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Alkyl chain substituted 1, 9- Pyrazoloanthrones exibit prominent inhibitory effect on c-Jun N-
terminal Kinase (JNK).t

Karothu Durga Prasad,? Jamma Trinath,® Ansuman Biswas® Kanagaraj Sekar,* Kithiganahalli N.
Balaji* ® and Tayur N. Guru Row**

N-alkyl substituted pyrazoloanthrone derivatives wee synthesized, characterized and tested for thein vitro inhibitory activity
over c-Jun N-terminal kinase (JNK). Among the testéd molecules, a few derivatives showed significanthibitory activity against
JNK with minimal off-target effect on other mitogen-activated protein kinase (MAPkinase) family membes such as MEK1/2 and
MKK3,6. These results suggested thaiN-alkyl (propyl and butyl) bearing pyrazoloanthrone scaffolds provide promising
therapeutic inhibitors for JNK in regulating inflam mation associated disorders.

1. Introduction other higher alkyl derivatives were not tested.nfri@ chemistry
. . . . perspective, the tautomerism in 1, 9-pyrazoloamibro
Cellular physmlqglcal processes are crltlclallylldmd by (anthra[1,9-c,d]pyrazol-6-oneFig. 1d) was confirmed by the
numerous signalling pathways. Regulated activatibMitogen  existence of two positional isomers_ after alkyatiFig. 1b).2°
Activated Protein Kinase (MAPkinase) family members according to Scapin and co-work&tsthe crystal structure of
dgtermlne the _extent of . mamm_allan gene e>§pre§S|on.JNK3 with 1,9-pyrazoloanthrone (PDB code: 1PMV) \skd
Lipopolysaccharide (LPS), chief constituent of ed, is the  pigher selectivity towards inhibition compared thet other
major cause of sepsis. Endotoxin mediated septicksis mainly .5 molecules. It was shown that, SP600125 interadtsthé protein
pharacterlsed by dragtlc and sudden augméentatloseméral via hydrogen bonds with the carbonyl oxygen of @iand the
inflammatory genes like IL-12, ILfl TNFo.” Exaggerated  main chain nitrogen of Met149. In addition, sevémnarophobic
levels of these cytokines derails the host immuamdostasis  contacts with lle70, Ala91, Met146, Leul4s, AsplB@n152,

leading to inflammation associated risks like cacdiarrest,  va1196 and Leu206Fjg. 19 are identified in the enzyme —
arthritis, etc Activation of host cellular signalling pathways., innibitor complex.

comprised of MAP Kinases such as ERK 1/2, p38 ad{ J

predominantly, at the ground level is the key ratprly step in  In this context, it may be surmised that increasté alkyl chain
fine tuning the immune cell associated functidrisDesign and  length on nitrogen atom might invoke additional toghobic

characterization of novel small molecules on onadhand  contacts in the active site of JNK, a feature whieeds to be
potentiating the exiting target specific inhibitoos the other ~ explored. In the present study the tautomerism jn 91
attains crucial importance in the treatment of danfination 7s pyrazoloanthrone was substantiated by the posltisoaers of
associated disordet8JNK (Jun N-terminal Kinase), a stress alkyl derivatives and the structures have beenblsteed by
activated protein kinase (SAPK), is one of the irguat member ~ single crystal X-ray diffraction studies. Based oalculated
of MAP kinase family along with MEK 1/2, MEK 3,6 diMKK binding abilities with INK structure generated fréime in silico

4,7, etc that mediates the activation of key trepion factor ~ screening, 10 molecules were selected for init@eening of
AP-1 (Activator Protein-1 complex composed of c-Fosl c- s their kinase inhibitory activity. Among the testewblecules, a
Jun)®BActivated JNK phosphorylates c-Jun at Ser 63 mositi  few of them show specific inhibition of JNK amortietseveral
and eventually leads to formation of a functionaP-A  MAP Kinases with favourable concentrations in thage of 1-
transcription factor comple®:®® Till date, three JNKs were 20uM. These molecules deserve further evaluation imseof

identified in humans (JNK1, JNK2 and JNK3). In ditdi to their pharmacokinetic properties as well as bi@abgfunctions to
these, 10 subsidiary isoforms arise from these 3Ni4€ splice e be potent therapeutics in resolving inflammation.

