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ABSTRACT:. Caspase-14 is a developmentally regulated and tissue restricted member of the caspase family
present in mammals. It is mainly found in epidermal keratinocytes and has been hypothesized to be involved
in a tissue-specific form of cell senescence, leading to the differentiation of keratinocytes that form the
cornified cell layer. However, the substrate specificity, activation mechanism, and function of this caspase
have yet to be revealed. We report that caspase-14, in contrast to other caspases, is not produced in active
form following expression ifEscherichia colbut can be activated by high concentrations of kosmotropic

salts. Moreover, proteolytic cleavage is also required since the kosmotropic salts were only effective on
the cleaved enzyme. We propose that caspase-14 requires proteolytic cleavage within the catalytic domain,
followed by dimerization and ordering of mobile active site loops, to generate a competent enzyme. In
the presence of kosmotropic salt, we were able to determine the substrate specificities of mouse and
human caspase-14. Surprisingly, the substrate preferences for the human and mouse enzyme are dissimilar.
The results obtained with human caspase-14 classify this enzyme as a cytokine activator, but the mouse
enzyme shows preferences similar to apical apoptotic caspases.

Caspases constitute a family of cysteine proteases with atightly regulated process where the keratinocytes transition
stringent preference for cleaving their substrates after aspartidfrom undifferentiated, proliferating cells through the termi-
acid residues. In humans, caspases-1, -4, and -5 participat@ally differentiated cells finally resulting in senescence or
in the intracellular activation of the pro-inflammatory cy- cell death. Dead keratinocytes (corneocytes) form the outer-
tokines IL15 and IL18, whereas caspases-2, -3, -6, -7, -8, most layer of the epidermis). Several reports have indi-

-9, and -10 specialize in the induction and execution of the cated that expression and processing of caspase-14, initially
apoptotic cell death program (reviewed in réfand?2). All identified in mice as a developmentally regulated gene
caspases by definition contain a conserved catalytic domain,product @—11), is involved in this tissue-specific nonapo-
but they vary significantly in the length and composition of ptotic cell death events( 7, 19.

their N-terminal prodomains. Long prodomain caspases have On the basis of phylogenetic analysis the catalytic domain
N-terminal protein interaction modules that direct recruitment of caspase-14 is most closely related to the cytokine activator
to multiprotein activation platforms (reviewed in redsand caspases-1, -4, and -3)( However, in contrast to these

4). 1t is within these platforms that the caspase zymogens caspases, caspase-14 has a very short prodomain, which is
undergo proximity-induced activation, upon which they are more characteristic of the effector caspases. On these
competent to cleave their target substrates. Current theorygrounds, we hypothesize that caspase-14 has a substrate spe-
suggests that the zymogens of long prodomain caspases areificity similar to the cytokine activators, but an activation
monomeric with dimerization within the activation platforms mechanism similar to the apoptotic effectors, presumably re-
being the essential event that triggers their latent activity. In quiring proteolysis for activation. Indeed, cleavage of
contrast to the long prodomain caspases, the zymogens otaspase-14 during keratinocyte differentiation has been ob-
the short prodomain members of the family (caspases-3, -6,served previouslyq, 7, 19 and suggested to represent an
and -7) are already dimeric. These short prodomain, or activation event. To date, however, the substrate specificity
effector, caspases rely on proteolytic cleavage for their and activation mechanism of caspase-14 has yet to be char-
activation (reviewed in ref§ and5). acterized. In this paper, we report the activation mechanism

A third distinct physiologic event in which a mammalian and substrate specificity of human and mouse caspase-14.
caspase appears to be involved is terminal keratinocyte dif- EXPERIMENTAL PROCEDURES

ferentiation 6, 7). Formation of the epidermis is a complex,
Materials Acetylated (Ac) peptidyl fluorogenic 7-amino-

t Supported by NIH Grants NS37878, CA69381 (G.S.S.), and 4-trifluoromethyl-coumarin  (AFC) caspase substrates
NS36821 (S.K.) and a CJ Martin Training Fellowship from NHMRC ~ (Ac-DEVD-AFC, Ac-IETD-AFC, Ac-LEHD-AFC, and
(AUSTtFalla)r:O F.LS. § hould b add 4 Emai Ac-WEHD-AFC) and biotinyl-VAD(OMe)-fluoromethyl ke-

*To whom correspondence snhou e aadressed. -mail: _ _ H H
gsalvesen@burnham.org. Phone: (858) 646 3114. Fax: (858) 713 6274tone (B-VAD FMK) W.ere purchas_eq from MP .Blomedlcals'

#The Burnham Institute. Polyclonal rabbit anti-hemagglutinin (HA) antibodies were

