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Abstract

Novel elongated and shortened derivatives of the peptidomimetic furin inhibitor phenylacteyl-Arg-

Val-Arg-4-amidinobenzylamide were synthesized. The most potent compounds, e.g., 

Nα(carbamidoyl)Arg-Arg-Val-Arg-4-amidinobenzylamide (Ki = 6.2 pM), contain additional basic 

residues at the N-terminus and inhibit furin in the low picomolar range. Furthermore, to decrease 

the molecular weight of this inhibitor type, compounds lacking the P5-moiety were prepared. The 

best inhibitors of this series, 5-(guanidino)-valeroyl-Val-Arg-4-amidinobenzylamide and its P3 

tert.leucine analogue, displayed Ki values of 2.50 nM and 1.26 nM, respectively. Selected 

inhibitors, together with our previously described 4-amidinobenzylamide derivatives as references, 

were tested in cell culture for their activity against furin-dependent infectious pathogens. The 

propagation of the alphaviruses Semliki Forest virus and chikungunya was strongly inhibited in 

the presence of selected derivatives. Moreover, a significant protective effect of the inhibitors 

against diphtheria toxin was observed. These results confirm that the inhibition of furin should 

represent a promising approach for a short-term treatment of acute infectious diseases.
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Elongated and shortened inhibitors of the proprotein convertase furin, based on the lead structure 

phenylacetyl-Arg-Val-Arg-4-amidinobenzylamide, have been developed. The best compounds 

inhibit the propagation of the alphaviruses chikungunya and Semliki forest virus in the micromolar 
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range. Furthermore, the activation of diphtheria toxin was inhibited in the presence of selected 

compounds.
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Introduction

The type-I transmembrane protein furin belongs to the family of proprotein convertases 

(PCs) and contains a Ca2+-dependent subtilisin-like serine protease domain. Furin is 

ubiquitously distributed in human tissues and preferentially cleaves its substrates after the 

multibasic motif Arg-Xaa-(Lys/Arg)-Arg↓Xaa.[1] Furin activates numerous precursors of 

hormones, enzymes and other proteins. Prominent cellular substrates are the precursor to 

insulin-like growth factor, albumin and the transforming growth factor β1.[2] In addition to 

its physiological functions, furin also contributes to numerous diseases such as cancer, 

metabolic disorders, osteoarthritis, cardiovascular diseases or neurodegenerative 

disorders.[3–5] Importantly, cellular furin can be hijacked by a number of pathogenic viruses 

and bacteria. Furin activates the fusogenic surface glycoproteins of several viruses including 

those from highly pathogenic influenza viruses, measles, ebola, and flaviviruses like Dengue 

and West Nile virus.[6] Furin also cleaves and thereby activates several bacterial toxin 

precursors, including anthrax, diphtheria or shiga toxins.[1,4,5] Although a furin knockout in 

mice leads to embryonic death at day 11, a short-term application of furin inhibitors in 

severe infectious diseases could represent a potential treatment option,[1] because no obvious 

adverse effects were observed in adult mice with a liver-specific conditional furin knockout, 

suggesting some redundancy between furin-like PCs.[7] In initial studies with living rodents, 

a protective effect of the furin inhibitor hexa-D-arginine against Pseudomonas aeruginosa 
exotoxin A and anthrax toxin was observed.[8] Several furin inhibitors have been published 

Hardes et al. Page 2

ChemMedChem. Author manuscript; available in PMC 2018 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the past, including engineered proteins, oligopeptides and small molecule 

inhibitors.[5,9,10]

We have previously developed various substrate-analogue furin inhibitors based on the lead 

structure phenylacetyl-Arg-Val-Arg-4-amidinobenzylamide (inhibitor 1, Figure 1).[11,12] 

Further optimization by incorporation of basic P5 groups in combination with tert.leucine 

(Tle) in P3 position has provided furin inhibitors with strongly improved potency, such as 

compounds 2 and 3 (Figure 1).[13–15] The analysis of their crystal structures in complex with 

human furin revealed numerous polar interactions contributing to their low picomolar 

affinity.[13,14] The best compounds produced a strong antiviral effect against infections with 

influenza virus and the paramyxovirus canine distemper virus in cell culture and also 

inhibited the activation of toxins from Bacillus anthracis, Shigella dysenteriae and 

Corynebacterium diphtheria.[11,13,16]

Numerous PC substrates[2] and inhibitors[17,18] possess additional basic residues in their P5-

P8 region contributing to their recognition by furin. For this reason, a series of new N-

terminally elongated inhibitors was prepared which contain a constant P4-P1 Arg-Xxx-

Arg-4-Amba segment (where Xxx stands for valine or tert.leucine). In contrast, to decrease 

the molecular weight of this inhibitor type, additional compounds lacking the P5-moiety 

were synthesized. A significant antiviral and antibacterial effect was found in cell culture 

assays for selected inhibitors, as described below.

