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do Nascimento, Tayna S. Valerio,' Patricia D. Fernandes,” Laurent E. Dardenne,” and

Carlos A. M. Fraga*®

Inhibitor of nuclear factor kB kinase 2 (IKK2) is suggested to be
a potential target for the development of novel anti-inflamma-
tory and anticancer drugs. In this work, we applied structure-
based drug design to improve the potency of the inhibitor (£)-
N'-(4-nitrobenzylidene)-2-naphthohydrazide (LASSBio-1524, 1a:
IC5o=20 pm). The molecular model built for IKK2 together with
the docking methodology employed were able to provide im-
portant and consistent information with respect to the struc-
tural and chemical inhibitor characteristics that may confer po-

Introduction

The IKK complex is formed by two catalytic subunits (the
serine/threonine kinases, IKK1 and IKK2) and one regulatory
subunit, IKKy (or NEMO)."* This complex is involved in the ac-
tivation of NF-kB in response to apoptotic and inflammatory
processes.*¥! Inhibition of the IKK complex is considered to be
a promising approach for the treatment of chronic inflamma-
tion and cancer.”"

The IKK2 subunit participates in the activation of nuclear
factor kB (NF-xB), which is essential for the full activation of
this transcription factor. When a cell receives pro-inflammatory
stimuli such as lipopolysaccharide (LPS) and tumor necrosis
factor-a (TNF-a), IKK2 is activated by phosphorylation. Then,
IKK2 phosphorylates the inhibitor of kB (IxB), which is associat-
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tency to IKK2 inhibitors, providing important guidelines for the
development of a new N-acylhydrazone (NAH) derivative. (E)-
N'-(4-(1H-pyrrolo[2,3-b]pyridin-4-yl)benzylidene)-2-naphthohy-
drazide hydrochloride (LASSBio-1829 hydrochloride, 10) is a 7-
azaindole NAH able to inhibit IKK2 with an 1Cs, value of 3.8 um.
LASSBio-1829 hydrochloride was found to be active in several
pharmacological inflammation tests in vivo, showing its poten-
tial as an anti-inflammatory prototype.

ed with the dimers of NF-«xB in the cytosol. IkB is polyubiquiti-
nated and degraded, releasing the NF-kB dimers. These dimers
migrate into the cell nucleus, where they can exert their func-
tion as transcription factors assisting in the biosynthesis of
pro-inflammatory cytokines."¥ Activation of the biochemical
cascades of NF-«xB is associated with the regulation of the
innate and adaptive immune responses, among other physio-
logical responses;'>'® however, continuous stimulation of NF-
kB is directly related with some types of inflammatory and au-
toimmune diseases, and also with the genesis and survival of
tumor cells.'”'® In this context, IKK2 has been suggested to be
a potential target for the development of novel candidates for
anti-inflammatory and cancer drugs."” The development of se-
lective IKK2 inhibitors is necessary because the inhibition of
IKK1 may promote severe side effects, especially within the ep-
idermis.l'*19-21

The IKK2 subunit consists of three domains: the kinase, the
ubiquitin-like and the dimerization domains.”! Nevertheless,
only the kinase domain (residues 15-300) was modeled be-
cause the main focus of this work is the development of inhibi-
tors that interact with the ATP binding site, which is located in
this catalytic domain.

Currently, some IKK2 structures deposited in the Protein
Data Bank (PDB codes 3RZF?? 3QA8,*? 4E3C™ and 4KIK™)
have been solved at resolutions ranging from 2.8 to 4.0 A. De-
spite their crucial role in elucidating some important structural
and functional properties of IKK2, these structures do not have
sufficient quality in the ATP binding site to be applied in the
structure-based drug design of IKK2 inhibitors. The structure
with the best resolution (PDB code 4KIK,?¥ solved at 2.83 A)
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has some disordered regions in the ATP binding site (e.g., G-
loop), which might influence the docking results because this
region is directly in contact with ATP and some inhibitors. For
these reasons, the molecular model of the IKK2 isoform was
constructed through a comparative modeling methodology
based on multiple templates. The constructed model was vali-
dated through diverse energetic and geometric tools and also
with the docking of ATP and other inhibitors from the litera-
ture.

Previous works from our research group reported the dis-
covery of the N-acylhydrazone (NAH) derivative LASSBio-1524
(1a), a selective IKK2 inhibitor with 1C;,=20 um and active in
pharmacological models of acute inflammation in vivo.”” In
this study, the analogous compound 1b is reported, which has
a 4-carboxyphenyl ring, differing only at this point compared
with LASSBio-1524, which has a 4-nitrophenyl ring. This modifi-
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cation was deleterious, resulting in the inactivity of compound
1b; however, the previous docking studies were not able to
propose an explanation regarding this difference in activity.””

In this work, we constructed a novel molecular model for
the IKK2 kinase domain and carried out docking of compound
1b, LASSBio-1524 (1a) and a set of diverse inhibitors from the
literature to investigate the predicted binding properties that
could justify their differential potency and selectivity. The aim
of this work is to introduce structural modifications in the pro-
totype of the NAH series, LASSBio-1524 (1a), guided by the
docking results and in vitro ex-

periments to obtain more
potent and selective IKK2 inhibi-
tors.

