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Furin belongs to the family of proprotein convertases (PCs) and is involved in numerous normal
physiological and pathogenic processes, such as viral propagation, bacterial toxin activation, cancer,
and metastasis. Furin and related furin-like PCs cleave their substrates at characteristic multibasic
consensus sequences, preferentially after an arginine residue. By incorporating decarboxylated arginine
mimetics in the P1 position of substrate analogue peptidic inhibitors, we could identify highly potent
furin inhibitors. The most potent compound, phenylacetyl-Arg-Val-Arg-4-amidinobenzylamide (15),
inhibits furin with a K; value of 0.81 nM and has also comparable affinity to other PCs like PC1/3,
PACE4, and PC5/6, whereas PC2 and PC7 or trypsin-like serine proteases were poorly affected. In fowl
plague virus (influenza A, H7N1)-infected MDCK cells, inhibitor 15 inhibited proteolytic hemagglu-
tinin cleavage and was able to reduce virus propagation in a long-term infection test. Molecular
modeling revealed several key interactions of the 4-amidinobenzylamide residue in the S1 pocket of furin
contributing to the excellent affinity of these inhibitors.

Introduction

Furin is a member of the group of proprotein convertases
(PCs), a family of Ca®>"-dependent multidomain mammalian
endoproteases that contain a catalytic serine protease domain
of the subtilisin type.! Together with six other members of this
family, PC2, PC1/3, PACE4, PC4, PC5/6, and PC7, furin
possesses a strong preference for substrates containing the
multibasic cleavage motif Arg-X-Arg/Lys-Argl-X.>"*

Furin and its analogues are responsible for the maturation
of a huge number of inactive protein precursors>® and are
therefore involved in many normal physiological processes.
However, several studies have also revealed a function of these
proteases in numerous diseases, such as viral and bacterial
infections, tumorigenesis, neurodegenerative disorders, dia-
betes, and atherosclerosis.>* For instance, furin-like PCs can
process the HIV-1 surface protein gp160 into gp120 and gp41,
which form an envelope complex necessary for the virulence of
HIV-1.” Additional potential substrates are surface proteins
of highly pathogenic avian influenza viruses of the H5 and H7
subtypes, from the hemorrhagic Ebola and Marburg viruses
or from the measles virus that all must be cleaved at multibasic
consensus sites for formation of their mature and fusogenic
envelope glycoproteins.® ' Furin is also involved in the
pathogenicity of Bacillus anthracis because of its ability to
activate the protective antigen precursor, one component of
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anthrax toxin.'? Early endosomal furin also activates several
other bacterial toxins, such as Pseudomonas exotoxin, Shiga-
like toxin-1, and diphtheria toxins.* Upregulation of PCs was
observed in many tumors, and in some cases, elevated levels of
PC expression could be correlated with enhanced malignancy
and invasiveness, probably via activation of metalloproteases,
angiogenic factors, growth factors, and their receptors.'>!°
However, the function of PCs in the regulation of tumor
growth and progression seems to be more complex, because
other reports describe that PCs are also involved in the
activation of proteins with tumor suppressor functions, such
as cadherins.!” PCs are involved in neurodegenerative disor-
ders such as Alzheimer’s disease by activation of a-, -, and y-
secretases or via the release of amyloidogenic peptides.'® The
intracellular endoproteolytic PC-catalyzed activation of
membrane-bound MT1-MMP in macrophages is important
for plaque stability in atherosclerosis.'” The cleavage efficacy
of the PCs toward a large number of potential substrates,
some of which are likely to be involved in additional diseases,
has been recently investigated in detail.” Therefore, PC in-
hibitors might represent potential drugs for the treatment of
these diseases.

Compared to other arginine-specific proteases, such as the
trypsin-like serine proteases thrombin and factor Xa, only
moderate progress has been achieved in the field of PC
inhibitors. PCs are inhibited by various naturally occurring
macromolecular protein-based inhibitors; additional bio
engineered inhibitors have been designed by incorporation
of the PC’s consensus sequence into variants of the serpin
al-antitrypsin, the leech-derived eglin C, and the third domain
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of turkey ovomucoid.?***' Most of the small molecule PC
inhibitors belong to three groups, pure peptides, peptide mime-
tics, or nonpeptidic compounds. Peptides derived from the PC
prodomains® or identified from a combinatorial library inhibit
furin and some related PCs in the micromolar range.”> Im-
proved activity was obtained with polyarginine®® or poly-
p-arginine-derived analogues; the most potent compound,
nona-p-arginine, inhibits furin with a K; value of 1.3 nM. >
The first potent peptidomimetic furin inhibitors were developed
by coupling of appropriate multibasic substrate sequences to a
P1 arginyl chloromethyl ketone group. The irreversible inhibi-
tor decanoyl-Arg-Val-Lys-Arg-CMK has now been used by
many groups as a reference to study the effects of furin and
related PCs.” Other groups developed ketone-based transition
state analogues, which most likely inhibit furin via formation of
a reversible hemiketal *® Although these ketone-derived inhibi-
tors are valuable biochemical tools, especially for X-ray analy-
sis?” and for preliminary in vivo studies (for example, with fowl
plaque virus®), they are less suited for drug design. Ketones are
often prone to racemization at the P1 Ca and can be attacked
by numerous nucleophiles, which limits their stability in vivo.?
A boroarginine-derived transition state inhibitor was used for
the determination of the crystal structure of Kex2, a furin
analogue protease from yeast.”

