). Reactions (100 pl) were
incubated at 37 °C and contained 50 uM fluorogenic peptide substrate,
300-400 ng of recombinant protein (final concentration, 100-140 nM),
and two different buffers. A high salt-citrate buffer (‘“kosmotrophic buff-
er”’) was generally used to assay for caspase-14 activity [16]. Some assays
of reverse caspase-14 activity were carried out in a universal caspase buffer
(50 mM Hepes, 0.5% 3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonic acid (Chaps), 0.1 M NaCl, | mM EDTA, and 10 mM DTT,
and 10% glycerol, pH 7.4; modified from [22]). For the high salt-citrate
buffer, reaction mixtures were pre-incubated for 15 min at 37 °C in the
absence of substrate as recommended by Mikolajczyk et al. [16]. Caspase-
1, -3, -5, and -9 (Biovision, 1 U enzyme/assay) were used as positive
controls for assays with each tetrapeptide substrate (YVAD-AFC,
DEVD-AFC, WEHD-AFC, and LEHD-AFC, respectively). Caspase-1,
-5, and -9 were assayed in a buffer containing 0.1 M Hepes, pH 7.5, 10%
sucrose, 0.1% Chaps, and 10 mM DTT [22]. Caspase-3 was assayed in a
buffer containing 50 mM Hepes, pH 7.0, 0.1 M NaCl, 0.5% Chaps, 10 mM
DTT, 1 mM EDTA, and 10% glycerol. The pan-caspase inhibitor zZVAD-
fmk was used at a final concentration of 100 pM. Activity was measured
using a Tecan Genios spectrophotometer (excitation at 405 nm, emission
at 505 nm) and data imported into an Excel spreadsheet for analysis.

Determination of caspase-14 substrate specificity by positional scanning
of peptide libraries. The substrate specificity of the S1-S4 subsites of
reverse caspase-14 was determined by positional scanning of synthetic
combinatorial library (abbreviated PS-SCL) as described by Choe et al.
[23] except that assays were performed at 37 °C in a buffer containing
100 mM Hepes, pH 7.0, 1 M sodium citrate, 60 mM NaCl, 0.01% Chaps,
SmM DTT, and 1% DMSO (from substrates). To determine P1 speci-
ficity, a P1-diverse library consisting of 20 sublibraries was used [24]. In
each sublibrary, the P1 position contained one native amino acid (cysteine
was omitted and methionine was replaced with norleucine), and the P2-P4
positions were randomized with equimolar mixtures of amino acids, for a
total of 6859 tetrapeptide substrates per sublibrary. Aliquots (1 pl) from
each sublibrary were added to 20 wells of a 96-well Microfluor-1 U-bot-

tomed plate (Dynex Technologies) for a final concentration of 7.3 nM of
each compound per well.

To determine specificity at the other positions (P2-P4), a library with
aspartic acid (D) fixed at the P1 position was used. In the P2-P4 positions,
all amino acids were randomized, except that cysteine was omitted and
methionine was replaced with norleucine. Aliquots (1 pl) of each subli-
brary were added to 57 wells (361 compounds/well; final concentration,
277 nM of each compound/well).

For all PS-SCL experiments, duplicate hydrolysis reactions were ini-
tiated by the addition of preactivated recombinant reverse caspase-14 (21—
42 nM final concentration) and the activity monitored fluorometrically
using a SpectraMax Gemini fluorescence spectrometer (Molecular
Devices), with excitation at 380 nm, emission at 460 nm, and cutoff at
435 nm [23]. Fluorescence readings from the cleavage of each peptide
substrate (relative fluorescence units/s) were converted to pmoles of
peptide cleaved/s. The mean data set was reported as percent of the
maximum hydrolysis observed for each subsite. Both the V-form and
K-forms of the reverse caspase-14 showed very similar substrate specificity
by PS-SCL.

Cell culture and transfections. V and K versions of reverse caspase-14
were cloned into pcDNA3 (Invitrogen, Carlsbad, CA) using a PCR
approach. Constructs were verified by DNA sequencing, and plasmid
DNA was isolated and purified using the maxiprep kit from Marligen
Biosciences (Ijamsville, MD).