8 Genentech Inc. from Santa Cruz. Polyclonal antisera for caspase-14 were
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generated in rabbits using affinity-purified Higgged mm x 10 mm) gel filtration column in 20 mM Tris, 150

recombinant human caspase-14 full-length protein as im- mM NaCl, 5 mM EDTA buffer (pH 8.0). The samples were
munogen. Human calpain | was obtained from Calbiochem, eluted at a rate of 0.5 mL/min and 0.4 mL fractions were
and granzyme B was a generous gift from Christopher collected for analysis. The column was calibrated prior to

Froelich (Northwestern University). All other chemicals were
from Sigma.
Expression Vectors and Recombinant Protelfer ex-

each run using gel filtration standards from Bio-Rad.
Gel ElectrophoresisSDS-PAGE was performed with
8—18% acrylamide gelsl@). For pore-limit PAGE of native

pression of recombinant protein, full-length human caspase-proteins, 6-28% polyacrylamide gels were prepared and run

14 cDNA was cloned into pET-23t{), and mouse caspase-
14 was cloned into a modified pET-15b expression vec-
tor. Both proteins were expressed Mscherichia coli
BL-21(DE3) and purified through Ri affinity chromatog-

at constant voltage for 14 h with buffer recirculation between
the reservoirs in 50 mM Tris, 7 mM EDTA, 2 mM boric
acid (pH 9.0) 20). For immunoblotting, samples were
transferred to poly(vinylidene difluoride) (PDVF) membrane

raphy. For ectopic expression in mammalian cells, human (Millipore) after electrophoresis. Membranes were blocked
caspase-14 was cloned into the pC4-Fv1E expression vectowith 1% (w/v) bovine albumin in TBS-T (20 mM Tris, pH

(ARIAD Pharmaceuticals, Inc, www.ariad.com). Fv is a
FK506 binding protein domairil@) with a single amino acid
substitution (Phe36Val), which binds with subnanomolar
affinity to the synthetic FK506 derivative AP201874j.
Cloning of the human caspase-14 cDNA into pC4-Fv1E
resulted in a chimeric protein with the Fv domain at the
N-terminus and a HA tag at the C-terminus. For this study,

7.6, 137 mM NaCl with 0.2% (v/v) Tween 20) for 1 h,
immunoblotted with primary antibody overnight at@ in
TBS-T, washed fol h with TBS-T, probed with goat anti-
rabbit Ig HRP (horseradish peroxidase)-conjugated antibody
(Pierce) fo 1 h atroom temperature, washedrft h with
TBS-T and developed with SuperSignal (Pierce).
Enzymatic AssaysRates of substrate hydrolysis were

we mutated Asp79 of the Fv domain to glutamate to prevent monitored using an f-max Molecular Device spectofluorom-
proteolysis by granzyme B. This construct was subcloned eter (Ex= 405 nm, Em= 510 nm) at 37°C using Ac-

to pET-28a and expressed kn coli as an N-terminal His-

tag protein (His-Fv-Caspl14-HA). Some constructs were gen-

WEHD-AFC (0.1 mM) as a substrate except where otherwise
specified. For the preliminary experiments, caspase buffer

erated where the catalytic cysteine of caspase-14 was re{10 mM Pipes, 0.1 M NaCl, 0.1 mM EDTA, 10 mM DTT,

placed with alanine (human Cys132Ala; mouse Cys136Ala).

10% sucrose, 0.1% CHAPS, pH 721}] was supplemented

Mutants were generated by using overlap PCR and were veri-with 1.0 M of the indicated salt. Subsequently, human

fied by sequencing. Recombinant Cys2Ala mutant of bacu-

lovirus p35 and mouse Bid proteins were expressef.in
coli as describedl, 1. The recombinant granzyme B in-
hibitor anti-GraB was expressedfh coli as describedl(7).
Tissue Culture and Transfection Conditionsluman
embryonic kidney 293A cells (QBI-HEK-293, QBiogene,

caspase-14 assays were performed with 1.1 M sodium citrate,
100 mM Hepes, 60 mM NacCl, 0.01% CHAPS, 5 mM DTT,
(pH 7.0), and the mouse caspase-14 buffer was 1.1 M sodium
citrate, 100 mM MES, 60 mM NacCl, 0.01% CHAPS (pH
6.0). We refer to these as kosmotropic buffer, and where
appropriate, the final concentration of sodium citrate in the

Montreal, Canada) and epidermoid carcinoma A-431 cells buffer was varied. Prior to assay, samples were incubated
were cultured in DME medium, while human breast cancer for 15 min at 37°C in the kosmotropic buffer. Specific

