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ABSTRACT
The proprotein convertases are believed to be responsible for
the proteolytic maturation of a large number of peptide hor-
mone precursors. Although potent furin inhibitors have been
identified, thus far, no small-molecule prohormone convertase
1/3 or prohormone convertase 2 (PC2) inhibitors have been
described. After screening 38 small-molecule positional scan-
ning libraries against recombinant mouse PC2, two promising
chemical scaffolds were identified: bicyclic guanidines, and
pyrrolidine bis-piperazines. A set of individual compounds was
designed from each library and tested against PC2. Pyrrolidine
bis-piperazines were irreversible, time-dependent inhibitors of
PC2, exhibiting noncompetitive inhibition kinetics; the most
potent inhibitor exhibited a Ki value for PC2 of 0.54 �M. In

contrast, the most potent bicyclic guanidine inhibitor exhibited
a Ki value of 3.3 �M. Cross-reactivity with other convertases
was limited: pyrrolidine bis-piperazines exhibited Ki values
greater than 25 �M for PC1/3 or furin, whereas the Ki values of
bicyclic guanidines for these other convertases were more than
15 �M. We conclude that pyrrolidine bis-piperazines and bicy-
clic guanidines represent promising initial leads for the optimi-
zation of therapeutically active PC2 inhibitors. PC2-specific
inhibitors may be useful in the pharmacological blockade of
PC2-dependent cleavage events, such as glucagon production
in the pancreas and ectopic peptide production in small-cell
carcinoma, and to study PC2-dependent proteolytic events,
such as opioid peptide production.

Prohormone convertases 1/3 and 2 (PC1/3 and PC2) are
subtilisin/kexin-like serine proteases with acidic pH optima,
consistent with their function in the calcium-rich acidic se-
cretory granules of neuroendocrine cells (Rouille et al., 1995;
Cameron et al., 2001). PC1/3 and PC2 share many biochem-
ical and functional characteristics; both work together to
mediate the proteolytic activation of a wide variety of peptide
hormone precursors. For example, the processing of proinsu-
lin to insulin is carried out mainly by PC1/3 (Smeekens et al.,
1992), whereas glucagon is processed from proglucagon in-
termediates by PC2 (Rouille et al., 1997). Perhaps the most
well studied precursor in terms of proteolytic processing is
proopiomelanocortin (POMC), which is processed extensively
both by PC1/3 and PC2. In AtT-20 cells, which express
mainly PC1/3, adrenocorticotropin and �-lipotropin are gen-
erated, along with small amounts of �-endorphin (Benjannet
et al., 1991; Bloomquist et al., 1991; Thomas et al., 1991).
When PC2 is transfected into these cells, additional cleav-
ages occur, which result in the generation of the adrenocor-

ticotropin cleavage product �-melanocyte stimulating hor-
mone and larger amounts of �-endorphin (Zhou and Mains,
1994); this pattern resembles POMC cleavage in the PC2-
expressing intermediate lobe of the pituitary.

Small-molecule enzyme inhibitors constitute the largest
class of pharmacologically active compounds. Many small-
molecule inhibitors have been reported to date against the
proprotein convertase furin (Basak et al., 1999; Podsiadlo et
al., 2004; Jiao et al., 2006); these may be useful in blocking
many furin-dependent pathological processes (Fugere and
Day, 2005). However, no small-molecule inhibitors of propro-
tein convertases other than furin have yet been identified.
PC2-specific inhibitors may be useful in the pharmacological
blockade of PC2-dependent cleavage events, such as glucagon
production in blood sugar control, or ectopic peptide produc-
tion in small-cell carcinoma. We present data on promising
inhibitors obtained from small-molecule library screens us-
ing recombinant PC2.

