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ABSTRACT PC2 and furin are two recently identified
members of a class of mammalian proteins homologous to the
yeast precursor processing protease kex2 and the bacterial
subtilisins. We have used the polymerase chain reaction to
identify and clone a ¢cDNA (PC3) from the mouse AtT20
anterior pituitary cell line that represents an additional mem-
ber of this growing family of mammalian proteases. PC3
encodes a 753-residue protein that begins with a signal peptide
and contains a 292-residue domain closely related to the
catalytic modules of PC2, furin, and kex2. Within this region
58%, 65%, and 50% of the amino acids of PC3 are identical to
those of the aligned PC2, furin, and kex2 sequences, respec-
tively, and the catalytically important Asp, His, and Ser
residues are all conserved. On Northern blots, PC3 hybridizes
to two transcripts of 3 and 5 kilobases. Tissue distribution
studies indicate that both PC2 and PC3 are expressed in a
variety of neuroendocrine tissues, including pancreatic islets
and brain, but are not expressed in liver, kidney, skeletal
muscle, and spleen. The high degree of similarity of PC3, PC2,
and furin suggests that they are all members of a superfamily
of mammalian proteases that are involved in the processing of
prohormones and/or other protein precursors. In contrast to
furin, PC3, like PC2, lacks a hydrophobic transmembrane
anchor, but it has a potential C-terminal amphipathic helical
segment similar to the putative membrane anchor of carboxy-
peptidase H. These and other differences suggest that these
proteins carry out compartmentalized proteolysis within cells,
such as processing within regulated versus constitutive secre-
tory pathways.

A large number of peptide hormones, neuropeptides, and
other biologically important peptides and proteins are syn-
thesized as larger precursors which require limited proteo-
lysis to liberate their active forms (1-6). In many cases this
activation is initiated by endoproteolytic cleavage at paired
basic residues within the precursor. The conversion of pro-
insulin to insulin, for example, begins in the early secretory
granules, where cleavage at Lys-Arg and Arg-Arg residues
releases the connecting peptide after it has functioned to
promote the correct folding of the hormone during the initial
phases of its synthesis (7). Similarly, precursors such as
proopiomelanocortin (POMC) that contain several distinct
biologically active peptides may undergo tissue-specific
cleavage at selected dibasic and/or monobasic processing
sites, giving rise to mixtures of different peptides from the
same precursor.

Although widespread in mammals, this mechanism of
proteolytic processing is not limited to higher eukaryotes. In
the yeast Saccharomyces cerevisiae the a mating factor is
translated in tandem copies which must first be cleaved at
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Lys-Arg residues to be released (8, 9), while maturation of
pro-killer factor requires cleavage at both Lys-Arg and Arg-
Arg residues (10, 11). The endoprotease involved in this
processing has been mapped to the KEX2 locus (12) and
subsequent characterization has identified the encoded pro-
tein to be a Ca?*-dependent serine protease related to the
bacterial subtilisins (13-15). kex2 has also been found to be
capable of processing proinsulin expressed in yeast (16) as
well as processing POMC when transfected into POMC-
secreting cells (17).

We have recently identified a cDNA that encodes a protein
structurally related to the yeast processing protease kex2
from a human insulinoma and have called it PC2 (18). In
addition, the human FUR gene, which was identified by its
proximity to the fes/fps protooncogene (19), has also been
shown to encode a protein (furin) which is also related to PC2
and the kex2/subtilisin family of proteases (18, 20, 21). We
have now used the polymerase chain reaction (PCR) to
identify and clone a third member of this growing family,
which we have designated PC3, and we present here its
nucleotide sequencet and data on its tissue distribution.

MATERIALS AND METHODS

Materials. Oligonucleotides were synthesized on an Applied
Biosystems model 380B DNA synthesizer. RNA was isolated
from AtT20 mouse anterior pituitary cells (a generous gift from
R. Mains and B. Eipper, Johns Hopkins University), human
insulinoma (18), BTC3 mouse cells (kindly provided by D.
Hanahan, University of California, San Francisco), and rat
pancreatic islets (Sprague-Dawley) by the guanidinium iso-
thiocyanate/CsCl method (22). Rat tissue RNA samples were
a generous gift of M. Gupta (Univ. of Chicago).

Amplification of DNA Fragments Encoding PC3. cDNA
templates for PCR were synthesized with 5 ug of rat pan-
creatic islet total RNA by using Moloney murine leukemia
virus reverse transcriptase as described by the supplier
(Bethesda Research Laboratories), and 1/10th of the cDNA
reaction mixture was used for each PCR. Reaction mixtures
for PCR (0.1 ml) contained cDNA template, 100 pmol each of
the degenerate primers SQ-2 and SQ-4 (Table 1), and 2.5 units
of Tag DNA polymerase (Perkin-Elmer/Cetus) in 10 mM
TrisHCl, pH 8.3/50 mM KCl/1.5 mM MgCl, containing
dNTPs at 0.2 mM each and 0.01% gelatin. Reactions were
carried out in a Perkin-Elmer/Cetus thermal cycler for 30
cycles of denaturation (94°C, 1 min), annealing (55°C, 1 min),
and extension (72°C, 2 min). After fractionation on 1%
agarose gels, the PCR products of interest were electroe-
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Table 1. Oligonucleotide primers used for PCR

