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Abstract

Biologically active peptide hormones are synthesized from
larger precursor proteins by a variety of posttranslational
processing reactions. Endoproteolytic cleavage at the Lys™-
Lys™ dibasic processing site of progastrin is the major deter-
minant for the relative distribution of gastrin heptadecapep-
tide and tetratriacontapeptide in tissues. Thus, we explored
the ability of two prohormone convertases, PC1/PC3 and
PC2, to cleave this important site within progastrin. We
expressed wild-type human gastrin cDNA and mutant
¢DNAs in which the Lys”Lys™ site was changed to
Lys™Arg”™, Arg™Arg™, and Arg’*Lys” residues in AtT-20
cells. Because AtT-20 cells express PC1/PC3 but not PC2,
we also coexpressed a cDNA encoding PC2 in both wild-
type and mutant gastrin-producing AtT-20 cells. Wild-type
Lys™Lys”™ and mutant Arg™Arg’ progastrin processing
sites were efficiently cleaved in AtT-20 cells only after coex-
pression of PC2. Mutant Lys™Arg” progastrin was readily
processed in cells in the presence or absence of PC2 coex-
pression, but, in contrast, mutant Arg’*Lys’® progastrin was
inefficiently cleaved regardless of PC2 coexpression. North-
ern analysis revealed the presence of PC2 but not PC1/
PC3 in canine antral gastrin—producing G cells. These data
suggest that PC2 but not PC1/PC3 is responsible for the
cleavage of the Lys”Lys’ site in wild-type progastrin. (J.
Clin. Invest. 1995. 96:1425-1431.) Key words: posttransla-
tional processing « PC1/PC3, PC2, G34, G17

Introduction

Peptide hormones such as progastrin are synthesized from pre-
cursor prohormones by a series of posttranslational processing
reactions. Endoproteolytic cleavage of these precursor mole-
cules is performed by compartmentalized intracellular proteases
that generate smaller biologically active peptides (1, 2). Prohor-

Address correspondence to Chris J. Dickinson, M.D., Department of
Pediatric Gastroenterology, University of Michigan Medical Center,
1150 W. Medical Center Drive, A520 MSRB 1, Ann Arbor, MI 48109-
0658. Phone: 313-763-2005; FAX: 313-763-2535.

Received for publication 18 November 1995 and accepted in revised
form 15 May 1995.

1. Abbreviations used in this paper: FPIC, fast protein liquid chromatog-
raphy; G17, gastrin heptadecapeptide; G34, gastrin tetratriacontapeptide;
PC, prohormone convertase; POMC, proopiomelanocortin.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/95/09/1425/07 $2.00

Volume 96, September 1995, 1425-1431

mone convertases (PCs)' related to the yeast-processing en-
zyme, kex2, cleave prohormones at dibasic amino acid residues.
Two mammalian PCs, PC2 and PC1/PC3, have been character-
ized and represent the LysArg type-2 (PC2) and ArgArg type-
1 (PC1/PC3) Ca®*-dependent proinsulin cleavage enzymes
(3-9). The selectivity of these enzymes for various prohor-
mone substrates has been studied because endoproteolysis is
usually required for peptide bioactivation but has not been
clearly defined. In the case of gastrin, the synthesis of gastrin
tetratriacontapeptide (G34) involves initial endoproteolytic
cleavage at the Arg*’Arg*® and Arg**Arg® dibasic processing
sites within progastrin (Fig. 1; reference 10). The carboxy-
terminal Arg®*Arg® residues are then removed by carboxypep-
tidase H to reveal a glycine-extended precursor, G-Gly, that
serves as a substrate for the amidation reaction. Complete post-
translational processing with carboxy-amidation of gastrin hep-
tadecapeptide (G17) and G34 is required for binding to gastrin/
CCKB receptors and subsequent biological activity. Indeed, gas-
trins with either Gly or Gly ArgArg carboxy-terminal extensions
are at least four orders of magnitude less potent than amidated
gastrin in stimulating gastric acid secretion (11, 12). Recently,
however, we demonstrated that physiologic concentrations of
G17-Gly act as a growth factor through action at a receptor
distinct from the standard gastrin/CCKB receptor (13).

