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ABSTRACT: Furin activates numerous viral glycoproteins, and its
inhibition prevents virus replication and spread. Through the
replacement of arginine by the less basic canavanine, new
inhibitors targeting furin in the trans-Golgi network were
developed. These inhibitors exert potent antiviral activity in cell
culture with much lower toxicity than arginine-derived analogues,
most likely due to their reduced protonation in the blood
circulation. Thus, despite its important physiological functions,
furin might be a suitable antiviral drug target.
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urin belongs to the basic proprotein convertases (PCs), a virus,"> mumps virus,'* or respiratory syncytial virus (RSV)."?
family of seven Ca’*-dependent human subtilisin-like Although these inhibitors revealed only a negligible toxicity in
serine proteases. It activates a huge number of proproteins at all used cell cultures up to concentrations of 50 uM, they
characteristic multibasic recognition sequences, including exhibited a significant toxicity in mice. While an intraperitoneal

proforms of hormones, enzymes, adhesion proteins, and
various receptors.”” Given these important physiological
functions, the whole body knockout of furin in mice is not
tolerated and causes embryonic lethality 11 days after
gestation. In contrast, an inducible liver-specific knockout in
adult mice is well-tolerated, and no morphological abnormal-
ities were found.” As host protease, furin also activates various

dose of 2.5 mg/kg of inhibitor 1 was accepted, all mice died
within the first hour at the next higher dose of 5 mg/kg."” A
significant toxicity in mice for structurally related Amba-
derived furin-like PC inhibitors was also reported by a different
group.m‘17 Because of previously or presently approved
benzamidine derivatives like the prodrugs of melagatran and

toxins of pathogenic bacteria as well as surface glycoproteins of dabigatran or pentamidin, we assumed that the toxicity of
numerous furin-dependent viruses. The cleavage of these viral compound 1 is not simply caused by the P1 Amba anchor, but
glycoproteins is essential to ensure cell entry and fusion also by the presence of the three additional strongly basic
competence of virus particles, thus contributing to their guanidine groups. This was confirmed by deletion or
pathogenicity.” Therefore, furin emerged as a potential target replacements of the individual guanidine and amidine moieties,
for the development of broad-spectrum antivirals, at least for a which all provided less toxic analogues.l3 However, most of
short-term administration during acute infections. Based on these compounds exhibited a considerably weaker inhibitory

sequence analysis® and modification of the furin cleavage site,’
it was recently suggested that furin also contributes to the
activation of the spike protein of the new SARS-coronavirus 2
(SARS-CoV-2) at the S1/S2 site, although a second cleavage
by the trypsin-like serine protease TMPRSS2 at the S2’ site is
required to unmask the fusion peptide.”*

With our previously described 4-amidinobenzylamide
(Amba) derived inhibitor 1° and its analogues, we could
inhibit the replication of numerous furin-dependent viruses in
cell culture, like highly pathogenic bird flu strains HSN1 and
H7N1,'">"" Chikungunya virus,'”> West Nile and Dengue-2

potency against furin in enzyme kinetic measurements and
strongly reduced or complete lack of any antiviral activity in
infected cell cultures. Only the replacement of the P2 Arg in
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inhibitor 1 by Lys in case of compound 2 was tolerated and
provided a slightly less toxic compound."

This also raised the question of whether toxicity in mice is
either generally caused by the inhibition of the physiological
relevant furin itself, which activates most viral glycoproteins
and ph}rsiological substrates in the trans-Golgi-network
(TGN),"” or by addressing a different, so far unknown off-
target in the blood circulation. For an antiviral effect through
an effective inhibition of furin, the P2 and P4 side chains of
substrate analogue inhibitors must be protonated in the TGN
at a pH close to 6.0.'®"? Furthermore, we assumed that only
the same completely protonated inhibitor species can address
the hypothetical off-target in the circulation at a pH around
7.4. Therefore, we propose the hypothesis that this pH
difference can be utilized to develop compartment-specific
furin inhibitors by replacing the strongly basic P2 and P4
arginines with a residue that is almost completely protonated
and positively charged under slightly acidic conditions in the
TGN while only partially charged in the circulation and
extracellular space. This strategy provided improved furin
inhibitors with a stronger antiviral activity in cell culture and
reduced toxicity in mice at the same time.

