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ABSTRACT
The prohormone convertases PC1/3 and PC2 are eukaryotic serine
proteases involved in the proteolytic maturation of peptide hormone
precursors and are implicated in a variety of pathological conditions,
including obesity, diabetes, and neurodegenerative diseases. In this
work, we screened 45 compounds obtained by derivatization of a
2,5-dideoxystreptamine scaffold with guanidinyl and aryl substitu-
tions for convertase inhibition. We identified four promising PC1/3
competitive inhibitors and three PC2 inhibitors that exhibited various
inhibition mechanisms (competitive, noncompetitive, and mixed),
with sub- and low micromolar inhibitory potency against a fluoro-
genic substrate. Low micromolar concentrations of certain com-
pounds blocked the processing of the physiological substrate pro-
glucagon. The best PC2 inhibitor effectively inhibited glucagon
synthesis, a known PC2-mediated process, in a pancreatic cell line;
no cytotoxicity was observed. We also identified compounds that

were able to stimulate both 87 kDa PC1/3 and PC2 activity, behavior
related to the presence of aryl groups on the dideoxystreptamine
scaffold. By contrast, inhibitory activity was associated with the pres-
ence of guanidinyl groups. Molecular modeling revealed interactions
of the PC1/3 inhibitors with the active site that suggest structural
modifications to further enhance potency. In support of kinetic data
suggesting that PC2 inhibition probably occurs via an allosteric
mechanism, we identified several possible allosteric binding sites
using computational searches. It is noteworthy that one compound
was found to both inhibit PC2 and stimulate PC1/3. Because gluca-
gon acts in functional opposition to insulin in blood glucose homeo-
stasis, blocking glucagon formation and enhancing proinsulin cleav-
age with a single compound could represent an attractive therapeutic
approach in diabetes.

Introduction
The prohormone convertases 1/3 and 2 (PC1/3 and PC2)

are thought to be responsible for the processing of multiple

peptide hormones and neuropeptide precursors within the
constitutive and regulated secretory pathways. PC1/3 and
PC2 are calcium-dependent serine proteases with acidic pH
optima that belong to the bacterial subtilisin superfamily,
which also includes the related yeast enzyme kexin (for re-
view, see Cameron et al., 2001); these convertases share
many functional and biochemical features. Their specificities
toward various cleavage sites appear to be distinct, albeit
overlapping, and variations in their expression levels are
responsible for differential precursor processing, as exempli-
fied by the processing of proopiomelanocortin (Day et al.,
1992; Rhodes et al., 1993; Zhou et al., 1993). Proglucagon and
proinsulin present other interesting examples of differential
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processing: the processing of proglucagon to glucagon is car-
ried out mainly by PC2 (Rouillé et al., 1997), whereas insulin
is processed from proinsulin mainly by PC1/3 (Smeekens et
al., 1992).

During the past decade, important pathological conditions
have been linked to the proprotein convertases, including
obesity (Lloyd et al., 2006; Farooqi et al., 2007; Heni et al.,
2010), diabetes (Furuta et al., 1997; Spruce et al., 2003),
opportunistic diseases (Decroly et al., 1994), and hypercho-
lesterolemia, a high-risk condition for cardiovascular disease
(Arnaoutova et al., 2003). Owing to these linkages, there is
increasing interest in prohormone convertases as novel tar-
gets for drug design, not only for disease intervention but
also for use in determining the various physiological roles of
these enzymes.

To date, most reported inhibitors against the proprotein
convertase furin have been either proteins (Dahlen et al.,
1998; Dufour et al., 2001; Komiyama et al., 2003; Richer et
al., 2004) or peptides/peptide derivatives (Cameron et al.,
2000a; Villemure et al., 2003; Basak and Lotfipour, 2005).
Nonprotein, nonpeptide convertase inhibitors reported
thus far are the natural products of the andrographalide
family and their succinoyl ester derivatives (Basak et al.,
1999); certain metal complexes (Podsiadlo et al., 2004);
dicoumarol and its derivatives (Komiyama et al., 2009);
and the bicyclic guanidine and pyrrolidine bis-piperazine
derivatives we previously identified as PC2 inhibitors
(Kowalska et al., 2009). Nonpeptide furin inhibitors based
on 2,5-dideoxystreptamine have also been described (Jiao
et al., 2006b). In the work presented here, we have
screened 45 compounds related to these initial furin inhib-
itors that contain various aryl and guanidinyl substitu-
tions on the 2,5-dideoxystreptamine scaffold. We identified
four promising compounds that potently inhibit PC1/3 and
three other inhibitory compounds directed against PC2.
Finally, we present the possible binding modes of these
inhibitors with both PCs through molecular modeling.

Materials and Methods
Recombinant Convertase Preparation. Mouse 87-kDa PC1/3

and mouse pro-PC2 were purified from the conditioned medium of
stably transfected, methotrexate-amplified Chinese hamster ovary
cells as described previously (Hoshino et al., 2011). Pro-PC2 was
activated before use by dilution in reaction buffer.

Synthesis of 2,5-Dideoxystreptamine Derivatives. Forty-five
compounds based on the 2,5-dideoxystreptamine scaffold were synthe-

sized at PanThera Biopharma, LLC (Aiea, HI). Compounds 166829
[5-(2,4-bis(imidazolidin-2-ylideneamino)phenoxy)-2,4-bis(imidazolidin-
2-ylideneamino)cyclohexanol] and 166830 [N1,N3-di(imidazolidin-2-
ylidene)-4,6-bis(4 (imidazolidin-2-ylideneamino)phenoxy)cyclohexane-
1,3-diamine] were synthesized via reaction of intermediates 166829a
[2,4-diamino-5-(2,4-diaminophenoxy)cyclohexanol] and 166830a [4,6-
bis(4-aminophenoxy)cyclohexane-1,3-diamine] with di-tert-butyl 2-thio-
xoimidazolidine-1,3-dicarboxylate, followed by deprotection with trif-
luoroacetic acid (TFA) (Scheme 1). The synthesis of compounds 166369
[5-(2,4-diguanidino-phenoxy)-2,4-diguanidino-cyclohexyl (4-octylphe-
nyl)carbamate] and 166646 [5-(2,4-diguanidino-phenoxy)-2,4-digua-
nidino-cyclohexyl [1,1�-biphenyl]-4-ylcarbamate] was achieved by the
TFA deprotection of the product from the reaction of intermediate
166369a [N,N�-di-tert-butoxycarbonyl-N�-{4-[2,4-di-(di-tert-butoxycar-
bonyl-guanidino)-phenoxy]-5-[di-(tert-butoxycarbonyl)-guanidino]-2-
hydroxycyclohexyl}-guanidine] with 1-isocyanato-4-octylbenzene or
4-isocyanato-1,1�-biphenyl (Scheme 2). The remainder of the 45 com-
pounds, including 166631 [N-[5-guanidino-2,4-bis-(4-guanidino-
phenoxy)-cyclohexyl]-guanidine], 166550 [N-[2,4-bis(4-guanidino-
phenoxy)-5-(4-guanidino-phenylamino)-cyclohexyl]-guanidine], 166811
[N-[5-guanidino-4-(4-guanidino-naphthalen-1-yloxy)-2-(4-guanidino-
phenoxy)-cyclohexyl]-guanidine], 166812 [N-{2-[2,4-diguanidino-5-(4-
guanidino-phenoxy)-cyclohexyloxy]-5-guanidino-phenyl}-guanidine],
and 166691 [N-[5-(4-guanidino-naphthalen-1-ylamino)-2,4-bis-(4-
guanidino-naphthalen-1-yloxy)-cyclohexyl]-guanidine], and intermedi-
ates 166829a, 166830a, and 166369a were prepared following the pro-
cedures described previously (Jiao et al., 2006a,b).