The Lys™Lys™ site of progastrin serves as an attractive
model to study processing reactions, because cleavage at this
site is responsible for the tissue-specific nature of progastrin
processing. For example, G34 predominates in tissue extracts
of duodenum and pituitary, whereas G17 is the major form
found in the antrum (14-16). Moreover, although amidated
G34 and G17 are equally potent and efficacious at stimulating
gastrin acid secretion (17), cleavage of the Lys™Lys” pro-
cessing site is important because G34 has a longer plasma half-
life than does G17 (18). To underscore the biological impor-
tance of processing at this site, we noted that G34-Gly does not
inhibit binding of radiolabelled ['*I]G,_,7)-Gly to the G-Gly
receptor (unpublished observation) in concentrations as high as
107° M. Therefore, an understanding of the mechanisms of
processing at Lys™Lys™ is relevant to the biology of both ami-
dated and glycine-extended gastrins.

In vitro studies involving the expression PC1/PC3 in fibro-
blasts, followed by an examination of its substrate specificity
with small tripeptide substrates, have provided results that con-
flict with those obtained in cellular expression studies (7-9,
19). Furthermore, small peptide substrates do not permit an
examination of the role of amino acids surrounding the cleavage
site because of the restricted length of the peptides. In addition,
investigators have been unable to express a functional PC2
protein in eukaryotic systems for use in in vitro studies. Thus,
in an effort to provide a full characterization of the substrate
specificity of the biologically relevant PCs, we examined the
processing of full-length progastrins in a normal cellular micro-
environment using a heterologous expression system.
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Figure 1. Progastrin processing. The progastrin molecule is shown with
the dibasic cleavage sites Arg®Arg®, Lys™Lys™, and Arg™Arg®.
After exiting the endoplasmic reticulum, the Tyr® residue is variably
sulfated in the Golgi apparatus. The amino- and carboxy-terminal flank-
ing regions (heavy striped boxes) are then removed by a prohormone
convert. Carboxy-terminal processing continues via the removal of the
remaining basic amino acid residues by carboxypeptidase H, which
results in the formation of a glycine-extended intermediate (G34-Gly).
Conversion of the Gly*>—extended peptide to a peptide amide via the
action of peptidylglycine a-amidating monooxygenase (PAM) and
cleavage of Lys™Lys" via another prohormone convertase completes
the conversion of progastrin to amidated G17.

Methods

Gastrin DNA constructs. Wild-type human gastrin cDNA was a kind
gift of Dr. E. Boel (Copenhagen, Denmark) (20). Gastrin cDNAs with
site-specific mutations were constructed from this cDNA as previously
described (21, 22). Trimmed human gastrin cDNA lacking its poly A
signal was directionally ligated into M13mp18 by standard techniques.
M13-gastrin viral phage were used to infect CJ 236 (Biorad, Richmond,
CA), an Escherichia coli dut "ung~ strain that permits incorporation of
uracil into newly synthesized DNA. Single-stranded uracil-containing
template DNA was prepared from polyethylene glycol-precipitated
phage by phenol-chloroform extraction. Oligonucleotides encoding the
desired amino acid changes were synthesized using a DNA synthesizer
(Applied Biosystems, Foster City, CA), ethanol precipitated, and phos-
phorylated with T4 polynucleotide kinase. Aliquots (3 pmol) of the
mutant oligonucleotide primer were annealed to 200 ng of uracil con-
taining M13-gastrin template. After annealing, T4 DNA polymerase and
T4 DNA ligase were added in the presence of 0.4 mM dNTP to synthe-
size second strand DNA lacking uracil bases. This duplex DNA was
transformed into competent E. coli JIM101, and phage DNA from indi-
vidual plaques was prepared for subcloning into the expression vector
pLJ. The nucleotide sequence of each mutant DNA was determined by
Sanger’s method (23). )