variantst® JNK’s with several isoformic variants control dalc

cellular processes like apoptosis and cell praifen and are NN s

HN—N
also implicated in disorders associated with infization like ' Tautomers ~
septic shock, arthritis, inflammatory bowel diseasec” 8 ~a o
Therapeutic inhibition of JNK activity by small nedule o 1
inhibitors has proven to be advantageous in thatrivent of P
N—N

R R
diseases coupled with derailed inflammafidi’ . . N—p
somers N
Even though, several inhibitors of JNK have alyead b
[e] o

been reportéd® with varied efficacies, the role of « 7 o Lot
anthracyclines identified in the screening of @afcer djugﬁ SPML(R-CH,); SPM2(R-CHL); } o g g;

has not been focused in terms of kinase inhibitorsl the SEh i AR CA): Nk

introduction of 1, 9- Pyrazoloanthrone (SP60012§)Brydonet SPBL (R-CyHo); SPENT (R-Cobyy) | SPB2(R-C.H.); SPEN2(R-CoHy) ¢

al.'”® SP600125, a flat molecdfewith free NH group in the _

pyrazole ring acts as a reversible ATP competitivebitor and ~ Fig. 1a and 1b Chemical structures of 1,9-pyrazoloanthrone ahd
has proved to be a small molecule inhibitor of JidKiong alkylated pyrazoloanthroneig. 1cLigplot representation of interactions
several tested kinas&?® But the methyl and ethyl derivatives of in the active site of JNK3 with SP600125 (1PMV).

pyrazoloanthrone exhibited loss of inhibitory aitti¥? and hence

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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2. Results and discussion

2.1 Synthesis 2.3 Virtual Screening The binding efficiencies of the alkyl
Based on preliminary results obtained with pyraaotarones in  derivatives were testéd silico using docking simulations around
in silico screening,N-alkyl substituted pyrazoloanthrones were the active site of the protein. The known inhibit8P600125
s synthesized according to modified procedures (ESme < (537) was docked into the active site of JNK3 tdaob an
compounds were characterized by & °C NMR, HR-MS and estimate of its binding energy (-8.05 Kcal/ molheTpredicted

. . binding energies of the other molecules (listed Tiable 2
the purity was assessed by the analytical HPLC oge#nd  ,.crding to increasing length of the alkyl grougre compared

found to be >98%. Crystal structures of these cam@e were  jth this value. Compared to SP600125, all the vadives,

determined by single crystal X-ray diffraction. 35 exceptSPM1 andSPE2 showed enhanced hydrophobic contacts.
10 With the increase in length of the substitutingyhlgroup,
2.2. Crystal structure determination improved binding energies were observed. It istérest to note

that the binding energies &PB1and SPB2 are comparable to
Substitution of alkyl group on pyrazole ring in 4,9 that of the parent compound and enhanced in caSPBN1and
pyrazoloanthrone forms two isomers. For exampl@ isomers 4« SPEN2respectively.
of the butyl derivative of 1, 9-pyrazoloanthroneegidnated as
15 SPB1 and SPB2 were crystallized from a mixture of 30%
EtOAc: hexane and their crystal structures wererdghed Fig.

Table 2Binding energies of 1,9-pyrazoloanthrone derivegiv

- e Protein  Ligand Binding Hydrogen Bond No. of
2; Table 1). Similarly, several alkyl derivatives of energy between Protein atom hydrophobic
pyrazoloanthrone§PM1, SPE2, SPPland SPP2 ESIt) were ev and ligand atom contacts
crystallized by slow evaporation at ambient tempees and 1PMV 537 -8.05 Met 149 N---N 9

20 their crystal structures were determined. SP600125 Glu 147 O---N

° SPM1 -7.70 Met149 N---O 7
° N
° ?\ ' SPM2 -7.80 Met149 N---O 11
° L3
°"@ © X SPE1 -7.87 Met149 N---O 9
T
N 7& ° e SPE2 -7.90 Met149 N---O 11
a pe b 3 SPP1 -7.88 Met149 N---O 11
° [ ] ° -
o o SPP2 -8.09 Met149 N---O 13
o _& ) @2 ° @ “ @
[ W | % y o SPB1 -8.11 Met 149 N---O 13
N Y TR S T ) SPB2 -8.27 Met 149 N---O 14
W . S . V' o W o & ) o °
® N g ° I T SPEN1 -8.61 Met149 N---O 11
@ e o °
SPEN2 -8.69 Met149 N---O 13
Fig. 2(a)and2(b) ORTEP diagram o8PBlandSPB2with 50%

probability displacement ellipsoids respectively.

