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| kappa B kinase B (IKKB) is one of the primary targets to regulate canonical NF-kB activity. The
misregulation of NF-kB is associated with various diseases, including chronic inflammation and cancers.
Most of the known IKKB inhibitors target its active form and suffer from poor selectivity. In the present
study, we aim to design inhibitors that can bind to the IKKp inactive form and block its activation. We iden-
tified a potential allosteric site between the kinase domain (KD) and ubiquitin-like domain (ULD) of human
IKKB and used it to virtually screen a chemical library for allosteric inhibitors. Among the 133 compounds
tested, 16 inhibited NF-kB activity by over 50% at 50 uM in a reporter gene assay. Further quantitative mea-
surements and cytotoxicity study gave one compound 124 (3,4-dichloro-2-ethoxy-N-(2,2,6,6-
tetramethylpiperidin-4-yl)benzenesulfonamide) which specifically targets the IKKB inactive form. In cells,
124 inhibited IkBa phosphorylation and NF-«kB transcriptional activity for the reporter gene with an 1Csq of
35 uM by decreasing the phosphorylation level of Ser177/181 on IKKB and blocking its activation upon TNFa
stimulation. Molecular dynamics simulations demonstrated that 124 binds to the pocket between KD and
ULD in the inactive conformation of IKKp rather than the active conformation. As the first allosteric inhibitor
that prevents IKKp activation, 124 provides a good starting point for further inhibitor discovery and a probe
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Introduction

Nuclear factor-kappa B (NF-kB) is an important transcription
factor controlling the expression of hundreds of genes associ-
ated with inflammation, immune response, cell survival, etc.
NF-kB can be activated by various stimuli such as tumor ne-
crosis factor (TNF), lipopolysaccharide (LPS), interleukin 1
(IL-1), radiation, pressure and pathogens.' The dysfunction of
NF-kB is implicated in chronic inflammation, autoimmune
disorders and cancer.>™ In resting cells, NF-«B is arrested in
the cytoplasm by binding to its inhibitor protein IxBa. Upon
stimulation, IxkBa is phosphorylated by the IKK kinase com-
plex, and then ubiquitinated and degraded by proteasome,
liberating free NF-xB into the nucleus to initiate target gene
transcription.” The IxB kinase (IKK) complex is composed of
three major components, two kinases IKKo. and IKKB and a
regulatory subunit NEMO. It is generally agreed that IKKf
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for IKKB enzyme cycle and regulatory mechanism study.

plays a key role in activating the NF-«xB pathway.® IKKp
was considered as a promising pharmaceutical target for drug
discovery. Currently known IKK( inhibitors, including ATP-
competitive inhibitors (such as TPCA-1),’ substrate-
competitive inhibitors (BMS-345541)® and some natural prod-
ucts (such as ainsliadimer A),” all directly interact with the ac-
tive conformation of IKKp to block its kinase activity. Three
IKKf inhibitors IMD-1041, CHS-828 and its prodrug EB-1627
have been reported to progress into clinical studies, but none
of them have entered into phase III due to various problems.
Thus, new strategies for IKKP inhibitor discovery need to be
explored.

IKK activity is controlled by a kinase cycle comprising a
poised, an active and an inactive state.'® Upon the upstream
TNFo signal, the poised state IKKf is activated by the phos-
phorylation of Ser177 and Ser188 residues on its activation
loop. Immediately, self-inhibitory trans-autophosphorylation
in the C-terminal of IKK( significantly reduces its activity.
The hyper-phosphorylated inactive kinase then becomes avail-
able for a new round of activation through dephosphorylation
by phosphatase. And this poised state can be activated again
in response to upstream effectors. IKK activity should be tun-
able by regulating any single steps of this control cycle. Given
that the activation of IKK is the precondition for initiating the
kinase cycle and critical for the NF-kB activity, inhibiting this
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step should be able to block signal transmission to NF-kB
most effectively.