Library Screen and Enzyme Assays. The PC2 assay was per-
formed in 96-well polypropylene microtiter plates in a final volume of
50 �l, containing 100 mM sodium acetate, pH 5.0, 2 mM CaCl2, 0.2%
octyl glucoside, 0.1% NaN3, and 0.1 mg/ml BSA. The substrate pGlu-
Arg-Thr-Lys-Arg-methylcoumarinamide (pERTKR-AMC; Peptide
Institute, Lexington, KY) was used at a final concentration of 100
�M. PC2 was used at a final concentration of 16 nM, which generated
0.4 fluorescence units per minute (where 1 fluorescence unit corre-
sponds to 3.8 pmol of aminomethyl coumarin). The inhibitors, at
final concentrations of 10, 25, and 50 �M, were preincubated with
enzyme for 30 min at 37°C before the addition of substrate. All
assays were performed in either duplicate or triplicate for 1 h at 37°C
and were quantified using a Fluoroscan Ascent fluorometer (Thermo
Fisher Scientific, Waltham, MA) using excitation/emission wave-
lengths of 380/460 nm. Data were analyzed using Prism 5 (GraphPad
Inc., San Diego, CA). The PC1/3 assay was performed at a final
concentration of 92 nM PC1/3, 100 mM sodium acetate, pH 5.5, 2 mM
CaCl2, 0.2% octylglucoside, 0.1% NaN3, and 0.1 mg/ml BSA.

Determination of IC50 Values for Inhibitors. For IC50 assays,
compounds were placed into plates containing PC1/3 and PC2 and
their corresponding buffers. Serial dilutions of compounds were per-
formed to give final concentrations between 10 nM and 500 �M in 50
�l. After a 30-min preincubation at room temperature, pERTKR-

SCHEME 1. Synthesis of compounds 166829
and 166830.
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AMC (final concentration, 100 �M) was added, and residual enzyme
activities were monitored by measuring AMC fluorescence intensity.
Data were analyzed using Prism 5. The sigmoidal curves obtained
were fitted with different equations depending on the shape of the
experimental points. We used a four-parameter logistic equation for
a standard dose-response curve (eq. 1), and a five-parameter logistic
equation for asymmetrical curves (eq. 2) and bell-shaped dose-re-
sponse curves (eq. 3), which occurs when low doses stimulate a
response and high doses inhibit this response:

Y � Bottom � �Top � Bottom�/�1 � 10�LogIC50 � X� � nH� (1)

where EC50 is the concentration of agonist that gives a response
half-way between Bottom and Top; nH describes the steepness of the
family of curves and was constrained to a constant value of �1.0; and
Top and Bottom are plateaus.

Y � Bottom � �Top � Bottom/�1 � 10�LogEC50 � �1/nH� � Log�2�1/S� � 1� � X� � nH�S�

(2)

where Bottom and Top are the plateaus at the left and right ends of
the curve, LogEC50 is the concentration that gives a half-maximal
effect, and nH is the unitless slope factor, constrained to equal 1.0
(stimulation) or �1 (inhibition).

Y � Dip � ��Plateau1 � Dip�/�1 � 10�LogEC50_1 � X� � nH1�� � �Plateau2

� Dip�/�1 � 10�X � LogEC50_2� � nH2� (3)

where Plateau1 and Plateau2 are the plateaus at the left and right
ends of the curve; Dip is the plateau level in the middle of the curve;
LogEC50_1 and LogEC50_2 are the concentrations that give half-
maximal stimulatory and inhibitory effects, and nH1 and nH2 are the
Hill slopes, which are considered to be equal to 1.0 (stimulation) and
�1 (inhibition).

Enzyme Kinetics. Studies of PC2 and PC1/3 inhibition kinetics
were carried out at various concentrations of pERTKR-AMC ranging
from 0 to 200 �M in the presence and absence of inhibitors. For all
kinetic measurements, the compounds were preincubated with ei-
ther enzyme for 30 min before the addition of substrate. All assays
were performed in triplicate in 96-well microplates. Inhibition con-
stants were determined using different equations, depending on the
inhibition mechanism (Copeland, 2005). The Km values of PC1/3 and
PC2 for pERTKR-AMC were 11 and 42 �M, respectively, as de-
scribed previously (Cameron et al., 2000a; Kowalska et al., 2009).

Proglucagon Cleavage. Human proglucagon, expressed from a
Met-hPG/pET-9b vector (kindly supplied by R. B. Mackin, Creighton
University, Omaha, NE) was purified as described previously (Bonic
and Mackin, 2003). PC1/3 (3 �g) was preincubated for 1.5 h at room
temperature with various concentrations of the 2,5-dideoxys-
treptamine derivatives 166811, 166812, 166550, and 166631 in 100

mM sodium acetate, pH 5.5, containing 2 mM CaCl2, 0.1% NaN3,
0.2% octylglucoside, and 0.1 mg/ml BSA. Human proglucagon (1.25
�g) was then added. PC2 (50 ng) was preincubated for 1 h at room
temperature with different concentrations of 166830, 166829, and
166369 in 100 mM sodium acetate, pH 5, containing 2 mM CaCl2,
0.1% NaN3, 0.2% octylglucoside, and 0.1 mg/ml BSA; 3 �g of prog-
lucagon were then added. The processing of proglucagon was carried
out for 1 h for PC2 and 6 h for PC1/3 at 37°C; concentrated Laemmli
sample buffer was then added, and the samples were boiled. Diges-
tion products were separated on 18% polyacrylamide Tris-HCl gels
and then Coomassie-stained.