Results

Design and activity of the synthesized compounds

The inhibitors were prepared using a combination of solution and solid phase peptide 

synthesis, as described previously.[11] The side chain-protected peptide segment beginning 

from the P2 residue was synthesized on 2-chlorotrityl chloride resin according to a standard 

Fmoc-protocol with HBTU as the coupling reagent. This segment was cleaved from the 

resin under mild acidic conditions and coupled with 4-amidinobenzylamine · 2 HCl in 

solution. After strong acidic deprotection, the inhibitors were purified by preparative HPLC 

and lyophilized.

Various modifications of this synthesis were performed; the sequences of the peptides 

prepared are summarized in Table 1. The P4-P1 Arg-Val-Arg-4-Amba segment was 

elongated with further arginines in L- and/or D-configuration. Compounds 4 and 5 possess 

the basic structure Phac-(Arg)x-Val-Arg-4-Amba, where × is 2 (4) or 3 (5). In analogues 6 
and 7, one Arg residue in position P5 or P6 was replaced by Ala in order to examine the 

importance of a basic residue in these positions.

In contrast, compounds 8–15 possess a free amino group at the N-terminus. To prevent 

potential degradation by aminopeptidases, a DArg residue was coupled as the N-terminal 

residue in most analogues, a strategy known from the development of icatibant, a bradykinin 

B2 receptor antagonist approved for the treatment of hereditary angioedema.[19] Inhibitors 8 
and 14 containing an N-terminal Arg served as reference compounds.
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The Ki values of the compounds above against furin were determined under tight-binding 

conditions; all represented very effective inhibitors.[20] Compound 5, containing three Arg 

residues in positions P4-P6, is the most potent derivative of this series (Ki = 13.8 pM). The 

shorter analogue 4 and derivatives 6 and 7, containing Arg-Ala or Ala-Arg as P5-P6 

segment, inhibit furin with slightly reduced Ki values close to 50 pM. However, all of these 

analogues revealed reduced potency compared to inhibitor 2, which possesses a 4-

(guanidinomethyl)phenylacetyl residue in position P5. Fitting accuracy of the measured vs, 

[I] data pairs to equation (1) for tight-binding inhibitors was lower in the case of compounds 

8–15, in particular in the “elbow region” (Figure 2). Yet, curve fitting with tight-binding 

inhibitors is very sensitive to small errors in the enzyme and/or inhibitor concentrations 

used. However, a perfect fit was always obtained for inhibitor 3, which was used as a 

reference on each 96-well plate. These control measurements confirm the correctness of the 

enzyme concentration used, which was in agreement with a determination made from the 

point of intersection of the elongated linear part of the tight-binding curve with the abscissa 

at low inhibitor concentrations.[20] Moreover, to avoid any inaccuracy in the concentrations 

of the inhibitors their peptide content was determined from the amount of nitrogen obtained 

by elemental analysis. When considering the appropriate number of TFA counter ions (one 

TFA molecule per basic group) the determined peptide concentrations were normally in the 

range between 90 and 95 %. However, even with the corrected inhibitor concentrations, no 

perfect fitting was possible as indicated by the slightly reduced coefficient of determination 

(R2) with values between 0.965 and 0.99 (Table 1). In these cases (inhibitors 8–15), the 

measured data points in the elbow region and at higher inhibitor concentration are below the 

fitted curve, which indicates that the true inhibitory potency should be even stronger as 

calculated by the Ki values. We dispensed with the determination of IC50 values, which are 

often used to describe the potency of inhibitors with unknown binding mechanisms, because 

it is not recommended for tight-binding inhibitors.[20]

The Ki values of derivatives 8 and 9 with an Arg residue in position P5 exhibit a slightly 

stronger inhibition compared to the elongated compounds 10–12 with DArg at P5. The D-

configuration should alter the substrate-analogue backbone conformation and thereby also 

the side chain orientation, resulting in impaired interactions in the more distal N-terminal 

binding pockets. In contrast, an identical potency was found for the shorter compounds 13 
and 14 comprising only the P5-P1 segment.

