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Filaggrin is a component of the cornified cell envelope and the
precursor of free amino acids acting as a natural moisturizing
factor in the stratum corneum. Deimination is critical for the
degradation of filaggrin into free amino acids. In this study, we
tried to identify the enzyme(s) responsible for the cleavage of
deiminated filaggrin in vitro. First, we investigated citrulline
aminopeptidase activity in the extract of newborn rat epidermis
by double layer fluorescent zymography and detected strong
activity at neutral pH.Monitoring the citrulline-releasing activ-
ity, we purified an enzyme of 280 kDa, comprised of six identical
subunits of 48 kDa. The NH2 terminus of representative tryptic
peptides perfectly matched the sequence of rat bleomycin
hydrolase (BH). The enzyme released various amino acids
except Pro from �-naphthylamide derivatives and hydrolyzed
citrulline-�-naphthylamide most effectively. Thus, to break
downdeiminated filaggrin, another proteasewould be required.
Among proteases tested, calpain I degraded the deiminated
filaggrin effectively into many peptides of different mass on the
matrix-assisted laser desorption/ionization-time of flight mass
spectrum.We confirmed that various amino acids including cit-
rulline were released by BH from those peptides. On the other
hand, caspase 14 degraded deiminated filaggrin into a few pep-
tides of limited mass. Immunohistochemical analysis of normal
human skin revealed co-localization of BH and filaggrin in the
granular layer. Collectively, our results suggest that BH is essen-
tial for the synthesis of natural moisturizing factors and that
calpain I would play a role as an upstream protease in the deg-
radation of filaggrin.

The mammalian epidermal keratinocytes arise from prolif-
erating basal cells andmove outward through a series of distinct
differentiation events to form the stratum corneum (1, 2). Dur-
ing this progressive epidermal differentiation, keratinocytes
express different proteins such as keratins, profilaggrin/filag-
grin, involucrin, small proline-rich proteins, loricrin, cystatin
A, and elafin, which form the cornified envelope of mature cor-

neocytes (3–7). Profilaggrin is synthesized as a large, extremely
insoluble phosphoprotein that consists of a unique NH2-termi-
nal Ca2�-binding protein of the S-100 family, linked to 10–20
tandem filaggrin monomer repeats (8–10). Each individual
filaggrin repeat is completely removed by proteolysis to gener-
ate the mature filaggrin monomer (a molecular mass of 37 kDa
in human). Then, filaggrin is completely degraded in the upper-
most layer of the stratum corneum to produce amixture of free
and modified hygroscopic amino acids that are important for
maintaining epidermal hydration (2, 11–13). In addition, a
number of proteins are subjected to various post-translational
modifications such as disulfide bonding,N-(�-glutamyl)-lysine
isopeptide cross-linking, and deimination during the terminal
differentiation of epidermal keratinocytes (4, 6, 14, 15). Deimi-
nation is catalyzed by peptidylarginine deiminase (PAD),2
which converts arginine to citrulline in proteins (17–19). The
modification seems essential for the processing into free amino
acids including citrulline.
Several proteases reportedly participate in the processing of

profilaggrin. Furin, a member of the proprotein convertase
family, has been proposed to cleave the NH2 terminus of pro-
filaggrin, facilitating the release of theNH2-terminal S-100 pro-
tein (20, 21). In contrast, calpain I and profilaggrin endopepti-
dase I (PEP-I) were implicated in the processing of the linker
regions between the filaggrin monomer repeats to generate the
filaggrin monomer (22–25). Recently, significant results
regarding the conversion of profilaggrin to filaggrin have been
obtainedwith the knock-out ofmatriptase/MT-SP1, prostasin/
channel-activating serine protease 1/Prss 8, and caspase 14 in
mice (26–28). These proteases were a key component of the
profilaggrin-processing pathway in terminal epidermal differ-
entiation. However, although the signal initiating the degrada-
tion of profilaggrin at a defined stage of the maturation of the
stratum corneumwas found to be the water gradient within the
stratum corneum itself (11), the proteases for the processing of
filaggrin and/or the deiminated form into peptides following
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the breakdown of these peptides to amino acids including cit-
rulline remain unknown.
In this study, we have purified a novel aminopeptidase using

a deiminated substrate from rat skin homogenate and identified
it as a neutral cysteine protease, bleomycin hydrolase (BH). Fur-
thermore, we investigated the processing of the deiminated
filaggrin by calpain I or caspase 14. Based on these results, we
proposed that calpain I participated preferentially in the proc-
essing of deiminated filaggrin into peptides and then BH
appeared essential for the breakdown of the peptides into
amino acids.