Infection of endocrine cell lines. For the expression of wild-type
and mutant gastrins, we utilized the pLJ retroviral vector and ¢-CRE
packaging cell system (24 ). Briefly, wild-type and mutant gastrin DNAs
were prepared as described previously and excised from the M13 vector
with EcoRI and BamHI. A synthetic oligonucleotide adapter was used
to convert the 5’ EcoRI site to a Sall site to facilitate orientation-directed
ligation of the DNA into pLJ. A triple ligation reaction was conducted
for 6 h at 15°C in a 10-ul volume containing 0.055 pmol of pLJ viral
DNA, 0.165 pmol of gastrin DNA, 0.48 pmol of the EcoRI-Sall
adapter, and 10 U of T4 DNA ligase. Correct orientation of the gastrin
pLJ constructions was confirmed by restriction mapping. The gastrin—
pLJ DNA was then transfected into the packaging cell line ¢-CRE by
standard calcium phosphate coprecipitation, and transfected cells were
selected by maintaining the culture in medium containing the neomycin

1426 Dickinson et al.

analog G418 (1 mg/ml). Medium from the selected cell lines containing
gastrin—pL] DNA was collected and stored at —70°C for later use as
viral stock for infection of endocrine cell lines.

AtT-20 endocrine cells were selected for our studies on the basis of
some of their known properties. AtT-20 cells are derived from a rat
pituitary tumor and express proopiomelanocortin (POMC) gene prod-
ucts. Previous transfection studies have shown that AtT-20 cells process
progastrin (25), proneuropeptide Y (26), and prosomatostatin (27)
and thus appear to contain enzymatic activities necessary for dibasic
cleavages and carboxy-terminal amidation. More detailed analysis has
revealed that they express PC3 but little, if any, PC2 (5). AtT-20 cells
were grown in DME with 10% horse serum and 5% FCS. For infection,
gastrin-pLJ viral stock was prepared as noted previously, filtered with
a 0.22-pm filter, and added to 30—50% confluent target endocrine cells
in the presence of 8 pg/ml Polybrene (Aldrich Chemical Co., Milwau-
kee, WI) for 4 h. The infected cells were grown in complete media at
37°C for 48 h, selected in G418 (1 mg/ml) containing media for 2 wk,
and then grown in larger numbers in complete media without neomycin.
Cell extracts and media were collected and analyzed for gastrin expres-
sion and processing intermediates. Population of cells (> 200 clones/
mutant ) rather than individual clones were chosen for study to minimize
the differences in the posttranslational processing of progastrins that
might be observed in single clones with varying levels of gastrin cDNA
expression.

To confirm that the infected endocrine cell lines contained the exact
mutant that we had transfected into the packaging cells, we determined
the nucleotide sequence of gastrin DNA integrated into the target cell
genome. DNA was prepared from confluent AtT-20 cells expressing
specific gastrin mutants by standard techniques (28). Using oligonucle-
otides complementary to each end of the inserted human gastrin cDNA,
we amplified the entire coding region of the integrated mutant gastrin
by PCR (29). The appropriate 400-bp band was obtained on gel electro-
phoresis. The oligonucleotide primers contained internal EcoRI and
BamHI restriction sites, which were used to cut the PCR product and
subclone it into M13 for sequencing (21).