Primer Sequence* Positions’
Degenerate
Thr Trp Arg Asp Met Gin 405-410
SQ-2 3’-TGN ACC GCN CTP TAC GTC 1300-1317
His Gly Thr Arg Cys Ala 208-213
SQ4 5'-CAQ GGN ACN AGP TGQ GC 709-725

DR 3'-GA CAT GAC CTA CTA CCG AACC 677-697

R-14 3’-CTA ATG TGT CTG GTC GCT TA 1261-1280

Rhoda 5-GAC ATT TAT GCC ATT TAT GA 712-731
PC2

360 5'-CC AAC AAC AAT ATC TGT 746-762

150 3'-C ATG CCG TTG ACG TGA 1203-1218
Vector

T3 5'-AAT AAC CCT CAC TAA AG t

*P=GorA;Q=TorC;N=A,C,G,orT.

tFor degenerate primers, amino acid and nucleotide sequence posi-
tions correspond to PC2. Other positions are from PC3 (Fig. 1) or
PC2 (18) as indicated.

¥Corresponds to the bacteriophage T3 RNA polymerase promoter
sequence in the Lambda ZAP vector.

luted, and the ends were made blunt with T4 DNA polymer-
ase and ligated into the EcoRYV site of pBluescript (Strata-
gene).

Anchored PCR was carried out as described above except
using oligonucleotides T3 and DR as primers (Table 1) and 107
phage from the amplified cDNA library as the template. To
determine the size of the amplified DNA, 20 ul of this
reaction mixture was fractionated on a 1% agarose gel,
blotted to nitrocellulose, and probed. The products of interest
were isolated from the remaining PCR reaction mixture and
subcloned as described above.

Construction and Screening of the AtT20 cDNA Library.
Poly(A)* RNA was selected from total RNA by using a
commercial Kit (5 Prime — 3 Prime, Inc.). Double-stranded
cDNA was prepared with a cDNA synthesis kit (Pharmacia),
followed by size fractionation with Sepharose 4B and cloning
in the EcoRlI site of Lambda ZAP (Stratagene). One-half of the
library (complexity 2 x 10% was plated directly and the
remaining half was amplified and stored. For screening, du-
plicate filters were prepared, hybridized [2x SSC (1x SSC is
150 mM NaCl/15 mM sodium citrate, pH 7.0)/50% (vol/vol)
formamide, 37°C for 18 hr] with pPCR3 labeled by PCR, and
washed (2x SSC/0.1% sodium dodecyl sulfate, 65°C for 1 hr)
as described (23, 24). After plaque purification, the phage
inserts were subcloned in the EcoRlI site of pBluescript.

Northern Blotting. RNA was fractionated on 1% agarose/
formaldehyde gels, transferred to nitrocellulose, hybridized
[2x SSPE (1x SSPE is 180 mM NaCl/10 mM sodium
phosphate, pH 7.4/1 mM EDTA)/50% formamide, 37°C, 18
hr] with PCR labeled probes specific for PC2 or PC3 synthe-
sized using primers 360/150, or Rhoda/R-14, respectively
(Table 1), washed (0.5x SSPE/0.1% sodium dodecyl sulfate,
60°C, 1 hr), and autoradiographed with intensifying screens
as described (23, 24).

Other Methods. The entire DNA was sequenced in both
directions by the dideoxy chain termination method, using
the Sequenase kit (United States Biochemical). Protein struc-
tural predictions were done by using the MacVector software
(International Biotechnologies). PCR labeled probes were
prepared as described previously (18). All other methods
were as described (23, 24).

RESULTS

Identification and Cloning of PC3. To identify new mam-
malian members of the kex2/subtilisin-like family of prote-
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ases we designed degenerate PCR primers that were com-
plementary to stretches of amino acid sequences highly
conserved among PC2, furin, and kex2. Alignment of these
proteins indicated that the closely related catalytic domains
contained the most useful sequences for this purpose. These
included one region adjacent to the active site histidine and
a second C-terminal to the catalytically important serine (see
Materials and Methods). After PCR amplification of cDNA
prepared from rat pancreatic islet total RNA, the expected
600-base-pair (bp) products were subcloned in pBluescript
and individual plasmid DN As were probed on Southern blots
with PC2. Of 12 DNAs analyzed only 1 did not hybridize with
the PC2 probe. Analysis of the sequence of this clone
(pPCR3) revealed that while the predicted amino acid se-
quence was highly similar to the corresponding regions of
PC2, kex2, and furin—including the presence of a putative
serine active site region—it was nevertheless distinct from
these previously characterized proteases. This newly iden-
tified clone was designated PC3.

Since preliminary Northern blot analysis indicated that
PC3 was present in relatively high levels in the mouse AtT20
pituitary cell line (see Fig. 3), a cDNA library was prepared
from these cells to isolate a full-length cDNA clone. Three
clones were identified upon screening 150,000 plaques with
pPCR3, and one of these had an insert of 2.4 kilobase (kb)
pairs). Comparison of the deduced amino acid sequence of
this clone with the sequences of PC2, furin, and kex2
indicated that it was missing approximately 40—45 residues at
its N terminus, including an initiator methionine (ATG). To
isolate the remainder of this cDNA, anchored PCR was
carried out with oligonucleotide primers complementary to
PC3 (DR) and the bacteriophage T3 RNA polymerase pro-
moter sequence within the Lambda ZAP vector (T3). This
resulted in the isolation of a 700-bp DN A which contained the
missing 126 bp of coding sequence as well as 186 bp of 5’
untranslated cDNA, bringing the total size of the cloned
cDNA to 2615 bp.

