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PACE4 (paired basic amino acid cleaving enzyme) is a member of a family of the
mammalian kexin-like proprotein convertases containing a subtilisin-like catalytic
domain. Previously we reported seven isoform mRNAs of PACE4 that vary in size and
3-coding sequence [A. Tsuji et al. (1994) Biochem. Biophys. Res. Commun. 200, 943-950;
K. Mori et al. (1997) J. Biochem. 121, 941-948]. To determine the origin of these isoforms,
the entire human PACE4 gene has been isolated as a set of overlapping genomic DNA
fragments, and analyzed by restriction enzyme digestion and nucleotide sequence determi-
nation. The human PACE4 gene spans at least 250 kb and is distributed over 25 exons that
range in size from 39 to 1,422 base pairs. Human PACE4 gene is the largest kexin-like
proprotein convertase gene reported to date. The most striking feature of its genomic
structure is the size of the introns and the number of exons, although the general organiza-
tion of signal peptide, propeptide, and catalytic domains, which are conserved in this
family, is very similar to that reported for other kexin-like protease genes. The structural
analysis of PACE4 genomic DNA indicates that multiple PACE4 transcripts are produced
as a consequence of alternative RNA splicing events, including exon skipping, and
differences in the usage of the inner 5'-splicing donor and polyadenylation sites. A major
transcriptional start site was detected 314 bp upstream from the ATG translational start
site by primer extension analysis. Sequence analysis of the 5' -flanking region revealed that
PACE4 gene lacks TATA and CCAAT boxes in the proximal upstream region of the start
site, although potential binding sites for several transcription factors including SP1, API,
AP2, PEA3, Ets-1, GHF (growth hormone factor)-l, CREB (cyclic AMP response element
binding protein), and basic helix-loop-helix proteins, were present. An unusual sequence
of six tandem repeats of a nonadecamer (GGCCTGGGGGTTCACCTGC) containing an E box
is found in the 5 -flanking region. These results suggest that PACE4 is not a constitutive
gene product and its expression is regulated by various transcription factors.
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The post-translational processing of prohormones and
proneuropeptides requires proteolytic cleavage at paired
basic amino acids in order to release bioactive peptides (1,
2). Processing at monobasic sites also occurs for a minority
of bioactive peptide. Besides peptide hormone, growth
factor, growth factor receptor, plasma protein, and viral
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Research (C) and Priority Areas from the Ministry of Education,
Science, Sports and Culture of Japan. The nucleotide sequences
reported in this paper will appear in the DDBJ/EMBL/GenBank
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2 Present address: National Cardiovascular Center Research Insti-
tute, Fujishirodai 5, Suita, Osaka 565.
3 To whom correspondence should be addressed. Tel: +81-886-56-
7523, Fax: +81-886-55-3161, E-mail: matsuda@bio.tokushima-u.
ac.jp
Abbreviations: PACE, paired basic amino acid cleaving enzyme; SPC,
subtilisin-like proprotein convertase; SP, signal peptide; SCD,
subtilisin-like catalytic domain; CRR, cysteine-rich region; bHLH,
basic helix-loop-helix.

glycoprotein are all derived via processing at dibasic sites
(2-4). Recently a novel family of proteases involved in
propeptide processing at dibasic sites has been identified.
The first known endoprotease of this family was kexin [EC
3.4.21.61], a Kex2 gene product of the yeast Saccharo-
myces cerevisae; this enzyme is a Ca2+-dependent serine
protease which has a bacterial subtilisin-like catalytic
domain and is involved in processing of pro-<z-mating
factor and pro-killer toxin (5). To date, seven kinds of
mammalian kexin-like protease including furin (6), PCl/3
(7), PC2 (8), PACE4 (9-12), also known as PC7 (rat
PACE4) (13), PC4 (14), PC5/6 (15, 16), and LPC/PC8
(17-20), have been isolated by cDNA cloning. Since their
catalytic domains resemble that of subtilisin, these prote-
ases are also called subtilisin-like proprotein convertases
(SPC); SPCl to SPC7, respectively. The structural organi-
zation of the mammalian kexin-family proteases appears to
be highly homologous. All have a signal peptide, propep-
tide, subtilisin-like catalytic domain, and homoB domain.
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The propeptide domain is considered to act as an intramo-
lecular chaperone assisting the folding of the zymogen
within the endoplasmic reticulum. The catalytic domain
contains the active site residues, Asp, His, and Ser which
are characteristic of serine-proteases. The homoB domain
has been shown to be essential for proteolytic activity (21).
However the carboxy terminal region varies greatly in
length and sequence among kexin-family proteases. More-
over, coexpression experiments of these proteases with
various propeptides such as proopiomelanocortin showed
differing amino acid requirements around the cleavage site
(22).

Briefly, mammalian kexin-family proteases are classified
into three groups on the basis of their tissue and cell
distributions. The first group including furin and LPC/PC8,
which have a transmembrane domain at the carboxy-termi-
nus, exhibits a ubiquitous distribution in tissues and is
proposed to be responsible for processing of precursors for
various proteins within the constitutive secretory pathway
(6, 17-19, 23). By contrast, the second group including
PCI, PC2, and PC4 shows a restricted distribution. For
example, PCI and PC2 are predominantly detected in
neuroendocrine cells of the central nervous system and
endocrine cells of the pancreas, thyroid, and adrenal gland,
suggesting that these enzymes are responsible for process-
ing of peptide hormones within regulated secretory path-
ways (24-26). PC4 is expressed only in testis spermato-
genic cells (14, 27). On the other hand, members of the
third group including PACE4 (PACE4A) and PC6, which
have a long cysteine-rich region at the carboxy-terminus,
exhibit a unique restricted distribution in both nonendo-
crine and endocrine cells (23, 25, 28, 29). Previously, a
widespread distribution of human PACE4 mRNA was
reported (16), so PACE4 had been grouped with furin until

recently. However, rat PACE4 was shown to be expressed
at high levels in neuroendocrine tissues such as anterior
pituitary (10, 13, 23, 28). We found a high level of
expression of PACE4 in mitral cells of rat olfactory bulb
and developmental regulation (30). Moreover, Constam et
al. reported that mouse PACE4 exhibit highly regulated
expression patterns during embryogenesis (20). These
results suggest unique physiological functions for PACE4.
However the mechanisms by which differential expression
of PACE4 is controlled are not known.