Expression of PC2 in gastrin-producing AtT-20 cells. We utilized
a second retroviral vector pBamHis (kind gift of R. Mulligan, MIT,
Boston, MA) (30) to coexpress the cDNA encoding PC2 with wild-
type and mutant gastrin DNAs in AtT-20 cells. This vector contains all
of the elements of the pLJ vector used for gastrin expression except
that the neomycin resistance gene is replaced by a histidinol resistance
sequence. This gene provides for the conversion of the cellular toxin
histidinol to histidine and thus allows for another method of selecting
transformed cells. PC2 cDNA (kind gift of S. Smeekens, University of
Chicago, Chicago, IL) (3) was cut from the plasmid pBluescript (—)
and digested with BamHI and Sall, purified on a 1% low melting point
agarose gel, and ligated in the sense orientation into pBamHis with T,
DNA ligase for 6 h 15°C. As in the manner of the pLJ-gastrin constructs
described previously, the pBamHis-PC2 construct was transfected into
-CRE cells by calcium phosphate coprecipitation, and transfected cells
were selected by incubating the cultures in media containing 2 mM
histidinol. An aliquot (1-2 ml) of the viral-containing medium from
-CRE cells was added to AtT-20 cells that had already been selected
for gastrin expression, and histidinol-resistant cells were grown in larger
numbers for further study.

RNA analysis. We examined the various transfected cell lines and
tissues for expression of PC1/PC3 and PC2 via Northern hybridization.
Total RNA was prepared from each cell line by Chomczynski’s acid/
phenol method (31) and from partially purified canine antral endocrine
cells as previously described (32) using TRIzol reagent (Gibco Labora-
tories, Grand Island, NY). Total RNA (10 ug) was electrophoresed
on 1% formaldehyde-agarose gels and transferred to Hybond-N filters
(Amersham Corp., Arlington Heights, IL) using a Posiblot apparatus
(Stratagene, La Jolla, CA). RNA was UV crosslinked to filters and
prehybridized in 5X SSC, 5X Denhardt’s, 0.5% SDS, and 100 pg/ml
salmon sperm DNA for 2 h at 65°C. Radiolabeled random-primed cDNA
probes were prepared from PC2 and PC3 cDNAs (kind gifts of S.
Smeekens, University of Chicago, Chicago, IL) with specific activities



Table I. Amidated Gastrin Production by Transformed Cell Lines

Without PC2 With PC2
Cell extract Cell extract
(fmol/10° Media (fmol/10° Media
cells) (fmol/ml) cells) (fmol/ml)
Wild-type Lys"‘Lys"s 168+12 21+5 135x17 37+5
Mutant AIg"AIg” 15417 18+4 162+9 24+6
Mutant Lys"*Arg™ 97+7 10+1 66+9 8+1
Mutant Arg™*Lys™ 116+10 13+2 82+9 12+3

Amidated gastrin was assayed with antisera 5135. The data were ob-
tained from n = 6 samples. Values are mean+SEM.

of 1-3 X 10° cpm/pg. Probes were added to the prehybridization mix
and hybridized for 16 h at 65°C. Filters were washed repeatedly, with
the most stringent conditions being 0.1 X SSC, 1% SDS at 65°C for 1
h. After air drying, the filters were exposed to radiographic film at
-70°C.

Analysis of gastrin products. Cells were trypsinized, dispersed by
pipetting, and counted in a counter (Coulter Inmunology, Hialeah, FL).
Gastrin-expressing cells were then extracted in boiling water, centri-
fuged, and stored at —20°C prior to RIA. Extracts were assayed for
amidated gastrin using previously described methods (25, 33) with
antibody 5135 (kind gift of G. Rosenquist, UCLA, Los Angeles, CA),
which recognizes both sulfated and unsulfated forms of carboxy-termi-
nal-amidated gastrin G17 and G34. The molecular forms of gastrin
produced in each cell line were determined by gel filtration and fast
protein liquid chromatography (FPLC). Extracts were applied to Sepha-
dex G-50 superfine columns (1 X 120 cm) in 0.025 M sodium barbital
buffer, pH 8.4, for size fractionation. Mono-Q anion-exchange FPLC
columns (Pharmacia LKB Biotechnology, Piscataway, NJ) were used
to characterize further the gastrin molecular forms. The columns were
equilibrated with 50 mM Tris, pH 8.2, 10% acetonitrile; samples were
eluted with a gradient of the same buffer containing 1 M NaCl. Calibra-
tion of both columns was performed as previously described (21, 33).
Recovery of synthetic peptides from both gel filtration and ion-exchange
columns was greater than 85%.