B INHIBITOR DESIGN

A drastic drop in the pK, value of alkyl guanidines can be
achieved by replacing the methylene group next to the
guanidine with oxygen. Such oxyguanidine groups were
incorporated in various thrombin inhibitors to improve their
bioavailability.””*" Based on this strategy, we prepared a new
inhibitor series (Table 1) by replacing the P2 and/or P4

Table 1. Structures and Potencies of the Synthesized Furin
Inhibitors

\,j;(\N
H H
Rm o /\©\n/NH2

NH

No. R P4 P2 Ki (pM)*
NH

1° HZN)LEA Arg Arg 55+03

b NH

2 HZN)LuA Arg Lys 8.8%4.9

3 HoNT > Arg Cav*® 76.8 + 14.9
NH

4 HZN)LHA Arg Cav 13.1+16

5 N Cav  Lys 114+25.9
NH

6 HzN)ku/\' Cav Lys 363+11.2

7 HoNT Cav Cav 342+£5.1
NH

8 HQN)LHA* Cav  Cav 10.1£32

“The assay was performed using recombinant soluble human furin
and the fluorogenic substrate Phac-Arg-Val-Arg-Arg-AMC.’ The
reference inhibitors 1° and 2" were described previously. ©

o
T
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residues of inhibitors 1 and 2 by canavanine (Cav).
Canavanine is an unusual amino acid containing a weakly
basic oxyguanidine group with a pK, value of 7.01.** 1t
should be largely protonated at pH 6.0 suitable for the
inhibition of furin in the TGN, whereas it is only partially
protonated at pH 7.4, thereby reducing the concentration of
the completely protonated species addressing the unknown off-
target in the circulation and improving the bioavailability. For
instance, based on the Henderson—Hasselbalch equation, it
can be roughly calculated for compound 8, which contains two
independently protonatable Cav residues, that at pH 6.0,
approximately 80% of the inhibitor exists as the fully 4-fold
protonated species, while at pH 7.4, it is only approximately
9%.

The replacement of the P2 Arg in inhibitor 1 provided the
Cav derivative 4, which possesses a 2.4-fold reduced potency in
the enzyme kinetic assay, which was performed under our
standard conditions at pH 7.0,” where the Cav side chain
should be incompletely protonated. The aminomethyl
derivative 3 was prepared as an additional analogue lacking
the guanidine substitution on the PS phenylacetyl (Phac)
group, although we knew from previous studies that this
modification leads to a slightly reduced furin inhibition and
weaker antiviral activity in cell culture.”'® Compound 6 is the
P4 Cav derivative of inhibitor 2, whereas compounds 7 and 8
contain two Cav residues in the P2 and P4 position. Especially
compounds 4 and 8 are still very potent furin inhibitors with K;
values <15 pM.

Notably, the replacement of the P2 and P4 Arg residues in
inhibitor 1 with Cav further reduces the inhibitory potency of
this compound type against trypsin. While compound 1 is still
a relatively effective trypsin inhibitor possessing a K; value of
52 nM,** the affinity of inhibitor 8 is 10-fold reduced (K; for
trypsin 690 nM). Furthermore, a negligible potency (K; > 3
uM) was found for the other tested trypsin-like serine
proteases thrombin, factor Xa, and plasmin (Table S3).

B CRYSTAL STRUCTURE DETERMINATION

Due to the sp® hybridization of the oxygen, we expected that
the side chain of Cav can adopt an identical geometry like
arginine in the P4 position, which is a prerequisite for an
efficient furin inhibition by substrate analogue structures. This
assumption could be proven by crystal structures of inhibitors
4—6 and 8, which were determined after soaking the
compounds into crystals of ligand-free furin.”® Resolutions
between 1.7—2.0 A have been observed for all complexes, as
well as good stereochemistry and R-factors (Table S2). In all
crystal structures, furin was found to adopt the “ON”-state
enabling a canonical protease-ligand interaction pattern
(Figure 1A-D). This includes a specific change of the
conformation of the alignment template and of the catalytic
triad triggered by ligand binding.”® The observed Ca-RMSD
values between the structures are lower than 0.1 A, indicating
high overall similarity.

An identical side chain conformation was observed for the
P2 Cav-derived inhibitors 4 and 8 (Figure 1A, D) when
compared with the previously determined crystal structure of
the P2 arginine analogue 1 in furin.” The same applies for the
incorporation of Cav in the P4 position as found in the
complexes with inhibitors S, 6, and 8 (Figure 1B, C).