Cell Culture. �-TC6 cells, a mouse � cell line, were grown in
Dulbecco’s modified Eagle’s medium containing 1 g/l D-glucose, 5%
fetal calf serum, 15% horse serum (Irvine Scientific, Santa Ana, CA),
and 100 U/ml penicillin/100 �g/ml streptavidin (Invitrogen, Carls-
bad, CA). The cells were split into 48-well plates, incubated at
37°C/5% CO2, and used at approximately 70% confluence.

Glucagon Radioimmunoassay. Samples from proglucagon
cleavage reactions (starting amount, 2.5 �g) were digested with
carboxypeptidase E (100 ng) to remove basic residues and then
subjected to a commercial glucagon radioimmunoassay (GL-32K;
Millipore, Billerica, MA), which uses 125I-labeled glucagon. This ra-
dioimmunoassay exhibits 0.1% cross-reactivity with oxyntomodulin,
the primary gut glucagon-containing peptide. Cross-reactivity exper-
iments using 2.5 �g of proglucagon failed to show any immunoreac-
tivity. Samples were assayed according to the manufacturer’s in-
structions. Radioactivity was determined using a Wallac 1470
Wizard gamma counter (PerkinElmer Life and Analytical Sciences,
Wlatham, MA). The yield of immunoreactive glucagon from proglu-
cagon in uninhibited samples was 46% of the amount expected for
total hydrolysis.

For glucagon assays of �-TC6 cells, the inhibitors 166830 and (2R)-
4-((R)-1-cyclohexyl-3-((S)-2-(((S)-2-(cyclohexylmethyl)piperazin-1-
yl)methyl)pyrrolidin-1-yl)propan-2-yl)-2-(cyclohexylmethyl)-1-(2-(4-
isobutylphenyl)propyl)piperazine (1435-6) were dissolved in 200 �l of
Opti-MEM (Invitrogen) and incubated with cells at a final concentra-
tion of 75 �M for 36 h in quadruplicate wells of a 48-well plate at
37°C/5% CO2; limiting amounts of inhibitors precluded tests at higher
concentrations. However, this experiment was repeated three times
with similar results. Each well was then washed twice with PBS, pH
7.4. The PBS was replaced with 300 �l of 0.1 M HCl, and cells were
collected by scraping, frozen on dry ice, thawed, and centrifuged. The
supernatant was lyophilized and resuspended in 500 �l of RIA buffer
(50 mM sodium phosphate, pH 7.6, 0.1% Triton X-100, and 0.02%
sodium azide) and centrifuged again. Two microliters of �-TC6 cell
extract were assayed in duplicate at two dilutions using the glucagon
RIA kit described above. The experiment was repeated three times.

Viability Assay. �-TC6 cells were split into a separate 48-well
plate in quadruplicate at the same time as the experiment performed

SCHEME 2. Synthesis of compounds 166369
and 166646.
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above and using the same inhibitor preparations. The medium was
then changed to Opti-MEM (Invitrogen) containing inhibitors
166830 and 1435-6 (final concentration, 75 �M) and incubated for
36 h 37°C/5% CO2. Each well was washed once with PBS, pH 7.4, and
200 �l of Opti-MEM containing 20 �l of WST-1 reagent (Roche,
Indianapolis, IN) were added to each well. Cells were incubated for
various time periods (0.5–3 h) at 37°C. At 0, 30, 60, 90, and 180 min,
the absorbance at 450 nm, which reflects the amount of formazan dye
formed, was monitored with a multiwell spectrophotometer.

Statistical Analysis. Data were analyzed using one-way analysis
of variance followed by the Student-Newman-Keuls multiple com-
parison test, as appropriate, using the statistical software package
SigmaStat (Systat Software, Inc., San Jose, CA). A probability value
of p � 0.05 was considered statistically significant.

Molecular Modeling. Homology models for prohormone conver-
tases have been developed previously (Henrich et al., 2005) based on
the X-ray crystal structure of furin (Henrich et al., 2003). In this
work, we employed a refined homology model for PC1/3 and PC2; the
details of our homology models will be described in a separate pub-
lication (A. B. Yongye, M. Vivoli, I. Lindberg, and K. Martinez-
Mayorga, in preparation).

A search for allosteric binding sites was conducted using the
SiteFinder application implemented in Molecular Operating Envi-
ronment (MOE; Chemical Computing Group, Montreal, QC, Can-
ada), and the FindSite software from the Skolnick laboratory (Bry-
linski and Skolnick, 2008). Agreement between the results obtained
from MOE and FindSite formed the consensus set of binding sites for
docking studies. LigPrep 2.2 (Schrodinger, Inc., New York, NY) was
used to produce a low-energy conformation as well as different
protomers for each molecule. Docking studies were conducted using
Glide (Grid-based Ligand Docking with Energetics) version 5.6, from
Schrödinger, Inc. (New York, NY). The dimensions of the inner and
outer grids were 14 	 14 	 14 Å and 60 	 60 	 60 Å. Two levels of
precision were used: standard and extra. Details of the docking
protocol using the Glide program can be found in the literature
(Hernández-Campos et al., 2010; F. H. Lopez-Vallejo, T. Caulfield,
J. L. Medina-Franco, A. Nefzi, R. Houghten, and K. Martinez-May-
orga, in preparation). Figures 10 to 12 were generated with Maestro
9.1 and Tachyon in the VMD (Visual Molecular Dynamics) program
(Humphrey et al., 1996).

