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The ubiquitous serine endoprotease furin has been
implicated in the activation of bacterial toxins and viral
glycoproteins as well as in the metastatic progression of
certain tumors. Although high molecular mass bioengi-
neered serpin inhibitors have been well characterized,
no small nontoxic nanomolar inhibitors have been re-
ported to date. Here we describe the identification of
such inhibitors using positional scanning amidated and
acetylated synthetic L- and D-hexapeptide combinatorial
libraries. The results indicated that L-Arg or L-Lys in all
positions generated the most potent inhibitors. How-
ever, further investigation revealed that the peptide ter-
minating groups hindered inhibition. Consequently, a
series of non-amidated and acetylated polyarginines
was synthesized. The most potent inhibitor identified,
nona-L-arginine, had a Ki for furin of 40 nM. The Ki values
for the related convertases PACE4 and prohormone con-
vertase-1 (PC1) were 110 nM and 2.5 mM, respectively.
Although nona-L-arginine was cleaved by furin, the ma-
jor products after a 6-h incubation at 37 °C were hexa-
and hepta-L-arginines, both of which retained the great
majority of their potency and specificity against furin.
Hexa-D-arginine was as potent and specific a furin in-
hibitor as hexa-L-arginine (Ki values of hexa-D-arginine:
106 nM, 580 nM, and 13.2 mM for furin, PACE4, and PC1,
respectively). PC2 was not inhibited by any polyargin-
ine tested; indeed, PC2 showed an increase in activity of
up to 140% of the control in the presence of L-polyargin-
ines. Data are also presented that show extended subsite
recognition by furin and PC2. Whereas N-terminal
acetylation was found to reduce the inhibitory potency
of the L-hexapeptide LLRVKR against furin 8-fold, C-
terminal amidation reduced the potency <2-fold. Con-
versely, N-terminal acetylation increased the potency
against PC2 nearly 3-fold, whereas C-terminal amida-
tion of the same peptide increased the potency by a
factor of 1.6. Our data indicate that non-acetylated, poly-
D-arginine-derived molecules may represent excellent
lead compounds for the development of therapeutically
useful furin inhibitors.

A calcium-dependent, membrane-bound serine endoprotein-
ase, furin is considered to be one of the most important enzymes
of the seven-member subtilisin-like proprotein/prohormone con-

vertase (PC)1 family identified to date (for reviews, see Refs. 1–3).
Furin has a ubiquitous tissue distribution and cycles between the
trans-Golgi network, the cell surface, and the endosomes directed
by defined sequences within the cytosolic tail (for reviews, see
Refs. 4 and 5). Hence, furin is well positioned to process not only
intracellular growth factors and serum proteins, but also extra-
cellular matrix proteins and cell-surface receptors. In addition to
these important physiological roles, furin is implicated in the
cleavage and activation of bacterial toxins and viral coat proteins,
where it assists in pathological processes resulting in viral rep-
lication and toxin activation (for review, see Ref. 5). Furin has
also been implicated in assisting the maturation of membrane
type 1 matrix metalloproteinase (6) and stromelysin-3 (7), a proc-
ess associated with metastatic progression in various tumors (for
review, see Ref. 8). Thus, furin is an attractive target for thera-
peutic agents.

Although the typical furin recognition sequence is RX(K/R)R
and the minimal recognition sequence is RXXR (for review, see
Ref. 5), there is increasing evidence that the P6, P19, and P29
positions also contribute to effective catalysis (9–12). Like furin
substrates, inhibitors of furin also require the occupation of
certain subsites by basic residues. The third domain of turkey
ovomucoid has been engineered (KPACTLE193 KPRCKRE19)
in an attempt to increase its specificity for furin (13); however,
the equilibrium constant of 1.1 3 107 M21 was representative of
a moderate, rather than a potent, inhibitor. Inhibition of furin
in the subnanomolar range was accomplished by bioengineer-
ing the reactive-site loop of an a1-antitrypsin variant, a1-PDX
(a1-antitrypsin Portland), to contain the minimal furin consen-
sus sequence (LEAIMPS3593 LERIMRS359) (14). Kinetic anal-
ysis shows that a portion of bound a1-PDX operates as a tight-
binding suicide inhibitor, forming an SDS-stable complex with
furin (15); an alternative pathway involves cleavage and re-
lease of a1-PDX (16). The bait region of the general protease
inhibitor a2-macroglobulin was mutated (RVGFYESDVM6903
RVRSKRSLVM690) in an attempt to produce a specific furin
inhibitor (17). Although no kinetic constants were reported,
processing of the endogenous furin substrates von Willebrand
factor, human immunodeficiency virus type 1 glycoprotein
gp160, and transforming growth factor-b1 was inhibited in
COS-1 cells.

More recently, the ovalbumin-type serpin human proteinase
inhibitor-8, containing two instances of the minimal furin rec-
ognition sequence (VVRNSRCSRM343), has been shown to form
SDS-stable complexes with furin with an overall Ki of 53.8 pM

(18). However, the inhibition of furin by proteinase inhibitor-8
in vivo or, indeed, the colocalization of proteinase inhibitor-8
and furin within the secretory pathway has not yet been dem-
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onstrated. Nevertheless, these studies show that potent furin
inhibitors can be synthesized by appropriate protein design.

The only naturally occurring intracellular furin inhibitor
described to date found in the constitutive secretory pathway is
furin’s own propeptide. It is known that the prodomains of
many proteases play a role in the activation and regulation of
activity of their cognate enzymes (for review, see Ref. 19).
Anderson et al. (20) observed efficient inhibition of furin by a
glutathione S-transferase/furin propeptide fusion construct,
while Seidah and co-workers (21) showed that furin proseg-
ments expressed intracellularly can act in trans to inhibit
substrate processing.

The potential therapeutic value of furin inhibitors was re-
cently reinforced by a report showing that exogenous applica-
tion of a1-PDX is able to block in vivo maturation of pro-gB, the
human cytomegalovirus envelope glycoprotein (22). As uptake
of a1-PDX into the cell could not be detected in cell lines lacking
the enzyme, it was suggested that a1-PDX bound to furin at the
cell surface. Pseudomonas exotoxin A activation has also been
prevented by extracellular application of a1-PDX to A7 mela-
noma cells (16), as has the processing of human immunodefi-
ciency virus type 1 glycoprotein gp160 in transfected cells (14).
These studies collectively demonstrate that limited and selec-
tive inhibition of furin (potentially occurring on the extracellu-
lar surface rather than the interior of the cell) can result in
inhibition of pathological disease processes. However, a furin
inhibitor with the ideal characteristics of high potency, stabil-
ity, and specificity, combined with low toxicity and low molec-
ular mass, has yet to be identified. In this study, we have used
positional scanning hexapeptide libraries to identify peptide
inhibitors of furin, to describe the specificity requirements of
effective inhibitors, and to compare the requirements of differ-
ent members of the convertase family. The use of combinatorial
peptide libraries, when applied to PC1, resulted in the identi-
fication of a potent hexapeptide, which was later shown to exist
within the sequence of a natural protein inhibitor (23–25).