Materials and Methods
Synthesis of Small-Molecule Compounds and Libraries. All

of the libraries and compounds were synthesized at the Torrey Pines
Institute for Molecular Studies (San Diego, CA). An N-acylated bi-
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cyclic guanidine positional scanning library was screened against
purified PC2 at a final library concentration of 0.05 mg/ml. This
library was synthesized using the libraries-from-libraries approach
(Ostresh et al., 1998), in which a resin-bound tripeptide library is
chemically modified using borane-tetrahydrofuran to reduce amide
bonds, resulting in a tetra-amine library; cyclized using thiocarbon-
yldiimidazole; acylated with carboxylic acids; and cleaved from the
resin using hydrogen fluoride (Scheme 1). The resulting N-acylated
bicyclic guanidine library was made up of four positions of diversity,
in which R1 and R2 are synthesized using 34 different L- and D-
amino acids, R3 is made up of 17 L- and D-amino acids, and the R4
position is added using 56 different carboxylic acids. The library is
made up of mixtures systematically arranged in a positional scan-
ning format (Houghten et al., 1999, 2008), in which each mixture has
one defined R position with the other R positions as mixtures. The
total number of compounds in this library is 1,100,512. A set of 32
individual compounds (TPI 1267) derived from the combinations of
the functionalities defined in the most active mixtures was then
synthesized and tested for PC2 inhibition. Two additional bicyclic
guanidines (TPI 1669-2 and 7) were also synthesized in an effort to
identify improved inhibitors.

The pyrrolidine bis-piperazine library was screened against puri-
fied mouse PC2 at a final inhibitor concentration of 0.1 mg/ml. This
library was synthesized using the libraries-from-libraries approach
(Hensler et al., 2006), in which a resin-bound proline-containing
acylated tetrapeptide is chemically modified into a pyrrolidine bis-
piperazine scaffold. The library is made up of four positions of diver-
sity, in which R1, R2, and R3 each are synthesized using 26 different
L- and D-amino acids, and the R4 position is added using 42 different
carboxylic acids (Scheme 2). The library is made up of 120 mixtures
systematically arranged in a positional scanning format in which
each mixture has one defined R position with the other R positions as
mixtures. The total number of compounds in this library is 738,192.
Finally, a set of 20 individual pyrrolidine bis-piperazine compounds
(TPI 1435: 1–20), derived from combinations of the functionalities
defined in the most active mixtures from the piperazine library, was
synthesized and tested for PC2 inhibition.

Preparation of mPC1/3, mPC2, and Human Furin. Mouse
87-kDa PC1/3 and activated 66-kDa mouse PC2 were purified from
the conditioned medium of stably transfected, methotrexate-ampli-
fied CHO cells as described previously (Zhou and Lindberg, 1993;
Lamango et al., 1996). Human soluble furin was purified from the
conditioned medium of methotrexate-amplified, stably transfected
CHO DG44 cells (Kacprzak et al., 2004).

Library Screen and Enzyme Assays. The assay for PC2 was
performed in 96-well polypropylene microtiter plates with 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 pyr-Glu-Arg-Thr-Lys-Arg-methylcoumarinamide (Peptide
Institute, Lexington, KY) was used at a final concentration of 50 �M,
except where otherwise stated. PC2 was used at a final concentration
of 3.1 nM, which generated 0.4 fluorescence units/min (where 1
fluorescence unit corresponds to 3.8 pmol aminomethyl coumarin).
Except where indicated differently, inhibitors were preincubated
with enzyme for 30 min at 37°C before the addition of substrate. All
assays were performed either in duplicate or triplicate (as indicated)
for 1 h at 37°C and were quantitated using a Fluoroscan Ascent
fluorometer (LabSystems, Waltham, MA) with an excitation/emis-
sion wavelength of 380/460 nm. Data were analyzed using GraphPad
Prism 4 (GraphPad Inc., San Diego, CA).

The PC1/3 assay was performed at a final concentration of 16 nM
PC1/3, 100 mM sodium acetate, pH 5.5, 2 mM CaCl2, 0.2% octyl
glucoside, 0.1% NaN3, and 0.1 mg/ml BSA. The furin assay was
performed using 1.5 nM furin in 100 mM HEPES, pH 7.0, 2 mM
CaCl2, 0.2% octyl glucoside, 0.1% NaN3, and 0.1 mg/ml BSA.