EXPERIMENTAL PROCEDURES

Materials—Recombinant human filaggrin and mouse PAD
type 3 (mPAD3) were produced and purified according to the
methods reported by Kanno et al. (29) and byOhsugi et al. (30),
respectively. BHwas purified from the homogenate of newborn
rat epidermis as described previously (31). Human calpain I was
purchased from Calbiochem (Darmstadt, Germany). Human
caspase 14 was from BIOMOL International LP (Plymouth,
PA). Citrulline-�-naphthylamide (Cit-�-NA) and citrulline-4-
methylcoumaryl-7-amide (Cit-MCA) were obtained from
Bachem Bioscience (Bubendorf, Switzerland). Fluorescence
resonance energy transfer substrate (FRETS)-25Cit libraries
were commercially synthesized at Peptide Institute Inc. (Osaka,
Japan). All other chemicals used were of reagent grade.
Detection of Citrulline Aminopeptidase Activity by Double

Layer Fluorescent Zymography—Double layer fluorescent zy-
mography was performed as originally described by Katunuma
et al. (32). The rat tissue extract was mixed with an equal vol-
ume of a treatment buffer consisting of 0.25 M Tris-HCl (pH
6.8), 20% glycerol, and 0.02%bromphenol blue and then applied
to a 5% polyacrylamide gel. Electrophoresis was performed at
4 °C at 13 mA. The gel was then washed twice with distilled
water and flooded with 0.1 M phosphate buffer (pH 6.0) or 0.1 M
Tris-HCl (pH .5) containing 10 mM DTT and 5 mM EDTA at
37 °C for 30min to equilibrate the pH.A cellulose acetatemem-
brane was washed with distilled water, immersed in 10% glyc-
erol for 20 min, and air-dried. The membrane was soaked in 5
ml of 0.1 M phosphate buffer (pH 6.0) or Tris-HCl (pH 7.5)
containing 0.1 mM Cit-MCA substrate, 0.04% Brij 35, 10 mM
DTT, and 5 mM EDTA. Then, the gel was covered with the
fluorescent substrate membrane to create a double layer. Fol-
lowing incubation at 37 °C for 30 min, fluorescent proteolytic
activity bands in the double layer were observed using a Print-
graph (ATTO, Tokyo, Japan). Fluorescent gel images were
recorded using a Lumix digital camera (Panasonic, Osaka,
Japan).
Purification of an Enzyme with Citrulline Aminopeptidase

Activity fromNewborn Rat Skin—Newborn rat skin (2 days old,
Sprague-Dawley rats) was homogenized first with 10 volumes
of 20 mM Tris-HCl (pH 7.5) containing 150 mM NaCl, 10 mM
2-mercaptoethanol, and 5 mM EDTA (buffer A) in a POLY-
TRON system PT2100 (KINEMATICA AG, Lucerne, Switzer-
land) and then a second time in a glass homogenizer. The
supernatant was fractionated by precipitationwith 45–55% sat-
urated ammonium sulfate. After the removal of insolublemate-
rials, the clear solutionwas applied to a Sephacryl S-200 column

(2.5 � 90 cm). After dialysis of the active fraction from the
column developed with 20 mM Tris-HCl (pH 7.5) containing 1
mM 2-mercaptoethanol (buffer B), the sample was applied to a
DEAE-cellulose column (1 � 30 cm), and the column was
washed with buffer B. The proteins were fractionated with a
linear gradient of NaCl from 0 to 350mM in buffer B. The active
fractions were pooled, concentrated by ultrafiltration, and dia-
lyzed against buffer B. The dialysate was applied to a Mono Q
column-equipped HPLC system (Amersham Biosciences). The
protein was eluted with the same buffer. Enzyme activity was
specifically detected by measuring aminopeptidase activity
using 2 mM Cit-�-NA during the course of preparation. The
purified enzyme showed a single band of molecular mass 48
kDa on SDS-PAGE.
Deimination of Filaggrin bymPAD3—Filaggrin (8.39�M)was