EXPERIMENTAL PROCEDURES

Materials—- The hexapeptide libraries and synthetic peptides were
synthesized at the Torrey Pines Institute for Molecular Studies (San
Diego, CA). Two positional scanning hexapeptide libraries were
screened for inhibition of furin, one made up of only L-amino acids and
the other of only D-amino acids. Each hexapeptide library consisted of
120 peptide mixtures with amino-terminal acetylation and carboxyl-
terminal amidation, divided into six groups corresponding to each po-
sition within the hexapeptide. For each position, 20 mixtures were
surveyed, each of which was defined by 1 of the 20 natural amino acids.
The undefined positions were occupied by any of the amino acids except
cysteine. The positional scanning libraries and the individual com-
pounds were synthesized using simultaneous multiple peptide synthe-
sis methodology as described previously (26–29). The L-polyarginine
synthesis was performed by the Louisiana State University Health
Sciences Center Core Laboratories; mass spectroscopy was used to
verify identity. a1-PDX was a generous gift of G. Thomas (The Oregon
Health Sciences University, Portland, OR). The anti-furin antiserum
MON148 was a kind gift of W. Van de Ven (University of Leuven,
Leuven, Belgium). Anti-Myc and anti-His antisera were obtained from
Invitrogen (Carlsbad, CA). pERTKR-MCA was obtained from Peptides
International Inc. (Louisville, KY). N-Glycosidase F was obtained from
Calbiochem.

Recombinant Convertase Preparation—The mouse furin clone was a
kind gift from K. Nakayama (Fukuoka University School of Medicine,
Fukuoka, Japan). The mouse furin cDNA was truncated N-terminally
to the transmembrane domain at His711 by polymerase chain reaction.
This polymerase chain reaction product was then subcloned into
pcDNA3.1(2)-Myc-His (Invitrogen) at the NheI and XbaI restriction
sites. Dihydrofolate reductase-negative DG44 Chinese hamster ovary
cells (provided by L. Chasin, Columbia University, New York, NY) were
transfected using Lipofectin (Life Technologies, Inc.), and colonies were
selected at 37 °C and 5% CO2 in a-minimal essential medium (lacking
nucleosides) containing 10% well dialyzed fetal bovine serum (Life
Technologies, Inc.). Conditioned medium from colonies was screened

using an enzyme assay (see below), and a high expressing clone was
selected. Overexpression of furin was achieved by increasing the meth-
otrexate concentration from 5 nM to 50 mM in 5–10-fold steps as de-
scribed previously (30). Amplified lines were tested for increasing furin
expression by enzyme assay. Once the 50 mM methotrexate level had
been achieved, cells were split at ratios of 1:6 twice a week. 100 ml of
conditioned medium (Opti-MEM (Life Technologies, Inc.) containing
100 mg/ml aprotinin (Miles Laboratories, Kankakee, IL)) was collected
from confluent roller bottles every 24 h. The medium was centrifuged at
low speed to remove cells, and the supernatant was stored at 280 °C
until required.

Purification of Furin—Conditioned medium was thawed, pooled, and
diluted 1:3.5 with buffer A (20 mM HEPES, 0.1% Brij 35, and 5 mM

CaCl2, pH 7.4) and pumped at 40 ml/min through a Sartorius D100
anion exchange membrane. The membrane was washed with 40 ml of
buffer A, followed by 40 ml of buffer A containing 50 mM NaCl and
finally by 40 ml of buffer A containing 200 mM NaCl. The fraction
eluting with 200 mM NaCl was diluted 1:4 with buffer A and applied to
a 1-ml Mono Q HR5/5 anion exchange column (Amersham Pharmacia
Biotech) at a flow rate of 1 ml/min. Following a 10-ml wash with buffer
A, elution of furin was achieved with a linear increase of 0–500 mM

NaCl in buffer A over 30 ml; 2-ml fractions were collected. Fractions
containing peak activity were pooled, and 200-ml aliquots were sub-
jected to gel permeation chromatography using a Superose 12 column
(Amersham Pharmacia Biotech) and buffer A containing 200 mM NaCl
at a flow rate of 0.5 ml/min. Fractions were assayed for activity as
described below; protein content was determined following the Bradford
method. All purification steps were performed at 4 °C.

Alternatively, the enzyme-containing fraction eluting from the ion
exchange membrane with 200 mM NaCl was pumped onto a 1-ml
Ni21-nitrilotriacetic acid Superflow column (QIAGEN Inc.) at 0.3 ml/
min; washed with 10 ml of buffer A; and then eluted with a two-step
gradient of 0–20 mM imidazole in buffer A over 20 ml, followed by a
linear gradient of 20–200 mM imidazole in buffer A. The fractions
containing peak enzyme activity were pooled and subjected to ion ex-
change chromatography with a Mono Q column as detailed above.

PC1 and PC2 were prepared by ion exchange chromatography as
described previously (31). PACE4 was partially purified from the over-
night conditioned medium of stably transfected HEK-293 cells (a gen-
erous gift of R. E. Mains, Johns Hopkins University School of Medicine,
Baltimore, MD) (32, 33). Briefly, 100 ml of conditioned medium (Opti-
MEM containing 100 mg/ml aprotinin) was loaded onto an Econo-Pac Q
column (Bio-Rad) at 4 ml/min, washed with 10 ml of buffer A, and then
eluted with a linear gradient of buffer A containing 500 mM NaCl over
50 ml. The active fractions were diluted 1:4 with buffer A prior to
loading onto a Mono Q column at 1 ml/min. PACE4 was eluted with a
linear gradient of buffer A containing 500 mM NaCl over 10 ml. The
resulting active fractions were then pooled and stored at 280 °C until
required. The validity and purity of the preparation were verified by
Coomassie Blue staining and Western blotting with a polyclonal anti-
serum (1475) directed against PACE4 (a gift of R. E. Mains).

Enzyme Assays and Hexapeptide Library Screening—The enzyme
assays for PC1 and PC2 were performed at pH 5.0 using pERTKR-MCA
as described previously (23). The assay for furin was performed using
the same substrate at pH 7.0 in 100 mM HEPES, 5 mM CaCl2, and 0.1%
Brij 35. All assays were performed at 37 °C in a 96-well fluorometer
(Labsystems, Inc.) with an excitation wavelength of 380 nm and an
emission wavelength of 460 nm. The total volume was 50 ml. Unless
otherwise stated, the final substrate concentration for all assays was
200 mM. When used, inhibitory peptides were preincubated with enzyme
for 30 min at room temperature prior to addition of substrate. All assays
were performed in duplicate or triplicate. Inhibition constants were
determined using the method previously described (23) and the equa-
tion Ki 5 Ki(app)/(1 1 ([S]/Km)). The Km values for PC1, PC2, furin, and
PACE4 were 11, 42, 8, and 15 mM, respectively, as determined using a
computerized least-squares fitting technique with EnzFitter (Biosoft,
Cambridge, United Kingdom).

Digestion of Recombinant Furin with N-Glycosidase F—A 200-ml
aliquot of the pooled fractions from Superose chromatography (contain-
ing 40 mg of furin) was made up to 4.5% b-mercaptoethanol and 0.45%
SDS and boiled for 10 min prior to concentration to 60 ml using a
Centricon 10 (Amicon, Inc.). The concentrate was diluted to 400 ml
using 50 mM sodium phosphate buffer, pH 7.5, and 0.76% Triton X-100;
and 1.8 mg of N-glycosidase F was added. The sample was incubated at
37 °C, and 45-ml aliquots were removed at the times indicated and
placed in 5 ml of 53 SDS sample buffer prior to boiling for 3 min. The
aliquots were subjected to SDS-polyacrylamide gel electrophoresis
(8.8%) and visualized by Coomassie Blue staining.
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Cleavage of Nona-L- and Hexa-L-arginines by Furin—Nona-L-argi-
nine (200 mM) or hexa-L-arginine (200 mM) was incubated at 37 °C with
or without furin (1.7 mM) in 100 mM HEPES, pH 7, containing 5 mM

CaCl2 and 0.2% Brij 35. Aliquots (20 ml) were removed at the indicated
times, placed into 480 ml of ice-cold 0.1% trifluoroacetic acid, and
immediately frozen prior to HPLC. The aliquots were separated using a
5-mm Beckman ODS column (0.46 3 25 cm) with a linear gradient of
0–15% acetonitrile containing 0.1% trifluoroacetic acid over 40 min at 1
ml/min. Absorbance was monitored at 214 nm. Cleavage products were
identified using polyarginine standards. Parallel reactions containing
buffer instead of furin were also analyzed.

