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Abstract Peptidylarginine deiminases (PADs) are a group of
enzymes which convert protein arginine residues to citrulline
residues. Using rat muscle PAD ¢cDNA as a probe, we obtained
two novel cDNAs, PAD-R11 and PAD-R4, from immortalized
rat keratinocytes treated with all-trans retinoic acid. Comparison
of the deduced amino acid sequences with those of muscle and
hair follicle enzymes showed high conservation in the C-terminal
region. Recombinant proteins encoded by both PAD-R11 and
PAD-R4 showed the enzyme activities. That of PAD-RI11
showed a characteristic feature of the enzyme found in the
epidermis.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The process of normal epidermal differentiation is charac-
terized by a series of morphologic changes as keratinocytes
progress from the germinative basal layer through the spinous
and granular layers to the outer cornified layer. The climax of
the process is the transition from the granular cells to the
cornified cells, during which a number of proteins are sub-
jected to various post-translational modifications. We recently
reported the presence of deiminated forms of keratins and
filaggrin, which is a kind of keratin-associated protein, in
the cornified layer of mammalian epidermis [1,2]. This led
us to suggest a possible role of ‘protein deimination’ during
the cornification of epidermis. The ‘protein deimination’ is
catalyzed by ‘peptidylarginine deiminase’ (PAD; EC
3.5.3.15) which converts arginine residues to citrulline residues
[3-11]. There are at least three types of PADs in mammalian
tissues, i.e. ‘type I’ or ‘epidermal type’, ‘type II’ or ‘muscle
type’ and ‘type III” or ‘hair follicle type’, all of which have a
definite requirement for calcium ion. These enzymes differ in
their relative activities towards synthetic substrates [8], elution
profiles from anion exchange columns [9] or cross-reactivities
with a polyclonal antibody to PAD type II [8,9]. The complete
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amino acid sequences of PAD type II and PAD type III have
been deduced from their relevant cDNA sequences [12-14].
The cDNA cloning of the remaining type I enzyme is crucially
important to explore not only its functional role but also its
regulation during the terminal stages of epidermal differentia-
tion. We found that all-trans retinoic acid (RA) induced mul-
tiple PADs in a newborn rat keratinocyte cell line, one of
which was regarded as PAD type I from its chromatographic
profile and relative activities towards synthetic substrates [15].
We constructed a cDNA library from the RA-treated cells as
a possible source of PAD type I cDNA clones. Initial screen-
ing was conducted using PAD type II cDNA as a hybridiza-
tion probe, and representative clones containing novel sequen-
ces were characterized by 5'-terminal extension using the 5’'-
RACE method and also by the enzymatic properties of the
encoded recombinant proteins. Here we present a cDNA
clone encoding catalytically active PAD type I. Moreover,
we obtained another cDNA clone encoding a novel type of
PAD, which was tentatively termed type IV.

2. Materials and methods

2.1. Construction and cloning of the cDNA library

A newborn rat keratinocyte cell line (kindly provided by Dr. Baden,
Cutaneous Biology Research Center, Massachusetts General Hospital,
Charlestown, MA, USA) was incubated with 5 uM RA for 4 days
under the conditions described [15]. Poly(A)™ RNA was extracted
using a FastTrack mRNA isolation kit (Invitrogen). An oligo(dT)-
primed cDNA library was constructed in a Agtll vector using a com-
plete rapid cloning system (Amersham) according to the supplier’s
instruction. About 5X 10° independent clones were subjected to initial
screening by plaque hybridization using a 3?P-labeled 2.3 kb EcoRI
fragment of pKS-PAD [15] covering the entire length of the coding
sequence of rat PAD type II. Hybridization was performed at 42°C in
a solution containing 5X SSPE, 50% deionized formamide, 5X Den-
hardt’s solution, 1% sodium dodecyl sulfate (SDS) and 10% dextran
sulfate. Membranes were washed twice with 2 X SSPE containing 0.1%
SDS at room temperature and twice with 1 X SSPE containing 0.1%
SDS at 65°C, successively. Positive clones were selected, plaque-puri-
fied, and subcloned into a pBluescript SK™ phagemid vector (Strata-
gene) for restriction mapping. Sequencing was performed by the di-
deoxynucleotide chain termination method using a Thermo Sequenase
fluorescent labelled primer cycle sequencing kit (Amersham) and an
automated DNA sequencing system (Shimadzu, model 1000L). Clones
APAD-R11 and APAD-R4 were chosen for further characterization.

