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Peptidylarginine deiminases (PADs) catalyse a post-translational

modification of proteins through the conversion of arginine

residues into citrullines. The existence of four isoforms of PAD

(types I, II, III and IV) encoded by four different genes, which are

distinct in their substrate specificities and tissue-specific ex-

pression, was reported in rodents. In the present study, starting

from epidermis polyadenylated RNA, we cloned by reverse

transcriptase-PCR a full-length cDNA encoding human PAD

type I. The cDNA was 2711 bp in length and encoded a 663-

amino-acid sequence. The predicted protein shares 75% identity

with the rat PAD type I sequence, but displays only 50–57%

identity with the three other known human isoforms. We have

described the organization of the human PAD type I gene on

chromosome 1p36. A recombinant PAD type I was produced in

INTRODUCTION

Post-translational modifications of proteins are involved in many

cellular events, including signal transduction, gene expression

and differentiation. One of these modifications is protein

deimination, which corresponds to the conversion of their

arginine residues into citrullines (for review, see [1]). This results

in a decrease in the net charge of the proteins and probably in

modifications of their function. For example, in �itro deimination

of specific arginine residues has been shown to modify the

functional properties of trypsin inhibitor [2], intermediate fila-

ment proteins [3], glycogen phosphorylase [4], and calcineurin

[5], but the physiological role of these modifications remains to

be explored. Citrullines were first demonstrated in hair follicles

and subsequently in epidermis and the nerve myelin sheath [1]. In

the cornified layer of epidermis, deiminated forms of cytokeratins,

K1 and K10, and filaggrin, an intermediate filament-associated

protein, were detected by amino acid analysis [6] and, more

recently, by immunodetection with a rabbit antibody specific

for chemically modified citrulline residues [7–9]. It is proposed

that deimination of filaggrin disorganizes the cytokeratin–

filaggrin complexes and facilitates the subsequent degradation

of filaggrin into a pool of free amino acids, which play a key

role in maintaining hydration of the cornified layer [6,10,11].

Deiminated forms of trichohyalin, another intermediate filament-

associated protein, were detected in hair follicles [1]. Deimination

of the protein induces its unfolding. This was suggested to
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Escherichia coli and shown to be enzymically active. Human

PAD type I mRNAs were detected by reverse transcriptase-PCR

not only in the epidermis, but also in various organs, including

prostate, testis, placenta, spleen and thymus. In human epidermis

extracts analysed by Western blotting, PAD type I was detected

as a 70 kDa polypeptide, in agreement with its predicted mol-

ecular mass. As shown by immunohistochemistry, the enzyme

was expressed in all the living layers of human epidermis, with

the labelling being increased in the granular layer. This is the

first description of the human PAD type I gene and the first

demonstration of its expression in epidermis.

Key words: citrulline, deimination, enzyme, epidermis, post-

translational modification.

increase trichohyalin solubility, facilitating its association with

cytokeratins and making it available for cross-linking by trans-

glutaminase 3 [10,12]. In the brain, myelin basic protein exists as

different isoforms and charged isomers generated by differential

splicing of exons and by several post-translational modifications,

including various degrees of deimination [13]. Deimination of the

protein is thought to decrease its interaction with anionic lipid

layers, leading to instability of the myelin sheath. Moreover, an

abnormally high degree of deimination of the myelin basic

protein was observed in multiple sclerosis patients and was

proposed to be involved in the myelin degeneration characteristic

of this debilitating disease [14–16]. Interestingly, we showed

recently [17,18] that deiminated proteins, in particular a

deiminated form of fibrin extracted from synovial membranes

of rheumatoid arthritis patients, are specifically recognized by

IgG autoantibodies closely associated with the disease. How

the autoantibodies are involved in the pathophysiology of the

autoimmune disease remains, however, to be elucidated.

Protein deimination is catalysed by a family of Ca#+-dependent

enzymes called peptidylarginine deiminases (PADs; EC 3.5.3.15).