RESULTS

Overexpression, Purification, and Characterization of Recom-
binant Mouse Furin—The use of the dihydrofolate reductase-
coupled amplification method to overexpress truncated furin
resulted in a cell line that secreted ;0.8 mg/ml furin into the
culture medium, as estimated by the specific activity of the
purified protein. As shown in Table I, an initial ion exchange
step, although suffering from a relatively low yield, proved
valuable as a rapid method of concentrating the conditioned
medium from a large volume while removing phenol red and
contaminating protein from the product. Having reduced the
volume, it was possible to load the high resolution Mono Q ion
exchange column used in the second ion exchange step within
a reasonable time frame. As shown in Fig. 1A, the majority of
the protein eluted as a single peak coincident with the conver-
tase activity. Again, the yield from this step was poor, but an
appreciable increase in specific activity was observed (Table I).
The fractions with maximum activity were pooled and sub-
jected to gel permeation chromatography as shown in Fig. 1B.
In this step, virtually all the protein was seen to elute as a
single peak, with only minor forms at lower and higher molec-
ular masses; the furin activity was observed to exactly overlie
the major absorbance peak. Fractions containing maximum
activity were pooled, diluted with glycerol to a final concentra-
tion of 10%, and stored at 280 °C until required. Under these
conditions, there was no detectable loss of activity over 6
months. Molecular mass standards used to calibrate the gel
permeation column indicated a molecular mass for furin of 59
kDa. As shown in Fig. 1C, Coomassie Blue staining (left lane)
and Western blotting (right lane) of the gel permeation-purified
fractions revealed a single band at 61 kDa. The final specific
activity was 21 units/mg of protein, and the overall yield for the
purification was 27%, with a purification factor of 7.2.

Initial purifications were attempted using the C-terminally
located hexa-His tag as a ligand for affinity chromatography
with a metal ion chelation resin (Ni NTA Superflow, Qiagen,
Valencia, CA). However, the furin activity was found to elute at
very low ('20 mM) imidazole concentrations, with no increase
in specific activity compared with the sample applied. Subse-
quent Western blotting with both anti-His and anti-Myc anti-
sera showed no immunoreactivity, whereas blotting using the
anti-furin antiserum MON148 revealed a strong band at 61
kDa (Fig. 1C, right lane), indicating that C-terminal truncation
of the secreted product had occurred. The metal ion chelation
step was subsequently abandoned, and the data presented in

this report were obtained using furin purified by ion exchange
and gel permeation chromatography as detailed in Table I.

Treatment of the purified furin with N-glycosidase F re-
vealed the presence of two lower molecular mass forms, indi-
cating that two of the three potential sites in the recombinant
furin preparation were present and originally glycosylated
(Fig. 1D). The effect of pH on activity was studied. Although
there was a rapid drop in activity below pH 6.5, the enzyme
retained .90% of maximum activity at pH 9.0 (data not
shown). Calcium concentrations over 1 mM were required for
full activity, with no significant difference in activity as cal-
cium concentrations were increased to 50 mM. In accordance
with previous results (16), furin was potently inhibited at nano-
molar a1-PDX concentrations, providing further validation of
the enzyme preparation (data not shown).

TABLE I
Purification of recombinant furin

Purification step Total
activitya

Total
protein

Specific
activity Yield Purification

factor

units mg units/mg %

Conditioned
medium

156 54 2.9 (100) (1)

Ion exchange 1 84 7.6 11 54 3.8
Ion exchange 2 46 2.4 19 29 6.7
Gel permeation 42 2 21 27 7.2

a 1 unit 5 1 mmol of aminomethylcoumarin/h.

FIG. 1. Purification of recombinant furin. A, partially purified
concentrated recombinant mouse furin from the first ion exchange step
was diluted 1:4 with buffer A and pumped through a Mono Q HR5/5
column equilibrated with buffer A. The column was washed with 5 ml
of buffer A before elution with a 30-ml gradient of 0–500 mM NaCl in
buffer A. The elution volume from the start of the salt gradient is
shown. B, the fractions containing peak enzyme activity were pooled,
and aliquots were applied to a Superose 12 column; a representative
chromatogram is shown. Bars, activity against pERTKR-MCA; solid
line, UV absorbance at 280 nm. The gel permeation column was cali-
brated with the molecular mass standards shown (f): thyroglobulin,
670 kDa; IgG, 150 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; and
cyanocobalamin, 1.35 kDa (all obtained from Bio-Rad). C, shown are the
results from SDS-polyacrylamide gel electrophoresis (8.8%) of the
pooled fractions from the Superose 12 purification. Left lane, Coomassie
Blue stain; right lane, Western blotting with MON148. D, shown is the
effect of N-glycosidase F on the mobility of recombinant furin. An
aliquot of the pooled fractions from Superose 12 chromatography was
reduced with b-mercaptoethanol, denatured by boiling in the presence
of SDS, and then diluted into a pH 7.5 buffer containing N-glycosidase
F. The sample was incubated at 37 °C, and aliquots were removed at the
times indicated. AMC, aminomethylcoumarin; RMM, relative molecu-
lar mass.
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L-Hexapeptide Library Scan—In an attempt to identify resi-
dues important for inhibition of furin, we screened a positional
scanning L-hexapeptide library (amino-terminally acetylated
and carboxyl-terminally amidated) using the substrate pER-
TKR-MCA. In total, the library was screened nine times at
inhibitor concentrations of 1.0 and 0.5 mg/ml and at substrate
concentrations of 200 and 100 mM. The concentrations of inhib-
itor and substrate were found to exert an influence on the
relative inhibition observed. Screening at the lower substrate
concentration resulted in better discrimination between resi-
dues at all inhibitor concentrations. In addition, at the lower
substrate concentration, better discrimination was shown for
positions P1, P2, and P3 at 1 mg/ml inhibitor (Fig. 2A), whereas
better discrimination for positions P4, P5, and P6 was seen at
0.5 mg/ml inhibitor (Fig. 2B).

From Fig. 2A (using an inhibitor concentration of 1 mg/ml), it
can be seen that at position P1, Arg, Lys, and His exerted
greater than average inhibition, whereas at positions P2 and
P3, Arg and Lys, but not His, were the preferred residues. At
positions P4 and P5 and especially position P6, many residues
showed greater than average inhibition, but no clear distinc-
tion could be made on the basis of size, hydrophobicity, or
charge. In contrast, at the lower inhibitor concentration (Fig.
2B), although there were no clearly preferred residues at posi-
tions P1, P2, and P3, there was good discrimination at positions
P4, P5, and P6. On the basis of the screens shown in Fig. 4, we

selected Arg in positions P1, P2, and P3; Lys in position P4; His
or Arg in position P5; and His, Met, Lys, or Arg in position P6
for assembly into discrete peptide sequences.

D-Hexapeptide Library Scan—The positional scanning acety-
lated and amidated D-hexapeptide library was screened a total
of nine times at either 0.5 or 1.0 mg/ml inhibitor and either 50
or 100 mM substrate; in all cases, the results were similar. A
representative screen is shown in Fig. 3. Whereas D-Arg was
one of the preferred residues in all positions, the remainder of
the inhibitory residues were hydrophobic. Interestingly, D-Lys
effected greater than average inhibition only in position P6, but
still showed less inhibition than the most effective residue,
D-Trp. In positions P3, P4, and P5, D-Arg was marginally the
most potent residue when all results were averaged. In position
P2, D-Arg and D-Ile consistently produced relatively high inhi-
bition, whereas the same was true for D-Arg and D-Leu in
position P1. In all cases, relative inhibition values were consis-
tently lower than those of the L-hexapeptide library, indicating
a preference of furin for L-residues. Nevertheless, a series of
D-hexapeptides was synthesized based upon the results de-
scribed above, whereby position P1 was either D-Arg or D-Leu;
position P2 was either D-Arg or D-Ile; positions P3, P4, and P5
were always D-Arg; and position P6 was always D-Trp.