Excellent potency was described for a series of nonpeptidic
multibasic 2,5-dideoxystreptamine derivatives, which inhibit
furin with K; values of < 10 nM and have negligible affinity to
trypsin-like serine proteases.’” Very recently, several nonpep-
tidic inhibitors with micromolar affinities were identified by
high-throughput screening.’!

In the past several years, numerous groups have developed
substrate analogue inhibitors for trypsin-like serine proteases
containing decarboxylated P1 arginine mimetics, e.g., for the
clotting proteases thrombin®*** and factor Xa.** Such ana-
logues are not susceptible to degradation by carboxypeptidases
and do not contain a negatively charged P1 carboxylate group,
which should repel the inhibitor from the serine nucleophile in
the enzyme’s active site. Therefore, we incorporated some of
these P1 residues in tetrapeptide derivatives derived from
furin’s consensus sequence and could identify the 4-amidino-
benzylamide group as an excellent arginine replacement.
Herein, we report the activity of these compounds on furin
inhibition; for selected compounds, we also describe their
specificity toward the PC family and certain trypsin-like serine
proteases. A model in complex with furin reveals several
interactions of the P1 group that might contribute to the
excellent potency of these compounds. One inhibitor was used
to inhibit the replication of a highly pathogenic avian influenza
virus (HPAIV)“ of subtype H7 in a cellular assay.

Results

Chemistry. A combined solution- and solid-phase ap-
proach was used for inhibitor synthesis. All compounds

“ Abbreviations: Ac, acetyl; Amba, 4-amidinobenzylamide; Cbz,
carboxybenzyl; DCM, dichloromethane; Dec, decanoyl; DIPEA, diiso-
propylethylamine; DMF, dimethylformamide; ER, endoplasmic reticu-
lum; FCS, fetal calf serum; FPV, fowl plaque virus; HA, all forms of the
hemagglutinin, HBTU, O-benzotriazolyl-N,N,N',N'-tetramethyluro-
nium hexafluorophosphate; HOBt, hydroxybenzotriazole; HPAIV,
highly pathogenic avian influenza virus; LPAI, low-pathogenic or
apathogenic influenza virus strains; MDCK, Madin-Darby canine
kidney; PDB, Protein Data Bank; PFU, plaque-forming units; Phac,
phenylacetyl; PyBOP, (benzotriazolyl)-N-oxy-pyrrolidinium phospho-
nium hexafluorophosphate; SPPS, solid-phase peptide synthesis; TFA,
trifluoroacetic acid; TIS, triisopropylsilane; THF, tetrahydrofuran.
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Scheme 1. Synthesis of Inhibitors 3—8
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“Reagents and conditions: (a) trityl chloride resin, 2 equiv of diamine,
dry THF, 2 h; (b) Fmoc SPPS, double couplings with 4 equiv of amino
acid (or phenylacetic acid), HOBt and HBTU, respectively, and 8 equiv
of DIPEA; (¢c) TFA/TIS/H,O (95/2.5/2.5, v/v/v), 2 h; (d) 3 equiv of
1 H-pyrazole-1-carboxamidine- HCI, 4 equiv of DIPEA in a DMF/1 M
Na,COj; solution (1/1, v/v), 16 h.

containing a symmetric P1 diamine moiety as well as their
guanylated analogues (3—12) were prepared on trityl chlor-
ide resin by standard Fmoc SPPS. Initially, the resin was
loaded with the diamine, followed by coupling of the P2—P5
residues. The peptides were cleaved from resin to yield the
unprotected amines. These were finally modified by treat-
ment with 1 H-pyrazole-1-carboxamidine®® in a mixture of a
Na,COj solution with DMF (Scheme 1).

The P5—P2 segments of inhibitors 13—18 were prepared
by standard Fmoc SPPS on 2-chlorotrityl chloride resin
(Scheme 2). After liberation of the side chain-protected
intermediate 2 from resin, 4-amidinobenzylamine-2HCI (1)
was coupled in solution using a PyBOP/DIPEA mixture in
the presence of excess CI-HOBt. Final side chain deprotec-
tion provided inhibitor 15. In analogy, 1-Boc-4-(amino-
methyl)piperidine was coupled to fragment 2, followed by
cleavage of protecting groups to yield 13, which was con-
verted by treatment with 1 H-pyrazole-1-carboxamidine and
DIPEA to inhibitor 14. The synthesis of compounds 16—18
was performed in analogy to that of inhibitor 15, using
decanoic or acetic acid in the final coupling step.

Determination of Inhibition Constants. Our initial work was
focused on the identification of a more druglike P1 residue to
replace the arginine ketone moieties used in previously de-
scribed furin inhibitors. The peptide sequence of the inhibitors
was derived from the chloromethyl ketone decanoyl-Arg-Val-
Lys-Arg-CMK,” whereas the P2 residue was changed to argi-
nine to prevent a second guanylation of an unprotected Lys side
chain during reactions with 1H-pyrazole-1-carboxamidine,
which would lead to homoarginine derivatives. In addition,
the N-terminal decanoyl group was substituted with a hydro-
phobic phenylacetyl group to facilitate UV detection, especially
when intermediates without aromatic systems were to be
analyzed on HPLC, e.g., analogues with aliphatic diamines in
P1 position. The structures of the inhibitors synthesized are
summarized in Table 1.