MCF-7 cells were propagated in RPMI 1640 medium. Media

activities of caspase-14 on individual synthetic substrates

were supplemented with 10% heat-inactivated fetal bovine were determined aé./Km. For Ac-DEVD-AFC, it was not

serum, 2 mML-glutamine, 100 units/mL penicillin, and 50
ug/mL streptomycin. Cells at 80% confluence were trans-

fected using FUGENEG (Roche Applied Science) according

to manufacturer’s instruction. Artificial skin tissue was
purchased from MatTek, Corp. mRIPA buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5%

deoxycholic acid, 0.1% SDS) was used to obtain cell extracts

from keratinocytes cells (A-431 cells and skin samples).
Extracts of 293A and MCF-7 cells were prepared by swelling
cells in ice-cold hypotonic buffer (50 mM Pipes, pH 7.4, 50
mM KCI, 5 mM EGTA, 2 mM MgCh, 1 mM DTT) for 30
min followed by cell disruption and clarification at 15 000
x g for 30 min (L8). Protein concentration was determined

using Coomasie Plus protein assay (Pierce Chem. Co.

Rockford, IL).
Gel Filtration. Recombinant proteins and cell lysates were

possible to determin&,. In this case, for [SK Ky, the
Michaelis-Menten equation,

Vo = Vil SV/(Kiy + [S])
simplifies to
Vo = (Vina/Kin)[S]

and theVnya/Kn value can be obtained from the slope of
linear plots of initial velocity Yo) versus substrate concentra-
tion, [S] (22).

Affinity Labeling of Caspase-1/Recombinant caspase-

,14 was activated in kosmotropic buffer for 15 min at°®7,

and 100 nM B-VAD-FMK was added for 10 min at 3T.
Samples were precipitated with 10% trichloroacetic acid for

separated using an Amersham-Pharmacia Superdex 200 (3080 min at 4C, washed with ice-cold acetone, dissolved in

1 Abbreviations: Ac, acetyl; AFC, 7-amino-4-trifluoromethyl-cou-
marin; B-VAD-FMK, biotinyl-VAD(OMe)-fluoromethyl ketone; AMC,
7-amino-4-methyl-coumarin; HA, hemagglutinin epitope tag; PIPES,
1,4-piperazinediethanesulfonic acid; PDVF, poly(vinylidene difluoride);
CHAPS, 3-[(3-cholamido-propyl)dimethylammoniol]-1-propanesulfonic
acid; MES, 2-N-morpholino)ethanesulfonic acid; HRP, horseradish
peroxidase; RFU, relative fluorescence units; TCA, trichloroacetic acid.

SDS sample buffer, resolved by SBBAGE, and blotted
to PDVF membrane. Labeled proteins were visualized with
streptavidin-HRP (10 ng/mL, Sigma).

N-Terminal Sequencing of Protein SampkRtein samples
were resolved by SDSPAGE and transferred to poly-
(vinylidene difluoride) membrane by electroblotting. The
membrane was briefly stained in Coomassie Brilliant Blue



10562 Biochemistry, Vol. 43, No. 32, 2004 Mikolajczyk et al.

A human mouse
120 120
80+ 80
P4
40 401
4 0
12% 120
804 80
P3
40 40
0 n
120 120
80 80
P2
40 40 4
UAMDEFGHIKLMNPQRSTVWY OAdADEFGH | KLMNPQRST VWY

103 x VK, (sec)
e
104 x V,, /K, (sec)

a4
WEHD IETD LEHD DEVD WEHD IETD LEHD DEVD

Ficure 1: Substrate specificities of caspase-14. In part A, Recombinant caspase-14 was incubated in the presence of 1.1 M sodium citrate
and assayed with a positional scanning substrate library with P1 fixed at aspartic acig.aXiseis the hydrolysis rate presented as a
percentage of the maximal rate observed. Xlagis provides the positionally definedamino acid (single letter code, dAisalanine). In

part B, Vma)/Km values were obtained for mouse and human caspase-14 with indicated synthetic fluorogenic substrates.

a4

R250. Appropriate bands were excised and sequenced byariety of salts to determine whether this phenomenon would
Edman degradation at the Eastern Quebec Proteomics Coralso apply to caspase-14. Indeed, caspase-14 activity was

Facility. induced in the presence of high concentrations of sodium
citrate, sodium sulfate, ammonium citrate, and ammonium
RESULTS sulfate. Highest activity was seen in sodium citrate, and a

