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ABSTRACT OF THE DISSERTATION
Understanding the role of NEMO in IKK activation
by
Myung Soo Ko
Doctor of Philosophy in Chemistry

University of California San Diego, 2020
San Diego State University, 2020

Professor Tom Huxford, Chair

Two key events are associated with IKK activation through the canonical NF-kB
pathway. Phosphorylation of two serine residues within the activation loop (AL) of IKK2/(3
has long be known to be a requirement for IKK activation and serves as the signature for
IKK in its active state. What is much less well understood is the necessary role of non-
covalent interaction between linear polyubiquitin chains and the NEMO subunit in
promoting AL phosphorylation of IKK2/B.

In order to better understand the solution behavior of the enigmatic NEMO protein
and gain insight into its influence over multisubunit IKK complexes, | undertook
biophysical characterization of purified a series of recombinant human NEMO proteins
and disease-associated point mutant proteins as well as various NEMO:IKK2/B

complexes. Through size exclusion chromatography-multiangle light scattering and
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analytical ultracentrifugation, NEMO is predominantly a dimer in solution. However, by
virtue of its modular coiled coil segments NEMO exhibits complicated solution dynamics
that causes it to behave as a significantly elongated molecule. Analyses of NEMO in
complex with IKK2 indicate that NEMO preserves this structurally dynamic character
within the multisubuit complex and exacerbates the previously observed propensity of
IKK2 towards homo-oligomerization. These observations provide critical information on
the structural plasticity of NEMO which helps clarify its role in diseases and IKK regulation
through oligomerization-dependent phosphorylation of catalytic IKK2 subunit dimers.

As further effort to understand how NEMO induces phosphorylation of the IKK2AL
serines, | proposed that upon binding to the polyubiquitin chains synthesized during
signaling, NEMO might mediate additional contacts with IKK2, which could induce the
conformational changes in IKK2 necessary for AL phosphorylation. Using a series of in
vitro and cell-based experiments, a short 6-residues segment located near the C-terminus
of NEMO weakly contacts IKK2. A peptide derived from NEMO encompassing these
contact residues blocks IKK2 activation in vitro and in cells. Finally, | could show that this
novel inhibitory NEMO-based peptide protects mice from LPS-induced lethality.
Furthermore, the native sequence NEMO peptide disrupts systemic cytokine induction by
LPS while a mutated version of the peptide fails to do. Thus, this NEMO peptide could be

developed for therapeutic purposes.
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CHAPTER ONE

1. INTRODUCTION

1.1 Inducible gene expression

Cells must be able to rapidly respond to changes in their external environment to
survive and benefit from new circumstances [101]. Even in multicellular organisms, cells
need to respond to signaling molecules to determine when to divide, migrate, activate
survival programs, or die. New proteins are produced in response to detection of changing
external stimuli as a result of rapid activation of specific target gene transcription. This
process, which is typically one of the terminal effector outputs of signal transduction, is
known as inducible gene expression [101,108].

Inducible gene expression has several features that distinguish it from the regular
or constitutive expression of “housekeeping” genes. Expression of inducible genes is
tightly regulated and must be able to be rapidly and specifically activated in response to
external stimuli [101-102]. However, the rate-limiting step of transcription can differ
between various inducible genes. Once the stimulus is removed, an inducible gene must
then be able to quickly return to its basal, inactive state. For example, signaling kinases
such as MAPKs sometimes localize to the promoters of target genes where they can
function as transcriptional activators, rapidly facilitating the switch between activated and
repressed states of gene expression [103,108-111]. Furthermore, multiple genes must
often be synchronously activated in response to the same stimulus, such that the proteins
required to respond to the stimulus are produced simultaneously at the appropriate

relative levels [101-103]. Similarly, multiple cells in an organism must respond to



developmental signs in a coordinated work so that the appropriate morphogenetic

process occurs over a broad section of cells [102,109].

1.2 Inducible gene expression through the activation of human B cells

Human lymphocytes (cells) consist of T cells, B cells and, natural killer cells. T cells
are mainly responsible for cell-mediated immunity [105]. B cells play the essential roles
in the humoral immunity to activate immune system by secreting antibodies. B cells are
also present antigens to T cells and can release a range of potential immune-regulating
cytokines. It was first discovered by Chang and Glick [104]. B cells mature in the bone
marrow in mammals. B cells express B cell receptors on their cell membrane and the
receptors allow the cell to bind to a specific antigen and initiate an antibody response.
Each B cell transmits a unique receptor for antigen that is consisted of the membrane-
band form of its antibody. After antigen recognition by the membrane-bound receptor, the
B cells can proliferate to increase their numbers and differentiate to secrete their antigen-
specific antibodies [108].

Human B cells are generated in bone marrow from progenitor cells that are
committed to the B cell linages (pro-B cells). Each pro-B cell undergoes independent
rearrangement of diverse immunoglobulin L- and H- chain gene segments [106].
Rearrangement of the H-chain locus creates in each B cell and drives the expression of
H-chain protein and then proliferate and differentiate to start L-chain gene recombination
[108]. When a B cell expresses L-chain protein, it pairs with the previously arranged H

chain and is expressed as membrane immunoglobulin on the cell surface [107].



Human immune system can generate a diversity of specific antibodies in response
to antigen stimulation. This process is of fundamental importance to acquired immunity
[107,111]. The process of human B cell development is very complicated and is controlled

by many transcription factors [105].

1.3 NF-kB and the immune system

Systems analyses and bioinformatics metadata mining are commonly used today
as state-of-the-art approaches for recognizing nodal components, whether proteins,
genes or regulatory pathways, that intersect to affect biological processes or influence
phenotypes [111-112]. This approach allows linkage to be made where none are readily
apparent. Twenty-five years ago, David Baltimore and his researchers identified a DNA-
binding factor using a simple gel-electrophoresis mobility-shift assay, which has since
been found to be ancient and evolutionarily conserved and to be connected to many
biological pathways [112]. This factor is associated with its specific DNA sequence 5'-
GGGACTTTCC-3' located within the enhancer of the immunoglobulin kappa light chain
gene in activated B cells [38,112]. This factor is NF-kB [112]. Today, more than three
decades and literally tens of thousands of reported studies later, NF-kB is recognized as
a crucial key of gene expression that immensely influences many aspects in immunology
such as inflammation, immediate antimicrobial responses, the immune system, lymphoid
organogenesis, pathogen recognition and innate immune responses, and initiation of the

adaptive immune response [39-40].



1.4 NF-kB activation signaling pathways

NF-kB transcription factors play crucial roles in an intricate system that regulates
cells to adapt and respond to environmental changes, which is a process that is critical
for survival [21]. A large number of diverse external stimuli lead to NF-kB activation and
the genes whose expression is regulated by NF-kB play important and conserved roles
in immune and stress responses, and impact processes such as apoptosis, proliferation,
differentiation, and development [1-4,11]. A lack of regulation and consequent aberrant
NF-kB activity cause various pathological conditions, including chronic inflammatory and
metabolic diseases, autoimmune disorders, and cancer [6,23]. Cellular responses to
various pathogenic and pro-inflammatory signaling molecules, including viral and
bacterial nucleic acids, lipopolysaccharide (LPS), interleukin-1p (IL-1B3), and tumor
necrosis factor alpha (TNF-a), depend on the NF-kB activation.

In their resting state, NF-kB dimers exist in a stable cytosolic complex, in inactive
forms, through their association with a member of the inhibitor kB family. Two major
signaling pathways, “canonical” and “noncanonical”, are activated through upstream
signal complexes then lead these factors to transmit to the nucleus and promote
transcription (12-13). In canonical pathway, signaling is promoted through complexes
such as TRAFs and RIPs and a central effector kinase complex, called the inhibitor of kB
kinase (IKK) associated with NEMO (Figure 1). IKK1/a, IKK2/, and NEMO/IKKy are
present within a IKK complex. NEMO regulates NF-kB activation through the canonical
pathway that is essential for inflammation and innate immunity in response to pathogens

[16,28]. IKK2/B is primarily responsible for the phosphorylation of specific residues of

prototypical kB proteins (IkBa, -B, and -¢) bound to NF-kB as well as an atypical IkB



protein, NF-kB1/p105, which is the precursor of the NF-kB subunit p50 [7,15,26-27]. IKK2-
mediated phosphorylation-dependent ubiquitylation and proteasomal degradation of the
IkB proteins (to process from p105 to p50) induce the release of active NF-kB dimers to
the nucleus. NF-kB dimers (homo or hetero) bind to kB sites within the
promoters/enhancers of target genes and regulate transcription through the recruitment

of co-activators and co-repressors, primarily through its TAD [8-9].
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Figure 1. TNF-a-Induced IKK-NF-kB Activation Pathway: Current Model.

The interaction between ligand and its receptor through a cell membrane induces non-degradable
poly-Ub chain synthesis which is covalently attached to different adapter proteins. Ub-chain binds
NEMO subunit of the IKK complex that induce IKK2 undergoing activation. IKK2 phosphorylates
IkBa and then IkBa undergoes degradable ubiquitination. Proteasome degrades IkBa. Free NF-
kB can go to the nucleus to induce it target gene expression.



The non-canonical pathway is mediated through TRAFs and IKK1/a:NIK:p100
complexes but does not require NEMO (Figure 2). In contrast, the non-canonical pathway
requires another kinase domain-containing cellular factor, NF-kB-inducing kinase (NIK)
[29], to induce IKK activation. IKK1/a phosphorylation regulates NF-kB activation through
the non-canonical pathway. IKK1/a phosphorylates specific residues of NF-kB2/p100 on
its C-terminal 1kBd segment. This promotes to signal induced p100 processing and
generation of the NF-kB subunit p52 [17]. Kinase activities of both NIK and IKK1/a are
crucial for processing of p100 into p52 [14,18]. IKK1/a and NIK phosphorylate three
serines (866, 870, and 872) of NF-kB2/p100 within its C-terminal 1kBd segment,
conducting the processing of p100 to p52 [7,15,18,54].

As such, activation of NF-kB dimers is the result of IKK activation-mediated, which
act as a central hub of these two pathways, promoting phosphorylation-induced
degradation of the IkB inhibitors, which enables the NF-kB dimers to translocate into the

nucleus and induce its specific target gene expression.
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Figure 2. Two distinct NF-kB activation pathways.

Canonical and noncanonical pathways. Canonical pathway requires NEMO to activate IKK
complex. However, non-canonical pathway requires NIK to induce IKK activation. Canonical
signaling remains mostly intact even in the absence of IKK1. Thus, IKK2: NEMO Is a functional

IKK complex.



1.5 NF-kB and kB family members

The NF-kB family in mammals consists of five members, RelA (p65), RelB, c-Rel,
p50 (generated from the p105 precursor protein), and p52 (generated from the p100
precursor), which associate noncovalently as homo- and heterodimers and activate select
target gene transcription (Figure 3) [5-6]. 15 different NF-kB homo- or heterodimers are
possible through the combinatorial association of the five subunits. Some of these homo-
or heterodimer formations are plentiful in diverse cell types while others are uncommon.
The NF-kB p50:p65 heterodimer, for instance, is appears at significant levels in many
cells. However, c-Rel subunit-containing dimers are much less common and limited
primarily to lymphoid cells. The p50:p52 heterodimer and RelB homodimer have not been
identified in cells [10,12-13].

Each of the five NF-kB subunits contains the Rel homology region (RHR). The
RHR is an N-terminal region that encompass roughly 300 residues with a high degree of
amino acid conservation. X-ray crystallographic analyses have shown that the RHR
consists of three independent structural elements: the N-terminal domain (NTD), the
dimerization domain (DD), and the nuclear localization signal (NLS). Both NTD and DD
are folded, globular domains, but the structure of the region including the NLS depends
upon its partner proteins. Unique amino acid sequences C-terminal to their respective
RHR exist in RelA, RelB, and c-Rel subunits, but not p50 or p52 [32-33]. These unique
C-terminal regions are responsible for carrying out the particular transcriptional activation
(TA) functions of the various NF-kB subunits. NF-kB p50 and p52 subunits do not
possess this TA region. Rather, the C-termini of these two subunits contain a glycine-rich

region (GRR) that seems to be a result of their incomplete proteolytic processing from



p105 and p100, respectively. Consequently, pS50 or p52 homodimers function as
transcriptional inhibitors. However, these two NF-kB proteins can become involved in
selective target gene activation through their association with co-activating proteins in the
nucleus [21, 29].