Initially, we incorporated an agmatine moiety in the P1
position, which directly corresponds to a decarboxylated
arginine. As described for substrate analogue thrombin
inhibitors, we also prepared the shorter and longer ana-
logues®® and purified their corresponding amines (e.g., 5),
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Scheme 2. Synthesis of Inhibitors 13—15¢
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“Reagents and conditions: (a) loading of 2-chlorotrityl chloride resin, Fmoc-Arg(Pbf)-OH, 4 equiv of DIPEA, dry DCM, 2 h; (b) Fmoc SPPS (for
conditions, see Scheme 1); (c) 1% TFA in DCM, 2 x 30 min; (d) 1, 1.1 equiv of PyBOP, 3 equiv of 6-CI-HOBY, 3 equiv of DIPEA in DMF, 2 h; (e) TFA/
TIS/H,0 (95/2.5/2.5, v/v/v), 2 h; (f) 1-Boc-4-(aminomethyl)piperidine, 1.1 equiv of PyBOP, 3 equiv of 6-CI-HOB, 3 equiv of DIPEA in DMF, 2 h;
(g) 3 equiv of 1 H-pyrazole-1-carboxamidine - HCI, 4 equiv of DIPEA in DMF, 16 h.

which were obtained as intermediates directly after cleavage
from resin. A similar inhibitory potency toward furin was
observed for the agmatine (6) and noragmatine (4) deriva-
tives, whereas their analogue amines are significantly less
potent and have K; values of >1 uM. In contrast, for the
longer diaminopentane inhibitor 7, a slightly stronger pote-
ncy compared to that of its guanylated analogue 8 was
found. A poor potency was observed for both diaminoxylene
inhibitors and their guanylated analogues (9—12), whereas
the N-(amidino)piperidine-derived inhibitor 14 binds to
furin with a K; value of 53 nM. In preliminary investigations,
we could find only a poor inhibition of furin with simple
benzamidine and 4-aminomethylbenzamidine (1) with inhi-
bition constants of 0.75 and 1.2 mM, respectively. There-
fore, we were delighted to observe excellent potency with
4-amidinobenzylamide compound 15. Enzyme kinetic stu-
dies revealed that all compounds summarized in Table 1 act
as reversible competitive inhibitors; as an example, the
Dixon plot for inhibitor 15 is given in Figure 1.

For comparison to the reference inhibitor Dec-Arg-Val-
Lys-Arg-CMK, we also prepared analogues with N-terminal
decanoyl and acetyl groups and a P2 Lys derivative. Whereas
slightly reduced potency was observed for decanoyl com-
pound 16, an excellent K; value was found for acetylated
inhibitor 17. P2 Lys inhibitor 18 has activity comparable to
that of its Arg analogue 16, which indicates that both
residues are well accepted by furin’s S2 pocket.

Although some differences in substrate specificity exist
between furin-like PCs,’ they all share a strong preference for
similar multibasic cleavage sequences. Therefore, we as-
sumed that these substrate analogue inhibitors also have
the potential to inhibit other PCs. To prove this hypothesis,
we selected five compounds and measured their selectivity
toward related PCs (Table 2).

As expected, other PCs, such as hPACE4, hPC5/6, and
hPC2, were also inhibited in a similar range by the selected
inhibitors, whereas hPC7 and hPC2 were less affected.
Surprisingly, the highest potency for hPC2 was observed
with decanoyl analogue 16. To further analyze selectivity,
three inhibitors with different P1 residues were also tested

toward the trypsin-like serine proteases thrombin, factor Xa,
and plasmin; however, only a marginal inhibition of these
proteases was found.

Inhibition of Proteolytic Hemagglutinin (HA) Cleavage of
Fowl Plague Virus (FPV). The virus surface HA-spike pro-
tein of FPV, which belongs to the highly pathogenic avian
influenza (HPAI) viruses of subtypes H5 and H7, is synthe-
sized as precursor molecule HAO. HAO is cleaved by furin or
by a furin-like protease, present in all cells, at a multibasic
cleavage site into distal subunit HA1 and membrane-an-
chored subunit HA2. The cleavage occurs during the trans-
port of HA from the ER to the plasma membrane, where
virus assembly and budding take place.>’** At the beginning
of infection, after receptor binding and endocytosis, the viral
envelope merges with the endosomal membrane. The viral
genome and accessory proteins are delivered into the cell
nucleus, where multiplication of influenza virus progeny
proceeds. The fusion step is essential for each host cell
infection cycle and is absolutely dependent on correctly
cleaved HA. However, it should be mentioned that cleavage
is not required for hemagglutination or virus assembly. We
selected inhibitor 15 to study its effects on the proteolytic
processing of HAO in FPV-infected cells (Figure 2). FPV-
infected cell cultures were exposed to different concentra-
tions of inhibitor 15 and Dec-Arg-Val-Lys-Arg-CMK,
which was used as a control. When viruses in the cell super-
natant reached a hemagglutination titer of 2’ HAU, cell
lysates were prepared and viral proteins analyzed. The level
of cleavage of HA is most reduced with both inhibitors at a
concentration of 50 uM (Figure 2A). Stepwise 2-fold dilu-
tion of the inhibitors is associated with a gradual loss of
noncleaved HAO, which was quantified by using a near-IR
dye-labeled antibody. The ICs, value of compound 15 is
approximately 10 uM and is in a range similar to that found
for the control inhibitor (Figure 2B). Very similar results in
this cellular assay were also obtained with decanoyl inhibitor
16, whereas acetyl analogue 17 had reduced activity (data not
shown). At 50 uM concentrations of inhibitor 15, the virus
particles obtained from inhibitor-treated cells contain con-
siderable (> 80%) noncleaved HA (data not shown).
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Table 1. Inhibition of Furin by Inhibitors of the General Formula
R-Arg-Val-P2-P1