To prevent potential degradation by aminopeptidases, the N-terminal α-amino group of 

compounds 16 and 17 was alternatively converted into a guanidine moiety. The derivative 

Nα(carbamidoyl)-Arg-Arg-Arg-Val-Arg-4-Amba (compound 16) with a Ki value of 6.2 pM 

is the most potent inhibitor of this series.

Based on the work of the Day lab inhibitors containing an N-terminal tetra-Leu motif 

including the previously described inhibitors 18 and 19 were synthesized as further reference 

compounds.[21,22] Under the used conditions derivative 18 (Ac-(Leu)4-Arg-Val-Lys-4-

Amba) and its N-terminal Ac-DLeu analogue 19 inhibit furin with nearly identical Ki values 

of 491 pM and 449 pM, respectively. Derivative 20, the P3 Tle analogue of compound 18, 

exhibited a 2.5-fold improved inhibition constant of 193 pM. In inhibitors 21 and 22 the P2 
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Lys was exchanged with Arg; their ~ 2-fold improved Ki values (164 and 79 pM) confirm 

previous results obtained with related 4-amidinobenzylamide inhibitors.[11,12]

To complement the size variations, we also attempted to reduce the length of the 

compounds. For this work, the P5 residue was completely eliminated and the P4 position 

was modified with various basic residues. In the case of inhibitors 23 and 24, the P3-P1 

segment (Val-Arg-4-Amba) was maintained and 3- or 4-aminomethylphenylacetic acid was 

coupled. Both compounds revealed relatively poor inhibition (Ki values of 48.2 nM and 37.8 

nM) compared to the reference compound 1 (which contains a phenylacetyl moiety in P5- 

and arginine in the P4-position).[11] The conversion of the N-terminal benzylamine into 

benzylguanidine resulted in a further drop in the potency of compounds 25 and 26. This 

suggests that the N-terminal guanidinomethylene group on the relatively rigid Phac residue 

cannot bind to the same position occupied by the P4 arginine side chain in substrate 

analogue inhibitors.[13,14]

To overcome this problem a more flexible 5-aminovaleroyl residue was incorporated in 

inhibitors 27 and 29, which was further converted into a 5-guanidinovaleroyl group in 

compounds 28 and 30. This residue can be considered as a des-aminoArg, and provided 

significantly stronger furin inhibition with Ki values of 2.54 nM and 1.26 nM for the Val and 

Tle analogues, respectively.

Antiviral and antibacterial activities in cell culture

In previous cell culture experiments, we have observed that selected 4-amidinobenzylamide-

type furin inhibitors exhibit strong antiviral activity against highly pathogenic avian 

influenza viruses of the strains H5N1 and H7N1 as well as against canine distemper 

virus.[13,23] Furthermore, these compounds strongly protected cells against anthrax, shiga 

and diphtheria toxin in cell culture.[16] We wished to extend these studies to alphaviruses.

Inhibition of alphavirus propagation

Alphaviruses are mosquito-transmitted pathogens. Some of them, such as chikungunya virus 

(CHIKV) and Ross River virus, cause high fever and debilitating joint pain in humans, 

whereas others like Semliki Forest virus (SFV) are low-pathogenic in humans albeit 

neuropathogenic in mice. Despite differences in pathogenicity, the alphaviruses are closely 

related in terms of their molecular biology regarding e.g. replication and protein 

processing.[24] In the case of SFV and CHIKV, furin cleaves the precursor protein E3-E2 

(p62) in a post-Trans Golgi network compartment, generating the mature glycoprotein 

E2.[25,26] Furin cleavage is a prerequisite for formation of the functional membrane 

glycoprotein complex E1/E2 that mediates receptor binding and membrane fusion. The 

inhibition of this processing step could be a suitable approach for the treatment of infections 

with alphaviruses.

Due to its low pathogenicity, SFV can serve as a convenient model system to study 

alphaviruses. In a first experiment the reference inhibitors 2 and 3, along with the strongest 

furin inhibitors of each subgroup (separated by the dashed lines in Table 1, e.g., compound 5 
from inhibitors 4–7, compound 9, 16, and 17 from inhibitors 8–17, compounds 21 and 22 
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from the multi-Leu inhibitors 18–22, and compound 30 from inhibitors 23–30) were 

screened at a concentration of 25 μM in baby hamster kidney (BHK-21) cells infected with 

SFV. Virus titers were determined by plaque assay, results are displayed in Figure 3.

