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Recombinant proPC2 purified from the medium of
HO cells overexpressing both the prohormone con-
ertase (PC) precursor proPC2 and the 21-kDa amino
erminal portion of the neuroendocrine protein 7B2
an spontaneously convert to an active species. In the
resent report, we have characterized the proPC2 zy-
ogen conversion process. Sequencing of the mature

6 kDa enzyme revealed a single site of cleavage at the
aired basic site amino terminal to the GYRDI se-
uence. In contrast to mature PC2 activity, proPC2
onversion was inhibited neither by the eukaryotic
ubtilisin inhibitor pCMS nor by the specific PC2 in-
ibitor, 7B2 CT peptide, suggesting significant differ-
nces between the proPC2 conversion reaction and
he hydrolysis of synthetic substrates by mature PC2.
n support of this idea, proPC2 conversion was not
alcium dependent and was unaffected by 5 mM
DTA. The rate of conversion of proPC2 remained
imilar with a 10-fold difference in zymogen concen-
ration, implicating an intramolecular rather than in-
ermolecular mechanism of activation. Interestingly,
he rate of proPC2 conversion was extremely pH de-
endent, occurring most extensively between pHs 4.0
nd 4.9. Taken together, our results suggest that cel-
ular proPC2 maturation occurs via an autocatalytic,
ntramolecular process controlled not by 7B2 inhibi-
ion nor by calcium levels, but by the decreasing pH
radient along the secretory pathway. © 1999 Academic

ress

Prohormone maturation is mediated by a number of
ndoproteases that cleave at dibasic amino acid resi-

1 To whom correspondence should be addressed: Department of
iochemistry and Molecular Biology, Louisiana State University

edical Center, 1901 Perdido Street, New Orleans, LA 70112. Fax:

504) 568-3370. E-mail: ilindb@lsumc.edu.
p
T
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ues (reviewed in 1, 2). These enzymes represent a
amily of calcium-dependent, subtilisin-like enzymes.
C1 and PC2 are the only members of this family of
roteases whose expression is largely limited to neu-
oendocrine tissues (1–3). Both enzymes exhibit opti-
al enzymatic activity at acid pH and are inhibited by

CMS,2 which interacts with a thiol group near the
ctive site, and by EDTA, which inactivates this family
f enzymes by chelating Ca21 ions (4–9).
Like prosubtilisin (10), the proforms of subtilisin-

ike conversion enzymes mature through proteolytic
leavage at dibasic amino acid sequences, supporting
he idea that activation of the eukaryotic subtilisin-like
nzymes occurs via an autocatalytic mechanism. Site-
irected mutagenesis of the catalytic triads of four of
hese enzymes, kexin, furin PC1, and LPC (PC7), has
onfirmed the notion of autocatalytic activation (11–
6). The conversion of the zymogens of the prohormone
onvertases PC1 and PC2 has been less well studied
han that of furin and kexin. In vivo, proPC1 conver-
ion occurs very rapidly after synthesis (4, 17, 18), and
C1 isolated from the conditioned medium of overex-
ressing CHO cells consists solely of the mature 87-
Da enzyme. In vitro, oocyte-expressed proPC1 was
hown to convert autocatalytically with a rapid half-
ife; in contrast, oocyte proPC2 conversion was very
low (19). The carboxyl terminus of 87-kDa PC1 is
urther slowly truncated intracellularly, resulting in
4- and 66-kDa active PC1 proteins (4, 20, 21). Car-
oxyl terminal truncation of mature PC2 does not ap-
ear to occur in many neuroendocrine cell lines (22–

2 Abbreviations used: AMC, aminomethyl coumarin; CT peptide,
uman 7B2155–185; E-64, trans-epoxysuccinyl-L-leucylamido-(4-gua-
idino)butane; ir, immunoreactive; PC, prohormone convertase; PC1
nd PC2, prohormone convertases 1 and 2; pCMS, p-chloromercuri-

henylsulfonic acid; TLCK, Na-p-tosyl-L-lysine chloromethyl ketone;
PCK, N-tosyl-L-phenylalanine ketone.
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276 LAMANGO ET AL.
4), although truncation of insulinoma granule PC2
as been reported by Hutton and co-workers (7).
PC2 is the only prohormone convertase known to