2.2. 5'-Rapid amplification of cDNA ends (5'-RACE)

The 5'-terminal sequence was determined using a rapid amplifica-
tion of cDNA ends (RACE) system (Gibco BRL) according to the
supplier’s instruction. The antisense strand synthesis was directed with
1 ug of poly(A)* RNA and primed with 5'-ACCTCGGAGAGGG-
GCCGTGTGT-3" (R11 GSPl) or 5'-GTTCATCTTGGCCTTCG-
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GCACCT-3' (R4 GSP1) for the extension of APAD-R11 or APAD-
R4, respectively, followed by the terminal addition of the oligo-C tail
and the sense strand synthesis. A polymerase chain reaction (PCR)
was conducted using Takara Ex Taq polymerase (Takara Biomedi-
cals) and primed with 5’-GGCCACGCGTCGACTAGTACGGGIIG-
GGIIGGGIIG-3' (AAP) and 5'-AGTCTTCTGGAATCCGGCAAA-
3" (R11 GSP2) or 5'-ACCTTGTCGTCC TCGAAGTCCATT-3’ (R4
GSP2) for the amplification of PAD-R11-RA3 or PAD-R4-RAG6, re-
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spectively. The PCR products were cloned into a pGEM-T Easy vec-
tor (Promega) for sequencing.

2.3. Construction of plasmids for expression of recombinant proteins
A full length cDNA clone (pPAD-R11) was constructed by insert-
ing the Sacll/Sse83871 fragment of pPAD-R11-RA3 into the Sacll/
Sse83871 site of APAD-R11. Another full length cDNA clone (pPAD-
R4) was constructed by inserting the Sacll/Narl fragment of pPAD-
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GGTGGTGGCGGACACAGTCAGTAAGAACTTACACGACCTCAAGGTAAAGGTATCATACTTCAAGTCCCAGGACACTGCCGCCCTGGCCCACAGCCTTC TCTACCTAACCGCTGTTGATGT
VVADTVS KNLUHDILI KV VI XVSsS Y FKXK S QDT AALA AHS STLTLTYTLTA AVT DUV

GTCCCTTGATGTCGACACAGGCCGCACAGGCAAGGTGAAGAAAGGCTC TGGTGACAAGAAAAAC TGGCGC TGGGGC TCCGGGGGC TCCGGGGC TATCCTGTTGGTGAACTGTGACAGAGA
S L DVDTGRTGIZ KV VI X XG S GDIXI XN NUWRWGS GG S GAITULTLVNTCDTRD

TGTGCATGGGTCC CTGC. CATT AC CTGCAGGACATGTCCCCAATGGTGTTGAGC TGTGACGGCCCTGATGATCTTTTTAAGAGCCACAA
VHGSRETUDTLU HDSHTLRSTLETUDLA QDMSZPMVILSCDGZPUDUDTLTFZKSHK

GCCGGTCTTGAAGGCATCTTTGCCGGATTCCAGAAGACTGGGGGTC TTTTGTGCCCGGGGTGGGACCTCCCTCTCCAACTACAAACAGGTGCTGGGGCCCCGTCATAACTCCTATGAGGT
PVLXASTLUPDS S RRLGYV FCARGGTSTULSNZYZ KO QVLGPIRIHNSTZYEZV

GGAAA ATCC ATTCAGTTCTACGTGGAAGGACTCGCCTTCCCTGATGCCAGTTTCTCAGGGCTGCTGTCTCTCAGTGTCAGCCTGGTAGACACACGGCCCCTCTC
ERHPGERUDTIAGQFYVEGLAFPDA AST FSGLTILJ STZLSUVSTLVDTTRZPILS

CGAGGTGTTGGTCTTCACGGACAGCGTGACCTTCCGAGTGGCCCCCTGGATCATGACCCCCAACACCCAGCCGCCCCTGGAACTGTACGTGTGCAGCGTGACAGATATGCATGGCAGCAA
E VL VFTDSVTFRVAPWIMTZPNTAOQPZPTLETLTYVCSVTDMHEGS SN

CGACAAGTTCTTGGAGGACATGTCCCACCTGGCCACGAAGGCCAACTGCAAACT. TGTCCCCGGC! ATCGCAATGATCGATGGATCCAGGATGAGATGGAGTTTGGCTA
DK FLEDMSU HTLA ATI KA AN CI KTLV VUV CPRLENINRNDIRUWIQ QIDTEMETFGZY

CATTGATGCCCCTCACAAATCG‘I'ICCCTGNGICTT‘IGATICCCCCCGAAACAGMGCTTGAGGGACT'RZGCCCTTAAGAAGATCCTGGGTCCTGACTTNGATATGTGACCCGGGAGAT
I DAPHK v S PR NRGLRDTFALIKIE KTILGZPUDTFGYUVTRTETI

CCAG'ITCGCAGGTGCCTC!GGCCTGGATTCCT"\"':‘T!N e CCGCC ARCAC, CCCCTCGGCAGAATCCTCATCGGTGGCAACTTCCCTAA
Q F AGA S G D s FGNLUDVSZPPVRVYVGNTET TYZPLGRTITILTIGSGNTFPK