incubatedwithmPAD3 (0.17�M) at an enzyme:substratemolar
ratio of 1:50 at 37 °C for different periods in a buffer of 100 mM
Tris-HCl (pH 7.4), 10 mM CaCl2, and 5 mM DTT. After deimi-
nation for different periods, filaggrin (5.95�M)was incubated at
37 °C for 1 h with trypsin (0.03 �M) in 20mMTris-HCl (pH 8.0)
containing 20 mM CaCl2. The digestion was performed at a
trypsin:filaggrin molar ratio of 1:200. The reaction products
were resolved by SDS-PAGE according to the methods of Lae-
mmli (55) using 12.5% gels. The gelswere stainedwithCoomas-
sie Brilliant Blue R-250 (CBB R-250).
Degradation of Deiminated Filaggrin with Calpain I or

Caspase 14—Filaggrin (8.39 �M) was deiminated at 37 °C over-
night at mPAD3 (0.17 �M):filaggrin molar ratio of 1:50. The
degradation of unmodified and deiminated filaggrin was per-
formed at an enzyme:filaggrinmolar ratio of 1:20 for all digests.
Calpain I (0.32 �M) was incubated at 30 °C with filaggrin (6.31
�M) in 100mMTris-HCl (pH 7.5) containing 0.5 mMCaCl2 and
10 mM DTT, whereas caspase 14 (0.32 �M) was incubated at
37 °Cwith filaggrin (6.31�M) in 100mMHEPES (pH7.0), 60mM
NaCl, 0.01% CHAPS, 5 mM DTT, and 1.1 M sodium citrate as a
kosmotropic buffer. After incubation for an optimum period,
the degradation product in the reaction mixture was detected
by SDS-PAGE. A densitometric analysis of scanned gel images
was performed by using the NIH ImageJ program on a Win-
dows XP computer. The digests (1 �l) were mixed with the
matrix (�-cyano-4-hydroxycinnamic acid dissolved in 50% ace-
tonitrile/0.1% trifluoroacetic acid) and applied to the sample
target for MALDI-TOFMS. After air drying, MALDI-TOFMS
was conducted using a Voyager-DE STR (Applied Biosystems,
Framingham, MA) in reflector mode.
Analyses of Free Amino Acids Released from Peptides Treated

with Calpain I or Caspase 14 by BH—The amounts of newly
formed �-amino groups were measured using their reaction
with fluorescamine (33). After the digestion of unmodified and
deiminated filaggrin (6.31 �M) with calpain I (0.32 �M) or
caspase 14 (0.32 �M) for 1 h at an enzyme:filaggrin molar ratio
of 1:20, the digests treated with caspase 14 were filtrated by
centrifugation with aMicrocon YM-3 (Millipore) for the exclu-
sion of kosmotropic salts and then adjusted the volume. The
reaction products were incubated with BH (13.0 �M) in 50 mM
HEPES-NaOH (pH 7.5), 10mMDTT, and 5mMEDTA at 37 °C.
Aliquots were removed at different times, and the enzymatic
reaction was stopped by boiling. Samples were mixed with 100
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�l of 50 mM HEPES-NaOH (pH 8.0) and 50 �l of acetone solu-
tion of fluorescamine (0.3 mg/ml). The mixture was vortexed,
and 500 �l of 50 mM HEPES-NaOH (pH 8.0) was added. Fluo-
rescence was measured fluorometrically (excitation � 370 nm,
emission � 475 nm). The generated amino groups were esti-
mated using several concentrations of L-leucine as a standard.
After a 1-h degradation period with calpain I or caspase 14,

enzymes and undegraded filaggrin were removed by filtration
(Nanosep-10, Pall Gelman Sciences), and the flow-through
fractions were incubated with BH overnight at 37 °C. Free
amino acidswere analyzed using aHitachimodel L-8800 amino
acid analyzer equipped with columns (number 2622: 4.6 � 40
mm� 4.6� 40mm, Hitachi, Tokyo, Japan) by gradient elution
withMCI buffer L-8500-PF kit (Wako, Osaka, Japan) according
to the physiological fluids analysis method. Amino acids post-
labeled with ninhydrin were detected bymeasuring the absorb-
ance at 440 and 570 nm.
Immunohistochemistry—Human specimens were obtained