equire a neuroendocrine binding protein for intracel-
ular maturation. Binding of 7B2 to proPC2 was first
hown through coimmunoprecipitation experiments
25) and was later shown to represent a reaction spe-
ific to this convertase (26 ). Overexpression of mouse
roPC2 cDNA in CHO cells resulted only in the pro-
uction of catalytically inactive proPC2 which was in-
ompetent for activation (23). However, supertransfec-
ion of proPC2-producing CHO cells with cDNA encod-
ng the neuroendocrine 21-kDa protein 7B2 resulted in
he secretion of proPC2 which was enzymatically com-
etent for activation (9, 24). 7B2 is now known to
epresent a bifunctional protein; the amino terminal
1-kDa domain of this protein is responsible for the in
ivo acquisition of enzymatic activity by recombinant
roPC2, while the remaining carboxy terminal 31
mino acid portion of the molecule represents a potent
nhibitor of PC2 activity, as does the parent 27-kDa
B2 molecule containing this peptide (8, 27–29).
Aside from its requirement for 7B2, proPC2 distin-

uishes itself from other zymogens within this family
y the extremely long intracellular half-life of the zy-
ogen form. Radiolabeled proPC2 is present in cells

ven after 3 h of chase, and many neuroendocrine
issues and cell lines contain a reservoir of unprocessed
roPC2 (7, 18, 22–24). The longer time frame for intra-
ellular maturation of proPC2 may represent a regu-
atory feature of this particular convertase, which is
hought to act upon prohormones late within the secre-
ory pathway (1, 7, 18). Two cleavage sites for zymogen
ctivation have been determined using mature PC2
solated from insulinoma cell granules (30), but only
ne amino terminus was observed for mature PC2 pre-
ared from chomaffin cell granules (31). Whether al-
ernative site usage plays a role in activation is not
lear. Indeed, the biochemistry of proPC2 activation is
ot well understood, and the role of 7B2 in the activa-
ion reaction has not yet been elucidated.

In the present study, we have studied the process of
roPC2 conversion using recombinant proPC2 purified
rom the medium of CHO cells overexpressing proPC2
nd 7B2. We here report that proPC2 maturation is
naffected by the presence of 21-kDa 7B2, EDTA,
CMS, and the potent PC2-specific inhibitor, 7B2 CT
eptide, but is highly pH dependent, suggesting a role
or pH in the regulation of proPC2 conversion in vivo.

XPERIMENTAL PROCEDURES

Materials. Cyanogen bromide-activated Sepharose 4B was ob-
ained from Sigma Chemical Company (St. Louis, MO). Protein
–Sepharose was purchased from Pharmacia Biotech (Piscataway,

J). pGlu-Arg-Thr-Lys-Arg-AMC was supplied by Peptides Interna-

ional, Inc. (Louisville, KY). Recombinant His-tagged rat 21-kDa 7B2
c
t

as prepared by bacterial expression as described by Lamango et al.
9). Human CT peptide 1–31 was synthesized by LSUMC Core Lab-
ratories.
Preparation of purified recombinant proPC2. Recombinant

roPC2 (75- and 71-kDa forms) were purified from the conditioned
edium of CHO cells transfected with expression plasmids encoding

DNAs for rat 21-kDa 7B2 and mouse proPC2 as previously de-
cribed (9). Alternatively, for some experiments, proPC2 was ob-
ained from conditioned medium of the same CHO cells cultured in a
ellmax artificial capillary cell culture system (Cellco Inc., German-

own, MD) via purification on a 5 3 50-mm Protein-Pak anion-
xchange column (Waters Chromatography, Milford, MA). Buffer A
as 20 mM Bis–Tris, pH 6.5, 0.1 % Brij, and buffer B was 1 M Na
cetate, 20 mM Bis–Tris, 0.1% Brij, pH 6.5. A step gradient from 0 to
5% B in 175 min at a flow rate of 0.25 ml/min was followed by a
urther gradient to 100% B in 225 min at 0.5 ml/min. One-milliliter
ractions were collected and were assessed for purity on 8.8% poly-
crylamide gels using Coomassie blue staining. This method pro-
ided larger quantities of proPC2 (3–10 mg per purification) in more
oncentrated form, although also occasionally exhibited increased
mounts of amino-terminally truncated forms.
Enzyme assay. Routine enzymatic assays were performed in a