COS-7 cells were grown as described previously in six-well plates
[25,26] and transfected at 60-80% confluency with Fugene 6 reagent
(Roche Diagnostics, Indianapolis, IN) essentially as described by the
manufacturer. Replicate wells were transfected with 1 pg Rev-hC14 plas-
mids or control pcDNA3 plasmid. Cells were harvested 48 h after trans-
fection in TBS (0.05M Tris/HCI, 0.15M NaCl, pH 7.4) for caspase
assays, and for SDS/PAGE and immunoblot. Protein concentrations were
determined using the Protein Assay Kit (BioRad).

Caspase activity was measured in COS-7 cell extracts using the sub-
strate WEHD-AFC. Assays (100 ul) were performed in high salt/citrate
buffer using 10 pul of cell lysate, as described above. Caspase-5 (Biovision,
1 U/assay) was used as a positive control for the assay. Reverse caspase-14
expression in the transfected COS cells was assessed by SDS/PAGE and
immunoblotting with MK94 antibody. For immunofluorescence studies,
COS-7 cells were transfected with caspase-14 (V- or K-form) plasmids, or
pcDNA3, and the cells plated on glass coverslips at a density of 4-8 x 10/
cells per well in a 12-well plate. Cells were fixed and immunolabeled with
MK94 as described previously [26,27]. Coverslips were counterstained
with 0.001% 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) to
visualize nuclei and mounted in Prolong mounting medium (Invitrogen) to
minimize fading. Image acquisition was carried out with a Nikon
Microphot-SA microscope equipped with a CCD camera (Photometrics,
Tucson, AZ).

Cleavage assays of potential keratinocyte substrates. Protein substrates
for cleavage assays were prepared by in vitro expression using the TnT
system (Promega, Madison, WI). TnT assays were performed in the
presence of 25 pCi **S[methionine] (Redivue, >1000 Ci/mmol; Amersham
Biosciences, Piscataway, NJ) using a plasmid encoding the C-terminal
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domain of desmoglein-1 (gift of Dr. K. Green, Northwestern University
School of Medicine [28]) and human lamin B2 (full-length cDNA clone
obtained from Open Biosystems, Huntsville, AL) as recommended by the
manufacturer. The caspase-3 substrate vimentin was also expressed in vi-
tro and utilized as a positive control for the in vitro cleavage assay [29].
Cleavage assays were carried out for 3 hr at 37 °C in 50 pl in the presence
or absence of caspase-3 enzyme (1 U/assay) or recombinant caspase-14
(300 ng/assay) in caspase buffer or citrate buffer, as described above.
Cleavage products were separated by SDS/PAGE, and the gels washed,
dried, and autoradiographed.

Results

Expression and purification of reverse human caspase-14
from E. coli

We initially attempted to generate active caspase-14 by
overexpression of the complete polypeptide chain, i.e.,
the normal zymogen procaspase, in E. coli. Procaspase-
14 showed little or no processing to large and small sub-
units in E. coli, and purified protein did not cleave syn-
thetic caspase substrates (data not shown). Similar
findings have been reported by others [15,16]. Therefore,
we adopted the reverse-engineering approach to produce
active caspase-14, a method that was previously used to
generate active forms of other short prodomain caspases
[19,30].

Two versions of reverse human caspase-14, denoted
the V-form and K-form, were constructed and expressed
in E. coli. We engineered these two forms in order to
reproduce the strategy of the earlier study with cas-
pase-3 [19]. The V-form contains an additional four ami-
no acids, VMVI, at the N-terminus (Table 1). This
sequence constitutes the last four amino acids of the
large subunit and was added to mimic the proform
and/or enhance the stability of the enzyme. The recombi-
nant proteins were purified from E. coli by two rounds
of nickel chelate affinity chromatography, followed by
anion exchange chromatography on Vivapure ion
exchange columns. The resulting enzyme was >80%
pure, as judged by visualization of proteins after SDS/
PAGE, and immunoblot analysis with antibodies direct-
ed against the hexahistidine tag (Fig. 2). For most cas-
pase assays, recombinant protein eluting with 75—
100 mM imidazole was used, as this concentration gave
a good yield of hRev-C14 of high purity.