from the informed healthy volunteers. They received detailed
information about the study and gave their written informed
consent. The study was approved by SagamiWomen’s Univer-
sity Ethical Committee and by the Shiseido Committee on
Human Ethics. Indirect immunofluorescence microscopy was
performed with 5-�m-thick cryosections of human skin. After
rehydration in PBS at room temperature, sections were incu-
bated in a moist chamber for 30 min with PBS containing 1%
bovine serum albumin and 0.05% Tween 20 and then overnight
at 4 °C with the anti-rat BH IgG and monoclonal anti-human
filaggrin IgG diluted in the same buffer. After four washes in
PBS containing 0.05% Tween 20, sections were incubated for
1 h at room temperature with Alexa Fluor 555 goat anti-rabbit
IgG (H�L) (1/500) and Alexa Fluor 488 goat anti-rabbit IgG
(H�L) (1/500) in PBS containing 1%bovine serumalbumin and
0.05% Tween 20. After four washes in PBS containing 0.05%
Tween 20, sections were mounted in an antifading solution
before observation under a confocal laser microscope (LSM 5
PASCAL,Carl Zeiss,Oberkochen,Germany), with excitation at
488 and 543 nm by argon and He-Ne lasers, respectively. For
negative controls, sections were incubated without primary
antibodies.
AminoAcid SequenceAnalyses of Tryptic Peptides—After the

enzyme with citrulline aminopeptidase activity was dipyridy-
lated, it was digested with trypsin (31). The digested peptides
were separated by a reverse-phase Shimadzu HPLC on an
ODT-120T column (Tosoh, Tokyo, Japan) using a linear gradi-
ent of 0–60% acetonitrile in 0.1% trifluoroacetic acid for 60min
at a flow rate of 0.5 ml/min. Peak fractions detected by meas-
uring the absorbance at 215 nmwere collected in test tubes and
lyophilized. The NH2-terminal amino acid sequences were
determined using an Applied Biosystems model 120A PHT
analyzer.

RESULTS

Detection of Citrulline Aminopeptidase Activity with Double
Layer Fluorescent Zymography—We analyzed exo- and
endopeptidase activities using Cit-MCA and FRETS-25Cit
libraries, respectively, in newborn rat epidermal extract by dou-
ble layer fluorescent zymography. As shown in Fig. 1, strong

citrulline aminopeptidase activitywas detected in rat epidermal
extract at both pH 6.0 and pH 7.5 (Fig. 1, A and B, lane 1,
arrowhead).When rat kidney extract was analyzed, a faint band
was detected at the same position at both pHs as well as strong
activity with low mobility at pH 6.0 but not at pH 7.5 (Fig. 1, A
and B, lane 2, arrow). However, no endopeptidase activity
against FRETS-25Cit libraries was detected (data not shown).
These results suggested the presence of a novel enzyme with
strong citrulline aminopeptidase activity at neutral pH in rat
epidermal extract.
Purification and Characterization of an Enzyme with Citrul-

line Aminopeptidase Activity from Newborn Rat Epidermis—A
three-step protocol was developed using Sephacryl S-200,
DEAE-Sepharose, and Mono Q, resulting in the 4,300-fold
purification of an enzymewith citrulline aminopeptidase activ-
ity from newborn rat epidermal extract. The purified enzyme
revealed a single bandwith amolecularmass of about 48 kDaon
SDS-PAGE and resolved as a single symmetrical peak with a
molecularmass of about 280 kDa by gel filtration. These results
suggested that the enzyme with citrulline aminopeptidase
activity is a hexameric protein. We examined the aminopepti-
dase properties of the enzyme by comparing its activity toward
various aminoacyl-�-NA substrates (Fig. 2). The enzyme