Interestingly, the P4-Cav was found to affect the binding of
the N-terminal PS-group in the case of inhibitors §, 6, and 8,
which was found to adopt two prevailing conformations with

https://dx.doi.org/10.1021/acsmedchemlett.0c00651
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Figure 1. Crystal structures of furin in complex with Cav-based inhibitors. Furin and the inhibitors are shown as cartoon and ball-and-stick models,
respectively (cyan). (A, C, D) Furin in complex with inhibitors 4 (A), 6 (C), and 8 (D) all superimposed to the structure of furin (cartoon, black)
in complex with analogue 1° (stick model, black). (B) Furin in complex with inhibitor § superimposed to the structure of furin (cartoon, black) in
complex with 4-aminomethyl-phenylacetyl-Arg-Tle-Arg-Amba®® (stick model, orange). (A—D) The major conformation of the PS residue is
labeled as PS-A, alternative conformations are shown in magenta (PS-B).

Figure 2. Polar interactions of inhibitor 8 (ball-and-stick model with carbons in cyan) with furin shown as a stick model with yellow carbons,
hydrogen bonds are shown as black dashed lines. (A) Polar interactions of the inhibitor’s P3—P1 segment. The P1 amidine forms a salt bridge to
Asp306 and two additional hydrogen bonds with the carbonyl oxygens of Pro256 and Ala292. The P1 backbone NH binds to the carbonyl oxygen
of Ser253. The oxyguanidino moiety of the P2 residue interacts with the carboxyl of Asp154 and the side chain of Asn192, respectively. The P3
backbone makes antiparallel beta-sheet-like hydrogen bonds with Gly25S. (B) Polar interactions of the inhibitor’s PS—P4 segment. The P4 Cav
side chain contacts Asp264, Glu236, and Tyr308, respectively, whereas the P4 carbonyl binds to Leu227 via a water molecule. The PS guanidino
group makes electrostatic interactions with the carboxyl of Glu236 and a hydrogen bond to the carbonyl of Val231. An intramolecular hydrogen
bond is formed between the P4 side chain and PS carbonyl oxygen. Water bridges interactions are found between the PS5 carbonyl oxygen and
Glu257 NH and from the PS guanidino group to Gly26S, Asp233, and Ala267. It is noteworthy that these interactions of the PS guanidino group
are only observed for conformation A, whereas conformation B is not involved in polar contacts.

similar occupancies (Figure 1B—D). In comparison to their was observed for both the aminomethyl-Phac (inhibitor S,
P1-P4 segments, we observed a less well-defined electron Figure 1B) and the guanidinomethyl-Phac group (inhibitors 6
density map for the conformation P5-A of these inhibitors with and 8, Figure 1C, D) at the PS position. In contrast, if arginine
occupancies of 0.5, 0.5, and 0.57, respectively (Figure SIB—D). was present at P4 (inhibitor 4, Figure 1A), PS was found in its
It is noteworthy that the minor conformation PS-B does not typical conformation known from inhibitor 1° as indicated by
mediate specific attractive interactions with furin. This effect the well-defined electron density map (Figure S1A).

428 https://dx.doi.org/10.1021/acsmedchemlett.0c00651

ACS Med. Chem. Lett. 2021, 12, 426—432


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00651/suppl_file/ml0c00651_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.0c00651/suppl_file/ml0c00651_si_002.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00651?fig=fig2&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00651?ref=pdf

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

A 10’3 inhibitor 1 B 10"y inhibitor 5
b
10° 4 104 B
§ 10”4 :E, 10° 4
w w
S e
3 10°4 8 1074
> >
2] ]
o 10'4 ['4 10'4
100— T T T T T T 100—
10 20 30 40 50 60 70 10
time p. i. (h) time p. i. (h)
C} N o S . Py
C 19y inhibitor 6 D 10°3 inhibitor 8 ~
- —
10" 104
= ’E\ 1 ,,_-l
E . . E . ] o
5 10°; S 10° /,j" 1
[ [y - —_
3 1074 8 10° 7T / 7
> > VV ) I
Q- 7] ——
104 €04 € -
\
10° 10°4 \-
7 0 T - ; ; T ! - ;
10 20 30 40 50 60 70 10 20 30 50 70
time p. i. (h) time p.i. (h)