Determination of substrate specificity of caspase-14 by
positional scanning of tetrapeptide libraries

In initial studies we determined that the V- and K-
forms of reverse caspase-14 cleaved commercial tetrapep-
tide substrates, in particular WEHD, which is a model
substrate for group I caspases, e.g., caspase-5 (Fig. 4).
To examine the precise substrate specificity of reverse
human caspase-14, PS-SCL (positional scanning of syn-
thetic combinatorial libraries) was utilized [23,24,31].
Two different tetrapeptide libraries were profiled; one

A M FT 70 70 75 75

Anti-his6

60 70

Fig. 2. Expression and purification of reverse caspase-14 from E. coli. (A)
Affinity purification of the V-form of reverse caspase-14 from E. coli.
Coomassie brilliant blue-stained gel shows recombinant protein that elutes
from a Ni*"-affinity resin with 70-75 mM imidazole, and an immunoblot
with anti-histidine antibody (Anti-his6). FT, flowthrough. (B) Purification
of K-form of reverse caspase-14 on a Ni**-affinity column. Silver-stained
SDS gel shows purified K-form of Rev-hC14 that elutes with 60-120 mM
imidazole. Numbers above each lane represent the imidazole concentra-
tion (mM) present in each sample prior to desalting.

to determine the P1 specificity and a second one to deter-
mine the P2-P4 subsite specificities (see Materials and
methods). The P1 position adjacent to the fluorogenic
leaving group showed a relatively strict requirement for
aspartic acid (D), as expected for a caspase (Fig. 3). A
small amount of cleavage was seen when a glutamic acid
(E) was at the Pl position. The P2 and P3 position dis-
played a much broader preference, with the P3 position
preferring a charged residue (e.g., serine, alanine, glutam-
ic, and aspartic acid) to a hydrophobic residue. The P4
position exhibited a preference for aromatic or aliphatic
amino acids, e.g., tryptophan and tyrosine, with weaker
activity shown with leucine and isoleucine (Fig. 3). Over-
all, a consensus consisting of W/Y-X-X-D approximates
the cleavage specificity of the reverse caspase-14. Both
the V-form (data shown in Fig. 3) and K-form (that
lacks the VMVI tetrapeptide at the N-terminus) showed
the same pattern of substrate preference in PS-SCL
experiments (data not shown).

To confirm the results obtained with the positional
scanning experiments, we performed a series of cleavage
assays in high salt/citrate (‘“kosmotrophic™) buffer using
the synthetic caspase substrates YVAD, DEVD, and
WEHD, and LEHD. The highest cleavage activity was
seen with WEHD, consistent with the PS-SCL results
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Fig. 3. Substrate profiling of reverse human caspase-14. Rev-hC14 (V-form) was incubated in high salt citrate buffer (see Materials and methods) and the
substrate specificity determined by profiling against two libraries of AFC-tagged tetrapeptide substrates arrayed in 96-well plates. The mean activity is
shown as a percentage of the maximum hydrolysis rate observed, +1 SD, for each amino acid at each of the P4-P1 positions. The amino acids are

represented by the one letter abbreviations. n represents norleucine.
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Fig. 4. Activity of the V-form of reverse caspase-14 against caspase
substrates. Assays were performed as described under Materials and
methods using either 400 ng of recombinant caspase-14 or 1 U of
commercial enzyme. For each substrate, reverse caspase-14 and commer-
cial enzyme were assayed in the presence or absence of zVAD-fmk
(100 uM). The commercial enzymes used were: caspase-1 (YVAD),
caspase-3 (DEVD), caspase-5 (WEHD), and caspase-9 (LEHD). Each
data point represents the results of at least three different enzyme assays
(range = 3-14 assays/data point). Results are presented as relative
fluorescent units (RFU) +1 SD of the mean.

(Fig. 4). The WEHD’ase activity could be blocked with
the pan-caspase inhibitor zVAD-fmk. Lower activities
were seen with YVAD and LEHD (22% and 11.8% of
the relative activity seen with WEHD), while almost no
cleavage activity was seen using the caspase-3 substrate
DEVD. Reverse caspase-14 exhibited no detectable activ-
ity against these substrates in a universal caspase buffer,
demonstrating a requirement for kosmotrophic (high
salt) conditions for enzymatic activity, as reported previ-
ously [16].