The  structure-based  drug

design applied in our work led
us to the development of LASS-
Bio-1829  hydrochloride (10,
ICs,=3.8 um), a more potent
compound than the prototype
of the NAH series LASSBio-1524
(1a, 1C5,=20 pum). LASSBio-1829
hydrochloride (10) was active
against inflammation in several
pharmacological tests in vivo,
significantly reducing TNF-a and
reactive oxygen species (ROS)
biosynthesis, corroborating its
potential as an anti-inflammatory
prototype.
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Results and Discussion

Structural modeling of IKK2

The geometric analyses performed with MolProbity indicated
that the constructed model of IKK2 (Figure 1) presented no
outlier residues, and the QMEAN and ProSA results showed
satisfactory energetic and geometric quality (Supporting Infor-
mation Figure S1).

As previously published and discussed,”>*? the IKK2 model
shares a common folding pattern with other serine/threonine
kinases: 1) a region rich in (3-sheets (N terminus), and 2) a lobe
rich in o-helices (C terminus), connected by 3) a hinge loop.
The ATP binding site is located between the two lobes and is
mainly formed by the hinge, G-loop, and A-loop regions
(Figure 1).

The hinge is formed by two hydrogen bond acceptors (the
oxygen atoms from the main chain of Glu97 and Cys99) and
a hydrogen bond donor (the nitrogen atom from main chain
of Cys99) (Figure 1A). The gatekeeper residue in IKK2 is a me-
thionine (Met96), which is located between the end of the N-
terminal lobe and the beginning of the hinge. Given the struc-
tural similarity between the members of the kinase family, this
residue may undergo a conformational change in a similar
fashion to the JNK3 enzyme, providing access to an allosteric
binding site;* however, further investigations are needed to
confirm this hypothesis.

The G-loop, also known as the P-loop (phosphate binding
loop), is a glycine-rich sequence followed by a conserved
lysine and a serine/threonine and is located between the 31
and the P2 sheets. This loop acts as a lid of the ATP binding
site, supporting phosphate transfer.?” In IKK2, the sequence of
the G-loop consists of Gly24-Gly25-Phe26-Gly27.

The DFG sequence (Asp-Phe-Gly triad) is located in the A-
loop and is highly conserved between the members of the
kinase family; however, the IKK2 model has a DLG motif
(formed by Asp-Leu-Gly residues) (Figure 1B). This finding is in

Ecys” Glug7
Met96
Bld bLe
Lys44
Glu61

Figure 1. IKK2 molecular model. The regions of the hinge, A-loop, and G-loop are highlighted in red. A) Hinge
region with the key amino acids Glu97 and Cys99, which form hydrogen bonds with the adenine ring of ATP and
Met96. B) DLG triad residues (Asp166, Leu167, and Gly168), and the salt bridge between Lys44 and Glu61.
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accordance with the amino acid
sequence and with the 3D struc-
tures of IKK2, where the DLG
motif is also present. The change
of a phenylalanine to a leucine
residue might consist of an im-
portant point of selectivity for
the IKKs among other kinases.
The conserved pair of Lys44
(located in the (-sheet from the
N-lobe) and Glu61 (located in

the a-helix in the bottom of the
binding site) forms a salt bridge
in the IKK2 model, which is a fea-
ture of the active conformation
of  protein kinases  (Fig-
ure 1 B).[28'29]

Validating the IKK2 model
through the docking of ATP

The IKK2-ATP docking generated
three top-ranked conformations
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with similar docking scores rang-
ing from —16.511 to
—16.040 kcalmol™". These con-
formations are very close with
the experimental structure of
the CDK2-ATP complex (PDB
code THCK"?, see Supporting In-
formation Figure S2). The adenosine moiety interacts through
two hydrogen bonds with the main chains of Glu97 and Cys99
of the hinge. These interactions are well conserved in the
family of protein kinases.”" The ATP triphosphate group inter-
acts with the Mg®" and the main chain of the residues from
the G-loop, whereas the ribose ring generally interacts with
Asp103 through hydrogen bonds.

Molecular docking of inhibitors in IKK2

According to the docking results, a predominance of hydrogen
bonds is observed between the inhibitors of IKK2 extracted
from the literature and the hinge region, which is in accord-
ance with the reported results for the ATP-competitive inhibi-
tors of diverse protein kinases (Supporting Information Fig-
ure $3).223% |In some cases, the inhibitors are able to interact
through two or three hydrogen bonds with the hinge, most
frequently with Glu97 and Cys99. The most potent inhibitors
were observed to interact through two hydrogen bonds with
the main chain of Cys99, including for the most potent inhibi-
tor tested (compound 16, IC;,=11 nm, see page S9 in Support-
ing Information). Potent inhibitors also usually interacted with
other important and conserved residues in the ATP binding
site, e.g., hydrogen bonds with Lys44 (from the B-sheet) and
Asp166 (from the DLG motif).

The top-ranked poses of LASSBio-1524 (1a) and compound
1b are shown in Figure 2. LASSBio-1524 (1a, Figure 2A) has

ChemMedChem 2016, 11, 234-244 www.chemmedchem.org

Figure 2. Predicted binding modes of A) LASSBio-1524 and B) compound 1b found by docking experiments with
IKK2 in the absence of water and metal ions. The aromatic side chains that interact with the inhibitor are repre-
sented as dots by the atomic van der Waals radii. The 2D ligand interaction diagrams generated with Maestro are
shown at right; note: the residue position number labels on the 2D ligand interaction diagrams are shifted by
n—14 relative to residue numbering at left and in the text.

a docking score of —4.27 kcalmol™ and exhibits the nitro
group oriented toward the hinge region, the naphthyl group is
located between the Mg®" binding site and the G-loop, and
the NAH group forms a hydrogen bond with Asp166. The
naphthyl group interacts with Phe26 from the G-loop and
Trp58 through stacking interactions. The predicted binding
mode of compound 1b (Figure 2B) has a docking score of
—2.98 kcalmol™" and exhibits only a hydrogen bond between
the carboxylate group and the hinge region (main chain NH of
Cys99). Despite the overall similarity between the predicted
binding modes of compound 1b and LASSBio-1524, the
former is not hydrogen bonded with Asp166 and loses the
stacking interactions with Phe26 and Trp58.

