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ARTICLE INFO ABSTRACT

Article history Inhibitors of the flaviviral proteases, crucial iser proteases in the replication dengue and West-

Received Nile virus, have attracted much attention overl#st years. A dibasic 4-guanidinobenzoate

Received in revised form previously reported as inhibitor of the dengue @ast with potency in the lomicromola

Accepted range. In the present study, this lead structure madified with the intent to explore structure-

Available online activity relationships and obtain compounds witbrégased drug-likeness. Substitutiafsthe
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Keywords All changes were accompanied by a loss of inhibjtindicating that the 4-guanidinobenzoate
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Eerlgue target recognition of the compounds involves thersible formation of a covalent adduct.
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1. Introduction

o
Flaviviruses like the dengue virus (DENV) or West-Nilaus o OQLN/

(WNV) are an increasing global health threat [1]. @& basis of N @AOm \

million infections per year and the absence of djgeantiviral PN Camastat

drugs or efficient vaccines, the global diseasaé&urcaused by HNT N

flaviviral infections is considerable [1, 2]. In nppiaular, the Ny

develppment of a treatment or prophylactic ag_epirmj; DENV o NTNHz o CN

covering all four serotypes proves to be difficulthe viral /©/ NH /©/

NS2B-NS3 proteases, which are essential for the négication )NLH /©)ko j'[' /@AO

and conserved in all flaviviruses [3], represettaative targets HN" N 1 HN" N 2

for the development of therapeutics against thedmvaal Figure 1. Camostat, a broad spectrum serine protease iohi@nd the

pathogens [4]. The flaviviral serine proteasesrasponsible for 4-guanidinobenzoatelsand2 as micromolar dengue protease inhibitors [13,

the cleavage of the viral polyprotein and have laest-exposed, 14].

topologically shallow active site [4]. They possessypsin-like Camostat, an aryl 4-guanidinobenzoate used inréenent
fold and are selective for substrates Containir@mmino acids of pancreatitisl is a Synthetic' broad_spectrurrineeprotease
(arginine and lysine) at P1 and P2 [5, 6]. inhibitor which inhibits enzymatic activities incling trypsin,

Substrate-mimicking compounds proved to be potenEhromb?n: kallikrein, an(_j plasmin _[13, 15]. Structly s_,imilar
inhibitors of the viral protease but their peptidiature poses a 4 guanidinobenzoates like or 2 (Figure 1) were predicted by

challenge for pharmacokinetic [7]. Over the lastadks; several virtyql sc_reening as pot(_ential DENV protease inhisitand th_eir
groups of low-molecular, non-peptidic inhibitors wedentified ~ aCtVity in the low micromolar range could be comfed
by experimental and virtual high throughput scragsifor the experimentally [14]. Evaluation of their inhibitoctivity in a

DENV protease [4, 8, 9]. In the research group oftitors, the biochemical assay revealed a low micromolar intohitiof 1
inhibitory activity against the viral protease wamleiated for a 2d@inst the DENV protease [14]. The low molecular aize the
set of a-ketoamides [10], arylcyanoacrylamides [11], and proposed formation of a covalent bond between sstrseand

hydantoins [12] but none of these compound classashed the the _nucleqph}ilicfsequine_ of the proteasemggresr(]amalaatl)le
otency of peptidic compounds. starting point for further investigations. In t y, the covalent

P y of pepiict pou binding mode, which was shown for nafamostat with iryps6]

and assumed fot with the dengue protease [14], were further



investigated and proven. In addition, a set ofv@gives ofl was
synthesized and evaluated in order to illuminatecstire-activity
relationships (SARs) and prove the importance ofat@u
binding. Aryl 4-guanidinobenzoates are known for fiienation
of a reversible or pseudo-irreversible covalenttfiv]. While
the replacement of the ester with an amide shouklemt
covalent interactions, the introduction of a carbteris expected
to result in a practically irreversible, or verywsly reversible
covalent inhibition of the serine proteases [18)erEfore, the
introduction of an amide and carbamate group betwien
aromatic rings and as a substituent was performecealuated.