FIGURE 1. Analysis of the citrulline aminopeptidase activity by double
layer fluorescent zymography. The citrulline aminopeptidase activity in rat
epidermis extracts was analyzed by double layer fluorescent zymography.
Samples were loaded onto a 5% polyacrylamide gel at 4 °C. Following native
PAGE, the gel was washed and immersed in 0.1 M phosphate buffer (pH 6.0)
(A) and 0.1 M Tris-HCl (pH 7.5) (B and C) for 30 min and then covered with a 0.1
mM Cit-MCA fluorescent substrate membrane to create a double layer prior to
incubation at 37 °C for 30 min. White bands of fluorescent activity generated
from the citrulline aminopeptidase located in the double layer were clearly
observed on the UV transilluminator. Lane 1, newborn rat epidermis extracts;
lane 2, 6-week-old rat kidney extracts; lane 3, rat BH.
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released different amino acids from the substrates, indicating a
broad specificity, but it released no Pro and little Glu. Cit-�-NA
was the best substrate for the aminopeptidase function of the
enzyme. Lineweaver-Burk plots showed a linear relationship
between 1/V (nmol/min/�g) and 1/[S] (mM) and gave a Km
value of 1.85 mM and Vmax value of 4.30 nmol/min/�g. How-

ever, no activity was found toward any protein substrates
including deiminated filaggrin, myelin basic protein, azocasein,
bovine serum albumin, myoglobin, and cystatin A. This result
suggested that the enzyme probably participates in the degra-
dation of citrulline-containing peptides in vivo.
We have analyzed a peptide map and the NH2-terminal

amino acid residues of tryptic peptides of the purified enzyme.
The digest of the enzyme obtained with trypsin was separated

FIGURE 2. The properties of the enzyme with citrulline aminopeptidase
activity purified from newborn rat epidermis. The purified enzyme (0.1
unit) was assayed for its activity toward 2 mM �-naphthylamide derivatives as
described by Takeda et al. (31). Activity toward Cit-�-NA was set at 100%. The
data are representative of three independent experiments and are expressed
as the percentages of activity toward different substrates relative to activity
toward Cit-�-NA.

FIGURE 3. Trypsin-digested peptide map and NH2-terminal sequences of
tryptic peptides of the enzyme with citrulline aminopeptidase activity
purified from newborn rat epidermis. The purified enzyme with citrulline
aminopeptidase activity was digested with trypsin as described under
“Experimental Procedures.” A, reverse-phase HPLC of the trypsin-digested
peptides. Peptides were detected by measuring UV absorption at 215 nm.
The label on each peak indicates the main peptides. B, NH2-terminal amino
acid sequences of the tryptic peptides (T1–T6).

FIGURE 4. Immunohistochemical localization of BH and filaggrin. Immu-
nofluorescence staining for BH (red) and filaggrin (green) in paraffin-embed-
ded sections of human skin tissue was performed. A, nuclei were counter-
stained with 4�,6-diamidino-2-phenylindole (DAPI). B and C, paraffin-embedded
sections of human skin tissue labeled with dual immunofluorescence were sub-
jected to confocal microscopy. BH and filaggrin co-localized in the granular layer.
The upper dotted lines and bottom dotted lines indicate the outer borders of the
stratum corneum and the border between the epidermis and dermis. D, merged
image of all panels A–C. Magnification of �40.

FIGURE 5. Deimination of filaggrin by mPAD3. The human filaggrin repeat
unit was deiminated using a mPAD3 (0.17 �M):filaggrin (8.39 �M) molar ratio
of 1:50. After incubation for 0, 10, 20, 30, 60, 180, or 360 min, an aliquot of the
reaction mixture was incubated at 37 °C for 1 h without (A) or with (B) trypsin,
and subjected to SDS-PAGE. Arrows indicate the unmodified filaggrin, arrow-
heads indicate the deiminated filaggrin, and the asterisk indicates the faint
band with a low molecular mass.

Degradation of Deiminated Filaggrin by Calpain I and BH

12832 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 19 • MAY 8, 2009



by reverse-phase HPLC as shown in Fig. 3A, in which six major
peaks were designated as T1–T6 in order of elution. The NH2-
terminal amino acid residues of the six peptides are summa-
rized in Fig. 3B, indicating that each tryptic peptide, T1, T2, T3,
T4, T5, and T6, coincided with the amino acid numbers 49–57,