IkB proteins regulate induction of NF-kB in a stimulus-specific manner (Figure 3).
The rapid and transient activation of NF-kB that is required to many immune and
inflammatory responses is controlled by the degradation of classical kB proteins,
predominantly IkBa, and the subsequent transcriptional upregulation of response genes.
IkBp regulates NF-kB differently by controlling a more prolonged response and |kBg is
thought to function as a modulatory factor to optimize the timing of waves of NF-kB
activation through removal of IkBa. The non-classical IkB proteins, p105 and p100,
induce more specialized gene activation programs, as these |kB proteins are co-opted for
distinct degradation or partial proteolytic processing events. Additionally, the atypical
“nuclear” IkB proteins, Bcl-3, IkB{, and IkKBNS, also regulate NF-kB activity by interacting
with the transcription factors in the nucleus at the level of transcription [18, 20, 54].

In the case of IkBa, it was known that NF-kB became activated after
phosphorylation of IkB and its subsequent polyubiquitylation and degradation via the 26
S Proteasome. The inducible phosphorylation sites were mapped to serines (S) 32 and
36, whose substitution with alanines (A) or threonines (T) prevents phosphorylation,
ubiquitination and degradation [113]. As a result, nonphosphorylatable IkBa mutants,
such as IkBa (A32/36), are potent and specific inhibitors of NF-kB activation. What was
not clear is what was the protein kinase activity responsible for the IkB phosphorylation.

After many years, multiple labs identified a kinase, which had previously been

10



characterized as a protein called CHUK, that was capable of phosphorylating both
Serines 32 and 36 of IkBa in vitro [113-116]. Once it was recognized that the key initiating
step in NF-kB activation was IkB phosphorylation by the IkB Kinase, much of the effort to
understand the regulation of this signaling pathway has focused on identification of the
protein kinase(s) responsible for this event. Purification of the CHUK enzyme (which
turned out to be IKK1/a) from TNF-a-induced HelLa cells revealed it to be part of a
complex with a closely homologous kinase (IKK2/B) and the novel NEMO protein subunit
[117]. Mutational studies quickly proved that the IKK2/B subunit was chiefly responsible
for activating NF-kB in response to typical pro-inflammatory stimuli. However, IKK1/a was
soon identified as the critical activity in inducible control over production of p52 subunits

through the “noncanonical” NF-kB pathway.
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Figure 3. Schmatic representation of members of the nuclear factor-kB (NF-kB) and IkB
protein families [54].

(A) All five members have a conserved DNA-binding/dimerization domain(RHD). RHD also has
sequences important for nuclear localization and IkB inhibitor binding. The halves of C-terminal
in the Rel proteins have tanscriptional activation domains (TAD). The C-terminal halves of the
NF-kB subfamily proteins have ankyrin repeat-containing inhibitory domains that can be removed
by proteasome-mediated proteolysis. (B) As with the C-terminal domains of the NF-kB proteins,
the independent IkB proteins mainly contain ankyrin repeats, and several (IkBa, kB, 1kBg, Bcl3,
IkBC, and IkBNS) have two N-terminal serine residues (S) that serve IKK phosphorylation sites,
which signal the protein for ubiquitination and degradation.
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1.6 The IKK complex
1.6.1 Activation of IKK complex

The IKK holocomplex is activated in response to diverse extra-cellular stimuli
ranging from pathogen-derived substances (PAMPSs) to inflammatory cytokines, to MHC-
presented antigens, to metabolic and genotoxic stresses [18]. These stimuli act on their
specific receptors to initiate the signaling. The PAMSs and cytokines bind toll-like
receptors (TLRs) and tumor necrosis factor receptors (TNFR) to activate NF-kB through
signaling pathways referred to as the “canonical” signaling. Among many other cellular
functions, NF-kB activity is essential for immunity and inflammation. Despite the presence
of two catalytic IKK subunits (IKK1 and IKK2) within the IKK holocomplex, only IKK2 is
activated by canonical signaling marked by the phosphorylation of two serines (Ser177
and Ser181) within the activation loop (AL) [15,26].

Activated IKK2 of the IKK holocomplex is responsible for the phosphorylation of
two specific serine residues of NF-kB-bound prototypical IkB (a, -3, and €) proteins, and
also an atypical IkB protein, NF-kB1/p105 [18,26]. Phosphorylation of both serines of IkB
leads to its ubiquitination and proteasomal degradation. Degradation of each of these
IkBs releases a specific subset of NF-kB dimers, e.g. degradation of IkBa releases NF-
kKB p50:RelA heterodimer and degradation of IkBf releases RelA:RelA homodimer
because of the interaction specificity [25].

In contrast, IKK1 regulates the activation of NF-kB signaling by the non-canonical
pathway, which is essential for lymphoid organogenesis and adaptive immunity among
other functions. IKK1 phosphorylates specific residues on the C- terminal segment of NF-

kB2/p100, leading to processing of p100 and generation of a different class of NF-kB
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dimers [67]. The non-canonical pathway is dependent upon the catalytic activity of
another kinase, NIK (NF-kB Inducing Kinase), but not on IKK2 or NEMO [28,67].

It is still debated if a single IKK complex control both pathways or there are distinct
IKK complexes in vivo. Earlier reports suggested that in at least some cells IKK2 exists
as the IKK2:NEMO complex in addition to the trimeric IKK1:IKK2:NEMO complex [57].
Similarly, a small pool of IKK1 is thought to exists as a homodimer which is targeted by
the non-canonical pathway. The IKK1:IKK2:NEMO complex is undoubtedly the most
abundant, if not the sole IKK complex. The heterotrimeric IKK complex is large containing
multiple but an unknown number of copies of each subunit. NEMO binding domain of both
IKK1 and IKK2 regulate the formation of IKK1:IKK2:NEMO ternary complex [58,71].

However, the mechanism of larger assembly is still unknown. How specific signals
selectively activate IKK1 and IKK2 within an IKK holocomplex, with the help of pathway-
specific modulators, NEMO and NIK, has remained elusive. Another related fundamental

unanswered question is the role of IKK1, if any, in activation of IKK2 in canonical signaling.

1.6.2 Structures of IKK1, IKK2, and NEMO
1.6.2.1 Catalytic subunits, IKK1 and IKK2

IKK1 and IKK2 share ~50% sequence identity over the entire length and ~65%
within the kinase domain (KD) [12,58]. A small but homologous C- terminal segment
spanning residues ~700-740 of both IKK1 and IKK2, referred to as the NEMO binding
domain (NBD), binds the N-terminal region of NEMO (Figure 4) [72-73]. IKK1/2 binding

region of NEMO encompassing residues 50 to 110 is the kinase binding domain (KBD)
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[75]. Whereas both IKK1 and IKK2 can bind NEMO independently, IKK2 displays a higher
affinity for NEMO [75].

The first structures of an IKK sub-complex were reported in 2008 which revealed
how helical NBD of IKK binds coiled-coil KBD [75]. The structure of the core segment of
IKK2 of Xenopus was published in 2011, which showed that the core of IKK2 is composed
of three domains, KD, ubiquitin-like domain (ULD) and an extended helical domain known
as the scaffold dimerization domain (SDD) [59]. These domains interact closely to
maintain the structural integrity and regulatory capacity of IKK2.

In 2013, structures of human IKK2 were reported from two groups (Figure 4) [60-
61]. These structures of IKK2 determined in inhibitor-free (poised and active) and
inhibitor-bound states the IKK2 homodimer provide snapshots of four different
conformational states of IKK2. The three-dimensional structures of IKK1 determined by
both cryo-EM and X-ray crystallography (Figure 4) [65]. These structures revealed that
IKK1 forms stable dimers, similar to IKK2. In the crystal lattice, IKK1 forms a hexameric
scaffold arising from trimeric arrangements of the dimers. Surprisingly, in solution,
approximately 1-2 % of IKK1 exist in similar hexameric form [65]. Structure-guided
cellular and biochemical studies indicate that this supra-molecular assembly of IKK1
triggers non-canonical NF-kB signaling by directly interacting with NIK. Mutations at the
IKK1 trimer interface reduced binding of the mutants to NIK and affected non-canonical
signaling. However, the IKK1 mutants do not impact canonical signaling mediated by
IKK2 [65]. These results suggest that IKK1 in its free state tends to oligomerize differently

than its assembly as part of the IKK1:IKK2:NEMO holocomplex.
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1.6.2.2 The NEMO adaptor subunit

The third subunit of the IKK complex is a non- catalytic 48 kDa protein, called
NEMO (Figure 4). NEMO is a 419 amino acid protein and its three-dimensional structures
of several other segments of varying lengths are known to interact their partner proteins
[35]. For examples, these include the kinase binding domain (44-111) [27,35] the vFLIP
binding domain spanning residues 192 to 252 [76] the CC2-LZ domain (263-333) [77-79]
a peptide that binds deubiquitinase (DUB) and M1-linked or K63- ubiquitin chains [81]
and the C-terminal Zn finger domain interacting with K63 linked ubiquitin chains and IkBa.
(394-419) [118].

Although devoid of catalytic activity, NEMO is absolutely required for the canonical
NF-kB activation pathway. Structure prediction, confirmed by recent X-ray crystallography
data [27,35,77-79,81,118], indicates that it is essentially a long parallel dimeric
intermolecular coiled coil, except for the carboxyl terminus. The amino-terminal part of
NEMO (aa 47 — 120 in human NEMO) is responsible for interaction with the kinase
subunits [27]. The X-ray structure of amino acids 44 — 111 of NEMO bound to amino acids
701 — 746 of IKK2/B has been reported recently (Figure 4) [27,35]. It forms an
asymmetrical four-helix bundle made of a parallel NEMO dimer, each monomer being a
crescent shape a-helix associated with two mainly helical IKK2/B peptides, which do not
interact with each other. Interestingly, replacement of a phosphoacceptor Ser at position
68 by a phosphomimetic Glu decreases NEMO dimerization and reduces IKK2/B binding
[75]. However, the kinase responsible for targeting Ser68 has not been unambiguously
identified.

The structure provides detailed insight into the earlier discovery of a small peptide
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inhibitor of the NEMO/IKKJ interaction, named the “NEMO binding domain” or NBD
peptide and corresponding to the IKKPB sequence 737-742[72]. Despite the weak affinity
for NEMO, the peptide has proven to be an important physiological tool and its efficacy
has been demonstrated in over 70 cellular and in vivo studies [72-73]. The task of
determining the structure of the unliganded IKKB-binding domain of NEMO has been
challenging, as the domain, when truncated from the full-length protein, is
conformationally heterogenous and appears only partially folded [85]. Moreover, recent
studies showed that in the resting state, binding affinity of the central CC region interacting
with short poly ubiquitin such as M1-di-ubiquitin by full length NEMO is very week due to
NEMO existing in an auto-inhibited conformation through intramolecular interactions
[30,34-35]. Long Met1-linked linear poly-ubiquitin such as tetra-ubiquitin seemed to be

able to overcome NEMO auto-inhibition [31,36-37].

1.6.3 IKK complex assembly

A catalytically active complex of apparent molecular weight 700-900 kDa that
contains all three subunits (IKK1/a:IKK2/3:NEMO) is present in both unstimulated and
stimulated cells, but both IKK1/a and IKK2/B homodimers also seem to exist in cells.
Some researchers showed that recombinant NEMO with either IKK1/a or IKK2/B
assembles into a complex with an apparent molecular weight that is similar to the purified
IKK complex [10].

The 3-dimensional structures of over 90% of the molecular mass of IKK1 and IKK2,
and over 55% of NEMO are now known [60,65]. These structures provide clues to how

an IKK1:IKK2 heterodimer or IKK2 homodimer could associate with a NEMO dimer
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forming the basic IKK1:IKK2:NEMO or IKK2:NEMO complexes. The partial structures of
the subunits and information derived from biochemical and biological studies, do not allow
us to understand how the oligomeric IKK holocomplexes could form from the basic
trimeric units [12]. These point towards complex biochemical properties of the IKK
complex. Perhaps when all three components (or just NEMO and IKK2) associate, a large
structural change ensues leading to oligomerization. Detailed structural information about
the NEMO/IKK interaction is still unclear and whether this is the exclusive composition
characteristic for a ubiquitously expressed IKK complex or whether other variants of the
assembly exist. Therefore, knowledge of the structure of the IKK holocomplex, or any

subcomplex that mimics the larger assembly, is required.
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Figure 4. Domain Architectures of the Subunits of the IKK Complex: IKK1/a, IKK2/B, and
NEMO.

Domain organization of IKK catalytic subunits and NEMO, and primary interaction sites with each
other and ubiquitin. Also shown are available X-ray structural models of the core domain of IKK1/2
lacking the NBD. The high affinity interaction that hold the subunits together is between the NBD
of IKK (~residues 705 to 740 shown in red ribbon) and KBD (~residues 50 to 110- shown in blue
ribbon) of NEMO. The Ub-binding domain of NEMO spans residues ~260 to 333.
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1.7 Ubiquitylation in immune response

Ubiquitylation is a posttranslational mechanism of protein modification involving
covalent conjugation of ubiquitin to lysine (K) residues of target proteins, a process that
is catalyzed by the sequential action of ubiquitin-activating (E1), ubiquitin-conjugating
(E2), and ubiquitin-ligating (E3) enzymes [119,126].