GTCCAGCGGGCGGCGGATGGCCAGGGTGGTGCGTGACT TCCTGCATGCCCAGCAGGTGCAGGC TCCGGTGGAACTCTACTC TGACTGGC TC TCCGTGGGCCAC TTCTGAG
S S GRRMARUV YV RDVF FLHAQQVQAUPVETLYSDWILSVGHVDETFTLS

CTTCGTGCCCACCTCTGACCAAAAGGGCTTCCGGTTACTCCTGGCCAGCCCCAGCGCCTGCCTCCAGC TGTTCCAGGAGAAGAAGGAGGAGGGC TAC ‘CAAGC. 'TTGATGG
FVPTSDQKGPFRILTILILA ASZPSACLU QLTFIO QETIZ KTI KTETESGT YGEA BAI KT QTFTDSG

CCTCAAGCATAAGACAAAGAGAAGCATCAATGACATCTTAGC TGACAGGCACCTCAGGAGGGACAGTGCACATGTGCAGAAATGCATCGAC TGGAACCGTGAGGTGCTARAAACAGGAGCT
L KHKTIZXHRJSTINDTITLADIRIHELIRRD S AHVYA QIE KT CTIUDUWNRETUYVILI KU QEHTL

GGGCCTCTCCGAGAGCGACATC CACAGCTCTTCTTCC! CTACGCTGAAGCCTTCTTTCCTGACATGGTCA. ' TCCTCGGCAAGTACCTGGGCAT
G L S E S DIUVDTIUPA QLT FTFILIXKSGA AYA AEA ATFTFZPDMVNMVYVVLGI KT YTZLGTI

CCCCMGCCCT'J.CGGGCCCATCAICAATGGCCGCTGCTGCCTGGAAGAGAAGGTGCGCTCCCTGCTGGAGCCGCTGGGTCTACGCNCG‘ICTMATCGACGACTTTC!CTTTTACCADCA
P K PFGPTITINGRTCCLETEI KV VRS STILLEZPLGLI RTCVFTITDTD F Y H Q

ACTGC! C ACTAATGTGC AACCTTTTGCCTT TCCGTGCCCTGAGCCTGCCCGACCACCACCCTCGCTGCCCTGC
LLGETIHTCGTNVRRIEKPTFAFRUWWNSUVEP

CCCAGAGCAAGGGCAAGGGCCACGAACCAGCTTCCACCCTCCTGGAGCC TGAAAGCGGACTGACTACTGTGGTCAGCTGGGCTCCC AACACACTTCTTCGTTTCTGGAGTCGC
CTGTCCTGCCCAGGAGACTATTGACACTTTTCCTTCACCCTTTCCCAGCCAGAGCCCCC 'CAAGGTCGGAAGCTAAGCCTGTAGGCCACGCCCTACTTTGAGCTGTTTCCCCCC
TCCCTTCTGGACACCTCTCTGATGCTGTTTCAGAAATGCCCACCATGCCAGGACCCTGGGGCACGAACACCATAGTTTCGTATGACTCC! “GCAAGATGAAAAGGAAGATTTGG
GGCGTCTTTTTTTCCC “CTCAGGCCATGGCCCCCTGGCACCCTTCAGC TCAACGTAGGCAAACAAAGGCAGGAAATCCCAGTCCTTGAAAGCGGGCAGGCACAARAGCCCCTCT
AATGCCAAACTCCATCCAGTCCCACCTCTGCAGAATGCTTGTTACCTGTTGGGGCAGCCTTTAATTACGAGCCCTGGTGC TTCCTGT TGGAAGATGCTTCGGGGCATAGGGAGGCCCTCG
GAAGTCTGCAAGC TCGCACCAGGA TTGCCCATCTCH ACCTCGAAGCCTGGAACTCTTGGCTGGGTG
TTTGGGGCCCCTGAACCTGACGGCTGTTGGTCC 'CCA T TGGGGT CATTAAGTTACATCTGGAGGTGAGGCTTAATTTCCTCT
AATAGTCTCTAATTACTCCCTAACCTGCTGCAGGC CCACACTCCCCCAGCAGCCTGGGACCCTACACAACACTTGTACAGCCCCAGTAAACCCCATGGCAGGCC
TGTGTCCCCCCTCCCACAGTAGGACAGACAGC TGGCCTGGAGGCTAATAGCATTGGGTGAGGTCACAGAGACATG TG TCGGCAAGCAGGCAGGCCARCCGGC TGCAGGGCACGGCTGGCA
GAGGCTTCCTCTGGTCAAGGAGCCACAACAGGCTGCTGGATTCTGTCTTTGTAT TTTGGTAGCTTCTGGTGCCACCCCTGACT! AGCTGCTGTCAL! ACCACTGGACACT
TAGTTAGCARAGGC TTCCTTGGAGCTGTTAGGATAGGCATGGCCAGGTAGACATTGGCTC TTCCCCCTTCCAGAAGGTTC TGTGGAAC TGGAACCCCCATTTGTAGGCTCCCCACACCAA
CACCCTCCTCTATGATCATGGCCTGGCTGAGGT! C AGGAGA. AGATAA “GGGGCCTGGCCTCTGAAGACTC T