Results
PC1/3 and PC2 Screening. The amino acid homologies

between the catalytic domains of rat, human, and mouse
PC1/3, PC2, and furin lie within a range of 51 to 68% con-
servation (for review, see Cameron et al., 2001). We have
previously reported on a series of synthetic small molecules
derived from 2,5-dideoxystreptamine as potent inhibitors of
furin (Jiao et al., 2006b); because of the reasonably good
conservation of the catalytic domain between furin and
PC1/3 and PC2, we hypothesized that related small mole-
cules having the proper spatial distribution of positively
charged and hydrophobic groups might also represent potent
inhibitors of PC1/3 and PC2. Our first goal was to identify
molecules able to inhibit PC1/3 and PC2: to accomplish this,
we first screened 45 derivatives of 2,5-dideoxystreptamine in
a 96-well microplate format, as summarized in Fig. 1, which
shows the percentage of inhibition. Four compounds, 166811,
166812, 166550, and 166631, were found to exhibit inhibitory
activity against PC1/3 between 40 and 75% at a 25 �M final
concentration, whereas compound 166369 stimulated PC1/3
activity by up to 50% (as shown by negative inhibition; Fig.
1A). For PC2, we identified three other compounds, 166369,
166829 and 166830, that inhibited PC2 by 50, 92, and 83%,
respectively, at a final concentration of 10 �M. It is notewor-

thy that compounds 166691 and 166646 stimulated PC2 ac-
tivity, reported as negative inhibition (Fig. 1B).

Kinetics of Inhibition for PC1/3 and PC2. Affinities for
all of the inhibitors shown in Fig. 2 were initially character-
ized by determining IC50 values (Motulsky and Christopou-
los, 2004). Compounds 166811, 166812, 166550, and 166631
inhibited PC1/3 with IC50 values of 5, 20, 33, and 22 �M,
respectively, whereas compounds 166829, 166830, and
166369 yielded IC50 values of 4, 2, and 8 �M, respectively,
against PC2 (Fig. 2). Structures of these compounds are also
shown in Fig. 2.

To obtain information on the mode of action of the best
inhibitors, Lineweaver-Burk plots were generated, as shown
in Figs. 3 and 4. With regard to PC1/3 inhibition, these data
suggest that all four compounds are competitive inhibitors,
with Ki values of 0.5 
 0.04 �M for 166811, 1.5 �M 
 0.1 for
166812, 2.7 
 0.2 �M for 166550, and 2.0 
 0.2 �M for
166631, respectively (Fig. 3). On the other hand, Lineweaver-
Burk plots yielded a different type of inhibitory mechanism
against PC2: 166830 exhibited competitive inhibition with a
Ki of 2.0 
 0.2 �M; 166829 behaved as a noncompetitive
inhibitor with a Ki of 11 
 0.1 �M; and 166369 showed a
mixed-type inhibition with a Ki of 7.0 
 2 �M (Fig. 4).

Specificity of Inhibitors. To explore the specificity of the
dideoxystreptamine derivatives for PC1/3 and PC2, the most
potent compounds were counter-screened against other con-
vertases. The four best inhibitors against PC1/3 showed IC50

values ranging between 5 and 33 �M, whereas these values
were greater than 500 �M when tested against PC2, indicat-
ing good discrimination (Table 1). However, these same com-
pounds were also excellent furin inhibitors, with IC50 values
against furin ranging between 0.65 and 5 �M. On the other
hand, the three best PC2-inhibiting compounds, 166829,
166830, and 166369, inhibited neither furin nor PC1/3; dose-
response assays yielded IC50 values above 50 �M, as shown
in Table 1.

87- versus 66-kDa Form of PC1/3. At low concentra-
tions, compound 166369 stimulated 87-kDa PC1/3, but at
high concentrations, inhibition was observed (Fig. 5A). To
better understand the mechanism of such stimulation, we
tested the same compound against the 66-kDa form of PC1/3,
which is formed in the acidic environment of secretory gran-
ules within neuroendocrine cells, and differs from the 87-kDa
form by the absence of 21 kDa at the C terminus (for review,
see Cameron et al., 2001). The bell-shaped curve for the
166369 reaction with 87-kDa PC1/3 showed that below 20
�M, this compound activated fluorogenic substrate cleavage;
inhibition occurred between 20 �M and 1 mM. However, this
same compound had a purely inhibitory effect on 66-kDa
PC1/3, with an IC50 of 50 �M (Fig. 5A). Thus, the presence
of the C-terminal domain profoundly affects the interaction
of 166369 with PC1/3. Dose-response plots of the reaction of
this same compound, 166369, with PC2 showed pure inhibi-
tion, with an IC50 of 8 �M (Fig. 5B).

PC2 Stimulators. We found that two compounds, 166691
and 166646, were able to stimulate PC2 activity, as shown in
Fig. 6. The structures of these two compounds are character-
ized by the presence of six aryl groups in 166691 and three in
166646 (Fig. 6A) on the dideoxystreptamine scaffold. The
bell-shaped curve for the reaction of 166691 with PC2 indi-
cates that at concentrations below 50 �M, the rate of
pERTKR-AMC cleavage increased up to 200%, whereas at

PC1/3 and PC2 Inhibitors 443



concentrations greater than 50 �M, this compound behaved
as an inhibitor (Fig. 6B, 1). Likewise, compound 166646 also
activated PC2-mediated cleavage of fluorogenic substrate at
concentrations lower than 50 �M (Fig. 6B, 2).

Proglucagon Cleavage. The strongly inhibitory com-
pounds identified above were further evaluated for their ef-
ficacy in inhibiting PC1/3- and PC2-dependent processing of
the physiologically relevant substrate proglucagon. The four
best inhibitors of PC1/3 (166812, 166811, 166550, and
166631) were preincubated with this enzyme at different
concentrations; proglucagon was then added, and incubation
continued. Figure 7A shows that all four compounds inhib-
ited proglucagon cleavage, as reflected by the strong mainte-
nance of the 20-kDa proglucagon band, which was nearly
absent in the control incubation performed in the absence of

inhibitors. Although these compounds exhibited varying de-
grees of efficacy, the order of potency is in agreement with
results obtained with the fluorogenic substrate; however,
concentrations higher than 25 �M were required to block
proglucagon processing.

In contrast, the three best PC2 inhibitors (166830, 166829,
and 166369) blocked proglucagon processing with similar
degrees of efficacy, as defined by maintenance of the precur-
sor band and the disappearance of products below the 6-kDa
marker. All three compounds completely inhibited PC2-me-
diated cleavage of proglucagon at concentrations above 10
�M (Fig. 7B).

The inhibition of PC1/3 and PC2 cleavage of proglucagon in
gel assays required much higher inhibitor concentrations
than inhibition of hydrolysis of the synthetic substrate

Fig. 1. 2,5-Dideoxystreptamine derivatives screening against PC1/3 (A) and PC2 (B). The compounds were tested at final concentrations of 10, 25, and
50 �M; in this figure, we show the screening experiment performed at 25 �M for PC1/3 and at 10 �M for PC2. The percentage of inhibition was
calculated from the equation (1 � Vi/V0) 	 100, where Vi and Vo are the enzyme rates (fluorescence units per minute) in the presence and in the absence
of inhibitors, respectively. The percentage of inhibition is expressed as the mean 
 S.D. and was determined in triplicate.
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pERTKR-AMC. These differences are likely to be due to the
varying ratios of enzyme to substrate used in each kind of
assay. Differences in substrate preference, and numbers of
cleavage sites in each substrate, may also play a role.

