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Abstract

Simultaneous activation of signaling pathways requires dynamic assembly of higher-order protein
complexes at the cytoplasmic domains of membrane-associated receptors in a stimulus-specific
manner. Here, using the paradigm of cellular activation through cytokine and innate immune
receptors, we demonstrate the proof-of-principle application of small molecule probes for the
dissection of receptor-proximal signaling processes, such as activation of the transcription factor
NF- B and the protein kinase p38.
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An intricate network of protein-protein interactions (PPIs) is involved in many essential
cellular processes, such as receptor-dependent signaling pathways.1~2 In order to understand
the mechanisms by which the same downstream signaling pathway is activated through
different receptors, selective inhibition of PPIs involved in these processes could be a useful
tool for basic research as well as drug discovery.3 A recent development in the field of PPI
studies is the use of small molecules that exhibit specificity and affinity to crucial dominant
protein-protein interfaces, also known as hot-spots.*=6 We examined this tact for the
dissection of receptor-mediated signaling mechanisms with focus on the NF- B pathway as
model system of biomedical importance.’
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Upon engagement of cytokine and innate immune receptors, activation of the classical NF-
B pathway is initiated through transient assembly of a large multiprotein signalsome that
contains the key components of NF- B signaling, such as the I B (inhibitor of NF- B) kinase
(IKK) complex.8-10 Despite the involvement of distinct receptor proteins, NF- B stimuli
induce signaling within the IKK-NF- B module as well as parallel activation of other
signaling pathways, including the p38 mitogen- (or stress-) activated protein kinase (MAPK/
SAPK) cascade.1!

For example, bacterial lipopolysaccharide (LPS) activates the IKK and MAPK cascades
through the Toll-like receptor 4 (TLR4), a member of the innate immune receptor family,12
while tumor necrosis factor alpha (TNF) signals through the TNF receptor (TNFR), member
of the TNFR superfamily.13

These observations prompted our investigations into whether a small molecule-based
strategy might allow for dissection of the receptor-proximal signaling processes induced by
different NF-B-activating stimuli, namely LPS and TNF. As a starting point an initial
screening was undertaken using our non-peptidic small molecule library, two scaffolds
contained within the library are depicted in Figure 1a.14 Thus, using a cell line carrying an
NF- B reporter system and LPS as stimulus resulted in the identification of both napthyl-
(NP1) and bisphenyl-based (BP1 and BP2) scaffolds as potential modulators of NF- B
activity (see Supplementary Material, Figure 1). To investigate whether these compounds
indeed affect NF- B signaling, the effects of BP1, BP2 and NP1 on the kinetics of LPS- or
TNF-induced | B phosphorylation, degradation and resynthesis in macrophages were
studied. As specificity control, the phosphorylation of p38 kinase (p-p38), a marker of a
MAPK cascade,!® was also assayed. Similar levels of p-p38 were observed in response to
LPS alone or in combination with the inhibitors. The temporal patterns of NF- B signaling
were also unaffected in the presence of BP1 or BP2; in contrast, addition of NP1 resulted in
substantial inhibition of LPS-induced | B phosphorylation and degradation shown in Figure
1b (and Supplementary Material, Figure 2). Notably, neither BP1/2 nor NP1 had any effect
on TNF-induced p-p38 and activation of NF- B signaling (Supplementary Material, Figure
3).

The phosphorylation-dependent activation of IKK (also known as IKK-2), a subunit of the
IKK complex, is essential for induction of NF- B activity by TNF or LPS; once activated
IKK phosphorylates | B proteins and RelA subunit of NF- B. The functional consequence of
these processes is transcriptional induction of B and other NF- B target genes.10 Therefore,
to better define the specificity of NP1, its effects on activation of the -1 B -RelA signaling
module in response to TNF or LPS was investigated. LPS-induced phosphorylation of IKK,
| B and RelA was substantially disrupted in the presence of NP1. However, functional
integrity of the IKK -1 B -RelA signaling module remained intact in cells stimulated with
TNF in the presence of NP1 shown in Figure 1c-d. Thus, the core components of NF- B
signaling are not affected by NP1. Northern blot analysis independently confirmed that NP1
selectively blocked the induction of NF- B target genes in LPS- but not TNF-treated
macrophages (Figure 1e). These findings are consistent with the fact that TNFR and TLR4
use distinct adapter protein components to assemble signaling complexes essential for the
activation of receptor-proximal IKK cascades.12-13

TLR4 engagement initiates assembly of multicomponent receptor-associated signaling
complexes that activate NF- B and p38 pathways!2. Several of these components are also
recruited by the interleukin-1 receptor (IL-1R) and other TLRs; namely, TLR3 signals
through TRIF adaptor protein, while the remaining known TLRs as well as IL-1R use
MyD88 as adaptor protein; notably both adaptors are utilized by TLR4 (Fig 2a). To better
understand the signaling mechanisms targeted by NP1, we examined the effect of NP1 on
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activation of the NF- B and p38 pathways in response to IL-1R-, TLR2-, TLR3- or TLR9-
specific ligands. As seen in Figure 2a-b, NP1 substantially blocked I B phosphorylation and
degradation induced by IL-1R and TLR2 ligands, suggesting a role of NP1 in targeting
MyD88-dependent processes. However, a complementation assay demonstrated that NP1
had no effect on the direct interaction between the cytoplasmic domains of TLR4 and
MyD88 (Supplementary Material, Figure 4). Moreover, although NP1 blocked MyD88-
dependent TLR9-mediated activation of the NF-B pathway, it also disrupted the MyD88-
independent signaling mediated through TLR3-TRIF interactions shown in Figure 2c-d.
Interestingly, in contrast to cell surface-expressed IL-1R, TLR2 and TLR4, both TLR3 and
TLR9 are intracellular proteins.12: 16

Thus, these data indicate that NP1 acts in the cytoplasm to affect IL-1R/TLR-mediated
activation of NF- B signaling. Although further investigations are required to identify the
exact mechanisms involved, it is unlikely that NP1 interferes with primary assembly of
IL-1R/TLR-associated signaling complexes, because receptor-proximal activation of the p38
pathway still occurred in the presence of NP1 shown in Figure 2a-d (and Supplementary
Material, Figure 5).