203–212, 363–370, 406–415, 283–292, and 428–434, respec-
tively, of the sequence of rat BH (34). When double layer fluo-
rescent zymography was conducted using rat BH, strong activ-
ity was detected at the position where the band was observed in
newborn rat epidermal extract at pH 7.5 (Fig. 1C, lane 3, arrow-
head). In addition, citrulline aminopeptidase activity was usu-
ally coeluted with activity to hydrolyze bleomycin throughout
the process of purification from newborn rat epidermis. It was
found that the enzyme with citrulline aminopeptidase activity
was identical to BH in rat skin, which should show aminopep-
tidase activity rather than bleomycin hydrolase activity in the
normal mammalian epidermis. Furthermore, indirect immu-
nofluorescence microscopy with cryosections of normal
human skin allowed us to locate an enzyme with citrulline
aminopeptidase activity using anti-BHantibody and filaggrin in
the granular layer of human epidermis (Fig. 4, B andC). Double
staining using both antibodies revealed a convincing co-local-
ization of BH and filaggrin in the granular layer (Fig. 4D).
Degradation of Deiminated Filaggrin by Calpain I or Caspase

14—The recombinant filaggrin was purified from bacterial
extract of Escherichia coli BL21 carrying pET-filaggrin, which
contains 30 arginine residues (29). It was completely deimi-
nated with mPAD3 that converted the guanidino side chain of
arginine to the ureido side chain of citrulline, resulting in a
change of mobility of the filaggrin band on SDS-PAGE (Fig. 5A,

arrow to arrowhead). The deimi-
nated filaggrin after an appropriate
incubation was digested by trypsin
to confirm the conversion from
arginine to citrulline (Fig. 5B). The
deiminated filaggrinwas resistant to
trypsin digestion but was frag-
mented at two susceptible Lys resi-
dues as presumed from the presence
of faint bands with a low molecular
mass (Fig. 5B, asterisks). Then, we
analyzed its degradation by calpain I
or caspase 14. Fig. 6, A and B, show
the time course of the decrease in
the filaggrin and deiminated filag-
grin bands on SDS-PAGE, respec-
tively, with calpain I or caspase 14.
The initial proteolysis of both sub-
strates was very rapid, and about
70% of the substrate was degraded
within 10 min, indicating that the
two proteases seem to have a high
degree of specificity toward un-
modified and deiminated filag-
grins. Furthermore, the deimi-
nated filaggrin was more sus-
ceptible to calpain I than the un-
modified filaggrin. These results
suggested calpain I to be the best
protease for the degradation of
deiminated filaggrin.
To further characterize the deg-

radation of deiminated filaggrin by

FIGURE 6. Degradation of the deiminated filaggrin by calpain I or caspase
14. The degradation of the unmodified (closed circles) and deiminated (opened
circles) filaggrin by calpain I (A) or caspase 14 (B) was analyzed at an enzyme:
filaggrin molar ratio of 1:20 for all digests in vitro. Calpain I (0.32 �M) was incu-
bated at 30 °C with filaggrin (6.31 �M) in 100 mM Tris-HCl (pH 7.5) containing 0.5
mM CaCl2 and 10 mM DTT, whereas caspase 14 (0.32 �M) was incubated at 37 °C
with it (6.31 �M) in 100 mM HEPES (pH 7.0), 60 mM NaCl, 0.01% CHAPS, 5 mM DTT,
and 1.1 M sodium citrate as a kosmotropic buffer. The extent of degradation was
determined by SDS-PAGE followed by a densitometric analysis.