GACTACAGAGCCTCGGCAAGCATGGGAGCAAGTCTTCTGCGCCACATGAGGTGGGC TCTGGAGTCGC TAC TCAGACCGTC TGGGGGCCTGGC TGACTGGCCACCCTCTCCCTCATCAATT
AMAAACATCGTTGTGCATTC poly A (21)

Fig. 1. Sequencing of rat PAD-R11. A: Schematic representation of the sequencing strategy. B: Nucleotide and deduced amino acid sequences

of PAD-R11. Nucleotide and amino acid numbers are shown on the left.

An asterisk denotes the position of the in-frame stop codon located

upstream of the putative initiation codon. A consensus sequence for the polyadenylation signal is underlined. The sequence data will appear in
the DDBJ/EMBL/GenBank Nucleotide Sequence Data Libraries under accession number AB010998.
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R4-RAG6 into the Sacll/Narl site of APAD-R4. A region containing
the entire coding sequence of pPAD-R11 (nucleotides 131-2223) was
amplified by PCR using 5'-CCGCTCGAGATTGAATTCCATATG-
GCCTCCCAGCGAGCTGTGCA-3" (R11 expl) containing the
underlined EcoRI site as a sense primer, and 5'-CCGGAATTC-
GCGGCCGCTCAGTCCGCTTTCAGGCTCCAGG-3" (R11 exp2)
containing the underlined NotI site as an antisense primer. In a similar
manner, a region containing the entire coding sequence of pPAD-R4
(nucleotides 17-2155) was amplified using 5'-ACGCGTCGACTC-
GAATTCCATATGGCCCAGGGTGCGGTGATC-3" (R4 expl)
containing the wunderlined EcoRI site and 5-CCGGAATTC-
GCGGCCGCAGATGTGGGTGAAGCAAAGCAAC-3" (R4 exp2)
containing the underlined Notl site as sense and antisense primers,
respectively. The amplified DNA fragments were subcloned into a
pGEX-6P vector (Pharmacia) containing a glutathione S-transferase
(GST) sequence and its nucleotide sequence was confirmed by DNA
sequencing. Plasmids pGEX-R11 and pGEX-R4 obtained were used
to transform JM105 cells. The transformants were grown overnight
and treated for 4 h with 0.1 mM isopropyl-1-thio-B-p-galactopyrano-
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side at 20°C. The cells were then disrupted by sonication, and the
recombinant proteins in the soluble fraction were adsorbed to Gluta-
thione Sepharose 4B (Pharmacia). PAD moieties were released using
PreScission Protease (Pharmacia) according to the supplier’s instruc-
tion. PAD activities were determined by measuring the conversion of
benzoyl-L-arginine ethyl ester (BAEE) or benzoyl-L-arginine (Bz-L-
Arg) to the corresponding derivatives of citrulline [8], and the specific
activity was determined as described [15].

2.4. Northern blot hybridization

The poly(A)" RNA was electrophoresed in a 0.8% agarose-form-
aldehyde gel and transferred to nylon membrane. cDNA fragments,
nucleotides 3109-3523, 2023-2227 and 2409-2837 of PAD-R11, PAD-
R4, and rat PAD type II cDNA, respectively, were amplified by PCR
using appropriate primers for the preparation of 3*P-labeled probes.
Hybridization was performed under the condition used for the plaque
hybridization. The membrane was finally washed at 65°C in 1 X SSPE
containing 0.1% SDS. The signals were detected using a BASS 2500
image analyzer (Fuji Photo Film Co., Ltd.).

Narl
PAD-R4 5
pPAD-R4-RA6
- R4GSP1
AAP B> - R4GSP2 APAD-R4e
pGEX-R4
R4 exp1 - R4exp2
B
1 TeceTeeTecee CCAGGGTGCGGTGATCC CCCTGAGGAGCCCACCCATGCC ACGGCGACCCCGCTGRATATCCGTGGCTCTGCTCCAAG
1 M AQ GAV IHVAPETEZPTHA AVCVVYVYGTATZPLUDTITRSGSA ATPHTR