The reverse caspase-14 is active in transfected mammalian
epithelial cells

To determine whether reverse caspase-14 was stable and
active in mammalian cells, we transfected COS-7 cells with
hRev-C14 ¢cDNAs and measured caspase cleavage activity
using the substrate WEHD. Cells transfected with the V-
or K-forms of reverse caspase-14 showed similar levels of
WEHD’ase activity, and this cleavage activity could be
inhibited in vitro using zZVAD-fmk (Fig. 5A). Western anal-
ysis confirmed the presence of reverse caspase-14 in cell
lysates, with no evidence of proteolytic processing
(Fig. 5B). These results show that the reverse caspase-14 is
active when expressed in cultured mammalian cells. Immu-
nofluorescence staining demonstrated that the reverse cas-
pase-14 protein was present in both the cytoplasm and
nucleus of hRev-C14 expressing cells. Further, cells express-
ing the active caspase-14 enzyme showed normal cell adher-
ence to the substratum, and normal cell shape and nuclear
integrity (data not shown). This is in accordance with studies
demonstrating that caspase-14 expression and activation in
stratified epithelia is not associated with apoptosis, as mea-
sured by caspase-3 activation or TUNEL assay [11,32,33].

We attempted to perform similar assays of transfected
mammalian cells using YVAD-AFC as a substrate. Howev-
er, both COS-7 cells and rat epidermal keratinocytes exhib-
ited high levels of endogenous YVAD’ase activity, and
therefore we were unable to carry out these studies. The
endogenous YVAD’ase present in these cells was not inhib-
ited by zVAD-fmk, and hence may represent a cathepsin-like
activity [34].

Discussion

Caspase-14 is a member of the caspase family of
endoproteinases and shows strong expression in epithelial
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Fig. 5. Expression and activity of reverse caspase-14 in COS-7 cells. COS-
7 cells were transfected with the V- and K-forms of reverse caspase-14, and
cells were harvested for caspase assay, and SDS/PAGE and immunoblot.
(A) WEHDase activity of reverse caspase-14 expressed in COS cells. The
results show WEHD’ase activity in: control, untreated cells; pcDNA3,
cells transfected with pcDNA3; V-form, cells transfected with V-form of
reverse caspase-14 cDNA; K-form, cells transfected with K-form of
reverse caspase-14 cDNA. Results (RFU) are presented, normalized per
mg of total cell protein. These data are representative of three separate
experiments. (B) Immunoblot of cell extracts with caspase-14 MK94
antibody. Caspase-14 is expressed in transfected extracts (V- and K-forms,
arrow), but was not detectable in cells that were untransfected (Con), or
transfected with pcDNA3. HE represents a human foreskin epidermal
extract, showing the presence of procaspase-14 (~30 kDa, star) and the
processed large subunit (16 kDa).

keratinocytes and a small number of other cell types
(reviewed in [10,12]). Evidence from several laboratories
has demonstrated that caspase-14 activation is associated
with differentiation or terminal differentiation, rather than
apoptosis [8,11,32,33]. However, in vitro studies of cas-
pase-14 activity and function have been hampered by the
difficulty of obtaining active caspase-14 by normal recom-
binant approaches. In this study, we used a reverse engi-
neering approach to produce a constitutively active form
of caspase-14 in bacteria and mammalian cells. The reverse
caspase-14 did not show any processing in either system,
presumably because the normal processing site defined in
a previous study [18] was divided between the N- and C-
termini in the reverse-engineered protein (Fig. 1).