0-ml incubation volume consisting of 100 mM sodium acetate buffer,
H 5.0, in the presence of 5 mM CaCl2 and 0.1% Brij at 37°C with
Glu-Arg-Thr-Lys-Arg-AMC (200 mM) as substrate. The enzymatic
ctivity was determined by measuring the fluorescence of the re-
eased AMC in a microtiter plate fluorometer as previously de-
cribed.
pH dependence of proPC2 conversion. Purified proPC2 (1.3 mg)
as incubated at 37°C for 10 min in 100 mM Bis–Tris/100 mM

odium acetate buffer, set at pH values varying between 4 and 7.4
nd containing 0.1% Brij. SDS–PAGE sample buffer stock was then
dded to the incubation mixtures, and the samples were boiled and
ubjected to SDS–PAGE on an 8.8% gel and Coomassie blue staining.
hese experiments were repeated on two separate occasions with
imilar results.

Effect of Ca21, pCMS, CT peptide, and EDTA on proPC2 conver-
ion. To determine the effect of Ca21 on proPC2 conversion, purified
roPC2 (0.58 mg) was incubated at 37°C in 200 mM sodium acetate
uffer, pH 5.0, containing 0.1% Brij either in the presence or in the
bsence of 5 mM CaCl2. The effect of pCMS on proPC2 conversion
as determined following similar incubations conducted with or
ithout 1 mM pCMS, all in the presence of 5 mM CaCl2. To study the

ffect of EDTA on the conversion process, incubations were carried
ut in the presence or absence of 5 mM EDTA (with no added CaCl2).
he effect of CT peptide on the conversion process was determined by

ncubating purified proPC2 (0.58 mg) at 37°C in 200 mM sodium
cetate buffer, pH 5.0, containing 0.1% Brij and 5 mM CaCl2 either
n the presence or in the absence of 100 mM 7B2 hCT peptide. At each
ime point, aliquots were frozen at 270°C for subsequent SDS–
AGE and Western blotting analysis. The experiments were re-
eated once with identical results.

Effect of TLCK, TPCK, E-64, and pepstatin on proPC2 conversion.
urified proPC2 (2 mg) was incubated at 37°C for 32 min in 100 mM
odium acetate, pH 5.0, containing 0.1% Brij and 5 mM CaCl2, in the
resence of 0.14 mM TLCK, 0.5 mM TPCK, 10 mM E-64, or 1 mM
epstatin (final concentrations). The control sample contained no
nhibitor. Reactions were stopped by adding Laemmli sample solu-
ion and boiling. The samples were analyzed by SDS–electrophoresis
nd Coomassie staining.

Effect of proPC2 concentration on the rate of proPC2 conversion.
o investigate whether proPC2 conversion is an intra- or an inter-
olecular reaction, the concentration dependence of purified proPC2

onversion was examined. ProPC2 was incubated at different con-

entrations at 37°C in 200 mM sodium acetate buffer, pH 5.0, con-
aining 5 mM CaCl2 and 0.1% Brij. Either 0.2 mg (54 nM final



c
i
f
e
s
p
m
5
b
o
o
t

y
b
w
b
a

5
f
o
t
f
w
c
T
c
o
p
i

p
f
a
r
w

r
t
a
t
e
m
d
d
i
o
f
b
0
p
q
a
f
m

R

B

t
c
m
a
a
r
s
a
a
G

F
i
S C2
( iqu

F
(
(

277PROTEOLYTIC MATURATION OF proPC2
oncentration) or 2.0 mg (540 nM) of proPC2 was used per 50-ml
ncubation volume. At varying time intervals, aliquots were frozen
or subsequent analysis by SDS–PAGE and Western blotting. To
nsure that equal amounts of protein were loaded onto the gel,
amples containing the higher concentration of proPC2 were appro-
riately diluted with the incubation medium before boiling. Thirty
icroliters of the 54 nM sample and 30 ml of a 10-fold dilution of the

40 nM sample were analyzed on an 8.8% SDS–PAGE gel followed
y Western blotting with anti-PC2 antiserum. Similar results were
btained upon independent repetition of the experiment with an-
ther proPC2 preparation and using a 30-fold range of concentra-
ions.