Several thiol-reactive molecules have been shown to inhibit phosphorylation and
degradation of I B in cells stimulated with TNF and LPS by blocking IKK kinase activity
via a Michael addition reaction with a specific cysteine residue within the activation loop of
IKK 17-19 Similar to N-ethyl maleimide,2C these inhibitors also target a free cysteine residue
in the NF- B subunit RelA, and in turn such modification results in reduction of NF-B/RelA-
mediated transcription.21=22 NP1 contains a maleimide moiety; however, our data clearly
demonstrate that NP1 did not alter the signal processing within the -1 B -RelA signaling
module. Nevertheless, the inhibitory effect of NP1on LPS-induced NF- B signaling required
the maleimide group (Supplementary Material, Fig. 6), suggesting that covalent target
modification contributes to the observed signaling inhibition. To ascertain whether chemical
reactivity and inhibitory functions of NP1 are linked, we synthesized compounds NP2 and
NP3 depicted in Figure 3a, representing a chemically-inert as well as a reversibly reactive
derivative of NP1, respectively (see Supplementary information). Comparison of NP1, NP2
or NP3 effects on LPS-induced NF- B signaling shown in Figure 3b revealed that NP2 was a
very week inhibitor, whereas NP3-mediated inhibition was comparable with the effect seen
for NP1. Importantly, both NP1 derivatives retain selectivity for TLR-dependent induction
of the NF- B pathway, as NP2 or NP3 had no effect on TNFR-mediated activation of the -1
B -RelA signaling module. However, the induction of the p38 cascade through cytokine and
immune receptors still occurred in the presence of the compounds as evident in Figure 3c
(and Supplementary Material, Figure 7). Thus, potential covalent protein reactivity of NP1
and NP3 substantially improves the efficacy of their planar-aromatic motif as inhibitor of
IL-1R/TLR-mediated activation of the IKK signaling cascade.

Our current understanding of signal transduction through growth factor, cytokine and innate
immune receptors suggests that both assembly and dissociation of multiprotein signaling
complexes at/from intracellular receptor domains are required for the regulation of receptor-
proximal MAPK and IKK cascades.11-13. 23-24 For example, it has been reported that CD40,
a TNFR superfamily member, activates IKK through a receptor-associated complex while
the MAPK cascade is triggered after translocation of the multicomponent signaling complex
from the intracellular CD40 domain into the cytosol.24 Our findings strongly support this
model of spatial and temporal separation of MAPK and IKK signaling cascades, and show
how the principles of chemical biology can be applied to begin to dissect receptor-proximal
signaling events.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

NP1 acts as a specific modulator of NF- B signaling. (a) Generic structures of bisphenyl
(BP)- and naphthyl (NP)-based members of the “credit card” library. (b) Western blot
analysis of | B p and their phosphorylated forms (p-1 B and p-p38, respectively) in extracts
prepared from bone-marrow derived macrophages (BMDMs) after treatment with LPS alone
or in combination with BP1, BP2 or NP1 (50 M of each). (c) Western blot analysis of IKK ,
I B, RelA and their phosphorylated forms in BMDM extracts after treatment with TNF and
LPS for 5 min in the absence or presence of NP1 as indicated. (d) The profiles of IKK and
p38 activities as well as | B protein concentration and RelA phosphorylation in BMDMs
stimulated with LPS, TNF or in combination with NP1 as indicated. Quantitated and
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normalized results from three independent experiments are shown. (e) Northern blot analysis

of total RNA prepared from BMDMSs monitors the effect of NP1 on the mRNA expression
levels of | B and MCP-1 genes induced by LPS or TNF.
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Figure 2.

NP1 selectively impairs IL-1R/TLR-mediated activation of the NF- B pathway. (a) The
scheme shows recruitment of MyD88 and TRIF adaptor proteins to IL-1R and TLRs in

Page 7

response to receptor-specific ligands, such as LPS, IL-1, HKSA (heat-killed Staphylococcus
aureus), pl:pC (polyl:polyC) and CpG (DNA oligonucleotide containing unmethylated CpG
motifs). (b and ¢) Western blot analysis of total protein extracts prepared from BMDMs
monitors the effect of NP1 on | B degradation and resynthesis as well as | B phosphorylation
induced by IL-1 and HKSA (b) or pl:pC and CpG (c) as indicated. (d) The profiles of IKK
and p38 activities in BMDM s stimulated with the indicated stimuli alone or in combination

with NP1. Quantitated and normalized results from three experiments are shown.
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Figure 3.
Inhibitory effects of NP1-based scaffolds depend on their chemical reactivity. (a) Chemical

structures of NP1 and its analogs. (b) The profiles of IKK and p38 activities and RelA
phosphorylation in BMDMs stimulated with LPS alone or in combination with NP1 or its
analogs as indicated. Quantitated and normalized results from three experiments are shown.
(c) Western blot analysis of total protein extracts prepared from BMDMs monitors the effect
of NP1 and its analogs on | B degradation and resynthesis as well as | B phosphorylation
induced by LPS (left panel) and TNF (right panel) as indicated.
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