No or only negligible reduction in virus titers was found in presence of inhibitors 21, 22 and 

30. A relatively weak effect was achieved with inhibitors 5, 9 and 17, which reduced the 

virus titers by less than one order of magnitude. The strongest antiviral efficacies were 

determined for the new inhibitor 16 and the reference compounds 2 and 3, where viral titers 

were severely reduced by more than two orders of magnitude. Under these inhibitor 

concentrations and conditions, the cells did not exhibit any significant cytopathic effect at 24 

h post-infection. The most potent inhibitors 2, 3, 9 and 16 were analyzed further and showed 

concentration-dependent inhibition of SFV replication (Figure 4).

To show inhibition of furin-mediated E3-E2 processing by the selected compounds, BHK 

cells were infected with SFV at high MOI, subjected to drug treatment and processed for gel 

electrophoresis and Western blot analysis at 8 h post-infection (Figure 5).

While only mature E2 was detected in SFV-infected cells in the absence of inhibitor, the 

cleavage of the precursor E3-E2 was very strongly suppressed by all three inhibitors under 

the conditions used since only the uncleaved precursor could be detected. Subsequently, the 

most potent inhibitors identified by SFV screening were tested in BHK-21 cells infected 

with the human-pathogenic CHIKV (Figure 6).

In the presence of these inhibitors, a significant reduction in the virus titer by more than 

three orders of magnitude was observed. In agreement with the SFV assay data, compounds 

9 and 16 were less active compared to the reference inhibitors 2 and 3.

Inhibition of diphtheria toxin action

Diphtheria is a severe infection caused by the exotoxin-producing Corynebacterium 
diphtheriae. The disease is characterized by pseudomembrane formation in the pharynx and 

swollen lymph nodes, but can also lead to life-threatening complications like myocarditis or 

polyneuritis.[27] Although very effective vaccines are available, diphtheria is still a major 

problem in certain developing countries. The released toxin is cleaved by furin after Arg193 

into two subunits, called A and B.[28] Through pore formation, fragment B enables the 

transport of the catalytically active fragment A into the cytosol of the cell. There, fragment 

A catalyzes the ADP-ribosylation of elongation factor 2, which leads to the disruption of 

protein synthesis and the death of the cell.[29]

Selected inhibitors were screened at three concentrations (10, 50 and 200 nM) for their 

ability to prevent the activation of unnicked diphtheria toxin in Vero cells (Figure 7). The 

protective factor was calculated as the ratio of toxin concentration inducing 50 % cell death 

in the presence of inhibitor compared to the control lacking inhibitor.

In the presence of derivatives 5, 16 and 17 protection factors of ~ 10 were observed. At the 

highest concentration of 200 nM an approximately 3-fold improved effect was observed for 
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inhibitor 9. The best results were achieved with reference compounds 2 and 3 with 

protection factors around 40 at a concentration of 200 nM.

Discussion

The effective inhibition of furin represents a potential strategy for a short-time treatment of 

numerous severe infectious diseases.[1,4] So far, the most potent synthetic inhibitors of furin 

and furin-like PCs contain a C-terminal 4-amidinobenzylamide residue.[13,22] It was known 

that the incorporation of a basic P5 anchor strongly improves the affinity of this inhibitor 

type.[13,16] To investigate the influence of a further N-terminal elongation with basic 

residues, a new inhibitor series was prepared. Compared to compound 1, containing a 

neutral P5 residue, the coupling of arginine residues in D- and/or L-configuration improved 

the inhibition of furin providing Ki values ≤ 110 pM. However, fitting of the measured data 

to the equation for tight binding inhibition (equation 1) yielded lower R2 values in case of 

compounds 8–15. Surprisingly, this issue was only found for inhibitors containing a free N-

terminus. It is hence conceivable that these compounds may bind to furin with different 

binding modes. Notably, a reverse binding orientation was postulated for related substrate-

analogue inhibitors in a previous work.[30] In contrast, a perfect fit was obtained for 

compounds 4–7 with an N-terminal phenylacetyl residue or for derivatives 16 and 17 
exhibiting an N-terminal Nα-guanidino group suggesting a single binding mode as observed 

in crystal structures with these amidinobenzylamide-derived inhibitors.[14,15] The latter 

modification contributed to an improved affinity and probably stabilizes the peptides against 

degradation by aminopeptidases, although this was not tested so far. Besides the elongation 

with basic residues, compounds with an N-terminal acetylated multi-Leu motif were 

prepared as references, which were described in a previous work by the Day group.[31] 