The complete sequence of the PC3 cDNA is shown in Fig.
1. It contains an open reading frame of 2259 bp and is
predicted to encode a protein of 753 amino acids which
contains a signal peptide, a catalytic domain similar to the
domains of PC2, furin, and kex2, and two potential sites for
N-glycosylation, Asn-401 and Asn-645. In vitro translation of
PC3 in the cell-free reticulocyte system gave a band of the
predicted size of 84 kDa (not shown). While this manuscript
was in preparation a cDNA partial sequence corresponding to
nucleotides 826-1621 of PC3 was reported (25).

Comparison of PC3, PC2, Furin, and kex2. Alignment of the
amino acid sequences of PC3, PC2, furin, and kex2 illustrates
the similarity among these proteins (Fig. 2). Each begins with
a signal peptide followed by a subtilisin-like catalytic domain.
Within this 292-residue active site region PC3 shows 58%,
65%, and 50% amino acid sequence identity with PC2, furin,
and kex2, respectively. While in all of these comparisons the
catalytically important Asp, His, and Ser residues align
exactly, it should be noted that PC3, like furin and kex2, has
an Asn residue at a position (Asn-309) that has been found to
be both highly conserved and catalytically important in the
subtilisins (26, 27). In contrast, PC2 has an Asp residue at the
analogous position (Asp-310). While such a substitution has
been shown to reduce the catalytic efficiency in the subtili-
sins (26), the presence of this Asp in PC2 may serve to restrict
its activity to acidic environments (see Discussion).

While the greatest similarity among all these proteins
occurs within the catalytic module, they are also related
throughout most of their amino acid sequences. Of the first
598 amino acids of PC3, 82%, 81%, and 74% are either
identical or similar to PC2, furin, or kex2, respectively.
Beyond this point, which marks the end of PC2, the se-
quences of these proteins diverge; furin contains a Cys-rich
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CTTTAGTGAGCGCTCGCTCTCGCCGCCCAGCCTCTCCCASTGAGTCCTCTAGCTCTAGT.
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ACCCAGAGCC
1
Met Glu
ACTTGTGTGAGAACAAGGTTTTGAGCC ATG GAG
40
Ala Glu Ile Pro
GCG GAG ATC CCC
80
Ser Arg
TCC CGA
120
Ala Leu Asp Leu
GCA TTG GAT CTC
160
Gly
GGA
200
Tyr
TAT
240
Met
ATG
280
Pro
CcCT
320
Asp
GAT
360
Tyr
TAC
400
Pro
CCA
440
Gly
GGA
480
Lys
AAA
520
Asp
GAC
560
Gly
GGA
600
Bis
CAC
640
Leu
cTC
680
Leu Ser
CTT TCA
720
Glu Gly Ser Glu Asp Ser Leu Tyr Ser
GAA GGC TCT GAA GAC AGT CTG TAC AGT
oc

Gln Arg Gly Trp Thr Leu Gln Cys Thr Ala Phe
CAA AGA GGT TGG ACT CTG CAG TGT ACT GCT TTC