PAD activity has been detected in numerous vertebrate tissues

[19–23]. Purification and characterization of PADs from mam-

malian epidermis, hair follicles, brain and skeletal muscles has

enabled three isoforms to be identified on the basis of their

biochemical properties [20–26]. More recent cDNA cloning

analyses revealed the existence of four isoforms of PADs in

rodents. They display largely related amino acid sequences
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[27–32], but appear to have different tissue-specific expression as

shown by reverse transcriptase (RT)-PCR and}or Northern-blot

analysis : PAD type I mRNA is detected in mouse epidermis and

uterus [32] and in rat epidermis and stomach [33], whereas PAD

type III is mainly detected in epidermis and hair follicles [29] ;

PAD types II and IV were found to be expressed more widely, for

example, in epidermis, stomach, skeletal muscle, brain, ovary,

uterus and salivary glands [27,31,33]. Although transcripts of all

four types of PAD were detected in newborn rodent epidermis,

to date only PAD type I and III proteins have been identified in

epidermal extracts [26,29]. In sheep, PAD type III mRNA was

detected in hair follicles, but not in epidermis, suggesting that

regulation of PAD expression varies between species [24]. Con-

cerning human tissues, three types of PAD have been cloned to

date, i.e. PAD type II (GenBank2 accession number AB030176),

PAD type III [34] and PAD type V [35], which is closely related

to the rodent type IV. The tissue specificity of the human PADs

is poorly known. PAD type II was immunodetected in sweat

glands [36]. PAD type III was strongly immunodetected in both

the inner and outer root sheaths of hair follicles and only weakly

in all the cellular layers of the interfollicular epidermis, with the

exception of the cornified layer [34]. PAD type V was found in

blood eosinophil and neutrophil polymorphonuclear cells [37].

Virtually no data are available regarding the sequence and tissue

expression of human PAD type I, although the data obtained in

rodents suggest it is present in the epidermis.

In the present study, the full-length cDNA of human PAD

type I was cloned from epidermis, its gene organization de-

termined and its tissue expression analysed. Moreover, an active

recombinant enzyme was produced in bacteria. Generation of

peptide-specific antibodies against PAD type I allowed its

expression in human epidermis to be demonstrated.

EXPERIMENTAL

Cloning of human PAD type I cDNA

A plastic surgery specimen of normal human skin (kindly

provided by Professor J.-P. Chavoin, Service de Chirurgie

Plastique, Centre Hospitalier Universitaire Rangueil, Toulouse,

France) was cut into thin fragments and incubated promptly for

2 h at 37 °C in a 0.25% trypsin solution (Life Technologies).

Epidermis was dissected with forceps and gently rinsed in PBS.

Purification of mRNA was performed using oligo(dT)
#&

-tagged

magnetic beads according to the manufacturer’s instructions

(Dynal). cDNA was synthesized by random priming with the

SuperScript kit (Life Technologies) starting with approx. 80 ng

of mRNA. PCR amplification of the central region of human

PAD type I cDNA was performed with primers derived from

the PAD type I rat sequence (nt 1007–1025 and 1911–1932;

GenBank2 accession number AB010998). The PCR product was

cloned into the pCR2.1-TOPO vector (Invitrogen), sequenced

and internal gene-specific primers were designed for rapid ampli-

fication of cDNA ends (RACE) cloning. The SMARTTM RACE

cDNA amplification kit (Clontech) was used, according to the

manufacturer’s instructions, to clone both 5«- and 3«-ends of

the cDNA, starting from total RNA extracted from human epi-

dermis (obtained as described above) using a standard guanidine

method. RT reactions were performed by oligo(dT) priming of

1 µg of total RNA. PCR amplifications were carried out with one

fortieth of the RT reactions, and the reaction products were

cloned into pCR2.1-TOPO vector and sequenced. Sequencing

was performed by the dideoxynucleotide chain termination

method using a Thermo Sequenase fluorescent-labelled primer

cycle sequencing kit (Amersham Biosciences) and an automated

DNA sequencing system (model 1000L; Shimadzu). The entire

sequence of human PAD type I cDNA was constructed from the

first cloned central region of human PAD type I cDNA and

the 5«- and 3«-ends of the cDNA by overhang extension by PCR

as described previously [28].