Formation of polyubiquitin chains involves isopeptide bond connection between
the carboxyl-terminal glycine residue of ubiquitin and an internal K residue or the amino-
terminal methionine (M1) of another ubiquitin. The presence of seven Ks, along with the
M1, creates a large variety of ubiquitin chains, including K6-, K11-, K27-, K29-, K33-, K48-,
K63-, and M1-linked ubiquitin chains, as well as mixed ubiquitin chains [126]. The
substrate specificity of ubiquitination is mainly determined by E3s, a family of > 600
mammalian members that recognize protein substrates and assist or directly catalyze the
transfer of ubiquitin from E2s to the substrates [120-121]

Ubiquitination is a reversible and dynamic event, since the conjugated ubiquitin
chains can be cleaved by a family of ubiquitin-specific proteases, termed deubiquitinases
(DUBSs) [126]. Although the best-known function of ubiquitination is to target substrate
proteins for degradation in the 26S proteasome, it is now clear that some ubiquitin chains,
such as the K63-linked and M1-linked (also called linear) ubiquitin chains, mediate signal
transduction via nondegradative mechanisms [122-123].

Such ubiquitin chains can function as a platform that facilitates protein-protein
interactions in signal transduction. A growing family of proteins with ubiquitin-binding
domains (UBDs) recognize target proteins when they are attached with specific types of

ubiquitin chains and, thereby, mediate assembly of signaling complexes [124-125].
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1.7.1 Ubiquitylation in IKK-NF-kB Activation
Early studies established Lys48-linked ubiquitylation as a mechanism for inducing

the degradation of negative regulators of NF-kB, such as the NF-kB inhibitor IkBa, but
later work suggested that ubiquitin chains linked through other Lys residues can regulate
the canonical IKK complex by a non-degradative mechanism [127]. The molecular
mechanisms underlying these non-degradative actions of ubiquitin are now being rapidly
uncovered and are leading to new insights into how signal transduction networks, in
general, can be controlled [127].

At the heart of this new knowledge is the discovery that NEMO interacts with linear
Met1-linked ubiquitin dimers [128-129] and that mutations in NEMO that interfere with
ubiquitin binding reduce the activation of the canonical IKK complex [128-130]. Moreover,
four other proteins that possess a ubiquitin-binding domain similar to that found in NEMO
have been identified, namely ABIN1 (A20-binding inhibitor of NF-kB 1), ABIN2, ABIN3
and optineurin (OPTN; also known as NEMO-related protein) [132-134].

Several of these proteins also have distinct key roles in regulating the innate
immune system. The interaction of NEMO with ubiquitin oligomers is crucial for the
activation of the canonical IKK complex, because interleukin-1 (IL-1) or tumour necrosis
factor (TNF) fail to induce robust activation of IKKa and IKKR in cells expressing NEMO
mutations that prevent interaction with ubiquitin chains [129-131].

Although the role of ubiquitination in targeting proteins for proteasome-dependent
degradation have been extensively studied and well-characterized, the critical non-
proteolytic functions of ubiquitination, such as how ubiquitin chains non-covalently binding
to NEMO activate IKK and further involved in cell survival and cancer development are

still unclear[128-130]. Therefore, there are starting to emerge in elucidating the non-
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proteolytic function of ubiquitination signaling in protein kinase activation and its

implications in human diseases.

1.8 IKK, disease and drug development

Gene knock out studies in mice have demonstrated the essential function of all
three IKK subunit in vivo [41,43]. Constitutive IKK activity leads to cancer and results from
acquired mutations of several IKK regulatory proteins, although mutations are mostly
observed in signaling proteins upstream of the IKK complex that affect both pathways
[45]. However, acquired mutations are also observed in the catalytic IKK subunits albeit
rarely. Rare mutations of the IKK subunits identified so far result in reduced IKK catalytic
activity which accounts for immunological disorders. Non-sense IKK2/8 mutations
causing severe combined immunodeficiency (SCID) have also been reported [42]. SCID
are heritable deficiencies of humoral and cell-mediated immunity where lymphocytes
cannot be properly activated. In IKK2-mutated SCID, non-sense mutations result in
truncation of the protein at residues 272, 286 and 432. The kinase domain of IKK2/§ of
the last truncation remains intact whereas it is shortened in the first two. All three
truncations severely block canonical NF-kB activation through TLR and TNFR pathways.
These truncations are expected to completely block IKK2/B activity since the complete
loss of IKK2/B causes premature death in mice [45]. It is possible that the requirement of
IKK2/B might be different in human vs mice.

The gene encoding NEMO is in the X chromosome. NEMO subunit is frequently
mutated in two types of disorders, Anhidrotic Ectodermal Dysplasia, with

ImmunoDeficiency (EDA- ID) and Incontinentia Pigmenti (IP). In EDA-ID patients, always
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males, hemizygous NEMO mutations retains a residual NF-kB activation (hypomorphic
mutations); in female patients, the NEMO mutation is always in a heterozygous state and
can either maintain a residual NF-kB activation (EDA-ID) or its near abolition (IP) [48-49].

Mutations in IKK1/a result in lethal cocoon syndrome, characterized by fetal
encasement and malformations [44]. These relatively unrelated phenotypes in IKK1/a,
IKK2B and NEMO mutants suggest unique subtlety in signal processing by IKK which
may or may not be through targeting NF-kB. Heterozygous mutations in NFKB1A (IkBa
gene) cause autosomal dominant (AD) EDA-ID due to a severe defect in NF-kB p50:RelA
activation by stimuli of canonical pathways including pathogens. Mutations mostly occur
within the N-terminal region encompassing residues 1 to 36. Several are point mutations,
and some are deletion mutant where N-terminal 36 residues are deleted. Surprisingly,
point mutants are more severely defective in NF-kB activation than the deletion mutants
[46-47]. It has also been shown that the mutant proteins are stable; thus, the defect in
NF-kB activation is not due to protein expression or stability.

Targeting constitutively active IKK1/2 with inhibitors for therapeutic purposes has
attracted much attention from both academics and pharmaceutical companies [45]. As of
2013, more than 130 patents have been filed for small molecule inhibitors of IKK activity
[50]. None of these efforts resulted in a clinical success, due to intolerable side effects
upon prolonged treatment with inhibitors. There has been no effort to induce IKK activity
in cases where low IKK activity causes disease. Some of the patients with EDA-ID have
undergone hematopoietic stem cell transplantation (HSCT) [47]. The positive outcome of

HSCT is greater in XL-EDA-ID (NEMO mutations) than in AD-EDA-ID (IkBa mutations).
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1.9 Focus of the dissertation research

The IkB Kinase (IKK) complex is a signaling hub that integrates many diverse cell
signaling inputs and transmits them to downstream effectors including the NF-kB family
transcription factors. The end result of this process is the inducible control over select
response gene expression via transcription factor NF-kB. Signals are processed during
the input-output event in the form of IKK activation from its inactive or resting state to a
state of catalytic activity. However, the precise mechanism through which specific cellular
signaling events serve to activate the protein kinase catalytic activity within the IKK2/(3
subunit of the heterotrimeric IKK complex has remained elusive. What is clear is that the
modulator protein NEMO is required for IKK activation in response to canonical NF-kB
signaling in response to proinflammatory signals. Regardless of extensive efforts in past
years, the mechanism of activation of the IKK complex from its catalytically inactive to the
active form by proinflammatory cytokines or environmental hazards remains unclear.

A key event of canonical signaling is the synthesis of multiple types of poly-
ubiquitin chains- linear (M1-linked), lysine 63-linked (K63) and mixed. These chains could
be linked to adapter proteins including NEMO. NEMO also non-covalently interacts with
high affinity to linear Ub-chain and weakly to K63-lined Ub-chain. Irrespective of the
covalently linked linear Ub-chain, the non-covalent interaction between the linear Ub-
chain and NEMO is essential for the AL phosphorylation of IKK2/B. Different stimuli of
canonical IKK2/f activation pathways may form different kinds of poly-ub chain that are
covalently linked to different adapter molecules giving rise variations in kinetics and
amplitudes of IKK2 activity. The biochemical mechanism of IKK2 activation is largely

unknown.
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In this study, | highlight the progress in my understanding of the molecular
mechanisms by which the binding of ubiquitin to NEMO controls IKK activation through
cell signaling networks and how defects in this process underlie the pathogenesis of
human disease. To this end, | examined biophysical characterization of purified a series
of recombinant human NEMO proteins including full length NEMO, NEMO deletion
variants, and disease-associated point mutant proteins as well as various NEMO:IKK2/3
complexes. Furthermore, | developed a novel inhibitory NEMO-based peptide which
selectively inhibited canonical NF-kB signaling in vitro and in cells and protected mice
from bacterial lipopolysaccharide (LPS)-induced lethality. The inhibitor provides a useful
tool for investigating the biological functions of IKK/NF-kB and a potential candidate for

further development of anti-inflammatory and anticancer drugs.
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CHAPTER TWO

2. Structurally plastic NEMO and oligomerization prone IKK2 subunits define the

behavior of human IKK2:NEMO complexes in solution

2.1 ABSTRACT

The human IkB Kinase (IKK) is a multisubunit protein complex of two kinases and
one scaffolding subunit that controls induction of transcription factor NF-kB activity. IKK
behaves as an entity of aberrantly high apparent molecular weight in solution. Recent X-
ray crystallographic and cryo-electron microscopy structures of individual catalytic
subunits (IKK1/a and IKK2/B) reveal that they are both stably folded dimeric proteins that
engage in extensive homo- oligomerization through unique surfaces that are required for
activation of their respective catalytic activities. The NEMO/IKKy subunit is a
predominantly coiled coil protein that is required for activation of IKK through the
canonical NF-kB signaling pathway. Here | report size-exclusion chromatography, multi-
angle light scattering, analytical centrifugation, and thermal denaturation analyses of full-
length and mutated recombinant human NEMO. | observe that NEMO is predominantly a
dimer in solution, although by virtue of its modular coiled coil regions NEMO exhibits
complicated solution dynamics that causes it to behave as a significantly larger sized
particle. Analyses of NEMO in complex with IKK2/B indicate that NEMO preserves this
structurally dynamic character within the multisubuit complex and provides the complex-
bound IKK2/3 further propensity towards homo-oligomerization. These observations

provide critical information on the structural plasticity of NEMO subunit dimers which
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helps clarify its role in diseases and in IKK regulation through oligomerization-dependent

phosphorylation of catalytic IKK2/B subunit dimers.

2.2 INTRODUCTION

Induction of transcription factor NF-kB in response to diverse environmental
challenges and intracellular stresses requires activation of the IkB Kinase (IKK) [51-52].
Human IKK is a multisubunit complex that consists of two highly similar kinase domain-
containing proteins known as IKK1/IKKa and IKK2/IKKB as well as a necessary
scaffolding subunit referred to as NF-kB Essential Modulator or NEMO/IKKy (hereafter
referred to as IKK1/a, IKK2/B, and NEMO, respectively) [53-54]. IKK was discovered
biochemically as the only cellular activity in TNF-a-induced HelLa cell cytoplasmic extracts
that could selectively phosphorylate the NF-kB inhibitor protein IkBa at serines 32 and 36
[55-57]. Early characterization of active IKK via size-exclusion chromatography (SEC)
revealed that it behaves in solution as a 700-900 kDa complex [56-58]. While this
suggests the presence of multiple copies of IKK1/a (85 kDa), IKK2/p (87 kDa), and/or
NEMO (48 kDa), the precise number and arrangement of individual subunits in the
functional IKK complex has been a matter of debate. Furthermore, the molecular
mechanism by which IKK becomes active in response to a plethora of distinct cellular
stimuli has also remained unclear. Detailed knowledge of the IKK activation mechanism
to a level that can guide discovery of novel targeted therapeutic strategies requires a
clearer understanding of the assembly and solution dynamics of IKK subunits.