Inhibitor R P2 Pl K (nM)
3 Phac Arg /\N/\/\NHZ 3020
H
NH
4 Phac Arg oo~ A 63
N N~ “NH,
H H
5 Phac Arg / SN NH, 7490
H
/ NeNH
6 Phac Arg SN 78
H NH,
7 Phac Arg /\H/\/\/\NHZ 553
H
8 Phac Arg /\ AN /w\ 1070
N N” NH,
H H
E—NH
Phac Arg \—Q—\ 627
9 NH,
E_NH
10 Ph A _< >_\ NH 1430
ac rg HN—<
NH,
%—NH
11 Phac Arg Q 1320
NH,
{-np
12 Phac Arg \—QEN 2730
SNH,
NH
13 Phac Arg i_Nt‘_CNH 9710
—NH NH
14 Phac Arg i \—CN% 53
NH,
{—np NH
15 Phac Arg \-@-{ 0.81
NH,
i—NH NH
16 Dec Arg \-@-{ 1.6
NH,
!_NH NH
17 Ac Arg \—O—( 1.0
NH,

a ‘—NH NH
18 Dec Lys 33
NH,

“This compound was synthesized according to Scheme 2 using Fmoc-
Lys(Cbz)-OH for coupling of the P2 amino acid. The Cbz group was
removed in the final step by hydrogenation in 90% acetic acid at room
temperature overnight using Pd/C as a catalyst.

Multiple-Cycle Replications of FPV in the Presence and
Absence of Inhibitors. Inhibitory effects on long-term virus

Becker et al.
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Figure 1. Dixon plot of inhibitor 15. Kinetic measurements were
performed with four different substrate (pyroGlu-Arg-Thr-
Lys-Arg-AMC) concentrations [(®) 5, (O) 12.5, (a) 20, and ()
50 uM] in the presence of 0.95 nM furin using various inhibitor
concentrations of =10 nM. The dashed line represents 1/V .y,
which was obtained from a Michaelis—Menten curve measured at
the same time in parallel on the same 96-well plate (K, = 4.9 uM;
Vinax = 28.4 RFUs).

infection were examined by multiple-cycle replication of
FPV after an inoculation of the cell cultures with a low
multiplicity of infection (MOI). This type of experiment
results in a retardation and reduced virus replication in the
presence of inhibitors.* MDCK cells were infected by FPV
atalow MOI of 1077 and incubated in the presence of 25 uM
compound 15 and in the absence of any inhibitor for up to
72 h. FPV propagation in the presence of compound 15 at
25 uM was monitored by virus titration of released virus into
the cell culture supernatants using the standard hema-
gglutination test® (Figure 3). Virus release appears delayed
by ~24 h in comparison to that in FPV-infected cell cultures
which were not treated with inhibitor and in which FPV has
more rapidly proliferated. The fact that FPV is still produced
after a period of delay up to nearly the same level as obtained
without inhibitor demonstrates that the viability of the cells
is not noticeably influenced in the presence of inhibitor.

Discussion

A search for suitable replacements of the P1 arginylketones
in a series of peptidic furin inhibitors revealed various alter-
natives among decarboxylated arginine mimetics, known from
previous developments of trypsin-like serine protease inhibi-
tors. The incorporation of 4-amidinobenzylamide, originally
used for the development of the thrombin inhibitor melagatran
and of its hydroxyamidino prodrug ximelagatran,** noragma-
tine,** agmatine,”® and 4-(amidomethyl)-N-(amidino)piperi-
dine,*! provided potent inhibitors of furin and related PCs,
such as hPACE4, hPC5/6, and hPC2. The limited selectivity
toward the PC family might be a drawback of these inhibitors
under some circumstances but otherwise could provide some
advantage for special applications, i.e., if PCs are coexpressed
in cells and the inhibition of only one PC may not be sufficient.
The low affinity of the selected inhibitors toward thrombin,
factor Xa, and plasmin, which is in the range of simple
benzamidines, should be advantageous for the maintenance
of the homeostasis of blood without affecting the well-balanced
clotting and fibrinolysis systems. One of the reasons for the



Article

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 3 1071

Table 2. Specificity of Selected Inhibitors for Furin-like PCs and Trypsin-like Serine Proteases

K; (nM)

inhibitor furin hPACE4 hPC5/6 hPC7 hPC1/3 hPC2 thrombin fXa plasmin
6 78 42 85 > 10000 53 > 10000 102000 83000 97000
14 53 67 173 > 10000 70 > 10000 50000 123000 > 1000000
15 0.81 0.6 1.6 6154 0.75 312 23000 40000 6000
16 1.6 3.0 6.3 968 3.65 55 nd“ nd“ nd’
17 1.0 2.4 3.6 5131 1.7 1388 nd“ nd“ nd*
“Not determined.

