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Abstract

Aberrant canonical NF-xB signaling is implicated in diseases from autoimmune disorders to
cancer. A major therapeutic challenge is the need for selective inhibition of the canonical pathway
without impacting the many non-canonical NF-xB functions. Here we show that a synthetic
replacement of a loop that mediates formation of a critical regulator of canonical NF-xB signaling,
the IKK complex, acts as a selective inhibitor with >10-fold increased potency over the peptide
alone. Not only is this molecule, NBD2, a powerful tool for dissection of canonical NF-xB
signaling in disease models and healthy tissues, the success of the synthetic loop replacement
suggests that the general strategy could be useful for discovering modulators of the many protein-
protein interactions mediated by such structures.

Graphical Abstract

Here we show that a synthetic replacement of a loop that mediates formation of a critical regulator
of canonical NF- xB signaling, the IKK complex, acts as a selective inhibitor with >10-fold
increased potency over the peptide alone. Not only is this molecule, NBD2, a powerful tool for
dissection of canonical NF-xB signaling in disease models and healthy tissues, the success of the
synthetic loop replacement suggests that the general strategy could be broadly useful for
discovering modulators of the many protein-protein interactions mediated by such structures.
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Many regulatory protein-protein interactions (PPIs) operate only in certain cellular contexts,
and synthetic modulators of such complexes have high intrinsic value due to their inherent
context specificity.[!] Although numerous cellular signals converge on the master
transcriptional activator NF-xB, for example, the PPIs formed in the so-called Inhibitor of
xB Kinase (IKK) complex only control the canonical activation pathway of the activator, the
path often dysregulated in inflammatory diseases and cancer (Figure 1a).[2:3] The only
reported inhibitor of this complex is a peptide taken from two of the IKK components, and it
selectively attenuates the canonical NF-xB pathway in vitro and in vivo, albeit with modest
activity due to its short half life. [4-6] A recent elegant dissection of the IKK complex
identified the linchpin as a short peptide loop stabilized by an intramolecular hydrogen
bond.[”:8] Here, we show that this structural feature can be exploited by use of a Synthetic
Loop Replacement (SLR) strategy to develop a synthetic inhibitor of the canonical NF-xB
signaling pathway that is >10-fold more effective than the peptide itself. This structure,
NBD?2, directly engages the IKK component NEMO and blocks NF-xB-mediated
transcription of both a reporter construct and endogenous genes.

The IKK complex is a heterotetramer composed of the scaffold protein NEMO and the two
kinase components IKKa and IKKB.[%10] NEMO is the unique component of this complex,
while IKKa and IKK are required in crosstalk for noncanonical NF-xB signaling and other
unrelated signaling pathways. [1112]

Structural and biochemical studies have demonstrated that a six amino acid sequence
("3"LDWSWL 42, also known as the NEMO binding domain or NBD peptide) present in
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both IKKa and IKKp is critical for interaction with NEMO and subsequent activation of
canonical NF-xB signaling (Figure 1b).[7.13.14] This short peptide forms a loop stabilized by
a hydrogen bond bridge between D738 and S740,[8] allowing the hot spot hydrophobic
residues W739 and W741 to interact with NEMO over a surface area of ~1800 A2 (Figure
1¢c-d).I7] When conjugated to a cell-penetrating peptide, this six amino acid sequence
selectively blocks canonical NF-xB activation (ICsq ~100 uM),[13:15-171 \We hypothesized
that replacement of the hydrogen bond bridge in the NBD peptide with a non-labile
connection would both stabilize this atypical secondary structure and render it less
susceptible to degradation, thus producing an effective inhibitor of the NEMO-IKKa/p
interaction (Figure 1e).[18-25]

Molecular dynamics (MD) simulations were used to test the initial hypothesis. As illustrated
in Figure 2, simulations of the native NBD sequence produced lowest energy conformers
that overlap with the reported crystal structure in the docked configuration at the position of
W739 (indicated by the blue dot in Figure 2, panel A).[8] When D738 and S740 are
substituted with allylglycine residues, the lowest free energy conformer is observed to have
backbone dihedral angles at W739 that are dissimilar to those in the native sequence,
suggesting these modifications increase the local flexibility of the modified NBD peptide
(Figure 2, panel B).[":14] However, MD simulations of a peptide in which a C-C bond
replaces the loop hydrogen bond reveal that the key dihedral angles are analogous to those in
the wild-type NBD peptide (Figure 2, panel C), demonstrating that the constrained version
of the NBD sequence can adopt the key dihedral angles needed to interact with NEMO.