SDS–PAGE and Western blotting. Samples for SDS–PAGE anal-
sis were boiled for 5 min after addition of 1/10 vol of 103 sample
uffer. After electrophoresis on 8.8% gels, the separated proteins
ere electroblotted onto nitrocellulose and subjected to Western
lotting using PC2 antiserum directed against the last 13 amino
cids of PC2 as described by Shen et al. (23).
Immunoaffinity adsorbent preparation. IgGs were purified from
ml of 7B2 antiserum (LS12, directed against residues 23–39) or

rom preimmune serum via protein A chromatography. Following
vernight dialysis into coupling buffer (0.1 M borate buffer, pH 8.5),
hese IgGs (7–9 mg protein) were added to a resin cake prepared
rom 5 ml of a 50% slurry of Reacti-Gel (Pierce Chemical Co), which
as dried by filtration just prior to use, and rocked overnight in the

old. The immunoadsorbents were washed twice with 40 ml of cold
BS, once with TBS containing 0.5 M NaCl, and finally with TBS
ontaining 0.02% sodium azide and stored at 4°C. Prior to use 0.3 ml
f each immunoadsorbent was washed with 3 ml of 100 mM glycine,
H 3.0, to remove any unbound material and quickly reequilibrated
n 10 ml of TBS containing 0.05% Brij.

To examine the effect of 7B2 depletion on proPC2 activity, 10 mg of
urified recombinant proPC2 (a mixture of the 75- and 71-kDa
orms) were added to 300 ml of the packed, washed immunosorbent in
total volume of 1 ml of TBS, 0.05% Brij, and the mixtures were then

ocked for 24–72 h at 4°C to allow binding to occur. The samples
ere then centrifuged for 2 min in a microfuge and the supernatant

IG. 1. ProPC2 conversion is neither calcium dependent, nor is it in
n the absence (2) or presence (1) of 5 mM CaCl2. At the indicated
DS–PAGE gel by Western blotting using rabbit antiserum against P

2) or presence (1) of 5 mM EDTA. At the indicated time points, al

IG. 2. ProPC2 conversion is not inhibited by pCMS or the CT pept

2) or presence (1) of 1 mM pCMS. At the indicated time points, aliquo
0.58 mg) was incubated at 37°C in the presence (1) or absence (2) of 1
emoved (designated “supernatant”). The immunoadsorbents were
hen washed with 1 ml of TBS containing 0.1% Brij and centrifuged
gain (designated “wash”). 7B2 immunoreactivity was measured in
he applied sample, the unbound material, the wash, and the glycine
luant of the immunoadsorbent (“resin”) using a sensitive radioim-
unoassay (24). PC2 activity was measured in the same samples by

iluting 15 ml of each sample into the 50-ml PC2 enzyme reaction
escribed above under “Enzyme assay”; the resin was used directly
n the enzyme assay. Finally, to examine the effect of 7B2 depletion
n proPC2 activation kinetics, 10-ml aliquots of the supernatants
rom the 7B2 IgG and preimmune immunoadsorbents were activated
y addition of 40 ml of 100 mM Na acetate, 100 mM Bis–Tris, pH 5.5,
.1% Brij for varying lengths of time. Eight microliters of 103 sam-
le buffer were then added and the samples were boiled for subse-
uent SDS–PAGE and Western blotting of 50 ml aliquots using
nti-PC2 antiserum LSU18. The entire experiment was repeated
our times with qualitatively similar results; the last two experi-
ents are presented.

ESULTS

iochemical Characterization of Recombinant
Proteins

To determine the identity of the recombinant pro-
eins in the various enzyme preparations as well as the
leavage site of proPC2 to PC2, zymogens and the
ature form were subjected to Edman degradation on

n ABI Procise sequencer. The amino termini of the 75-
nd 71-kDa zymogen forms were ERPVF and SLHHK,
espectively, in agreement with the 75-kDa proPC2
equence previously reported using tritiated phenylal-
nine microsequencing of CHO cell PC2 (23). The
mino terminus of the mature 66-kDa protein was
YRDI, consistent with the use of a single activation

ited by EDTA. (A) Purified proPC2 (0.58 mg) was incubated at 37°C
e points, one-third of each sample was then analyzed on an 8.8%

. (B) Purified proPC2 (0.58 mg) was incubated at 37°C in the absence
ots were frozen for analysis by Western blotting.