We utilized the recombinant reverse caspase-14 to deter-
mine its substrate specificity using positional scanning of
tetrapeptide libraries. Caspase-14 was shown to prefer a

substrate with the consensus sequence W (or Y)-X (P3)-X
(P2)-D. The P1 position shows a relatively strict require-
ment for aspartic acid (D), with other positions showing
more flexibility. The P4 position exhibited a preference
for aromatic or aliphatic amino acids, e.g., tryptophan
and tyrosine, with weaker activity shown with leucine
and isoleucine (Fig. 3). Our results are in agreement with
the findings of a previous report on the substrate preference
of human caspase-14 (W/Y-X-X-D; [16]). In this previous
study, procaspase-14 purified from E. coli was activated
by proteolytic cleavage with granzyme B or calpain I fol-
lowed by assay of the purified subunits in a kosmotrophic
high salt buffer containing 1.1 M sodium citrate. Unlike the
previous study, the reverse-engineered enzyme utilized here
did not require any in vitro cleavage for activity and exhib-
ited a similar substrate preference. Caspase-14 extracted
from the stratum corneum of human epidermis also shows
a strong preference for WEHD, with a lower amount of
cleavage seen with YVAD, and negligible activity against
DEVD [35]. These results using enzyme isolated from
human epidermis parallel our own with recombinant
human caspase-14 enzyme.

Our combined studies demonstrate that caspase-14 has a
substrate preference similar to the group I caspases, that
include caspase-1, -4, and -5, which cleave and activate
cytokines including IL-1B and IL-18 [3]. Caspase-14
showed the highest activity against the synthetic commer-
cial substrate WEHD, which is a preferred substrate for
caspase-1 and -5. A robust WEHD’ase activity is also
observed when the reverse caspase-14 was expressed in
mammalian cells (Fig. 5). This activity is attributable to
the exogenous caspase-14, as only a low level of endoge-
nous WEHD ase activity is observed in control transfected
cells, and the WEHD’ase activity observed in cells transfec-
ted with caspase-14 was inhibited with zVAD-fmk.

At present, the in vivo substrate(s) of caspase-14 is
unknown. The pro-apoptotic Bcl-2 protein Bid, a normal
substrate of caspase-8, is a substrate of caspase-14 in vitro
[16], but this substrate has not been verified in vivo. The
apoptosis-inducing caspase, caspase-15, also cleaves Bid
in vitro [5]. In this study, we examined a number of kerati-
nocyte proteins as potential caspase-14 substrates. These
candidate substrates were either recombinant proteins pro-
duced in E. coli or expressed from a sequence-validated
c¢DNA construct using the TnT in vitro transcription/trans-
lation system. These candidate substrates included desmog-
lein 1, which is cleaved in the C-terminal keratin-binding
region by caspase-3 [28] and two forms of recombinant peri-
plakin purified from bacteria. Periplakin is cleaved by casp-
ases during keratinocyte apoptosis [36]. Neither desmoglein
1 nor periplakin were cleaved by reverse caspase-14 in vitro
([37] and data not shown). We also tested vimentin tetra-
mers, assembled vimentin IF, keratin 8/18, keratin 5/14,
and lamin B2, all of which are known to be caspase
substrates [29,38,39]. In each case, the intermediate filament
proteins were produced in E. coli and purified [40] prior to
carrying out the cleavage assays with reverse caspase-14.
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None of these intermediate filament proteins, in either the
assembled or unassembled form, showed any detectable
cleavage by caspase-14 under several different assay condi-
tions (A. Kalinin et al., unpublished results). Lamin B2, a
known substrate of executioner caspases during apoptosis
[39], also was not cleaved by reverse caspase-14. Thus, the
substrate(s) of caspase-14 remain to be identified. That
reverse caspase-14 does not cleave structural elements of
the cell including keratins, lamins, and some cell adhesion
components (desmoglein 1, periplakin) is consistent with
our observation that cultured cells expressing active cas-
pase-14 showed normal cell adherence and morphology.
These findings suggest that this protease participates in very
specific proteolytic events in keratinocytes, rather than act-
ing as a more general initiator or promoter of the terminal
differentiation/cell death pathway in stratified epithelia.

In summary, we have utilized a reverse engineering
approach to produce human caspase-14 that is active
without proteolytic processing. The recombinant enzyme
shows many of the properties of caspase-14 produced by
other methods [16], including a similar substrate prefer-
ence and inhibition by the pan-caspase inhibitor zVAD-
fmk. The reverse-engineered enzyme can be stably
expressed in mammalian COS cells and cleaves synthetic
caspase substrates. The reverse engineering approach
should facilitate the search for caspase-14 substrates
using expression cloning strategies with cDNA libraries
[29] or other methods.