A control inhibitor inhibitor 15 2"

50 25 125 6

3150 25 125 6 3

100
80
60 -
40 1
20

cleavage inhibition (%)
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Figure 2. Inhibition of fowl plague virus hemagglutinin cleavage by
compound 15 and Dec-Arg-Val-Lys-Arg-CMK as a control. (A)
Confluent MDCK cell cultures were infected with egg-grown
influenza virus A/FPV/Rostock/34 (H7N1) at a multiplicity of
infection of 10 per cell. Inhibition of HA cleavage (PSKKRK-
KRIGLFG) at different inhibitor concentrations was analyzed after
cell lysis 16 h postinfection. Proteins from virus-infected cells were
subjected to SDS—PAGE and Western blotting. Viral proteins were
immunochemically detected by using rabbit anti-FPV serum and
the ECL reaction kit (Pierce): HAO (82 kDa), nucleoprotein NP
(56 kDa), and HA1 (~50 kDa). HA2 (32 kDa) was not detectable by
the antiserum used. (B) Quantification of HA cleavage inhibition.
Three independent experiments for both inhibitors were performed
using a modified Western blot analysis technique allowing quanti-
fication by a near-IR dye-labeled second monoclonal antibody
applicable for the LI-COR Odyssey Image System. The maximum
amount of HAO obtained by inhibition with 50 uM Dec-Arg-Val-
Lys-Arg-CMK was normalized to 100% cleavage inhibition. Other
HAO band intensities at different concentrations were measured and
equalized by standardization of each HAO value correlating with the
corresponding nucleoprotein NP band (56 kDa).

different affinities toward PCs and trypsin-like proteases is
most likely the different requirements for the configuration of
the P3 residue. Most of the potent noncovalent substrate
analogue trypsin-like serine protease inhibitors contain a P3
residue in the p-configuration, whereas the PC inhibitors
described here possess an L-amino acid at this position.

Very often, peptidic structures suffer from poor stability
due to rapid proteolysis. However, because of the missing
C-terminal carboxyl group, we assume that the inhibitors
described in Table 1 are resistant to cleavage by carboxy-
peptidases, whereas the N-terminal acetylation should stabi-
lize them against aminopeptidases. However, at present, we
have no information regarding the stability of these com-
pounds toward endoproteases.

To gain a first idea regarding the binding mode of the
4-amidinobenzylamide in the S1 pocket, we modeled the
complex of inhibitor 18 bound to furin, based on the known

virus amounts (HAU/mL)
N R N NN
|
]

0 12 24 36 48 60 72
time post infection (h)

Figure 3. Inhibition of multiple-cycle replication of FPV in cell
culture in the absence (black bars) and in the presence of inhibitor 15
(white bars). Cultures of MDCK cells were inoculated with the
Rostock strain of FPV at an MOI of 107> PFU per cell and
incubated in DMEM without FCS at 37 °C. The inhibitor was
added to the medium, reaching a final concentration of 25 uM. At
different times (10, 18, 32, 48, 60, and 72 h postinfection), the
amount of virus released into the medium was measured by hema-
gelutination titration (HAU), and at 10 h, no released virus was
detected in either group. Mean values of four independent experi-
ments are shown.

X-ray structure of mouse furin in complex with the irreversible
inhibitor Dec-Arg-Val-Lys-Arg-CMK_.?’ Therefore, we re-
placed the arginyl-chloromethyl ketone group in PDB entry
1p8j with 4-amidinobenzylamide followed by energy minimi-
zation. As only three amino acid residues vary between the
catalytic domains of the mouse and human enzymes, none
being in the proximity of the catalytic cleft, the modeled
complex between inhibitor 18 and the mouse enzyme should
also be representative of the human enzyme (Figure 4).

On the basis of the modeled structure, we could identify
several interactions between the P1 residue and furin which
may explain the high potency of the 4-amidinobenyzlamide
inhibitors. The amidino group binds to the carbonyl oxygen of
Ala292 and makes salt bridges to the carboxyl side chains of
Asp306 and Asp258. In addition, a weak hydrogen bond is
formed between the carbonyl oxygen of Pro256 and the
surrounding water molecules, connecting the amidinobenzyl
moiety via the Ca®" ion to the carboxyl side chains of Glu331
and Asp301. The benzyl ring is sandwiched between the main
chains of Trp254 and Gly255 and the main chains of Gly294
and Asn295, similar to the guanidino group of the P1 Argseen
in the experimental structure. Several other hydrogen bonds
are formed between the enzyme and the inhibitor, which are
identical to the X-ray structure. The P2 Lys amino group
binds to the carboxyl residue of Aspl54, to the side chain
amide of Asn192, and weakly to the carbonyl of Asp191. In
addition, hydrogen bonds are formed to a cluster of water
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Figure 4. Stereoview of the modeled complex between inhibitor 18 (Dec-Arg-Val-Lys-Amba) and mouse furin. (A) The inhibitor (ball-and-
stick model) is shown in front of the solid surface of the catalytic domain, colored according to its calculated negative (—15 e¢/kT, red) and
positive (15 e/kT, blue) electrostatic potential. Most of the amino acids responsible for the strong negative surface potential in the vicinity of the
active site are labeled. Asp306 (denoted with an asterisk) is actually located below the enzyme surface at the bottom of the S1 pocket, making a
direct contact with the amidino moiety of the inhibitor (see also panel B). (B) Stick model of the surrounding residues together with the inhibitor
(ball-and-stick model, carbon colored light green). Furin carbons are colored gray, oxygens red, and nitrogens blue. The catalytic residues are
shown as thicker dark gray sticks, and the calcium 2 ion at the bottom of the S1 pocket is shown as a purple sphere. For the sake of clarity, water
molecules were omitted and only important enzyme residues involved in interactions with the inhibitor and/or being responsible for the strong
negative surface potential are labeled. Strong H-bond and salt bridge contacts discussed in the text are indicated by dotted green lines. Panel B
was slightly rotated with respect to panel A to improve the visibility. A PDB file of the modeled complex is available as Supporting Information.
This figure was prepared using Grasp,>® MolScript,”! and Raster3D.>