Kosmotropic Salts Actate Recombinant Caspase:14 prel_iminary titration revealed that maximl_Jm activity was
Upon expression of catalytic domains B coli, all other achieved above 1.0 M. Consequently, in characterizing
human caspases that we have analyzed (caspases-3, -6, _«7§isp§1§e-14, we ut|I|zeq 1_.1 M so_dlu_m_cnrate unless otherwise
-8, -9, and -10) undergo autolytic processing to generate largeSPecified. Enzyme activity was inhibited by Z-VAD-FMK,
and small subunits of the catalytic unl 23, 24. Their and recombinant caspase-14 catalytic mutant (human
autolytic processing is a signature of proteolytic activity that Cys132Ala and mouse Cys136Ala) was not active in the
occurs under the unusually high concentrations of expressionPresence of kosmotropic salts.
in E. coli. Unlike these caspases, recombinant human and Determination of Caspase-14 Specificiffo examine
mouse caspase-14 is obtained as a full-length protein irre-substrate specificity of caspase-14 systematically, we em-
spective of expression conditions (Figure 4A). The purified ployed a positional scanning substrate library with the general
protein has no protease activity in the caspase assay buffestructure Ac-X-X-X-Asp-AMC (where X is a mixture of
tested against variety of synthetic fluorogenic caspase sub-amino acids) that explores preferences in the S2, S3, and S4
strates or other substrates containing arginine, lysine, or leu-extended subsites26, 3Q. Significantly, the substrate
cine in the P1 position (not shown). The absence of pro- preferences for human and mouse caspase-14 were not
cessing or activity of caspase-14 indicates that this proteasedentical (Figure 1A). Subsites S2 and S3 appeared similar,
zymogen is not amenable to proximity induced activation but the S4 subsite differed substantially between the two
and that activation of its latent form is stringently controlled. enzymes. While the human enzyme has a requirement for

It has been reported that protease activity can be signifi- tryptophan or tyrosine, the mouse enzyme is more broadly
cantly enhanced in the presence of salts that tend to ordertolerant with almost equal preferences towgrthranched
protein structureskosmotropic salts25—29). We tested a  and aromatic amino acids.
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p35C2A Bid a very poor substrate for both enzymes, in contrast to a
s T+ -T+1+ lae previous study10). Taken together, these data suggest that
| -] -+ - |casp1s human caspase-14 falls into the Thornberry substrate clas-
sification group | 80), which includes the cytokine activator
W caspases-1, -4, and -5, but the mouse enzyme seems to fall

into group IIl, which includes the apoptotic initiator caspas-
es-8 and -9. Positional scanning substrate libraries are useful
e in revealing intrinsic subsite preferences in proteases, but
they do not indicate whether the enzyme has endopeptidase
activity. To test this, we examined cleavage of two well-
Ficure 2: Caspase-14 is an endopeptidase. Two protein substratesestablished caspase substrates, baculovirus p35 and mouse
p35 Cys2Ala (3.0uM) and Bid (5.0uM), were subjected to  Bjq (Figure 2), by caspase-14 that had been processed by

cleavage by caspase-14 (009) in 1.0 M sodium citrate for 1 h -
at 37°C. All reactions contained an equivalent amount of granzyme granzyme B (for a description of the granzyme B cleavage,

B. To ensure that processing is solely due to caspase-14, reaction$€€ later). The former is a caspase inhibitor, and to convert
were supplemented with granzyme B inhibitor (anti-GraB, white it to a pure substrate, we generated the mutant Cys2&)a (
star) at a concentration of 04M. Reactions were stopped by  This mutant was a substrate for caspase-14 with cleavage
precipitation with TCA; products were separated by SIPAGE occurring at the canonical Asp824). Similarly, Bid was

and visualized by staining with Coomasie Blue. Cleavage products ’
indicated by a b)llack sta?were submitted to N-terminaﬂ sgquence cleaved a_t Asps9, the caspase_—8 cleavage 3itg (Fhesg
analysis. data confirm that caspase-14 is an aspartate-specific en-
dopeptidase, a property that it shares with other caspases.
The mixture of sequences in individual assay wells of the Granzyme B activity in the reactions was controlled for by
positional scanning library precludes accurate calculations addition of recombinant anti-GraB, a potent and specific
of catalytic rates. Consequently, we verified the apparent granzyme B inhibitor 17).
distinctions between the mouse and human enzymes by Caspase-14 Is Primarily a Monomer in Solution, and the
comparing their relative specificities on commercial sub- Active Form Is a DimerThe enzymatically active form of
strates that most closely matched the library consensusesll caspases so far examined is a dimer of catalytic domains
(Figure 1B). In agreement with the substrate library, human (reviewed in ref32), and their zymogens are monomeric or
caspase-14 was most efficient on Ac-WEHD-AFC sub- dimeric depending on type. We employed size-exclusion
strate, while the mouse enzyme had an equal preference foichromatography and pore-limit (native) PAGE to assess
Ac-IETD-AFC and -WEHD-AFC (Figure 1B). Ac-DEVD-  whether casapse-14 is a monomer or dimer. Recombinant
AFC, an executioner caspases optimal recognition motif, was protein eluted with a major peak corresponding to a monomer