Previously we isolated two novel cDNAs encoding
PACE4 isoforms (PACE4C and PACE4D) from a human
placenta cDNA library (11). PACE4A and PACE4B were
first identified as PACE4 and PACE4.1, respectively, by
Kiefer et al. (9). The protein encoded by PACE4A contain-
ed a signal peptide (SP), propeptide, subtilisin-like cata-
lytic domain (SCD), homoB domain, and cysteine-rich
region (CRR). PACE4B lacks homoB and a cysteine-rich
region. PACE4C lacks a cysteine-rich region. PACE4D
lacks a signal peptide, propeptide and a cysteine-rich
region. These PACE4 isoforms have isoform-specific amino
acid sequences at the carboxy-terminus. We demonstrated
tissue-specific expression of PACE4 isoforms by immuno-
histochemistry and RT-PCR, and suggested cell-specific
functions of the isoforms (13, 25, 30). Recently we identifi-
ed a novel PACE4 isoform (PACE4E) cDNA (31). PACE4E
has a shorter cysteine-rich region than PACE4A and
contains a specific amino acid sequence at the carboxy-
terminus. PACE4A and PACE4E are further classified as
type I and type II. Type II is missing 39 bp just in front of
the cysteine-rich region (13, 31). Zhong et al. reported a
new isoform, PACE4CS which is a C-terminally truncated
form of PACE4C (32). Thus, to date, eight isoforms of
human PACE4 have been reported. Figure 1 summarizes
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Fig. 1. Schematic domain structure of human PACE4 isoforms.
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the predicted domain structures of these eight isoforms. It
was presumed that the isoforms are products of alternative
splicing of primary transcripts of a single PACE4 gene,
though the mechanism involved has not been elucidated. In
contrast, the carboxy-terminal structure appears to en-
hance delivery or storage of kexin-family proteases {33,
34). PACE4 isoforms have distinct carboxy terminal
structures, which suggests that the intracellular localiza-
tions and functions of these isoforms differ.

As a first step in elucidating the mechanisms involved in
the regulation of human PACE4 isoform expression, we
have characterized the genomic organization of the human
PACE4 gene and the sequence of its 5'-flanking region.

MATERIALS AND METHODS

Materials—Restriction endonucleases, DNA-modifying
enzymes and reagents for dideoxy sequencing were pur-
chased from Takara Shuzo (Kyoto). [a-32P]dCTP and [y-
32P]ATP were from Amersham (Buckinghamshire, UK).
The other reagents used were of the highest grade avail-
able.

Southern Blot Analysis of Total Genomic DNA—Geno-
mic DNA (10 fig) isolated from human peripheral blood
leukocyte was digested with various restriction enzymes,
resolved in a 0.8% agarose gel and transferred to a nylon
membrane (GeneScreenPlus, Dupont/NEN, Boston, USA)
by capillary blotting. Probes were labeled with [«-32P]-
dCTP using a ScaBest labeling kit (Takara, Kyoto).
Prehybridization, hybridization with 32P-labeled probe, and
washing were carried out as described by the manufacturer
of the Genescreen Plus membrane. The membrane was
then exposed to X-ray film (Konica, Tokyo) at — 80°C with
two intensifying screens.

Mapping of the Gene Locus—Human chromosome
mapping was performed using the BIOSMAP somatic cell
hybrid panel (BIOS Laboratories, New Haven, CT, USA).
The panel is composed of 20 hybrid cell lines containing
human chromosomes: Cell line 010, 10; line 016, 16; line
212, Y; line 324, 18; line 423, 3; line 683, 1 (>30%), 5
(multiple deletion, MD), 12, 14, 19, 21, 22; line 734, 5, 9;
line 750, 5, 13, 14, 15, 19; line 756, 5 (MD), 6, 7, 12 (5-
30%), 13, 14, 19, 20, 21, Y; line 803, 4 (5-30%), 5, 8, 22,
X; line 811, 8,17,18; line 852, 2; line 867,1, 5,13,14,18,
19; line 909, 5 (MD), 6, 8, 14, X; line 937,1, 5, 14, 15 (5-
30%), 17 (5-30%), 21; line 940, 5, 20; line 1006, 4, 5, 7,13,
15, 19, 21, Y (5-30%); line 1049, 5,11; line 1079, 3, 5; line
1099, 1, 5 (MD), 13, 19, 21, 22. Hamster/human hybrid
DNAs (5//g) were completely digested with restriction
enzyme, size-separated on a 0.8% agarose gel and transfer-
red onto nylon membrane. Then these membranes were
hybridized with 32P-labeled isoform-specific probes.

Probe Preparation and Genomic Library Screening—
Eight kinds of human PACE4 cDNA fragment (5'-4D, SP,
SCD, HomoB, CRR, A-3', CD, and C-3') were used as
screening probes. 5'-4D was a 0.4 kb Sall-Dral restriction
fragment (nucleotides - 5 4 5 to - 1 2 4 in PACE4D cDNA)
containing the D-specific sequence. The SP probe was a 0.54
kb Kpnl restriction fragment (nucleotides —27 to 510 in
PACE4 cDNA) containing signal peptide and propeptide.
The SCD (nt 928 to 1344) and homoB (nt 1372 to 1836)
probes were synthesized by polymerase chain reaction
(PCR) amplification as described previously (11, 13). CRR

probe (nt 1760 to 3162 in PACE4A cDNA) was a 1.4 kb
EcoRI restriction fragment corresponding to the entire
cysteine-rich region and part of the homoB and 3'-untrans-
lated region. The A-3' probe was a 1.1kb EcoRI-Sail
restriction fragment (nt 3163 to 4234 in PACE4A cDNA)
containing 3'-untranslated sequence. The CD probe was a
0.5 kb EcoRI fragment (nt 1760 to 2283 in PACE4C cDNA)
containing 46 bp of CD-common sequence, 0.1 kb of homoB
and 0.38 kb of C-specific sequences. C-3' was a 0.7 kb
EcoRI-Sall restriction fragment of PACE4C (nt 2284-
2950) containing 3'-untranslated C-specific sequence. To
isolate the genomic DNA encoding 5'-untranslated region
and signal peptide, 5'-labeled antisense oligonucleotide
mixtures (5'-UTR, ATG and 144 oligonucleotide) were also
used as screening probes. 5'-UTR, ATG and 144 oligoprobe
corresponded to nucleotides - 7 4 to - 5 1 (5'-GAGTGCCG-
CCTTTTAAAGCCGCTC-3'), - 1 7 to 7 (5'-AGGCGGCGC-
GCGCGGAGGCATAGCGGCGACAGGCT-3'), and 144 to
171 (5'-CAGCGCCAGCAGCAGCAGCCAGCGCCAG-3') in
PACE4 cDNA, respectively. The 5'-32P-labelingof oligonu-
cleotides was performed using polynucleotide kinase.

Human leukocyte genomic library cloned into the bacte-
riophage EMBL3 was purchased from CLONTECH Labo-
ratories (Palo Alto, CA, USA) and screened with various
32P-labeled PACE4 cDNA probes to obtain overlapping
clones of the PACE4 gene. Approximately 106 clones were
screened by plaque hybridization using Colony/Plaque
Screen nylon membrane (Dupont/NEN) according to the
manufacturer's protocol. The positive clones were purified
by three rounds of hybridization and further hybridized
with a variety of other probes to confirm the organization of
the PACE4 gene. Phage DNAs purified from the positive
clones were analyzed by restriction enzyme mapping and
Southern blotting. Restriction fragments from these clones
were subcloned into pUC 18 and sequenced by the dideoxy
termination method using a BeaBest sequencing kit (Taka-
ra, Kyoto) and an ALF Red automated DNA sequencer
(Pharmacia, Uppsala, Sweden).

A human PAC genomic library was screened by Genome
Systems (St. Louis, MO, USA) with a PCR product gener-
ated from oligonucleotide primers designed from the
sequence of AhPA271 clone, which was isolated with
PACE4D-specific probe from an EMBL3 genomic library.
The sequences of the sense and antisense primers are
5'-AGCCGTTTTGTCCACTGATCTATG-3' and 5'-GCAT-
TCAGTCTTCTAGCATTTGGA-3', respectively. PCR con-
sisted of 30 cycles (95°C 1 min, 60°C 1 min, 72°C 2 min).
The amplified fragment (0.8 kb) contains the specific
sequence for PACE4D cDNA located at the 5'-terminus.
Plasmid DNA isolated from a positive PAC clone was
analyzed by restriction enzyme mapping and sequencing.