molecules. A P2 Arg side chain should easily be accommodated
by a slight rearrangement of those water molecules and, again
after a slight structural rearrangement, potentially by addi-
tional interaction(s) with the carboxyl side chains of Asp228
and Aspl91. The backbone of the P3 Val forms a short
antiparallel S-sheet to Gly255, reminiscent of similar inter-
actions between the p-P3 residue in trypsin-like serine protease
inhibitors and the protease residue Gly216. However, in the
case of substrate analogue furin inhibitors, an L-configuration
of the P3 residue is required, because the space above the indole
ring of Trp254 is filled by the side chain of Leu227 and is
therefore not accessible for the side chain of a P3 amino acid in
the p-configuration. The -sheet mentioned above is completed
by a hydrogen bond between the P1 amide NH group and the
carbonyl group of Ser253. The NH group and carbonyl oxygen
of the P4 Arg and the decanoyl carbonyl group are involved in
hydrogen bonds with surrounding water molecules, bridging
interaction with the amide NH group of Glu257. The P4
guanidine group makes salt bridges to Asp264 and Glu236. It
forms additional tight hydrogen bonds with the carbonyl
oxygen of its own PS5 residue and the OH group of Tyr308,
connecting it again with the carboxyl side chain of Glu236.
These newly described inhibitors should be useful tools for
further studies of the physiological role of furin-like PCs. In a

first application, compound 15 inhibited the multiple-cycle
replication of FPV in cell culture and suppressed the activation
of HA precursor HAO in FPV-infected cells with a potency
similar to that observed for the chloromethyl ketone-based
control inhibitor. However, in contrast to the nanomolar K;
values, a significantly higher inhibitor concentration of ap-
proximately 10 uM was required in the cellular assay to
produce a 50% inhibition of HAO cleavage. The reduced
potency could be related to the predominant intracellular
localization of furin within the trans-Golgi network,* which
makes the protease poorly accessible to such multibasic and
polar inhibitors. A strong discrepancy between the potent in
vitro activity and significantly reduced efficacy in cellular assays
was also found for many other furin inhibitors.?>3%4~4° In
contrast, relatively small differences were determined for a
recently discovered series of more hydrophobic dicoumarols;
the obtained ICs, values from cellular assays were only slightly
increased compared to their K; values, which were in the range
between 1 and 20 M.

Despite equipotent activity between inhibitor 15 and the
chloromethyl ketone inhibitor, we believe that the 4-amidino-
benzylamide derivatives have a significant advantage because
of their improved stability. We could not detect any change in
the elution profile of inhibitor 15 by HPLC, when a stock
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solution of the inhibitor was stored in water at room tem-
perature over a period of 2 weeks. The synthesis and incor-
poration of the chemically stable 4-amidinobenzylamide
group into peptidic inhibitors are less laborious than the
preparation of arginyl ketone derivatives. Therefore, a more
simple optimization of these PC inhibitors will be possible in
the future. Our work is presently focused on the design of
inhibitors with different selectivity profiles and improved
physicochemical properties, including the use of well-known
benzamidine prodrug strategies, to enhance cell perme-
ability and bioavailability. We assume that these are impor-
tant prerequisites for further enhancing the activity of the
4-amidinobenzylamide-derived furin inhibitors in cellular
assays and identification of suitable candidates for evaluation
in animal models.

Experimental Section

Analytical HPLC experiments were performed on a Shimadzu
LC-10A system [column, Nucleodur C;g, 5 um, 100 A, 4.6 mm x
250 mm (Machery-Nagel, Diiren, Germany)] with a linear gra-
dient of acetonitrile (from 1 to 70% over 69 min, detection at
220 nm) containing 0.1% TFA at a flow rate of | mL/min. The
final inhibitors were purified to >95% purity (detection at
220 nm) by preparative HPLC (pumps, Varian PrepStar model
218 gradient system; detector, ProStar model 320; fraction col-
lector, Varian model 701) using a Cg column [Nucleodur, 5 um,
100 A, 32 mm x 250 mm (Macherey-Nagel)] and a linear gradient
of acetonitrile containing 0.1% TFA at a flow rate of 20 mL/min.
All inhibitors were finally obtained as TFA salts after lyophiliza-
tion. The molecular mass of the synthesized compounds was
determined using a QTrap 2000 ESI spectrometer (Applied
Biosystems). The 'H and "*C NMR spectra were recorded on
an ECX-400 instrument (Jeol Inc.) at 400 and 100 MHz, respec-
tively, and are referenced to internal solvent signals.