Inhibition of Furin and PC2 by Synthetic Peptides—The ami-
dated and acetylated D- and L-hexapeptides based on the re-
sults of the D- and L-hexapeptide library screens were tested

FIG. 2. Inhibition of furin by an L-hexapeptide positional scanning-synthetic peptide combinatorial library. Each peptide mixture
was preincubated with furin in assay buffer for 30 min prior to addition of substrate (final concentration of 100 mM). The rate of hydrolysis of
pERTKR-MCA was followed for 1 h. Inhibition is given as the percentage decrease in activity in the presence of the peptide mixture relative to that
of controls. A, 1 mg/ml peptide concentration; B, 0.5 mg/ml peptide concentration.
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against furin and PC2. For both series, the Ki values for furin
were all in the low micromolar range; these peptides were
10–100-fold more potent inhibitors of furin than of PC2 (Table
II). The potency increased against furin as the sequence be-
came more basic, an observation that did not hold for PC2.
Examination of the Ki values of the L-hexapeptides for furin
revealed that Arg was preferred to His in position P5 and that
the inhibitory potency of these peptides against furin increased
as position P6 was changed in the order His, Met, Lys, Arg. The
same order of inhibitory potency was not seen against PC2; in
this instance, His was preferred to Arg in position P5. Although
the combination of a P5 Arg and a P6 Met was severely unfa-
vorable as a PC2 inhibitor, the influence of the P5 residue
appeared to outweigh that of the P6 residue against furin.

The D-hexapeptide inhibitors were also assayed against furin
and PC2 (Table II). D-Arg was preferred to D-Ile in position P2,
and D-Arg was preferred to D-Leu in position P1 against furin.
However, the presence of a basic residue at position P1 or P2
was sufficient to produce a relatively potent furin inhibitor,
despite the presence of a hydrophobic residue at position P2 or
P1. Conversely, when D-Arg was present at position P2, substi-
tuting D-Leu for D-Arg in position P1 produced a more potent
PC2 inhibitor. Thus, like the L-peptide inhibitors, increasing
basicity resulted in the generation of a more potent furin in-
hibitor, but not of a more potent PC2 inhibitor.

Mechanism of Inhibition—Lineweaver-Burk plots of the most
potent D-and L-hexapeptides identified from the library screens
are shown in Fig. 4. These demonstrate strictly competition-type
inhibition for both the L- and D-peptides. No deviation was seen
from classical Michaelis-Menten-type kinetics, indicative of
tight-binding or suicide inhibitors such as a1-PDX and the chlo-
romethyl derivatives, both of which function by forming an irre-
versible complex with the enzyme (15, 34).

Effect of N-terminal Acetyl and C-terminal Amide Groups on
Inhibition—As there have been several reports of the substrate
specificity of furin extending beyond P1–P4 recognition (9–12),
we were interested in examining the effect of the terminal
acetyl and amide modifications on inhibitory potency. Thus, in
addition to the peptides synthesized as a result of the combi-
natorial library screens described here, various forms of an
amidated and acetylated L-hexapeptide previously identified as
a nanomolar inhibitor of PC1 (23) were tested against furin and
PC2; the results are shown in Table III. Interestingly, remov-

ing the terminal amide and acetyl groups of the hexapeptide
increased its inhibitory potency against furin 8-fold. It ap-
peared that the relative lack of inhibitory potency of the unac-
etylated and unamidated peptide against furin was almost
solely due to the N-terminal acetyl group. In contrast, when the
same peptides were tested against PC2, the terminating groups
appeared to assist in inhibition. The Ki of the acetylated and
amidated peptide was nearly 4-fold smaller for PC2 than the Ki

of the unmodified peptide. Comparing peptides, it can be seen
that removing the N-terminal acetyl group resulted in the loss
of inhibitory potency against PC2, implying that PC2 has se-
quence recognition ability that extends beyond the P6 side
chain.

Inhibition of Furin, PACE4, PC1, and PC2 by Polyarginine
Peptides—A series of L-polyarginine peptides with chain
lengths of 4–9 residues and no terminal modifications was
synthesized and tested for inhibitory potency against furin,
PC1, PC2, and PACE4. Table IV shows that the Ki of the
L-polyarginine peptides for furin increased from 40 nM to 6 mM

as the chain length decreased from 9 to 4 residues. Whereas the

TABLE II
Inhibition constants of various L- and D-hexapeptides

for furin and PC2
The rate of hydrolysis of pERTKR-MCA was determined in the pres-

ence of various concentrations of the different peptides as described
under “Experimental Procedures.” The results obtained were then used
to compute the Ki values of the peptides. Each value represents the
mean 6 S.D. determined from three independent experiments.

Ki

Furin PC2

mM

L-Peptides
Ac-HHKRRR-NH2 13.2 6 1.6 235 6 16
Ac-MHKRRR-NH2 10.3 6 1.4 216 6 13
Ac-KHKRRR-NH2 5.2 6 0.9 280 6 29
Ac-RHKRRR-NH2 3.4 6 0.6 152 6 30
Ac-HRKRRR-NH2 2.1 6 0.5 309 6 29
Ac-MRKRRR-NH2 2.3 6 0.5 1,500 6 300
Ac-KRKRRR-NH2 1.6 6 0.5 391 6 60
Ac-RRKRRR-NH2 1.3 6 0.9 461 6 75

D-Peptides
Ac-wrrril-NH2 22.7 6 4.3 601 6 200
Ac-wrrrir-NH2 7.0 6 0.9 399 6 75
Ac-wrrrrl-NH2 5.3 6 1.0 203 6 20
Ac-wrrrrr-NH2 2.4 6 0.8 334 6 37

FIG. 3. Inhibition of furin by a D-hexapeptide positional scanning-synthetic peptide combinatorial library. Each peptide mixture
(final concentration of 1 mg/ml) was preincubated with furin in assay buffer for 30 min prior to addition of substrate (final concentration of 100
mM). The rate of hydrolysis of pERTKR-MCA was followed for 1 h. Inhibition is given as the percentage decrease in activity in the presence of the
peptide mixture relative to that of controls.
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Ki values of the nona-, octa-, hepta-, and hexamers ranged from
42 to 114 nM, there was an ;10-fold increase in the Ki between
the hexamer and heptamer and a 5-fold increase between the
heptamer and tetramer.

The Ki values for PACE4 also increased as the chain length
of the inhibitor decreased; but unlike furin, the Ki of the pen-
tameric polyarginine was approximately twice that of the hex-
amer, and no sharp change was seen as the chain length was
reduced below the n 5 6 level. The minimum Ki observed was
110 nM; the tetramer was not found to inhibit even at millimo-
lar concentrations. In contrast, the polyarginine peptides were
only moderate inhibitors of PC1, with a minimum Ki of 4 mM.
Interestingly, the Ki of the nonamer was significantly greater
than those of the hexa-, hepta-, and octamers. Similarly to
PACE4 (but not to furin), PC1 was not inhibited by tetra-L-
arginine at micromolar concentrations. Overall, it appears that
the binding pockets of furin and PACE4 are more closely re-
lated to each other than to that of PC1, but that furin has a
unique dependence on the S6 binding pocket.