Independent structural models for IKK1/o. and IKK2/B subunits as well as analyses
of their respective behavior in solution have emerged from experimental biophysical

studies on purified, individual IKK subunit proteins. The X-ray crystal structure of nearly
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full-length IKK2/B revealed it to be a stably folded homodimer [59-61]. IKK2 dimerization
is mediated by interaction through its C-terminal scaffold dimerization domain (SDD) that
exhibits hinge-like properties and, consequently, supports considerable variation in the
distance between N-terminal kinase domains (KD) of IKK2/B homodimers. Engineered
deletion of the distal portion of the SDD that mediates dimerization resulted in a stable
monomeric version of IKK2/3 that preserves its structure and catalytic specificity towards
the IkBa substrate protein [62]. Interestingly, IKK2/B dimers demonstrate a propensity
toward higher order oligomerization in solution. Structure-based scanning mutagenesis
of residues from different areas on the surface of the KD that stabilize the “open”
conformation of IKK2/B homodimers observed in some crystal structures implicated these
surfaces as necessary for converting inactive IKK to its active state [60]. The hallmark of
active IKK in response to canonical NF-kB signaling is the phosphorylation of serines 177
and 181, within the activation segment of the IKK2/B subunit kinase domain [63]. As with
many protein kinases, phosphorylation within this region serves to arrange active site
residues so that they are capable of supporting transfer of the gamma-phosphate from
ATP to substrate proteins [64]. Structural studies of IKK1/a revealed that it adopts a
similar homodimeric structure to IKK2/ and also tends toward self- association in solution
[65]. However, IKK1/a. oligomerization involves unique amino acid residues that map to
different surfaces than those required for IKK2/@ self-association. Mutation of these
residues was sufficient to disrupt key steps in alternative NF-kB signaling, which is
mediated through the catalytic activity of IKK1/a [65-67].

NEMO is an integral component of multisubunit IKK complexes that is required for

canonical NF-kB signaling through IKK2/3 [68-69]. The precise mechanism by which
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NEMO serves to integrate diverse signaling inputs to yield phosphorylation-dependent
activation of IKK2/B remains unknown. However, it is clear that inducible formation of
polyubiquitin chains plays a vital upstream role in this process [70].

NEMO was predicted from its amino acid sequence to be a primarily coiled coil
(CC) protein with a zinc finger domain at its extreme C-terminus [53, 71]. Although no
structure for the full-length protein is known, X-ray crystal structures of several segments
conform with this prediction. An N-terminal region spanning residues 49-109 in human
NEMO has been shown to mediate the principal interaction with the C-terminal NEMO
binding domain (NBD) in catalytic IKK2/ and IKK1/a subunits [72-73]. X-ray crystal
structures of this kinase binding domain (KBD) portion in NEMO in complex with residues
705-743 from the C-terminus of IKK2/3 and in its free form revealed the KBD to be a
dynamic CC homodimer that can open slightly to accommodate binding of the catalytic
subunit [74- 75]. Three-dimensional structures of several other segments of NEMO
include the vFLIP binding CC1 spanning residues 192 to 252 [76], the CC2 at residues
263-333 (also commonly referred to as CoZi or UBAN) that binds to linear diubiquitin and
the HOIP linear ubiquitin assembly complex (LUBAC) subunit NZF1 domain [77-80], a
Pro-rich segment (residues 388-393) that binds the CYLD deubiquitinase (DUB) [81], and
ubiquitin-binding C-terminal Zn finger domain (residues 394-419) [82].

NEMO is encoded by an X-linked gene and NEMO dysfunction due to point
mutations or deletions is often associated with the inherited diseases incontinentia
pigmenti (IP) and ectodermal dysplasia anhidrotic with immunodeficiency (EDA-ID) [83].
The severity of EDA-ID and IP is highly variable among patients and depends upon the

specific NEMO mutation. Whereas functional defects arising from some mutations can be
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readily explained, such as disruption of ubiquitin chain binding or NEMO ubiquitylation,
the mechanisms through which many NEMO mutations confer disease phenotypes are
not known.

Despite the direct observation of multiple homodimeric CC regions, the structure
and oligomerization state of full-length human NEMO in solution remains a point for
discussion. Early attempts at studying NEMO oligomerization via diverse methods
including chemical crosslinking, sedimentation, and chromatography suggested various
oligomeric states for NEMO in solution including monomer, dimer, trimer, and tetramer
[71, 84-86]. The lack of clarity surrounding the solution behavior of NEMO is exacerbated
by the aforementioned observation that multisubunit IKK complexes are routinely purified
from cells with an apparent mass of 700-900 kDa.

In this study | used current structural understanding of individual IKK subunit
proteins to engineer recombinant full-length, deletion mutant, and disease-linked point
mutant human NEMO proteins. Purified NEMO protein constructs both independently and
in complex with recombinant IKK2/B subunit homodimers were subjected to experimental
biophysical approaches to characterize their oligomerization state and solution behavior.
Size-exclusion chromatography coupled with multi-angle light scattering (SEC-MALS)
and analytical ultracentrifugation (AUC) measurements clearly indicate that full-length
human NEMO assembles predominantly as a homodimer. Some, but not all, of the
truncated fragments and many disease-linked single residue mutant NEMO proteins
exhibit defects in dimerization. In association with IKK2/B, the resulting IKK2:NEMO
complexes form homodimer:homodimer tetramers that exhibit an even greater tendency

toward higher order oligomerization than has been observed previously with human
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IKK2/B homodimers alone. The NEMO truncation mutants and disease-linked mutants

studied here assemble with IKK2/B in a manner similar to the full-length NEMO.

2.3 MATERIALS AND METHODS
2.3.1 Recombinant plasmid and baculovirus preparation

Full-length human NEMO and deletion mutants (NEMO™'1°, NEMO™-13°, NEMO
210 NEMO"250, NEMO'280, NEMOQ'-365, NEMQ'""-250 and NEMQ?2%0-36%) were subcloned
individually into the Ndel and BamHlI restriction sites of the pET15b vector in frame with
an N-terminal hexahistidine tag. For site-directed mutagenesis, all substitutions of seven
mutations causing EDA-ID in males and three that cause IP in females mapped within the
IVD and CC1 regions (110-250) were generated within the pET15b plasmid harboring
wild-type NEMO (Table 1). Ten single amino acid substitutions, NEMOP3N NEMQR23W,
NEMOQV146G, NEMOL153R NEMOQ'57P, NEMOA162P. NEMOR'736. NEMOR!73Q, NEMOR175P
and NEMO%?"P were prepared by PCR with base changes incorporated in the
oligonucleotide primers (Table 2). Human IKK2/B cDNA was graciously provided by the
laboratory of M. Karin (School of Medicine, UC, San Diego). Full-length IKK2/3 (amino
acids 1-756) was amplified by PCR and cloned in pFastBacHTb (Invitrogen) vector within
BamHI and Notl sites in frame with an N-terminal hexahistidine-TEV cleavage site tag.
Recombinant baculovirus production, amplification, and titer optimization were carried out

in Sf9 insect cell suspensions (Figure 5).
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Table 1. Oligonucleotides used to make full-length and truncated NEMO

Constructs

NEMO construct

primer sequence

NEMO ™t

NEM0250-365
NEMO111-253

NEMO1-110

NEMO1-1 30
NEMO1 -210
NEMO1-250
NEMO1-280
NEMO1-365
NEMO™-

Ndel_F
Ndel_F
Ndel_F
BamHI_R
BamHI_R
BamHI_R
BamHI_R
BamHI_R

BamHI_R
BamHI_R

GTCATCCATATGAATAGGCACCTCTGGAAGAGC 3’

GTCATCCATATGGTGGGCAGTGAGCGGAAG 3’

GTCATCCATATGAAGCTCGATCTGAAGAGGCAG 3’

GTAATCGGATCCTTATCACTCCAGGCCGAGTCTCTCCACCAG 3’

GCGCATGGGATCCTCATCTCTTCAGGTGCTCCAC 3’

CGGGATCCCTACTCCACGCTCTGGCCCTG 3’

GTAATCGGATCCTTATCACTCACTGCCCACCACG 3’

CAATACGGATCCTTATCAATCGATCACCTCCTGTTTGG 3’

CAATACGGATCCTTATCACTGGGAGACCTCGAC 3’

GTAATCGGATCCTTATCACTCAATGCACTCCATG 3’
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Table 2. Oligonucleotides used to disease causing single point mutants of
NEMO

NEMO mutant primer sequence

NEMO D113N F 5’ GGAGAAGCTCAATCTGAAGAGGCAG 3’
NEMmo D113N R 5’ AGGCCGAGTCTCTCCACC 3’
NEMOR1Z3W F 5’ GCAGGCTCTGTGGGAGGTGGAGC 3’
NEMOR1Z3W R 5’ TCCTTCTGCCTCTTCAGATCGAGCTTC 3’
NEMO V146G F 5’ GAAAGCCCAGGGGACGTCCTTGC 3’

NEMO V146G R 5’ ACAGAGGCCTTGTCCTCAGC 3'

NEMO L153R F 5’ GCTCGGGGAGCGGCAGGAGAGCC 3

NEmo H193R R 5’ AAGGACGTCACCTGGGCTTTCACAG 3’
NEMOQ157P F 5’ GCAGGAGAGCCCGAGTCGCTTGG 3’
NEMO Q157P R 5’ AGCTCCCCGAGCAAGGAC 3’

NEMO A162P F 5’ TCGCTTGGAGCCTGCCACTAAGG 3
NEmO A162P R 5’ CTCTGGCTCTCCTGCAGC 3’

NEMo R173¢ F 5’ TCTGGAGGGTCAAGCCCGGGCGG 3
NEMo R1736 R 5’ GCCTGGCATTCCTTAGTGG 3’

NEMo R173Q F 5’ TCTGGAGGGTCAGGCCCGGGCGG 3’
NEmo R1734 R 5! GCCTGGCATTCCTTAGTGGCAGCC 3’
NEMmo R175P F 5' GGGTCGGGCCCCGGCGGCCAGCG 3
NEMmo R175P R 5’ TCCAGAGCCTGGCATTCCTTAGTGGCAGC 3’
NEMoO -227P F 5' GAAGAGGAAGCCAGCCCAGTTGCAGGTGGC 3’
NEMmo -227P R 5' TCCTCCGAGGCGGCCTGG 3’

33



2.3.2 Protein expression and purification

All His-tagged NEMO proteins were expressed in BL21 (DE3) cells. 1 L cultures
in LB media with 100 ug/mL ampicillin were grown at 37°C to OD600 of 0.2 before
induction with 0.2 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) (Biobharati) and
stirring at 150 rpm for 22°C for 16 hours. Cells were harvested by centrifugation at 3,000
x g for 10 minutes (Beckman Coulter) and cell pellets were lysed by sonication (VWR
Scientific) on ice in 200 mL of lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl, 10%
w/v glycerol, 10 mM imidazole, 0.2% TritonX, 1 mM PMSF, and 5 mM 3-mercaptoethanol).
Lysates were clarified by centrifugation at 15,000 rpm for 45 minutes. Supernatants
containing soluble proteins were then applied to a 1 mL Ni NTA-Agarose (Biobharati)
column that was preequilibrated with lysis buffer. Bound proteins were washed with 25
mL wash buffer (lysis buffer with 30 mM imidazole) and eluted in 10 mL elution buffer
(lysis buffer containing 250 mM imidazole).

Sf9 insect cells from 1 L suspension cultures were harvested by centrifugation at
3,000 x g for 10 minutes at 4°C and lysed by sonication in 100 mL of lysis buffer (25 mM
Tris-HCI, pH 8.0, 200 mM NaCl, 10 mM imidazole, 10% w/v glycerol, 5 mM -
mercaptoethanol). The lysate was clarified by centrifugation at 18,000 rpm for 45 minutes
at 4°C. Pre-equilibrated Ni NTA-Agarose resin was added at a ratio of 1 mL of resin
slurry/liter of lysed cell culture and the mixture was incubated on a rotator at 4°C for 3
hours. The Ni beads were pelleted at 1,000 rpm for 2 minutes in a swinging bucket
centrifuge rotor. Supernatant was carefully decanted and the protein-bound resin was
resuspended with wash buffer (lysis buffer containing 30 mM imidazole) and incubated at

4°C on a rotator for 2 minutes. The Ni beads were pelleted again and decanted (wash
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1). This was repeated until the last wash fraction contained 0.01-0.1mg/mL of protein
(Bio-Rad Protein Assay). Elution buffer (lysis buffer containing 250 mM imidazole) was

added, and eluted fractions were collected and stored in -80°C.
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Figure 5. Recombinant baculovirus expression system in infected sf9 cells.