To confirm that the expressed gastrin products were sorted to the
regulated pathway of secretion, cells were grown to 75% confluence,
washed twice in serum-free media, preincubated with serum-free media
for 24 h, and then stimulated with 1.0 mM dibutyrl cAMP for an addi-
tional 24 h. Media were then analyzed for the secretion of gastrin
by RIA.

Results

In total, we obtained eight gastrin-producing cell lines, includ-
ing those expressing wild-type (Lys’*Lys”*) and mutant Arg™*-
Arg™, Lys™Arg™, and Arg™Lys" progastrins with or without
coexpression of PC2. As shown in Table I, all eight gastrin-
producing cell lines produced substantial quantities of amidated
gastrin in both media and cell extracts. We established by DNA
sequencing that the specific mutant gastrins had not undergone
any changes during the retroviral integration process or follow-
ing coinfection with the pBamHis/PC2 DNA. The correct com-
plete nucleotide sequence was confirmed for each of the ampli-
fied DNAs in all eight cell lines. The amount of gastrin present
in cells expressing PC2 was similar to that of cells that did
not express PC2 (Table I). The observation that secretion of
immunoreactive gastrin into the media was stimulated by dibu-

K w/o db cAMP
72 w/ db cAMP

Gastrin Secretion (fmol/ml)

Figure 2. Stimulation of gastrin secretion from transfected AtT-20 cells.
Cells were preincubated in serum-free media for 24 h and then incubated
in media with or without added dibutyrl cAMP (1.0 mM) for an addi-
tional 24 h. Media were then evacuated from cell cultures and analyzed
for gastrin by radioimmunoassay. The top panel represents data from
cells expressing wild-type (Lys’Lys™) and mutant (Arg™Arg™,
Lys™Arg™, Arg"Lys’) progastrins. The lower panel represents data
from cells expressing both gastrin and PC2 cDNAs. The data represent
mean*+SEM; n = 6.

tyrl cAMP (Fig. 2) in all eight cell lines indicated that the
gastrin products were sorted to the regulated secretory pathway.

Northern blots probed with PC3 cDNA revealed bands of
hybridization with RNA from all four gastrin-producing AtT-
20 cell lines (Fig. 3). The size of the hybridizing bands was
2.2 kb. PC2 expression could not be detected in any of the cell

Figure 3. Northern hy-
bridization of RNA from
AtT-20 cells expressing
wild-type (Lys™*Lys™)
and mutant progastrins
with probes for (A) PC1/
PC3 and (B) PC2. Ali-
quots of total RNA from
the various cell lines
were analyzed as de-
scribed. Data obtained
from AtT-20 cells coex-
pressing the cDNA en-
coding PC2 are depicted
on the left side of each
panel. Neither autoradio-
gram revealed additional
bands of hybridization
following more pro-
longed exposure (data
not shown). Ribosomal
RNA size markers are in-
dicated as 28S and 18S.
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Figure 4. Characterization of gastrin molecular forms in AtT-20 cells
expressing wild-type (Lys’“Lys™) progastrin by (top) gel filtration and
(bottom) ion-exchange chromatography. For gel filtration chromatogra-
phy, cell extracts were applied to Sephadex G50 superfine columns (1
X 120), and 1.5 ml fractions were collected. Gel filtration columns
were calibrated with synthetic G17 and G34 standards. For ion-exchange
chromatography, cell extracts were applied to an HR 5/5 Mono-Q FPLC
anion-exchange column. Columns were equilibrated with Buffer A (50
mM Tris, pH 8.2, 10% acetonitrile), samples were eluted with a gradient
of 1 M NaCl in Buffer A over 60 min at 1 ml/min, and fractions (1
ml) were collected. The ion-exchange columns were calibrated with
synthetic standards and extracts of gastric antrum (21) to reveal the
elution profiles (arrowheads) for G34, G17, sulfated G34 (G34S), and
sulfated G17 (G17S). Fractions from gel filtration and ion-exchange
chromatography were assayed for immunoreactive gastrins. Chromato-
grams of extracts from gastrin-producing AtT-20 cells are shown with
closed circles, and those expressing gastrin and PC2 are depicted with
open circles. All chromatograms shown are representative of at least
three chromatograms from each cell line.