In contrast to the other convertases studied here, PC2 activ-
ity was consistently stimulated by the polyarginine peptides.

The stimulatory effect was noticeable with all polyarginines
tested, starting at concentrations as low as 0.1 nM and increas-
ing with concentration up to ;10 mM peptide, whereupon a
relative decrease in activity was observed (Fig. 5). No effect
could be confidently correlated with the peptide length, except
at low nanomolar peptide inhibitor concentrations, where the
tetra- and penta-L-arginines appeared to produce a smaller
stimulatory effect than the longer peptides. The data shown in
Fig. 5 represent the mean value of all six poly-L-arginines
tested.

In addition, hexa-D-arginine was synthesized and tested for
inhibitory potency against furin, PACE4, PC1, and PC2. The Ki

values for furin and PACE4, as shown in Table IV, were re-
markably similar to those of hexa-L-arginine, whereas a 3-fold
increase in Ki for PC1 was observed, indicating better discrim-
ination. When tested against PC2, no stimulatory or inhibitory
effect was observed (data not shown).

Mechanism of Inhibition—Lineweaver-Burk plots of hexa-L-,
nona-L-, and hexa-D-arginines are shown in Fig. 6. Like the
acetylated and amidated hexapeptides shown in Fig. 4, these
compounds demonstrated strictly competition-type inhibition.
Note that the concentrations of polyarginine used to generate
the data shown in Fig. 6 were 40-fold less than the concentra-
tions of amidated and acetylated hexapeptides used in Fig. 4.

Cleavage of Nona-L- and Hexa-L-arginines by Furin—Cleav-
age of nona-L-arginine was first observed 40 min after the
reaction commenced, with the appearance of hexa- and hepta-
L-arginines (Fig. 7C). It was not until 4 h had elapsed that
penta-L-arginine was observed, by which time no nona-L-argi-
nine remained. The heptapeptide was still present after 6 h of
digestion (Fig. 7D); but after 24 h had elapsed, only the penta-
and hexapeptides were present (Fig. 7E). Tetra-L-arginine was
not observed at any time. Cleavage of hexa-L-arginine pro-
ceeded much less rapidly than that of nona-L-arginine; indeed,
no cleavage was seen after 6 h of incubation with furin (data
not shown). After 24 h, partial digestion of hexa-L-arginine had
occurred, producing penta-L-arginine (Fig. 7G); again, the com-
plete absence of a tetra-L-arginine product was noteworthy.
Controls (in which buffer replaced furin) are shown in Fig. 7 (F
and H) after a 24-h incubation at 37 °C. These data show that
L-polyarginine is preferentially oriented into the catalytic
pocket of furin such that side chains interact with the S1–S6
binding pockets. When the experiment was repeated with hexa-
D-arginine and furin or with nona-L-arginine and PC2, no cleav-
age was observed after 24 h of incubation (data not shown).

DISCUSSION

In this study, we have purified and partially characterized a
recombinant truncated mouse furin from the conditioned me-
dium of Chinese hamster ovary cells. Our purified furin prep-
aration was homogeneous, with apparent molecular masses of
61 kDa by SDS-polyacrylamide gel electrophoresis and 59 kDa
by gel permeation chromatography. The enzyme was shown to
be C-terminally processed, as the C-terminally located tags

FIG. 4. Lineweaver-Burk plots of
the most potent L- and D-hexapep-
tides identified from the library
screens. Furin (30 nM) was preincubated
in 100 mM HEPES, 5 mM CaCl2, and 0.1%
Brij 35, pH 7.0, with 0 (f), 20 (●), or 40
(Œ) mM Ac-RRKRRR-NH2 (A) or Ac-
wrrrrr-NH2 (B) prior to addition of sub-
strate at the final concentrations indi-
cated. AMC, aminomethylcoumarin.

TABLE III
Effect of N-terminal acetylation and C-terminal amidation on the

inhibition of furin and PC2
The rate of hydrolysis of pERTKR-MCA was determined in the pres-

ence of various concentrations of the different peptides as described
under “Experimental Procedures.” The results obtained were then used
to compute the Ki values of the peptides. Each value represents the
mean 6 S.D. determined from three independent experiments.

Peptide
Ki

Furin PC2

mM

LLRVKR-NH2 0.8 6 0.1 2.3 6 0.2
Ac-LLRVKR 3.5 6 0.2 1.3 6 0.6
Ac-LLRVKR-NH2 3.4 6 0.1 1.0 6 0.08
LLRVKR 0.42 6 0.02 3.7 6 0.17

TABLE IV
Inhibition constants of various polyarginine peptides

for furin, PACE4, and PC1
The rate of hydrolysis of pERTKR-MCA was determined in the pres-

ence of various concentrations of the different peptides as described
under “Experimental Procedures.” The results obtained were then used
to compute the Ki values of the peptides. Each value represents the
mean 6 S.D. determined from three independent experiments.

Ki

Furin PACE4 PC1

mM

Tetra-L-arginine 6.4 6 0.9 .200 .200
Penta-L-arginine 0.99 6 0.08 0.98 6 0.120 14 6 6.1
Hexa-L-arginine 0.114 6 0.006 0.52 6 0.045 3.9 6 0.62
Hepta-L-arginine 0.068 6 0.001 0.24 6 0.045 5.2 6 1.2
Octa-L-arginine 0.061 6 0.001 0.15 6 0.060 5.1 6 2.0
Nona-L-arginine 0.042 6 0.003 0.11 6 0.013 12 6 2.5
Hexa-D-arginine 0.106 6 0.010 0.58 6 0.040 13 6 0.25
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could not be detected by Western blotting, giving a molecular
mass of ;60 kDa. Treatment with N-glycosidase F suggested
that this furin was glycosylated at two of the three potential
sites. A truncated furin preparation has previously been shown
to be C-terminally processed, with a similar 5-kDa shift in
apparent mobility on SDS-polyacrylamide gel electrophoresis
following N-glycosidase F treatment (35); however, to the best
of our knowledge, this is the first time the number of glycosy-
lation sites has been shown. The specific activity of the purified
enzyme against pERTKR-MCA of 21 mmol of aminomethylcou-
marin/h was similar to that reported by Bravo et al. (36), who
obtained a maximum specific activity of 30 mmol of aminom-
ethylcoumarin/h using t-butoxycarbonyl-RVRR-MCA. The
overall yield of 27% we obtained was considerably lower than
the 49% obtained by Bravo et al. (36), but probably reflects the
use of two (rather than one) ion exchange steps in our protocol.

Surprisingly, the enzyme suffered only a slight loss of activ-
ity at pH 9.0; this contrasts with results obtained by Hatsu-
zawa et al. (37), who observed only 30% of full activity at pH 9
using t-butoxycarbonyl-RVRR-MCA as the substrate against
unpurified conditioned medium. However, Thomas and co-
workers (38), also using t-butoxycarbonyl-RVRR-MCA, ob-
served .60% of full activity at pH 9.0 using purified vaccinia
virus-expressed truncated human furin. Using unpurified me-
dium collected from Sf9 cells transfected by baculovirus tech-
niques, Cieplik et al. (39), using t-butoxycarbonyl-RTKR-MCA,
showed that bovine furin had a sharp pH optimum at pH 7.0,
whereas Spodoptera frugiperda furin had a much broader op-
timum centered around pH 8.0. Thus, the pH dependence of
furin appears to depend on the source, substrate, and degree of
purification. Reassuringly, the purified enzyme used in this
study was potently inhibited by the furin-specific serpin a1-

PDX at concentrations identical to those previously reported
(18). Thus, this new recombinant furin compares well with
those previously published.