Expression of recombinant human PAD type I

The entire coding sequence of human PAD type I (nt 84–2111;

GenBank2 accession number AB033768) was amplified by PCR,

and subcloned in the SalI site of pGEX-6P-1 vector (Amersham

Biosciences). The resulting pGEX–hPADI plasmid encoding

glutathione S-transferase (GST) fused to complete human PAD

type I was used to transform the BL21 Escherichia coli strain.

The transformants were grown overnight and treated for 4 h

with 0.1 mM isopropyl β--thiogalactoside (IPTG) at 25 °C. The

bacteria were resuspended in ice-cold PBS containing 5 mM

dithiothreitol and disrupted by sonication. The cell lysate was

centrifuged at 10000 g for 30 min. The supernatant was loaded

on to a glutathione–Sepharose 4B column (Amersham Bio-

sciences), and the column was thoroughly washed with PBS. The

recombinant fusion protein was eluted with 10 mM GSH in

50 mM Tris}HCl buffer (pH 8.0).

PCR analysis of multiple tissue cDNA panels

Two human multiple tissue cDNA (MTCTM ; Clontech) panels

(panels I and II) were used as templates for PCR analysis

according to the manufacturer’s instructions. PAD type I primers

(nt 2089–2113 and 2635–2659) were designed in the 3« region of

the cDNA after checking using Blast analysis [38] for the absence

of similarity to any of the PAD sequences reported previously.

PCR reactions were performed in a volume of 25 µl using 0.75

unit of Taq DNA polymerase (GoldStar, Eurogentec, Belgium)

in the supplied buffer, 1.5 mM MgCl
#
, 0.25 mM of each dNTP,

7.5 pmol of each primer and 2.5 µl of each cDNA sample of

MTCTM panel I and II. A control reaction with epidermis cDNA

was carried out in parallel using one fortieth of an RT reaction

performed with 1 µg of total RNA and random primers. The

PCR conditions were as follows: 94 °C for 10 s, followed by 28

or 34 cycles at 94 °C for 25 s, 60 °C for 20 s, and 72 °C for 40 s

and a terminal extension period (72 °C for 5 min). The PCR

products were separated on 2% agarose}TBE [where TBE is

Tris}borate}EDTA (45 mM Tris}borate, 1 mM EDTA)] gels.

Glyceraldehyde-3-phosphate dehydrogenase primers were used

in PCR control reactions to confirm the normalization of the

cDNAs provided by Clontech.

Antibodies

The anti-GST monoclonal antibody was purchased from

Pierce. The ascites fluid of MOPC-21 (Sigma) was used as a nega-

tive control. Anti-peptide antibodies directed against human

PAD type I were produced in rabbits by injecting synthetic

peptides conjugated via an added N-terminal cysteine residue to

keyhole-limpet (Diodora aspera) haemocyanin. The peptides

used were synthesized according to the predicted amino acid

sequence of human PAD type I as follows: peptide A, CMAP-

KRVVQLSLKM (amino acids 1–13) ; peptide B, CNHRSA-

EPDLTHSWLM (amino acids 158–172) ; and peptide C,

CARGGNSLSDYKQ(amino acids 215–227) (where single-letter

amino-acid notation has been used). Anti-peptide antibody

titres were determined by ELISA (CovalAb, Lyon, France). The

antisera were affinity-purified on a mixture of the three peptides

coupled to an agarose-activated affinity column (SulfolinkTM kit),

essentially as described by the manufacturer (Pierce).