A
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Ficure 3: Caspase-14 is a monomer. Part A presents the gel filtration analysis of full-length recombinant human caspase-14. The smooth
curve shows the elution profiles (left ordinate, mA® milli-absorbance units at 280 nm), and the shaded area represents the activity
assayed in each fraction (right ordinate). In part B, dimer and monomer species of recombinant caspase-14 isolated by gel filtration and
mRIPA extract of human artificial skin were prepared and electrophoresed in native pore-limit PAGE under nondenaturing conditions.
Dimeric and endogenous caspase-14 were immunoblotted with caspase-14 antibody, and monomeric caspase-14 was visualized by GelCode
Blue staining. Part C presents gel filtration of endogenous caspase-14 from different sources. The upper panel shows the elution profile of
gel filtration standards. Fractions were TCA precipitated and immunoblotted with caspase-14 antibody (lower panel).
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FIGURE 4: In vitro processing of caspase-14. Recombinant caspase-14 (1.2 mg/mL) was incubated with granzyme B (GrB) (0.01 mg/mL)
or calpain | (0.06 mg/mL) fo3 h at 37°C, and cleavage products were analyzed. Part A presents-BRSE analysis; full-length enzyme

and processed fragments are indicated to the right. In part B, a portion of the cleavage mixture was assayed for enzymatic activity (hydrolysis
of Ac-WEHD-AFC) in the presence of 1.1 M sodium citrate. In part C, the sequence of the interchain linker regions of human and mouse
protein is presented with the processing sites identified, compared with the endogenous site from a previou®)stlilg ¢atalytic

cysteine is denoted by a star.

of approximately 29 kDa. Significantly, we did not detect Kkeratinocyte differentiation at a position within the interdo-
any activity in the fractions corresponding to the monomeric main linker that separates these subunit®).(It has also
peak in the presence or absence of 1.1 M citrate (Figure 3A). been reported that the cytotoxic cell serine protease granzyme
However, trace amounts of protein that eluted with a size B and caspases-8 and -10 can process mouse caspdsi:-14 (
equivalent to dimer of approximately 57 kDa contained the Unfortunately, we were unable to replicate the cleavage of
citrate-dependent enzymatic activity. The dimer and mono- caspase-14 by caspases-8 or -10. Therefore we used two
mer status was confirmed by native PAGE (Figure 3B). proteases to process caspase-14, granzyme B and calpain |,
Importantly, endogenous caspase-14 from human artificial since the former is able to activate executioner caspases (
skin or present in human keratinocyte A-431 cells and 33—36) and the latter has been proposed to activate caspase-
MCEF-7 breast carcinoma cells was also determined to be al4 (12). We emphasize that granzyme B probably is not a
monomer by gel filtration (Figure 3C). Pore-limit PAGE physiologic processing enzyme for caspase-14 but is used
analysis of artificial skin confirmed the gel filtration results here as a tool to examine the importance of cleavage in
(Figure 3B). These data are consistent with a model in which caspases activation. Cleavage products were analyzed by
the zymogen form of caspase-14 is a monomer that requiresSDS-PAGE and Edman degradation (Figure 4A) and tested
dimerization for activity. for Ac-WEHD-AFC activity (Figure 4B). Calpain | processed
Caspase-14 Requires Proteolytic Clege To Become  mouse caspase-14; however, it was unable to process the
Active. Proteolytic cleavage at a position separating the large human protein, in agreement with previous findind®)(
and small subunit within the catalytic domain is a mechanism Granzyme B efficiently cleaved human caspase-14, and
typical of the activation of effector caspases. Indeed, caspaseprocessing was also observed with mouse caspase-14, again
14 has previously been demonstrated to be cleaved duringin accordance with previous findingd1). Two identical
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cleavage sites for granzyme B are present in mouse enzyme p
As a result, small subunits with different N-terminal se-
quences were generated (Figure 4A,C). Calpain only pro-
cessed mouse caspase-14. Although lysine is conserved ir
the human protein, the Pland P2 positions are not
conserved, and this may explain the lack of the cleavage in
the human protein by calpain I (Figure 4C).

We next tested whether cleavage would result in a change
in enzyme activity. Significantly, processed caspase-14 did 0
not show any activity when tested in the absence of
kosmotropic salt; however, in the presence of 1.1 M citrate,
we observed a 5080-fold increase in enzymatic activity
(Figure 4B). None of the proteases tested showed any
detectable activity against Ac-WEHD-AFC in the presence
of kosmotropic salt, so all increases in substrate hydrolysis
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are due to activation of caspase-14.