Enzyme Kinetics. Studies of PC2 inhibition kinetics were con-
ducted at the various concentrations of substrate and inhibitors
shown in the figures. Bicyclic guanidines (final concentrations, 5–17
�M) were preincubated with the enzyme for 2 h at 37°C before the
addition of substrate. For the Ki value determinations of pyrrolidine
bis-piperazines, preincubation was carried out for 4 h. To investigate
the Ki values of the various pyrrolidine bis-piperazine isomers
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(range, 2.5–18 �M), a 2-h preincubation preceded the addition of the
substrate (final concentration, 100 �M). Ki values were calculated
using a least-squares fitting technique (EnzFitter; Biosoft, Cam-
bridge, UK). The Km for PC2, 32 �M, was obtained from the x-inter-
cept of the Lineweaver-Burk double reciprocal plot. The Km values
for PC1/3 and furin were 11 and 8 �M, respectively (Cameron et al.,
2000a).

Reversibility of Inhibition. Two hundred-microliter samples of
PC2 were preincubated with inhibitor in reaction buffer at final
concentrations of 6.5 �M (for 1435-6) or 11 �M (for 1267-7) at 37°C
for 75 min. Samples were then dialyzed in a Slide-A-Lyzer Mini-
Dialysis unit (10,000 molecular weight cutoff; Pierce Chemical, Rock-
ford, IL) against 300 ml of ice-cold buffer containing 100 mM sodium
acetate, 2 mM CaCl2, 0.2% octyl glucoside, and 0.1% NaN3, pH 5.0.
Enzyme activity was measured in triplicate after 6 h and after 21 h
of dialysis at a substrate concentration of 0.2 mM using a Fluoroscan
Ascent fluorometer.

POMC and Proglucagon Cleavage. His-tagged mouse proopio-
melanocortin (mPOMC) was prepared via Escherichia coli overex-
pression, as described in Ozawa et al. (2007). Human proglucagon
was prepared as described in Bonic and Mackin (2003). PC2 (15 nM)
was preincubated for 2 h at 37°C with various concentrations of the
pyrrolidine bis-piperazine 1435-6, as shown in Fig. 9, in 100 mM
sodium acetate, pH 5.0, containing 5 mM CaCl2, 0.1% Brij 35, and
20% dimethyl sulfoxide. After this preincubation, 8 �g of either
mPOMC or human proglucagon were added. Proteolysis was carried
out for 6 h at 37°C; concentrated Laemmli sample buffer was then
added, and the samples were boiled. Digestion products were sepa-
rated on 18% polyacrylamide Tris-HCl gels and Coomassie-stained.

Results
Bicyclic Guanidine and Piperazine Scaffolds Repre-

sent Strong Inhibitors of PC2. After screening the posi-
tional scanning N-acylated bicyclic guanidine library, six
mixtures having an R1 position with greater than 90% inhi-
bition of PC2 were identified. Four of these, namely mixtures
composed of R-4-hydroxybenzyl (mixture 12), R-2-napthylm-
ethyl (20), S-4-chlorobenzyl (23), and S-cyclohexyl groups
(27), contained large hydrophobic ring moieties. The other
two active mixtures, S-ethyl (13) and S-propyl (15) contained
short aliphatic functionalities. Only two mixtures were found
to be active at the R2 position, namely mixtures 38 (S-
isobutyl) and 46 (R-4-hydroxybenzyl). No mixtures at the R3
position were found to have greater than 50% inhibitory
activity; mixtures 81 (R-cyclohexylmethyl) and 85 (R-4-me-
thoxybenzyl) were the most inhibitory. With regard to the R4
position, mixtures 100 (3-[3,4-dimethoxyphenyl]-propyl) and
106 (2-methoxyphenylpropyl) were clearly the most active.
These data are summarized in Fig. 1.