Acknowledgments

This work was funded by Grants ROl AR 49183
(R.B.P.) and CA72006 (C.S.C.) from the National Insti-
tutes of Health, and the Odland Endowment Fund of the
Division of Dermatology, University of Washington
(M.K.K.). We thank Dr. A. Kalinin (NIAMS, NIH) for
performing the caspase-14 cleavage assays with purified
intermediate filament proteins and periplakin.

References

[1] N.A. Thornberry, Y. Lazebnik, Caspases: enemies within, Science 281
(1998) 1312-1316.

[2] W.C. Earnshaw, L.M. Martins, S.H. Kaufmann, Mammalian casp-
ases: structure, activation, substrates, and functions during apoptosis,
Annu. Rev. Biochem. 68 (1999) 383-424.

[3] M. Garcia-Calvo, E.P. Peterson, D.M. Rasper, J.P. Vaillancourt, R.
Zamboni, D.W. Nicholson, N.A. Thornberry, Purification and
catalytic properties of human caspase family members, Cell Death
Differ. 6 (1999) 362-369.

[4] J.B. Denault, G.S. Salvesen, Caspases: keys in the ignition of cell
death, Chem. Rev. 102 (2002) 4489-4500.

[5] L. Eckhart, C. Ballaun, A. Uthman, C. Kittel, M. Stichenwirth, M.
Buchberger, H. Fischer, W. Sipos, E. Tschachler, Identification and
characterization of a novel mammalian caspase with proapoptotic
activity, J. Biol. Chem. 280 (2005) 35077-35080.

[6] S.S. Metkar, B. Wang, M.L. Ebbs, J.H. Kim, Y.J. Lee, S.M. Raja,
C.J. Froelich, Granzyme B activates procaspase-3 which signals a
mitochondrial amplification loop for maximal apoptosis, J. Cell Biol.
160 (2003) 875-885.

[7] N. Bizat, J.M. Hermel, S. Humbert, C. Jacquard, C. Creminon, C.
Escartin, F. Saudou, S. Krajewski, P. Hantraye, E. Brouillet, In vivo
calpain/caspase cross-talk during 3-nitropropionic acid-induced stri-
atal degeneration: implication of a calpain-mediated cleavage of
active caspase-3, J. Biol. Chem. 278 (2003) 43245-43253.

[8] M.K. Kuechle, H.M. Predd, P. Fleckman, B.A. Dale, R.B. Presland,
Caspase-14, a keratinocyte specific caspase: mRNA splice variants
and expression pattern in embryonic and adult mouse, Cell Death
Differ. 8 (2001) 868-870.

[9]1 S. Lippens, C. VandenBroecke, E. Van Damme, E. Tschachler, P.
Vandenabeele, W. Declercq, Caspase-14 is expressed in the epidermis,
the choroid plexus, the retinal pigment epithelium and thymic
Hassall’s bodies, Cell Death Differ. 10 (2003) 257-259.

[10] T.R. Hathaway, M.K. Kuechle, Apoptosis and cutaneous biology,
Adv. Dermatol. 18 (2002) 287-311.

[11] S. Lippens, M. Kockx, M. Knaapen, L. Mortier, R. Polakowska, A.
Verheyen, M. Garmyn, A. Zwijsen, P. Formstecher, D. Huylebroeck,
P. Vandenabeele, W. Declercq, Epidermal differentiation does not
involve the pro-apoptotic executioner caspases, but is associated with
caspase-14 induction and processing, Cell Death Differ. 7 (2000)
1218-1224.

[12] L. Alibardi, M. Dockal, C. Reinisch, E. Tschachler, L. Eckhart,
Ultrastructural localization of caspase-14 in human epidermis, J.
Histochem. Cytochem. 52 (2004) 1561-1574.

[13] M. Krajewska, R.E. Rosenthal, J. Mikolajczyk, H.R. Stennicke, T.
Wiesenthal, J. Mai, M. Naito, G.S. Salvesen, J.C. Reed, G. Fiskum,
S. Krajewski, Early processing of Bid and caspase-6, -8, -10, -14 in the
canine brain during cardiac arrest and resuscitation, Exp. Neurol. 189
(2004) 261-279.