121 GGGCTCCACGTCCTTCAGCATCACAGCCTCCCCAGAAGTTGT

ATCCATGGTCCTCCATCCA

'CACGGGGGCCTCCAAATGGCCTCTGGACCCCAAGCTGGA

3 G S T S F S I TASUPEVVVDVIHGTPZPSZ KT KSTTGASTZ KWPTLDTZPI KTELE

241 GGTGACCCTACAGATGAAAGCAGCCAGC! GATGACC,
76

T'TCGAATTTCCTATTACGGACCCAAGACCTCATCAACCCAAGCCCTGCTCTACCTCACCGGGGTGGARCT

V TLQMIZ KA AASSRTIDUDT G QI XKV VR RTISYZYGPIZ XKTSSTO QALTZLTYTZLTSGVETL

361 CTCCCTGAGTGCGGATGTCACCCGCACTGGCAAAGCGAAGCCAGCCCCAGC

TCAGAGCACCTGGACCTGGGGCCCGGACGGTCACGGCGCCATCCTGTTGGTGAACTGTGA

TGGGAAGGA!
116 S L S ADVT TR RTGIZ XA aATZ KTPA APAGTI KD QSTWTWGZPDGHGATITLTLTVNTCD

481 CAAGGAGGATCCCAAGTCCTCCGGAATGGACTTCGAGGACGACAAGGTCTTAGACAACAAAGACCTGCAGGACATGTCACCAATGACCCTAAGCACGAAGACTCCCAAAGACTTCTTTGA

156 K E D P XK S S GMDVF EDDIKVLD

N KDL QDMSUPMTTLSTIZXKT®PIZXKUDTFFD

601 CAAGTATCAGTTGGTGCTGCAGGTGCCGAAGGCCAAGATGAACAAAGTGAGAGTCTTCCGGGCCACACGGGGCAAACTGCCATCCAGATACAAGGTGGTCCTAGGACCACAGCAGTTCTC
196 K Y Q L VL Q VP KA KMNZE KV RV FRATRGI KTLUPSRYZXVVLGPZOQQTFS

721 CCACCGCCTAGAGCTGCTGGGCGGCCAGCACAGCACGGACTTCTATGTGGAAGGCCTTGCTTTCCCTGACGCCGACTTCAAGGGGC TCATTCCCCTAACGATCTCCCTGTTGGACAAATC
2% HRLEULTULGG GO QHSTDTFYVEGLA AFZPDADTFI XKGTLTIZPLTTISTZLTLDIKS

841 TAACCCGGAGCTCCCTGAAGCCCTGGTGTTCCAAGACACCGTGATGTTCC

CCCCTGGATCATGACGCCCAACACTCAGCCCCCCC

GTGTGCAGGTTTTCCGA

276 N P EL PE ALV F QDTVMTFRVYVAPWIMTZPNTAOQPZPAOQEVYVCRTFSD

961 CAATGAAGACTTCCTAAAGTCACTGGCTACTTTCACCAAGAAAGCCAAGTGCAAACTGACTGTGTGCCCAGAGGAGGAAAATCAAGATGACCAGTGGATGCAGGATGARATGGAGATTGG
36 N E D F L K SLATTPFTU XTI KA AZKTCTIEKTLTVCPETEENOQDTUDU QWMOQDEMETIG

1081 CTACATACAGGCCCCCCACAAGACGCTGCCTGTGGTCTTTGACTCCCC

AGAGGCC'

TTCCCTGTCAAACGAGTCATGGGTCCAAATTTTGGC 'CCGAGG

36 Y I Q AP HKTULP

1201 GCTC TCACTGGGC CTT" ACC

'CCCCAGTCACTGTC

VVFDSPRDIRGLI KUDTFPVI KRVMGPNTFGYUVTTRG

TACCCACTGGGCAGGATTC TCATCGGGAGCAGCGGTTA

396 L YRAEUVTGTLUDA AFGNTLTETVSZPZPVTVRGIEXKETYPLGRTITLTIGS SSG Y

1321 TTCCAGCAGTGAGAGCCGGGACATGCACCAGATCCTGCAGGACTTCCTGGGTGCCCAGCAGGTGCAGGCCCCTGTGAGACTCTTCTCCGATTGGCTCTTTGTGGGTCACGTGGATGAGTT
436 S S S E S RDMHQITLIO QDT FILGAQQVQAPVRLTFSDUWLTFUVGHVDETF

1441 CTTGAGCTTCGTCCCGGCACGGGGCAAGCAGGGCTTTCGGCTGCTACTGTCCAGCCCCAGAGCTTGCTACCAGATGTTCCAGGAGC TGCAGACCGAGGGCCACGGGGAGGCATCACTGTT

476 L S F V P ARG K QG F RULILULS S PR

A CYQMTFQETLAGQTETGHGEA ASTLTF

1561 CGAAGGACTCAAGAGGAAAAGGCAGACAATCAGTGACATTCTGTCCAGCCAGAAAC TARGAGACCAGAATGCCTACGTGGAGAGCTGTATTGAC TGGAACCGTGAGGTGCTGAAGCGAGA