This is workflow for IKK1/a or IKK2/B baculovirus expression process. An expression vector pFast
Bac with gene of interest is translocated into a baculovirus shuttle vector (bacmid) by helper
plasmid. Translocation of IKK gene is checked by blue/white screen depending on whether
containing beta galactosidase and agarose gel electrophoresis. Bacmid with gene is transfected
in insect cells then undergoes amplification for producing P1, P2, and P3 viruses. Virus infection
is verified by western blot and then proceeded to large scale cell culture and purified by Ni affinity
chromatography.
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2.3.3 Size-exclusion chromatography

To investigate the degree of self-association, all purified individual NEMO and
IKK2/B proteins as well as NEMO:IKK2 complexes were subjected to gel filtration with a
Superose6 Increase10/300 GL size-exclusion column (GE Healthcare) on an NGC™
Liquid Chromatography System (Bio-Rad). The column was equilibrated in a buffer with
25 mM Tris-HCI, pH 8.0, 250 mM NaCl, 2 mM DTT, and 5% glycerol at a flow rate of 0.2
mL/min at 22°C. Molecular weight standards used are as follows: thyroglobulin, 670 kDa;
gamma-globulin, 158 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; vitamin B12, 1.4 kDa
(Bio-Rad). The calibration standard data fit to the function:

Apparent Molecular Weight(Ve) = 0.0101Ve? + 00307 Ve + 3.6298

where VE is the measured elution volume of the protein. Peak fractions were analyzed by
SDS-PAGE.
2.3.4 Size-exclusion chromatography-multi-angle light scattering analysis

Size-exclusion chromatography coupled multi-angle light scattering (SEC-MALS)
was performed on an Agilent Technologies 1200 Series HPLC chromatography system
equipped with a miniDAWN TREOS MALS detector and an Optilab TrEX differential
refractive index detectors (Wyatt Technology). The SEC-MALS system was calibrated
with bovine serum album. An aliquot of 100 pl each sample was centrifuge-filtered prior
to being loaded onto a Superose6 increase10/300 GL size-exclusion column (GE Life
Science) and eluted in a buffer containing 25 mM Tris-HCI, pH 8.0, 250 mM NaCl, 2 mM
DTT, and 5% glycerol at a flow rate of 0.4 mL/min at 22°C. Absorbance was measured

at 280 nm, and the MW was determined from the Raleigh ratio calculated by measuring
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the static light scattering and corresponding protein concentration of a selected peak
using ASTRA VI software (Wyatt Technology).
2.3.5 Analytical ultracentrifugation analysis

Sedimentation velocity experiments were performed in a ProteomelLab XL-I
(Beckman Coulter) analytical ultracentrifuge. NEMO and NEMO:IKK2 complex were
purified and prepared as previously described. Protein samples at a concentration of 0.4
mg/mL in SEC buffer containing 1 mM TCEP were loaded in two-channel cells and spun
in an An-50 Ti 8-place rotor at 30,000 rpm at 21°C for 16 hr. Absorbance at 280 nm was
used for detection. Sedimentation velocity data were analyzed using Sedfit software [88].
2.3.6 Thermal stability analysis

Thermal melting experiments of NEMO and truncated mutants (NEMO'°,
NEMO™130, NEMQO'™210, NEMQ'2%0, NEMQ'™365, NEMQ?2%0-365 NEMO?%%-41% and single
point mutants NEMOP'3N NEMOV146G, NEMOL153R, NEMO®157P NEMOA62P NEMOR73C,
NEMOR'73Q NEMOR'75P 'and NEMO?2"P were performed using a Tycho NT.6 instrument
(NanoTemper Technologies). In brief, the samples were loaded as duplicates and heated
in a glass capillary. While heating, the thermal unfolding profiles by internal fluorescence
at 330 nm and 350 nm were recorded. Data analysis, data smoothing, and calculation of
derivatives were done using the internal evaluation features of the NT.6 instrument.
2.3.7 CD spectroscopy

Coiled-coil character and construct stability were assessed by circular dichroism
(CD) spectroscopy. CD data were collected on an Aviv 420 instrument using a 2 mm
path-length cuvette. NEMO samples were analyzed at 4.6 uM in buffer containing 20 mM

potassium phosphate pH 7.8 and 150 mM NaF. CD spectra measurements were
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performed from 190 to 280 nm at 20°C and the mean residue ellipticity was calculated
from the raw signal. The degree of alpha-helical content was detected from the ratio of
ellipticity at 222 nm to 208 nm. Thermal melting curves were obtained through variable
temperature scans at fixed wavelength (222 nm) from 10°C to 85°C at a 2°C/minute ramp
rate. The melting temperature (Tm) for each protein was estimated from the maximum of
a plot of the first derivative of ellipticity against temperature. Helical content was
estimated from the CD spectra using a method “beta-structure” through the BeStSel

server [96].

2.4 RESULTS
2.4.1 NEMO exhibits complicated solution behavior

Previous attempts at determining the three-dimensional structure of full-length or
nearly full-length human NEMO proteins have thus far not met with success. Therefore,
in support of my efforts to characterize the size and oligomerization state of NEMO in
solution, | generated a simplistic model of NEMO combining existing structural knowledge
of its parts and secondary structure prediction algorithms [87]. My model contains an
undefined N-terminal region composed of amino acids 1-48 and an enigmatic intervening
domain (IVD) between residues 110-194, that is predicted to be entirely alpha-helical, in
addition to regions defined structurally in previous studies (Figure 6).

| engineered DNA expression plasmids encoding full-length and fragments of
NEMO and expressed each of them separately in E. coli as N-terminal poly-histidine
fusion proteins. Some of the NEMO fragments were designed to begin and/or end within

suspected CC domains. These include the NEMO'™'30 NEMO'™2'% and NEMOQ'™2&
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protein fragments, where superscript numbering reflects amino acids of human NEMO.
NEMO'38% is a curious case since the structure of the segment bracketed by the CC2
domain (ends at residue 337 in crystal structures) and Pro-rich region (begins at residue
375) is not known, but the Jpred 3 secondary structure prediction algorithm describes the
whole of 259-360 as alpha-helical. The resulting recombinant proteins were purified to
near homogeneity by nickel affinity and size-exclusion chromatography (SEC) (Figure
6C). When the apparent molecular weight of each recombinant NEMO protein was
determined by analytical scale SEC using as calibration a standard set of globular
enzymes, all were observed to elute as particles many times larger than that of any
individual NEMO protein (Figure 6D; Figure 7; Table 3). This behavior is reflected in the
endogenous multisubunit IKK complex that also exhibits high molecular weight by SEC
[58, 60]. As SEC provides a measure of hydrodynamicity of a particle, and not a true
measure of protein molecular weight, it is not clear from these analyses whether NEMO

runs as a large oligomer, as an extremely elongated molecule, or some combination.
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Figure 6. Recombinant full-length human NEMO protein and deletion constructs.

A) and B)Two-dimensional structural diagram of human NEMO protein. Portions of known
structure are shaded grey and known or suspected helical regions are depicted as cylinders. The
linear structure is divided into seven segments (numbered above): 1-An amino-terminal segment;
2-the kinase binding domain (KBD) that interacts through noncovalent association with the C-
terminal NEMO-binding domain (NBD) of either IKK1 or IKK2; 3) an enigmatic intervening domain
(IVD) that is predicted to be helical (dashed cylinder); 4) the first of two colied coil regions (CC1)
that has been shown to interact with viral protein vFLIP; 5) a second coiled-coil (CC2) that
associates with the HOIP protein of the LUBAC complex and linear ubiquitin; 6) a linker that ends
in a Pro- rich sequence; 7) a zinc finger motif that has been shown to interact with ubiquitin.
Approximate amino acid numbering (1-419) is given at each segment border. B) Coomassie-
stained SDS-PAGE analysis of recombinant full-length (lane 2) and deletion mutant human
NEMO proteins (lanes 3-10). C) Analytical SEC chromatograms of full-length NEMO (solid line)
and NEMO deletion constructs NEMO?*%3% (dotted line) and NEMO™'""° (solid line with hollow
circles) overlaid on calibration standard (solid line with filled squares) with known MW of standard
proteins labeled in kilodaltons (kDa).
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Figure 7. Analytical-scale size exclusion chromatography (SEC) chromatograms of NEMO
full length and deletion proteins.

A) Full length NEMO. The peak elution volume corresponds to 722 kDa, when determined from
a calibration curve generated by a set of standard, globular proteins (see Materials & Methods for
details). Each His-tagged full length NEMO protein is 50 kDa (the molecular weight of individual
proteins is given in parentheses). Similar data are presented for: B) NEMO'*%, C) NEMO'-%¥°,
D) NEMO"° E) NEMO'?'" F) NEMO"'3°, G) NEMO'""°, H) NEMO""?%°, and 1) NEMQ?%%-3¢5,
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Table 3. Apparent molecular weight of human NEMO and NEMO deletion proteins by
size exclusion chromatography

Protein MW of monomer (kDa) Elution vol. (mL) Apparent MW (kDa)

NEMO 50.2 10.39 721.9
NEMOQ'"365 44 4 10.90 481.4
NEMOQ'"-28 34.6 11.98 353.2
NEMOQ'2%0 31.2 12.15 325.0
NEMOQ'2"0 26.3 12.93 217.9
NEMOQ™"1%0 17.4 15.01 65.3
NEMO™"0 14.9 15.54 46.5
NEMQ"1-2%0 18.5 14.78 75.4
NEMQ?50-365 13.8 14.68 80.2
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2.4.2 Full-length human NEMO is a dimer in solution

In order to determine the shape-independent molecular weight of NEMO in solution,
| employed size-exclusion chromatography coupled with multi-angle light scattering
(SEC-MALS). Experiments performed at 60 uM protein concentration revealed an
average molecular weight of 95.0 kDa, a value that was in close agreement with the
calculated mass of 96.4 kDa for a NEMO homodimer (Figure 8A). This value varies
significantly from the observed molecular weight of >700 kDa estimated from the elution
volume of NEMO by SEC alone. This discordance suggests that the shape of the NEMO
dimer in solution is extremely elongated rendering it to appear as a globular
hydrodynamic particle of significantly larger mass.

In order to obtain an independent measure of its oligomerization state in solution,
| next performed sedimentation velocity analytical ultracentrifugation (AUC) experiments
on NEMO under conditions of protein concentration and buffer solution that were identical
to that used in the SEC-MALS experiments. Data were analyzed by Sedfit [88]. The C(S)
distribution of different NEMO species in solution was dominated by one peak (nearly
80% of total protein) with apparent molecular weight (MW) of 96 kDa, which is once again
suggestive of a NEMO homodimer (Figure 8B). A major axis ratio of 31.4 for this particle
indicates that the NEMO dimer is a highly elongated particle in solution. | also observed
two minor species (roughly 10% each) with apparent MW of 217 kDa and 477 kDa, that
are consistent with NEMO tetramers and octamers, respectively, though it is also possible
that these larger species represent the beginning of nonspecific aggregation. Taken
together, these SEC-MALS and AUC data strongly indicate that NEMO exists

predominantly as an abnormally elongated homodimer in solution.
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Figure 8. Shape-independent size determination of full length human NEMO in solution.
A) Size exclusion chromatography with multi-angle light scattering (SEC-MALS) analysis.
Determined molecular weight is given in kilodaltons (kDa) with percent error in measurement.
Calculated molecular weight of the His-tagged monomer is given in parentheses in this and all
other figures reporting SEC-MALS data. B) Analytical ultracentrifugation (AUC) sedimentation
velocity measurement data for full length NEMO. Peaks are assigned to a percentage value
(fraction of total protein detected) and approximate molecular weight.
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2.4.3 NEMO dimerization stability is affected by deletion of structured elements

| next analyzed several NEMO deletion mutant proteins by SEC-MALS to
determine their respective sizes in solution. These experiments were repeated multiple
times and with different protein preparations. NEMO''19, NEMO'-2%0, NEMQ?%°-365 and
NEMO'"1-2%0 yielded particles of 30, 69, 30, and 35 kDa, respectively (Figure 9A-D). Each
of these measurements agrees well with mass of dimeric forms (28, 62, 32, and 36 kDa,
respectively). Interestingly, NEMQO'"36% appeared as a trimer and NEMO''30 exhibited
significant amounts of high MW species in addition to a clear dimeric species (Figure
9E,F). These results suggest that disruption of NEMO by deletion of parts from either end
can drastically influence its propensity to associate into higher order oligomers. This idea
was corroborated by two additional protein fragments, NEMQO'"21© and NEMO'-22°, which
behave in solution as 377 and 140 kDa particles, respectively (Figure 10). Thus, it
appears that disruption of NEMO within a particular structured element, rather than at
borders of an element, hinders self-dimerization and leads to its stabilization through
alternative modes of oligomerization. These observations point to a complex mode for
NEMO dimerization in which multiple elements can interact but do so in a manner that is
influenced strongly by their flanking regions.

To test the folding stability of NEMO and NEMO deletion mutant proteins, |
performed nano differential scanning fluorimetry (nanoDSF) measurements. Under this
approach kinetics of temperature-dependent protein unfolding can be rapidly monitored
in solution by measuring fluorescence intensity simultaneously at two different
wavelengths, 330 and 350 nm. Changes in fluorescence intensity and shift of the

fluorescence maximum indicate protein unfolding at the apparent melting temperature
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(Tm). By this method | found NEMO?59-365 to be the most stable of all NEMO proteins
tested (Figure 9G). This construct corresponds generally to CC2 (Figure 6A). Increased
thermal stability of this fragment relative to full-length NEMO suggests that either one or
both flanking regions destabilize self-dimerization of CC2. NEMO'™2%5, in particular,
appears less stable than NEMO?2%0-365 suggesting that the IVD negatively affects the
dimerization stability of CC2. | failed to detect a major folding transition for NEMO'-219,
NEMO™3° and NEMO'™"® by nanoDSF suggesting these are kinetically unstable
segments.