[14] D.W. Kam, A.K. Charles, A.M. Dharmarajan, Caspase-14 expres-
sion in the human placenta, Reprod. Biomed. Online 11 (2005) 236—
243.

[15] M. Ahmad, S.M. Srinivasula, R. Hegde, R. Mukattash, T. Fernan-
des-Alnemri, E.S. Alnemri, Identification and characterization of
murine caspase-14, a new member of the caspase family, Cancer Res.
58 (1998) 5201-5205.

[16] J. Mikolajczyk, F.L. Scott, S. Krajewski, D.P. Sutherlin, G.S.
Salvesen, Activation and substrate specificity of caspase-14, Bio-
chemistry 43 (2004) 10560-10569.

[17] M. Van de Craen, G. Van Loo, S. Pype, W. Van Criekinge, I. Van den
brande, F. Molemans, W. Fiers, W. Declercq, P. Vandenabeele,
Identification of a new caspase homologue: caspase-14, Cell Death
Differ. 5 (1998) 838-846.

[18] A.J. Chien, R.B. Presland, M.K. Kuechle, Processing of native
caspase-14 occurs at an atypical cleavage site in normal epidermal
differentiation, Biochem. Biophys. Res. Commun. 296 (2002) 911-
917.

[19] S.M. Srinivasula, M. Ahmad, M. MacFarlane, Z. Luo, Z. Huang, T.
Fernandes-Alnemri, E.S. Alnemri, Generation of constitutively active
recombinant caspases-3 and -6 by rearrangement of their subunits, J.
Biol. Chem. 273 (1998) 10107-10111.

[20] R.B. Presland, M. Tomic-Canic, S.P. Lewis, B.A. Dale, Regulation
of human profilaggrin promoter activity in cultured epithelial cells
by retinoic acid and glucocorticoids, J. Dermatol. Sci. 27 (2001)
192-205.

[21] R.B. Presland, J.A. Bassuk, J.R. Kimball, B.A. Dale, Characteriza-
tion of two distinct calcium-binding sites in the amino-terminus of
human profilaggrin, J. Invest. Dermatol. 104 (1995) 218-223.

[22] M. Garcia-Calvo, E.P. Peterson, B. Leiting, R. Ruel, D.W. Nichol-
son, N.A. Thornberry, Inhibition of human caspases by peptide-
based and macromolecular inhibitors, J. Biol. Chem. 273 (1998)
32608-32613.

[23] Y. Choe, F. Leonetti, D.C. Greenbaum, F. Lecaille, M. Bogyo, D.
Bromme, J.A. Ellman, C.S. Craik, Substrate profiling of cysteine
proteases using a combinatorial peptide library identifies functionally
unique specificities, J. Biol. Chem. 281 (2006) 12824-12832.

[24] J.L. Harris, B.J. Backes, F. Leonetti, S. Mahrus, J.A. Ellman, C.S.
Craik, Rapid and general profiling of protease specificity by using



948 K. Park et al. | Biochemical and Biophysical Research Communications 347 (2006) 941-948

combinatorial fluorogenic substrate libraries, Proc. Natl. Acad. Sci.
USA 97 (2000) 7754-7759.

[25] P.V. Haydock, C. Blomquist, S. Brumbaugh, B.A. Dale, K.A.
Holbrook, P. Fleckman, Antisense profilaggrin RNA delays and
decreases profilaggrin expression and alters in vitro differentiation
of rat epidermal keratinocytes, J. Invest. Dermatol. 101 (1993) 118-
126.

[26] R.B. Presland, M.K. Kuechle, S.P. Lewis, P. Fleckman, B.A. Dale,
Regulated expression of human filaggrin in keratinocytes results in
cytoskeletal disruption, loss of cell-cell adhesion, and cell cycle arrest,
Exp. Cell Res. 270 (2001) 199-213.

[27] M.K. Kuechle, C.D. Thulin, R.B. Presland, B.A. Dale, Profilaggrin
requires both linker and filaggrin peptide sequences to form granules:
implications for profilaggrin processing in vivo, J. Invest. Dermatol.
112 (1999) 843-852.