As described irFig. 1bthe parent molecule 1,9-pyrazoloantrone
Table 1 Crystallographic data for compounds SPB1 and SPB2. in the protein —inhibitor complex interacts withetiprotein via

Compound SPB1 SPB2 45 hydrogen bonds involving the carbonyl oxygen of i and the

Formula C1sH16N20 C,H,N,O main chain nitrogen of Met149. The second hydrdgemding is
Formula weight 276.3324 276.3324 conserved in the interactions of all th&-alkylated
system Orthorhombic  Monoclinic pyrazoloanthrones (ESIt) with the JNK protein (1PM\és
Space group P2:2:2, P2,/c observed from the docking simulatiofég 3a and3b show the
a(A) 4.909(5) 4.933(2) s0 binding characteristics oSPB1 and SPB2 with conserved
b (A) 14.694(2) 15.036(7) hydrogen bonding involving MET149. The Ligplot
c(A) 19.031(2) 18.387(9) representations of interactions of the other déxiea are
& 90 %0 presented in ESIt
B 90 91.93(5) :
y 90 90
Volume (&) 1372.93(3) 1363.07(2)
z 4 4
Density (gcrit) 1.34 1.35
p (mmm?) 0.084 0.085
F (000) 583.9 583.9
No. of measured reflection: 9877 21681
No. of unique reflections 3001 2671
No. of reflections used 1861 2173
R_a, R_ops 0.120,0.067 0.058, 0.045
WR2_ait, WR2_ope 0.193,0.152 0.109, 0.102
Dprinmax(€ A?) -0.216, 0.257 0226, 0.234
s5 Fig. 3(a)and3(b) Ligplot representation of interactions in activte ©f
25 JNK3 with SPB1 and SPB2 respectively.

2 | Journal Name, [year], [vol], 00—-00 This journal is © The Royal Society of Chemistry [year]
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2.4 Biological activity

2.4.1 Evaluation of the biological
substituted pyrazoloanthrones.

efficacies of &yl

cytotoxic effect greater than 20-30% only beyonduN30
concentrationKig. 4). DMSO is utilized in the study as a solvent
control as it shows no significant cytotoxic effeotd helps in
confirming the specificity of the alkyl derivativesf 1,9-

Sometimes the inhibitor activity of compounds coaldo be a 5 pyrazoloanthrone in dampening the cell survivalséhon these

sresult of their toxic effects and consequently rhigiause a
flawed conclusion. Hence, prior to utilization diese small
molecules as inhibitors, the cytotoxic effect ofesk on
macrophages at various concentrations has beeryzadaby
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium

10 bromide) assays. All the tested small moleculesibéeda

C
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results, the maximum concentration of the pyrazdlvane
derivatives that can be tested for target spetifitbition of INK
has been narrowed down to a range | d¥1to 3QuM in further
studies.
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Fig. 4 Analysis of cytotoxic effect of small molecules M T assay. Mouse peritoneal macrophages wereetleaith respective molecules at various

concentrations for 12 hours and cell viability veamlyzed by MTT assay.