Inhibitors 18 and 19 were resynthesized, their Ki values of ~ 0.5 nM determined in our assay 

are approximately 10- and 20-fold lower as compared to the inhibition constants described 

by Kwiatkowska et al..[21,22] These discrepancies are probably caused by different assay 

conditions. Compound 18 was used as a lead structure for modifications in the P2 and P3 

positions. The exchange of the P3-Val to Tle led to a 2.5-fold improved Ki value of 0.19 nM. 

The incorporation of Arg as the P2-residue provided compounds 21 and 22 with further 

reduced inhibition constants; both of the latter effects confirming results of previous studies 

with related inhibitors[11–13] and suggesting that all of these analogues inhibit furin by a 

similar binding mode.

In contrast to the elongated peptides, the shortened derivatives 23 and 24 containing an N-

terminal 4-aminomethyl-Phac residue exhibited reduced potency. The further drop in affinity 

found for their guanidine analogues 25 and 26 indicates that this more rigid residue cannot 

adopt a conformation, in which its terminal guanidine occupies the preferred position known 

from the P4-Arg residue in several crystal structures.[13,14] A significant gain in potency was 

achieved after incorporation of the more flexible 5-guanidinovaleroyl group as P4 residue, 

resulting in compounds 28 and 30 with Ki values of 2.5 and 1.3 nM, respectively. Despite 

the relatively potent furin inhibition (in the low nanomolar range) observed for the shorter 

analogue 30, we could not detect any significant antiviral activity in the screening against 

SFV.
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In contrast, the novel elongated derivatives 9 and 16 strongly reduced titers of the 

alphaviruses SFV and CHIKV in cell culture, clearly showing their antiviral activity, 

although their efficacy was found to be lower than for the reference inhibitors 2 and 3. In 

contrast to the picomolar binding constants, inhibitor concentrations in the micromolar range 

were required to significantly reduce the virus titers. The processing of the E3-E2 precursor 

occurs in a post-TGN compartment, which likely is poorly accessible to highly basic and 

polar inhibitors. It seems that this drawback can be partially compensated by the very strong 

affinity of inhibitors 2 and 3, in the low picomolar range. Notably, in a previous study with 

the irreversible furin inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone a slightly 

higher concentration of 100 μM was used to demonstrate the inhibition of the CHIKV E3-E2 

cleavage.[26]

In comparison, to inhibit the furin-catalyzed cleavage of diphtheria toxin in early 

endosomes, only nanomolar inhibitor concentrations were needed to obtain significant 

effects on toxin activation. We speculate that multibasic inhibitors have a tendency to 

accumulate at the negatively charged cell surface followed by endocytotic uptake, 

comparable to polybasic cell penetrating peptides.[32] This mechanism could explain the 

improved potency of these inhibitors when addressing endosomal targets.

Based on present knowledge,[5,10] a multibasic structure is needed to obtain high affinity 

towards furin. All presently known and more potent synthetic furin inhibitors contain at least 

three or even more basic residues, which limits their cellular bioavailability and makes them 

unsuitable for oral administration. Nevertheless, parenteral application should be possible 

with this inhibitor type, e.g. for the prophylaxis and treatment of eye infections caused by 

Pseudomonas aeruginosa.[33]

Conclusion

The elongation of the P4-P1 lead segment Arg-Val-Arg-4-amidinobenzylamide with further 

basic residues provides highly potent furin inhibitors. Some analogues exhibit a significant 

activity in the used cell culture tests. In contrast, inhibitors lacking a P5 residue, synthesized 

to decrease molecular weight, still inhibit furin in the low nanomolar range, but do not show 

antiviral activity. In the present study we could extend the use of our 4-amidinobenzylamide 

derivatives to the inhibition of alphavirus propagation in a cell culture model. Some of these 

analogues also protect cells against diphtheria toxin cytotoxicity. Together with our previous 

data on the inhibition of influenza or canine distemper virus infections, our novel results 

suggest that effective inhibitors of the 4-amidinobenzylamide type could be suitable 

candidates as broad-spectrum anti-infectives against furin-dependent pathogens.