PCR Amplification of Genomic DNA Encoding the 5'-
Upstream Region—PCR was performed using oligonucleo-
tide primers corresponding to nucleotides — 892 to — 874
(sense primer, 5'-TGACCTCATCCTCAAATCAGCCCG-
3') and nucleotides —74 to —51 (antisense primer, 5'-CA-
GTGCCGCCTTTTAAAGCCGCTC-3') of PACE4A cDNA.
Human genomic DNA was amplified in 50 fA of mixture
containing 0.2 ^M primers, 0.5 jug of human genomic DNA,
10% dimethyl sulfoxide, l x E x Taq polymerase buffer, 1
mM each dNTP (7-deaza dGTP: dGTP 3:1), and 5 units of
Ex Taq polymerase (Takara) for 30 cycles (1 min at 95°C,
1 min at 60°C, 2 min at 70°C). The amplified fragment (856
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bp) was ligated into the pCRII™ vector (Invitrogen, San
Diego, CA, USA) and sequenced.

Primer Extension Analysis—The transcription initiation
site was mapped by primer extension using a 24 mer oligo-
nucleotide (5' - GAGCGGCTTTAAAAGGCGGCACTC- 3')
complementary to nucleotides —74 to —51 of PACE4A
cDNA. This primer was labeled with [y-32P] ATP using T4
polynucleotide kinase. The labeled primer (1 pmol) was
annealed to 25 fig of total HepG2 RNA by incubation
overnight at 42°C in hybridization solution (80% form-
amide, 100 mM sodium citrate, pH 6.4, 300 mM sodium
acetate, 1 mM EDTA). After precipitation of the annealed
primer and template, the hybridized primer was extended
by incubation at 42°C for 1 h with 10 units of avian
myeloblastosis virus reverse transcriptase in 20/*1 of
extension buffer (50 mM Tris-HCl, pH 8.3, 50 mM KC1,10
mM MgCl2, 10 mM dithiothreitol, 1 mM each dNTP, 2.8
mM spermine, and 2.8 mM sodium pyrophosphate). The
reaction was terminated by the addition of 1 ju\ of 0.5 M
EDTA and 1 /x\ of DNase-free pancreatic RNase for 30 min
at 37°C. After phenol-chloroform extraction, the sample
was precipitated by the addition of ethanol and denatured.
The primer extension product was then analyzed on an 8%
polyacrylamide-7 M urea gel in parallel with sequencing
reactions using identical oligonucleotide primer and a 4.4
kb BamHl genomic fragment from AhPA OL-16 containing
the first exon and 5'-untranslated region. The gel was dried
and exposed to X-ray film at — 80°C with two intensifying
screens for 9 days.

RESULTS

Mapping of Gene Locus—To obtain a chromosomal
assignment for the genes encoding the novel isoforms,
PACE4C and PACE4D, the isoform-specific cDNA probe
was hybridized to the Southern blot of the panel of somatic
cell hybrids. The panel of DNAs from hamster/human cell
hybrids contained distinctive complements of human chro-
mosomes. As shown in Fig. 2, human PACE4C and PACE-
4D-specific bands were detected in cell line 750 (lane 08)
and 1006 (lane 17), as was the case for PACE4A. The
results showed complete concordance between human
chromosome 15 and all types of PACE4. These were the
only cell lines to contain human chromosome 15. Human
PACE4 gene was localized at chromosome 15q26 by Kiefer
et al. (9). Therefore our results indicate that the PACE4C
and PACE4D genes reside on chromosome 15 like PACE-
4A, suggesting that these isoform mRNAs are produced
from the primary transcript by alternative splicing.

Isolation of Recombinant Bacteriophage Containing the
Human PACE4 Gene—The gene structures of human furin
[10 kb] (35), PC2 [> 135 kb] (36), mouse PCI [42 kb]
(37), and PC4 [9.5 kb] (38) have been reported. The
coding sequences of common domains (signal peptide,
propeptide, catalytic, and homoB domains) are interrupted
by introns at similar positions. The main differences among
these genes are in intron structure and the 3'-terminal
region encoding a specific domain. Preliminary Southern
blot analysis of human genomic DNA using PACE4 cDNA
probe indicated that the human PACE4 gene is relatively
large by virtue of a long intron, in contrast to the compact
structure of the furin gene. Moreover the structure of the
PACE4 gene is expected to be very complicated if PACE4

isoform mRNAs are produced from a single gene by
alternative splicing. Therefore we initially screened the
genomic library (106 recombinant phages) using various
PACE4 cDNA probes (5'-D, SP, SCD, HomoB, CRR, A-3',
C-3', CD probes) separately to get overlapping clones. A
total of 58 positive hybridization clones (one clone/5'-D
probe, 3 clones/SP probe, 16 clones/SCD probe, 14 clones/
HomoB probe, 15 clones/CD probe, 5 clones/CRR probe, 3
clones/A-3' probe, and one clone/C-3' probe) were iso-
lated. The insert DNA of these clones was analyzed by
restriction enzyme mapping and Southern blotting. Several
clones (AhPA-271/5'-D probe, AhPA-7/SP probe, AhPA-
44 and AhPA-50/SCD probe, AhPA-61 and AhPA-78/
homoB probe, A.hPA-6, AhPA-193 and AhPA-196/CRR
probe, AhPA-19/C-3' probe, AhPA-33 and AhPA-35/A-3'
probe, AhPA-164/CD probe) were selected for sequence
analysis. These clones contained DNA sequences corre-
sponding to a part of the propeptide, SCD, homoB domain,
CRR and the isoform-specific region, as shown in Fig. 3. In
the course of sequence analysis of X hPA- 33 insert DNA, we
found a PACE4E-specific sequence just behind the exon
encoding nucleotides 2570 to 2699 of the CRR region.

However no clone containing the 5'-terminal sequence,
including the 5'-untranslated region, signal peptide or a
part of the propeptide, was obtained in the initial screening.
Probably the highly GC-rich structure (89% GC content) of
the sequence encoding the signal peptide impedes the
reaction of ScaBEST DNA polymerase in the probe synthe-
sis. Therefore we next attempted to isolate a clone contain-
ing the 5'-terminal sequence of the gene by using end-
labeled oligonucleotide probes. Four positive clones (A hPA

PACE4A ( EcoRI) Somatic Cell Hybrid-Cell Line

(kb)

5.4

PACE4C ( Pstl)

^ 7.5

PACE4D ( Hlndlll)

£•<§><?>?