In a second set of experiments, caspase-14 was first
cleaved with granzyme B and then separated by gel filtration
(Figure 5A). Again the majority of the protein eluted as a
monomer, suggesting that cleavage does not induce dimer-
ization. In contrast to the uncleaved enzyme, kosmotrope-
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dependent activity was found in monomeric fractions.
However, this does not imply that caspase-14 is active as a
monomer, because without kosmotrope no activity was
detected. To determine whether monomeric or dimeric
caspase-14 served as the substrate for cIeavage—induceC
activation, we separated them by gel filtration as described
in Figure 3 and subjected each to cleavage by granzyme B
(Figure 5B). Cleavage of the dimer resulted in a decrease of
activity (Figure 5C), presumably due to degradation of the
small subunit (Figure 5B). On the other hand, processing of
the monomer transformed the inactive enzyme into an active o
protease (Figure 5C). Taken together, these results sugges _ | _ | +
that cleavage is required but not sufficient to activate caspase-
14. Significantly, cleavage of caspase-14 did not change theFicure 5: Cleavage of caspase-14 is required for activity. Part A
order of preference for the synthetic substrates. presents gel filtration analysis of recombinant human caspase-14
Caspase-14 Is Acté as a DimerKosmotropic salts can cleaved by granzyme B. The smooth curve shows the elution profile

. . L L . (left ordinate, mAU= milli-absorbance units at 280 nm), and the
have two main effects in activating proteins: overcoming spaded area represents the activity assayed in each fraction (right
kinetic barriers to dimerization26, 26, 29 and ordering

ordinate). Recombinant human caspase-14 was fractionated by gel
active site loops47). To distinguish these events in the

filtration to separate spontaneous dimer from monomer. A portion
activation of caspase-14, we examined the role of dimeriza- O(f) gacr; ;‘g&“e(fgn%héé’vﬁs (Sg)bj\/?/(ggtirtr? &'gfﬁiﬂe b)&g:;?gﬁggem?
tion by employlng_ a system composeq Of CaSpase.'14 fuse casé?se-m antibody an?jl (C) enzyme activity a%a?insyt Ac-WEHD-
to a domain derived from FK506 binding protein. The AFC in the presence of 1.1 M sodium citrate. Granzyme B under
construct is composed of the N-terminal dimerization domain these conditions does not hydrolyze Ac-WEHD-AFC.

fused to human caspase-14 that contains a C-terminal HA

epitope tag for identification purposes, designated His-Fv- These findings suggest that the increase in activity of a
Casp-14-HA (Figure 6A). In the presence of the synthetic cleaved monomer in the presence of AP20187 is due to dimer
dimerizing compound AP20187, constructs containing the formation or stabilization of existing dimers formed in the
binding domain dimerizeld). Control experiments demon-  presence of kosmotrope. To interpret the enzymatic analysis,
strated that only in the presence of AP20187 is the Fv-HA we examined the ability of caspase-14 to incorporate the
domain copurified with chimeric caspase-14. Kosmotrope biotynylated inhibitor B-VAD-FMK in the presence or
did not alter the ability of the synthetic dimerizer to bind absence of AP20187. In agreement with enzymatic analysis,
the Fv domain (Figure 6B). His-Fv-Casp-14-HA recombinant Figure 6D illustrates that only the processed enzyme is active
protein was separated by gel filtration to isolate trace amountsbecause full-length monomer was not able to bind the
of spontaneously occurring dimer. Additionally, a portion inhibitor. Moreover, as expected, the large subunit, which
of the purified monomer was selectively cleaved by granzyme contains the active site cysteine, can incorporate the probe.
B to yield large subunit fused to Fv domain and HA tagged Consistent with the activity assay, addition of AP20187 in
small subunit. The artificial dimerizer is only able to induce the presence of kosmotrope activated the enzyme much more
activity in the presence of kosmotrope and cleavage of than kosmotrope alone, as manifested by a much stronger
caspase-14 (Figure 6C). As anticipated, activity of the band observed on the Western blot (Figure 6D). Finally, we
spontaneous dimer was not enhanced in the presence o&nalyzed the effect of kosmotrope concentration on caspase-
dimerizer (data not shown). 14 activity (Figure 7). To reach maximum enzyme activity,
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Ficure 6: Induced dimerization of caspase-14. Part A presents a schematic representation of chimeric caspase-14. In part B, hypotonic
extract from 293A cells transfected with empty pC4-Fv1E vector was used as a source of Fv-HA domain. Recombinant His-Fv-Casp14-HA
protein and Fv-HA were incubated together in the presence or absence of 0.9 M sodium citrate with or without 500 nM synthetic dimerizer
AP20187. Recombinant caspase-14 from the mixture was purified by Ni-chelate chromatography and immunoblotted with anti-HA polyclonal
antibodies. In part C, His-Fv-Casp14-HA recombinant chimeric protein was separated by gel filtration, and the monomeric form was cleaved
by granzyme B followed by assay in the presence of 0.9 M sodium citrate with the indicated concentrations of AP20187. In part D,
full-length or granzyme B-processed monomeric His-Fv-Caspl4-HA were subjected to affinity labeling with biotynylated inhibitor
(B-VAD-FMK) under the indicated conditions. Labeled proteins were visualized with streptavidin-HRP (upper panel) and then reprobed
with antibody against caspase-14 (lower panel).