2. Chemistry

In order to validate the inhibitory activity aganBENV
protease, which was previously reported [14], thd Eeaucturel
was synthesized as a reference. The general metgydshown
in Scheme 1 was used to synthesizaend its derivativedb-d.
Herein, 4-nitrobenzoyl chloride was reacted with thermml or
aniline derivatives to form esters or amid@efter reduction of
the nitro groups, the resulting anilinésvere guanidinylated with
N,N’-di-Boc-1H-pyrazole-1-carboxamidine.
group of the former phenol or aniline part reacésdirely, the
other amine group was nearly unreactive. Thereftire, main
products of this reaction were anilinés whereas the desired

products5 were formed to a lesser extent. Deprotection under

acidic conditions resulted in the final dibasicguwots1 and7.
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Scheme 2. Synthesis of aliphatic derivatives: )N'-di-Boc-1H-pyrazole-1-
carboxamidine, TEA, THF; b) 4-nitrobenzoyl chloridéEA, DCM, rt, 12 h;

N’\ ) /O S, c) H, Pd/C, EtOAc, 1, 16 h; d) 50% TFA in DCM; e) M N"-di-
. 2 iNHH‘” d Boc)guanidinophenol, EDC HCI, DMAP, THF, rt, 16 h.
N
Boc\NJ\N 5 B oH B 5 o
H H 0C OC\ 0C~.,
c ‘ \7N\{:‘NH2 HZNH/©/ — Boc\ /©/ 5 Boc. J\N/©/ @)/
2 n H H

N/\ Boc
o J@ J—NH
- NH
dx = d

e

6

HN

HaN

ubstitution 3 4 5 1 6 7
o para 3a 4a 5a 1 6a 7a
o meta 3b 4b 5b 1b 6b 7b
NH para 3c 4c 5¢ 1c
NH meta 3d 4d 5d 1d

Scheme 1. Synthesis of esters, 1b, 7a and 7b and amidedc-d: a) TEA,
DCM, rt, 12 h; b) H, Pd/C, EtOAc, rt, 16 h; d),N-di-Boc-1H-pyrazole-1-
carboxamidine, TEA, THF; d) 50% TFA in DCM.

The syntheses of the dibasic compounds with one aiom
ring are displayed in Scheme 2. In order to reptheephenolic
ring system ofl, 3-aminopropanol and 4-aminobutanol were
used instead of phenols as educts. At first, thenaahcohols
were guanidinylated to afford alcohdB which were reacted
with 4-nitrobenzoyl chloride to create estérsAfter reduction of
the nitro group, a part of the aniliné8 were deprotected under
acidic conditions to form the dibasic compoundsS.
Guanidinylation of the aniline®0 afforded11 and was followed
by deprotection under acidic conditions to obtawe desired
compound groug2.

For the replacement of the benzoate part of
4-aminobutanoic acid and 5-aminopentanoic acid werployed
as starting materials. These amines were guanidedy/t® yield
carboxylic acids 14. After coupling with 44" ,N"-di-
Boc)guanidinophenol, the estetkb were deprotected under
acidic conditions to obtaib6.
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Scheme 3. Synthesis of carbamat@8a, 22c and24a,b,d-f: a) N,N’-di-Boc-
1H-pyrazole-1-carboxamidine, TEA, THF; b) diphosgeD&REA, DCM, 30
min at 0°C, then 30 min at rt; c) thst-butyl dicarbonate, TEA, DCM or
THF, rt, 3 h; d) DIPEA, DCM, rt, 1-8 d; ) 50% THADCM.



While the replacement of the ester with an amide waseduction of the nitro group, amin@8 were guanidinylated to

straightforward, the introduction of a carbamatevpbto be
challenging. The electrophilicity of the carbamaded the
nucleophilicity of the basic residues can resultimra- or
intermolecular reactivity. This instability limitthe amount of
synthetically stable compounds, and only a few &f desired
compounds could be isolated. Particularly the giliaoi group
tended to destabilize the compounds. Therefore, tarted the
synthesis with aromatic amines and methylaminespaoceeded
later with the guanidines. The employed syntheti¢haology
is shown in Scheme 3. In general, the phenol bugltlocks17,
18a and 18b and the aniline building block$9a-b and 20a-d
were synthesized separately. The terminal amino pgfuthe
educts was Boc-protectedi8a-b and20a-d) or converted into a
di-Boc-protected guanidino grouft7/{ and19a-b). The synthesis

of the chloroformate ofl7 with diphosgene and subsequent

carbamate formation was not successful. After in-géneration
with diphosgene, the chloroformat&8a and 18b were reacted

with the anilinesl9a, 19b and20a-d. The obtained carbamates
21a, 21c and23a,b,d-f were deprotected under acidic conditions

to afford the desired carbamaa, 22c and24a,b,d-f.

ﬁ o @ . &
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BOD
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Boc @N\
. H;N—<
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Scheme 4. Synthe5|s of carbamate®8: a) tert-butyl (4-amino-
benzyl)carbamate, triphenyl phosphite, tolueneluxef8 h; b) H, Pd/C,
MeOH, rt, 16 h; cN,N’-di-Boc-1H-pyrazole-1-carboxamidine, TEA, THF; d)
dimethylcarbamoyl chloride, TEA, DCM, rt, 24 h;%)% TFA in DCM.