Fig. 2. Mapping of the gene locus of PACE4A, 4C, and 4D.
DNAs from 20 individual hamster/human cell hybrids harboring
distinctive complements of human chromosomes were analyzed by
Southern blotting. The chromosomal complements of the hybrid lines
are described under "MATERIALS and METHODS." Hybrid DNAs
digested with .EcoRI, Pstl, and Hindlll were resolved in a 0.8%
agarose gel, transferred to a nylon membrane and hybridized with
radiolabeled A-3' (PACE4A-specific probe), C-3' (PACE4C-specific
probe), and 5'-D (PACE4D-specific probe), respectively. The bands
generated from human chromosome are indicated by arrows.
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one from the PAC library) are shown in relation to the schematic structure of the PACE4 gene. Exons are shown by vertical bars and introns
by horizontal lines. Exons are numbered from the 5'-end of the gene. The sizes of the intron between exons 1 and 2, exons 2 and 3, and exons
16 and 17 are unknown.
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TABLE I. Exon-intron organization of the human PACE4 gene. Exon sequences are in capital letters and intron
sequences are in lower-case letters.

Exon Number

1

2

3

4

5

6

7

8

9

10

( 611 bp)

( 418 bp)

(105bp)

(111bp)

(144bp)

(77 bp)

(89bp)

(173bp)

(213bp)

(101bp)

11 common
(104bp)

11common-

11B(719bp)

12

13

14

(118bp)

(189bp)

(137bp)

15CD(46bp)

15CD-15D
(168bp)

16

1 7

18

19

20

21

22

(1049bp)

( 180bp )

(39bp)

(103bp)

(197bp)

(88bp)

(104bp)

23AE (130bp)

24

25

(113bp)

(1422bp)

5'-Splice donor

Leu
TTG GGC CAG gtgagtgcg

TGAATAGAT gttcaattg

Asp
GA5

Trp
TGG

Pro
CCA
Glu
GAA

lie
ATA

H e
ATT

Arg
CGA

Glu
GAA

His
CAT

Pro
CCC

Tyr
TAC

Asn
AAT
Asn
AAT

GGA

Lys
AAA

Lys
AAA
Ala
GCA

Lys
AAA

Gin 1 3 4

CAG gtacagagt

Leu 1 7 1

CTG gtgagtagg

Tyr219
TAT gtaagtcaa

Ly 2 4 5

AA gtacgtcac

G275
G gtaaggccg

Lys 3 3 2

AAG gtgtgagta

lie 4 0 3

ATC gtaagttct

AS 4 3 7

AA gtaagttcc

V472

G gtgcggcag

TTGTGTGCC

Arg
AGA

Ala
GCA

Lys
AAG

Glu
GAA

Pro
CCC

Lys
AAG

Gin
CAA

Glu
GAG

Ar5H
AG gtaaggctc

AT 5 7 4

AG gtaaggcga

G620
G gtcagtggc

Ar635
AG gttcgtttc

CGAGTCCTC

TAAACATTG

Tyr
TAC

Gin
CAG

Thr
ACC

Asp
GAT

Gly
GGA

Cys
TGC

Cys'
TGT

Ser
AGC

Thr
ACA

Thr
ACC

Ser
AGC

GlU
GAA

Phe
TTC

Val
GTG

CGA

Asn
AAC

A680

G gtaatgagc

S693
A gtaagtatg

AT 7 2 7

AG gtaatgcat

Se793
A gtaagtggc

se 8 2 2

AG gtaaaaccc

G857
G gtgagttca

AT 9 0 0

AG gtacggtcc

A938

G gtgagcagc

TAACATCCC

Intron

(Intron A>20 kbp)

(Intron B >20 kbp)

(Intron C12.5 kbp)

(Intron D532bp)

(Intron E1261bp)

(Intron F2002bp)

(intron G7.5kbp)

(Intron H4.0kbp)

(Intron I 3.8kbp)

(Intron J 4.9kbp)

(Intron K2.0kbp)

(Intron L 12kbp)

(Intron M 3.7kbp)

(Intron N 1151bp)

(Intron O22.0kbp)

(Intron P >20kbp)

(Intron Q161bp)

(Intron R2.0kbp)

(Intron S1243bp)

(Intron T2.3kbp)

(Intron U4.3kbp)

(Intron V11kbp)

(Intron W4333bp)

(Intron X1822bp)

3'-Splice acceptor

ttttttaaa TTTCAAACT

lOOIle Gly Asn
gtcttgcag ATT GGA AAC

135Val Lys Trp
ttctggtag GTG AAA TGG

17 2His Cys Gly
tgcttacag CAT TGT GGC

220Asp Ser Tyr
atttcttag GAT TCC TAC

2 4 5s His Gly
ttgtttcag A CAC GGC

275ly H e Arg
tgctttcag GC ATC CGC

333Gly Arg Gin
tccctccag GGC CGG CAG

404Val Thr Thr
ctcccccag GTC ACC ACG

437n Ser Gin
tcattgcag C AGC CAG

472al Ser His
tcttttcag TT AGC CAT

511g Ser lie
ctcccccag G AGC ATC

5 7 4g Leu Leu
caattgcag G TTG CTG

6201y Asp Leu
acccattag GT GAT CTT

6 3 5g Glu Pro
gttttccag G GAA CCT

620ly Lys Leu
gccttccag GG AAG TTG

68Ola Gin Ser
ctcacacag CT CAA TCC

693er Val Cys
ttctttaag GT GTG TGC

7 2 7g Lys Cys
ctcctacag G AAG TGC

793er Gin Lys
tttctccag GT CAG AAA

8 2 2r Leu Ala
tttcaacag C CTT GCA

857ly P r o G l y

gtctctcag GG CCA GGC

9 O Og Cys Asp
ttcccacag G TGT GAC

938la Asp Glu
gggccccag CT GAC GAG

Exon Number

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23AE

24

25
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OL-3, 4, 9, and 16) which hybridized with three kinds of
oligoprobes were isolated. A BamHl-digested fragment
(4.0kb) liberated from AhPA OL-16 was subcloned and
sequenced. This fragment contained the DNA sequence
encoding the 5'-untranslated region, signal peptide, and a
part of the propeptide.

There were gaps between AhPA-7 and AhPA-44, AhPA-

44 and AhPA-50, AhPA-164 and AhPA-19, and AhPA-19
and AhPA-6, which we tried to fill with a second screening.
By using Sall-EcoBI fragment (1.6 kb) derived from the
5'-terminus of the insert DNA from AhPA-19 as screening
probe, AhPA-177 and AhPA-188 clones were obtained and
these clones overlapped with AhPA-164 and AhPA-19. The
size of the intron between the exon encoding D-3'specific

(a)
1 kb

5' — 3'

taaaTTTCAAA—ATAGATgttca ttgcagATTGGAA--ACCCCCAGgtac StagGTGAAA—TGjjj
exon 2 (418bp)

ion 3D1 exon3D2
exon4(111 bp )

exon 3 ( 105 bp )

PACE4A.C.E mRNAs --CCAfiAUUGGAA—ACCCCCAGi^UGAAA—
exon 1 exon 3 exon 4

PACE4D mRNA -ljUUCAAA—AUAGAUAl^CCCAGqUGAAA—
exon 2 exon3D1 exon 4

exon3D2

(b)
1 kb

polyadenylation
signal

AATAAA s.

ttgcagCAG AAAGGTG GCC

exon 11 common
(104bp)

exon 11B
(615bp)

PACE4A,C,D,E mRNAs — CAAACAG AAAGUUAG-

exon 10 exon 11 common exon 12

PACE4B mRNA —CAAACAG AAAGGUG-GCC-poly(A)
»-« • - * * -

exon 10 exon 11 common exon 11B

Fig. 5. Alternative splicing of exons 2 and 3 (a) and exon 11 (b).
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sequence and the C-specific exon was estimated to be about
22 kb by restriction enzyme mapping and Southern blot-
ting. AhPA-256 clone which overlapped with both AhPA-7
and AhPA-44 clones, was isolated by a second screening
using Pstl fragment (0.5 kb) derived from the 5'-terminus
of the DNA insert of AhPA-44 as a probe. To fill the gap
between AhPA-19 and AhPA-6, a second screening using
Hindlll-Sall fragment (2.1kb) derived from the 3'-
terminus of the A hPA-19 insert as a probe was performed.