Glu Trp Ala
GAA TGG GCG

Gly Gly
GGA GGG

Gln Glu Ala Ala Ser Ala Ile Ala Glu
CAA GAA GCT GCC TCT GCC ATC GCC GAA

Glu
GAA

Leu
CTG

Ser
AGC

Bis Pro
CAT CCT

Arg Arg
CGG AGG

Arg Ser
AGA AGC

Ala Leu
GCT CTT

His Ile Thr Lys Arg Leu
CAT ATC ACT AAG AGG TTA

Ser
TCT

Asp
GAT

Asp
GAT

Ser
TCA

Lys Asp
AAA GAC

Phe Asn
TTC AAT

Asp Pro Met Trp Asn Gln Gln Trp
GAT CCA ATG TGG AAT CAG CAG TGG

Glu Asn Lys|His|Gly Thr Arg
GAA AAC AAA|CAT|{GGA ACA AGA

Gln
CAA

Leu
TTG

Tyr
TAC

Ile
ATT

Thr
ACT

Lys
ANG

Gly
GGT

Gly
GGC

Val val
GTT GTT

lys
AAA

Ile Thr
ATT ACT

Val Leu
GTA CTG

Asp Gly Leu
GAT GGC TTG

Glu
GAG

Asn
AAT

Trp
TGG

His Asp
CAT GAT

Phe
TTT

Pro
CCA

Pro Arg
CCC CGA

Thr Asn
ACA AAT

Asp Leu
GAT CTC

Ala
GCA

Cys
TGT

Lys Val
AAA GTT

Gly
GGA

Gly Ile
GGC ATA

Arg
AGA

Leu Asp
CTG GAT

Gly Ile
GGC ATT

Val Thr Asp Ala Ile
GTA ACT GAT GCC ATT

Glu
GAG

Ala
GCT

Ser
TCA

Ser
AGT

Gly Lys
GGA AAA

Thr
ACT

val
GTG

Glu
GAG

Gly
GGG

Gly Arg
GGC AGA

Leu Ala
CTA GCC

Gln Lys Ala Phe Glu
CAG AAG GCA TTT GAA

val
GTC

Tyr
TAT

Gly
GGT

Lys
AAA

Gly Asp
GGA GAT

Asn
AAC

Cys
TGT

Asp Cys
GAC TGT

Gly Tyr
GGC TAC

Thr Asp
ACA GAC

Ser Ile Tyr Thr Ile
AGC ATT TAC ACC ATC

Ser
TCT

Ile
ATC

Ser Ser

AGC

Ser
TCC
380
Leu
c16

Ser
AGC

Ser
AGT

Tyr
TAC

Gly Asp
GGT GAT

Thr Asp
ACA GAC

Gln Arg Ile Thr Ser Ala Asp
CAG CGA ATA ACA AGC GCT GAC

Leu
CTG

His
CAC

Asn
AAT

Asp
GAC

Ala
Gee

Glu Ala Asn
GAG GCA AAC

Leu
T6

Asn
AAT

Leu
CTT

Thr Trp
ACC TGG

Arg Asp Met Gln His
AGA GAT ATG CAG CAT

Leu
CTG

val
GTT

val
GTC

Trp
TGG

Met
ATG

val
GTG

Ser
AGC

Asn Arg Phe

CGA TTT

Phe
TTT

Gly
GGC
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TTG CTA AAT GCC AAA GCT CTG

val
GTG

Asp
GAT
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GCT
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TTG

Phe
TTT
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GAG

Ala Leu
GCC CTG
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ccr

Arg
AGA
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GCT
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AAT

Gly Glu
GGA GAA

Val Ile Val Glu Ile
GTA ATT GTT GAA ATC

Pro Thr Arg
CCA ACA AGA

Ala
GCT

Glu Tyr
GAA TAT

Ser
TCT
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cGT

Arg
AGA

Gly
GGA

His
CAT

Leu
CTT

Val Thr Leu Thr Ser Ala Val
GTC ACA CTC ACT TCT GCT GTT

Gly Thr
GGA ACC

Thr
ACT

Ser
AGC

Met
ATG

val
GTT

His
CAT

Thr
ACA

Ser
TCT

Glu
GAG

Asn
AAT

Trp
TGG

Pro Val Gly Thr Trp Thr Leu Lys Ile
CCT GTA GGC ACC TGG ACA TTG AAA ATT

Thr
ACA

Asp
GAC

Thr Ser
ACA TCT

Ser
TCT

Gln Pro Glu
CAA CCA GAG

Met
ATG

Lys
AAG

Gln Pro
CAG CCT

Arg Val Tyr Thr Ser Tyr
CGT GTG TAC ACA TCC TAC

Asn
AAT

Thr
ACA

val
GTC

Ser
AGC

Asn
AAT

Leu
CTG

—
Asn Ser Ser Ser Ser Asn
AAC TCC AGC AGC AGC AAT

Lys
AAG

Gly Asn
GGC AAT

val
GTA

Leu
CcT6

Pro Lys
CCC AAA

val
GTG

Glu
GAG

Gly
GGT

Ala Phe Ser
GCT TTT AGC

Ala
GCA

Lys Asn
AAG AAT

Lys
AAA

Gln Ser Pro Lys Lys Ser Pro Ser Ala Lys
CAA TCA CCA AAG AAG TCT CCA AGT GCA AAG

Leu
CTC

Asp Tyr Val Asp Val Phe Tyr Asn Thr Lys Pro
GAC TAT GTT GAT GTA TTC TAT AAC ACA AAA CCT

TAA AATAAGTGTGTTGCCTGAGTTGGGAATCTTCATGCACCCTCCTTTTCCT TAAATGTTCCTGGGTCTGGAGT TGTTGTGTCCCTGGT TT TTATGCTTATAATGTCCTTCATTGTAATTTTACTT TTTCTT TCAAACTGTACTTTGGAGTGAGTTTC

AAACGGCACGAG

FiG. 1.

Ala
Gee

Gly
GGG

Asp
GAT

Asp
GAT

Bis
CAC

Gly
GGT

Ile
ATT

Gln
CAG

Ala
GCC

Cys
TGC

Thr
ACC

Asp
GAT

Cys
TGT

val
GTA

Met
ATG

Gln
CAG

Arg
AGA

Ser
AGC

Tyr
TAT

TTTTAAGCTGCTGGG'

'CGAGTCTAGCTGGTGTGTCTCTGATCTTGCTTCTTTTCTCCCAGCCCTTCCT 159
20
Cys
TGT

60
Gln
CAG
100
Glu
GAA
140
Ala
GCT
180
Asn
AAT
220
Ala
GCA
260
His
CAT
300
Gly
GGC
340
Ser
TCA
380
Gly
GGC
420
Leu
TG
460
Asn
AAT
500
Ala
GCT
540
Glu
GAA
580
Asn
AAT
620
val
GTG
660
Gln
CAA
700
Phe
TC
740
Lys His Arg Asp Asp Arg Leu Leu Gln Ala Leu Met Asp
AAG CAT AGA GAT GAC AGG CTG CTG CAA GCT CTC ATG GAC