Molecular modelling indicated that the carbamate as
substituent of the aromatic ring may reach thelyidally active
serine.Therefore, the introduction of aN-dimethyl-carbamate
as a ring substituent was performed as shown in Sehenit
first, 3- and 4-nitrosalicylic acid were coupled witbrt-butyl
(4-aminobenzyl)carbamate to obtain ami@®&a and 25b. After

form 27. The phenol moieties were converted to tHeN-
dimethylcarbamate28, followed by deprotection under acidic
conditions to afford the desired compourZéa and 29b. The
synthesis 0f30, 31 and 40 is described in the supporting
informations.

3. Structure-activity relationships

Camostat, 1 and the synthesized series of 19 dibasic
compounds were evaluated against DENV (serotype 2) and
WNV protease. The SAR explorations were focused on the
necessity of the aromatic rings, of the guanidireugs and the
electrophilic ester. In addition, the off-targehilnitory activity
against thrombin and trypsin were evaluated forcathpounds
(Table 1 and 2). While Camostat showed a considerabl
inhibition of trypsin (IG, = 3.5 nM), an inhibition of DENV or
WNV protease was not detected. As expected, reference
compoundl is an excellent inhibitor of trypsin (i¢= 1.35 nM)
and with an IG, of 14.4 uM, the described inhibition of the
DENYV protease in the literature [14] could be repraeailic

First, modifications of the 4-guanidinobenzoatet pdtl were
evaluated (Table 1). The replacement of the ar@mniiy with an
aliphatic chain in compoundsléa and 16b significantly
decreased the inhibitory activity against all pases. While
aniline 7a was only twofold less active against trypsin, theslof
the guanidine group was less tolerated by the flaliproteases.
Next, modifications of the 4-guanidinophenol part ofwere
explored (Table 2). While the modifications of thé&
guanidinobenzoate part (Table 1) were disadvantagémuthe
inhibitory activity, modifications at the phenolmart were not
favored but still tolerated. The replacement of khghly basic
guanidino group with other less basic residues dkeino or
methylamino groups or the change from para to rpesition
was accompanied by a loss of inhibitory activity. il&h
compoundsl?a and 12b, where the aromatic ring was replaced
with an aliphatic chain, were more than 4000-foldcs lestive
against trypsin thaf, they showed only a 3-fold loss of activity
against DENV protease. As expected, the replacemerheof
ester with the — supposedly non-reactive — amidetiom results
in a major loss of inhibitory activity.

Table 1. Inhibitory activity against DENV, WNV protease rdimbin, and trypsin.

-
N._NH,
]
ST

\

Biological Data

Compounds R DENV proteast ~ WNV proteasé  Thrombir?  Trypsirf
Inhibition [%] (ICso)
94.0 100.0
Camostat 19.6 12.6 (0.78 uM) (3.5 M)
NH /@/\' 98.1 99.0 100.3
! HZN*N (14.4 uM) 29.8 (4.08 M)  (L.35 nM)
7a QY 5.4 . 76.7 100.6
o : n (17.6 uM)  (2.78 M)
H
16a MNP N X 42 n.i. 132 183
NH
NH
16b HZN)LHW\/\’ 46 n.i. 725 65.9

%0 UM substrate concentration and 50 uM compoundestration.

P50 uM substrate concentration and 25 pM compoundastiration; n.i. no inhibition.



Table2. Inhibitory activity against DENV, WNV proteaseytmbin, and trypsin.

NH dR Biological Data
H N)kN

DENV . )
Compounds R proteast WNV protease  Thrombirf Trypsirf
Inhibition [%] (ICs0)
1b %o/@NH 51.3 175 100.0 100.1
HNZ >NH,
H NH.
2
1c 23.2 17.9 23.9 87.2
/N/©/ NH
i . 94.6
1d /N/@NH 36.8 n.i. 16.4
i HNZ > NH, (23.9 pM)
i 78.9
12a N” NH, 56.8 n.i. 22.8 !
%of . (9.84 pM)
H
N__NH, 84.0
12b %OJ/V T 49.0 17.1 27.3 (.27 uM)
NH; . 97.1 102.5
30 %OQ 8.8 ni. 080 uM) (28 M)
NH, 92.5 100.7
40 %og 40.1 36.5 (0.53uM)  (L.56 nM)
1. 2. 3. 4. 5. 6.
Compounds Chemical structure DENV WNV proteasé  Thrombirf Trypsif
protease
Inhibition [%] (ICs0)
24a Q \@L 337 72.8 83.3 99.2
24d Q Q 29.8 68.0 72.7 95.9
24e ﬁ Q 22.9 59.3 46.9 95.6
24 31.3 62.9 12.2 43.9
w ¥ @ "
H
" 100.6
22a O \(:L I, 52.0 61.9 121 ez
22¢ O Q M 60.8 68.8 44.4 98.4
NH
b
29a - Jé/‘i”/@” " 74.4 73.3 124 43.7
HoN N .
.L
29b @% 56.0 76.1 24.3 19.3
67.8 99.2