Three positive clones (AhPA-291, AhPA-292, and AhPA-
293) were obtained, but none overlapped with AhPA-6.

Isolation of PAC Clone Containing the 5'-Terminal
Sequence of PACE4D cDNA—To clarify the genomic
organization at the 5'-terminal region of the PACE4 gene,
we screened the PAC library by PCR, which amplified the
sequence at the 5'-terminus of PACE4D cDNA. Two
positive clones (hPAC 13355 and 13556) were obtained.
The profiles of restriction enzyme digestion of the DNA of

(a) 1kb

a.
8

polyadenylation
signal

_ _ — 1

polyadenylation
signal

5'— — I

ATAA; :

exon 14
(137 bp)

ttagGTGATC AGGTTC -

1
1 J

s
.•/ II

^22 kb

s.
1

1

AATAAA

>20kb
— 3'

exon 16
(1049bp)

exon 17
(180 bp)

exon 15CD
(46 bp)

exon 15D
(122bp)

PACE4A, E mRN A • - - A A GCAA GGGAAGU -

exon 14 exon 17

PACE4C mRNA

PACE4D mRNA

—AAGCAAGGUGAUC —AGGGACC U£poly(A)

exon 14 exon 15CD exon 16

-AAGCAAGGUGAUC -AGGUUC — UC-poly(A)
• - * • *« •

exon 14 exon 13CD exon 15D

(b)
polyadenylation

signal
ATTAAA

1 kb

4kb
• 3'

acagCCTTGC—GTGG

22 (104 bexon 22 (104 bp ) tcagGGCCAG — AAGGT—ATTAAA—
•< ! • ^ •

exon 23AE exon 23 E

PACE4A mRNA —GUG^qpCCAG
22 2

acaflGTGTGA— AACGjtga

exon24(113bp)

exon 22 exon 23AE exon 24

PACE4EmRNA —GUGGGGCCAG—AAGGUGU—AUUAAA^-poly(A)
exon 22T exon 23AE exon 23E

Fig. 6. Alternative splicing of exons 15, 16, and 17 (a) and exons 23 and 24 (b).
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both plasmids were very similar, so we characterized the
hPAC 13355 clone. Southern blot and sequence analyses
showed that the insert DNA from this clone contained the
5'-terminal region of PACE4D cDNA and overlapped at the
3'-terminus with AhPA7. However it did not contain the
sequence coding for PACE4 signal peptide.

Structural Organization of Human PACE4 Gene and Its
Alternative Splicing—A map of the human PACE4 gene
was constructed from 19 genomic DNA fragments (18 from
the EMBL genomic library and one from the PAC library)
as shown in Figs. 3 and 4. The gene consists of 25 exons and
spans more than 250 kb. The four active site residues,
Asp205, His246, Asn347, and Ser420 are found on exons 5, 7, 9,
and 10, respectively, like other kexin-family protease
genes (35-38). The sequence of the exon-intron boundaries
and the sizes of the exons and introns are summarized in
Table I. The boundaries of the exon-intron junctions
conform to the GT-AG rule except for the 5'-terminal
portion of PACE4D (exon 2). Exon 1 encodes 97 amino
acids which comprise the signal peptide and the first 36
amino acids of the propeptide region of PACE 4A, B, C, and
E. Exon 2 encodes the 5'-D specific sequence (nucleotides
- 5 2 6 to - 1 0 7 in PACE4D cDNA). Exons 3-10 consist of
105 bp (nucleotide 298-402 in PACE4A cDNA), 111 bp (nt
403-513), 144 bp (nt 514-657), 77 bp (nt 658-734), 89 bp
(nt 735-823), 173 bp (nt 824-996), 213 bp (nt 997-1209),
and 101 bp (nt 1210-1310), respectively. Thus, these
exons encode the propeptide and catalytic domains. The

hPAC clone 13355, which was isolated from the PAC
library, contained exon 2 and overlapped with the 5'-termi-
nus of A.hPA-7. This clone does not contain exon 1. The
average insert size of the PAC library is about 120 kb.
Therefore these results suggested that exon 1 was located
more than 100 kb upstream of exon 3. A comparison of the
sequences of exons 2 and 3 with the 5'-terminal sequence of
PACE4D mRNA showed that PACE4D mRNA is produced
by unusual RNA splicing as shown in Fig. 5a. The sequence
of exon 2 is specific for PACE4D mRNA and is excluded
from other PACE4 isoform mRNAs. In the PACE4D
mRNA, the two partial sequences at both termini of exon 3,
5'-ATT-3' (exon 3D1) at the 5'-end and 5'-CCCCAG-3'
(exon 3D2) at the 3'-end, are included but the inner
sequence (5'-GG AC-3') is excluded. The sequence of
the 3'-splice acceptor site of exon 2, 5'-aa-3', is not consis-
tent with the consensus sequence (5'-ag-3'). Moreover the
sequences of the 5'-donor site of exon 3D1 and the 3'-
acceptor site of exon 3D2 are also not consistent. Exons 12,
13, and 14 consist of 118 bp (nt 1415-1532), 189 bp (nt
1533-1721), and 137 bp (nt 1722-1858), respectively.
These exons encode the homoB domain. Exon 16 encodes
the specific 3'-terminal sequence of PACE4C mRNA (nt
1905-2953 in PACE4C cDNA). Exons 17-22, 24, and 25
consist of 180 bp (nt 1859-2038 in PACE4A cDNA), 39 bp
(nt 2039-2077), 103 bp (nt 2078-2180), 197 bp (nt 2181-
2377), 88 bp (nt 2378-2465) and 104 bp (nt 2466-2569),
113 bp (nt 2700-2812) and 1,422 bp (nt 2813-4234),

Human PACE4 Genomic DNA

6 7 8 9 10
14 18

16 17* 19 20 21 22 23

11oommonJ4
11B 15(SD"