# 2003 Biochemical Society



169Human peptidylarginine deiminase type I

Protein electrophoresis and immunoblotting

Rabbit muscle PAD type II was purchased from Sigma, and

recombinant human PAD types III and V were generously

provided by Professor H. Takahara (Department of Applied

Biological Resource Science, School of Agriculture, Ibaraki

University, Ibaraki, Japan) and Professor M. Yamada (Graduate

School of Integrate Science, Yokohama City University,

Yokohama, Japan) respectively. Dermo-epidermal cleavage of

normal human skin was performed by heat treatment, and

epidermal proteins were extracted in TENP-40 buffer [40 mM

Tris}HCl buffer (pH 7.5) and 10 mM EDTA containing 0.5%

Nonidet P40 and protease inhibitors]. Proteins were separated by

SDS}PAGE and either stained with Coomassie Blue or electro-

transferred on to reinforced nitrocellulose membranes and

probed with antibodies. The anti-GST monoclonal antibody and

MOPC-21 were diluted to 0.1 µg}ml. Affinity-purified anti-

peptide antibodies directed against human PAD type I were

diluted to 0.46 or 0.11 µg}ml. For adsorption experiments, the

antibodies were preincubated for either 30 min at 37 °C with

peptides diluted to 20 µg}ml or overnight at 4 °C with recom-

binant human PAD type I transferred on to a nitrocellulose

membrane. For the detection of deiminated proteins, citrulline

residues of proteins transferred on to the membrane were

chemically modified by overnight incubation at 37 °C in modi-

fication medium (0.0125% FeCl
$
, 2.3 M H

#
SO

%
, 1.5 M H

$
PO

%
,

0.25% diacetyl monoxime, 0.125% antipyrine and 0.25 M acetic

acid). The membrane was then incubated with antibodies specific

to modified citrulline diluted to 0.125 µg}ml as reported pre-

viously [7,8]. Immunoreactivities were revealed using the ECLTM

Western blotting kit as described by the manufacturer

(Amersham Biosciences).

Immunohistochemistry

Immunohistochemistry was performed on Bouin’s fixed samples

of breast skin embedded in paraffin using the peroxidase-labelled

streptavidin–biotin amplification method and on cryosections of

breast skin using indirect immunofluorescence. The anti-peptide

antibodies directed against human PAD type I and purified by

affinity chromatography, as described above, were diluted to

20 µg}ml (immunofluorescence) or 4.6 µg}ml (streptavidin–

biotin amplification method).

RESULTS AND DISCUSSION

Cloning of the human PAD type I cDNA

To amplify cDNA from human epidermis, we used two rat PAD

type I-specific primers that had a high sequence identity with the

mouse orthologue, but low identity with the other rodent PAD

types. After cloning the PCR products, sequencing revealed two

different inserts. One corresponded to human PAD type II,

which we have deposited in the DNA databases during the

course of this study (GenBank2 accession number AB030176).

The other insert was 81% identical with the rat and mouse PAD

type I sequences, but only 68, 70 and 72% identical with the

human PAD types II III, and V respectively, as shown using

Blast [38]. RACE-PCR was used to complete the human PAD

type I cDNA. The full-length cDNA was 2711 bp in length and

contained an open reading frame encoding a polypeptide of 663

amino acids with a calculated molecular mass of 74.6 kDa. The

cDNA also consisted of a 5«-untranslated region of 83 bp and a

3«-untranslated region of 639 bp. During the course of the

present study, a cDNA sequence encoding the human PAD type

I was deposited in GenBank2 (accession number AK026652). It

essentially differs from the cDNA we obtained in the 3«-

untranslated region, which is 1156 nt longer, corresponding to

the use of an alternative polyadenylation site. Sequence com-

parison of the predicted protein revealed 76% and 75% identity

with the mouse and rat PAD type I respectively (Figure 1A). A

lower degree of identity (52–57%) was observed with the other

human PADs. More conserved regions were noted in the C-

terminal region of all the murine and human PADs, supporting

the hypothesis that this region is involved in the catalytic sites

of the enzymes. In particular, His%(# and Cys'%&, two residues

suggested previously as catalytic residues of the murine PAD

type II [30], are conserved in the other cloned PAD sequences,

including human PAD type I. Using the SignalP v1.1 program

[39], no signal peptides or transmembrane regions were predicted,

suggesting an intracellular location for the human PAD type I.

A phylogenetic analysis suggested that the four human, rat and

mouse PAD paralogues arose through a series of gene duplication

events prior to divergence of these species, and confirmed that

the human PAD type V is closely related to the murine PAD type

IV (Figure 1B).