. (A) Purified proPC2 (0.58 mg) was incubated at 37°C in the absence
hib
tim
ide

ts were frozen for analysis by Western blotting. (B) Purified proPC2
00 mM CT peptide.
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278 LAMANGO ET AL.
ite for chromaffin granule proPC2 (31) and inconsis-
ent with a previous finding of additional cleavage after
he GYR sequence in insulinoma granules (30). Vari-
ble amounts of the amino-terminally truncated forms
ere recovered in different enzyme preparations, po-

entially due both to differences in propeptide cleavage
n the bioreactor (a function of cell density, which af-
ects pH), and to autocatalysis during ion exchange
performed at pH 6.5).

ffect of Ca21 and EDTA on proPC2 Conversion

The PCs are known to represent calcium-dependent
nzymes; we therefore expected that activation of
roPC2 might also require calcium. However, addition
f 5 mM CaCl2 to the reaction did not increase the rate
f proPC2 conversion relative to controls (Fig. 1A).
nstead, a slight retardation of the conversion process
n the presence of Ca21 was observed; this retardation
as reproduced in three independent experiments us-

ng three different enzyme preparations and suggests
hat calcium may have a stabilizing effect on the zy-
ogen. No differential effects were observed on the

ffect of Ca21 on the conversion of the 75- vs the 71-kDa
orms. When incubations performed in the absence of
a21 included 5 mM EDTA, no difference in the rate of

onversion from reactions lacking EDTA was apparent
Fig. 1B).

ffect of PC2 Inhibitors and Other Enzyme Inhibitors
on proPC2 Conversion

Unlike mature PC2 activity, proPC2 conversion was
ot affected by 1 mM pCMS (Fig. 2A). Full-length
7-kDa 7B2 and 7B2 CT peptide represent potent in-
ibitors of vertebrate PC2 activity at nanomolar con-
entrations (8, 27). However, even at concentrations as
igh as 100 mM, CT peptide did not affect proPC2
onversion (Fig. 2B). It should be noted that all of the
C2 generated in the presence of CT peptide was en-
ymatically inactive, indicating the effectiveness of the
nhibitor. We also tested recombinant 27-kDa 7B2 as

TAB

Effect of Immunodepletion of 7B2-Immunore

Supernatant (%)

PC2 activity 7B2-ir PC

B2 IgG 87 1 7 1.1 1 0.6
reimmune IgG 80 81
gG 95 100

a Results are expressed as percentages of total PC2 activity or to

ean 6 SD of four proPC2 preparations (two independent experiments).

roPC2 preparations. Approximately 10 mg of proPC2, containing 1–2 p
n inhibitor of activation; even in the context of the
ntire 7B2 molecule, the CT peptide had no effect on
ctivation (not shown), supporting the idea that it can-
ot access the active site of proPC2.
Figure 3 depicts the conversion of proPC2 (shown as
Coomassie-stained protein) at pH 5.0 in the presence

f protease inhibitors such as TLCK, TPCK, E-64, and
epstatin. In several independent experiments, these
nhibitors produced absolutely no effect on the kinetics
f conversion of proPC2, supporting the notion that
roPC2 conversion is not performed by a copurifying
roteinase.

ffect of 7b2 on proPC2 Conversion

We have previously reported that recombinant His-
agged rat 21-kDa 7B2 stabilizes the activity of mature
ouse PC2 (9). We included 100 nM 7B2 in the proPC2

onversion reaction to examine its effects on conver-
ion; however, no apparent effect was observed (data
ot shown). We then examined the effect of removing
B2 from the incubation reaction (using immunoaffin-
ty chromatography) on proPC2 activation. Although