FIGURE 7. Free amino acids released by BH from peptides of deiminated filaggrin degraded with calpain I or
caspase 14. A, the time course of the released free amino groups from calpain I- or caspase 14-digested filaggrin
peptides (closed circles and squares) and deiminated filaggrin peptides (opened circles and squares) by BH in vitro.
After the digestion of unmodified and deiminated filaggrin (6.31 �M) with calpain I (0.32 �M) (circles) or caspase 14
(0.32 �M) (squares) for 1 h, the digests treated with caspase 14 were filtrated by centrifugation with a Microcon YM-3
(Millipore) for the exclusion of kosmotropic salts, and then the volume was adjusted. The reaction products were
incubated with BH in 50 mM HEPES-NaOH (pH 7.5), 10 mM DTT, and 5 mM EDTA at 37 °C. Aliquots were removed at
different times, and the enzymatic reaction was stopped by boiling. The free amino groups were measured with
fluorescamine. B, the representative elution patterns of amino acid in reaction solutions of calpain I- or caspase
14-digested deiminated filaggrin peptides with BH. Control indicated an elution pattern of amino acids in the reac-
tion solution without BH. Samples were prepared according to the methods as described under “Experimental
Procedures.” Free amino acids were analyzed using a Hitachi model L-8800 amino acid analyzer equipped with
columns (number 2622: 4.6 � 40 mm � 4.6 � 40 mm) by gradient elution with MCI buffer L-8500-PF kit (Wako)
according to the physiological fluids analysis method. Amino acids post-labeled with ninhydrin were detected by
measuring the absorbance at 440 and 570 nm. EONH2 indicates ethanolamine as internal marker.
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calpain I, wemeasuredMALDI-TOFMS. Supplemental Fig. S1
shows the MS spectra at m/z 4,000–40,000 of the products
from unmodified (A, C, and E) and deiminated (B, D, and F)
filaggrin degraded by calpain I. In spectra obtained at the earli-
est time point, signals for 1�, 2�, and 3� ions from both filag-
grins can be seen (labeled A1�, A2�, and A3� for unmodified
filaggrin andB1�,B2�, andB3� for deiminated filaggrin) as well
as a few other ions (A and B). These signals disappeared, and
many new signals appeared in the spectra of the products of
both filaggrins digested for 60min by calpain I (C–F), indicating
that calpain I degraded the filaggrins into many peptides of
different mass. Furthermore, the spectral pattern showed that
deiminated filaggrin was degraded into shorter fragments than
unmodified filaggrin by calpain I. Supplemental Fig. S2 shows
the MS spectra atm/z 3,500–15,000 of products from unmod-
ified (A) and deiminated (B) filaggrins degraded by caspase 14.
Caspase 14 degraded them into a few peptides of limited mass
with slightly different patterns. These results indicated that cal-

pain I acts preferentially on deimi-
nated filaggrinwhen comparedwith
caspase 14.
Detection of Free Amino Acids

Derived fromPeptides of Deiminated
Filaggrin Treated with Calpain I or
Caspase 14—We investigated the
free amino acids released from cal-
pain I- or caspase 14-digested filag-
grin peptides by BH using a fluores-
camine post-labeling method and
amino acid analysis. Free amino
groups were released from the cal-
pain I-digested filaggrin and deimi-
nated filaggrin peptides treatedwith
BH in a time-dependent manner
(Fig. 7A). The peptides derived from
deiminated filaggrin were more
susceptible to BH than those from
filaggrin. Furthermore, serine, gly-
cine, alanine, citrulline, threonine,
and histidine, etc., composing de-
iminated filaggrin peptides, were
released byBH (Fig. 7B).On the other
hand, few amounts of free amino
groups or amino acids were detected
from the caspase 14-digested pep-
tides treated by BH. These results
suggest that calpain I and BH are
essential for the breakdown of
deiminated filaggrin peptides into
amino acids.

DISCUSSION

We identified and purified a
novel enzymewith citrulline amino-
peptidase activity in a rat epider-
mal homogenate. An unexpected
result of the present study is that
the enzyme is identical with rat BH,
a bleomycin-detoxifying enzyme

whose natural function and substrate are still unknown. Our
finding suggests that BH plays an important role in the synthe-
sis of free amino acids acting as NMFs from deiminated filag-
grin peptides in the stratum corneum.
BH is similar to a 20 S proteasome and also belongs to a

family of self-compartmentalizing intracellular proteases (34,
35). The evolutionary conservation andwide distribution of BH
imply that the enzyme has a conserved cellular function. How-
ever, this function has remained enigmatic for many years.
Recently, BHwas shown to be involved in the post-translational
processing of peptides for antigen presentation (36) and a pro-
tectivemechanism against homocysteine toxicity (37). Further-
more, BH has been shown to interact with several proteins,
such as cAMP-binding ectoprotein in yeast (38), the human
homologue of ubiquitin-conjugating enzyme 9 (39), human
ribosomal proteins (40), and amyloid precursor protein (41). In
the last case, we inferred that BH participated in the degrada-
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PAD1 or 3

Filaggrin monomer

Upper stratum corneum 

Lower stratum corneum 
~ stratum granulosum

Complete degradation 

Keratohyalin granules

Profilaggrin

Proteolysis into filaggrin monomers
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F F F F FF F F F F
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Cit F
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Cit FF
FF