24 25

23AEi L23E

PACE4 Isoform mRNA

A-ll

B

C

cs

E-lI
I

UNO
I
I

Fig. 7. Schematic representation of exon
composition of the alternatively spliced
PACE4 messenger RNAs. Exons are shown by
boxes. Isoform-specific exons of PACE4B, C, D,
and E are shown by open boxes. Exons 2 and
15D are specific for PACE4D. Exons 11B and 16
are specific for PACE4B and PACE4C, respec-
tively. Exon 18 is contained in PACE4A-I and
PACE4E-I. Exon 23E is specific for PACE4E.
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respectively, and are utilized as single exons. However, the
following three exons, 11, 15, and 23, contain internal
donor sites and can be divided in two. The 5'-portion of exon
11, termed exon llcommon, is composed of 104 bp and
encodes the common sequence (nucleotides 1311-1414) for
all PACE4 isoform mRNAs, while the 3' -portion of exon 11,
termed exon 11B, consists of 615 bp and encodes the
PACE4B mRNA-specific sequence as shown in Pig. 5b. The
5'-portion of exon 15, termed exon 15CD, encodes the
common sequence for PACE4C and PACE4D mRNAs (nt
1859-1904 in PACE4C mRNA), while the 3' portion of
exon 15 (exonl5D, 122 bp) encodes the PACE4D mRNA-
specific sequence, as shown in Fig. 6a. Exon 23 consists of
exon 23AE (5'-portion) and exon 23E (3'-portion) as shown
in Fig. 6b. Exon 23AE encodes the common CRR sequence
(nt 2570-2699) for PACE4A and PACE4E mRNAs. Exon
23E encodes the PACE4E mRNA-specific sequence. The
polyadenylation signal (ATTAAA) is located 860 bp down-
stream from the 5'-end of exon 23E. As shown in Figs. 5b,
6a, and 6b, the common sequence 5'-AGGT-3' is located at
all the junction boundaries of exon llcommon/HB, exon
15CD/D and exon 23AE/E. This sequence contains the
consensus sequence (5'-GT-3') for the donor site of RNA
splicing. In the case of exon 23, PACE4A mRNA can be
produced by splicing out the exon 23E sequence, and
PACE4E mRNA can be generated by including the continu-
ous exon 23E sequence, but not the separated exon 24
sequence; similar alternative RNA processing events can
occur in exons 11 and 15. A schematic of the alternative
splicings of PACE4 mRNA, based upon the exon-intron
arrangements of human PACE4 gene together with the
predicted primary structures from cDNAs of the isoforms,
is shown in Fig. 7. Exon 1 encodes the 5'-untranslated
region and the protein coding region for the signal peptide
and part of the amino-terminal sequence of the propeptide.
Exon 2 contains the D- specific sequence located at the

(kbp)

6.6-
4.4-

2.3-

0.56-

1 2

r

3 4 5 6

- „

m

7 8 9 10

-

(kbp)
6.6

4.4

2.0-

1 2 3

i

ft

Fig. 8. Southern blot analysis of the human PACE4 gene.
Human genomic DNA was digested with BamHl [(1) lanes 1, 3, 7],
HmdIII [(1) lanes 2, 5, 9; (2) lane S],Pstl [(1) lanes4,8; (2) lane2],
and EcoUl [(1) lanes 6, 10; (2) lane 1]. The digests were separated on
0.8% agarose gel, blotted onto a nylon membrane and hybridized with
radiolabeled probes. Marker DNAs (Hindlll-digested X DNA) were
electrophoresed in parallel and the sizes of the DNA fragments are
shown. (1) The filters were hybridized with a radiolabeled genomic
fragment, Smal-fragment (1.7 kb) from AhPA50 (left), EcoBl-Pstl
fragment (0.6 kb) from A.hPA76 (middle), and Pstl fragment (1.6 kb)
from AhPA6 (right). (2) The niters were hybridized with a cDNA
probe, A-3' (left) or C-3' (right).

5'-terminus of PACE4D mRNA. This exon is spliced out in
other PACE4 isoform mRNAs. Exon 3 encodes part of the
carboxy-terminal sequence of the propeptide region. In the
case of PACE4D mRNA, unusual splicing of exon 3 occur-
red, as mentioned above. The 7 exons (exons 4-10) located
at the 5'-terminal region of the gene encode the subtilisin-
like catalytic domain common for all PACE4 isoforms.
Exon 11 consists of the common sequence (exonllcommon)
for all PACE4 isoform cDNAs followed immediately by a
unique PACE4B mRNA (exonllB) sequence containing the
polyadenylation signal. The 3 exons which follow (exons
12-14) encode the homoB domain. Exon 15 consists of the
sequence common to PACE4C and PACE4D (exon 15D)
and a unique PACE4D mRNA sequence (exon 15D) con-
taining polyadenylation signal. Exon 16 is located about 22
kb downstream from exon 15D and encodes the 3'-terminal
unique sequence of PACE4C mRNA including the polyade-
nylation signal. Recently Zhong et al. {32) reported a novel
isoform of PACE4, PACE4CS, a carboxy-terminally short-
ened version of PACE4C. Comparison of the 3'-terminal
sequences of PACE4CS with genomic DNA indicates that
exon 15CD is deleted in PACE4CS mRNA. The next 7
exons (exon 17-23AE) encode a sequence common to
PACE4A and PACE4E mRNAs. Type I PACE4A and

° I G A T C S B a s e s

I 311

249

200

151

Fig. 9. Determination of the human PACE4 transcription
initiation site by primer extension analysis. The radiolabeled
24-mer oligonucleotide was anealed to 25 /jg of total RNA from Hep
G2 cells and extended with reverse transcriptase as described under
"MATERIALS and METHODS." The product was analyzed by 8%
polyacrylamide gel electrophoresis in parallel with a sequencing
reaction using the identical oligonucleotide primer and the genomic
fragment cloned into the BamHl site of PUC18, which is known to
contain the first exon and 5'-untranslated region. Lane 1, control (no
RNA); lane 2, the primer extension product. Molecular weight
markers (end-labeled Hind-digested <AX174 DNA) are shown on the
right.
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PACE4E mRNAs contain exon 18 while type II mRNAs do
not. Because deletion of exon 18 does not result in a
frame-shift, the carboxy-terminal amino acid sequences of
Type I and II isoforms are the same (19, 41). Exon 23
consists of a sequence common to PACE4A and PACE4E
mRNAs, and a unique 3'-terminal sequence of PACE4E
mRNA containing a polyadenylation signal. We could not
obtain PACE4E cDNA containing a poly (A) tail, so the
location of the 3'-end of exon 23E was not identified. Exons
24 and 25 encode the 3'-terminal region of PACE4A
mRNA.

Southern Blot Analysis of Human PACE4 Gene—South-
ern blot analysis of genomic DNA was performed using
PACE4 gene fragments (1.7 kb Smal fragment, 0.6 kb
EcoRI-PstI fragment and 1.6 kb Pstl fragment) and cDNA
fragments (A-3' and C-3') as hybridization probes. The
Smal fragment (1.7 kb) derived from the A.hPA-50 clone,
and the EcoBl-Pstl fragment (0.6 kb) from the AhPA-76
clone contains the whole sequence of exons 8 and 13,
respectively. The Pstl fragment (1.6 kb) from the AhPA-6
clone contains the whole sequences of exons 17 and 18.
Exon 8 encodes a part of the catalytic domain. All PACE4
isoform cDNAs contain this sequence. PACE4A, C, D and E
cDNAs contain the exon 13 sequence which encodes a part

of the homoB region. The exon 17 and 18 sequences are
included in both PACE4A and PACE4E (Type-I) cDNAs.
As shown in Fig. 8, a single positive band was observed in
the genomic DNA digests obtained with different restric-
tion enzymes that do not cut the probe used. Thus the
results of gene mapping and Southern blot analysis indicate
that the multiple forms of PACE4 mRNA can be explained
by alternative splicing of the primary transcript of a single
gene.