Figure 3. Multicycle replication of RSV in A549 cells. Cells were inoculated with an MOI of 1 for 1 h. After washing, the cells were incubated with
various concentrations (control without inhibitor (black), 10 uM (green), 2.5 uM (pink), 1.0 uM (blue), and 0.5 uM (red) of the reference
inhibitor 1 (A) and the canavanine-containing analogues § (B) and 6 (C)). In case of inhibitor 8 (D), the 10 uM concentration was replaced with a
0.1 uM (orange) concentration. At 16, 24, 48, and 72 h post infection, cell supernatants were collected, and viral titers + standard deviation (n = 3)
were determined by plaque assay (plaque-forming units (PFU) per mL).
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Figure 4. Infection of Huh-7 cells with DENV-2 (A) and WNV (B) in the presence of selected inhibitors. Cell culture supernatants were harvested
48 h postinfection, and virus titers + standard deviation (n = 2) were determined by plaque assay in VeroE6 cells. The effects of the reference

compounds 1 and ribavirin as well as details of the assay methods used have been described recently.
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Interestingly, we observed either no deteriorating effect
(inhibitor 4 vs 8) on the K; value or only a moderate drop
in inhibitory potency (inhibitor 2 vs 6) due to these alternative
PS5 conformations caused by the exchange of Arg by Cav at P4.
This observation was unexpected because in previous studies
we found a strong contribution of the guanidinomethyl-
substituted PS5 group of up to two orders of magnitude on the
K; value compared with the unsubstituted Phac derivative.'’ A
potential loss of binding affinity at PS5, as suggested by the
distorted PS residue in the structures with inhibitors §, 6, and
8, might be compensated by a stronger contribution of P4-Cav,
consistent with an increased binding affinity of compound 7
compared with that of inhibitor 3. The Cav side chain shows a
different charge distribution compared to arginine because of
the electronegative oxygen atom of its oxyguanidino moiety,
which might fit better to the S4 pocket of furin. Another
explanation might be an impact of P4 Cav to the binding
thermodynamics of PS5. The alternative occupation of the PS
residue indicates a reduced contribution of hydrogen bonds
and electrostatic interactions and thus a reduction of the
binding enthalpy. However, the flexibility of the PS residue is
increased in this setting and might compensate the loss of
enthalpy by a gain in entropy while keeping the Gibbs free
energy virtually unchanged. Figure 2 shows the polar contacts
of inhibitor 8 in complex with furin.

Bl ANTIVIRAL ACTIVITY

Among many viral glycoproteins,””’ furin activates the
precursor of the fusion protein F of RSV at two multibasic
sequences. One of them is directly located at the N-terminal
side of the fusion peptide (Lys131-Lys-Arg-Lys-Arg-Arg136])
and the second 27 residues upstream at the Argl06-Ala-Arg-
Argl09] segment.zg’29 Both cleavages and the concomitant
release of a 27-mer peptide are essential for the fusion capacity
of F and productive infection of target cells. RSV infects nearly
all children by two years of age and in some cases, especially in
very young children, this can lead to airway inflammation,
bronchiolitis, and pneumonia. Worldwide, approximately 3.2
million hospitalizations leading to around 66 000 in-hospital
deaths annually in infants younger than 5 years have been
reported.””>" The replication mechanism of RSV suggests a
furin inhibition as potential antiviral therapy. Therefore, we
investigated selected inhibitors in a multicycle replication assay
in AS49 human lung cancer cells infected with the RSV A2
strain, as reported previously for inhibitor 1,"* which was used
as a reference compound. Compared with inhibitor 1, a
reduced RSV inhibition was observed with compound S5,
possessing a 4-aminomethyl substitution on the PS Phac
group, while the 4-guanidinomethyl analogue 6 was slightly
more potent than the reference inhibitor (Figure 3A—C). The
strongest antiviral efficacy was found for inhibitor 8. Based on
initial tests, in which a complete inhibition of virus replication
was found at 10 uM of inhibitor 8, 0.1 uM was used as lowest
concentration for this compound (Figure 3D).

Furthermore, the host protease furin activates the prM
precursor of the membrane protein M of numerous pathogenic
flaviviruses like Dengue, West Nile, Zika, Yellow fever,
Japanese encephalitis, St. Louis encephalitis virus, and others.
Furin cleavage of prM is essential to render virus particles
infectious. Therefore, the antiviral activity of compounds 5 and
6 was tested in Huh-7 cells infected with dengue virus (strain
16681) or with West-Nile virus, as described previously.'”** In
a second experiment, inhibitor 8 was also included (Figure 4).
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Inhibitor 1 and the nucleoside analogue ribavirin were used as
reference compounds. Also with these viruses, a significant
antiviral potency was observed for inhibitors 5, 6, and 8
(Figure 4). For compound 1, ECy values of 0.76 and 0.91 yM
were determined for the inhibition of DENV-2 and WNV
replication, respectively. Slightly higher ECs, values of 1.50 M
(DENV-2) and 1.46 uM (WNV) were calculated for inhibitor
8. For both compounds, the cytotoxicity in Huh-7 cells (CCy,)
is >50 uM (highest tested concentration). This provided a
selectivity index (SI = CCs,/ECs,) >33 for compound 8
against both flaviviruses, the SI values for the reference
inhibitor 1 are >65 (DENV-2) and >55 (WNV).