Glucagon Radioimmunoassay of Proglucagon Cleav-
age In Vitro. SDS-polyacrylamide gel electrophoresis is in-
capable of resolving the known PC2 product glucagon be-
cause of its small size; therefore, we analyzed inhibition of
PC2-mediated proglucagon processing using a highly specific
glucagon radioimmunoassay after carboxypeptidase E diges-
tion to remove terminal basic residues (Fig. 8). Whereas the
best PC2 inhibitors seemed to have similar degrees of efficacy
against proglucagon when analyzed by SDS-polyacrylamide
gel electrophoresis, the glucagon radioimmunoassay revealed
differences. Compounds 166829 and 166369 inhibited immu-
noreactive glucagon production by 40 and 84%, respectively,
at concentrations of 5 �M, whereas compound 166830 at the
same concentration inhibited glucagon formation by 93%.
These differences agree with results obtained for fluorogenic
substrate cleavage, confirming that the ranking of the best
PC2 inhibitors is 166830 � 166369 � 166829 for both prog-
lucagon cleavages to immunoreactive glucagon and for

pERTKR-AMC hydrolysis. We used the same assay to com-
pare the pyrrolidine bis-piperazine 1435-6 compound, previ-
ously identified by our group as a potent PC2 inhibitor (Kow-
alska et al., 2009), with the present compounds. We found
that the potency of compound 1435-6 in blocking PC2-medi-
ated generation of immunoreactive glucagon from recombi-
nant proglucagon was much weaker than that of 166830,
166369, and 166829 (Fig. 8). Thus, the dideoxystreptamine
derivatives reported here represent improved inhibitors.

Glucagon Radioimmunoassay in �-TC6 Cells. �-TC6
pancreatic cells naturally express PC2 and synthesize gluca-
gon. We tested the best PC2 inhibitor found here, 166830,
and a previously identified PC2 inhibitor, the pyrrolidine
bis-piperazine 1435-6, for their ability to block PC2-mediated
synthesis of glucagon within cells. In cultures incubated
for 36 h in the presence of the dideoxystreptamine deriv-
ative 166830, cellular glucagon concentrations in �-TC6
cell extracts were less than half of those in vehicle-treated
wells (p � 0.0001); at the same concentration, the pyrro-
lidine bis-piperazine 1435-6 reduced glucagon synthesis by
only 24% (Fig. 9A). Thus, both in vitro and in a cellular
context, the 166830 dideoxystreptamine derivative re-

Fig. 2. Structures of the most active dide-
oxystreptamine compounds. The struc-
tures of the most potent PC inhibitors;
the relative 50% inhibitory concentration
(IC50) values, determined using inhibitor
concentrations ranging between 0 and
500 �M, are shown under each compound
(mean 
 SD). A, PC1/3; B, PC2.
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ported here represents a superior PC2 inhibitor against
glucagon synthesis.

Determination of Potential Cytotoxicity of PC2 In-
hibitors on �-TC6 Cells. The potential cytotoxicity of the
two compounds was monitored in parallel quadruplicate
wells using the water-soluble tetrazolium salt WST-1. After
36 h of incubation with each compound, the WST-1 reagent
was added and the plates incubated at 37°C. At times 0, 30,
60, 90 and 180 min, the absorbance at 450 nm was moni-
tored, reflecting the formation of formazan product, which is
directly proportional to the number of living cells present. As
shown in Fig. 9B, neither compound exhibited any cytotoxic
effects compared with Opti-MEM vehicle. In a separate ex-
periment, viability tests were performed in triplicate using
the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen),
which discriminates live from dead cells by simultaneous
staining with green-fluorescent calcein acetoxymethyl ester
(indicative of intracellular esterase activity) and red-fluores-
cent ethidium homodimer-1 (indicative of loss of plasma
membrane integrity). This experiment confirmed the lack of
cytotoxicity of the 166380 inhibitor on �-TC6 cells at 100 �M
final concentration (data not shown).

Modeling of PC1/3 and PC2. Automated docking was
performed for seven inhibitors. For PC1/3, the four competi-
tive inhibitors were modeled into the active site. For PC2,
binding of the three best inhibitors was examined at the
active site as well as in putative allosteric binding sites.

Docking of PC1/3 Inhibitors. The PC1/3 inhibitors ex-
amined in this work possess similar potency and share a
common structural scaffold; not surprisingly, similar docking
poses and docking scores were also obtained. The maximum
docking score difference was less than 3 kcal/mol. The bind-
ing site residues within 3 Å of each inhibitor tested, obtained

from our models, are listed in Table 2; residues within 2 Å are
in bold. All inhibitors modeled were near the catalytic
Ser267, except 166550. However, compound 166550 is posi-
tioned close to Glu90; this interaction is absent with the
other inhibitors.

The orientation of compound 166811 in the active site of
PC1/3 is shown in Fig. 10A; three guanidinyl groups from
the inhibitor interact with the protein. From one side of the
inhibitor, a guanidinyl group at the para-position of the
naphthyl group interacts with Asp205 and Asp157. The para-
guanidinyl group on the phenyl group makes contacts with
Glu135 and Tyr207. In addition, one guanidinyl group at-
tached to the cyclohexyl ring orients toward Asn156. These
interactions were common to all modeled inhibitors. Figure
10 also shows the possibility of increasing PC1/3 binding
affinity by the incorporation of negatively charged substitu-
ents in the naphthyl group to interact with the imidazole
group of His93 and the amino group of Asn194. Overlay of the
binding poses obtained for these inhibitors is shown in Fig.
10B. The cyclohexyl ring overlays the center of the active site
and orients the side chains in the PC1/3 cavity. It is notice-
able that one of the para-guanidinylated phenyl groups in
compound 166550 orients toward Glu90, which may act as a
surrogate for the Ser267 interaction found in other inhibi-
tors. To reach Glu90, compound 166550 is slightly displaced
compared with the other PC1/3 inhibitors. Finally, the sec-
ond guanidinyl group attached to the cyclohexyl ring orients
toward the solvent and, according to this model, does not
interact with any residue in the PC1/3 binding pocket.