lines that had not been infected with pBamHis-PC2; however,
all four cell lines that were coinfected with the pBamHis-PC2
demonstrated PC2 expression (Fig. 3). Coinfection with
pBamHis-PC2 did not appear to alter the expression of PC3 in
any of the four gastrin-producing cell lines. Expression of a
control pBamHis vector without an insert did not alter gastrin
or PC3 RNA expression or amidated gastrin peptide production
(data not shown).

G34 was the predominant molecular form of gastrin in AtT-
20 cells expressing wild-type Lys™Lys™ (Fig. 4) and mutant
Arg™Arg™ (Fig. 5) progastrins with a G17:G34 ratio of 1:4
(Fig. 6). Coexpression of PC2 cDNA in these two cell lines
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Figure 5. Characterization of gastrin molecular forms in AtT-20 cells
expressing mutant Arg’*Arg”® progastrin by (top) gel filtration and
(bottom) anion-exchange chromatography as described in figure 4. The
chromatograms shown are representative of at least three from each cell
line.

resulted in a reversal of the G17:G34 ratio site from 1:4 to
4:1 (Figs. 4 and 5). Thus, the presence of PC2 converted the
predominately G34-producing cell lines into ones that produced
predominately G17.

In contrast to the AtT-20 cells expressing wild-type Lys™-
Lys” and mutant Arg™*Arg™ progastrins, the primary form of
gastrin in mutant Lys"Arg” progastrin—producing cells was
G17, with G17:G34 ratio of 2:1 (Fig. 7). Coexpression of PC2
cDNA in this cell line resulted in slightly greater concentrations
of G17 relative to G34 with a G17:G34 ratio of 4:1 (Figs. 6
and 7). In contrast to the other cell lines, AtT-20 cells express-
ing mutant Arg™Lys” progastrin produced primarily G34 both
with and without PC2 coexpression (Fig. 8).

FPLC ion-exchange chromatography allowed us to examine
the relative amounts of sulfated and nonsulfated amidated gas-
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Figure 6. G17:G34 in cell extracts.
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Figure 7. Characterization of gastrin molecular forms in AtT-20 cells
expressing Lys’*Arg” mutant progastrin by (fop) gel filtration and
(bottom) anion-exchange chromatography as described in Fig. 4. The
chromatograms shown are representative of at least three for each cell
line.

trins present in cell extracts. The ratio of sulfated-to-nonsulfated
gastrins did not vary in any of the eight cell lines (data not
shown). Furthermore, there was no difference in the relative
amounts of sulfated and nonsulfated forms of G17 and G34.
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Figure 8. Characterization of gastrin molecular forms in AtT-20 cells
expressing mutant Arg™Lys™ progastrin by (fop) gel filtration and
(bottom) anion-exchange chromatography as described in Fig. 4. The
chromatograms shown are representative of at least three from each cell
line.

Figure 9. Northern hybridization of
RNAs from isolated canine antral gas-
trin—producing G-cells and somato-
statin-producing D-cells. Total RNA
was prepared as described, and 10 ug
aliquots were electrophoresed and
probed with the (A) PC2 or (B) PC1/
PC3 cDNA. Neither autoradiogram re-
vealed additional bands of hybridization following a more prolonged
exposure (data not shown). RNA from untransformed AtT-20 cells
served as a positive control for the PC1/PC3 blot in (B). Ribosomal
RNA size markers are indicated as 28S and 18S.