Individual active compounds were identified from posi-
tional scanning libraries by synthesizing compounds contain-
ing the functionalities defined in the most active mixtures of
the various libraries. From the N-acylated bicyclic guanidine
library, four mixtures were chosen from R1 (mixtures 12, 13,
20, and 23), and two mixtures each were chosen from R2 (38
and 46), R3 (81 and 85), and R4 (100 and 106) to make
individual compounds. Thus, 32 individual N-acylated bicy-
clic guanidine compounds (TPI 1267) were synthesized based
on combinations of the functionalities defined in the most
active mixtures and were tested for PC2 inhibition. Figure 2
shows the inhibitory activities of the most active individual
N-acylated bicyclic guanidines; the Ki values of these com-
pounds were in the micromolar range. The most active bicy-
clic guanidine, 1267-7, inhibited PC2 with a Ki value of 3.3

�M. Two additional bicyclic guanidines were synthesized in
an effort to identify more potent PC2 inhibitors. Because
1267-7 contained many hydroxybenzyl and methoxybenzyl
groups, compound 1669-2 was synthesized by including an
additional methoxy group at the R4 position and replacing
the 4-methoxybenzyl group at R3 with 4-hydroxybenzyl. This
compound had inhibitory activity (Ki � 3.6 �M) against PC2
very similar to that of 1267-7 (Fig. 2). A second compound
was prepared by reducing the length between the dimethoxy-
benzyl group and the amide bond at the R4 position and
resulted in the compound 1669-7; this compound was much
less active than 1267-7 (Ki � 10 �M).
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Fig. 1. Bicyclic guanidine library screening against PC2. The N-acylated
bicyclic guanidine positional scanning library was tested at 0.05 mg/ml
against PC2. R1, R2, R3, and R4 represent the four diversity positions of
the library. The percentage of inhibition was calculated from (1 � Vi/V0) �
100, where Vi and V0 are the enzyme velocities (fluorescence units per
minute) in the presence and absence of inhibitor, respectively. The per-
centage of inhibition is expressed as the mean � S.D. and is performed in
duplicate.
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Pyrrolidine Bis-Piperazines are Submicromolar In-
hibitors of PC2. A single 96-well plate containing scaffolds
of 37 libraries was screened at 0.1 and 0.05 mg/ml against
purified PC2 (data not shown). Several scaffolds containing
bicyclic guanidines were identified as strong inhibitors, and
the pyrrolidine bis-piperazine scaffold was identified as well.
The pyrrolidine bis-piperazine positional scanning library
was then tested at 0.1 mg/ml against PC2 (Fig. 3), and active
functional groups were identified. The R4 position contrib-
uted most to the inhibition. Nine mixtures were found to
have more than 50% inhibitory activity, and the most active
mixtures were 92 (2-[4-isobutyl-phenyl]-propyl), 94 (2-[3,5-
bis-trifluoromethyl-phenyl]-ethyl), and 116 (4-tert-butyl-cy-
clohexyl-methyl). Four R1 mixtures exhibited inhibitory ac-
tivity between 50 and 60%, namely mixtures 23, 24, 25, and
26. Similar inhibitory activity was found in the R2 and R3
positions. The four mixtures at the R2 position that exhibited
at least 50 to 60% were mixtures 49, 50, 51, and 52. Finally,
the four most inhibitory mixtures at the R3 position were
mixtures 75, 76, 77, and 78. The most effective functionalities
defined at the R1, R2, and R3 positions were the large hy-
drophobic ring moieties of R- or S-2-naphthylmethyl and R-
or S-cyclohexyl.

Individual active compounds are identified from positional
scanning libraries by synthesizing compounds that contain
the functionalities that are defined in the most active mix-
tures of the libraries. From this pyrrolidine bis-piperazine
library, two mixtures each were chosen from R1 (25 and 26)
and R2 (49 and 52), one mixture from R3 (85), and five
mixtures from R4 (92, 93, 94, 113, and 116) to make individ-

ual compounds. Thus, the most inhibitory functionalities
were combined to synthesize 20 individual pyrrolidine bis-
piperazine compounds (TPI 1435). These compounds were
tested for inhibition against PC2. It is interesting to note that
the isomeric pair of compounds 1435-6 and 1435-16 exhibited
similar inhibitory activity (Ki values obtained after 2-h pre-
incubation with PC2 were 3.5 � 0.5 and 2.7 � 0.8 �M,
respectively), whereas the isomeric pairs 1435-5 (Ki � 6.4 �
1 �M) and 1435-15 (Ki � 12.8 � 1 �M), and 1435-8 (8.8 � 0.7
�M) and 1435-18 (2.2 � 0.5 �M) were significantly different
in inhibitory potency. These data indicate that the spatial
arrangement of substituent groups plays a strong role in
binding to PC2.