The docking results guided us toward the development of
the new NAH derivative by the positions of overlap between
LASSBio-1524 (1a) and a potent and selective IKK2 inhibitor 2
(IC5ob=66 nM, compound 3% in Table S2, Supporting Informa-
tion), where it was observed that the ligands occupy and inter-
act with different regions in the active site of the target
enzyme (Figure 3). Thereby, LASSBio-1829 (9, Figure 4) was de-
signed from a molecular hybridization between LASSBio-1524
(1a) and 2 as the optimization strategy. We kept the NAH sub-
unit on account of it being a privileged structure,*® and thus it
may contribute to the inhibitory activity. In subunit B, the bio-
isosteric exchange of the 2-aminopyrimidine ring by 7-azain-
dole (subunit B, Figure 4) was performed, once the azabicyclic
system possessed the structural requirements needed to form

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemmedchem.org

.@‘* ChemPubSoc
Brd-? Europe

K106

Figure 3. Overlap of the top-ranked docking pose of LASSBio-1524 (carbon
atoms in green) and inhibitor 2% (carbon atoms in light blue) in the ATP
binding site of IKK2. The hydrogen bonds formed by inhibitor 2 are shown
as yellow dashes.
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Figure 4. Design of LASSBio-1829 (9) from the molecular hybridization between LASSBio-

1524 (1a) and compound 2.5

the same interactions that the 2-aminopyrimidine subunit pos-
sessed in the target enzyme, acting as hydrogen bond accept-
or and donor. Additionally, subunit C (Figure 4) was removed
for synthetic ease.

LASSBio-1829 (9, Figure 5) has one neutral and one proton-
ated form predicted by Epik, with a predicted pK, equal to
4.38+ 1.47 (Figure 5B) and predicted state penalties of 0.0007
and 4.3996 kcalmol™' for the neutral and ionized forms, re-
spectively. The neutral form of LASSBio-1829 has a better dock-
ing score than its ionized form (—9.719 and —1.595 kcalmol™").
According to the docking results in the IKK2 model (Fig-
ure 5A), the neutral form of LASSBio-1829 shows the 7-azain-
dole group interacting through two hydrogen bonds with the
Cys99 from the hinge, similar to the docking of compound 2.
Moreover, 9 maintains the hydrogen bonds with the key resi-
dues Lys44 and Asp166 as well as the stacking interactions
with Phe26 from the G-loop, similar to the docking of LASS-
Bio-1524 (1a, Figure 2A).

ChemMedChem 2016, 11, 234-244 www.chemmedchem.org
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In addition to the observed structural quality of the con-
structed IKK2 model, the success of the docking experiment in-
volving the ATP molecule (i.e., finding a very similar structure
with the experimental one from the CDK2-ATP complex) is an
important result to validate the docking protocol (structural
quality of the model and the parameters of the docking pro-
gram) used to predict the binding modes of the compounds
investigated in this work.

The predicted binding modes of LASSBio-1524 (1a) and
compound 1b (Figure 2) share a similar orientation inside of
the IKK2 binding side exhibiting the nitro and carboxylate
groups oriented toward the hinge region. Unlike the most
potent IKK2 inhibitors, LASSBio-1524 does not interact directly
with the hinge region via a hydrogen bond (4.7 A between the
nitrogen atom of the nitro group and the oxygen of the main
chain of Glu97, and 5.7 A between the nitro group and the ni-
trogen atom of the main chain of Cys99), which may imply
a low potency of this compound. This important result shows
a way to modify this compound to improve its potency. On
the other hand, the carboxyl group from compound 1b is pre-
dicted to be closer and hydrogen bonded to the
hinge; however, this negatively charged group is lo-
cated in a hydrophobic region inside of the IKK2
binding site. Furthermore, the NAH group does not
interact through hydrogen bonds with Lys44 or
Asp166. These features might be reflected in the
poor predicted score of this compound (—2.98 kcal
mol™") and are probably associated with the fact that
this compound is inactive against IKK2.

The most favorable docking score of the neutral
LASSBio-1829 (9) (—9.72 kcalmol ™), associated with
the important interactions between 1) the 7-azain-
dole group and the hinge region, 2) the NAH group
with the conserved Asp166 and Lys44, and 3) the
stacking interactions with Phe26 from the G-loop
(Figure 5), suggest that this compound may be more
potent than the prototype of the series LASSBio-1524
(1a).

Chemistry

The synthesis of LASSBio-1829 (9) was carried out as outlined
in Scheme 1. The starting material, 2-naphthoyl chloride 3, was
treated with methanol at room temperature to give the corre-
sponding methyl ester 4. Next, the ester 4 was reacted with
hydrazine hydrate in ethanol under reflux to produce 2-naph-
thohydrazide 5.°” The desired aldehyde 8 was obtained
through a palladium-catalyzed cross-coupling reaction (Suzuki-
Miyamura reaction).”® The Suzuki reaction is an efficient and
economical method for synthesizing new C,,—C,,. bonds, par-
ticularly in the synthesis of new leads.?**” For this synthesis,
appropriate aryl bromide 7 and formylbenzene boronic acid 6
reacted in the presence of sodium carbonate and palladium
catalyst (PdCl,(PPh;),) in acetonitrile and water under micro-
wave irradiation. After column chromatography, the aldehyde
8 was obtained in moderate yield."" Next, the synthesized al-
dehyde 8 was condensed with 2-naphthohydrazide 5, without