The precise mechanisms by which IKKf becomes phos-
phorylated and active remain unclear. Two general ideas
about this process prevail: one is that there are upstream
IKKB kinases (IKKK) responsible for activating IKK(, while
the other point of view supports that it is possible for IKKf
kinases to autophosphorylate each other. As all currently
identified IKKK candidates appear to be dispensable and
some of them are cell type specific,"* IKKB autophosphoryl-
ation seems to be the key step in IKKp activation. Inhibition
of this activation process provides a new opportunity for de-
veloping specific IKKf inhibitors.

In the present study, we aim to discover novel inhibitors
that selectively target the activation process of IKKB using
structure-based drug design methods. Fortunately, the inac-
tive conformation of human IKKp was captured in the X-ray
crystal structure of an asymmetric dimer of human IKKS,
which contains one protomer in the active conformation with
phosphorylated Ser177 and Ser181, and the other protomer is
in the inactive conformation with unphosphorylated Ser177
and Ser181 in the activation loop."” Considering the high
similarity of active sites in the active and inactive conforma-
tions, compounds that bind to the ATP or substrate sites are
unlikely to selectively capture the inactive conformation. A
unique allosteric site in the inactive conformation might pro-
vide a solution to this problem. We set out to search for a po-
tential allosteric site that only exists in the inactive protomer
and used it to virtually screen for allosteric inhibitors for
IKKpB activation. Compared with conventional orthosteric
drugs, allosteric drugs often have higher selectivity and avoid
competing with endogenous high concentration substrates
and ligands, such as ATP for kinases."

Results and discussion

The crystal structure of human IKK( (PDB ID: 4KIK) was used
for virtual screening. Each chain in the dimer is composed of
one kinase domain (KD), one ubiquitin-like domain (ULD)
and one scaffold dimerization domain (SDD). We first opti-
mized the crystal structure by completing and refining the
missing residues and loops, and then used the Cavity V1.1
program to predict potential ligand binding sites.'*'® We
found one druggable binding site between KD and ULD of
the inactive chain with a volume of 551 A® and a predicted
maximal pKd of 10.9 (Fig. 1). The pocket is surrounded by
three o helixes (R118-5127, L265-L273 and L303-H313) of KD
and a loop (T368-L386) between two P sheets of ULD. Similar
to TAK1 (transforming growth factor beta-activated kinase 1)
activation by TAB (TAK1 binding protein 1),"® KD-ULD inter-
action is likely to enhance kinase activity, suggesting that
small molecule binding in the pocket between KD and ULD
is probable to interfere with the kinase function by
disrupting the interaction between these two domains. Fur-
thermore, the extensive interactions between domains in
IKKB have been illustrated important for the activation of
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Fig. 1 Predicted allosteric binding site in the inactive IKKp.

IKKB."” So, we performed virtual screening against this
pocket (Fig. 2). The programs Dock6 & AutoDock4 were used
to virtually screen about 200 000 compounds in the SPECS li-
brary."®'® Compounds with a score less than -6.16 kcal
mol ™" were selected and then subjected to manual selection
following the criteria reported previously.”® A total of 133
compounds were purchased for the cell assay.

The dual-luciferase reporter system was used to evaluate
the inhibitory effect of these compounds on NF-kB transcrip-
tional activity upon TNFoa stimulation. In the first round of
screening, 16 compounds inhibited the NF-xB activity by over
50% at 50 pM. Among them, 7 compounds showed dose-
dependent inhibition (Fig. S1f). We measured the ICss of
the 5 compounds that passed the PAINS (pan-assay interfer-
ence compounds) screening,”* and all of them inhibited lu-
ciferase expression at micromolar concentrations (Table S17).