Phe
TTC

Phe
TTT

Ala Leu Ser Ser Val
GCA CTA AGC AGT

Lys Al-‘Lyl Arg Gln Phe Val
GTA AAA GCA AAG AGG CAG TTT GTT

Cys Val Trp
TGC GTT TGG

Asn
AAT 285
Tyr
TAT

Leu
CTT

Leu
TG

Leu
CTT

Glu Asn
GAA AAT

His
CAC

Leu
TTA

Phe
TTC

Asp
GAC

Gly
GGT

Ile Gly Ser
ATT GGA TCA

Tyr
TAT

Lys
AAA

His Lys
CAC AAA 405
Arg
CGT

val
GTG

Thr
ACG

Ala
GCT

Trp
GG

Gln Gln Tyr
CAA CAG TAT

Glu
GAA

Ser
AGT

Val Gln
GTT CAA

Ser
TCA

Lys Glu Arg
AAA GAG AGA

Lys
AAA

Arg
CGT 525
Thr
ACC

Arg
AGA

Met
ATG

Thr
ACT

Ala
GCA

Leu
CTG

Leu
CTT

Leu Pro Lys
CTG CCC AAG

Asp
GAC

His
CAT

val
GTA

Ile
ATA

Val
GTT

Pro
cCcT

Trp Glu
TGG GAA 645
Thr Asp
ACA GAC

Ile
ATT

Ala
GCC

Glu
GAG

Ala
GCT

Ser
AGC

TYCr
TAT

Tyr Asp Pro
TAT GAT CCA

Phe
TTT

Asn
AAC

Asn
AAT

Tyr
TAT

Asp
GAT

Asp
GAT

Asp

GAT 765

Glu
GAA

Ile
ATT

Ala
GcC

Met
ATG

Gln
CAA

Asn Asn His
AAT AAT CAC

Lys
AAG

Cys
TGT

Gly val
GGG GTT

Gly
GGA

val
GTT

Ala
GCA

Tyr
TAT

Asn Ser

AAT TCC 885

Gly
GGA

Phe
TTC

Asn Pro

cCcT

Gly
GGC

Val Asp Ile
GTG GAT ATT

Ala Ser
GCA AGC

Ser
AGT

Asn
AAT

Pro
cCcT

Tyr
TAC

Trp Gly

GGC

Asp Asp
GAT GAT 1005
Gly
GGG

Arg
AGA

Gln
CAA

Gly
GGG

Lys
AAA

Ser Ile Phe
TCC ATC TTT
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GTC

Ala
GCT

Asn
AAT

Gln
CAG

Ser
TCA

Gly
GGG

Gly Arg
GGT CGT

Trp
66

Gly

GGG 1125

Ser
TCC

Gln
CAG
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CAA
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GGC