Location of the Transcription Initiation Site and Nucleo-
tide Sequence of the 5'-Flanking Region—To identify the
transcription initiation sites, primer extension analysis was
performed. For primer extension analysis, an oligonucleo-
tide primer complementary to the 5'-untranslated se-
quence (nucleotides —74 to —51) was used to analyze total
RNA isolated from Hep G2 cells known to express high
levels of PACE4A mRNA. Primer extension resulted in a
single band, indicating that a single site is used for the start
of transcription, as shown in Fig. 9. This site is located 314
bp upstream from the translation initiation codon (ATG). A
BamYLl fragment (4 kbp) from AhPA OL-16, known to
contain the first exon encoding the signal peptide and a
portion of the 5'-flanking region (see Fig. 4), wassequenced
on both strands to characterize further the potential regu-

-1150 tccttacccttcataattccttgattatggtgtgaacatttccatccatctccagggt

GHF-1 PEA3 AP-1
-1092 qcttcaaatcalttatccacltggataccaggctgctclcfeg'gaagpfeggggtgaggaltqatt

b H L H Ets-1
-1032 icagctclactttctactgctggtcccagctcagtgggtgcttCCaagagtgtacatcgtct

AP-2
-972 agtgaacacctaccacacpgcaggccptgggctcataaaaacgaacgtttacggacagct

CRE
-912 tattgtacagcaaaagc|tgacctca|tcctcaaatcagcccgacggggtagatgccact:gt

bHLH AP-2 ,bHLH ,
-852 tccccgcattttc|caggtgfeggcBcctgccc|:cagccaccacagqcatttc|cccaagatc

bHLH bHLH
-792 gaagcgaggttaagcggacggcctgggggtqcacctgfcacggcctgggggtcpacctgpg

bHLH bHLH bHLH
-732 gggcctgggggttjcacctgfcacggcctgggggttpacctgpgcggcctgggggttFacct

-612 tgg

-672 gjrgcggcctgggggtt

~ bHLH
ptccgtgcggtggtttctcgggtacacgctcgtgagcccggctgatgcgqcacatgl

-552 cctttgccccgctcaatgtgtcccttcagccaggcttggtcccgggcgacccactgtctt

AP-2 SP-1
-492 ccccgcagcttcttctccctgggaccccgcacacgg^cgagccc|tccgtctagggapgcg

AP-2 AP-2 SP-1 bHLH
-432 ggpgagg"c^ccagggtctgagg|ccpccgqcpggtgiagtgcggcctl:cgggtgtccggcc

-372 ggtctagggaaccggggact agacgccggggcctccccgctcccagcagaactc

-312 gcgggccgaggacgcctctggggcggcaccgcgtcccgagagccccagaagtcggcgggg

-252 aagtctccccggtggggggcgcctcgggcctcccggacggctctcggccccggagcccgg

smal
-192 tcgcaggagcgcgggcccgggggcgggaacgcgccgcggccgcctccCcctccccggctc

-132 ccgcccgcggcggtgttggcggcggcggtggcggcggcggcggcgcttccccggcgcgga

-72 gcggctttaaaaggcggcactccaccccccggcgcactcgcagctcgggcgccgcgcgag

+1
- 1 2 CCtgtcgccgct®TGCCTCCGCGCGCGCCGCCTGCGCCCGGGCCCCGGCCGCCGCCCCGG

M P P R A P P A P G P R P P P R

Fig. 10. Nucleotide sequence of the 5'-
flanking region of the PACE4 gene. The
numbering of nucleotides starts at the transla-
tion initiation site ( + 1). The transcription
initiation site is indicated by a bent arrow. The
putative regulatory elements are boxed. The
repeated sequences (GGCCTGGGGGTTCAC-
CTGC) containing the E box are underlined.
The location of the primer used for primer
extension analysis in Fig. 9 is double under-
lined. This sequence has been deposited in the
DDBJ/EMBL/GenBank DNA databases and
assigned the accession number AB001898.
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latory sequences involved in PACE4 expression. The se-
quence 1.2 kb upstream of the ATG translation initiation
codon is shown in Fig. 10. Furthermore, we directly am-
plified the 5'-upstream region by genomic PCR and con-
firmed the sequence of this region. Neither a TATA box nor
CCAAT sequences are evident adjacent to the transcription
initiation site. The most remarkable feature of the se-
quence of this region is the presence of 12 binding sites (E
box, CANNTG) for basic helix-loop-helix proteins (39) at
nucleotide positions -1032, -839 , - 8 0 7 , - 7 6 3 ,
- 7 4 1 , -719 , -698 , -677 , -656 , -558 , -402 , and
-352 . In particular, GGCCTGGGGGTTCACCTGC se-
quences containing 6 repeats of the E box are located at
nucleotide positions — 775 to — 650. Other possible binding
sites for transcription factors such as SP1 (40), API (41),
AP2 (42), PEA3 (43), and Ets-1 (44) are also found in this
region. Two SPl-like binding sequences are located at
nucleotide positions —436 and —407/(inverted). SP1 is
known to guide initiation in some TATA-less promoters
(45). Potential API, PEA3, and Ets-1 binding sites are
located at positions —1037, —1055, and —1056, respec-
tively. Five other potential sites at positions —954,
-829 , -618 , -456 , and - 4 3 1 share homology with the
AP2 binding site, CCCC(A/G)(G/C)(G/C)C. Potential
sites for cAMP response element binding protein (CREB)
(46) and GHF-1 (47) were identified at - 8 9 7 and -1083,
respectively. Recently, Johnson et al. reported thyroid
hormone-induced expression of rat pituitary PACE4
mRNA (10). We did not find the consensus thyroid hor-
mone response element (48) in the 1.2 kb 5'- flanking
region, although such an element may be present further
upstream.

DISCUSSION

In this study we have characterized the human PACE4
gene. The exon-intron organization of this and other kexin-
like protease genes is strikingly conserved within the
amino-terminal region containing the signal peptide, pro-
peptide and subtilisin-like catalytic domains. Its estimated
size of 250 kb, makes the human PACE4 gene longer than
the human furin (10 kb) (35), mouse PCl (42 kb) (37),
human PC2 (130 kb) (36), and mouse PC4 (9.5 kb) genes
(38). The human PACE4 and furin genes are located in
close proximity on chromosome 15, suggesting a local
duplication during the evolution of the kexin-like protease
family (9). Similarly both genes are localized on the
chromosome 7 in mice (49). However, the overall gene
structures of the two proteases differ. The furin gene
consists of 15 exons and spans 10 kb (35), while the PACE4
gene is composed of 25 exons and spans more than 250 kb,
being 25 times longer than the furin gene.