Basic Residues in All Positions Favor Inhibition of Furin, but
Not of PC1 and PC2—Unlike the results of the L-hexapeptide
combinatorial library screens against PC1 and PC2 carried out
in our laboratory (23), furin revealed a preference for Arg and
Lys in all six positions, with Arg being the more inhibitory of
the 2 residues in all positions except P4. In addition, some
preference was also shown for His in positions P1, P4, P5, and
P6. In contrast, our previous work with PC1 (23) showed a
strong preference for Arg in positions P1 and P4, Lys in posi-
tion P2, and Leu in position P6, whereas residues at positions
P3 and P5 could be interchanged with relatively little effect on
inhibition. Screens against PC2 showed that Arg in positions
P1 and P4 consistently gave the highest inhibition, whereas in
the other four positions, no clear consensus was seen. Thus, it
appears that the binding pocket of furin has, unlike PC1 and
PC2, a requirement for basic residues that stretch from the S1
to S6 subsites. Zhong et al. (21) showed that peptides based on
the prodomain sequences of both furin and PC7 could act as
potent inhibitors of either enzyme. The furin propeptide could
be reduced to a 10-residue sequence (QQVAKRRTKR), with Ki

values of 40 nM for furin and ;500 nM for PC7. When the
C-terminal residue was changed to a non-basic alanine, inhib-
itory potency was abolished. A decapeptide fragment (EQR-
LLKRAKR) of the propeptide of PC7 showed Ki values of 80 nM

for furin and 6 nM for PC7. It should be noted, however, that
differences in the furin preparation and in the method used to
calculate the Ki values preclude an accurate comparison of our
values with those of Zhong et al. (21). Nonetheless, these re-
sults show that the inhibitory potency of peptides against furin
is correlated with the concentration of positive charges and
indicate that this might be a selective property of furin.

D-Residues Can Be Used to Construct Relatively Potent In-
hibitory Peptides—Although the D-hexapeptide library screen
showed less inhibition of furin than the L-hexapeptide library,
the Ki values of the synthetic D-peptides were surprisingly
similar to those of the L-peptides (Table II), indicating a similar
mechanism of inhibition. As D-peptides should be more resist-
ant to hydrolysis than L-peptides in vivo, this finding provides
lead compounds for the development of stable inhibitors for
therapeutic purposes.

Furin and PC2 Are Sensitive to Groups Distal to the P1 and
P6 Residues—We have shown above that furin is sensitive to
groups C-terminal to the P1 side chain, with a doubling of the
Ki with C-terminal amidation of hexapeptides. Lazure et al.
(11) reported that although substrates based upon the se-
quence of parathyroid hormone (o-aminobenzoyl-KSVKKRSV-
SEYS) were cleaved by furin, substitution of Ser for Val in the
P19 position in combination with substitution of Val for Arg in

FIG. 5. Effect of poly-L-arginine peptides on the activity of
PC2. The activity of PC2 against pERTKR-MCA was determined in the
presence or absence of varying concentrations of tetra-L-, penta-L-,
hexa-L-, hepta-L-, octa-L-, and nona-L-arginines, each polyarginine being
assessed individually. For each peptide concentration, the data shown
are an average of all polyarginines studied (a total of 18 assays per
peptide concentration) and are expressed as a percentage of that ob-
served in the absence of polyarginine peptides. The error bars represent
the S.D.

FIG. 6. Lineweaver-Burk plots of hexa-L-, nona-L-, and hexa-D-arginines. Furin (30 nM) was preincubated in 100 mM HEPES, 5 mM CaCl2,
and 0.1% Brij 35, pH 7.0, with 0 (f), 0.5 (●), or 1 (Œ) mM hexa-L-arginine (A), nona-L-arginine (B), or hexa-D-arginine (C) prior to addition of
substrate at the final concentrations indicated. AMC, aminomethylcoumarin.
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the P29 position produced a furin inhibitor with a Ki of 4.6 mM.
Additionally it has been shown that substrates containing P9
residues are more efficiently cleaved by furin than peptidyl
methylcoumarinamide substrates (11, 40, 41), and Berman et
al. (42) reported that a prorenin-related internally quenched
fluorescence PC1 substrate (o-aminobenzoyl-RMARLTL-ethyl-
enediamine-2,4-dinitrophenyl) was not cleaved by furin, but
that a single substitution (Leu for Ala) in the P19 position
produced a relatively efficient substrate. We have also shown
that furin is very sensitive to groups distal to the P6 side chain:
N-terminal acetylation of an L-hexapeptide increased its Ki by
a factor of 8. This is in agreement with the data of Fuller and
co-workers (12), who showed substrate inhibition with
hexapeptide (but not tetrapeptide) substrates. In the same
study, a comparison of furin with the related convertase Kex2
revealed that although the residue at the P1 position had a
large effect on catalysis, the P4 and P6 residues were especially
important for furin. Furthermore, favorable residues at posi-
tions P2 and P6 were able to compensate for less than optimal
residues at positions P1 and P4. Our data indicate that the
effect of acetylation and amidation on the inhibition of PC2 was
the opposite of that seen for furin, with both modifications
increasing the inhibitory potency. However, like furin, P6
acetylation of PC2 inhibitors had the largest single effect on
inhibition, demonstrating that, like furin, the binding pocket of
PC2 extends beyond the P6 residue.

Hexa-L-arginine Is a Potent Inhibitor of Furin, but Stimu-
lates PC2 Activity—In previous work, peptides corresponding
to known substrate cleavage sites have been used as a starting
point for the synthesis of peptide inhibitors of furin. A series of
deca- and dodecapeptides based upon a partial sequence of the
junction between the propeptide and catalytic domains of PC1
was tested for inhibition of PC1 and furin (43, 44). These

peptides contained a variety of unnatural amino acids in the
P19 position. Interestingly, the compounds were found to be
slightly better inhibitors of furin than of PC1, with Ki values of
the dodecapeptides ranging from 0.8 to 10 mM for furin com-
pared with 1.0–170 mM for PC1 (44). The Ki values of the
decapeptides ranged from 1.0 to 8.6 mM for PC1 and from 0.8 to
2.2 mM for furin (43). A sequence containing a ketomethylene–
arginyl pseudopeptide bond (again based on the PC1 propep-
tide) was also found to have a Ki in the low micromolar range
for both furin and PC1 (40). This observation fits with data
demonstrating that the propeptides of PC1 and furin are inter-
changeable (32). Although the Ki of the 10-residue propeptide
fragment identified by Zhong et al. (21) was essentially the
same as that of nona-L-arginine, if cleavage at the P3–P2 bond
were to occur, as with nona-L-arginine, the resulting fragment
(QQVAKRRT) would have little inhibitory ability due to the
lack of a basic residue at position P1. In contrast, cleavage of
nona-L-arginine results in peptide Ki values in the low nano-
molar range.

A comparison of inhibition of the convertases PC1, PC2,
furin, and PACE4 with polyarginine derivatives revealed strik-
ing differences. Whereas furin and PACE4 were both inhibited
to approximately the same extent by all polyarginines tested
except tetra-L-arginine, PC1 was much less sensitive to the
peptides than furin, and PC2 was consistently stimulated.
From these results, it appears that the binding pocket of
PACE4 is relatively similar to that of furin, in agreement with
Tsuji et al. (45), who reported that a1-PDX could form an
SDS-stable acyl intermediate with PACE4.

It has been observed previously that PC2 is fundamentally
different from the other members of the convertase family,
being the only member requiring the presence of the neuroen-
docrine protein 7B2 for full activity, activating late in the
secretory pathway, and possessing an Asp rather than an Asn
in the oxyanion hole (for review, see Ref. 1). The stimulation of
PC2 by L-polyarginines that we observed was not due to more
rapid activation of the recombinant pro-PC2, as maximum
activity was attained within 30 min of reduction of pH from 7.4
to 5.0 irrespective of the presence of polyarginine and remained
constant for 90 min thereafter (data not shown). Thus, either a
greater proportion of the enzyme preparation became activated
via interactions at an allosteric site, or the polyarginine pep-
tides somehow directly assisted substrate turnover. The exact
nature of the activation phenomenon will be an interesting
subject for future study.