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. A) Docking results of the neutral (green) and protonated (cyan with transparency) forms of the com-
pound LASSBio-1829 (left) and 2D ligand interaction diagram of its neutral form (right); note: residue position
number labels on the 2D ligand interaction diagram are shifted by n—14 relative to residue numbering at left and
in the text. B) Neutral and protonated structures of the NAH derivative LASSBio-1829 and their state penalties pre-
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Scheme 1. Reagents and conditions: a) MeOH, room temperature, 2 h, 86 %; b) NH,NH,, H,O, 80% EtOH, reflux, 4 h,
82%; ) PdCl,(PPh;),, Na,COs;, CH;CN, H,0, MW irradiation, 5 min, 65 %; d) EtOH, 24 h, 75-80%; e) CH;Cl, HCl ), 15-
30 min, 15-50%.

the usual acid catalyst, to generate LASSBio-1829 (9) in good
yield.®” The synthesis of the hydrochloride 10 was performed
by bubbling hydrochloric acid gas in a chloroform solution
containing LASSBio-1829 (9) (Scheme 1).

The double bond of NAH can be in the E or Z configura-
tion."? As already well established,” the absence of duplica-
tion of the signals relating to amide and imine hydrogens of
LASSBio-1829 (9) in the 'H NMR spectrum is a strong indication
that only the diastereomer presenting the relative configura-
tion E was formed. The imine hydrogen atom in "H NMR spec-
tra may appear to be doubled, but this profile results from two

ChemMedChem 2016, 11, 234244 www.chemmedchem.org 238
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different hydrogens being dis-
played within the same region.
One is the imine hydrogen of
NAH, and the other is the a-car-
bonyl hydrogen on the naphthyl
core. This proposition was con-
firmed by analysis of the HSQC
spectrum of LASSBio-1829 (see
Supporting Information page
S18). The hydrogen at 8.6 ppm is
attached to the carbon in
147.68 ppm, corresponding to
the imine carbon of NAH. The
other hydrogen in 8.57 ppm is
attached to a carbon at
143.16 ppm, referring to the
carbon on the naphthyl nucleus.

Pharmacology

LASSBio-1829 (9) was evaluated
for inhibition of IKK2 through in
vitro tests by measuring the
phosphorylation of phospho-lkB-
a-Ulight substrate using
a human recombinant enzyme
expressed in Sf21 cells.* Un-
fortunately, this compound did
not exhibit inhibitory activity.
This might be due to the sensi-
tivity of in vitro experiments to
the aqueous solubility of the
compounds tested.™ This hy-
pothesis prompted us to pro-
pose that a lack of activity of
this compound could be due to
low water solubility. To improve
the aqueous solubility of the
compound, we proposed the
synthesis of LASSBio-1829 hydro-
chloride (10). As expected, the
hydrochloride 10 was 100-fold
more soluble in water than the
free base 9 (Table 1). In the same
in vitro test, LASSBio-1829 hy-
drochloride (10) is active (ICs,=

3.8 um) and more potent than the initial prototype, LASSBio-
1524 (ICs =20 um) (Table 1).

Subcutaneous air pouch (SAP) model

LASSBio-1829 (9) and hydrochloride LASSBio-1829 (10) were
tested in in vivo models to confirm their possible anti-inflam-
matory action by inhibiting the NF-xB-IKK2 pathway. The first
model selected was the subcutaneous air pouch (SAP) in
mice™ because this model has been described to activate NF-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Aqueous solubility of the compounds and their inhibitory activi-
ty against IKK2.

Compound Aq. Sol. [mgmL~"]® ICso [um]®
LASSBio-1524 (1a) 1.20x10°3 20
LASSBio-1829 (9) 590x10°* ND
LASSBio-1829-HCI (10) 5.54x 1072 3.8
Staurosporine'” ND 0.52

[a] Solubility was determined by UV/Vis spectroscopy as described by
Schneider et al.*? [b] Assay performed at Cerep (France). [c] Reference
compound for IKK assay. ND: not determined.

kB in murine cells due to the inflammatory process induced by
carrageenan.”®

Fortunately, both of the compounds showed good anti-in-
flammatory profiles in this model because they were both able
to decrease, with differential potency, cell migration to the air
pouch. At all of the doses tested, LASSBio-1829 (9) provided
a decrease in cell migration, presenting a dose-response effect
(Figure 6); however, only at the highest dose of LASSBio-1829,

100" CaVIIty carrageenan in cavity |
# Il vehicle
- 80 [ dexamethasone
2 [ LASSBio-1524
© [1sC-514
© 60+ E= 10 umol kg—1
P * 30 pmol kg—1 .
2 * * 100 pmol kg~
= 40 * HH H g
2
3
— 204
]
0 AN HH
LASSBIo-1829

LASSBio-1829

! ]

| hydrochloride
I 1 T 1

Figure 6. Effect of LASSBio-1829 (9) and LASSBio-1829 hydrochloride (10) on
leukocyte migration induced by carrageenan in the subcutaneous air pouch
(SAP). Animals were pretreated orally 60 min before carrageenan injection in
the SAP with test compounds (at 10, 30, and 100 umolkg"), dexamethasone
(1.5 umolkg ™" i.p.), LASSBio-1524 (30 umolkg™"), SC-514 (30 umolkg ™' p.o.),
or vehicle. Results are expressed as the mean 4 SD of the number of total
leukocytes. Statistical significance (p <0.05) was calculated by analysis of var-
iance (ANOVA) followed by Bonferroni post-test: #relative to the vehicle
group that received phosphate-buffered saline (PBS) in SAP; *relative to the
vehicle group that received carrageenan in SAP.