To explore the relevance of our findings to progastrin pro-
cessing in antral G-cells, we tested for the expression of PC1/
PC3 and PC2 in an enriched population of canine antral G-
cells (32). As shown in Fig. 9 we detected PC2 but not PC1/
PC3 expression in these cells. Prolonged exposure of the PC1/
PC3 blot did not result in the appearance of any other bands
(data not shown).

Discussion

Selective endoproteolytic cleavage is a critically important post-
translational processing step for peptide hormones, virtually all
of them undergo this reaction. Furthermore, this step in peptide
processing accounts for the distinct tissue-specific pattern of
distribution of various molecular forms of peptide hormones
which often have markedly different biological activities. In the
case of progastrin, cleavage at Lys”Lys™ plays a critical role
in the bioactivity of amidated and glycine-extended gastrins.
Although enzymes such as trypsin are capable of catalyzing
dibasic cleavage reactions in vitro (34 ), the exact nature of the
enzymes responsible for dibasic cleavage of prohormones in
vivo has been difficult to ascertain (35). Two prohormone con-
vertases (PC1/PC3 and PC2) which are expressed only in neu-
roendocrine tissues have been identified and appear to be re-
sponsible for the tissue-specific pattern of prohormone dibasic
cleavage reactions (1, 2).

In vitro studies involving the expression of the prohormone
convertases in fibroblasts, followed by an examination of their
substrate specificities using small tripeptide substrates, have
provided results frequently at odds with experiments utilizing
full-length prohormone substrates in cellular expression systems
(3-9, 19, 35). Accordingly, we conducted our studies in a
neuroendocrine cell line, AtT-20, with a well-characterized pro-
cessing apparatus. We have previously demonstrated the utility
of this cell line for examining the posttranslational processing
of progastrin (25). Because AtT-20 cells express PC1/PC3 but
not PC2 (5), this cell line is a particularly well-suited model
for examining the processing of wild-type and mutant progas-
trins by PC1/PC3. By subsequently transforming these cells to
express PC2, we can also characterize the effect of PC2 on
progastrin processing.

Naturally occurring LysLys processing sites are uncommon,
and thus we were not surprised that in cells expressing wild-
type Lys™“Lys” progastrin, the predominant molecular form of
processed gastrin was G34, suggesting poor cleavage of this site
by PC1/PC3. This observation is consistent with the reported
inefficient cleavage of a LysLys site in 8-endorphin (36, 37)
as well as in mutated forms of proneuropeptide Y (38) and
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prorenin (39, 40) in AtT-20 cells. In vitro experiments using
small tripeptide substrates also suggest that LysLys sites are
inefficiently cleaved by PC1/PC3 (41), although one study
reported that PC1/PC3 cleaves proenkephalin at a LysLys site
(42). Coexpression of PC2 in the wild-type gastrin-producing
cells resulted in enhanced cleavage of the Lys™Lys™ site with
consequent enhanced production of G17 relative to G34. This
result is compatible with our previous studies (21) showing
that G17 is the predominant molecular form of gastrin produced
in pLJ-gastrin—infected GH3 cells (which express PC2 but not
PC1/PC3), as well as the work of others demonstrating that
PC2 cleaves a LysLys site in proopiomelanocortin (POMC)
(36, 37).

Unlike LysLys processing sites, LysArg sites are quite com-
mon and are often cleaved by PC1/PC3, PC2, or both enzymes
(36, 38, 39, 41-43). Thus, our finding that Lys™Arg”-mu-
tated progastrin was cleaved in PC1/PC3-containing AtT-20
cells (G17:G34 = 2:1) and enhanced with PC2 coexpression
(G17:G34 = 4:1) is consistent with the promiscuous nature of
LysArg-processing sites for PC1/PC3 and PC2.