I

ive Peptides from ProPC2 on Final Activitya

Wash (%) Resin (%)

ctivity 7B2-ir PC2 activity 7B2-ir

3 0.63 1 0.26 23 1 4.7 99 1 0.6
2 17 15 2
6 21 15 0

7B2 immunoreactivity. For anti-7B2 IgG data, the results are the

IG. 3. ProPC2 conversion is not affected by TLCK, TPCK, E-64, or
epstatin. Purified proPC2 was incubated in the presence of 0.14 mM
LCK, 0.5 mM TPCK, 10 mM E-64, or 1 mM pepstatin. The control
ample was incubated without any inhibitor (second lane from left).
he leftmost lane represents an unincubated control. The image
epicts total Coomassie-stained protein.
LE

act

2 a

21 1
2
2

tal

For preimmune IgG data, the results shown represent two different
mol of 7B2, were applied to the immunoadsorbents in each case.
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279PROTEOLYTIC MATURATION OF proPC2
8–99% depletion of 7B2 from the proPC2 preparation
as achieved with good recovery of PC2 activity (Table

), the rate of proPC2 activation in 7B2-depleted prep-
rations was not affected (Fig. 4). The 21-kDa 7B2
hich copurifies with recombinant proPC2 therefore
oes not appear to be directly involved in the proPC2
onversion reaction.

H Dependence of proPC2 Conversion

The conversion of proPC2 to PC2 was examined by
ubjecting aliquots of proenzyme to incubation at dif-
erent pH, separation by SDS–PAGE, and Coomassie
taining (Fig. 5). Our data show that conversion reac-
ion is strongly pH dependent. The rate of conversion
ncreased from around neutral pH where it was virtu-
lly undetectable (i.e., the Coomassie stain of this
atch of starting material corresponds to the profile
een in the pH 7.4 lane; data not shown) to extensive
onversion below pH 5.2. Maximal conversion was ob-
erved at pHs between 4.0 and 4.9. By contrast, incu-
ation of proPC2 at pH 3.5 did not result in conversion
data not shown), most likely due to protein denatur-
tion. Note that Fig. 5 represents a Coomassie stain

IG. 4. ProPC2 conversion is not dependent on 7B2 concentration.
ecombinant proPC2 was incubated with immunoaffinity resins con-

aining either anti-7B2 IgG or preimmune IgG. ProPC2 recovered in
he supernatants from these resins (which in the case of the anti-7B2
gG was 99% depleted in 7B2; Table I) was activated by incubation at
H 5.5 for the times indicated. The image represents a Western blot.

IG. 5. ProPC2 conversion is highly pH-dependent. Purified
roPC2 was incubated at 37°C at the indicated pH for 10 min.
a
E

oncentrated SDS–PAGE sample buffer was then added, and sam-
les were subjected to SDS–PAGE and Coomassie blue staining.
ather than a Western blot; the absence of bands other
han proPC2/PC2 forms supports the purity of the
reparation (with respect to other PC2-derived pro-
eins). In this particular experiment some sequential-
ty of conversion of the 75- to the 71- to the 66-kDa
pecies was observed; this sequentiality was however
y no means a consistent phenomenon, and most time-
ependent experiments, either pH or other parame-
ers, did not exhibit sequentiality (see Figs. 1–4 and 6).
aken together, our results do not support the idea
hat the 71-kDa species, which represents proPC2 con-
aining only a portion of the propeptide, is a required
ntermediate for the production of 66-kDa mature PC2.

oncentration Dependence of proPC2 Conversion

Incubation of proPC2 at 10-fold differing concentra-
ions (54 and 540 nM) was performed in order to test
he concentration dependence of conversion (Fig. 6).
uantitation of the bands yielded the following ratios
f the 75- to the 66-kDa species (given for 54 and 540
M): at time 0, 1.3 and 1.3; 10 min, 1.02 and 0.99; 20
in, 0.72 and 0.70; 30 min, 0.59 and 0.52; 40 min, 0.40

nd 0.43; and 60 min, 0.28 and 0.29. These highly
imilar ratios of conversion for enzyme solutions 10-
old different in concentration support the lack of con-
entration dependence of the conversion process. These
esults were confirmed in a second experiment with a
ifferent proPC2 preparation and 303 concentration
ifferences (not shown).