25 Kinase inhibitory effect of alkyl substituted pycda@anthrones
was carried by monitoring the phosphorylation ofuey, an
immediate downstream target of activated JNK in no@ltages
by immunoblotting technique. All the alkyl substéd
derivatives of pyrazoloanthrone exhibited the iittoh of JNK

s over a range of concentrations tested in LPS aetivanouse
macrophages. Of the compounds tes&RR 1 SPB1andSPEN1
(propyl, butyl and pentyl derivatives of pyrazoltaione)
demonstrated the inhibition of JNK at lower concatibns
ranging from 1uM to 5uM whereas 1,9-pyrazoloantershowed

ss inhibition with the minimum requirement of 10uM ibPS

activated macrophages as shown Fig. 5D, E, F and H
respectively. As reported by Brydehal., the methyl and ethyl
derivatives of pyrazoloanthrone showed significdoss in
inhibitory activity® however, compounds with propyl and butyl
40 substitutions $PP1, SPBland SPB2J showed significant
inhibitory function starting from 1uM whereg&PEN1 shown
inhibition from 5uM onwards. Intriguingly, all thesobtained
concentrations after the initial screen are fardioas compared to
1,9-pyrazoloanthrone which initiates inhibition ynbeyond
45 10uM (Fig. 5H).

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Optimum inhibitory concentrations of 1, 9-pyrazahthrone derivatives over phospshorylation of c-B+f andJ-N shows the immunoblots for
phospho c-Jun in LPS (100ng/ml) activated macropbaay different concentrations of inhibitors testedG and|, represents the structures of 1, 9
5 pyrazoloanthrone and its derivatives.

Thus, the fact that the substitution of alkyl clsaof increasing 2o inhibitory effect at a concentration lower than -1,9
length enhances the hydrophobic interaction pakmthich is pyrazoloanthrone.

quite evident from the extent of inhibitory actpitwith

SPPESPBI>SPENI>SPM1>SPE1 On the other hand, In order to evaluate the specific inhibitory aittivof SPB1

10 pyrazoloanthrone isomers (derivatives with alkybstituent on ~ and SPP1molecules over JNK compared to other LPS induced

the left side of pyrazole ring) such &°P2(5uM) and SPB2 s activation of other MAPkianses such as ERK1/2 a38,
(1uM) also showed significant inhibition of JNK activias well immunoblot analysis of active state of ERK1/2 ar8 pwas
as phosphorylation of c¢-Jun in comparison to 1,9-carried out.SPP1and SPB1 block LPS induced activation of
pyrazoloanthrone. It is noteworthy that on furtiestension of ERK1/2 and p38 only at concentrations beyondiN80with
1s chain length like in case of the pentyl derivatioé 1,9- marginal off target effectsF{g. 6) These results suggest that
pyrazoloanthrone, there is sudden drop in the itdmpactivity 3o alkyl substituted pyrazoloanthrone scaffolds netedbe further
and this may be attributed to the requirements afserved  explored to treat inflammatory disorders with highpecificity at
hydrogen bonding at the binding site as demonstiagethe auto  lower concentrations.
dock studies. InterestinglySPP1 and SPB1 exhibited the

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 4
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LPS(100ng/ml) - + + + + +
SP600125(uM) - - 5 10 20 30

pERK1
B-Actin:

LPS(100ng/ml) - + + + + +  LPS(100ngml) - + + + + +
SPBI@M) - - 5 10 20 30 SPPIuM) - - 5 10 20 30

Fig. 6 Elucidation of the off target effect &@BlandSPPlover LPS induced MAPkinase activatioh. B andC. Immunoblot analysis of LPS induced
activation of p38, ERK1/2 in the presence of vasiconcentrations of SP6001ZRBlandSPP1lrespectively in mouse macrophages.

resuspended in DMEM containing 10% FBS (Sigma Algriand
s 3. Conclusions seeded for further experiments. The experiment$ wibuse
macrophages were carried out after the approvain fitbe
In  conclusion, the synthesis, isolation and stmattu s Institutional Ethics Committee for animal experiraion as
determination of alkyl isomers of pyrazoloanthraterivatives  well as from Institutional Biosafety Committee.
have been achieved. The minimum required inhibitory
10 concentrations of these small molecule inhibitoas ound to be 4.2 Cell viability assay
less that 10M in comparison to 1,9-pyrazoloanthrone to inhibit
JNK. The structural correlations appear to supfiegtinhibitor ,, Mouse macrophages were seeded in 96 well plates
evaluation. The alkyl substituted scaffolds leadtecules with  (75,000cells/well) in 200ul of DMEM complete mediuand
potent and selective inhibition of JNK. Criticallgur lead incubated overnight. Later cells were treated wimall
1s candidatesSPP1 and SPBY, display specific inhibition of JNK  molecules reconstituted in DMSO at various conegiuins as
among other LPS activated MAP kinases like ERKH@ p38.  mentioned for 12 hours. Post 12 hour treatment,iunedvas
Our results suggest that these two scaffolds abitdns SPP1 s removed carefully and fresh medium (100ul/well) vaded.
and SPB1would be promising leads for the further developtme 20ul of 5mg/ml of MTT reagent was added to eachl \asH
of more potent and selective inhibitors to treasodiers incubated for 4 hours at 37°C aseptically. Mediuaswemoved