100 umolkg™, was a significant decrease in cell migration to
the pouch observed, by ~489%. As expected, LASSBio-1829 hy-
drochloride (10) was approximately twofold more potent than
the respective free base 9. At 30 and 100 umolkg™' LASSBio-
1829 hydrochloride (10) showed a significant decrease in cell
migration, at 29 and 35 %, respectively (Figure 6). The fact that
the compounds were orally delivered in this model supports
the hydrochloride synthesis strategy not only to enhance
aqueous solubility but also to increase the intestinal absorp-
tion and bioavailability of the compound, resulting in a better
cellular inhibition profile. The inhibitory behavior of LASSBio-
1829 hydrochloride is consistent with that expected for IKK2

ChemMedChem 2016, 11, 234-244 www.chemmedchem.org
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inhibitors, because two IKK2 inhibitors, LASSBio-1524 (1a)™!
and SC-514"" both at doses of 30 umolkg~', showed similar
potency to that of LASSBio-1829 hydrochloride (Figure 6), re-
ducing cell migration by 23 and 46 %, respectively.

TNF-a measurement

LASSBio-1829 hydrochloride (10) also showed an interesting
anti-TNF-a activity in the air pouch exudate at a dose of
30 umolkg™, inhibiting TNF-a migration by 46% (Figure 7). A
decrease in TNF-a can be due to the IKK2 inhibitory action,
whereas TNF-a expression is controlled by the NF-xB pathway,
which involves activation of IKK2.5%

1000_}@| | carrageenan in cavity |
Hl vehicle
800 # C1sc-514
LASSBio-1524
il E= 10 pymol kg—1
£ 600+ 30 pmol kg~!
g EHEH 100 pmol kg=1
= *
2 400+
=z
- *
200
0_ .
LASSBIio-1829
hydrochloride
P

Figure 7. Effect of LASSBio-1829 hydrochloride (10) on the levels of TNF-

o from exudate from the SAP. Animals were pretreated orally 60 min before
carrageenan injection in the SAP, with compound 10 (10, 30, or

100 umolkg™), LASSBio-1524 (30 umolkg™), SC-514 (30 umolkg™"), or vehi-
cle. Results are expressed as the mean +SD of TNF-o. concentration. Statisti-
cal significance (p < 0.05) was calculated by analysis of variance (ANOVA) fol-
lowed by Bonferroni post-test: #relative to the vehicle group that received
PBS in SAP; *relative to the vehicle group that received carrageenan in SAP.

Nitrate production

To access the inflammatory mediators involved with the NF-kB
pathway that are produced during the inflammatory process
and a possible effect of LASSBio-1829, the amount of nitric
oxide (NO) that accumulated in the SAP exudate as nitrate was
quantified. Figure 8 shows that the animals pretreated orally
with vehicle and injected with phosphate-buffered saline (PBS)
in SAP had significantly lower nitrate production. In the ani-
mals that received carrageenan injection in the SAP, pretreat-
ment with the lowest dose of LASSBio-1829 hydrochloride was
able to significantly decrease the production of NO relative to
vehicle administration; however, higher concentrations of
LASSBio-1829 hydrochloride were not able to decrease the
production of NO.

Production of reactive oxygen species

The production of reactive oxygen species (ROS) is closely re-
lated to NF-kB activation.®"*? Therefore, the production of
ROS was quantified in the animal air pouch treated with LASS-
Bio-1829 hydrochloride. The compound had an excellent
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Figure 8. Effect of LASSBio-1829 hydrochloride (10) in nitric oxide (NO) pro-
duction induced by carrageenan in the SAP. Animals were pretreated orally
60 min before carrageenan injection in the SAP with compound 10 (10, 30,
or 100 umolkg "), LASSBio-1524 (30 umolkg '), SC-514 (30 umolkg '), or ve-
hicle. Results are expressed as the mean 4SD of NO concentration. Statisti-
cal significance (p <0.05) was calculated by ANOVA followed by Bonferroni
post-test: #relative to the vehicle group that received PBS in SAP; *relative
to the vehicle group that received carrageenan in SAP.
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Figure 9. Effect of LASSBio-1829 hydrochloride (10), LASSBio-1524

(30 umolkg™), and SC-514 (30 umolkg™") on reactive oxygen species (ROS)
production from leukocytes collected from the SAP 24 h after carrageenan
injection and stimulated with phorbol myristate acetate (PMA). Reading was
performed on a flow cytometer counting 10000 events, and values shown
are the geometric mean of fluorescence intensity expression of 2',7'-dichlor-
ofluorescein (DCF) in the FL-1 channel. Statistical significance (p < 0.05) was
calculated by ANOVA followed by Bonferroni post-test: #relative to the
PMA-unstimulated vehicle group; *relative to the PMA-activated vehicle

group.

dose-response profile, significantly decreasing ROS production
at concentrations of 10 and 30 um (Figure 9). LASSBio-1829
demonstrated a better pharmacological profile than LASSBio-
1524 and SC-514 at 30 umolkg ™, consistent with its higher in
vitro potency in relation to the other two IKK2 inhibitors.