o o N N,
31 . QANJQ/ T, 20.2 23.9
HZNJ\’I:I' "

%0 UM substrate concentration and 50 uM compoundestration.
P50 uM substrate concentration and 25 pM compoundestration.
‘50 uM substrate concentration and 1 mM compounderanation.

950 pM substrate concentration and 500 uM compoondeantration; n.i. no inhibition (<5%).



In contrast to the esters and 1b, amide 1d with a meta
guanidine group was superior in its inhibitory aityivin
comparison to the para-substitutetic. Under screening
conditions (50 uM compound concentration), nearll}y a
synthesized carbamates showed no or only negligibidition.
In order to explore structure-activity relationshipf the
carbamates, the final compound concentration in gheyme
assay was increased 20-fold to 1 mM. Under theseitiomsl
carbamates with less basic groups IBda, 24d, 24e, and 24f
show comparable inhibition of the tested proteasBy.
introducing a guanidine group as 28a and22c, the inhibitory
activity against some of the tested proteases asese
significantly. However, in comparison t@éa and 30, which
inhibit trypsin in the low nanomolar rang22a is a relatively
weak inhibitor of this protease. The introductionaoperipheral
carbamate function, as in compour®s, 29b and31, was also
detrimental for the inhibition of the flaviviral preases.

4, Binding mode analysis

To obtain information about the binding mode of the

synthesized compounds with the DENV protease, thneestpf
experiments were carried out. At first, the time-defsnt
inhibition (TDI) of compounddl, 1c, 7a, 12a, 22a and 40 was
investigated (Figure 2a). TDI was examined by vayypre-
incubation times in an otherwise routine DENV proteasétro
assay. Inhibitors that slowly form a covalent bond @&activate
their designated target should show increased pptetiter
extended incubation times. Therefore, any time-ddpet loss of
initial substrate cleavage rate indicates a mechafiased
inhibition [19]. MB-53 (Bz-Arg-Lys-(O-benzyloxy)-D-Ri
NH,), a well characterized peptidic competitive inkobitof

DENV (ICso, = 0.37 uM), was used as a reference [7]. In the

presence of DMSO, MB-53lc and 22a, no effect is observed
when changing preincubation times. Fgr7a and 40 a time-
dependent increase of the inhibitory activity isetved.

To further characterize the binding mode, the mHeaf
inhibitors from the enzyme-inhibitor complex was ditd
(Figure 2b). For this purpose, the enzyme was prebated with

inhibitor 1 at 100 uM to achieve 100% inhibition and then the

solution was diluted with buffer. After different incation times
the substrate was added (final inhibitor concemratB.33 pM)
and its cleavage was measured continuously. Thretate are
included: 1. No inhibitor throughout to reflect funzyme
activity, 2. 100 uM inhibitor concentration throumft to achieve
100% inhibition, and 3. 3.33 uM inhibitor concetia
throughout to reflect the expected amount of intfahiremaining
after substrate dilution. With reversible inhibgprthe enzyme
will regain its activity while irreversibly inhibite@nzymes will
remain inactive. As shown in Figure 3, the DENV proteslsieh
was pre-incubated with remains inactive directly after dilution
and then regains its activity slowly over time. Tdecrease of
inhibition after 120 min for the 100uM graph origtes from the
low stability of 1 in the assay buffer but also reflects that in

observed for: compounddc and 22a showed, an adduct
formation over time was demonstrated for compouhdsd 7a.