A series of NEMO-binding domain (NBD)-derived peptides were designed based upon the
above results (Figure 3a). Each of the structures contains a cell penetrating peptide (CPP)
previously demonstrated to be important for the function of the native peptide.[13.26]
Synthesis of the peptides was accomplished by standard methods and for peptides NBD2
and NBD3, ring-closing metathesis was performed using Hoveyda-Grubbs generation 11
catalyst. All of the modified peptides (NBD1, 2 and 3) have circular dichroism spectra
analogous to that of the wild-type sequence (Supplementary Figure 1).[27] The modification
does confer significant proteolytic stability to the sequence, however. A time course
experiment with NBDy,1, NBD1, and NBD2 in the presence of chymotrypsin type VII
(Sigma), a protease that cleaves the C-terminus of F, Y, L, and W, revealed that NBDyyt and
NBD1 were completely degraded after 15 minutes. Conversely, no proteolytic degradation
occurred over 4h for NBD2 under identical conditions, highlighting the protection afforded
to the key hot spot residues (L737, W739, W741, and L742) by the hydrocarbon bridge
modification. (Supplemental Figure 2).[] Significantly, the modification does not alter the
ability of the hydrophobic hot spot residues to engage NEMO in the context of cellular
lysates. As shown in Figure 3b, photoactive variants of NBDy,1 (bDNBDyyT) and NBD2
(bNBD2) capture NEMO in a pulldown experiment in HEK293T cell lysates.

Consistent with the stability and target engagement data obtained in vitro, NBD2 is an
effective inhibitor of canonical NF-xB signaling in cells. In a luciferase reporter assay, the
canonical NF-xB stimulator interleukin-1 g (IL-18)[?] potently upregulates the NF-xB-
driven reporter (13-fold). Consistent with previous reports, NBDyyt displays dose-dependent
inhibition in this system with approximately 50% inhibition at 100 pM (Figure 3c).[13.26] |n
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contrast, the negative control peptide (NBDyyyt) in which critical tryptophan residues W739
and W741 are mutated to alanine has no activity, highlighting the importance of these
tryptophan hot spot residues. [7:8:14] Notably, NBD2 is approximately an order of magnitude
more potent than NBDyy,T, Analogous to the wild type system, the W739A/W741A double
mutant (NBD3) is inactive.[28] The activity of NBD2 extends to canonical NF-xB-regulated
endogenous genes. MIP-3a is an NF-xB regulated gene implicated in inflammatory bowel
disease,[29:30] whereas IL-8 has been identified as a critical factor required for oncogenic
metastasis. [31:32] In Figure 4, the inhibitory effects of the modified peptides on MIP-3a and
IL-8 gene expression are outlined. Consistent with the reporter gene results, a 10-fold
increase in potency for NBD2 compared to the unmodified NBDyyt peptide was observed.
Furthermore, the alanine mutant versions of the peptides (NBDy,: and NBD3) displayed
significantly attenuated inhibition. Consistent with selectivity for the canonical pathway, no

impact on the noncanonical gene target Cyclin D1 was observed (Supplementary Figure
4).[33-38]

In summary, we implemented a Synthetic Loop Replacement (SLR) strategy to develop an
inhibitor against the NEMO-1KKa/f interaction. Utilizing this strategy, we demonstrated
that installation of a hydrocarbon bridge can be used to stabilize the IKK loop structure, a
feature necessary for interaction with NEMO. MD simulations demonstrate that the
modified NBD2 peptide adopts dihedral angles and conformations similar to the docked
configuration observed in the reported crystal structure. Furthermore, we demonstrated the
enhanced proteolytic stability afforded by this synthetic loop replacement modification.
Collectively, these characteristics resulted in a synthetic inhibitor that was 10-fold more
potent in both an NF-xB driven luciferase reporter assay and against NF-xB endogenous
genes. Future structural studies of NBD2 and derivatives alone and in complex with NEMO
will be key to dissecting precise role that the hydrocarbon tether plays in the protein-protein
interaction, although this will be challenging given the recalcitrant nature of NEMO.["1 A
unique aspect of the synthetic loop replacement is that the hydrocarbon bridge is installed in
place of a polar interaction, a hydrogen bond, rendering it potentially general.[39-431 A
recent study by Gavenonis et al. found 1,407 PPIs mediated by hot spot containing loop
structures, analogous to the NEMO-IKK interaction.[44] A focused analysis of the identified
loops presented by Gavenonis et al demonstrates that there are several loops bearing anito i
+2 hydrogen bond stabilizing feature similar to D738 and S740 in IKKa/p bound to NEMO.
These identified loops should be ideal candidates for the SLR strategy presented herein
(Figure 5) with potential inhibitor applications for use ranging from autoimmune diseases,
anticoagulants, antivenom, and metabolic therapies. A recent study of characterized PPI
interfaces found that a.-helices and p-strands make up only 50% of the secondary structure
observed at PPI interfaces while the other 50% of characterized PPIs are mediated by non-
canonical loop regions, a class of PPIs not readily amenable to previously developed
strategies.[4] This finding highlights both the opportunity and the necessity of implementing
new chemical strategies such as SLR to target PPIs mediated by non-canonical loop
regions.[44]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) The signaling cascade of NF-xB can be defined by two pathways, the canonical and non-