The Ki values for the four most active pyrrolidine bis-
piperazines obtained after 4 h of preincubation with PC2
were in the submicromolar range, much better than those of
the best bicyclic guanidines (Fig. 4).

Pyrrolidine Bis-Piperazines and Bicyclic Guani-
dines Are Time-Dependent Inhibitors. To explore the
mechanism of inhibition, the preincubation time and inhibi-
tor concentration were varied. Various concentrations of the
pyrrolidine bis-piperazines 1435-6 (from 0.85 to 27 �M) and
1267-7 (from 3.8 to 27 �M) were preincubated for various
times with PC2; substrate was then added, and the residual
activity was measured (Fig. 5B). The IC50 value of compound
1435-6 was progressively reduced with increasing time of
preincubation, indicating that pyrrolidine bis-piperazines act
as slow-binding, time-dependent inhibitors of PC2. The abil-
ity of bicyclic guanidines to inhibit PC2 was also time-depen-
dent, although less so than bis-piperazines (Fig. 5A).
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To determine whether inhibition was reversible, inhibited
and noninhibited PC2 was extensively dialyzed against reac-
tion buffer. Enzyme inhibited with the pyrrolidine bis-piper-

azine 1435-6 still exhibited 87% inhibition after 6 h and 80%
inhibition after 21 h, compared with parallel samples con-
taining uninhibited PC2. For the bicyclic guanidine 1267-7,
these values were 37 and 29% inhibition, respectively. These
data indicate that inhibition by pyrrolidine bis-piperazines,
and to a lesser extent bicyclic guanidines, is not readily
reversible.

Analysis of Inhibition Mechanism Reveals Non-
competitive Kinetics. Lineweaver-Burk plots were gen-
erated to obtain information on the inhibition mechanism
of bicyclic guanidines and pyrrolidine bis-piperazines (Fig.
6). Data for the best bicyclic guanidine, 1267-7, are shown
in Fig. 6A; these data exhibit a better fit to the equation for
noncompetitive inhibition than to that of competitive inhi-
bition (r2 � 0.99 versus 0.90, respectively). Similar results
were found for pyrrolidine bis-piperazines (r2 � 0.96 for fit
to the noncompetitive and 0.90 for competitive inhibition
equations) (Fig. 6B). To confirm a strictly noncompetitive
mechanism of inhibition for pyrrolidine bis-piperazines,
Vi/V0 values were plotted against inhibitor concentration
at four different substrate concentrations (Fig. 7). IC50

values obtained from this graph (inhibitor concentrations
for which Vi/V0 � 0.5) were 2.6, 2.9, 2.7, and 2.7 �M for the
substrate concentrations 200, 100, 50, and 25 �M, respec-
tively. The fact that these values are independent of [S]
(Fig. 7, inset) strongly supports a noncompetitive mecha-
nism for PC2 inhibition for pyrrolidine bis-piperazines.

Low Concentrations of Bicyclic Guanidines Stimu-
late PC2. We observed that low concentrations of certain
bicyclic inhibitors paradoxically stimulated enzyme activity
(Fig. 8), similarly to the known stimulation of PC2 by various
polyarginines (Cameron et al., 2000a). Because of this para-
doxical stimulation effect, these lower concentrations were
not included in kinetic calculations.

Pyrrolidine Bis-Piperazines Inhibit PC2 More Po-
tently than PC1/3 and Furin. The inhibitory specificity of
pyrrolidine bis-piperazines and bicyclic guanidines were
tested against mPC1/3 and human furin, other prohormone
convertase family members. The Ki values against PC1/3,
PC2, and furin are summarized in Table 1. The Ki value of
the best bis-piperazine against PC1/3 was greater than 40
�M, at least 74 times higher than the Ki value of this com-
pound against PC2. When tested against furin, these Ki

values were greater than 25 �M, at least 45 times higher
than those against PC2. The Ki values for bicyclic guanidines
against PC1/3 were greater than 20 �M, approximately 6
times higher than those against PC2. The Ki values for bicy-
clic guanidines against furin were greater than 15 �M, ap-
proximately 4.5 times higher than against PC2. These cross-
inhibition data indicate that pyrrolidine bis-piperazines
exhibit much greater specificity for PC2 than do bicyclic
guanidines.