To eliminate the possible interference from cytotoxicity,
the viability of cells treated with the compounds and TNFa
with the same concentrations used in the NF-«xB luciferase
assay was measured with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) method (Table S1f).
Compound 124 (3,4-dichloro-2-ethoxy-N-(2,2,6,6-tetra-
methylpiperidin-4-yl)benzenesulfonamide) showed  NF-kB

3D Structure Library: ~200,000

Screened by Dock

~20,000 Compounds
Screened by AutoDock
2,116 Compounds
Manual Selection

133 Compounds

Fig. 2 Overview of the virtual screening workflow.
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Fig. 3 Compound 124 blocks NF-kB transcription activity towards the
luciferase reporter gene in various cells.

inhibition with an ICs, of 35 uM in HEK293T and a similar
activity in HeLa and SK-N-AS cells with negligible cytotoxicity
(Fig. 3). HEK293T and HeLa cells were received from Profes-
sor Jincai Luo and Xing Chen (Peking University, China), re-
spectively. SK-N-AS cells were purchased from ATCC. We
further demonstrated that 124 blocked IkBo. phosphorylation
in TNFa-treated HeLa cells with an ICs, of 32.7 + 3.7 uM
using the phospho-IkBa (Ser32/36) ELISA Kit (Invitrogen)
(the dose-response curve is provided in Fig. S21). We then
tested whether 124 can abrogate the TNFa-induced nuclear
translocation of NF-kB/p65. Before TNFa stimulation, com-
pound 124 or fresh medium was pre-incubated with SK-N-AS
cells for at least 30 min at 37 °C (5% CO,). The time lapse
images of NF-xB nuclear translocation were captured as
described before.”* At 50 uM, 124 markedly abrogated the
TNFo-induced nuclear translocation of NF-kB/p65 (Fig. 4).
The bioactivity of 124 was not reported before according to
SciFinder. Its purity has been confirmed by 'H-NMR
(Fig. S81) and mass spectra (Fig. S9t).

We further explored possible mechanisms of IKKp inhibi-
tion by 124. The most significant difference between the inac-
tive and active protomer of IKKp lies in the activation loop,
whereas the rest of their structures assume similar conforma-
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Fig. 5 Predicted binding mode of compound 124 in the potential
allosteric site of inactive IKKB. IKKB is shown as a cyan cartoon.
Compound 124 is illustrated in rose red sticks. The key residues from
IKKB are shown in yellow sticks and the predicted hydrogen bonds are
displayed in green dashed lines.

tions. We performed molecular dynamics (MD) simulations
for the apo structure of the asymmetrical IKKfB dimer (for de-
tails, see the ESIf). Three trajectories of 100 ns were
obtained. Residues in the allosteric site, especially those from
the T368-L386 loop, exhibited distinct dynamic characteris-
tics. This loop showed higher flexibility in the active chain
than in the inactive chain (the root mean square fluctuations
of the two chains are shown in Fig. S4af). We performed
cluster analysis of the conformations from the MD simula-
tions. The T368-L386 loop in the active chain exhibits more
diversified conformations than that in the inactive chain
(Fig. S4bt). We hypothesize that the allosteric pocket in the
active chain might be too flexible to stably accommodate 124.
We then docked 124 into both the active and inactive chains
in the asymmetrical dimer and performed MD simulations
(for details, see the ESIt). Three trajectories of 100 ns were
obtained. In the inactive chain, 124 stably binds to the pocket
between KD and ULD in all simulations. In contrast, 124
rapidly flies out of the pocket in the active chain in two
trajectories after 15 ns simulation. In the third trajectory, 124
dissociates from the pocket and wanders around for most of
the time (Fig. S6t). In the trajectories of the inactive chain

TNFa
(10 ng/ml)

TNFa (10 ng/ml)
+124 (50 pM)

0 min 10 min

20 min 30 min 60 min

Fig. 4 Compound 124 inhibited TNFa-induced NF-kB nuclear translocation in SK-N-AS cells expressing the NF-kB/p65 subunit fused to the red

fluorescent protein. Scale bar, 20 um.
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complex, 124 forms a hydrogen bond with the nitrogen atom
of the imidazole ring of His380 using the amide hydrogen
atom of the pyridine ring, and a hydrogen bond with the
main-chain amide hydrogen atom of Leu311 using its sulfo-
nyl oxygen atom for most of the time (Fig. 5 and Table S37).
Our simulations support that 124 inhibits IKK( activation
through stabilizing the inactive conformation and preventing
its conversion to the active state.