Formalin test

LASSBio-1829 hydrochloride was submitted to the formalin
test. The dose selected was 30 umolkg ™" because this dose ap-
peared to be the most promising in the other tests. During the
first phase of the formalin test, no significant action was ob-
served. This lack of activity was expected because the inhibi-
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Figure 10. Effect of LASSBio-1829 hydrochloride (10) during the first and
second phases of the formalin-induced licking response model. Animals
were pretreated orally with compound 10 (30 umol kg '), LASSBio-1524
(30 umolkg ™), acetylsalicylic acid (ASA, 1000 umolkg ™), or vehicle. Statisti-
cal significance (p < 0.05) was calculated by ANOVA followed by Bonferroni
post-test: *relative to the vehicle group.

tion of the IKK2-NF-kB pathway is not related to analgesia;
however, during the second stage, where there is significant
inflammatory involvement, the hydrochloride was able to mini-
mize the licking number, once again confirming its good anti-
inflammatory profile (Figure 10). LASSBio-1524 was also admin-
istered at the same dose (30 pmolkg™) as LASSBio-1829 and
demonstrated pharmacological activity only during the second
stage of the assay. This finding supports the hypothesis that
IKK2 inhibitors are active only during the inflammatory phase
in the formalin test. Acetylsalicylic acid (ASA), the positive con-
trol used in this test, reinforces this postulate. ASA has been
reported to inhibit IKK2®® and, similar to LASSBio-1524 and
LASSBio-1829, showed activity only during the inflammatory
phase of the test.

Conclusions

In this work, we generated a three-dimensional model of IKK2
and exploited the profile of the ATP binding site through ATP
and inhibitor docking studies. The molecular model built for
IKK2 together with the docking methodology employed pro-
vided important and consistent information with respect to
the structural and chemical inhibitor characteristics that may
confer potency to IKK2 inhibitors. The docking results not only
provided an explanation of the activity of compound LASSBio-
1524 (1a) but also furnished important guidelines for the de-
velopment of a new NAH inhibitor of IKK2. The docking results
for LASSBio-1829 (9) predicted the presence of an important
interaction with the hinge, the conserved residues Lys44 and
Asp166, and stacking interactions with Phe26 from the G-loop.
Furthermore, the analyses of the protonation states and the
docking results indicate that LASSBio-1829 interacts with the
enzyme in its neutral form. An important finding is that the
aqueous solubility of LASSBio-1829 plays an important role in
the determination of its potency. In fact, the inhibition of IKK2
through in vitro tests showed that only the hydrochloride of
LASSBio-1829 (10) was active with an ICs, of 3.8 um, showing
more potent inhibition than the NAH prototype, LASSBio-1524.
Additionally, during in vivo tests for inflammation with partici-
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pation of the NF-kB-IKK2 pathway, both compounds, LASSBio-
1829 and LASSBio-1829 hydrochloride, were active; however,
LASSBio-1829 hydrochloride is the most promising compound,
showing superior potency. This result is likely due to their su-
perior physicochemical profile, which can be seen in improved
absorption, bioavailability and therapeutic action.

Experimental Section
Computational methods

Structural modeling of IKK2: Comparative modeling is a method-
ology that aims to generate 3D models of a protein sequence of
interest (target) based on the primary sequences and using struc-
tures of similar proteins as templates.****) The molecular model of
IKK2 was constructed with Modeller ver. 8% through the multiple
templates approach. The amino acid sequence of the protein
target (IKK2) from Homo sapiens was extracted from the bank of
sequences UniProt®” and stored with the code 014920. Because
no high-quality structure is available that covers the entire se-
quence to be used as a template, only the catalytic domain of IKK2
was built (residues 15-300). Furthermore, the main focus of this
work is the development of inhibitors that interact with the ATP
binding site, which is located in the catalytic domain.

The search for sequences of homologous protein kinases to be
used as templates was carried out with BLASTP®® using the
BLOSUMG62 matrix. For each isoform, a set of structures to be used
in building the model was selected according to the following cri-
teria: 1) high percentage of sequence identity (>30%), 2) experi-
mental structure with the ATP binding site well determined,
3) structural resolution less than or equal to 2.5 A, and 4) absence
of mutations. According to these criteria, three structures were se-
lected as templates (PDB codes: 3BQR,”” 2A2A,” and 1YHW®") for
building the IKK2 model (see details in Table S1, Supporting Infor-
mation).

The three top-ranking models according to the DOPE energy pro-
vided by the Modeller program were selected for the step of loop
optimization. Finally, the structural quality of the best energy
model was analyzed using the MolProbity,*” QMEAN, and
ProSA®* % tools. MolProbity is largely employed to predict outlier
residues on protein structures. ProSA uses force-field-based poten-
tials to evaluate the accuracy of the protein structure according to
statistical analyses of known structures of proteins. QVIEAN is a vali-
dation tool that evaluates the quality of the protein structure ac-
cording to geometrical factors.

The presence of conserved water and metal ions in the ATP bind-
ing site was analyzed through superimposition of diverse kinase-
ATP/ADP/ANP complexes. Despite the high difference in the posi-
tion of the metal ions between the complexes analyzed, kinetics
studies demonstrated that a first cation is essential for phosphory-
lation of the ATP in most protein kinases.”® Nonetheless, this
cation access is believed to provide the cofactor binding site com-
plexed with ATP, justifying its absence in most inhibitor-kinase
complexes.