POMC and Proglucagon Cleavage Is Inhibited by
Pyrrolidine Bis-Piperazines. To determine whether these
PC2 inhibitors can block PC2-mediated cleavage of physio-
logically relevant substrates, one of the most potent inhibi-
tors, the pyrrolidine bis-piperazine 1435-6, was preincubated
with POMC or proglucagon at various concentrations. Figure
9 shows that 1435-6 can block the processing of both POMC
(Fig. 9A) and proglucagon (Fig. 9B). Unexpectedly high in-
hibitor concentrations were required to block prohormone
processing compared with inhibition of fluorogenic substrate
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hydrolysis. It is interesting to note that all bands were
equally inhibited, suggesting no preference of inhibition at
particular sites.

Discussion
Proprotein convertases, maturation enzymes in the secre-

tory pathway, represent known targets for both natural and
exogenous inhibitors. Natural inhibitors of PC2 consist of the
7B2 and its carboxy-terminal peptide (Martens et al., 1994)
and the cystatin-related epididymal protein (Cornwall et al.,
2003). proSAAS and its derived peptides represent endoge-
nous inhibitors of PC1/3 (Cameron et al., 2000b; Qian et al.,
2000). The endogenous inhibitor of furin has not yet been
identified; based on peptide library screening, we have pre-
dicted that it should contain a stretch of positively charged
amino acids (Kacprzak et al., 2004).

Convertase inhibitors represent potential therapeutic tar-
gets for cancer and many other diseases (Fugere and Day,
2005); therefore, increasing attention has been paid to the
development of specific and potent synthetic convertase in-
hibitors. Using both in vitro and cell-based assays, several
protein or peptide-based furin inhibitors with excellent in-
hibitory potency have been identified (Angliker et al., 1993;
Jean et al., 1998; Cameron et al., 2000a; Komiyama and
Fuller, 2000; Fugere et al., 2002). However, the large molec-
ular weight, potential immunogenicity, and instability of
many protein- or peptide-based inhibitors is a clear limita-
tion in therapeutic applications. Nonpeptide small molecules
are needed to generate nonimmunogenic, stable, and easily
diffusible enzyme inhibitors. Andrographolide paniculata
diterpines of the labdane family were the first example of
such nonpeptide convertase inhibitors (Basak et al., 1999);
however, inhibition was quite weak and nonspecific. Much

more potent furin inhibitors have been generated recently by
derivatization of 2,5-dideoxytryptamine with the addition of
guanidinylated aryl groups (Jiao et al., 2006) and by using
cell-based assays for screening (Coppola et al., 2007). For
example, guanidinylated aryl compounds exhibit nanomolar
Ki values and possess excellent specificity (Jiao et al., 2006).
These data support the idea that convertases can be specifi-
cally and potently inhibited by small molecules.

In this work, we screened 38 chemical scaffold libraries
containing more than 30 million compounds. Two specific
chemical scaffolds, namely pyrrolidine bis-piperazines and
bicyclic guanidines, were identified as potential inhibitors of
the proprotein convertase PC2. Positional scanning libraries
for these two chemical scaffolds were then tested. Deconvo-
lution of each library resulted in two sets of inhibitory com-
pounds that were identified as submicromolar (pyrrolidine
bis-piperazines) and micromolar (bicyclic guanidines) inhib-
itors of PC2. Both pyrrolidine bis-piperazines and bicyclic
guanidines are positively charged, reminiscent of polyargin-
ine inhibition of furin (Cameron et al., 2000a). We previously
used a decapeptide positional scanning library to show that
an increase in the number of positive charges results in
improved inhibition of PC2 (Kacprzak et al., 2004); we also
found that increasing the number of positive charges in PC2
substrates was correlated with an increase in the specificity
constant (Henrich et al., 2005). Our finding of two positively
charged scaffolds is consistent with these previous peptide
results. Interestingly, low concentrations of one set of posi-
tively charged inhibitors, the bicyclic guanidines, stimulated
PC2 activity in a manner reminiscent of the stimulation of
PC2 by polyarginines, although not as potently (Cameron et
al., 2000a). The mechanism for such stimulation is not known
but represents an interesting area for future study.