Methods

Reagents

Protected amino acids, coupling reagents, resins, further chemicals and solvents were 

obtained from Orpegen, Bachem, Iris Biotech GmbH, Polypeptides, Fluka, Acros and 

Aldrich.
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Analytical RP-HPLC

Measurements were performed on a Shimadzu LC-10A system with a Nucleodur C18, 5 μm, 

100 Å, 4.6 × 250 mm column (Machery-Nagel, Düren, Germany). A linear gradient 

(increase of 1 % solvent B/min) of acetonitrile (solvent B) in water (solvent A) both 

containing 0.1 % TFA at a flow rate of 1 ml/min was used (detection at 220 nm).

Preparative RP-HPLC

The final inhibitors were purified (≥ 95% based on the detection at 220 nm) on a preparative 

HPLC consisting of a Varian PrepStar Model 218 gradient system pump, ProStar Model 320 

detector, Varian Model 701 fraction collector and a C18 column (Nucleodur, 5 μm, 100 Å, 32 

× 250 mm, Macherey-Nagel, Düren, Germany) using the same solvents as described above. 

A linear gradient (increase of 0.5 % solvent B/min) at a flow rate of 20 ml/min was used. All 

peptides were finally obtained as TFA-salts after lyophilization.

Mass spectrometry

The molecular mass of the synthesized compounds was determined on a QTrap 2000 ESI 

spectrometer (Applied Biosystems, now life technologies, Carlsbad, CA).

Synthesis

The inhibitors were synthesized according to a manual standard Fmoc SPPS protocol in a 2 

ml reaction vessel with frit starting with Fmoc-Arg(Pbf)-2-chlorotrityl resin (0.12 g, loading 

0.66 mmol/g). The Fmoc group was removed with 20 % piperidine in DMF (5 min for first 

and 20 min for second cleavage). For the couplings a 4-fold excess of Fmoc-amino acids, 

HOBt and HBTU, respectively, and 8.0 equivalents of DIPEA was used. The Boc-protected 

3- or 4-aminomethyl-phenylacetic acids were only used in a 2-fold excess. The Nα- and side 

chain-protected intermediates were cleaved from resin under mild acidic conditions (1.5 ml 

1 % TFA in DCM, 3 × 30 min) at room temperature, the solutions were immediately 

neutralized by addition of DIPEA. The solvent was removed in vacuo and the oily residue 

was dissolved in 2 mL DMF. The solution was treated with 1.0 equivalent 4-

amidinobenzylamine × 2 HCl,[11] 3.0 equivalents 6-Cl-HOBt, 1.1 equivalents PyBOP, and 

3.0 equivalents DIPEA at 0 °C (pH ~ 8.5). The mixture was stirred for 15 min at 0 °C and at 

room temperature overnight. The solvent was removed in vacuo and the remaining 

protecting groups were removed with 2 ml TFA/TIS/H2O (95/2.5/2.5, v/v/v) for 3 h at room 

temperature. The deprotected intermediate was precipitated in diethyl ether and dried. The 

precipitate was purified using preparative HPLC and the product lyophilized from water.

Guanylated inhibitors (16, 17, 25, 26, 28, 30) were obtained by treating the corresponding 

amine intermediates with a large excess of 1H-pyrazole-1-carboxamidine × HCl in 2 mL 1 

M Na2CO3.[34] After completion of the conversion, the mixture was acidified with TFA and 

purified by preparative HPLC, followed by lyophilization of the product from water.

Enzyme kinetic measurements with recombinant soluble human furin

Enzyme kinetic measurements were conducted as described previously.[13] In short, the 

measurements were performed with a microplate reader (Safire2, Tecan, Switzerland) at λ ex 
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380 nm and λem 460 nm in black 96-well plates (Nunc, Langenselbold, Germany) at room 

temperature. A well contained 2 μL inhibitor solution (dissolved in DMSO), 20 μL of the 

substrate Phac-Arg-Val-Arg-Arg-AMC (dissolved in water, concentrations used in the assay: 

5, 20 and 50 μM) and 160 μL buffer (100 mM HEPES, 0.2 % Triton X-100, 2 mM CaCl2, 

0.02 % sodium azide und 1 mg/mL BSA, pH 7.0). The measurements were started by 

addition of 20 μL furin[17] solution (~ 0.95 nM in the assay) and were performed for 30 min. 

Steady-state rates were calculated from the slopes of the progress curves. Ki values of the 

inhibitors with inhibition constants > 0.1 nM were determined by fitting of the data to the 

equation for classical reversible competitive inhibition, as described previously.[11] All data 

calculations were performed with Origin 8.1.