In comparison to an unmodified sample (m/z 278&i)nass
difference of m/z 162 was observed fo(Figure 3a). Therefore,
the 4-guanidinobenzoic acid moiety (62 g/mol) froml was
transferred from the inhibitor to the enzyme toniothe acyl-
enzyme complex. With a mass difference of m/z 1B8,same
can be observed for the 4-aminobenzoic acid moigty
120 g/mol) from7a (Figure 3b). Adduct formation of compound
1 could be observed after 5 min incubation time. A86 min,
the acyl-enzyme complex represented the most abtisgacies.
The reversibility of the covalent inhibition of cpoundl could
be demonstrated by longer incubation times. Afterh20
incubation, only a small amount of the acyl-enzyoomplex was
observed in the incubation solution. In comparismeompound
1, the adduct formation of compoufd proceeded slowly. After
2 h incubation, a small amount of the acyl-enzynoenglex
appeared, which became more prominent after incubati
overnight.

For the exclusion of unspecific binding of composiidand
7a with the protease, a mutant of the DENV protease (DENV
protease S135A) with a non-functional active sidetafgtic
serinel35 was replaced with alanine) was also testddrithe
same conditions (Figure 3c). Both compounds shoveeddduct
formation within an incubation period of 24 h.
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absence ofl the protease recovers its activity. Therefore, the

formation of a reversible covalent bond throughwith the
DENYV protease is the most plausible assumption.

Another method to study the reversible-covalent
irreversible-covalent bond formation of ligands witteir targets
is the detection of adducts by mass spectrometdy P24]. In
order to confirm a covalent modification of the DENYXb{gase,

Figure 2. (a) Time dependent inhibition of the DENV protedse
compoundsl, 1c, 7a, and40 at 50M and compouri2Ra at 200uM witl
different incubation times; (b) Dilution experiment compoundL.

or

5. Stability study

an MS-based approach was elaborated (Figure 3). DENV Stability and shelf-life are an important factan drug

protease was incubated with compoudd4c, 7a and22a over
different time periods (5 min, 30 min, 2 h, 20 mda24 h) at
elevated concentrations 81 enzyme, 100uM inhibitor) and
analyzed by ESI-MS simultaneously. While no addustre

development. Because of the combination of elebitiepand
nucleophilic moieties in a single molecule, all thesized
compounds can be affected by major instabilities adidition,
electrophiles are prone to hydrolysis under basiqueous



conditions. Therefore, the stability of selectednpounds was
evaluated in different buffer systems (assay budtepH 7.5 and
pH 9; phosphate buffer at pH 7.5, pH 9 and pH 1¢)12a, and
30 proved to be stable under all tested conditiomsadLstructure
1 proved to be unstable in the routine 50 mM TRISagsbuffer
for flaviviral proteases at pH 9.4 16.78 min) but not in
phosphate buffer of the same pH or a Tris-contaitinffer of
pH7.5. At pH 11, the lead structure was also instainl
phosphate buffer (= 17.83 min). This might explain the
previously observed fluctuation of the measuredltegICso) of
1. The biochemical assay of the dengue protease amas
incubation time of 15 min and the compounds arelifred in
the utilized buffer.

6. Conclusion

In this study, 19 dibasic compounds inspired bywere
synthesized and their properties and inhibitoryviiEs against
different serine proteases were evaluated. The decth{BAR
study indicates that the electrophilic ester fumwdl group, as
well as the 4-guanidinobenzoate part, are essdotid@hhibitory
activity. While the introduction of a carbamate \vbe¢n the
aromatic rings or as a substituent was detrimentag
replacement of the phenolic part was well tolerafdr: covalent

lead optimization should focus on increasing thabifity in
buffer systems, lowering the polarity by removing teecond
basic residue and modification of the phenolic gartachieve
better selectivity for the flaviviral proteases.

7. Experimental section

Synthetic and analytical details and informationtioa assays
are described in the supporting information.

Dilution experiment

The DENV protease (concentration: 3;88) was
preincubated with compourfd(concentration: 100 uM, from 10
mM stock solutions in DMSO) in assay-buffer (50 mMsTHCI
pH 9, ethylene glycol (10% v/v), and 0.0016% Bri) 28 room
temperature for 1 h. Afterward, 3.33 pL of the praivation
solution was diluted with 86.7 uL assay-buffer. Aftéfferent
incubation times, 10 puL of the FRET substrate swiut
(concentration: 500 uM) was added to obtain a fiaabay
volume 100 pL per well and its cleavage was measured
continuously (final concentrations: 100 nM enzyn®33 uM
inhibitor; 50 UM substrate). Three controls arelided: 1. No
inhibitor throughout to reflect full enzyme actiwit2. 100 uM
inhibitor concentration throughout to achieve 10@%ibition,

interaction of1 with dengue protease was confirmed but wasand 3. 3.33 uM inhibitor concentration throughautréflect the

affected by the low stability in basic buffers. Téfere, further

expected amount of inhibition remaining after stdist dilution.
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