The importance of water and metal ions in the ATP binding site
was analyzed through docking studies of ATP in the presence and
absence of water and ions. The water molecule (W397) and Mg**
ion were extracted from the structure of the death-associated pro-
tein kinase 1 complexed with ANP (PDB code 3F5U%").
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Molecular docking simulations: Protein-ligand molecular docking
is a widely used strategy that aims to predict the binding modes
and affinities of one or more small molecules (ligands) in the bind-
ing site of a particular receptor (protein).”® The molecular docking
experiments with the ATP cofactor were performed in the IKK2
binding site to validate the model built. The top ranked positions
of the docking experiments were compared with the experimental
conformation of ATP complexed with CDK2 (PDB code THCKEY).
The docking experiments successfully determined the experimental
binding mode of ATP only in the presence of a water molecule
and the metal ion. This finding might indicate that the presence of
at least one metal ion and a water molecule is important for ATP
interaction in the IKK2 ATP binding site.

The docking studies of 18 inhibitors of IKK2 extracted from the
BindingDB database® were performed to achieve a better under-
standing of the properties that may confer their distinct potency
and selectivity. The previously synthesized LASSBio-1524 (1a) and
compound 1b™! were docked into the IKK2 model to investigate
the binding mode differences that could justify their distinct activi-
ty. The structures of the 18 inhibitors selected from the literature
were obtained from the BindingDB"® and PubChem"” databases
(Table S2), whereas the ATP and LASSBio compounds were manual-
ly designed in the Maestro Suite 2011 (version 9.2, Schrodinger
LLC, New York, NY (USA), 2011). Only the E diastereomers of the
LASSBio compounds were considered for the docking studies. All
of the structures were prepared with LigPrep (version 2.5, Schro-
dinger LLC, 2011), and the protonation states were determined
with Epik at pH 7.4+4.0.7"72 The docking studies were performed
with the Glide software (version 5.7, Schrédinger LLC, 2011) using
the Extra Precision Docking mode.”

Chemistry

General information: See the Supporting Information for details
regarding reagents and equipment.

4-(1H-Pyrrolo[2,3-blpyridin-4-yl)benzaldehyde (8): In a glass cylin-
der suitable for microwave reactions 4-bromo-1H-pyrrolo[2,3-b]pyr-
idine (7, 0.2g, 1.16 mmol, 1 equiv), 4-formylbenzeneboronic acid
(6, 0.19g, 1.27 mmol, 1,1 equiv), sodium carbonate (0.36g,
3.74 mmol, 3 equiv) and catalyst (PdCl,(PPh;),) (0.04 g, 5.78 pmol,
0,05 equiv) were added. The reagents were then dissolved in 6 mL
of a 1:1 solution of CH;CN and H,0, and the cylinder was inserted
into the a microwave reactor, where it was heated for 5min at
150°C. After this time, TLC analysis revealed that the major prod-
uct was the desired aldehyde 8. The contents of the flask were
transferred to a round-bottom flask, and the solvent was evaporat-
ed under reduced pressure. The solid obtained was purified by
column chromatography with the eluent n-hexane/EtOAc (5-50%)
to provide the desired aldehyde 8 in 65% yield. 'H NMR (200 MHz,
[DgIDMSO): 6=11.90 (1H, s), 10.10 (1H, s), 835 (1H, d, J=6 Hz),
8.11 (2H, d, J=8 Hz), 8.02 (2H, d, J=8 Hz), 7.61 (1H, m), 7.29 (1H,
d, J=6Hz), 666ppm (1H, d, J=4Hz); "CNMR (50 MHz,
[DIDMSO): 6 =194.7, 149.4, 145.1, 143.7, 140.5, 136.6, 131.3, 130.0,
128.4, 118.5, 115.6, 100.2 ppm; IR (KBr): 7=3135 and 3079 (N-H),
2772 and 2877 (C—H), 1705 cm™' (C=0).

(E)-N-(4-(1H-Pyrrolo[2,3-b]pyridin-4-yl)benzylidene)-2-naphtho-

hydrazide (9, LASSBio-1829): To a solution of 2-naphthohydrazide
(5, 0.17 g, 92.9 mmol, 1 equiv) in absolute EtOH (15 mL) aldehyde
8 was added (0.19 g, 86.9 mmol, 1 equiv). The mixture was stirred
at room temperature for 24 h. Afterward, the solvent was partially
concentrated at reduced pressure, and the resulting mixture was
poured into ice and cold water. The precipitate formed was filtered
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out and dried under vacuum, producing the desired N-acylhydra-
zone in 80% yield. "H NMR (400 MHz, [Dg]DMS0): 6=12.13 (1H, s),
11.80 (1H, s), 8.58 (1H, s), 8.56 (1H, s), 8.29 (1H, d, /=4 Hz), 8.01-
8.05 (2H, m), 7.99 (2H, d, /=8 Hz), 7.94 (2H, d, /=8 Hz), 7.88 (2H,
d, J=8Hz), 7.61-7.66 (2H, m), 7.56 (1H, s), 7.24 (1H, d, J=4 Hz),
6.67 ppm (1H, s); CNMR (50 MHz, [Dg]DMSO + CDCl;): 6=163.5,
149.0, 147.5, 142.8, 140.1, 139.7, 134.4, 134.3, 132.1, 130.6, 128.9,
128.6, 128.1, 127.9, 127.7, 127.7, 126.9, 126.7, 124.3, 117.3, 114.1,
99.1 ppm; IR (KBr): #=1648 (C=0), 3440, 3199, 3138 cm™' (N-H);
HPLC: 96.56 % purity; MS: m/z=391.1 [M+H]".