Reagents for synthesis (Fmoc amino acids, coupling reagents,
and reagents for synthesis) were obtained from Orpegen,
Novabiochem, Iris, Fluka, Aldrich, or Acros. The automated
solid-phase peptide synthesis was performed in a Syro 2000
instrument (MultiSynTech GmbH, Witten, Germany).

4-Amidinobenzylamine -2HCI (1). Ten grams (32 mmol) of
Boc-4-acetylhydroxyamidinobenzylamide®* was dissolved in
500 mL of 90% acetic acid and treated with 650 mg of catalyst
(10% Pd/C) under an atmosphere of hydrogen. The mixture was
hydrogenated over a period of 48 h; the catalyst was removed by
filtration, and the solvent was removed in vacuo. The remaining
Boc-4-amidinobenzylamide - acetate was dissolved in 150 mL of
water and treated with 40 mL of concentrated HCI. After the
mixture had been stirred for 1.5 h at room temperature (RT), the
solvent was removed in vacuo and the residue was lyophilized
from water: white solid (yield, 6.8 g, 30.6 mmol); MS caled m/z
149.09, found m1/z 150.0, (M + H)™; "H NMR (400 MHz, D,0)
0 4.46 (s, 2 H), 7.80—8.01 (2d, 4 H, aromatic); >*C NMR (100
MHz, D,0O) 6 42.64 (CH,), 128.65, 129.26, 129.62, 138.69
(aromatic), 166.47 (carbon amidino group).

Phac-Arg(Pbf)-Val-Arg(Pbf)-OH (2). Fmoc-Arg(Pbf)-OH
(1.509 g, 2.325 mmol, 1 equiv) was dissolved in 15 mL of dry
DCM and 1.548 mL (9.3 mmol, 4 equiv) of DIPEA, and the
mixture was immediately poured onto 2-chlorotrityl chloride resin
(1.5 g, 1 equiv, resin loading of 1.55 mmol/g). The mixture was
shaken for 2 h at RT followed by treatment with a DCM/MeOH/
DIPEA mixture (17/2/1, v/v/v, 3 x 1 min), washed several times
with DCM, DMF, and DCM, and dried in vacuo. The synthesis
proceeded by manual Fmoc SPPS using a 4-fold excess of Fmoc-
amino acid, HOBt and HBTU, respectively, and 8 equiv of
DIPEA. The phenylacetic acid was coupled in accordance with
the amino acids. The protected peptide was cleaved from the
resin with 1% TFA in DCM (2 x 30 min) at RT. The solvent
was removed in vacuo and the peptide lyophilized from 80%
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tert-BuOH in water: white solid (yield, 1.452 g, 1.38 mmol); purity
>97% based on HPLC at 220 nm; retention time, 64.6 min; MS
caled m/z 1051.49, m/z found 1052.5, (M + H)™.

Phac-Arg-Val-Arg-3-(amido)propylamine - 3TFA (3). 1,3-Dia-
minopropane (50.03 uL, 0.6 mmol, 4 equiv) was dissolved in 1.2
mL of dry THF and poured immediately onto trityl chloride
resin (0.1 g, resin loading of 1.5 mmol/g). The mixture was
shaken for 2 h at RT, followed by treatment with a DCM/
MeOH/DIPEA mixture (17/2/1, v/v/v, 3 x 1 min), and was
washed several times with DCM, DMF, and DCM. The synth-
esis proceeded by automated Fmoc SPPS as described for the
manual synthesis of compound 2. The product was cleaved by
shaking the resin in a TFA/TIS/H,O mixture (95/2.5/2.5, v/v/v)
for 2 h at RT, followed by filtration and precipitation with cold
ether. The precipitate was washed twice with ether and dried.
The product was purified by preparative HPLC and lyophilized
from 80% tert-BuOH in water: white solid (yield, 39 mg, 0.041
mmol); retention time, 22.2 min; MS caled m/z 603.4, found m/z
604.6, (M + H)™.

The synthesis of inhibitors 5, 7,9, and 11 was performed in an
identical manner; for analytical data, see the Supporting Infor-
mation.

Phac-Arg-Val-Arg-3-(amido)propylguanidine - 3TFA (4). To
obtain compound 4, the corresponding amine was prepared
via the manner described for compound 3. The precipitated
amine was dissolved in a mixture of 1 mL of a 1 M Na,CO;
solution/DMF mixture (1/1, v/v) followed by addition of
1 H-pyrazole-1-carboxamidine- HCI (68.1 mg, 0.45 mmol) and
DIPEA (106 L, 0.6 mmol). The mixture was stirred for 16 h at
RT, and the solvent was removed in vacuo. The residue was
purified by preparative HPLC and lyophilized from 80% tert-
BuOH in water: white solid (yield, 40 mg, 0.041 mmol); retention
time, 23.4 min; MS calcd m/z 645.4, found m/z 646.5, (M + H)".