In order to experimentally investigate the nature of the NEMO IVD, secondary
structure of the NEMO'-2'9 protein was analyzed in solution under equilibrium conditions
by circular dichroism (CD) spectroscopy. This fragment was found to be even more
alpha-helical and slightly more thermally stable than the full-length NEMO (Figure 9H,I).
The combined thermal stability data reveal several key properties regarding NEMO in
solution. First, the NEMO IVD indeed appears to exhibit alpha-helical secondary structure
as predicted, though it is kinetically unstable. Second, this portion promotes self-
dimerization of NEMO while also serving to weaken the stability of dimerization through
CC2. Finally, full-length NEMO exhibits relatively low native thermal stability in solution
with T ~47°C. Therefore, it is possible that rapid association and dissociation of NEMO
coiled coils could serve in part to explain the observed complex behavior of NEMO in

solution.
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Figure 9. Analysis of NEMO deletion mutants in solution.

A) SEC-MALS analysis of NEMO™', B) NEMO'2%, C) NEMO'"'®, D) NEMO™"®, E) NEMO™™
250 and F) NEMO?%3%>_ G) NanoDSF analysis of deletion mutant NEMO proteins. Each colored
line represents measurement of the NEMO protein construct indicated. H) Circular dichroism
(CD) spectroscopy of full-length NEMO (black line) and NEMO"?'° (red line). 1) Temperature-
dependent CD signal at 222 nm of full-length NEMO (black) and NEMO'2'* (red).
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2.4.4 Disease-linked NEMO point mutations affect its solution behavior

Consistent with a complicated functional mechanism for NEMO, the severity of
symptoms in patients with EDA-ID and IP is highly variable and dependent upon which
specific mutations are present in NEMO. Using the same approach as | employed for
generating recombinant full-length and deletion NEMO proteins, | prepared ten NEMO
single amino acid mutant proteins: D113N (IP), R123W (IP), V146G (IP), L153R (EDA-
ID), Q157P (EDA-ID), A162P (EDA-ID), R173G (EDA-ID), R173Q (EDA-ID), R175P
(EDA-ID), and L227P (EDA-ID). Nine of these map to the IVD and the abbreviation for
the disease associated with each of these mutations is given in parentheses after the
mutation. Analysis via SEC-MALS (Table 2) revealed that the D113N and L153R mutants
are dimers at 60 yM concentration similar to NEMO of native sequence (Figure 11A,B).
Oddly, the R123W mutant was observed at 130 kDa, which is smaller than a trimer but
larger than a dimer (Figure 11C). Each of the proline mutants, Q157P, A162P, R175P,
and L227P, exhibited varying degrees of higher order oligomerization relative to the wild-
type NEMO (Figure 11D-G).

| then tested the folding stability of the disease-linked mutant NEMO proteins by
nanoDFS and found that the mutants can be classified into two groups based on their
thermal stability. The D113N, V146G, L153R, and R173Q mutants each exhibit major
unfolding transitions at temperatures similar to the wild-type NEMO, whereas Q157P,
A162P, R173G, and R175P exhibit numerous small transitions across a broad range of
temperatures (Figure 11H). Interestingly, L227P demonstrated no unfolding transition
whatsoever across the entire temperature range tested suggesting it is highly kinetically

unstable. | measured the secondary structure of the L227P mutant in solution by CD
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spectroscopy and found that it displays alpha-helical structure to a similar degree as wild-
type NEMO (Figure 111). | note that the disease-linked mutant NEMO proteins display
elevated MW in solution by SEC-MALS also fail to undergo the thermally induced ~47°C
structural transition characteristic of wild-type NEMO. It is possible that the inability of
these mutants to readily dissociate from one another in solution is linked to their

association with diseases such as IP and EDA-ID.
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Figure 11. Analysis of disease-linked NEMO point mutants in solution.

A) SEC-MALS analyis of NEMOP'N  B) NEMO''**R, C) NEMOR'#W D) NEMO®"®, E)
NEMOA'%?" 'F) NEMOR'"* and G) NEMO?**3¢, H) NanoDFS analysis of disease-linked mutant
NEMO proteins. Each colored line represents measurement of the NEMO mutant protein
indicated. 1) Circular dichroism (CD) spectroscopy of full length wild type NEMO (black line) and
NEMO"?"" (red line). J) Coomassie-stained SDS-page gel analysis from SEC fractions for
individual NEMO single point mutant.
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Table 4. Molecular weight of full length human NEMO proteins measured in
solution by SEC-MALS

single point mutant concentration MW by SEC-MALS (kDa)
hNEMOP 113N 60 uM 104.4 (4.4%)
hNEMOR123W 60 uM 129.7 (5.1%)
hNEMO"'23R 60 uM 104.0 (3.8%)
hNEMO@157P 60 uM no specific peaks
6 uM 130.4 (8.0%)
hNEMO”162P 60 uM 336.1 (4.0%)
6 uM 194.0 (8.0%)
hNEMOR17P 60 uM 159.2 (2.8%)
6 uM 158.9 (6.0%)
hNEMO-227P 60 uM 1792.1 (0.7%)
6 uM 193.0 (7.0%)
3 uM 103.6 (9.2%)
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2.4.5 Binding to NEMO and its effect on the propensity of IKK2 to oligomerize

In order to observe the solution behavior of NEMO within the context of a
multisubunit IKK complex, | combined our NEMO proteins with purified full-length IKK2
subunit proteins generated by recombinant baculovirus infection of Sf9 insect cell
suspension cultures [89]. As described previously, NEMO and IKK2 are known to
associate through noncovalent interaction between the KBD in NEMO (residues 49-109
in human NEMO) and the NEMO binding domain (NBD) of IKK2 (human IKK2 residues
705-743) (Figures 6A and 12A,B). Prior to formation of NEMO:IKK2 complexes, |
analyzed IKK2 subunit oligomerization in solution via SEC-MALS and sedimentation
equilibrium AUC (Figure 12C,D). Both approaches identified major peaks that correspond
to homodimers, which agrees with previously reported X-ray crystal structures of nearly
full-length IKK2 proteins [59-61]. | note that AUC also detects measurable amounts of
higher order oligomers at multiples of the homodimer molecular weight. Transient higher
order oligomerization is a signature of IKK2 homodimers in solution [60].

As mentioned previously, multisubunit IKK complexes purified directly from
activated Hela cells behave as 700-900 kDa particles in solution when analyzed by SEC.
In light of the observation that NEMO behaves as an aberrantly large particle by SEC, |
employed SEC-MALS to determine the shape-independent molecular weight of our
NEMO:IKK2 complex preparations (Figure 12E). This revealed an apparent molecular
weight of 303 kDa, which is only slightly larger than what one would expect for a
NEMO:2:IKK22 heterotetrameric complex (calculated MW = 280 kDa). | next analyzed the
complex by AUC sedimentation velocity and observed the major peak at 262 kDa, which

| interpret as corresponding to the NEMO:2:IKK2; heterotetramer (Figure 12F).
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Interestingly, | also observe clear signals that correspond to molecular weights for
NEMO4:IKK24 (heterooctamer), NEMOe:IKK26 (heterododecamer), and so forth. 1KK2
homodimers display a similar propensity to assemble into higher order oligomers in
solution [60]. However, the addition of NEMO to IKK2 appears to strengthen its self-

association into higher order oligomeric assembilies.
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Figure 12. Solution analysis of recombinant full length IKK2 protein and NEMO:IKK2
complex.

A) Domain organization of the IKK2/§ subunit with kinase domain (KD), ubiquitin-like domain
(ULD), and scaffold-dimerization domain (SDD) labeled and human amino acid numbering
indicated. B) Schematic representation of the IKK2/f homodimer depicting the relative
arrangement of domains and homodimerization through the portion of the SDD distal to the KD
and ULD. C) SEC-MALS chromatogram of full length human IKK2/3 protein. D) AUC
sedimentation velocity measurement of full length human IKK2/B in solution. E) SEC-MALS
chromatogram of recombinant IKK2:NEMO complex. F) AUC sedimentation velocity
measurement of the IKK2:NEMO complex.
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2.4.6 Effects of NEMO truncation or mutation on multisubunit IKK complex
formation

| next tested whether NEMO deletion mutants assemble with IKK2/B. For this study,
| were limited to only those mutants that retained the N-terminal KBD, which is known to
mediate a strong association with the C-terminal NBD of IKK2/B. | mixed purified
recombinant IKK2/B in excess with various NEMO deletion mutant proteins and then
analyzed the resultant complexes by SEC-MALS. Most of the mixtures yielded peaks
that correspond to IKK22:NEMO: heterotetrameric complexes (Figure 13A-E). Other than
nonspecific extremely large aggregates that accompanied all NEMO protein preparations,
only NEMQO'"365 of the deletion mutant proteins tested assembled into complexes with
IKK2 that were significantly larger than the heterotetramer. This reinforces what |
observed when studying the NEMO'65 protein alone that deletion within the Pro-rich
linker leaves NEMO prone to self-association, perhaps by leaving CC2 uncapped and
capable of interaction with additional NEMO protein monomers. Finally, these
observations suggest that NEMO could serve to modulate the natural propensity of IKK2
dimers to form higher order oligomers in solution and therefore control activation of
multisubunit IKK complexes.

Finally, | tested whether the EDA-ID disease-associated L227P NEMO mutant
protein would also associate with IKK2/B similar to the truncated NEMO mutants. |
combined NEMO22"P with IKK2/B and analyzed the resultant mixture by SEC-MALS
(Figure 13F). Only a relatively small amount of the mutant protein appeared to associate
with IKK2 in a manner that could be analyzed and the size of the resultant complex was

nearly twenty times the calculated combined molecular weights of NEMO and IKKs
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suggesting that mutation to proline of NEMO at residue 227 strongly induces even higher
order oligomerization of resultant NEMO:IKK2 complexes. Itis possible that the activation
of IKK2/B protein kinase activity that results from such oligomerization is one basis for the

disease pathology associated with this mutation in NEMO.
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Figure 13. Solution analysis IKK2 in complex with mutant NEMO proteins.

SEC-MALS chromatograms of full length human IKK2/B protein in complex with A) NEMO'-3¢°, B)
NEMOQ™2¢° C) NEMO"%*°, D) NEMO'?"°, E) NEMO'"*, and F) NEMO"?*?’". G) Coomassie stained
SDS PAGE gel for various IKK2-NEMO complexes.
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2.5 DISCUSSION

The IKK complex plays critical roles as an integrator of diverse cellular signaling
inputs and as an inducer of select response gene expression via regulation of
transcription factor NF-kB. However, despite many years of intensive investigation, the
precise molecular mechanisms by which inactive IKK complexes switch to become
catalytically active remain poorly understood. That the process culminates with
phosphorylation at two serine residues within the activation segments of catalytic IKK
subunits (serines 177 and 181 in human IKK2/8; 176 and 180 in human IKK1/a) is clear
[63]. The nature and source of this catalytic subunit phosphorylation as well as the
necessary role of the accessory NEMO protein subunit are, at best, only somewhat well
understood.

One major impediment to the study of IKK activation has been a lack of high-
resolution structural models of functional multisubunit complexes. Early characterization
was limited to the observation that active IKK that was either purified as an endogenous
complex from Hela cells or reconstituted through co-expression of individual subunits in
insect cells appeared as a high MW particle within the range of 700-900 kDa [56-58]. This
high MW form of IKK was associated with its activated state until it was firmly established
that both inactive and active forms of IKK appear as similarly large particles in size-
exclusion chormatography and that IKK activation via activation segment phosphorylation
was not associated with significant changes in size of the complex [60]. Detailed X-ray
crystallographic analyses of nearly full-length IKK2/ proteins revealed that they form
well-folded homodimers with a propensity to self-associate as higher order oligomers [59-

61]. Critical questions that remain concern the nature and structure of the multisubunit
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IKK complex and the mechanism by which it is able to become activated in response to
diverse cellular stress signals.

To address these questions and in the absence of any structure for full-length
NEMO, | focused our attention on its stability in solution. In light of the relatively well-
folded structures of the catalytic subunit dimers, | assumed NEMO to be responsible for
the observed large particle size of IKK in solution. This is consistent with original
observations that in cells devoid of NEMO, IKK catalytic subunits were purified as roughly
300 kDa complexes [91]. Three major parts of NEMO, the KBD, CC1, and CC2, that have
been studied by X-ray crystallography all appear as imperfect homodimeric coiled coils
[74-80]. In order to improve understanding of the structure of full-length NEMO and its
influence on multisubunit IKK complex in solution, | have carried out biophysical
characterization via SEC, SEC-MALS, AUC, nanoDFS, and CD spectroscopy on purified
full-length NEMO and a series of NEMO deletion and disease-associated point mutant
proteins as well as various NEMO:IKK2 complexes.