5166 E G L KR KURQTTISDTIILSS QKU LIRUDUO QNAYVE

C I DWNRYETUVILI KT RE

1681 GT' 'CTGAC GACATC

CCCAGCTCTTCAGGATTG

AACTCC ACCCGAAGGCTGAGGCCTTCTTCCCAAACATGGTGAACATGCTGGTACT

556 L G L T E G D I I DI PQULVFRTIVGNSIRGNPI XAEA ATFTFZPNMVNMLTUVYVIL

1801 GGGCAAGCACCTGGGCATCCCCAAGCCCTT!

'CCATCATCAACGGCCGCTGCTGCC

TGTGCTCCCTGCTGGAGCCGCTGGGTCTGCACTGCACCTTCATCAACGA

596 G K HL GI PXKPPFGPTITINGRTCTCLETEIZ KVC CSLTLETZPLGTLUHTCTT FTIND

1921 CTTCTACAGCTATCACATGTACCAC

ACTGTGGCACCAACGTGCGC

“CCTTCGCCTTCAAGTGGTGGCACATGGTTCCCTGAGTCACCGCTCCTGGCAGCCTCCC

636 F Y S Y HM Y HGE V HCGT TNV VR RRIEKPTFAFI KWWHMMU VP

2041 TCGAGGACTGCCCTGGCTCCCTGC TGGGGCC

TTCCC TACCCCTCCCTGCTGTGAGTTGCTTTGC TTCACCCACATCTGGCTC

2161 CTGTCCCACCTCTGTATGTCCTAAAATGGTCCTTGCATAGCAAACTCAGTCCTGCTTAGAGATGCTGCAATAAR TT

CTTTATTTT poly A (23)

Fig. 2. Sequencing of rat PAD-R4. A: Schematic representation of the sequencing strategy. B: Nucleotide and deduced amino acid sequences
of PAD-R4. Nucleotide and amino acid numbers are shown on the left. A consensus sequence for the polyadenylation signal is underlined.
The sequence data will appear in the DDBJ/EMBL/GenBank Nucleotide Sequence Data Libraries under accession number AB010999.
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3. Results

3.1. Cloning and sequencing of PAD ¢DNA clones

Nine positive clones were characterized by restriction map-
ping and partial sequencing. These clones were classified into
three groups. Representative clones of these groups bearing
the longest insert sizes were completely sequenced. They were
termed APAD-R5 (~0.9 kbp), APAD-R11 (~3.2 kbp), and
APAD-R4 (~2.1 kbp). The other clones had overlapping re-
striction maps with one of these representative cDNAs.
APAD-R5 was not used for further characterization, since it
consisted of 875 bp which exactly coincided with the 57 bp
coding sequence and the contiguous 818 bp 3’-untranslated
sequences of rat PAD type 11 cDNA. APAD-R11 (3172 bp)
and APAD-R4 (2116 bp) contained sequences encoding 516
and 512 amino acid residues, respectively, both showing sim-
ilarities to the coding sequence of rat PAD type II (Figs. 1A
and 2A, respectively). Such similarities were not found in the
adjacent 3'-untranslated sequences. Sequences missing from
the 5'-end regions of the relevant mRNAs were estimated
by the 5-RACE method. This yielded pPAD-R11-RA3 (759
bp) for APAD-R11 and pPAD-R4-RA6 (528 bp) for APAD-
R4. These combinations constructed cDNA sequences PAD-
R11 (3740 bp) and PAD-R4 (2258 bp), respectively.

As Fig. 1B shows, PAD-R11 contains an open reading
frame of 1989 nucleotides encoding a polypeptide of 662 ami-
no acid residues with a calculated molecular mass of 73856
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Da. The putative initiation codon (nucleotides 131-133) is
located within a sequence context favorable for Kozak’s rule
[16], and is preceded by an in-frame stop codon (nucleotides
68-70). A putative polyadenylation signal (AATTAAA) [17] is
located at nucleotides 3717-3723. As Fig. 2B shows, PAD-R4
contains an open reading frame of 2001 nucleotides encoding
a polypeptide of 666 amino acids, with a calculated molecular
mass of 74466 Da. The putative initiation codon (nucleotides
17-19) is located within a sequence context favorable for Ko-
zak’s rule. No in-frame stop codon is present in the estimated
sequence. A putative polyadenylation signal (AATAAA) is
located at nucleotides 2229-2234.

3.2. Comparison of sequence similarity

The amino acid sequences of PAD-R11 and PAD-R4 are
compared with those of rat PAD types II and III in Fig. 3.
About 50% of amino acid residues in the C-terminal halves
are identical, while only about 24% of amino acid residues are
common in the N-terminal halves. The entire amino acid se-
quences of PAD-R11 and PAD-R4 showed 50-57% identity
with that of rat PAD type II or type III when compared in
pairs. The corresponding nucleotide sequences showed a
somewhat higher identity (61-65%).