Determination of human PAD type I gene organization

A BLAT search at the Golden Path University of California at

Santa Cruz web site (http:}}genome.cse.ucsc.edu) revealed that

the four human PAD genes are located within a 300 kb region on

chromosome 1p36.13. In agreement with our phylogenetic analy-

sis, the genes of PAD types I, III and V are very close to each

other and are included within a 160 kb region. Also, they are

transcribed in the same orientation. Moreover, the transcribed

regions of PAD types I and III are only 4 kb apart. In contrast,

the PAD type II gene, transcribed in the opposite direction, is in

a centromeric position 86 kb away (Figure 1C). Alignment of the

human PAD type I cDNA and genomic sequences revealed that

the entire cDNA sequence is covered over a range of 39.7 kb

(GenBank2 accession number NTj004401). The human PAD

type I gene consists of 16 relatively short exons (ranging from

63–851 bp) interrupted by 15 intronic sequences from 104 bp to

more than 16.9 kb (Table 1). Only scarce differences were found

between the nt sequences of the exons and the corresponding

PAD cDNA. Interestingly, the human PAD type II, III and

V genes (M. Guerrin, unpublished work) and the rat PAD type II

gene [42] also consist of 16 exons; moreover, the length of

the exons, but not that of the introns, is conserved between the

human and rat orthologous PAD genes.

Production of a recombinant human PAD type I

To express the cloned human PAD type I cDNA as a GST-

fusion protein in E. coli, the entire coding sequence of the human

PAD type I cDNA was cloned into the pGEX-6P vector. When

IPTG-induced bacterial lysates were analysed by Western blot-

tingwith an anti-GSTmonoclonal antibody, a protein of 100 kDa

was specifically immunodetected (results not shown). To dem-

onstrate PAD activity, IPTG-induced bacterial lysates were

incubated in the presence of 10 mM CaCl
#

in order to promote

deimination of proteins by the recombinant fusion protein.

Deiminated proteins in the incubated lysates were then immuno-

detected with the antibodies specific to modified citrulline after

chemical modification of citrulline residues, as described in the

Experimental section. As shown in Figure 2 (lane 3), numerous

deiminated bacterial proteins over a broad range of molecular

masseswere detected, demonstrating the presence of PADactivity

in the induced lysates. In both non-induced and IPTG-induced

bacterial lysates incubated without CaCl
#
, no deiminated proteins

were detected (Figure 2, lanes 1 and 2). In addition, E. coli

transformed with pGEX–hPADIr, containing the human PAD
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Figure 1 Alignment of human and rodent PAD type I (A), phylogenetic analysis of human and rodent PADs of different types (B), and representation of the
human PAD gene locus (C)

(A) Comparison of the predicted amino acid sequences of mouse (m), rat (r) and human (h) PAD type I. Solid and shaded backgrounds indicate identical or similar (R/K/H, A/S/T, I/L/V/M/C/F/Y/W,

G/P and E/D/Q/N ; where single-letter amino-acid notation has been used) amino acids respectively. For each PAD, the total number of amino acid residues is indicated in brackets. Solidi (/)

indicate the positions corresponding to exon–intron boundaries. The underlined sequences of human PAD type I correspond to the regions used to generate antibodies specific for the enzyme.

(B) A phylogenetic tree was generated from a multiple sequence alignment of the entire amino acid sequences using the Multalin program [40]. Distances were calculated according to Dayhoff’s
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Table 1 Exon–intron organization of the human PAD type I gene

The numbers in the 3« boundary and 5« boundary columns indicate the location of the amino acid residues and nucleotides. Single-letter amino-acid notation is used.

Exon no. Exon size (bp) Intron size (bp)