Identification of PC2 Allosteric Binding Sites. A con-
sensus set of six possible allosteric binding sites were ob-
tained; three were located in the outer periphery of the pro-
tein and were discarded. Of the remaining three, allosteric

Fig. 3. Inhibition kinetics for the most
potent PC1/3 inhibitors. Lineweaver-
Burk plot shows competitive inhibition
for compounds 166811 (A), 166812 (B),
166550 (C), and 166631 (D) against
PC1/3. The experiment was performed
using 0 (F), 5 (f), 10 (Œ), and 50 �M (�)
concentrations of inhibitors, and was car-
ried out in duplicate.
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sites 1 and 3 provided the best docking scores, as described
below. Figure 11 shows the homology model of PC2. In this
representation, the catalytic domain, the P domain, the ac-
tive binding site, and the most relevant allosteric sites sug-
gested by our analysis are labeled. Spheres are used to rep-
resent the central locations of the putative allosteric binding
sites (brown/blue spheres) and the active site (red sphere). It
is noteworthy that allosteric site 1 (shown as a blue sphere)
and the active site are positioned close to one another. This
close proximity would permit inhibitors to possibly occupy
both sites. All modeled compounds were docked at the two
most relevant allosteric binding sites (1 and 3) and the active
binding site (Fig. 12). The resulting docking scores for the

active site and allosteric sites are summarized in Table 3.
The difference in docking scores between the allosteric sites
and the active site for the competitive inhibitor 166830 mea-
sured less than 1 kcal/mol. The predicted binding affinity of
compound 166829 was greater at allosteric site 3. From our
docking models, inhibitor 166369 exhibited approximately
equal preference for the active site and the allosteric site.
Furthermore, allosteric site 3 is positioned between the two
domains (P and catalytic); this allosteric site may possibly
disturb domain association, which could interrupt enzymatic

Fig. 4. Lineweaver-Burk plots for the most potent PC2 inhibitors: 166829
(A), 166830 (B), and 166369 (C). Kinetic assays were performed in dupli-
cate using the following concentrations: 0 (F), 5 (f), 10 (Œ), or 50 �M (�).

Fig. 5. Dose-response curves for 166369 against various forms of PC1/3.
Assays were performed in triplicate using the compound 166369 in the
concentration range 0 to 500 �M against the 87-kDa (F) and 66-kDa (E)
forms of PC1/3 (A) and against PC2 (B).

TABLE 1
Cross-inhibition of furin, PC1/3, and PC2 by the best 2,5-
dideoxystreptamine derivatives

Compounds
IC50

Furin PC1/3 PC2

�M

166631 2 �R2 � 0.96� 22 �R2 � 0.99� �500
166550 5 �R2 � 0.99� 33 �R2 � 0.99� �500
166811 1.5 �R2 � 0.98� 5 �R2 � 0.98� �500
166812 0.65 �R2 � 0.98� 20 �R2 � 0.97� �500
166829 �50 �50 �R2 � 0.76� 4 �R2 � 0.97�
166830 �50 �50 �R2 � 0.84� 2 �R2 � 0.99�
166369 �50 �50 �R2 � 0.99� 4.5 �R2 � 0.98�
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function. Residues within 3 Å of each inhibitor at putative
binding sites are listed in Table 4; residues within 2 Å are in
bold.

Discussion
The multiple roles for prohormone convertases in human

pathophysiology (for review, see Fugère and Day, 2005) make
them prime targets for the development of therapeutic drugs.
A variety of PC inhibitors have been described during the
past decade; these consist of proteins, peptides, and nonpep-
tide small molecules (Angliker et al., 1993; Cameron et al.,
2000a; Fugère et al., 2002). The use of macromolecule inhib-
itors such as proteins and larger peptides is hampered by
their poor permeability and lesser specificity and stability.
By contrast, small-molecule inhibitors exhibit long-lasting
metabolic and proteolytic stability, enhanced bioavailability,
and easier syntheses (Bogdanovic and Langlands, 2005),
making them more attractive as potential therapeutic
agents. Indeed, several types of small molecule convertase
inhibitors have been reported thus far, for example diter-
penes (Basak et al., 1999), heterocyclic compounds (Brinker-
hoff et al., 2002; Podsiadlo et al., 2004), and dicoumarol and
derivatives (Komiyama et al., 2009). However, the most po-
tent small molecule convertase inhibitors described to date
are inhibitors based on the 2,5-dideoxystreptamine scaffold,

which exhibit nanomolar Ki values against furin (Jiao et al.,
2006b).

It has been much more difficult to identify potent and
stable small molecule inhibitors of PC1/3 and PC2 than of
furin. Although inhibitors with Ki values in the nanomolar
range have previously been described for PC1/3, these are
either endogenous inhibitory peptides/propeptides (Boud-
reault et al., 1998a; Cameron et al., 2000b; Qian et al., 2000),
substrate analog peptides (Becker et al., 2010), or amidated
hexapeptides (Apletalina et al., 1998). To date, the only non-
peptide PC1/3 inhibitors described are certain androgra-
pholide derivatives, which only weakly inhibit PC1/3 (Basak
et al., 1999). PC2 is known to have a potent natural inhibitor
in the form of the 7B2 carboxyl-terminal peptide (Apletalina
et al., 2000a); it is also inhibited by the cystatin-related
epididymal spermatogenic protein (Cornwall et al., 2003).
The only previous report of small molecule PC2 inhibitors are
certain pyrrolidine bis-piperazines and bicyclic guanidines,
which inhibit this enzyme with micromolar potency (Kowal-
ska et al., 2009).

In the work described here, we screened 45 compounds
obtained by derivatization of the 2,5-dideoxystreptamine
scaffold with guanidinyl and aryl substitutions in various
positions. We show that 2,5-dideoxystreptamine derivatives
can selectively inhibit PC1/3 and PC2 with inhibition con-
stants in the sub- to low micromolar range, depending on the

Fig. 6. Structures and dose-response
curves of compounds 166691 and 166646
against PC2. The structures show the
various aryl groups in different positions
on the dideoxystreptamine scaffold (A).
For compound 166691, the assay was per-
formed in the concentration range 0 to
500 �M (B, 1), whereas for 166646, the
dose-response curve was carried out using
concentrations between 0 and 100 �M (B, 2).
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nature and position of the substituents on the 2,5-dideoxys-
treptamine core structure. Overall, the binding poses ob-
tained from our docking models suggest common interactions
between the various inhibitors with PC1/3. In particular, we

identified the spatial locations of three guanidinyl groups
that seem to define their potency. These pharmacophore
features closely resemble those previously reported for furin
(Jiao et al., 2006b), explaining their poor selectivity between

Fig. 7. Inhibition of proglucagon processing
in vitro- proglucagon gel assay. A, progluca-
gon (PG) processing by PC1/3 in the presence
and absence of the best inhibitors. B, proglu-
cagon processing by PC2 in the presence and
absence of the best inhibitors. Note that only
early proglucagon cleavages are detected by
this method.