In the case of a tight-binding behavior, equation 1[35] was used, whereby v0 is the velocity in 

absence of an inhibitor, It is the total inhibitor concentration, Et is the total enzyme 

concentration, and Ki
* is the apparent inhibition constant at the used substrate concentration 

of 12.5 μM.

(1)

The apparent Ki
* was converted into the true Ki value by equation (2).

(2)

Analysis of Semliki Forest virus replication in the presence of furin inhibitors

Cells, viruses and infection—Baby hamster kidney (BHK-21) cells (American Type 

Culture Collection/ATCC CCL-10) were cultured in growth medium (GMEM supplemented 

with 10 % fetal bovine serum (FBS), 10 % tryptose phosphate broth, 20 mM HEPES pH 7.4, 

2 mM L-glutamine, and penicillin-streptomycin [Sigma-Aldrich]) at 37 °C in an atmosphere 

with 5 % CO2 and 95 % humidity. Semliki Forest virus (SFV) was generated from an SFV4 

infectious clone (pSP6-SFV4) on BHK cells as described previously.[36] Subconfluent BHK 

cells in 12-well plates were infected with SFV in infection medium (DMEM with 0.2 % 

bovine serum albumin and 20 mM HEPES pH 7.4) at a multiplicity of infection (MOI) of 

0.01 for 1 h, subsequently washed with PBS and overlaid with 1 mL of growth medium 

containing the indicated concentration of furin inhibitor diluted in water. Cell culture 

supernatants were harvested at 24 h post-infection and kept at −80 °C until titration. Titer 

determination was performed by plaque assay on BHK cells using standard methodology. 

Briefly, serial 10-fold dilutions of virus were added to BHK cells (200 μL/12-well plate), 

which were incubated for 1 h at 37 °C, washed and overlaid with 0.8 % Electran agarose 

(VWR) in growth medium with 5 % FBS and incubated for 36–48 h at 37 °C, followed by 

fixation with 10 % formaldehyde in PBS and staining with crystal violet. Titers were 

calculated from the number of plaques, expressed as plaque-forming units (PFU)/mL; data 

are the mean of three independent determinations ± standard error (SE).
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Western blot

To assess E3–E2 (p62) processing, BHK cells in 6-well plates were infected with SFV at a 

MOI of 10 for 1 h, followed by washing with PBS and incubation in growth medium with or 

without furin inhibitors (25 μM) for another 7 h. Cells were lysed with 250 μL lysis buffer 

(20 mM HEPES pH 7.4, 110 mM potassium acetate, 2 mM magnesium chloride, 0.1 % (v/v) 

Tween-20 (TBST), 1 % (v/v) Triton X-100, 0.5 % (w/v) sodium deoxycholate and 500 mM 

sodium chlorid,[37] supplemented with 1× Complete protease inhibitor and PhosSTOP 

phosphatase inhibitor cocktails (Roche) on ice. Lysates were cleared by centrifugation at 

20,000 × g for 10 min at 4 °C, mixed with 4 × reducing NuPAGE lithium dodecyl sulphate 

(LDS) sample buffer (Life Technologies) and boiled (95 °C, 5 min). Samples were 

electrophoresed using precast Novex NuPAGE Bis-Tris (4–12% polyacrylamide) gels (Life 

Technologies) and subsequently transferred onto Hybond P polyvinylidene difluoride 

membranes (GE Healthcare). Membranes were blocked with 5 % skim milk powder in Tris-

buffered saline with 0.1% (v/v) Tween20 (TBST), followed by incubation with mouse-anti-

SFV-E2 antisera (obtained from Peter Liljeström, Karolinska Institutet, Stockholm) in 

blocking buffer for 16 h at 4 °C, washing with TBST, incubation with a horseradish 

peroxidase-coupled goat-anti-mouse secondary antibody (Sigma, 1 h, room temperature), 

further washing and finally detection using enhanced chemiluminescence (ECL, Pierce) with 

Hyperfilm chemiluminescence film (GE Healthcare).

Analysis of chikungunya virus replication in the presence of furin inhibitors

Cells, viruses and infection—BHK-21 cells in 12-well plates were infected with 

CHIKV-wt, derived from the wild-type infectious clone CHIKV LR2006-OPY1,[38] at a 

multiplicity of infection (MOI) of 0.1 for 1 h, followed by medium change to growth 

medium supplemented with the indicated furin inhibitor at a final concentration of 25 μM. 