20 associated with inflammation. and cells were added with DMSO  (100ul/well) aed lon
. . orbital shaker (150rpm) 15min. After incubationsatbance was
4. Experimental Section so read at 590nm. Untreated cells served as contrallithe cell

viability assays.
4.1 Materials and Methods

% ] ] 4.3 Treatment with small molecule inhibitors
Isolation of mouse peritoneal macrophages:Macrophages

utilized in the study were isolated from C57/BL6iben In brief, ., A\l the small molecules utilized in the study weeeonstituted in
mice were intraperitoneally injected with thioghlate (2mL of  gierile DMSO (Sigma-Aldrich, USA) and used at vasio

2X concentration/mice). After 4 days of injectiomice were  concentrations as mentioned. DMSO at 0.1% condismravas
a0 sacrificed. Peritoneal cavities were flushed wiih ¢old PBS and | 5ed as the vehicle control. In all experimentdihibitors, a

centrifuged to obtain the macrophages. Thus, obthells were  tested concentration was used after careful timaéixperiments

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 5
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assessing the viability of the macrophages using@ M3say. In o
experiments with inhibitors, the cells (4Xh0ell) were treated
with a given inhibitor for 60 min before experimahtreatment.
4.4 Immunaoblotting 65
Macrophages were treated with respective small cotde
inhibitor as mentioned and then stimulated with L{&Stgma-
Aldrich, USA), 100ng/ml, for additional 60min. Cellwere
washed twice with PBS, scrapped off the cultureh dimd
collected by centrifugation. Cell lysates were preg in RIPA
buffer constituting 50mM Tris-HCI (pH 7.4), 1% NP40.25%
Sodium deoxycholate, 150mM NaCl, 1mM EDTA, 1mM PMSF
lug/ml of each aprotinin, leupeptin, pepstatin, 1mN\MO,,
1mM NaF and incubated in ice for 30min. Whole dgdlates s
were collected by centrifuging lysed cells at 18,6°M, 10min
at 4°C. Equal amount of protein from each cell tgsavas
subjected to SDS-PAGE and transferred onto PVDF lmanes
(Millipore, USA) by semidry western blotting (Bioad, USA)
method. Nonspecific binding was blocked with 5% fabrdry
milk powder in TBST (20mM Tris-HCI (pH 7.4), 137mMacCl,
and 0.1% Tween 20) for 60 min. The blots were probigh anti
phospho Ser 63 c-Jun for 12 hours at 4°C and theshed with
TBST thrice followed by anti rabbit IgG HRP conjtgd
secondary antibody for 2 hours at 4°C. Blots weeshed and
developed using enhanced chemiluminescence detesygiem
(Perkin Elmer, USA) as per manufacturer’'s instasi Blots
were probed with anf-actin HRP (Sigma-Aldrich, USA) to
ensure equal loading of protein.

70

80

85

90

4.5 Docking

The three-dimensional (3D) structuogésall ten small
molecules were modelled and minimised using the PRG
servel! and single crystal structures. AutoDock (versioR)4
was used for the ligand-protein docking. The Laikiart Genetic
Algorithm was used with a population of 200 doclsin@he
docking output was analysed using Pymol and Ligplot
Hydrogen bonds were determined using the in-buBPHUS*
module in Ligplot with hydrogen bonding parametéBs--A
distance<3.35 A, H---A<2.7 A).
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Abbreviations
c-JNK c-Jun N-terminal Kinase 110
MAPKinase Mitogen Activated Proteimise
LPS Lipopolysaccharide
ERKs Extracellular signatyaéated kinases
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