Alternative RNA splicing is a fundamental process in
eukaryotes that contributes to tissue-specific and develop-
mentally regulated patterns of gene expression. In this
study, we elucidated the mechanism of production of
multiple PACE4 transcripts by alternative splicing from a
single copy of the gene. PACE4A consists of a signal
peptide, propeptide, catalytic domain, HomoB domain, and
cysteine-rich domain, and is expressed in various tissues
and culture cells. However, its distribution is restricted in
both endocrine and nonendocrine cells, in contrast to that of
furin (23). PACE4B mRNA, which lacks a homoB domain

and cysteine-rich region, is expressed only in human
embryonic kidney cell line 293 (9). PACE4D mRNA, which
lacks a signal peptide, propeptide and a cysteine-rich
region, is expressed in various tissues, like PACE4A
mRNA. However, PACE4B and PACE4D are supposed to
be catalytically inactive, because propeptide and the
homoB domain are essential for the correct folding of the
enzyme. PACE4C, which is truncated at the carboxy-ter-
minus compared to PACE4A, has a distinct sequence at the
end of homoB domain, resulting in a shorter form in which
the 32 amino acids following Gly620 are different. Exon 17 of
human PACE4 gene, which is not contained in PACE4C
mRNA (11), encodes an amino acid sequence, L-X-L-Y/
H-G-T/S, which is highly conserved among the kexin-like
protease family. Recent studies on the biosynthesis of
PACE4C in transiently transfected COS-1 cells suggested
that the PACE4C protein remains in endoplasmic reticu-
lum in an inactive zymogen form, like PACE4CS (31, 32).
PACE4C was not secreted into the culture medium at all. In
contrast, a part of PACE4A was secreted as an active
enzyme in transiently transfected cells (31). In general,
abnormal (misfolded) or mislocalized proteins are degrad-
ed rapidly. However, accelerated proteolytic degradation of
PACE4C protein was not observed in COS-1 cells. More-
over we observed specific expression of PACE4C in j3 cells
of pancreatic islets as reported previously (25). These
results suggested that PACE4C is not a product of abnor-
mal splicing, but has unknown physiological functions.
PACE4E is the most recent isoform to be identified by
cDNA cloning (32). This novel cDNA encodes a 975 amino
acid sequence and has a characteristic hydrophobic cluster
at the carboxy-terminus. PACE4E was shown to be a
functional enzyme by coexpression of PACE4E cDNA con-
struct with precursor protein (pro-von Willebrand factor
and pro-complement C3) cDNAs, like PACE4A. PACE4E
could process these precursor proteins correctly to mature
forms. However little PACE4E is secreted into culture
medium unlike PACE4A, though its secretion was acceler-
ated by removal of the hydrophobic region of the carboxy-
terminus. These results indicated that the hydrophobic
region causes retardation of PACE4E secretion, suggesting
distinct intracellular localization of PACE4E compared
with that of PACE4A. All introns of the human PACE4
gene contain polypyrimidine tract-like structures upstream
of the 3'-splice site. The polypyrimidine tract is essential
for efficient branch point utilization and 3'-splice site rec-
ognition. It probably also plays a significant role in alterna-
tive splicing. Many features of the pre-mRNA have been
implicated in alternative splice site selection (50). These
include the relative strength of the 5'- and 3'-splice sites,
intron size, the location of branch points, multiple alter-
native branch points, branch point sequences, intron se-
quences between the 3'-splice site and upstream branch
point, and exon sequences. Further analysis is necessary to
clarify the mechanism of alternative splicing of PACE4
pre-mRNA.

Multiple transcripts have been detected for other kexin-
like protease genes including furin (51), PC4 (38), and PC6
(34, 52). In the case of PC6, two transcripts (PC6A and
PC6B) are produced and both are expressed in a tissue-
specific manner. In the case of furin, three different tran-
scripts, all with identical coding sequences but different
5'-untranslated sequences, are produced via alternative
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promoter usage (51). However the functional role of the
isoforms is still unclear.

The promoter region of human PACE4 gene was studied
by sequence analysis. As in human PC2 and mouse PC4
genes (36, 38), there was no TATA box or CCAAT se-
quence adjacent to the transcription initiation site. It has
been observed that the promoter region of some TATA-less
house-keeping genes contains a GC-rich sequence. Similar-
ly, human PACE4 gene has a GC-rich upstream region and
two SPl binding sites. Several other binding sites for
transcription factors were identified. Among them, the E
box (CANNTG) is especially interesting. E boxes are also
present in the 5'-upstream region of two other kexin-like
protease genes, PCI (37) and PC4 (38). However, the
characteristic 6 tandem repeats of the E box in the 5'-
upstream region of the PACE4 gene is unique. The E box is
a binding motif for various basic helix-loop-helix (bHLH)
factors such as MASH (53), MASH-1 (54), MATH-2 (55),
NeuroD (56), and MyoD family (57). These factors inter-
act with the E box element in the promoters in collaboration
with other bHLH proteins. bHLH factors play an essential
role not only in myogenesis, but also in neurogenesis.
MASH, MASH-1, MATH-2, and NeuroD are considered to
be trans-acting factors involved in neurogenesis. They can
interact with several E box sequences in collaboration with
other bHLH such as E47 and are involved in the develop-
ment and maintenance of the mammalian nervous system.
In adult rat, PACE4 is expressed in the central nervous
system, especially in the cerebellum, pituitary and spinal
cord (10, 13, 23, 30). In contrast, Myo D family members
are myogenic regulators which can directly activate skele-
tal muscle-specific genes and convert a wide range of cell
types into skeletal muscle (57). However, PACE4 is hardly
expressed in skeletal muscle. These results suggested that
the MyoD family is not involved in the regulation of PACE4
expression. The AP-1 binding site is located at nucleo-
tide —1039. The trans-acting factor AP-1, a heterodimer
composed of c-jun and c-fos proto-oncogene products,
influences basal transcription and is required for induction
of transcription by phorbol esters (43). In addition to the
AP-1 site, other phorbol ester response elements have been
identified. Both PEA3 and Ets-1 motifs are present as
overlapped sequences at positions —1055 and —1056,
respectively, in close proximity to the AP-1 site. Both
factors can act synergistically with AP-1 to achieve
maximal induction of transcription by phorbol esters (41,
44). The regulatory region of this gene also contains six
potential AP-2 sites. Human PC2 gene also contains two
AP-2 binding sites (36), though mouse PCI and PC4 genes
do not have AP-2 binding sites (37, 38). AP-2 affects the
action of both phorbol esters and cAMP (46). Moreover, a
potential site, differing by 1 bp from the consensus
sequence, for the classical cAMP-response element binding
protein (CREB), TGACGT(A/C)A was identified at posi-
tion — 895. In contrast, a GHF-1 (growth hormone factor
l)-like element differing by 1 bp from the consensus
sequence (A/T)TAT(C/T)CAT, was found at position
— 1081. GHF-1 is a pituitary-specific transcription factor
that plays a critical role in cell-type specific expression of
the growth hormone gene (47). In fact, rat PACE4 is
expressed most strongly in the anterior pituitary, espe-
cially in growth hormone-producing cells (10). These
findings suggest that PACE4 is not a constitutive gene

product and this is consistent with its tissue and cellular
distribution. Although further analysis is necessary to
elucidate whether any of these binding sites are function-
ally important for the promoter activity, a comparison of
the sequences of the 5'-flanking region suggests that
PACE4 gene expression is regulated by a mechanism
distinct from that of furin, PCI, PC2, or PC4. Recently,
Mains et al. reported that the enzymatic activity of PACE4
differs from that of other kexin-family proteases in its
sensitivity to various inhibitors (58). This result also
supports unique physiological roles for PACE4.

In this report, we show that the PACE4 gene has the most
complicated structure of all known kexin-like protease
genes, and we have clarified the mechanism of production of
its isoforms to be alternative splicing. The results support
regulation of its transcription by various transcription
factors. Additional studies on the function and regulation of
PACE4 isoforms are under way to elucidate the physiologi-
cal role of these proteins in the central nervous systems.
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