canonical pathway. The canonical pathway is tightly regulated through the assembly of the
IKK complex, a heterotetramer of NEMO-IKKa-IKK. B) The critical assembly point of
the IKK complex is mediated by 4-helix bundle where the hot-spot hydrophobic tryptophan
residues of IKKa-1KKp make critical interactions with the NEMO dimer. C) The tryptophan
residues of IKKa-IKKp are able to adopt the unique conformation needed to interact with
the NEMO dimer through a hydrogen bond stabilized loop conformation between D738 and
S740. D) Replacement of the critical hydrogen bond is possible through incorporation of
allylglycine amino acids and subsequent metathesis, allowing us to develop a proteolytically
stable inhibitor molecule of this critical PPl. PDB 3BRV
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Ramachandran plots generated from molecular dynamics (MD) experiments performed with

the indicated peptides. Highlighted in blue, are the observed dihedral angles of hot-spot

residue W739 in the NEMO-IKKa/B complex crystal structure (PDB: 3BRV). The lowest
free energy conformers observed in MD simulations are indicated in dark red for A) wild-
type peptide B) the peptide incorporating the allylglycine residues unmetathesized (denoted
by X) and C) the peptide with allyglycine residues metathesized (denoted by interconnected

X residues).
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Model:
CPP-linker-inhibitory peptide

Name Sequence
NBD, KKKKKKKKGGTALDWSWLQTE
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NBD,, YKKKKKKKKGGTALDASALQTE
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Figure 3.
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Crosslinking Pulldown
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bNBED, bNBD2
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T

Anti-IKKy/NEMO

A) Peptides synthesized for characterization and cellular experiments. The model used to
synthesize the peptides is a Cell Penetrating Peptide (CPP), a diglycine linker (GG), and the
inhibitory peptide (NBD peptide). B) NEMO capture experiment performed with a
biotinylated, photoreactive version of the NBDy peptide and NBD2 peptide. Pull-down
assays were performed with HeLa cellular extracts. C) Effects of the NBD peptides against
an NF-xB luciferase reporter. NBD1 displayed significant toxicity and was thus excluded
from further study.[28] The error is SDOM, determined from three independent experiments.
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Figure 4.
Effects of NBD peptides against NF-xB regulated gene expression of A) MIP3a and B)

IL-8. The error is SDOM, determined from three technical replicates. Three biological
replicates were performed (see Sl for additional data)
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Figure5.
A subset of highlighted PPIs mediated by loop regions containing reported hot spot residues.

This subset of highlighted loop regions are characterized by an i to i+2 hydrogen bond
(yellow dashed line) between aspartic acid and serine residues that would be ideal
candidates amenable to the described LBR strategy for inhibitor development. These
potential LBR inhibitors could be used to a) inhibit dimerization of outer surface protein C
(OspC) from Lyme disease spirochete; PDB 1F1MDb) inhibit dimerization of von Willebrand
Factor and Botrocetin, a snake venom protein involved in platelet aggregation; PDB 1FVU
¢) inhibit interaction of blood coagulation factors IX/X-binding protein (IX/X-bp), an
anticoagulent isolated from habu shake venom; PDB 1/XX and d) inhibit assembly of
acetoacetate decarboxylase, a major contributor to diabetic ketoacidosis; PDB 3BGT

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 November 21.



	Abstract
	Graphical Abstract
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