Processing of precursors at ArgArg sites is similar to
LysArg processing in that it can be performed by PC1/PC3,
PC2, or both enzymes. Like the wild-type Lys™Lys’ progas-
trin—producing AtT-20 cells, those cells expressing mutant
Arg™-Arg” progastrin produced G34 as the predominant mo-
lecular form. G17 was the predominant form found in cells
coexpressing PC2 and Arg™Arg™ progastrin. Our findings con-
trast with a previous report that an ArgArg site in POMC (36)
and a mutant Arg*®Arg? site in proneuropeptide Y were effi-
ciently cleaved in AtT-20 cells (38). Furthermore, in vitro stud-
ies have demonstrated that PC1/PC3 cleaves an ArgArg site in
proinsulin (41). Taken together, these observations support the
notion that amino acids in the proximity of the dibasic cleavage
site are important for enzyme—substrate interactions and that
amino acids surrounding Arg*Arg”® progastrin do not enhance
the efficiency of cleavage for PC1/PC3.

Mutant Arg’“Lys™ progastrin was inefficiently processed in
AtT-20 cells with or without coexpression of PC2, suggesting
that neither PC1/PC3 nor PC2 is capable of ArgLys cleavages
in the absence of other substrate site modifications. These data
are consistent with reports of others (38) as well as with our
previous observations demonstrating inefficient carboxy-termi-
nal processing of mutant Arg®’Lys® progastrin in GH3 and
MTC 6-23 cells (21). However, the Arg”’Lys of prosomato-
statin is efficiently processed in AtT-20 cells (44, 45), and
the Arg*Lys*®' site in POMC can be cleaved in AtT-20 cells
transfected with PC2 cDNA (36). These observations illustrate
further that the amino acids in the proximity of the dibasic
residues are crucial in determining the catalytic activity of PC1/
PC3 and PC2 at ArgLys sites.

Our studies and those of others suggest that PC1/PC3 and
PC2 catalyze the cleavage of LysArg dibasic pairs in a variety
of peptide hormone precursors but do not consistently cleave
LysLys or ArgArg sites efficiently. Processing at these latter
sites by the PCs appears to require a specific secondary structure
or sequence of proximate amino acids for full efficacy (46).
For PC1/PC3 or PC2 to function as ArgLys cleavage enzymes,
there may be a requirement for a well-defined secondary struc-
ture similar to that seen in prosomatostatin and POMC. It is
also possible that ArgLys sites are the preferred substrates for
a distinct prohormone convertase yet to be characterized. Our
studies clearly indicate that elucidation of requirements for ef-
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ficient prohormone cleavage by PCs requires the use of full-
length substrates.

The use of ion-exchange FPLC allowed us to examine the
sulfation of gastrin at Tyr®”.  Although Tyr®” sulfation does not
alter the biological activity of amidated gastrin (47), the relative
amounts of sulfated and nonsulfated gastrins vary in some dis-
ease states (48) and during development (49). Mutation at
Lys™Lys” had profound effects on endoproteolysis but did
not alter Tyr® sulfation, suggesting that these two events are
independent posttranslational processing reactions. This is con-
sistent with the distinct intracellular sites for Tyr®’ sulfation (in
the Golgi prior to the trans-Golgi network ) and endoproteolysis
at dibasic residues (secretory granule) (10, 50).

Our data in AtT-20 cells suggest that PC2 but not PC1/
PC3 is responsible for the cleavage of the Lys™Lys™ site in
progastrin and the tissue-specific generation of G17. The physi-
ologic implications of these findings are supported by our obser-
vations and those of others (51) that PC2 is expressed in antral
G-cells. Thus, PC2 is a likely candidate to be the progastrin
Lys™Lys” cleaving enzyme in vivo.
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