B TOXICITY STUDIES

Three Cav-derived inhibitors, converted into their physiolog-
ically more acceptable hydrochlorides as described previ-
ously,"” were tested for toxicity after intraperitoneal (ip)
treatment in mice. On the first day, the mice were treated with
2.5 mg/kg inhibitor and only, if all four mice survived, with the
next higher dose always 24 h later (5, 10, or 15 mg/kg). In
contrast to the reference inhibitors 1 and 2, a reduced toxicity
was found for all three Cav derivatives (Table 2). Together

Table 2. Toxicity Study in Mice

no. tolerated dose (mg/kg)  number of deaths at next higher dose”

1v 2.5 4 of 4 at 5 mg/kg

2b 5 4 of 4 at 10 mg/kg

S 15 no higher dose tested
6 10 1 of 4 at 15 mg/kg

8 15 no higher dose tested

“In each group, four mice (two female and two male) were
intraperitoneally treated. “Published previously'>

with the results from antiviral testing, where compounds 6 and
8 were nearly equipotent to inhibitor 1, it can be concluded
that the toxicity of this compound type does not correlate with
the inhibition of intracellular furin, leading to an antiviral
activity. So far, we cannot explain the exact mechanism leading
to the reduced toxicity of the less basic Cav-containing
inhibitor 8 compared to its isostructural Arg analogue 1.
Notably, similar plasma levels were obtained after intravenous
treatment of rats with 1 mg/kg of both compounds. However,
two of three rats died within 90 min after iv treatment with
inhibitor 1 at this concentration (data not shown), whereas
compound 8 was well-accepted in all three rats without any
signs of side effects, which is a significant advantage compared
to our previous inhibitors. Hence, we suspect that a different,
so far unknown off-target must be responsible for the toxicity
of these benzamidine derivatives, which confirms our previous
results."”’

For further characterization, the best compound 8 was
investigated for its pharmacokinetic (PK) properties in rats.
The inhibitor was given intravenously (1 mg/kg) and
displayed a half-life of 0.9 h and a total body clearance of
442 mL/(h-kg). After intraperitoneal treatment (2.5 mg/kg), a
half-life of 1.6 h, a total body clearance of 273 mL/(h-kg), and
a maximal concentration (Cp,,) of 3156 ng/mL after 0.5 h
were determined. This provided plasma levels >1000 ng/mL
(~1.3 uM) over a period of approximately 3 h (Figure S6).
Such a concentration is close to the range of the ECg, values
determined for the inhibition with DENV-2 and WNV
replication in cell culture studies.

https://dx.doi.org/10.1021/acsmedchemlett.0c00651
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The replacement of arginine by canavanine provided a new
series of highly potent furin inhibitors which exhibit a binding
mode similar to that found previously in crystal structures of
furin in complex with their arginine analogues. The tested
compounds possess a significant antiviral activity against furin-
dependent viruses, like RSV, WNV, and Dengue-2 virus. The
strongest efficacy against RSV was found for inhibitor 8. This
compound also exhibits an efficient inhibition of WNV and
Dengue-2 virus replication and possesses a considerably
reduced toxicity in mice and rats compared to compound 1.

Our results prove that the toxicity of these substrate—
analogue furin inhibitors does not correlate with the strength
of the intracellular furin inhibition. Despite its manifold
physiological functions, this makes furin a suitable therapeutic
target, especially for the short-term treatment of certain acute
infectious diseases. As described recently, treatment with the
furin inhibitor 8 also provided a significant reduction of the
SARS-CoV-2 replication in infected Calu-3 cells due to the
inhibition of the S1/S2 cleavage in its spike surface protein.’
Moreover, in previous studies using cell cultures infected with
highly pathogenic avian influenza strains,'’ we demonstrated a
beneficial antiviral effect when the inhibitors of the host
protease furin were used in combination with additional drugs
addressing viral proteins. This strategy allowed a further
reduction of the individual inhibitor concentrations while
improving the antiviral efficacy. We are confident that the new
and less toxic canavanine-derived furin inhibitors, like
compound 8, are suited for similar combination therapies,
which should further reduce drug-related side effects in vivo
and the rapid development of resistant virus strains.
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