Sequence of exon–intron junctions

3« boundary Intron 5« boundary

1 175 16978 I H S31 D32 V

ATT CAC AG175 GTAAGAGCTG … TCTCTGCCAG T GAT GTG

2 181 1150 D F K91 V92 R V

GAC TTC AAG356 GTAAGAGGCC … TGTTCTGCAG GTG AGG G

3 73 673 G V D116 I117 S

GGC GTC G429 GTAAGTAGCA … CTCTTTGCAG AT ATT T

4 62 1382 G D K136 K137 T W

GGG GAC AAG491 GTGAGACCCT … TTTGCCACAG AAA ACC T

5 118 104 L A D176 L177 Q

CTG GCT G609 GTGAGTGACA … CTCTCTCCAG AC CTG C

6 126 2466 A R G218 G219 N

GCC AGG G735 GTGAGTGGCC … TTCTTCCTAG GT GGG AA

7 173 150 D P G275 T276 L

GAC CCG GGG908 GTGTGTACAG … TTCCCCTCAG ACC CTG

8 104 1033 V C R310 V311 M

GTG TGC AG1012 GTGAGGCTCC … CTTTTACCAG A GTG ATG

9 124 363 W I Q351 D352 E M

TGG ATC CAG1136 GTGGGAGCTG … CCCCTCCCAG GAC GAG A

10 108 2139 R I L387 G388 P D

AGG ATC CTG1244 GTACGTAGCG … TCTTCCATAG GGT CCT G

11 152 4343 F P K438 S439 G

TTC CCC AA1396 GTGAGGGGCT … TCCTGGCCAG G TCC GGT

12 145 1157 D Q K486 G487 F R

GAC CAG AAG1541 GTGCGTCCCC … TCCGTGCCAG GGC TTC C

13 94 994 F D G518 L519 K

TTT GAT G1635 GTGAGTGCCA … CTTCTTGCAG GG TTA AAA

14 80 851 H A Q544 K545 C I

CAT GCA CAG1715 GTGAGAGGCA … CCTTCCCCAG AAA TGC AT

15 126 3249 P D M586 V587 N M

CCA GAC ATG1841 GTGAGAGCCC … TCTTTTGCAG GTT AAC AT

16 851 TAGAAAAAAA

type I cDNA in the reverse direction, had no PAD activity

(results not shown). We next measured the activity of the

IPTG-induced bacterial lysate towards two synthetic substrates,

benzoyl--arginine ethyl ester (BAEE) and benzoyl--arginine

(Bz--Arg). Activities against both substrates were rather low

(0.123 and 0.118 unit}ml respectively) when compared with

similar lysates of bacteria expressing GST–rat PAD type I (0.811

and 0.920 unit}ml respectively) or GST–human PAD type II

(1.750 and 0.400 unit}ml respectively). However, the substrate

specificity of the recombinant human PAD type I was similar to

that of the recombinant rat PAD type I and clearly differentiated

these enzymes from PADs of other types, recombinant or native

(Table 2). Attempts to purify the recombinant human enzyme in

an active form were unsuccessful, because it unexpectedly lost its

activity for unknown reasons. It might be either denatured or

unfolded during the purification steps.

Analysis of PAD type I mRNA expression in human tissues

cDNAs of human MTCTM panels were used as PCR templates to

study the expression of PAD type I in adult tissues. A rep-

PAM250 matrix. The bar indicates 10 substitutions per site. PAM, percentage of accepted point mutation. An identical tree was obtained with ClustalW program [41] using the neighbour-joining

method (results not shown). Bootstrap values were calculated after 100 replicate trials using Consense program of the Phylip package (version 3.6a3 ; distributed by the author, J. Felsenstein,

Department of Genetics, University of Washington, Seattle, WA, U.S.A.) and are indicated. Values below 70 have been deleted. GenBank2 accession numbers of the sequences used in all alignments

are as follows : human (h) PAD types II, III and V, AB030176, AB026831 and AB017919 respectively ; rat (r) PAD types I, II, III and IV, AB010998, NM-017226, D88034 and AB010999 respectively ;

mouse (m) PAD types I, II, III and IV, NM-011059, NM-008812, NM-011060 and NM-011061 respectively. (C) Schematic representation of the human PAD genes on chromosome 1p36.13. The

transcribed region of the four genes is represented by grey boxes. Their transcription orientations are shown by arrowheads.

resentative amplification after 34 cycles is shown in Figure 3.

Besides expression in epidermis, high levels of PAD type I

mRNA were detected in prostate, testis, placenta, spleen and

thymus. Colon, lung, liver and pancreas expressed intermediate

levels of PAD type I mRNA. Very low levels or no signals were

obtained in ovary, brain, peripheral blood leucocytes, small

intestine, heart, skeletal muscle and kidney.