FF
FF
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Limited proteolysis

P P P P P
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FIGURE 8. Scheme of the degradation of filaggrin in mammalian epidermis. Filaggrin (F) is a component of
the cornified envelope in the outer layer of the epidermis. It accumulates in the keratohyalin granules as a high
molecular weight, extremely insoluble phosphorylated precursor protein (10). During terminal differentiation,
the phosphorylated filaggrin (P-F) is dephosphorylated and then proteolytically cleaved to polypeptides (each
�35 kDa). The enzymatic properties and epidermal localization of PAD1 and/or PAD3 suggest that they are
responsible for the deimination of filaggrin (54). As shown in the present study, caspase 14 partially partici-
pates in the processing of the deiminated filaggrin (Cit-F) into limited fragments as illustrated by Denecker et al.
(16). On the other hand, calpain I preferentially fragments deiminated filaggrin into the smaller peptides, and
then these peptides are degraded into free amino acids acting as NMFs by BH in the lower stratum corneum.
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tion of amyloid �-peptides derived from amyloid precursor
protein (42). Schwartz et al. (43) demonstrated that BH knock-
out newborn null mice displayed a mild and transient ichthyo-
sis-like phenotype that strikingly resembles the phenotype of
the filaggrin-deficient flaky tail ft/ft mouse mutant and also
exhibited the tail auto-amputation phenotype (44), indicating
that BH has an important role in maintaining epidermal
integrity. The novel enzyme exhibited mainly aminopepti-
dase activity with broad specificity toward aminoacyl-�-naph-
thylamide derivatives without Pro, amongwhichCit-�-NAwas
the most effective substrate at neutral pH. However, it had no
activity toward any protein substrates including myelin basic
protein, azocasein, bovine serum albumin, myoglobin, and cys-
tatinA.The enzymewas co-localizedwith filaggrin in the upper
layers of the stratum corneum, where it was present in large
amounts, in mammalian skin (31, 45–47). These results
strongly suggested that BH participated in the release of free
amino acids including citrulline in peptides processed from
deiminated filaggrin in mammalian skin.
We proposed a reasonable scheme for the degradation of

filaggrin as shown in Fig. 8. NMFs are present at high con-
centrations within corneocytes and represent up to 20–30%
of the dry weight of the stratum corneum (48). By absorbing
atmospheric water and dissolving in their own water, hygro-
scopic NMF components act as very efficient humectants
(2). NMFs consist primarily of amino acids or their deriva-
tives such as pyrrolidine carboxylic acid and urocanic acid,
together with lactic acid and urea, citrate, and sugars (49,
50). The calcium concentration is critical to epidermal dif-
ferentiation and implicated in the expression and post-tran-
scriptional modification of numerous proteins in the epider-
mis (51, 52). PAD activity was significantly regulated by the
calcium concentration during epidermal differentiation,
where PAD1 and/or PAD3 probably participated in the
deimination of filaggrin monomers, because of their poten-
tial co-localization demonstrated by immunoelectron
microscopy (53, 54). However, it is not known which pepti-
dase is involved in the degradation of deiminated filaggrin
into its peptides and then into free amino acids. Our findings
show that calpain I, a calcium-activated cysteine protease in
cytoplasm, preferentially cleaved the deiminated filaggrin to
peptides of lowmolecular masses when compared with filag-
grin. Finally, those peptides were degraded into free amino
acids by BH. The recent review summarized that caspase 14
is involved in the processing of filaggrin, not in the profilag-
grin-processing pathway (16). The present study revealed
that caspase 14 processed the deiminated filaggrin into lim-
ited fragments because of aspartate residues at a specific
cleavage site. However, there was no difference in suscepti-
bility to caspase 14 with deimination, and also, few amounts
of amino acids were released from caspase 14-digested pep-
tides by BH. These results suggest that calpain I plays a major
role in the processing of deiminated filaggrin into peptides.
In conclusion, the results of these experiments have identi-

fied BH as essential for the degradation of the peptides derived
from deiminated filaggrin into amino acids, although more
work is needed to reveal the precise functional role of BH dur-
ing terminal epidermal differentiation.
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