ISCUSSION

Site-directed mutagenesis studies have revealed
hat the proteolytic maturation of the precursor forms
f subtilisin, kexin, furin, PC1, and LPC (PC7) occurs
y an intramolecular autocatalytic process (10–16, 32).
roPC2 containing an active-site mutation and ex-
ressed in COS cells cannot become activated; how-
ver, this mutated proPC2 is also not secreted and
ccumulates in the ER (33). The lack of competence for

IG. 6. ProPC2 conversion is concentration independent. Purified
roPC2 was incubated at 37°C at final proPC2 concentrations of 54
2) or 540 nM (1). At the indicated time points, aliquots were frozen
t 270°C for subsequent analysis. Samples with higher initial con-
entrations of proPC2 were appropriately diluted 10-fold with the
ncubation mixture. SDS–PAGE sample buffer stock was added, and
qual amounts of protein from each sample were then analyzed on an
.8% SDS–PAGE gel by Western blotting.
R exit implies that the active-site mutant may not be
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280 LAMANGO ET AL.
roperly folded; consequent inability to mature can
herefore not be taken as evidence of autocatalytic
aturation (33). An intermolecular reaction mecha-
ism for activation has been suggested in the Xenopus
gg extract expression system; for example, mutation
f the catalytic Asp in proPC2 to Asn prevented its
onversion to the 68-kDa form (19). This mutated
roPC2 could be converted to a lower molecular weight
pecies in the presence of wild-type PC2, leading to the
onclusion that maturation occurred by an intermolec-
lar autocatalytic mechanism (19). However, a direct
emonstration of catalytic activity by mature oocyte
C2 generated solely by the intermolecular reaction
as not provided in this work. Using proPC2 mutants,
e have recently demonstrated that propeptide cleav-
ge can be uncoupled from actual activation, when
ctivation is defined as the assumption of a catalyti-
ally active species (34). We have termed this type of
ropeptide removal “unproductive.” The intermolecu-
ar reaction observed in oocytes when active PC2 is
xpressed in trans with active-site mutated PC2 might
epresent such an unproductive reaction; further work
ill be required to determine whether proPC2 can ac-

ually undergo a productive intermolecular activation
eaction. It should be noted that the physical basis for
he difference between productively and unproduc-
ively cleaved PC2 molecules remains obscure; both
pecies migrate identically upon SDS–polyacrylamide
lectrophoresis.
Purified recombinant proPC2 contains nonstoichio-
etric quantities of associated 21-kDa 7B2 (9; this

aper). We have tested the idea that this associated
B2 is physically required for the proPC2 activation
eaction by adding or removing 7B2 prior to activation;
owever, no facilitatory effects on activation were ob-
erved. These results support the idea that 7B2 is
pparently not directly involved in the actual activa-
ion reaction but must act upon proPC2 during an
ntracellular maturation step to generate a species
ater competent for activation. We have recently shown
sing a cell-free reconstitution assay that proPC2 must
each the Golgi apparatus for the 7B2 facilitation effect
o be manifest (35). The mechanism of this effect is
urrently under study.

Despite the fact that PC2—like other enzymes of the
ukaryotic subtilisin family—requires calcium for ac-
ivity, we found that proPC2 converted to PC2 at the
ame rate in the presence or absence of calcium. We
ave also observed conversion of proPC2 in the pres-
nce of EDTA with the cell-free Golgi assay mentioned
bove (35). These data showing lack of calcium depen-
ence support the idea that the conversion reaction
iffers significantly from the reaction of mature en-
yme with substrate. However, Shennan et al. (36)
ound a strong calcium requirement for conversion of

roPC2 synthesized in vitro using oocyte egg extract

m
g

but not of proPC1); the reason underlying this discrep-
ncy is unclear, but may involve the fact that the
ocyte experiments were performed in the absence of
B2. It is of interest to note that oocyte PC2—which is
ecreted as the 71-kDa partially processed proenzyme
37)—exhibits a much higher calcium requirement for
nzymatic activity than insulinoma granule PC2 (7) or
ecombinant mouse PC2 (9), indicating that oocyte-
xpressed PC2 differs significantly not only for the
ropeptide conversion process, but also for the active
nzyme.
While calcium addition did not enhance the conver-

ion of proPC2, a strong influence of pH was observed,
ith very rapid conversion at acid pH and virtually no