A Blast search of the GeneBank expressed sequence tag entries

with the human PAD type I cDNA sequence revealed several

expressed sequence tags from human (three from uterus, two

from pancreas and two from colon), rat (three from eye) and

mouse (including thymus, uterus, skin and vaginal epithelium)

tissues, confirming that PAD type I is not skin-specific, but is

expressed more widely.

Characterization and localization of human PAD type I in
epidermis

Anti-peptide antibodies to human PAD type I were developed

against three peptides corresponding to regions that differ
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Figure 2 Activity of a recombinant human PAD type I

E. coli cells transformed with pGEX–hPADI were induced in the absence or presence of IPTG.

IPTG-induced and non-induced bacterial lysates were incubated in the presence or absence of

10 mM CaCl2 for 1 h at 37 °C. The incubated lysates (10 µg of proteins per lane) were then

analysed for the presence of deiminated proteins by immunoblotting with antibodies specific to

modified citrulline. Lane 1, non-induced bacterial lysate incubated with 10 mM CaCl2 ; lane 2,

IPTG-induced bacterial lysate incubated without CaCl2 ; and lane 3, IPTG-induced bacterial lysate

incubated with 10 mM CaCl2. The position of molecular-mass markers (in kDa) is indicated on

the left.

Table 2 Comparison of substrate specificity of recombinant human PAD
type I with other PADs

PADs (purified proteins or bacterial extracts) were incubated with 10 mM BAEE or Bz-L-Arg.

The amount of citrulline derivatives formed was determined colorimetrically as described

previously [22]. One unit of the enzyme was defined as the amount that deiminated 1 µmol of

the substrate in 1 h at 50 °C. Relative activity was calculated on the basis of specific activity

towards BAEE.

PADs

Relative activity (%)

BAEE Bz-L-Arg

Recombinant human PAD type I (bacterial extract) 100.0 95.9

Recombinant rat PAD type I* 100.0 114.3

Rat muscle PAD type II† 100.0 18.5

Recombinant human PAD type II‡ (bacterial extract) 100.0 22.9

Recombinant human PAD type III§ 100.0 19.7

Recombinant rat PAD type IV* 100.0 17.5

Recombinant human PAD type V‡,¶ 100.0 152.6

Data from Ishigami et al. [31]* ; Watanabe et al. [22]† ; A. Ishigami (unpublished work)‡ ;

Kanno et al. [34]§ ; and Nakashima et al. [35]¶.

between PAD type I and the other types of PAD, as described in

the Experimental section. The reactivity of the sera was tested by

ELISA against each of the three peptides. The sera reacted

predominantly with the peptide corresponding to residues 158–

172, but not with the peptide corresponding to residues 1–13

Figure 3 Expression of the PAD type I transcripts in human adult tissues

cDNAs in MTCTM panels were derived from polyadenylated RNA isolated from the several

different human tissues (as indicated at the top of the Figure) and have been normalized

using different housekeeping genes [according to the manufacturer’s instructions (Clontech)].

Therefore the PCR results give an accurate assessment of tissue specificity. Epidermal cDNAs

were produced by random priming of 1 µg of total RNAs extracted from human epidermis. In

most tissues, PAD transcripts were detected on a 2% agarose/TBE gel as a PCR fragment of

570 bp after 34 PCR cycles. M, 1 kb Plus DNA Ladder (Life Technologies) ; control (®), PCR

reaction proceeded in the absence of cDNA ; P.B.L., peripheral blood leucocytes.

(Figure 4A). The antisera were affinity-purified on a mixture of

the three peptides and the specificity of the affinity-purified anti-

peptide antibodies was demonstrated by immunoblotting human

PAD type I recombinant protein produced in E. coli and by

adsorption experiments (Figure 4B, lanes 1–6). The antibodies

immunodetected neither rabbit PAD type II nor recombinant

human PAD types III and V (results not shown).

The antibody reactivity was then investigated by immuno-

blotting proteins extracted from human breast epidermis. The

affinity-purified antibodies detected a 70 kDa protein. The re-

activity was specific, as it was blocked after absorption of the

antibodies by recombinant human PAD type I (Figure 4B, lanes

7–9). Moreover, the protein was not detected when non-immune

serum or unrelated rabbit antibodies were used (results not

shown).