Fig. 8. Inhibition of proglucagon processing in vitro gluca-
gon radioimmunoassay. Effect of 2,5-dideoxystreptamine
derivatives (166829, 166830, and 166369) and the pyrroli-
dine bis-piperazine 1435-6 on PC2-mediated cleavage of
glucagon from proglucagon, as measured by RIA. The ex-
periment was carried out in duplicate using a highly spe-
cific glucagon RIA; inhibitor concentrations used were 0.25,
1, 2.5, 5, 10, and 50 �M. The percentage of glucagon pro-
duction was calculated from the equation (Ci/C0) 	 100,
where Ci and Co are the concentrations of glucagon obtained in
the presence and absence of inhibitors, respectively.
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PC1/3 and furin. Our models also lead us to suggest struc-
tural modifications to enhance potency, such as the incorpo-
ration of a hydrogen bond acceptor at the ortho or para
position of the naphthyl group of compound 166811. We also
found that one of the guanidinyl groups directly attached to

the cyclohexyl ring does not interact with any residues in the
PC1/3 binding pocket. These observations agree well with the
binding poses of related compounds previously modeled into
the furin active site (Jiao et al., 2006b).

Kinetic studies showed that the hydrolysis of fluorogenic
substrate by PC1/3 is competitively inhibited by com-
pounds 166811, 166812, 166550, and 166631, suggesting
similar interactions between these molecules and the
PC1/3 active site, a conclusion supported by the similar
binding poses obtained from docking studies. It is notewor-
thy that only compound 166830 seems to interact directly
with the PC2 active site, whereas the inhibition kinetics of
166829, a noncompetitive inhibitor, and 166369, which
exhibits a mixed-type inhibition, imply the involvement of
allosteric sites. Indeed, our molecular modeling and dock-
ing experiments suggest the possible presence of three
such allosteric sites. Experimental confirmation of these
allosteric sites will allow the development of structure-
activity relationships and increase our understanding of
PC regulation.

A comparison of the mechanisms and specificity of inhi-
bition of PC1/3, PC2, and furin by the various 2,5-dideo-
xystreptamine derivatives revealed striking differences.
Whereas PC2 was inhibited only by compounds 166829,
166830, and 166369, with different mechanisms that in
some cases suggest allostery, PC1/3 and furin were both
competitively inhibited—albeit to different extents— by
compounds 166811, 166812, 166550, and 166631. The sim-
ilar inhibitor specificity of furin and PC1/3 agrees with the
observation that these two convertases are much more
closely related to each other than they are to PC2 (Oliva et
al., 2000). This relative selectivity showing good differen-
tiation of PC1/3 from PC2 inhibitors is promising for the
development of PC2-specific inhibitors. Although the dif-
ferentiation of PC1/3 inhibitors from furin inhibitors con-
tinues to represent a difficult problem, as also reported by
other groups (Jiao et al., 2006b; Komiyama et al., 2009;
Becker et al., 2010), it is possible that lesser selectivity
could represent an advantage under certain circum-
stances, if it is necessary for effective inhibition of several
PCs with redundant functions.

Glucagon radioimmunoassays revealed that a 2.5 �M
concentration of the best PC2 dideoxystreptamine inhibi-
tor, compound 166830, was able to inhibit immunoreactive
glucagon production from proglucagon (a late PC2-medi-
ated processing step) by more than 50%; our previous best
PC2 inhibitor, the pyrrolidine bis-piperazine 1435-6, did
not achieve this level of inhibition even at 50 �M. We were
excited to find that compound 166830 was also able to
block PC2 activity in cell culture, as assessed by glucagon
radioimmunoassay. This is the first demonstration of pro-

Fig. 9. Inhibition of glucagon synthesis by the 2,5-dideoxystreptamine deriva-
tive 166830 and the pyrrolidine bis-piperazine 1435-6 in �-TC6 cells. A, gluca-
gon RIA. �-TC6 cultures were incubated with compounds 166830 and 1435-6 at
a final concentration of 75 �M for 36 h. Cell extracts were then collected for total
glucagon determination by RIA. Data represent the mean 
 S.D. from quadru-
plicate wells from a representative experiment. �, significantly less (p � 0.0001)
than the values obtained from control cultures incubated with the vehicle,
Opti-MEM. B, cytotoxicity assay. In a parallel experiment, the WST-1 assay
was used to determine the viability of �-TC6 cells after treatment with the
inhibitors used above at the same final concentrations. The experiment was
carried out using quadruplicate wells, and the data represent the mean 
 S.D.

TABLE 2
Residues within the PC1/3 binding pocket predicted to be in contact with the most potent PC1/3 inhibitors
Residues within 2 Å are shown in bold.

166631 His93, Leu126, Val130, Glu135, Ser152, Trp153, Gly154, Pro155, Asn156, Asp157, Glu163, Gly164, Ala191, Ser192,
Gly193, Asn194, Asp205, Tyr207, Thr208, Ser267

166550 Glu90, Leu126, Gly128, Val130, Glu135, Trp153, Gly154, Pro155, Asn156, Asp157, Glu163, Gly164, Ala191, Gly193,
Asn194, Asp205, Tyr207

166811 His93, Leu126, Val130, Glu135, Ser152, Trp153, Gly154, Pro155, Asn156, Asp157, Glu163, Gly164, Ala191, Gly193,
Asn194, Asp205, Tyr207, Ser267

166812 His93, Leu126, Val130, Glu135, Ser152, Trp153, Gly154, Pro155, Asn156, Asp157, Glu163, Gly164, Ala191, Ser192,
Gly193, Asn194, Asp205, Tyr207, Thr208, Ser267
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hormone convertase inhibition by a small-molecule inhib-
itor within cells and clearly shows that glucagon synthesis
can be pharmacologically inhibited in this pancreatic glu-
cagon-synthesizing cell line. These results make this com-
pound an attractive target for further chemical modifica-
tion to increase inhibitory potency, which might be
therapeutically useful in lowering blood sugar in diabetics.