— 0.02 . others caspases: (i) it is expressed in limited tissues, mainly

8 e o in the epidermis §, 7, 10, 37, 38 (ii) overexpression in

z o*’ * mammalian cells does not lead to apoptodis, (12; (iii)

> 0.0t o0 00000 recombinant protein expressedn coli remains as a full-

-% . . length protein {1, 12; (iv) although all the residues

< o.00. * (o] important for substrate catalysis are conserved, caspase-14
0.0 05 1.0 15 is not active in standard caspase buf@r (Ve were able to

Sodium citrate (M) induce activity of this enzyme by using a high concentration

_ of kosmotropic salts. In general, the activation of caspase-
Ficure 7: Effect of kosmotrope concentration on caspase-14 14 follows the Hofmeister series and is strongly anion-
activity. Activity of His-Fv-Casp-14-HA processed by granzyme
B was assayed with various concentrations of sodium citrate in the dependent.
absenceQ) or presence®) of 500 nM AP20187. Using kosmotrope-driven enzyme activation, we were able
to start characterizing the substrate specificity of this member
of the caspase family for the first time by means of a
positional scanning substrate library. It is likely that the
preferences disclosed by the library reflect the true caspase-
14 specificity because similar treatment of related caspases-
3, -8, and -9 has been shown not to alter their inherent
substrate preferencegq). Human caspase-14 matches the
DISCUSSION specificity of the cytokine activator caspases-1, -4, and -5,

while the mouse enzyme shows more similarity toward apical
Caspase-14 is the most recent addition to the mammaliancaspases-8 and -8). Conservation of residues involved

caspase family. In many aspects, this protein is different thanin the S4 preference of caspase-1 for aromatic residues,

we had to supplement buffer with 1.3 M sodium citrate when

the assay was performed without the dimerizer. The effect
of AP20187 in activating caspase-14 was clearly evident at
lower (0.5-1.0 M) kosmotrope concentration, demonstrating

dimerization lowers the requirement for kosmotrope to induce
maximum activity.
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Ficure 8: Comparison of caspases-14 with residues determining the S4 specificity of caspases-1 and -8. The crystal structures of caspase-1
(43, 49 and caspase-819, 49 are used as a reference to compare the likely equivalent S4-determining residues in caspases-14 from three
species. Residues interacting with the P4 residue in caspases-8 and -1 are highlighted.

particularly His342, accounts for the similarity of human proteases since glucose oxidase can also be activated in this
caspase-14 (Figure 8). However, there is no clear explanationmanner 41). Kosmotropes are thought to allow monomers
of the broader S4 preference of mouse caspase-14. Possiblyo surmount an entropic barrier that, at least in the cases of
the differences at position 348 could explain this (Figure 8), caspases-8 and -9, is normally overcome by recruitment to
since the glycine residue found in mouse caspase-14 maymolecular dimerization platforms in vive(5). Recruitment
alter the conformation of the main chain sufficiently to to the platforms is achieved by binding of the N-terminal
broaden the tolerance of residues in the S4 pocket, but suchprodomains of caspases-8 and -9 to homotypic interaction
speculation requires the 3-D structure of the caspase fordomains present in the recruitment platform. The second type
confirmation. Regardless, the specificity of human caspase-of kosmotrope-induced activity is generated by the ordering
14 raises the possibility that its natural substrate may be aof the active site, as demonstrated for the protease prostate
pro-inflammatory cytokine. Among these, we tested whether specific antigenZ7). In the latter case, it seems that general
caspase-14 is able to cleave pro-interleukin-18, which hasdesolvation of the protein drives a more compact, catalyti-
been demonstrated to be a substrate of caspas$®)l ( cally active protease.