Leu
CTG

Pro Trp Tyr
CCT TGG TAT

Ser|Ala
TCG|GCT
Ala Ser Asn
GCC AGT AAC

Ala
GCA

Glu
GAG

Ala
GCT

Lys
AAG

Ser Ser

TCC

Thr Leu
ACA TTG

Cys
TGT

Thr

ACC 1245

Thr
ACA

Glu
GAG

Thr
ACC

Bis
CAC

Thr
ACA

Thr
ACC

Ala
GCA

Ser
TCA

Ala Ala

GCT

Ile
ATC

Leu
CT6

Pro
cce

Gly
GGT

Phe Ala
TTT GCT 1365
Ser
TCT

Glu
GAG

Pro
CCA

Pro
CCA

Tyr
TAC

Asp
GAC

Gly
GGT

Asn
AAT

Ala
GCA

Trp
TGG

Lys
AAA

Lys Gly

GGG

Gly Leu
GGC TTG 1485
Pro
ccT

Arg
CGG

Thr
ACC

Trp Arg
TGG AGA

Val Pro Glu
GTG CCT GAG

Glu
GAA

Val
GTT

val
GTA

Asn
AAT

Lys
AAG

Lys
AAA

Cys
TGT

Asn
AXC

Lys
AAA

Asp

GAC 1605

Glu
GAA

Gln Glu
CAA GAA

Asn
AAT

Gly
GGA

Leu
CTG

Glu
GAA

Bis
CAT

Ile Lys Ser
ATC AAG TCT

val
GTG

Gln
CAA

Phe
TTT

Glu
GAA

Ala
GCA

Thr Ile
ACA ATT 1725
Leu
CTG

Leu
TG

Ala Glu
GCT GAA

Arg
AGG

Arg Asp Thr
AGA GAT ACA

Pro
cce

Ser
TCC

Asn Gly
AAT GGC

Phe
TTT

Asn
AAT

Phe
TTC

Lys
AAG

Trp
T66

Asp
GAC 1845
Ser
TCT

Gly
GGA

Arg Met
AGA ATG

Gln
CAA

Glu Gly Arg
GAA GGA AGG

Ile
ATT

Ile
ATT

His
CAT

Val Asn Trp
GTG AAC TGG

Leu
TTG

Leu
TTG

Lys
AAG

Gly
GGG 1965
Asn
AAT

Asp
GAC

Arg Arg
AGG AGA

Gly
GGA

Glu Lys Met
GAA AAG ATG

val
GTG

val
GTT

Asn
AAT

val
GTG

Glu
GAG

Pro
cce

Lys
AAG

Arg
GG

Thr Gln
ACA CAA 2085
Arg
AGG

Asp Glu Gln Val
GAT GAG CAG GTA

Gly Thr Pro
GGA ACT CCT

Ser Lys Ala
TCA AAG GCC

Met
ATG

Leu
CTG

Arg
CGA

Leu
CcTC

Gln Ser
CAA AGT

Leu
CTA 2205
Ile
ATC

Pro Tyr Glu Ser
CCT TAT GAA AGT

Tyr Glu Ala
TAT GAA GCC

Leu Glu Lys Leu
TTG GAA AAG CTC

Ser
TCC

Pro
cce

Asn Lys
AAC AAG

Lys Leu
AAG CTT

753
Ile Leu Asn Glu Glu Asn
ATC CTA AAT GAG GAG AAT

2325

2445

2603
2615

Nucleotide and predicted amino acid sequence of PC3. The number of the nucleotides is indicated at the end of each line. The arrow

indicates the putative cleavage site of the signal peptide. The proposed active site Asp, His, and Ser residues are boxed. Solid bars indicate

consensus sequences for N-glycosylation.

region similar to those found in the receptors for insulin,
insulin-like growth factor, and epidermal growth factor, while
kex2 contains a Ser/Thr-rich domain believed to be the site
of O-glycosylation. Although both furin and kex2 contain
membrane-spanning domains, neither PC3 nor PC2 pos-
sesses such regions. However, both of these proteins contain
potential C-terminal amphipathic a-helical segments extend-
ing from Glu-621 to Ile-634 in PC2, and Asp-739 to Glu-751 in
PC3 (Fig. 2), which may function as membrane anchors as
recently proposed for carboxypeptidase H (28).

Expression of PC2 and PC3 mRNA Is Restricted to Neural
and Endocrine Cells. To determine the tissue distribution of
PC2 and PC3, we carried out Northern blot analysis of total
RNA isolated from a variety of tissues and cultured cell lines.
As shown in Fig. 3, both PC2 and PC3 mRNAs are readily
detectable in rat pancreatic islets and brain, mouse (BTC3)
and human insulinomas, and the mouse AtT20 pituitary cell
line. However, PC2 and PC3 transcripts were not detectable.
in liver, kidney, heart, intestine, skeletal muscle, or spleen.
Interestingly, in tissues where they are expressed, the levels
of PC2 and PC3 transcripts appear inversely related; where
PC2 mRNA levels are high—such as in brain, islets, and the
insulinomas—PC3 levels are low. Conversely, in the AtT20
cell line, PC3 mRNA levels are high and PC2 levels are low.
The possible significance of this relationship is discussed
below.

The Northern blots indicate that PC2 and PC3 hybridize to
two mRNAs in virtually all tissues tested; PC3 hybridizes to

3- and 5-kb transcripts (Fig. 3B), whereas PC2 hybridizes to
2.8- and 5-kb transcripts (Fig. 3A) as reported previously (18).
These larger transcripts are also apparent when AtT20 or
human insulinoma poly(A)* RNA is probed with PC3 (not
shown) or PC2 (18), respectively, and thus cannot be due to
nonspecific hybridization of the probes to 28S ribosomal
RNA (Fig. 3). Moreover, when Northern blots of AtT20 RNA
were hybridized with probes specific for the N-terminal,
C-terminal, or catalytic domains of PC3, both the 3- and 5-kb
transcripts hybridized with each probe (not shown), suggest-
ing that both are derived from the same gene. The molecular
basis for this size difference is unknown but may be due to
differences in the length of the 3’ untranslated region of the
transcripts. Divergence in the 3’ untranslated region has been
observed for a number of mRNAs in both normal (29) and
tumor (30) cells and has been shown to be capable of
influencing both the efficiency of translation (31) and the
stability of the mRNA (32). On the other hand, the larger
transcripts might represent alternatively spliced mRNA,
which may include forms containing a transmembrane do-
main.

DISCUSSION

We have used PCR to identify a cDNA (PC3) from mouse
AtT20 anterior pituitary cells that represents another member
of a growing class of mammalian subtilisin-like proteases that
appear to represent cellular precursor processing enzymes.
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PC3 MEQ——-RGWTLQCTAFAFFCVWCALSSVKAKRQFVNENAAEIP-GGQEAASATAEELGYDLLGQIGSLEN 66
PC2 MKGGCVSQWK-AAAGF-LFCV-——MVFASAERPVITWEF LVELEKGGEDKARQVAAEHGFGVR-KLPFAEG 65
fur MEL-—RPWLLNVVAATGTLVL-LAADAQGQKVITNTHAVRIPGGPAVANSVARKHGFLNLGQI—FGD 63

kex MKV-—-RKYITLCFWWAFSTSALVSSQQIPL FAVE-SNETLSRL NWKYEEDVRGLPN 66
PC3 HYLFKRKSHP HITKRL THAE: -QQYEKERSKRSVOKDSALDL- 123
PC2 LYHFYRNGLAK HEKQQL YRDINEIDI N 123

{115
Lswo| 135

fur YYEFWERGVTKRSLSPRRPRESRLQREPQVOWLE-——-——QQVAKRRTKRDVYQEPT-
kex HYVFS-KELLKLGKRSSLEELQGDNNDHILSVEDLFPRNDLFKRLPVPAPPMDSSLL