N
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N

1435-6
Ki=0.66+0.10 µM

1435-10
Ki=0.59+0.08 µM

N
NHNN

N

N
NHNN

N

1435-16
Ki=0.56+0.07 µM

N
NHNN

N

1435-18
Ki=0.54+0.10 µM

F3C

CF3

Fig. 4. Most active pyrrolidine bis-piperazine
inhibitors of PC2. The values shown repre-
sent the mean and S.E. of Ki value determi-
nations carried out at a final inhibitor con-
centration range from 1.2 to 14 �M, with a
4-h preincubation.
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Because the crystal structure of PC2 is not yet available,
molecular docking of pyrrolidine bis-piperazines into the PC2
structure is not possible; however, models of PCs have been
constructed (Henrich et al., 2005). The substrate binding

region seems to be characterized by the clustering of an
extremely large number of negatively charged residues. We
surmise that the positively charged scaffold in pyrrolidine
bis-piperazines interacts with the highly acidic substrate
binding groove of PC2 and is anchored by Asp278 (Henrich et
al., 2005). Pyrrolidine bis-piperazines 1435-6 and 1435-10,
which both contain a cyclohexylmethyl group at the R1, R2,
and R3 positions, exhibited much greater inhibition of PC2
than inhibitors containing a naphthylmethyl group at R2
(data not shown), implying that certain hydrophobic groups
are favored at the R1, R2, and R3 positions. This is most
likely due to complementary hydrophobic sites in and around
the substrate binding pocket; however, an actual PC2 crystal
structure will be required to determine the precise location of
these subsites. This finding implies that the three-dimen-
sional arrangement of substituent groups plays an important
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-0.04 -0.02 0.02 0.04

10

20A

1/
V

i (
F

U
/m

in
)-1

1/[S], uM-1

1/
V

i (
F

U
/m

in
)-1

-0.02 0.02 0.04

25

50B

1/[S], uM-1

Fig. 6. Lineweaver-Burk plots of pyrrolidine bis-piperazine and bicyclic
guanidine compounds indicate noncompetitive inhibition kinetics. Lin-
eweaver-Burk plots of bicyclic guanidine 1669-2 (A) were generated using
the following inhibitor concentrations: 15 �M (�), 13 �M (F), 9 �M (Œ),
and 0 �M (f). Lineweaver-Burk plots of pyrrolidine bis-piperazine 1435-6
(B) were generated using the following inhibitor concentrations: 8.45 �M
(F), 5.85 �M (�), 4.02 �M (�), 2.68 �M (Œ), and 0 �M (f). The values
shown represent the means � S.D. of triplicate determinations.

0 100 200 300
0

5

10

[S], μM

IC
50

, μ
M

0.0 2.5 5.0 7.5
0.00

0.25

0.50

0.75

1.00

1.25

[I], μM

V
i/V

o

10

Fig. 7. Confirmation of noncompetitive inhibition of pyrrolidine bis
piperazines using a plot of fractional velocity as a function of inhibitor
concentration. The following substrate concentrations were used: 25 �M
(E), 50 �M (ƒ), 100 �M (�), and 200 �M (�). Inset, the lack of effect of
substrate concentration on IC50 values.

-10 -9 -8 -7 -6 -5 -4
100

110

120

130

log 10 [I], M

R
el

at
iv

e 
ac

tiv
ity

 (
%

 o
f c

on
tr

ol
)

Fig. 8. Stimulation of PC2 activity at low concentrations of bicyclic
guanidines. PC2 was preincubated for 2 h with bicyclic guanidines at the
concentrations indicated (Œ, 1669-7; f, 1267-7).