To localize human PAD type I precisely in epidermis, unfixed

cryosections of human skin fragments as well as sections of

Bouin’s-fixed skin were immunohistochemically analysed using

the affinity-purified antibodies. On both unfixed (Figures 5A and

B) and fixed skin (Figure 5C), the antibodies showed cytoplasmic

keratinocyte labelling in all the epidermis living layers, the

labelling intensity being higher in the upper spinous and granular

layers. On parallel control sections incubated in the absence of

primary antibody, no significant immunoreactivity was observed.

Moreover, the reactivity decreased sharply or even disappeared

after adsorption of the purified serum on recombinant human

PAD type I (results not shown).

In human epidermis, PAD type III was also shown to be

expressed in all the nucleated cell layers [34]. This distribution of

PADs from basal to the cornified layer in the epidermis is in

striking contrast with the distribution of deiminated proteins.

Indeed, using antibodies specific for modified citrullines, virtually

all deiminated proteins were found to be located in the cornified

layer [7,8,43]. The lack of detection of PAD types I and III in

the cornified layer is most probably due to masking of epitopes,

as often observed with epidermal proteins, although deimination

by other PAD types cannot be fully excluded. The presence of

PADs in the lower epidermis could also indicate that PAD types
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Figure 4 Immunodetection of PAD type I in human epidermis as a 70 kDa
protein

(A) Anti-peptide serum directed against human PAD type I was tested by ELISA against each

of the peptides used for its production (amino acids 1–13, 158–172 and 215–227) as

indicated. (B) E. coli cells transformed with pGEX–hPADI were induced in the absence (lane 2)

or presence of IPTG (lanes 1, 3–6). Bacterial extracts were then immunodetected with an anti-

GST monoclonal antibody (lane 1), affinity-purified anti-peptide antibodies directed against

human PAD type I diluted to 0.11 µg/ml (lane 2 and 3), and the antibodies preadsorbed with

peptides 1–13, 158–172 or 215–227 respectively (lanes 4–6). A TENP-40 extract of human

epidermis was immunodetected in the absence of rabbit antiserum (lane 7), in the presence of

the affinity-purified anti-peptide antibodies directed against human PAD type I diluted to

0.46 µg/ml (lane 8), and the antibodies preadsorbed with the recombinant human PAD type I

(lane 9). The position of molecular-mass markers (in kDa) is indicated on the left.

I and III are kept inactive in the lower epidermis and activated

later during differentiation. They could be activated by the

calcium gradient that exists between the lower and the upper

epidermis [44], as has been described for several other epidermal

proteins [45]. Alternatively, substrate conformation or accessi-

bility may be involved.

The expression of both PAD types I and III in human

epidermis raises other questions, including why are several PAD

isoforms expressed in the same tissue and even in the same cells,

and do they act on the same targets? Since this process has

already been shown to be disturbed in psoriatic epidermis [46],

what about epidermis protein deimination in various other

Figure 5 Immunohistochemical localization of PAD type I in human
epidermis

Cryosections of human skin were analysed by indirect immunofluorescence (A and B), and

sections of Bouin’s-fixed samples were analysed by immunoperoxidase (C) with the affinity-

purified anti-peptide antibodies directed against human PAD type I. The antibodies were diluted

to 20 µg/ml when analysed by indirect immunofluorescence and to 4.6 µg/ml when analysed

by immunoperoxidase. Note the labelling of all the living layers of the epidermis. A higher

intensity in the upper spinous and granular layers is usually observed (B and C). Layers of the

epidermis are indicated (SB, stratum basale ; SS, stratum spinosum ; SG, stratum granulosum ;

and SC, stratum corneum). The continuous lines indicate the dermo-epidermal junction. The

scale bar represents 50 µm (A and B) and 35 µm (C) respectively.

cutaneous diseases? The availability of the recombinant enzyme

and specific antibodies described in the present study, in com-

bination with the antibodies specific to modified citrullines, will

be useful in answering these questions, permitting the biological

role of human PAD type I to be studied first in normal and then

in diseased epidermis.
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