To confirm that 124 hampers IKKf activation in cells, we
detected the level of active IKKB in HeLa cells pre-treated
with 124 before TNFa induction using western blot analysis
(for details, see the ESIT). We found that 124 remarkably de-
creased the phosphorylation of Ser177/181 on IKKp, thus
blocking IKKp activation under TNFo stimulation (Fig. 6).
Our modeling and experimental studies all indicate that 124
inhibits IKKf activation.

We further verified this using an in vitro kinase assay with
activated IKKf. At 100 pM, 124 shows very weak inhibition of

Fig. 16 Compound 124 inhibited  IKKB activation upon TNFa  yggg kinase activity and no detectable inhibition activity for
stimulation. . . . .
other 17 kinases (Fig. S71). This again demonstrates that 124
Table 1 Analogue screening and activity comparison
D Structure ICs50” (UM) D Structure IC50“ (UM)
124 o} H 35.4+£5.3 A49 Cl 64.3 £ 2.5
% LUl [ &
) \N/\/\N
cl o™ O O H Q
cl N
A60 H >200 A51 Br 54.7 £ 3.6
\S\\/ \COH O //o
e} SN
N N
cl o™ O ¢ K Q
Cl N
A62 >200 A50 L >200
OH 0
Q. NH
S\\ 0
o /7
cl o/\ ) 7 N/\/\N/x
Cl r L\N
H
A38 Q B 71.3 £2.0 A52 L >200
S\b O
o~
cl o™ o
Cl g
) \N/\/\N/\B
ro H <y
H H
A39 0o, N 68.0 £ 1.6 A85 Q\S,N\/\/OH >200
‘o \©\WOH O ke
cl o™ N
! 6 20e
o
H
A4 2N 98.6 + 3.5 A88 K % _NH, >200

“ The data represent the average and standard deviation (mean + SD) of triplicate measurements.
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selectively inhibits the activation of IKKP, making it highly
selective toward other kinases.

We further searched for analogues of 124 in the SPECS li-
brary using the Shape Screening program (Schrédinger 2014-2)
with the default settings and compared their inhibition effect
on NF-«B transcription activity as described above. Five 2D an-
alogues of 124 and six 3D derivatives were purchased for the
cell assay. Among the 11 tested compounds, 5 showed dose-
responsive inhibition with micromolar ICses. As shown in
Table 1, substituents on both sides of the sulfonamide group
significantly affected the compounds' inhibitory activity.
Compared to 124, the inhibitory effect of compounds with
piperidinyl substituted by a rigid phenyl ring on the sulfon-
amide amino group slightly decreased (A38, A39 and A4), while
compounds with piperidinyl substituted by flexible groups
were completely inactive (A60 and A62). Two 3D derivatives
A49 and A51 displayed similar activity to 124, and the size of
the aromatic group was critical for the inhibition. Compounds
with a too small (A50 and A52) or too large (A85 and A88) aryl
sulfonamide group almost lost inhibition activity. Based on
these analyses, further optimization of 124 can be performed.

Conclusions

In brief, we identified a compound that inhibits the activa-
tion of IKKP for the first time. This compound was discov-
ered by allosteric site prediction, structure-based virtual
screen and experimental study. We demonstrate that
blocking the activation of IKK can effectively prevent NF-xB
nuclear translocation. Inhibitors blocking the activation of
IKKp activity provide a novel opportunity for developing se-
lective inhibitors and chemical tools to investigate the molec-
ular mechanisms of IKK[ activation, as well as to develop
new drugs against cancer and inflammation.
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