[28] R.L. Dusek, S. Getsios, F. Chen, J.K. Park, E.V. Amargo, V.L.
Cryns, K.J. Green, The differentiation-dependent desmosomal cad-
herin desmoglein 1 is a novel caspase-3 target that regulates apoptosis
in keratinocytes, J. Biol. Chem. 281 (2005) 3614-3624.

[29] Y. Byun, F. Chen, R. Chang, M. Trivedi, K.J. Green, V.L. Cryns,
Caspase cleavage of vimentin disrupts intermediate filaments and
promotes apoptosis, Cell Death Differ. 8 (2001) 443-450.

[30] R. Araya, R. Takahashi, Y. Nomura, Yeast two-hybrid screening
using constitutive-active caspase-7 as bait in the identification of
PA28gamma as an effector caspase substrate, Cell Death Differ. 9
(2002) 322-328.

[31] B.J. Backes, J.L. Harris, F. Leonetti, C.S. Craik, J.A. Ellman,
Synthesis of positional-scanning libraries of fluorogenic peptide
substrates to define the extended substrate specificity of plasmin
and thrombin, Nat. Biotechnol. 18 (2000) 187-193.

[32] L. Eckhart, W. Declercq, J. Ban, M. Rendl, B. Lengauer, C. Mayer,
S. Lippens, P. Vandenabeele, E. Tschachler, Terminal differentiation
of human keratinocytes and stratum corneum formation is associated

with caspase-14 activation, J. Invest. Dermatol. 115 (2000) 1148-
1151.

[33] H. Fischer, H. Rossiter, M. Ghannadan, K. Jaeger, C. Barresi, W.
Declercq, E. Tschachler, L. Eckhart, Caspase-14 but not caspase-3 is
processed during the development of fetal mouse epidermis, Differ-
entiation 73 (2005) 406-413.

[34] J. Rozman-Pungercar, N. Kopitar-Jerala, M. Bogyo, D. Turk, O.
Vasiljeva, 1. Stefe, P. Vandenabeele, D. Bromme, V. Puizdar, M.
Fonovic, M. Trstenjak-Prebanda, 1. Dolenc, V. Turk, B. Turk,
Inhibition of papain-like cysteine proteases and legumain by caspase-
specific inhibitors: when reaction mechanism is more important than
specificity, Cell Death Differ. 10 (2003) 881-888.

[35] H. Fischer, M. Stichenwirth, M. Dockal, M. Ghannadan, M.
Buchberger, J. Bach, A. Kapetanopoulos, W. Declercq, E. Tschach-
ler, L. Eckhart, Stratum corneum-derived caspase-14 is catalytically
active, FEBS Lett. 577 (2004) 446-450.

[36] S. Aho, Plakin proteins are coordinately cleaved during apoptosis but
preferentially through the action of different caspases, Exp. Dermatol.
13 (2004) 700-707.

[37] A.E. Kalinin, M. Aho, J. Uitto, S. Aho, Breaking the connection:
caspase 6 disconnects intermediate filament-binding domain of
periplakin from its actin-binding N-terminal region, J. Invest.
Dermatol. 124 (2005) 46-55.

[38] R.G. Oshima, Apoptosis and keratin intermediate filaments, Cell
Death Differ. 9 (2002) 486-492.

[39] N. Korfali, S. Ruchaud, D. Loegering, D. Bernard, C. Dingwall, S.H.
Kaufmann, W.C. Earnshaw, Caspase-7 gene disruption reveals an
involvement of the enzyme during the early stages of apoptosis, J.
Biol. Chem. 279 (2004) 1030-1039.

[40] K.C. Wu, J.T. Bryan, M.I. Morasso, S.I. Jang, J.H. Lee, J.M. Yang,
L.N. Marekov, D.A. Parry, P.M. Steinert, Coiled-coil trigger motifs
in the 1B and 2B rod domain segments are required for the stability of
keratin intermediate filaments, Mol. Biol. Cell 11 (2000) 3539-3558.



	Expression and characterization of constitutively active human caspase-14
	Materials and methods
	Results
	Expression and purification of reverse human caspase-14 from E. coli
	Determination of substrate specificity of caspase-14 by positional scanning of tetrapeptide libraries
	The reverse caspase-14 is active in transfected mammalian epithelial cells

	Discussion
	Acknowledgments
	References