(E)-N-(4-(1H-Pyrrolo[2,3-b]pyridin-4-yl)benzylidene)-2-naphtho-
hydrazide hydrochloride (10, LASSBio-1829 hydrochloride): In
a flask containing 0.70 g LASSBio-1829 (9), CHCl; was added
(150 mL), and the solution was transferred to magnetic stirring. Hy-
drochloric acid gas was bubbled into the flask for 30 min. During
the reaction the hydrochloride precipitated as a yellow solid. After
the solvent was evaporated under reduced pressure, Et,O was
added to the flask and vacuum filtered, obtaining LASSBio-1829
hydrochloride (10) in 50% vyield. 'H NMR 200 MHz, [D;]DMSO): 6 =
12.18 (1H, s), 8.61 (1H, s), 858 (1H, s), 841 (1H, d, J=6 Hz), 7.95-
8.23 (8H, m), 7.63-7.67 (3H, m), 7.35-7.42 (1H, m), 6.78 ppm (1H,
m); HPLC: 96.44% purity.

Pharmacology

Animals: The experimental groups were composed of 5-8 female
Swiss Webster mice of 20-25 g donated by the Animal Production
Centre of the Institute Vital Brazil. The experimental protocols fol-
lowed the rules advocated by Law 11.794, of October 8, 2008 by
the National Council of Animal Experimentation Control (CONCEA)
and were approved by the Ethics Committee of Animal Use
(CEUA), Science Center Health/UFRJ number DFBCICBO15-04/16.

Preparation and administration of compounds: LASSBio-1829 and
LASSBio-1829 hydrochloride were prepared in a stock solution of
100 umol in 1 mL DMSO and stored at —20°C. The compounds
were administered orally at doses of 10, 30, or 100 umolkg™" in
a final volume of 100 pL vehicle (Polysorbate 80). LASSBio-1524
and the selective and reversible IKK2 inhibitor SC-5147% were ad-
ministered orally at a single dose of 30 umolkg~'. The standard
anti-inflammatory  medications used were dexamethasone
(1.5 umolkg ") and acetylsalicylic acid (ASA, 1000 umolkg ™, p.o.).

Subcutaneous air pouch (SAP) model: The formation of an air pouch
in the dorsum of mice was carried out upon injection of 10 mL
sterile air a 1% carrageenan solution, a phlogistic agent, to induce
cell migration.“” After 3 days, over 7 mL of sterile air were injected.
On day 6, the animals were treated with compounds, and 60 min
later, a sterile 1% carrageenan injection was made in the formed
cavity. A negative control group was treated with vehicle 60 min
before receiving the injection of the sterile carrageenan solution at
SAP, and the positive control group received dexamethasone and
SC-514. 24 h post-carrageenan injection, animals were euthanized,
and the cavity was washed with 1 mL phosphate-buffered saline
(PBS). The number of cells from the collected exudate was then de-
termined with an automatic cell counter (Poch-100iV Diff, Sysmex).
The exudate was centrifuged at 1000 rpm for 10 min at 4°C. The
supernatant was stored at —20°C until subsequent measurements.

TNF-a. measurement: Quantification of TNF-a. was carried out for
the SAP exudate. The ELISA kit BD ELISA OptEIATM was used, and
the TNF-a. concentration was determined according to the manu-
facturer’s recommendations (B&D Biosciences). The absorbance
was measured at A 450 nm using a microplate reader, and the cyto-
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kine concentrations were calculated using a standard curve and
are expressed as pgmL~".

Production of nitric oxide: NO produced in the SAP supernatant
was quantified according to the technique of the conversion of ni-
trate to nitrite.*® The SAP samples were deproteinized and then
admixed to a sample of sodium phosphate (0.5wm, pH 7.2), ammo-
nium formate (2.4 M, pH 7.2), and E. coli. After incubation for 2 h at
37°C, centrifugation was performed at 10000 rom for 10 min.
Equal portions of the supernatant and Griess reagent were incu-
bated for 10 min,”® and the absorbance was measured spectro-
photometrically at 2 540 nm. The nitrate concentration values are
expressed in nanomolar and were calculated from a standard
curve of sodium nitrate.

Determination of reactive oxygen species (ROS) production: Leuko-
cytes collected in the SAP were placed in tubes (10° cells) in
a volume of 1 mL. Incubation was performed at 37°C and 5% CO,
for 1 h. Test compounds were then added at concentrations of 1,
10, and 30 um and incubated for 30 min at 37°C and 5% CO,. The
cells were treated with 10 nm phorbol myristate acetate (PMA) and
incubated for 45 min at 37°C and 5% CO,. The cells were then
added to 2'-7'diclorodihidrofluoescein diacetate (DCF-DA, 2 mwm),
followed by another incubation for 30 min at 37 °C. DCF-DA quickly
permeates the cell membrane, and once in the intracellular space,
is hydrolyzed by plasma esterase, to be converted into 2'7'-dichlor-
ofluorescein (DCFH), which is a non-fluorescent compound that is
impermeable to the cell membrane. In the presence of ROS, DCFH
is oxidized within the cell and produces a fluorescent compound,
2',7'-dichlorofluorescein (DCF), which remains in the extracellular
space.” The emitted fluorescence is captured in the FL-1 channel
of a flow cytometer and is expressed in arbitrary units (au).

Formalin test: Animals received an injection of formalin (2.5% v/v)
into their left hind paws. The time that the animals spent licking
their paws after injection was recorded. The nociceptive response
develops during two phases: 0-5 min after the formalin injection
(first phase, neurogenic pain response) and 15-30 min after the
formalin injection (second phase, inflammatory pain response).

Statistical analysis: All of the experiments were composed of 6-8
randomly selected animals per group. The results are presented as
the mean =+ standard deviation (SD). Statistical significance was cal-
culated by analysis of variance (ANOVA) followed by Bonferroni
post-test, using GraphPad Prism ver. 5.0 software; significance was
considered at p <0.05.
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