The Furin Catalytic Pocket: Differences from PC1 and
PC2—As the polyarginines tested contained the furin cleavage
consensus sequence, it was assumed that cleavage would occur.
However, although nona-L-arginine could indeed be cleaved by
furin, the two primary products were the hexa- and heptamers;
the penta-L-arginine product observed after 4 h (Fig. 7E) was
most likely due to further cleavage of the heptamer, as incu-
bation of the hexamer with furin produced only the pentamer
after 24 h. These results demonstrate that furin cannot cleave
hexa-L-arginine at the P2 position, an important finding for the
development of useful inhibitors in vivo and ex vivo. It is also
interesting that furin showed an absolute preference for sub-
strates with 5 or 6 residues N-terminal to the cleavage site over
substrates with only 2, 3, or 4 residues N-terminal to the
cleavage site. This implies that the S6 binding pocket of furin is
as important to specificity as the sites closer to the catalytic
triad.

Taken together, our results imply that furin subsites are all
consistently negatively charged, as opposed to PC1 and PC2,
whose S3 and S6 subsites presumably utilize hydrophobic
and/or steric interactions. The similar specificity of the pol-

FIG. 7. Cleavage of nona-L- and hexa-L-arginines by furin. Furin
(B–E and G) or buffer (F and H) was incubated with nona-L-arginine
(B–F) or hexa-L-arginine (G and H) at 37 °C for 0 min (B), 40 min (C),
6 h (D), or 24 h (E–H) prior to separation by HPLC as described under
“Experimental Procedures.” In A, the separation of a standard mixture
of polyarginines is shown. The number of residues/poly-L-arginine is
indicated by the arrows in the upper panels. AU, absorbance units.
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yarginines for PACE4 and furin agrees with the observation
that these two convertases are more closely related to each
other, both structurally and spatially, than to either PC1 or
PC2 (46, 47).

Polyarginines as Therapeutically Useful Furin Inhibitors—
Although the observation that hexa-D-arginine is a potent and
relatively specific furin inhibitor forms the basis for therapeu-
tic design, there may be problems associated with the use of
highly charged peptide-based molecules as proteinase inhibi-
tors in vivo, such as the ability of the molecule to cross the cell
membrane unaided. However, one of the defining features of
furin is the ability to cycle between the trans-Golgi network,
the cell surface, and the endosomes (4, 48–50). Thomas and
co-workers (22) showed that a1-PDX could be internalized by
cells producing furin, but not by furin-deficient cells. It remains
to be determined whether polyarginines can also be internal-
ized by cell-surface exposed furin, but given their small size
and solubility compared with a1-PDX, there is good reason to
believe that this process could be efficient.

Compared with other low molecular mass convertase inhib-
itors that have been reported, polyarginines are likely to ex-
hibit relatively little toxicity. Angliker (51) tested a series of
ketomethylene and aminomethyl ketone peptides against furin
and found the best inhibitor to be decanoyl-RVKR-CH2-AVG-
NH2, with a Ki of 3.4 nM, whereas the ketomethylene series had
Ki values in the low micromolar range. Another low molecular
mass inhibitor, the octapeptidyl chloromethane derivative Ac-
YEKERSKR-CH2Cl, was found to be a low nanomolar irrevers-
ible inhibitor of both PC1 and furin (10). However, in vivo,
ketones and chloromethane derivatives tend to exhibit unac-
ceptable toxicity; hence, their use has largely been confined to
probing enzyme-structure relationships. In contrast, many
studies have been reported using polyarginines in vivo without
any apparent cytotoxicity, from studies of mucin release in
goblet cells to the activation of phospholipase D (52, 53). Inter-
estingly, poly-L-arginine has been used to mimic the cationic
major basic protein, a protein implicated in the airway hyper-
responsiveness seen in asthma patients (54, 55). The major
basic protein is found in the granules of eosinophils, where
matrix metalloproteinases play a crucial role in mediating tis-
sue turnover and matrix remodeling (56, 57). As furin has been
implicated in the activation of the matrix metalloproteinases
(6, 7), it is possible to speculate that the as yet undefined role
of the major basic protein involves inhibition of furin-mediated
processes. Although questions remain to be answered concern-
ing the ability of D-polyarginines to inhibit furin-mediated pro-
cesses both on the cell surface and within the trans-Golgi
network/biosynthetic and endocytic pathways, the observation
that hexa-D-arginine is an effective and relatively specific furin
inhibitor provides a starting point for the development of mod-
ified derivatives capable of successfully inhibiting furin-medi-
ated pathogenic processes in vivo.

Acknowledgments—We thank Joelle Finley and Josephine Roussel
for invaluable assistance with cell culture, K. Nakayama for mouse
furin cDNA, R. E. Mains for HEK-293 cells expressing PACE4 and the
anti-PACE4 antiserum, and W. Van de Ven for the MON148 anti-furin
antiserum.

REFERENCES

1. Seidah, N. G., and Chretien, M. (1999) Brain Res. 848, 45–62
2. Bergeron, F., Leduc, R., and Day, R. (2000) J. Mol. Endocrinol. 24, 1–22
3. Steiner, D. F. (1998) Curr. Opin. Chem. Biol. 2, 31–39
4. Molloy, S. S., Anderson, E. D., Jean, F., and Thomas, G. (1999) Trends Cell

Biol. 9, 28–35
5. Nakayama, K. (1997) Biochem. J. 327, 625–635
6. Maquoi, E., Noel, A., Frankenne, F., Angliker, H., Murphy, G., and Foidart,

J. M. (1998) FEBS Lett. 424, 262–266
7. Santavicca, M., Noel, A., Angliker, H., Stoll, I., Segain, J. P., Anglard, P.,

Chretien, M., Seidah, N., and Basset, P. (1996) Biochem. J. 315, 953–958
8. Polette, M., and Birembaut, P. (1998) Int. J. Biochem. Cell Biol. 30, 1195–1202

9. Matthews, D. J., Goodman, L. J., Gorman, C. M., and Wells, J. A. (1994)
Protein Sci. 3, 1197–1205

10. Jean, F., Boudreault, A., Basak, A., Seidah, N. G., and Lazure, C. (1995)
J. Biol. Chem. 270, 19225–19231

11. Lazure, C., Gauthier, D., Jean, F., Boudreault, A., Seidah, N. G., Bennett,
H. P., and Hendy, G. N. (1998) J. Biol. Chem. 273, 8572–8580

12. Krysan, D. J., Rockwell, N. C., and Fuller, R. S. (1999) J. Biol. Chem. 274,
23229–23234

13. Lu, W., Zhang, W., Molloy, S. S., Thomas, G., Ryan, K., Chiang, Y., Anderson,
S., and Laskowski, M., Jr. (1993) J. Biol. Chem. 268, 14583–14585

14. Anderson, E. D., Thomas, L., Hayflick, J. S., and Thomas, G. (1993) J. Biol.
Chem. 268, 24887–24891

15. Dufour, E. K., Denault, J. B., Hopkins, P. C., and Leduc, R. (1998) FEBS Lett.
426, 41–46

16. Jean, F., Stella, K., Thomas, L., Liu, G., Xiang, Y., Reason, A. J., and Thomas,
G. (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 7293–7298

17. Van Rompaey, L., Ayoubi, T., Van De Ven, W., and Marynen, P. (1997)
Biochem. J. 326, 507–514

18. Dahlen, J. R., Jean, F., Thomas, G., Foster, D. C., and Kisiel, W. (1998) J. Biol.
Chem. 273, 1851–1854

19. Khan, A. R., and James, M. N. (1998) Protein Sci. 7, 815–836
20. Anderson, E. D., VanSlyke, J. K., Thulin, C. D., Jean, F., and Thomas, G.