My SEC-MALS and AUC sedimentation velocity experiments firmly establish that
NEMO preferentially forms homodimers of ~100 kDa in solution. When one considers
that the same full-length NEMO homodimers elute from analytical SEC at the same
volume as globular proteins of >700 kDa, it seems clear that NEMO dimers do not exhibit
a compact fold. This conclusion is further corroborated by our sedimentation velocity
analysis of NEMO in solution that fits the ratio of the major axes of NEMO at >30. SEC-
MALS analysis of NEMO deletion mutants revealed that they also form homodimers in
solution, with the important caveat that when deletions are within defined structural

elements that flank CC1 and CC2, aberrantly large and/or mixtures of higher molecular
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weight oligomers were detected. Taken together, these observations lead us to conclude
that rather than assembling as one long homodimer through the additive influence of three
separate coiled coil regions in a long array, the NEMO homodimer is held together
through a mutually regulatory dynamic association/competition between individual
elements. On the basis of our observations, | hypothesize that NEMO residues 110-250,
comprising the IVD and CC1, plays a critical role in this process by modulating the
association of the flanking coiled coil CC2 element (Figure 14). The manner by which the
IVD-CC1 region might accomplish this is not clear. However, in light of structural
prediction and CD data that strongly support alpha-helical secondary structure for this
segment as well as the increased thermal stability | observe for deletion proteins that
contain the central region, | propose that the IVD exerts control over NEMO dimerization
through flanking coiled coil regions, perhaps by competitively adopting its own unique
helical homodimeric structure. In support of such a model, | note that many point
mutations within this region are associated with disease phenotypes and my analysis of
several of these mutant NEMO proteins revealed that they exhibit drastically altered
solution behavior.

Analysis of assembled NEMO:IKK2 complexes in solution both by SEC-MALS and
AUC clearly reveals that although its predominant state is a NEMO2:IKK2; tetramer, it can
also form higher order (NEMO:2:IKK2), oligomers. ltis interesting that C-terminal deletions
to NEMO do not appear to influence the ability of the multisubunit IKK heterotetramer to
assemble so long as the KBD is preserved in NEMO. This might suggest that association
of dynamic NEMO to IKK2/B dimers serves to attenuate whatever influence the IVD exerts

on NEMO structure and dynamics. Of even more interest, however, is that the
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combination of NEMO with IKK2/p does not appear to alter the solution oligomerization
states for either of the separate proteins—both NEMO and IKK2/3 remain as homodimers
In the absence of additional knowledge concerning the surfaces employed by IKK2/3 and,
to a lesser degree, NEMO homodimers to induce oligomerization of multisubunit IKK, it is
challenging to predict how NEMO exerts control over higher order oligomerization of IKK
(Figure 15). It remains to be determined what, if any, functional significance is owed to
higher order oligomerization of NEMO2:IKK2: tetramers in the cell.

The significance of the observed structural plasticity of NEMO is evident from the
involvement of various mutant forms of the protein in disease. As mentioned previously,
NEMO is frequently mutated in two human disorders: Anhidrotic Ectodermal Dysplasia
with Immunodeficiency (EDA-ID) and Incontinentia Pigmenti (IP). Male EDA-ID patients
with hemizygous NEMO mutations retain residual NF-kB activation (hypomorphic
mutations), whereas in female patients the NEMO mutation is always heterozygous
resulting either in maintainence of residual NF-kB activation (EDA-ID) or its near abolition
(IP) [19, 91-92], or in some cases constitutive activation of IKK2/3 [93]. This suggests
that specific mutations impact the control of IKK over NF-kB from particular signaling
inputs [94]. This further reinforces the idea that NEMO responds to different signals in
distinct manners which can be accomplished by modulation over the structural plasticity
of NEMO by its modular coiled coil regions, many of which are capable of dimerization
and association with other factors. | note that similar conclusions were drawn from a
recently published study by Shaffer, et al. [95]. Our observation that many disease-

causing NEMO mutant proteins display altered oligomerization states in solution
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reinforces the idea that NEMO exerts its control over IKK activation by integrating diverse

cellular signals to regulate higher order oligomerization of IKK complexes.
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Figure 14. Schematic of the proposed role of NEMO IVD.

Schematic of the proposed role of NEMO IVD in influencing dimerization of flanking coiled coil
regions of NEMO, which either on their own or through association with additional factors are
capable of dimerization. Abbreviations for individual NEMO structural elements are the same as
in Figure 1A and those elements of known structure are shaded grey.
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Figure 15. Schematic of predicted structure of IKK2-NEMO complex.

A) From SEC, NEMO tself exhibits an elongated larger sized shape as shown MW 14 times
higher than a NEMO monomer but a complex with IKK2 exhibits 8 times higher than a IKK2-
NEMO monomer. From AUC, NEMO itself is significantly an elongated dimer as shown a major
axis ratio of 31.4 but IKK2-NEMO complex is shown a less elongated conformation as a major
axis ratio of 27.2 (IKK2 itself,14.0). IKK2-NEMO complex does not exhibit even much more
elongated shape than NEMO itself. B) Hypothetical model of IKK2-NEMO complex. When NEMO
forms a complex with IKK2 through a primary interaction of KBD-NBD, NEMO might have auto-
inhibited conformation through intramolecular or intermolecular interaction between subdomains
that induce a kinky structure.
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CHAPTER THREE

3. Cytokine-induced Activation of IKK2/8 occurs upon Ub-mediated interaction

with a NEMO segment

3.1 ABSTRACT

Two key events associated with the canonical signaling, switch of the catalytic
state of IKK2/p from inactive to active via AL phosphorylation is the most critical function
of canonical signaling and non-covalent interaction between the linear Ub-chain and
NEMO is essential for the AL phosphorylation of IKK2/3. However, how the interaction
between the Ub-chain and NEMO lead to IKK2/B activation in the response to upstream
events is still remained. In order to improve understanding of the process of IKK2/p
activation induced through NEMO non-covalently linked to linear Ub-chains upon
canonical signaling, this study was discovered a novel interaction of the adapter protein
NEMO with IKK2/B regulated by its association with Ub-chains. The novel interaction
between IKK2 and NEMO was shown as “second site" where Ub-chain binding stabilizes
NEMO dimer leading to its conformational change resulting in the AL phosphorylation of
IKK2. In vitro and In vivo studies, cell-permeable peptides of a short segment of NEMO
targeting the novel interaction selectively inhibited NEMO-mediated IKK2 activation and
consequently blocked NF-kB activation. These findings open a new dimension in search

for a much-needed alternate for IKK regulation and NF-kB regulatory therapy.
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3.2 INTRODUCTION

The transcriptional activity of the NF-kB family of proteins is directly controlled by
actions of two distinct classes of protein factors- IkB kinases (IKK) and the IkB kinase
inhibitors (IkB). In resting cells, NF-kB remains inhibited by IkB through the formation of
stable NF-kB:IkB complexes [51]. This inhibition is relieved by IKK-mediated
phosphorylation of IkB, and its subsequent degradation by the proteasome. There are
two distinct IKK catalytic subunits- IKK1 (also known as IKKa) and IKK2/@3, which are
activated by two distinct signaling pathways leading to the degradation of two different
classes of IkB inhibitors [18]. The canonical activation pathways activate IKK2/3 and the
non-canonical, IKK1/a. The activation of IKK2/3 requires an adapter protein, NEMO (NF-
KB essential modulator), whereas IKK1/a activation requires NF-kB inducing kinase (NIK)
[54]. The kinase domain of IKK contains a pair of serine (Ser177 and Ser181 of IKK2/3)
within the kinase ‘activation loop’ (AL) that undergoes phosphorylation in response to
signaling [55-57]. This phosphorylation is essential for IKK to be catalytically active, thus
marking IKK activation. The switch of the catalytic state of IKK2/@ from inactive to active
via AL phosphorylation is perhaps the most critical function of canonical signaling.
Mutation of these two serine to phosphomimetic Asp/Glu or phospho-resistant Ala convert
IKK2/B to constitutively active or inactive, respectively [18,25-28]. IKK1/a and IKK2/3
share 40 % sequence identity and display a similar domain organization, where in addition
to the kinase domain (KD) they contain a ubiquitin-like domain (ULD), and a long three-
helical bundle domain (SDD) responsible for IKK dimerization (Figure 4) [32-33]. These
three domains interact with each other forming a stable but somewhat flexible structural

core. At the extreme C-termini of IKK1/2, a flexible segment of approximately 85 residues
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strongly interacts with the N-terminus of NEMO, and this interaction is responsible for the
formation of a heterotrimeric ‘IKK complex’, IKK1/a:IKK2/B:NEMO. How this rather poorly
defined IKK complex receives canonical signaling for the activation of IKK2/B is still
unknown. The precise role of IKK1/a within the heterotrimeric complex is also unclear
although it is known that the NF-kB activation potential remains largely intact in cells
devoid of IKK1/a.

Another key event associated with the canonical signaling is the synthesis of poly-
ubiquitin chains of various types - linear (M1-linked), lysine 63-linked (K63), and mixed
[1]. These chains are bound to adapter proteins including NEMO, covalently or non-
covalently. NEMO displays non-covalent interaction with linear Ub-chain with high affinity,
and K63-linked Ub-chain weakly [11, 51]. This non-covalent interaction between the linear
Ub-chain and NEMO is essential for the AL phosphorylation of IKK2/[3, irrespective of the
nature of its covalent linkage to linear Ub-chain [14]. It is generally believed that another
kinase TAK1 - bound to its adapter proteins TAB1 and TAB2 - directly phosphorylates the
AL serines of IKK2/B in response to most, if not all, canonical signaling pathways. Like
NEMO, TAB2 also interact with Ub-chain, thus bring the TAK1:TAB1/2 complex in close
proximity to the IKK1/2:NEMO complex allowing IKK2/B activation [13-17]. This could
constitute a primary mechanism of IKK2/[3 activation although certainly not universal since
IKK2/B can be activated by the specific stimulus of the canonical pathways even in the
absence of TAK1 [12-14,37]. It is possible that different stimuli of canonical IKK2/3
activation pathways generate different poly-Ub chain variants that are covalently linked
to different adapter molecules and render variations in kinetics and amplitudes of IKK2/3

activity. Overall, the biochemical mechanism of IKK2/@3 activation and its regulation is
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mostly unknown. In this report, | investigated the process of activation of IKK2/f induced
upon canonical signaling through linear Ub-chains. Employing a suite of orthogonal
experiments, | discovered a novel interaction of the adapter protein NEMO to IKK
regulated by its association with Ub. Additionally, | unraveled a short segment of NEMO
that mediates this interaction, and can function as a competitive antagonist in trans.
These findings open a new dimension in search for a much-needed alternate for IKK

regulation and NF-kB regulatory therapy.

3.3 MATERIALS AND METHODS
3.3.1 Recombinant Plasmid and Baculovirus Preparation

The full-length human IKK2/3 cDNA clone was graciously provided by the
laboratory of M. Karin (School of Medicine, UC, San Diego). For large-scale purification
and in vitro biochemical assays, full-length human IKK2/3 was cloned in pFastBacHTb
(Invitrogen) vector within BamHI and Notl sites giving rise to an N-terminal hexa-Histidine
tag followed by TEV protease recognition sequence. For site-directed mutagenesis,
codons corresponding to S177 and S181 were mutated to G by the Quickchange
mutagenesis protocol (Agilent) to generate the human IKK2EE clone. Codons
corresponding to K44 was mutated to M by PCR with base changes incorporated in the
oligonucleotide primers. Gene fragments corresponding to human IKK2WT 11-669 and
IKK2EE 11-669 and IKK1WT 10-670 were amplified by PCR and subcloned into
pFastBacHTa or pFastBacHTb. Recombinant baculovirus production, amplification, and
titer optimization were carried out in Sf9 insect cell suspensions as described in Figure 5

[89].
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Full-length human NEMO and deletion mutants (NEMO?250-365, NEMOQ?59-41° and
NEMO™"-419) were subcloned individually into the Ndel and BamHI restriction sites of the
pET15b vector in frame with an N-terminal hexahistidine tag. Methione-linked tetra
ubiquitin chain was subcloned into the BamHI and Notl restriction sites of the pET24D
vector giving rise to an N-terminal hexa-Histidine tag followed by TEV protease
recognition sequence.

Glutathione S-transferases (GST)-NEMO was constructed by subcloning the full-
length cDNA and deletion mutants (NEMO?41-350 NEMOQ?41-375 NEMQ?41-283 NEMQ?41-3%0
NEMO?41-418 and NEMO'"419) into the BamHI and Notl sites of pGEX-4T2 (GE
Healthcare Life Sciences) in frame with an N-terminal GST tag. Codons corresponding to
Q384R385R386 or Q384R385R386S5387P388P389 in N-terminal GST fused NEMO?#'-
419 packbone was mutated to G by PCR with base changes incorporated in the
oligonucleotide primers.