Supernatants were harvested at 24 h post-infection and the virus titered in BHK-21 cells.

Inhibition of diphtheria toxin action

Vero cells used were maintained in DMEM[39] and seeded into 24-well plates at a density of 

5 × 104 cells/well 1 day before the experiment. The cells were preincubated in the absence 

or presence of selected inhibitors (200 nM and 100 nM) in leucine and serum free medium 

for 30 minutes. Then, various concentrations of unnicked diphtheria toxin (Merck KGaA, 

Darmstadt, Germany; 0.1, 1, 10, and 100 ng/ml in the assay) were added. Three hours later, 

the cells were incubated in HEPES medium containing 1 μCi/ml [3H]leucine (Hartmann 

Analytic, Braunschweig, Germany) lacking unlabeled leucine for 20 min. Afterwards the 

medium was removed. The cells were washed twice in 5% trichloroacetic acid and dissolved 

in 0.1 M KOH, followed by measurement of the radioactivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Ac acetyl

amba amidinobenzylamide

AMC 7-amido-4-methylcoumarin

AMe-Phac aminomethyl-phenylacetyl

Ava 5-aminovaleroyl

Boc t-butoxycarbonyl

DCM dichloromethane

DIPEA diisopropylethylamine

DMEM Dulbecco’s Modified Eagle’s Medium

DMF N,N-dimethylformamide

FBS fetal bovine serum

Fmoc N-(9-fluorenyl)methoxycarbonyl

GMEM Glasgow’s Modified Eagle’s Medium

GMe-Phac guanidinomethyl-phenylacetyl

Gva 5-guanidinovaleroyl

N(Ca)Arg Nα(carbamidoyl)-arginine

PBS phosphate-buffered saline

PC proprotein convertase

Phac phenylacetyl

PyBOP benzotriazol-1-yl-N-oxy-tris(pyrrolidino)-phosphonium 

hexafluorophosphate

TFA trifluoroacetic acid

TIS triisopropylsilane

Tle tert.leucine or tert.butylglycine
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Figure 1. 
Known 4-Amba derived furin inhibitors 1–3 used as reference compounds.[13,16]
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Figure 2. 
Inhibition of furin (0.95 nM in assay) by compounds 3, 4 and 12 in the presence of the 

substrate Phac-Arg-Val-Arg-Arg-AMC (12.5 μM in assay). The data were fitted to the 

equation for reversible tight-binding inhibition (equation 1). The calculated curve of 

derivative 12 (●, dotted line) deviates significantly from the measured data in the “elbow 

region” (marked by the box, R2 = 0.974), whereas the calculated curve of inhibitor 4 (○, 

solid line) and reference compound 3 (■, dashed line; R2 = 0.999) fit well with the 

experimental data (R2 = 0.999).
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Figure 3. 
Infection of BHK-21 cells with SFV at a multiplicity of infection (MOI) of 0.01 in presence 

of the indicated furin inhibitors (25 μM in assay). Viral titers were determined by plaque 

assay 24 h post-infection. The dashed line illustrates the control titer in the absence of a 

furin inhibitor. Data represent the mean ± SE for three independent experiments.
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Figure 4. 
Infection of BHK-21 cells with SFV at an MOI of 0.01 in the presence of the selected furin 

inhibitors 2 ( ), 3 ( ), 9 ( ) and 16 (●). Titers were determined by plaque assay at 24 h 

post-infection. Data represent the mean ± SE for three independent experiments.
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Figure 5. 
Inhibition of E3-E2 (p62) cleavage by compounds 3, 9 and 16 (25 μM in assay) compared to 

a control in the absence of inhibitor. BHK-21 cells were infected with SFV at an MOI of 10. 

Proteins E3-E2 and mature E2 (49 kDa) were immunochemically detected with an E2 

antibody after gel electrophoresis followed by Western blot analysis. Relative molecular 

mass of marker proteins displayed on the left-hand side.
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Figure 6. 
Infection of BHK-21 cells with CHIKV in the presence of the indicated furin inhibitors (25 

μM) at an MOI of 0.1. The titers at 24 h post-infection were determined by plaque assay. 

Data represent the mean ± SE obtained of at least three independent experiments.
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Figure 7. 
Protection of Vero cells against diphtheria toxin intoxication in the presence of 200 (gray), 

50 (white) and 10 nM (black) inhibitor (n = 2).
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