3.3. PAD activities of recombinant proteins
To construct GST expression plasmids, the coding regions
of PAD-R11 and PAD-R4 were amplified and inserted into

rPAD type II 1:MLRERTVRLQY GSRVEASYHLETQLWTHVY SAABABAKTES LKHSEG¥KVEVVRDGEAEEVVTNGKQ 70
rPAD type IIT  1:MSLQRTVRVSLEHPTSR¥CYAGVETIVOIYGSVEEGTDMEEVYGTPG¥DIYVSPSMERNRERA-DTRREC 69
PAD-R11 1:MASQRAVQLSLRKPAHAYCYTEVGTLVAVY SDVEKGAKTEEV SGSSEXK IYMVY DPSRVAEPA- GPAHKP 69
PAD-R4 1:8AQGAVIHVAPEEPTHA¥CHVETATPLITRGSABRGSTSESITASPEYVVDVIH- GPPSKKSTTGASKEP 69
rPAD type II  71:LSPSTTLRLSMAQAXTEASSDK¥TVN¥YEEDGSAPIDQAGEFEEATE ISEDVHADRDGEVEKNNP-§-KA 138
rPAD type III 70:FNKGLEIIVVMNSPENDLNDSHYQIA¥HSSHEHLPLAYAV. CVDITEDCPMNCADRQDRSFVDE--R 137
PAD-R11 70: LDANVDVVVVADTVEKNLHDLK¥KVS¥FKSQDTAALAHSLEYETAVDVSEDVET GRTGKVKKGSGDE--K 137
PAD-R4 70: LDPKLEVTLQMKAASSRIDDQKYRISYYGPK-TSS-TQALEYEEGVEL SESABVTRT GKAKPAPAGEDQS 137
rPAD type II 139:SHTH ; RDTPWLPKEHCS ;uwsx&g%o;g' ITERTKGEDRLPAGYEIVEYISMSD 208
rPAD type III 138:Qf RDEVSSDAQANCHQCVRCLQBEEDMSVMVERTQGRESLFDDHRLIEHTSSCD 207
PAD-R11 138: £ORD-VHGSREJLHISHLRSLEDE: %S CDGEDDLFKSHKPVEKASLPD 206
PAD-R4 138: JKEDPKS SGMIFEZDKV L DNKEHQEMS PHTHS TKTEKDFFDKYQLVEQVPKAK 207
rPAD type II 209:SDKVG YVENPFFGQR¥THIEERQKLYHVVKYTGESAEL LEFYEGEREREE SESHLVSIHVSELEYM 276
rPAD type III 208:AERARYEHVCGPEDSC-EA¥RCVLGPDRMSYEVPRLKEYEE-REYVEGES GEPLILSFHITILDDS 275
PAD-R11 207:SRRLG CARGGTSLSNYKQVEGPRHNSYEVERHPSERDIQEY: %«-A SESHLLSLSVSEV-DT 273
PAD-R4 208 :MNKVRYE- -RATRGKLPSREKVVEEPQQFSHRLEL L GEQHSTDEYVEGE DEKELIPLTISELDKS 275
rPAD type II 277:AEDIPLTPIETHTYTE] /- - - - CMKDNYLELKEVKNLVERTNZEEKVEFQYM 342
rPAD type III 276:NEDYSETPIETHTVVEX VRN-NTC---EVEAVEELARKAGEKETIEPQAE 341
PAD-R11 274:R-PLSEVLVETHSYTERV VTDMHGSNDKELEDMSHLATRANEKEVVEPRLE 342
PAD-R4 276:NPELPEALVEQETYMER FLENTQ) ---RFSDNEDELKSLATFTKEAKEKETVEPEEE 341
rPAD type II 343:§RG B LESBRDGNEKDEPIRQLLEP -

rPAD type III N i P EQGEPYXRILSL

PAD-R11 NRGERDEALRKILLP

PAD-R4 . BEDRGEKDEPVERVMEPN

rPAD type II §SS-FPLEGGERMTKVV VHAPYELY SHHRET

rPAD type III 'GN-LPG§RG' RVTQVVRE £

PAD-R11 N-FPK$SGRRMARVVRE VE]

PAD-R4 SGYSSSESEDMHQILQHEEGAGQVAAPYRE FSBREFY EELSEVE 480
rPAD type II QLER] ’KQKS%HQEAI EKEL - GGMSSKRITENKIESNESHTQENQY FQRELY 549
rPAD type III HERSLLEESVIGDRRVQTISINQVESNQSLINFNKFAQSETH 549
PAD-R11 %YEAKQg_Dg-L-KHKTKR-sm LADRHERRDSAHVQKEIH 547
PAD-R4 HGEASLEEGL- - --KRKRQTESDIES SQKERDQNAYVESEIH 546
rPAD type II 4 615
rPAD type III 614
PAD-R11 612
PAD-R4 616
rPAD type II 665
rPAD type III £ 664
PAD-R11 RWHN SV 662
PAD-R4 IKEEATKWEHMYD 666