The synthesis of inhibitors 6, 8, 10, and 12 was performed by
an identical procedure; for analytical data, see the Supporting
Information.

Phac-Arg-Val-Arg-4-(amidomethyl)piperidine - 3TFA (13).
Compound 2 (105.2 mg, 0.1 mmol, 1 equiv), 1-Boc-4-(amino-
methyl)piperidine (Fluka, 21.43 mg, 0.1 mmol, 1 equiv), PyBOP
(57.3mg, 0.11 mmol, 1.1 equiv), 6-CI-HOBt (20.9 mg, 0.3 mmol,
3 equiv), and DIPEA (51.36 4L, 0.3 mmol, 3 equiv) were
dissolved in 0.5 mL of DMF, and the mixture was stirred for
2 hat RT. The solvent was removed in vacuo to yield a brownish
oil. This was dissolved in a TFA/TIS/H,O mixture (95/2.5/2.5,
v/v/v), stirred for 3 h at RT, precipitated with cold ether, washed
twice with ether, and dried. The precipitate was purified by
preparative HPLC and lyophilized from 80% tert-BuOH in
water: white solid (yield, 55 mg, 0.056 mmol); retention time,
23.1 min; MS caled m/z 643.43, found m/z 644.5, (M + H) ™.

Phac-Arg-Val-Arg-4-(amidomethyl)- N-amidinopiperidine -
3TFA (14). Compound 13 (25 mg, 0.02 mmol, 1 equiv) and 1 H-
pyrazole-1-carboxamidine- HCI (9.8 mg, 0.06 mmol, 3 equiv)
were dissolved in 0.5 mL of DMF and DIPEA (10.03 uL, 0.08
mmol, 4 equiv). The mixture was stirred for 16 h at RT. The
solvent was removed in vacuo, and the product was purified by
preparative HPLC and lyophilized from 80% terz-BuOH in
water: white solid (yield, 19.5 mg, 0.019 mmol); retention time,
24.4 min; MS calcd m/z 685.45, found m/z 343.9, (M + 2H)*".

Phac-Arg-Val-Arg-4-(amidomethyl)benzamidine - 3TFA (15).
Compound 2 (105.2 mg, 0.1 mmol, 1 equiv), compound 1
(22.21 mg, 0.1 mmol, 1 equiv), PyBOP (57.3 mg, 0.11 mmol,
1.1 equiv), 6-CI-HOBt (20.9 mg, 0.3 mmol, 3 equiv), and DIPEA
(51.36 uL, 0.3 mmol, 3 equiv) were dissolved in 0.5 mL of DMF,
and the mixture was stirred for 2 h at RT. After completion of
the reaction (HPLC control), the solvent was removed in vacuo
to give a brownish oil. The synthesis was continued in a manner
similar to that described for compound 13: white solid (yield,
70 mg, 0.069 mmol); retention time, 24.2 min; MS caled m/z
678.41, found m/z 679.4, (M + H)*.
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The synthesis of inhibitors 16—18 was performed as described
for 15 using decanoic or acetic acid for coupling of the P5
residue. Inhibitor 18 was prepared by coupling of Fmoc-Lys-
(Cbz)-OH as the P2 residue; the Cbz group was removed in the
final step by hydrogenation in 90% acetic acid at room tem-
perature overnight using Pd/C as a catalyst. For analytical data,
see the Supporting Information.

Enzyme Kinetics with Furin. The inhibition constants of re-
combinant soluble human furin® were determined at RT accord-
ing to the method of Dixon*® using a Safire 2 fluorescence plate
reader (Tecan) (Aex = 380 nm; Ao, = 460 nm) and pyroGlu-
Arg-Thr-Lys-Arg-AMC as the substrate (Bachem) in 100 mM
HEPES buffer (pH 7.0) containing 0.2% Triton X-100, 2 mM
CaCl,, 0.02% sodium azide, and 1 mg/mL BSA. The enzyme
concentration used in the assay was 0.95 nM, and the substrate
concentrations were normally 5, 20, and 50 #M:; for inhibitor 15, a
fourth substrate concentration of 12.5 uM was used (Figure 1). The
lowest inhibitor concentration was at least 10 times higher than the
enzyme concentration used to avoid tight binding conditions.

Information about enzyme kinetic studies with PC2, PC1/3,
PACE4, PC5/6, and PC7 is given in the Supporting Informa-
tion. The K; values for the trypsin-like serine proteases throm-
bin, factor Xa, and plasmin were determined from Dixon plots
as described previously.*’

Modeling. Inhibitor 18 was manually docked into the active site
cleft of furin and energy-minimized using MAIN.*® Basically, the
P1 arginine group of the Dec-Arg-Lys-Arg-CMK-inhibited mouse
furin crystal structure (PDB entry 1p8j)*’ was replaced with
4-amidinobenzylamide, and the entire inhibitor was locally en-
ergy-minimized using a force field based on the parameters of Engh
and Huber® while the amidino moiety was kept coplanar with the
benzyl ring and the coordinates of the enzyme and the Ca®* ion
were rigidly retained. During minimization, the P4 Arg side chain
was forced to retain its crystallographically clearly defined con-
formation (but apparentl‘}/ somewhat unfavored by the force field),
as previously described.”
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