*
PC3 ’rmmmwmmmmrm DOGL RTDI' 193

PC2 |[PLFTKQWYLINTGC TIGIMDDGIDYLHEPDLASNYNARASYDIPSSHD| 193
fur |PKFPOOWYL—————SGVTORDLNVKAANAQGYTGHGIVVSILDDGI EKNRPDLACNYDPGASFDVEDQD| 179
kex |PLFERQWHL———VNPSFPCSDINVLOLWYNNITGAGVVAAIVDOGLDY. WDNT| 201

*

PC3 |EDPFPRY IAM AYNSKVCGIRMLDG-IVFDAIRASSIGFNPGHEVD| 262

PC2 |PYPYPRYT GIRMLDQPFMIDIIRASSISHMPQLID| 263
AYNARI GLNPNBIH| 248

fur |PDPQPRYT
kex [NLPKPRLSDDY: L ISGIRILSG-DITTEDRAASLIYGLDVND| 267
*

CYTDSIYTISIS| 332
CRCCRGSI YVRASCDGGSY-DDCHCDGYASSMITISIN 332
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*
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PC2 | SAINDGRTALYDESCSSTLASTF SNGRKRNPEAGVAT VFALALEANL| 402
fur |SATQF -ONEKQIVTTDLROKCTESETCTSASAPLAAGI IALTLEANK| 386
kex |[AIDHKDL AAPL YTLLLEANP| 403

SGEYIHSSDI

PC3 [ NLTWRDMORL4 EYDPLASN-PGWKKNGAGLMVNSRFGFGLLNAKALVDLADPRTWRNVPEKKECVV 469
PC2 V. BDEVEQWRRNGVGLEFNELFGYGVL TVPERFECVG 470
fur QTSKPAHLNAN THGVGRKV GL. LAQ-~NWTTVAPQRKCII 452

'SHRYGFGKIDAHKLIEMS—KTWENVNAQTWFYL 470

kex |NLTWRDVQYLSILSAVGL

PC3 KDNNFEPRALKANGEVIVEIPT I QFEATIE AVTLT TVLLAER 539
PC2 GSVQ-DPEKIPSTGKLVLTLYTDACEGKENFVRYLREVOAVITVNATRRGDLNINMTSPMGTKSILLSRR 539
fur —-DILTEPKDIGKRLEVRKTVY--ACLGEPNEITRLEEAQARLTLSYNRRGDLATHLVSPMGTRSTLLAAR 519
kex PTLYVSQSTNSTEETLESVITISEKSLODANFKRIREVIVTVDIDTEIRGTTTVDLISPAGIISNLGVVR 540

598

PC3 ERDTSPN-GFKNWDFNSVETWGENPVGTWTLKITDMSGRMONEGRIVNWKLILEGTSSQR

pC2 TRTWGED TLEL-GEFVGSAPQKGVLKEWTLMLACTQSAPYIDQVVRDYQ 608
fur PEDYSAD-GENDWAFNTTRSWDEDPSGEWVLEIEN-TSEANNYGTLTKFTLVLYGTA——P: 575
kex GEKDWT. IKVKTT ID--PASWRLKLEGESIDSSK] 607
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— 609
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666
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700
PC2 — - KLA-—¥ 613
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SPROAMEYFLTIFLIGATFLVLYFMFFMKS-RRRIRRSRAETYEFDIIDTDSE 723

KPYKER—— 737

PC3 YEA- LEKLNKPSKLEGSEDSLYSDYVD-VFYNT:

PC2 KEEL 623
fur —QR- -LRAGLLPSHLPEVVAGLSCAFIV-LVFVTVFLVIQLRSGFSFR—— 745
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F16.2. Amino acid sequence alignments of PC3, PC2, furin, and
kex2. The subtilisin-like catalytic domains are boxed and the cata-
lytically important Asp, His, Asn(Asp), and Ser residues are indi-
cated with asterisks. Shaded residues correspond to the Cys-rich and
Ser/Thr-rich regions of furin and kex2, respectively. Transmem-
brane segments in furin and kex2 are indicated by heavy underline,
whereas the potential a-helical amphipathic segments in PC3 and
PC2 are lightly underlined. Amino acids are indicated by their
single-letter symbols and are numbered for each sequence at the end
of each line. Residues at each position that are identical between at
least three of the proteins are indicated in boldface. Gaps introduced
into the alignment are indicated by hyphens.

PC3 is a 753-residue protein that begins with a signal peptide
and contains a 292-residue domain homologous to the cata-
lytic modules of both kex2 and the bacterial subtilisins, as
well as to the recently identified human gene products PC2
(18) and furin (20, 21). Within this region 84-88% of the amino
acids of PC3 are either identical or similar to those of the
aligned PC2, furin, and kex2 sequences. In addition, the
similarities among these four proteins extend over the ma-
jority of their sequences where, within the first 598 amino
acids, the percent of identical and conserved residues ranges
from 74% to 82% for any pair of these proteins.