Fig. 3. Sequence comparison of PAD-R11 and PAD-R4 with rat PAD type II and type III. Alignment of putative amino acid sequences of
PAD-R11 and PAD-R4 with rat PAD type II and type III. Amino acids conserved in all proteins are shadowed. Dashes indicate gaps inserted
to maximize alignment.
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Fig. 4. Expression of the PAD type II, PAD-RI1 and PAD-R4
genes in RA-treated cells. Poly(A)™ RNA fractions were obtained
for Northern blot hybridization with 3?P-labeled probes representing
rat PAD type II (left), PAD-R11 (center) and PAD-R4 (right) as
described in the text. Lane 1, poly(A)™ RNA (1 pg) obtained from
RA-treated cells; lane 2, poly(A)" RNA (1 pug).

the pGEX-6P vector. The PAD moieties of these recombinant
proteins in bacteria were obtained by the affinity adsorption
followed by the PreScission Protease cleavage. This resulted in
about 50-fold purification of the recombinant protein encoded
by PAD-R11 from the crude extract. The recombinant protein
encoded by PAD-R4 was purified several-fold. The former
showed specific activities of 2.1 to BAEE and 2.4 to Bz-L-
Arg, in terms of units of the enzyme activity per mg protein.
Those the latter were 6.3 and 1.1, respectively. No enzyme
activities were detected in the extract of the bacteria trans-
formed with the control pGEX-6P vector.

3.4. Analysis of mRNA expression

We performed Northern blot hybridization of poly(A)*
RNA fractions to see if relevant mRNAs are specifically ex-
pressed in RA-treated cells (Fig. 4). Appropriate regions in
the 3’-untranslated sequences were selected for probing to
minimize cross-hybridization. The selected probes represent-
ing rat PAD type II cDNA, PAD-R11, and PAD-R4 yielded a
single band of transcript ~4.5 kbp, ~ 3.8 kbp and ~ 2.3 kbp,
respectively. No significant hybridization signals were detected
with the poly(A)™ RNA fraction obtained from untreated
cells.

4. Discussion

Our principal aim was to obtain a cDNA clone encoding
catalytically active PAD type I. We chose RA-treated immor-
talized rat keratinocytes as the source of cDNA, which were
found to synthesize multiple PADs including PAD type I and
type II [15]. We obtained three different groups of PAD
cDNA clones based on the homology to rat PAD type II
cDNA. One group of cDNA clones represented by APAD-
RS appeared to be derived from PAD type II mRNA itself.
Sequencing of the representative clones and 5’'-terminal exten-
sion using the 5-RACE method enabled us to construct two
cDNA sequences, PAD-R11 and PAD-R4, that have not been
reported previously. To distinguish which ¢cDNA encodes
PAD type I, we constructed bacterially expressed recombinant
proteins to measure their relative activities towards the syn-
thetic substrates. The purified recombinant protein encoded
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by PAD-R11 showed nearly equal activities towards BAEE
and Bz-L-Arg. Since this is a unique feature of PAD type I
among the three known types of PAD [8,9], PAD-R11 was
identified to encode PAD type 1. The purified recombinant
protein encoded by PAD-R4 showed a higher activity towards
BAEE than to Bz-L-Arg, resembling PAD types II and III.
We tentatively call it type IV PAD cDNA. These three differ-
ent PAD mRNAs were confirmed to be expressed in RA-
treated cells but not in untreated cells by Northern blot anal-
yses. Since RA is known to negatively modulate various ter-
minal differentiation processes such as synthesis and process-
ing of profilaggrin [18], and expression of keratins [19] and
loricrin [20,21], it is not certain if PAD types II and IV are
expressed in animal epidermis. Such questions should be an-
swered by immunocytochemical approaches using specific
antibodies and/or in situ hybridization analyses using relevant
cDNA sequences.

Deiminated forms of keratins and filaggrin in the cornified
layer were found as the reaction products of PAD type I in
our previously studies [1,2]. Trichohyalin was shown to be the
natural substrate for PAD type III and found in highly de-
iminated forms in the mature hardened layers of the inner
root sheath of hair follicles and the medulla of hair [22,23].
Recently, we reported that vimentin was preferentially deimi-
nated in mouse peritoneal macrophages undergoing calcium
ionophore-induced apoptosis, although the PAD type in-
volved was not identified precisely [24]. These data suggest
that PADs may act on intermediate filament proteins and/or
intermediate filament-associated proteins in cells undergoing
degenerative processes. The relatively high sequence conserva-
tion in the C-terminal region suggests its possible involvement
in the common functions such as the catalytic activity and the
calcium binding activity. The N-terminal region might be in-
volved in the selective recognition of target proteins in rele-
vant tissues. The availability of multiple types of PAD cDNA
sequences will open a fascinating avenue by which to explore
the regulation of their expression, as well as the molecular
characterization of PADs themselves.
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