Significantly, no cleavage of pro-interleukin-18 was observed  We believe that we are observing both effects in caspase-
(not shown) under conditions where the same amount of 14. For the trapped (spontaneous) dimer, kosmotrope is
caspase-14 efficiently cleaved the protein substrates p35probably ordering surface loops at the active site, which
Cys2Ala and Bid (Figure 2). Thus the natural substrate(s) facilitates substrate binding and catalysis. This is aided by
of caspase-14 remains elusive. the high mobility, relative to other proteases, of loops that

All known active caspases are composed of a dimer of contain the substrate binding and catalytic residues (reviewed
catalytic domains (reviewed in r&). A current hypothesis  in ref 1). However, in the case of the cleaved monomer,
suggests the zymogens of the long prodomain apical caspasesosmotrope causes dimer formation and ordering of active
are monomers that are activated by dimerization when site loops, which explains why a much higher salt concentra-
brought into proximity via their recruitment domains. tion is required to activate monomeric caspase-14. Consistent
Executioner caspases, on the other hand, preexist as inactivavith this is the effect of the synthetic dimerizer on the
dimers, and proteolytic processing is required for their activation of a dimerizable caspase-14 construct. Addition
activation (reviewed in re82). Full-length caspase-14 was of dimerizer to monomeric caspase-14 enhanced activity, and
only active in the presence of high concentrations of this effect was maximal at low (nonsaturated) kosmotrope
kosmotrope, which has been shown to enforce a monemer concentration. Moreover, in the absence of dimerizer, the
dimer transition in apical caspases-8 and2§).(On the basis  response of activity to kosmotrope concentration displayed
of this finding, we initially concluded that caspase-14 a sigmoidal dependence (Figure 7), which is diagnostic of a
activation may be similar to these apical caspases. Howeverpimolecular (dimerization) response rather than just a uni-
detailed analysis of recombinant protein showed two forms molecular loop ordering. We propose that when caspase-14
of caspase-14. The majority of protein was present as inactiveis chemically dimerized, kosmotrope orders the conformation
full-length monomer, whereas all the activity was associated of the active site to permit substrate binding in a manner
with a small amount of a species corresponding to a dimer. similar to the effect of kosmotrope on the trapped dimer.
Interestingly, similar dimeric species were observed in  Most importantly, cleavage in the interdomain region is
recombinant preparations of caspases-8 and -9, where theequired for activation of caspase-14. Granted, we see
majority of protein is monomeric but the bulk of activity ~kosmotrope-induced activity in the uncleaved recombinant
was found in the small amount of dimeric speci@§)( trapped (spontaneous) dimer, but we consider that this may
However, the caspase-14 dimer was active only in the represent an artifactual condition of material overexpressed
presence of kosmotropic salt. As previously pointed out, this in E. coli. Since endogenous caspases-14 from a variety of
kinetically trapped dimer may form as an artifact of high natural sources is monomeric, we consider this to be the
concentration during expression B coli (32, 40. The normal condition of the protein that will undergo activation.
monomeric form of caspase-14 required proteolytic process-Indeed, proteolytic cleavage of caspase-14 is observed during
ing for its activation, but again kosmotrope was necessary keratinocyte maturatiors( 7), and the site has been mapped
to detect enzyme activity, indicating that cleavage is neces-in endogenous human proteitd] to the sequence preceding
sary but not sufficient to activate caspase-14. the calpain cleavage site (Figure 4C).

It is not completely clear how activity is generated in In conclusion, we propose a two-step mechanism for
caspase-14 in the presence of kosmotrope, but there seemaspase-14 activation. Proteolytic cleavage by a yet to be
to be two possibilities. Previous studies reported kosmotrope-identified cellular proteasel@) generates a species that can
induced dimerization leading to the activation of herpes virus undergo dimerization and ordering of the active site. It is
type 1 protease2b, 29 and caspases-8 and -26f. Indeed likely that proteolysis and dimerization are insufficient for
this kosmotrope-induced dimerization is not restricted to activity because our cleaved chemically induced dimer still
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requires kosmotrope for activation in vitro. This is in contrast
to other caspases, where chemical dimerization by itself is
often sufficient for activation (reviewed in ref2). How
dimerization of caspase-14 is executed in vivo is unclear
given that it does not have any recognizable recruitment
domain of the type required for dimerization of caspases-8
and -9 in vivo. One possibility is that during terminal
keratinocyte differentiation, during cornification where caspase-
14 is thought to be actives( 7), the cellular environment
somehow changes to favor activation by a desolvation
mechanism. Indeed, a related possibility has been raised to
explain the activation of prostate specific antigen in prostatic
fluid, where the citrate concentration is 50000-fold
higher that the concentration found in prostatic stromal tissue

(27).
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