Tissue distribution studies show that expression of PC2
and PC3 is apparently restricted to neural and endocrine cell
types, including pancreatic islets, brain, insulinoma, and
AtT20 cells. This limited pattern of expression, as well as the
structural similarity of PC2 and PC3 to the yeast precursor
processing protease kex2, supports the notion that these
proteases are involved in the maturation of prohormone
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Fic. 3. Expression of PC2 and PC3 in various adult tissues and
cell lines. Ten micrograms of rat pancreatic islet total RNA and 25
ug of total RNAs from each of the indicated tissues and cell lines
were electrophoresed in duplicate on 1% agarose/formaldehyde gels
and probed for PC2 (A) or PC3 (B). The mouse AtT20 and S8TC3 cell
lines and the human insulinoma (hins) are described in Materials and
Methods. All other tissues are from rat. The positions of the 28S and
18S rRNAs are indicated.

precursors and other proproteins secreted via the regulated
secretory pathway. In support of this, preliminary results of
light and electron microscopic immunocytochemical staining
of pancreas sections, using antibodies developed against
synthetic peptides derived from the PC2 sequence, indicates
that PC2 is localized to the secretory granules of the B-cells
within the islets of Langerhans but is not present in the
exocrine pancreas (S.P.S., H. Swift, T. Montag, and D.F.S.,
unpublished results). In addition, while tissues expressing
PC2 also express PC3 (and vice versa) their relative levels of
expression vary in different neuroendocrine tissues (Fig. 3).
This raises the interesting possibility that differences in the
relative expression of PC2 and PC3, or of other enzymes
related to them, may account for tissue-specific differences in
the pattern of processing of the same precursor, such as
POMC in the anterior versus the intermediate lobes of the
pituitary (33). In contrast, while furin is also related to kex2,
the finding that it is expressed in a wide range of tissues,
including liver (34), suggests that it may act mainly in the
trans Golgi on proteins secreted via unregulated or constitu-
tive pathways. Such processing might include important
early cleavages in precursors such as the egg-laying hormone
of Aplysia (35), proalbumin, and related hepatic precursors
(40, 41), as well as the processing of a diverse group of
membrane glycoproteins such as the insulin proreceptor (36),
human immunodeficiency virus gp160, and influenza hemag-
glutinin (37).

The hydrophobic transmembrane segments of furin and
kex2 indicate that they are membrane-bound proteins. In-
deed, recent studies have indicated that kex2 requires its
transmembrane and cytosolic domains for optimal function
(14, 38). Although the available data indicate that PC2 and
PC3 lack a hydrophobic membrane-spanning segment, they
may be associated with the membrane by other mechanisms.
For example, Fricker et al. (28) have recently identified a
membrane anchoring region within the highly charged C-ter-
minal segment of the secretory granule processing enzyme
carboxypeptidase H. This region is predicted to form an
amphipathic helix which may interact in a pH-dependent
manner with the secretory granule membrane (28). Structural
predictions of PC2 and PC3 reveal that both proteins also
contain potential C-terminal amphipathic a-helical regions
(Fig. 2) which may function similarly as membrane anchors.
However, it is not yet clear how such a mechanism of
membrane association may enhance or modify the activity of
these proteases. Whether PC2, PC3, and carboxypeptidase
H, as well as other related posttranslational processing
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enzymes, associate into ‘‘processing complexes’’ is also an
interesting question.

Davidson et al. (39) have recently described two Ca®*-
dependent processing activities from transplantable rat in-
sulinoma secretion granules that are both required for proper
endoproteolytic processing of proinsulin. Designated types I
and II, these enzymes have in vitro selectivity for the Arg-Arg
and Lys-Arg cleavage sites of proinsulin, and they have
maximal activities at 1.0 mM and 0.1 mM Ca®*, respectively.
In addition, while both proteases have maximal activity at
acidic pH values, the type II enzyme is active over a broader
pH range, whereas the type I protease exhibits a narrow
maximum at pH 5.5. In this regard it is of interest to note that
while PC3, furin, and kex2 contain conserved Asn residues at
positions 309, 295, and 314, respectively (Fig. 2), PC2 con-
tains an Asp at the analogous position (Asp-310). Studies with
the subtilisins have shown that in addition to the Asp, His,
and Ser residues of the catalytic triad, this Asn residue also
plays an important role in the catalytic mechanism (26, 27).
Following nucleophilic attack by the serine hydroxylate on
the carbonyl of the peptide bond to be cleaved, the resulting
transition-state complex is stabilized in part by hydrogen
bonds formed between the enzyme and the oxyanion that
develops from the carbonyl oxygen of the substrate. These
hydrogen bonds are donated by the main-chain amide of the
catalytic serine and & amide of the conserved Asn residue.
Substitution of Asp for this Asn has been shown to reduce
catalytic efficiency in the subtilisins when they were assayed
at their alkaline pH optimum (26). However, such a substi-
tution in PC2 may represent a mechanism for restricting the
activity of this enzyme to acidic pH by requiring that Asp-310
be protonated to donate the hydrogen bond necessary to
stabilize the transition state intermediate. In agreement with
this prediction our preliminary observations indicate that
PC2 has a narrow acidic pH optimum similar to that observed
for the type I insulinoma enzyme (K. Shennan, S.P.S.,
D.F.S. and K. Docherty, unpublished data). Similarly, if the
Asn residue in PC3 -allows this protease to function over a
broader pH range, then it may well be that PC2 and PC3
represent the two endoproteolytic processing activities nec-
essary for the conversion of proinsulin.
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