(1997) EMBO J. 16, 1508–1518
21. Zhong, M., Munzer, J. S., Basak, A., Benjannet, S., Mowla, S. J., Decroly, E.,

Chretien, M., and Seidah, N. G. (1999) J. Biol. Chem. 274, 33913–33920
22. Jean, F., Thomas, L., Molloy, S. S., Liu, G., Jarvis, M. A., Nelson, J. A., and

Thomas, G. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 2864–2869
23. Apletalina, E., Appel, J., Lamango, N. S., Houghten, R. A., and Lindberg, I.

(1998) J. Biol. Chem. 273, 26589–26595
24. Fricker, L. D., McKinzie, A. A., Sun, J., Curran, E., Qian, Y., Yan, L., Patter-

son, S. D., Courchesne, P. L., Richards, B., Levin, L., Mzhavia, N., Devi,
L. A., and Douglass, J. (2000) J. Neurosci. 20, 639–648

25. Cameron, A., Fortenberry, Y., and Lindberg, I. (2000) FEBS Lett. 473, 135–138
26. Houghten, R. A., Pinilla, C., Appel, J. R., Blondelle, S. E., Dooley, C. T.,

Eichler, J., Nefzi, A., and Ostresh, J. M. (1999) J. Med. Chem. 42,
3743–3778

27. Pinilla, C., Appel, J. R., Blanc, P., and Houghten, R. A. (1992) BioTechniques
13, 901–905

28. Houghten, R. A. (1985) Proc. Natl. Acad. Sci. U. S. A. 82, 5131–5135
29. Houghten, R. A., Bray, M. K., Degraw, S. T., and Kirby, C. J. (1986) Int. J.

Pept. Protein Res. 27, 673–678
30. Lindberg, I., and Zhou, Y. (1995) Methods Neurosci. 23, 94–108
31. Frenette, G., Deperthes, D., Tremblay, R. R., Lazure, C., and Dube, J. Y. (1997)

Biochim. Biophys. Acta 1334, 109–115
32. Zhou, A., Paquet, L., and Mains, R. E. (1995) J. Biol. Chem. 270, 21509–21516
33. Mains, R. E., Berard, C. A., Denault, J. B., Zhou, A., Johnson, R. C., and Leduc,

R. (1997) Biochem. J. 321, 587–593
34. Angliker, H., Wikstrom, P., Shaw, E., Brenner, C., and Fuller, R. S. (1993)

Biochem. J. 293, 75–81
35. Hatsuzawa, K., Nagahama, M., Takahashi, K., Takada, K., Murakami, K., and

Nakayama, K. (1992) J. Biol. Chem. 267, 16094–16099
36. Bravo, D. A., Gleason, J. B., Sanchez, R. I., Roth, R. A., and Fuller, R. S. (1994)

J. Biol. Chem. 269, 25830–25837
37. Hatsuzawa, K., Murakami, K., and Nakayama, K. (1992) J. Biochem. (Tokyo)

111, 296–301
38. Molloy, S. S., Bresnahan, P. A., Leppla, S. H., Klimpel, K. R., and Thomas, G.

(1992) J. Biol. Chem. 267, 16396–16402
39. Cieplik, M., Klenk, H. D., and Garten, W. (1998) Biol. Chem. Hoppe-Seyler 379,

1433–1440
40. Jean, F., Basak, A., DiMaio, J., Seidah, N. G., and Lazure, C. (1995) Biochem.

J. 307, 689–695
41. Angliker, H., Neumann, U., Molloy, S. S., and Thomas, G. (1995) Anal. Bio-

chem. 224, 409–412
42. Berman, Y., Juliano, L., and Devi, L. A. (1999) J. Neurochem. 72, 2120–2126
43. Shinde, U., and Inouye, M. (2000) Semin. Cell Dev. Biol. 11, 35–44
44. Basak, A., Jean, F., Seidah, N. G., and Lazure, C. (1994) Int. J. Pept. Protein

Res. 44, 253–261
45. Tsuji, A., Hashimoto, E., Ikoma, T., Taniguchi, T., Mori, K., Nagahama, M.,

and Matsuda, Y. (1999) J. Biochem. (Tokyo) 126, 591–603
46. Rouille, Y., Duguay, S. J., Lund, K., Furuta, M., Gong, Q., Lipkind, G., Oliva,

A. A. J., Chan, S. J., and Steiner, D. F. (1995) Front. Neuroendocrinol. 16,
322–361

47. Oliva, A. A., Chan, S. J., and Steiner, D. F. (2000) Biochim. Biophys. Acta 1477,
338–348

48. Teuchert, M., Berghofer, S., Klenk, H. D., and Garten, W. (1999) J. Biol. Chem.
274, 36781–36789

49. Stroh, A., Schafer, W., Berghofer, S., Eickmann, M., Teuchert, M., Burger, I.,
Klenk, H. D., and Garten, W. (1999) Eur. J. Cell Biol. 78, 151–160

50. Teuchert, M., Schafer, W., Berghofer, S., Hoflack, B., Klenk, H. D., and Garten,
W. (1999) J. Biol. Chem. 274, 8199–8207

51. Angliker, H. (1995) J. Med. Chem. 38, 4014–4018
52. Ko, K. H., Lee, C. J., Shin, C. Y., Jo, M., and Kim, K. C. (1999) Am. J. Physiol.

277, L811–L815
53. Vepa, S., Scribner, W. M., and Natarajan, V. (1997) Am. J. Physiol. 272,

L608–L613
54. Coyle, A. J., Uchida, D., Ackerman, S. J., Mitzner, W., and Irvin, C. G. (1994)

Am. J. Respir. Crit. Care Med. 150, S63–S71
55. Frigas, E., Loegering, D. A., Solley, G. O., Farrow, G. M., and Gleich, G. J.

(1981) Mayo Clin. Proc. 56, 345–353
56. Fujisawa, T., Kato, Y., Terada, A., Iguchi, K., and Kamiya, H. (1999) Int. Arch.

Allergy Immunol. 120, Suppl. 1, 65–69
57. Schwingshackl, A., Duszyk, M., Brown, N., and Moqbel, R. (1999) J. Allergy

Clin. Immunol. 104, 983–989

Polyarginines Are Potent Furin Inhibitors 36749

 at Q
ueen's U

niv - O
C

U
L

 on M
arch 8, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


Houghten and Iris Lindberg
Angus Cameron, Jon Appel, Richard A.
  
Polyarginines Are Potent Furin Inhibitors
REGULATION:
ENZYME CATALYSIS AND

doi: 10.1074/jbc.M003848200 originally published online August 24, 2000
2000, 275:36741-36749.J. Biol. Chem. 

  
 10.1074/jbc.M003848200Access the most updated version of this article at doi: 

  
.JBC Affinity SitesFind articles, minireviews, Reflections and Classics on similar topics on the 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/275/47/36741.full.html#ref-list-1

This article cites 57 references, 20 of which can be accessed free at

 at Q
ueen's U

niv - O
C

U
L

 on M
arch 8, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://affinity.jbc.org/
http://www.jbc.org/lookup/doi/10.1074/jbc.M003848200
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;275/47/36741&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/275/47/36741
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=275/47/36741&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/275/47/36741
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/275/47/36741.full.html#ref-list-1
http://www.jbc.org/