onversion at neutral pH. The low pH requirement for
ymogen conversion contrasts with the neutral pH con-
itions required for the conversion of prosubtilisin,
rokexin, and proPC1 (10, 14, 36, 38 ), but is in general
greement with the low pH of the maturing secretory
ranules into which PC1 and PC2 are targeted (39) and
s consistent with the experimental evidence that cel-
ular proPC2 conversion actually occurs in these com-
artments (18, 22, 40). Indeed, we have recently shown
hat prevention of secretory granule acidification with
afilomycin completely blocks proPC2 maturation (35).
7B2 (27 kDa) and the 7B2 CT peptide are potent

nhibitors of active PC2 (8, 27). The CT peptide can be
ydrolyzed by active PC2, implying that this peptide
inds to the active site in a manner similar to actual
ubstrates ( 28). Our initial data using proPC2/PC2
mmunopurified from conditioned medium of bTC3
ells indicated that the CT peptide could block the
onversion reaction, albeit weakly (8). However, in the
resent experiments, using recombinant proPC2, even
00 mM concentrations of CT peptide exerted abso-
utely no effect on proPC2 conversion. The CT peptide
as similarly ineffective in blocking proPC2 matura-

ion in the cell-free Golgi assay (35). We speculate that
his discrepancy is due to significant differences in the
nzyme preparation used in this work as opposed to
he previous study: the immunopurified enzyme con-
ists predominantly of active PC2 with only a small
mount of zymogen forms, in the presence of immuno-
lobulins, while the recombinant enzyme preparation
onsists predominantly of zymogen species rather than
ctive 66-kDa PC2. Immunopurified Xenopus proPC2
onversion was also slightly inhibited by forms of 7B2
ontaining the CT peptide; however, the majority of the
nzyme was converted (41). The inability of the CT
eptide—which totally inhibits the enzymatic activity
f mature PC2 (8, 24)—to affect the conversion of pu-
ified recombinant proPC2 provides a strong argument
gainst a major role for intermolecular activation, i.e.,
mechanism in which one molecule of PC2 activates a
olecule of proPC2. Taken together, these results sug-
est that—contrary to our previous ideas (8, 27)—
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281PROTEOLYTIC MATURATION OF proPC2
either 27-kDa 7B2 nor CT peptide can access the
ymogen active site and therefore most likely do not
irectly function to inhibit premature autocatalytic
leavage of proPC2.

The lack of inhibition of proPC2 conversion by the
T peptide and PCMS may indicate that the active site

s not fully formed—or is already occupied—in proPC2,
recluding the binding of inhibitors. The latter hypoth-
sis is supported by the lack of inhibition of proPC2
onversion by pCMS, an inhibitor of this family of
nzymes which is also thought to bind in the active site
egion. It is interesting to note that Ikemura and In-
uye (10) have shown that the subtilisin inhibitor
MSF is unable to block the conversion of prosubtilisin
o mature enzyme. These results were interpreted as
eing due to lack of access of PMSF to the active site,
nown to be occupied by the subtilisin propeptide.
ith regard to the eukaryotic subtilisin family, Ander-

on et al. (42) have recently shown that the furin
ropeptide remains associated with the enzyme and
cts as a potent inhibitor of furin activity until arrival
f the complex at the Golgi apparatus. Despite the
isparate subcellular sites of propeptide cleavage be-
ween profurin (which undergoes propeptide removal
n the ER (12)) and proPC2 (which undergoes propep-
ide removal in the TGN/secretory granule compart-
ents (18, 22, 40), it appears likely that for both en-

ymes, secretory pathway acidification may represent
he primary controlling factor for actual activation. In
he case of furin, acidification represents the means to
emove associated, but cleaved propeptide, while for
C2, acidification is apparently also required for the
ctual initial cleavage reaction.
In summary, our data support the notion that

roPC2 maturation occurs via an autocatalytic, in-
ramolecular process with enzymatic properties dis-
imilar to those of the active enzyme. Our pH depen-
ence studies further imply that cellular proPC2 mat-
ration is controlled largely by the decreasing
ubcellular pH gradient along the secretory pathway,
eaching maximal levels in the mature secretory gran-
le compartment.
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