TABLE 1
Inhibition of PC1/3, PC2, and furin by individual pyrrolidine bis-
piperazines and bicyclic guanidines
Values represent the mean � S.D. of Ki determinations carried out in triplicate.

Compound
Ki

PC1/3 PC2 Furin

�M

1435-6 �40 0.66 � 0.10 �25
1435-10 �40 0.59 � 0.08 �25
1435-16 �40 0.56 � 0.07 �25
1435-18 �40 0.54 � 0.10 �25
1669-2 �20 3.60 � 0.30 �15
1669-7 �20 10.0 � 0.90 �15
1267-7 �20 3.30 � 0.50 �15
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role in binding to PC2, an important feature for specific
inhibitor development.

In addition to pyrrolidine bis-piperazines, bicyclic guani-
dines represent another promising subtype of PC2 inhibitor.
During the screening of the 38 chemical scaffold libraries, all
guanidine-containing scaffolds showed strong inhibitory ac-
tivity against PC2. These data imply that building upon the
positively charged guanidine backbone could represent a
promising strategy for the synthesis of future inhibitors.
Among the various guanidine scaffolds, the bicyclic guani-
dines showed the strongest inhibition, with micromolar Ki

values against PC2. The R1 hydrophobic groups of bicyclic
guanidines may bind to hydrophobic residues within the PC2
catalytic domain, especially within the S6, S2, and S2� sub-
sites, modeled previously as occupied by hydrophobic resi-
dues (proline, phenylalanine, and leucine) (Henrich et al.,
2005). The molecular mass of bicyclic guanidine 1267 previ-
ously 7 is 679 Da, which makes it an attractive small-mole-
cule lead compound for further chemical modification in at-
tempts to increase inhibitory potency.

Kinetic studies showed that pyrrolidine bis-piperazines
exhibited slow, irreversible binding with noncompetitive
inhibition kinetics, supporting the idea that these com-
pounds represent promising initial leads. The Ki values of
pyrrolidine bis-piperazines are in the submicromolar
range, in contrast to the low nanomolar Ki inhibitors,
which have been described for furin (Jiao et al., 2006).
Although we were able to block the conversion of the pro-
hormone substrates POMC and proglucagon to smaller
products using the most potent pyrrolidine bis-piperazine,
very high concentrations were required compared with

inhibition of the hydrolysis of fluorogenic substrates. The
reason for this is unknown but may reflect the complexity
of using large substrates with multiple cleavage sites.
Clearly, further chemical modifications of these pyrroli-
dine bis-piperazines will be required to obtain the potency
that previous groups have obtained for furin and to be able
to achieve cellular inhibition of prohormone processing.

It is interesting to note that pyrrolidine bis-piperazines
were found to be relatively selective, with at least 74-fold
higher Ki values against PC1/3 and 45-fold higher Ki values
against furin than against PC2. We believe that these pyr-
rolidine bis-piperazine selectivity data bode well for the fu-
ture development of more specific convertase inhibitors. Ob-
taining convertase-specific inhibitors is paramount in
directing inhibitory potency only to the desired convertase
but often can be difficult to achieve: for example, convertase
prodomains, which represent low nanomolar in trans inhib-
itors, exhibit significant convertase cross-reaction (Fugere et
al., 2002).

In summary, we have identified here novel lead compounds
for the design of specific PC2 inhibitors; this is the first
description of synthetic inhibitors against this enzyme and
should eventually lead to more potent and specific com-
pounds. It is important to note that even the total loss of PC2
activity is not necessarily deleterious. Although PC2-null
mice are hypoglycemic because of their reduced ability to
process proglucagon to glucagon (Furuta et al., 1997), they
are essentially healthy, and their hypoglycemia is correctable
with the addition of exogenous glucagon (Furuta et al., 2001),
suggesting that the loss of PC2 can act as a functional glu-
cagon antagonist. The compounds identified here may be of
eventual therapeutic use in lowering blood sugar by similarly
blocking glucagon production. PC2 inhibitors could also be
useful to study PC2-specific processing pathways in vivo, for
example to study local production of enkephalins, small opi-
oid-active products known to be specifically generated by
PC2 (Johanning et al., 1996; Peinado et al., 2003).
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