It is interesting to note that certain compounds, such as
166691 and 166646, stimulated PC2 activity by up to 50%.
Structural examination of these compounds provides clues
as to underlying reasons for inhibition and stimulation.
The presence of multiple aryl groups, such as those present
on compounds 166691 and 166646, and probably their
spatial distribution on the scaffold, seem to be associated
with stimulation. We have previously reported that L-poly-
arginines (Cameron et al., 2000a) and bicyclic guanidines
are also able to activate PC2 at very low concentrations,
though pyrrolidine bis-piperazine-based inhibitors do not
(Kowalska et al., 2009). We speculate that bicyclic guani-

dines and the aryl-derivatized dideoxystreptamine com-
pounds described here may allosterically bind an exosite,
effecting a conformational change that enhances enzyme
activity. One such exosite near the PC2-specific P4 canopy
sequence is known to contribute to binding of the 7B2 CT
peptide, a tight-binding, PC2-specific inhibitor (Benjannet

Fig. 10. Binding poses of inhibitors mod-
eled into the PC1/3 active site. A, mole-
cule 166811 is shown in licorice; only po-
lar hydrogen bonds are displayed. The
molecular surface of PC1/3 binding site is
colored by electrostatic potential. B, over-
lay of docking poses obtained for four
PC1/3 inhibitors.

Fig. 11. Molecular representation of PC2. Overall view. Spheres repre-
sent the locations of binding sites: red, active site; orange, allosteric
binding sites; and blue, a key allosteric binding site.

Fig. 12. Binding poses of inhibitors modeled into the PC2 active site and
allosteric sites (best inhibitors). The arrow shows the entrance of the S1
pocket. A and B have almost the same orientation, showing the active site
where compound 166830 is positioned (A) and the potential allosteric site
1 for the binding of compound 166829 (B), which is on the opposite side of
the P4 (S4) subsite. C, binding poses of compound 166369 in allosteric site
3, which approaches the active site from the P4 (S4) subsite.
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et al., 1998; Zhu et al., 1998; Apletalina et al., 2000b).
However, experimental testing by mutagenesis will be re-
quired to confirm direct binding of these molecules to
predicted allosteric sites. PC2 stimulation represents a
biochemical effect that might have eventual therapeutic
relevance in the management of acute and chronic pain, for
example by increasing the production of the PC2-synthe-
sized opioid peptides �-endorphin (for review, see Mains
and Eipper, 2000) and Met-and Leu- enkephalin (Peinado
et al., 2003).

We were surprised that compound 166369, which inhib-
its PC2 with a mixed-type mechanism at high concentra-
tions, was found to stimulate the 87-kDa form of PC1/3 at
low concentrations. It is noteworthy that this compound
cannot stimulate 66-kDa PC1/3 at any concentration but
instead behaves solely as an inhibitor. The difference be-
tween these two forms of PC1/3 consists of the presence of
an additional 21-kDa carboxyl-terminal domain in the 87-
kDa form; three groups have shown that 66-kDa PC1/3 is
much more active than the 87-kDa form (Rufaut et al.,
1993; Zhou and Lindberg, 1994; Boudreault et al., 1998b;
Rabah et al., 2007). The carboxyl-terminal tail has been
proposed as an inhibitor of PC1/3 (Jutras et al., 1997),
although others have found bimodal effects (Rabah et al.,
2007). We speculate that compound 166369 might bind
directly to this carboxyl-terminal domain and that this
would then result in enhanced catalytic efficiency of the
active site, possibly mimicking the more active conforma-
tion of 66-kDa PC1/3. Once this higher affinity allosteric
stimulatory site is saturated, compound 166369 could then
bind directly to the active site, acting as an inhibitor, thus
explaining the bimodal concentration curve. Again, further
experiments will be required to demonstrate the precise
mechanism and sites at which stimulators bind; however,
because we lack a crystal structure for the carboxyl-termi-
nal domain, no modeling is yet possible.

PC1/3 is the major enzyme involved in proinsulin pro-
cessing; therefore, a drug that effectively stimulated PC1/3
could represent a valuable tool for increasing levels of
endogenous insulin (in, for example, certain forms of dia-
betes in which the insulin precursor is known to be up-
regulated) (Pfützner et al., 2004). If the same drug, for
example compound 166369, can be shown to block proglu-
cagon processing to glucagon, this would provide a double
benefit, because glucagon acts in functional opposition to
insulin, and glucagon antagonists are highly sought for
purposes of glycemic control [indeed, elevated levels of
glucagon seem to contribute to the progression of type 2
diabetes mellitus (Quesada et al., 2008)].
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TABLE 4
Residues present at different binding sites predicted to be in contact
with PC2 inhibitors
Residues within 2 Å are shown in bold.
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His96
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Pro159
Asp161
Trp194
Ala195
Ser196
Gly197
Asp198
Asp208
Ala211
Tyr231
Arg267
Ser269
Gly270
Ser272
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Trp215
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His355
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Trp440
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Asp203
Asp208
Glu233
Ser272
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T (2004) Fasting intact proinsulin is a highly specific predictor of insulin resistance
in type 2 diabetes. Diabetes Care 27:682–687.

Podsiadlo P, Komiyama T, Fuller RS, and Blum O (2004) Furin inhibition by
compounds of copper and zinc. J Biol Chem 279:36219–36227.

Qian Y, Devi LA, Mzhavia N, Munzer S, Seidah NG, and Fricker LD (2000) The
C-terminal region of proSAAS is a potent inhibitor of prohormone convertase 1.
J Biol Chem 275:23596–23601.

Quesada I, Tudurí E, Ripoll C, and Nadal A (2008) Physiology of the pancreatic
alpha-cell and glucagon secretion: role in glucose homeostasis and diabetes. J
Endocrinol 199:5–19.

Rabah N, Gauthier D, Dikeakos JD, Reudelhuber TL, and Lazure C (2007) The
C-terminal region of the proprotein convertase 1/3 (PC1/3) exerts a bimodal reg-
ulation of the enzyme activity in vitro. FEBS J 274:3482–3491.

Rhodes CJ, Thorne BA, Lincoln B, Nielsen E, Hutton JC, and Thomas G (1993)
Processing of proopiomelanocortin by insulin secretory granule proinsulin process-
ing endopeptidases. J Biol Chem 268:4267–4275.

Richer MJ, Keays CA, Waterhouse J, Minhas J, Hashimoto C, and Jean F (2004) The
Spn4 gene of Drosophila encodes a potent furin-directed secretory pathway serpin.
Proc Natl Acad Sci USA 101:10560–10565.
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