For cellular assays, human IKK2 WT was cloned as a HA-tagged version into pRC
or pPCMV-HA (Clontech) vector. Generated several mutants (total 36; 23 single, 12 double
and 1 triple) of human IKK2/B changed to A or G were prepared by PCR with base
changes incorporated in the oligonucleotide primers. Human NEMOWT was cloned as a
Myc-tagged version into pcDNA-3.1 (Invitrogen). Residues 384 to 386 or 384 to 389 of
the NEMOWT in pcDNA-3.1 were mutated 3 G or 6 G by PCR with base substitutions
incorporated in the oligonucleotide primers.

3.3.2 Cell Culture and Reagents
HelLa, HEK 293T, MEF, and RAW murine macrophage cells were maintained in

Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10% fetal bovine
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serum, 2 mM L-glutamine, penicillin (50 units/ml), and streptomycin (50 npg/ml).
Glutathione agarose beads and Ni-NTA agarose beads were purchased from
BioBharati LifeScience Pvt. Ltd (BBL). Mouse anti-HA antibody was purchased from
BioLegend. Rabbit anti-NEMO, rabbit anti-IKK2, rabbit anti-His, rabbit anti-UB, rabbit anti-
Myc, rabbit anti-y-Actin, rabbit anti-ERK2 were purchased from BioBharati LifeScience
Pvt. Ltd (BBL). Mouse anti p84 was purchased from GeneTex. Mouse anti-GST, rabbit
anti-p65/RelA, and rabbit anti-IKBa. were from Santa Cruz Biotechnology. Rabbit anti-
P100/p52 was a gift from N. Rice (National Cancer Institute, Frederick, MD). Rabbit anti-
Phospho-SAPK/JNK (Thr183/Tyr185), rabbit anti-SAPK/JNK, rabbit anti-Phospho-p38
MAPK (Thr180/Tyr182), rabbit anti-p38 MAPK, rabbit anti- Phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204), and rabbit anti-Phospho-IKKa/B (Ser176/180) were purchased
from Cell Signaling. The horseradish peroxidase - conjugated secondary antibodies
against either rabbit or mouse IgG were from BioBharati or Cell Signaling. Mouse TNF-a
was purchased from BioBharati LifeScience Pvt. Ltd (BBL). LPS was purchased from
Sigma. Mouse LTBR was purchased from Abcam.
3.3.3 Peptides

Based on the affinity binding assay and cell based IKK activity assay, | identified a
minimal sequence of 6 residues that possibly retains the NEMO biological effects in
NEMO-mediated IKK2 activation. |, therefore, designed a 17 aa peptide based on this
sequence conjugated to TAT sequence (NEMO Activation Peptide, NEMOA®"eP) and a
mutant peptide changed to 6 glycine at the 6 targeting aa conjugated with TAT
(MNEMOA®Per) Peptides were synthesized by Bon Opus Biosciences. Peptides were

characterized by matrix-assisted laser desorption ionization mass spectrometry and

73



analytical reverse phase high pressure liquid chromatography analysis. Peptides were
dissolved in 1XPBS to stocks of between 2mM and 10mM.
3.3.4 Protein Expression and Purification

All His-tagged NEMO proteins were expressed in BL21 (DE3) cells. 1 L cultures
in LB media with 100 ug/mL ampicillin were grown at 37°C to OD600 of 0.2 before
induction with 0.2 mM isopropy! B-D-1-thiogalactopyranoside (IPTG) (BioBharati) and
stirring at 150 rpm for 22°C for 16 hours. Cells were harvested by centrifugation at 3,000
x g for 10 minutes (Beckman Coulter) and cell pellets were lysed by sonication (VWR
Scientific) on ice in 200 mL of lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM NaCl, 10%
w/v glycerol, 10 mM imidazole, 0.2% TritonX, 1 mM PMSF, and 5 mM 3-mercaptoethanol).
Lysates were clarified by centrifugation at 15,000 rpm for 45 minutes. Supernatants
containing soluble proteins were then applied to a 1 mL Ni NTA-Agarose (BioBharati)
column that was preequilibrated with lysis buffer. Bound proteins were washed with 25
mL wash buffer (lysis buffer with 30 mM imidazole) and eluted in 10 mL elution buffer
(lysis buffer containing 250 mM imidazole).

Sf9 insect cells from 1 L suspension cultures were harvested by centrifugation at
3,000 x g for 10 minutes at 4°C and lysed by sonication in 100 mL of lysis buffer (25 mM
Tris-HCI, pH 8.0, 200 mM NaCl, 10 mM imidazole, 10% w/v glycerol, 5 mM -
mercaptoethanol). The lysate was clarified by centrifugation at 18,000 rpm for 45 minutes
at 4°C. Pre-equilibrated Ni NTA-Agarose resin was added at a ratio of 1 mL of resin
slurry/liter of lysed cell culture and the mixture was incubated on a rotator at 4°C for 3
hours. The Ni beads were pelleted at 1,000 rpm for 2 minutes in a swinging bucket

centrifuge rotor. Supernatant was carefully decanted and the protein-bound resin was
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resuspended with wash buffer (lysis buffer containing 30 mM imidazole) and incubated at
4°C on a rotator for 2 minutes. The Ni beads were pelleted again and decanted (wash
1). This was repeated until the last wash fraction contained 0.01-0.1mg/mL of protein
(Bio-Rad Protein Assay). Elution buffer (lysis buffer containing 250 mM imidazole) was
added, and eluted fractions were collected and stored in -80°C.

Recombinant N-terminal GST tagged NEMO proteins were expressed in

Escherichia coli Rosetta cells by growing cells to an Aggg of 0.2 followed by induction

with 0.2 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG) for 16 h at 22 °C. Cells were
lysed with lysis buffer [25 mM Tris (pH 8.0), 300 mM NaCl, 0.1% (v/v) TritonX, 10% (v/v)
glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA), 1.0 mM PMSF, and 5§ mM (3-
mercaptoethanol] and sonicated. The lysate was clarified by centrifugation at 15000 rpm
for 45 minutes at 4 °C. The supernatant was loaded onto a Glutathione Sepharose resin
column pre-equilibrated with lysis buffer at 4 °C. Protein was eluted with elution buffer [25
mM Tris (pH 8.0), 150 mM NaCl, 0.1% (v/v) TritonX, 10% (v/v) glycerol, 5 mM (-
mercaptoethanol, and 10 mM glutathione]. Eluted fractions were collected and stored in
-80°C.
3.3.5 Fraction by Size-Exclusion Chromatography

Purified individual full length His-tagged IKK2/B inactive mutant (IKK2K44M) and
deletion mutant active IKK2 (IKK2'1-66%EE) and NEMOWT and Ub4 proteins as well as
NEMO:Ub4 complexes were subjected to gel filtration with a Superose6 Increase 10/300
GL size-exclusion column (GE Healthcare) on an NGC™ Liquid Chromatography System

(Bio-Rad). The column was equilibrated in a buffer with 25 mM Tris-HCI, pH 8.0, 250 mM
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NaCl, 2 mM DTT, and 5% glycerol at a flow rate of 0.2 mL/min at 22°C. Peak fractions
were collected and analyzed by Coomassie stained gels.

3.3.6 Whole Cell Extracts and Nuclear/Cytoplasmic Fractionations

HEK293T cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) penicillin/streptomycin/glutamine. Then, cells at 70-80%
confluence were transiently transfected with empty, HA-IKK2WT, or HA-IKK2 mutant
plasmids using polyethylenimine (PEI, PolySciences). After being transfected for 48 hours,
cells were harvested. To prepare whole cell extracts, cells were lysed in RIPA buffer [20
mM Tris-HCI (pH 8.0), 200 mM NaCl, 1% (v/v) Triton X-100, 2 mM DTT, 5 mM 4-
nitrophenyl phosphate di(tris) salt, 2 mM sodium orthovanadate, 1 mM PMSF, and
protease inhibitor cocktail] for 1 hour at 4 °C. Then, cells were centrifuged at 13000 rpm
for 20 minutes at 4 °C, and supernatants containing the whole cell protein extracts were
measured by the Bradford assay to determine the total amount of protein.

To prepare nuclear and cytoplasmic protein extracts, HeLa, MEF, and RAW
murine macrophage cells were lysed in the buffer containing 10 mM HEPES (pH 7.9), 1.5

mM MgClp, 10 mM KCI, 0.5 mM DTT, 0.05% (v/v) NP-40, and protease inhibitor cocktail

for 10 minutes on ice and spun at 3000 rpm at 4 °C for 10 minutes. The supernatant
containing the cytoplasmic fraction was measured by the Bradford assay to determine the
total amount of protein. Pellets were resuspended in the nuclear extract buffer (420mM
NaCl, 25mM Tris pH7.5, 10% glycerol, 0.2mM EDTA, 1mM DTT, 0.5mM PMSF, 1X
protease inhibitor cocktail) once and then subjected to three lysis cycles (freeze at -80 °C
and thaw at 37 °C). Finally, samples were centrifuged at 13000 rpm at 4 °C for 20 minutes,

and supernatants containing the soluble nuclear fraction were measured by the Bradford
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assay to determine the total amount of protein. Nuclear and cytoplasmic extracts were
aliquoted and kept at -80 °C.
3.3.7 Cell Culture/Stimulation and Peptide Treatment

Hela, MEF, RAW murine macrophages were cultured in Dulbecco's MEM
containing 10% fetal bovine and 2 mM L-glutamine serum supplemented with penicillin
and streptomycin, at 37°C in a humidity incubator with 5% CO2. RAW murine
macrophage cells were seeded and allowed to adhere for 24 hours then treated with wild
type or mutant peptide at different concentrations 60 min before the LPS challenge (100
ng/ml). After 2 hours nuclear and cytoplasmic extracts were collected. Hela and MEF cells
seeded for 24 hours then treated with wild type or mutant peptide at different
concentrations 60 min before the TNFa challenge (10 ng/ml) for 15 minutes and then
nuclear and cytoplasmic extracts were collected. After MEF cells were treated with wild
type or mutant peptide at different concentrations 1 hour before the LTR challenge (300
ng/ml). After 24 hours whole cell extracts were collected and aliquoted and kept at -80 °C
for further experiments.
3.3.8 Western Blot Analysis

An equal amount of protein from cell extracts was separated by SDS-
polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Bedford, MA, USA). The membrane was blocked with 5% bovine serum
albumin (BSA) for 1 hour at room temperature and then the membrane was incubated
with the primary antibodies overnight at 4°C. Antibodies for IKK2, His, HA, Myc, NEMO,
GST, UB, IkBa, phosphor-specific IKK2, p65/RelA, p84, y-Actin, p100/52, phospho-ERK,

phospho-JNK, phospho-p38, ERK, JNK, and P38 were used for detecting multiple

77



specific protein targets. After binding of an appropriate secondary antibody coupled to
horseradish peroxidase, the immunoreactive bands were visualized by enhanced
chemiluminescence substrate.
3.3.9 In-Vitro Trans Auto-Phosphorylation Kinase Assay
Full-length His-tagged IKK2/B mutant (IKK2K4M) was incubated with catalytic
active IKK2/B truncated form (IKK2'1-66%EE) NEMOWT, and Ub4 at 30 °C in the presence
of 20 mM ATP in a reaction buffer containing 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 2
mM DTT, 1 mM Na3VO4, 10 mM NaF, 20 mM B-glycerophosphate. Reactions were
halted at the indicated times by adding SDS loading buffer and heating the sample at
95°C for 5 min. Samples were resolved on 8% SDS-PAGE and analyzed by western blot
using antibody against phospho-Ser181 of IKK2/3.
3.3.10 In-Vitro GST Pull-Down Assay from Recombinant Protein
Glutathione-agarose beads equilibrated with the binding buffer (25mM Tris-HCI,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.2% NP40, 5% glycerol). Recombinant purified N-
terminal GST fused NEMO proteins were mixed with recombinant purified IKK2/p proteins
in the absence or presence of Ub4. The mixtures were added to Glutathione-agarose
beads in GST binding buffer. The mixtures were incubated for 2 hours at 4°C. GST- fusion
protein complexes bound to glutathione-agarose beads were washed four times with the
binding buffer. Proteins bound to beads were resuspended in SDS loading buffer,
resolved by SDS-PAGE, and analyzed by western blot.
3.3.11 In-Vitro Pull-Down Assay from Whole Cell Extract
Proteins of HEK293T cells transfected with full length human IKK2 WT or mutants were

extracted using lysis buffer (50 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1%
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NP40, 10% glycerol, 0.1mM PMSF, 1X protease inhibitor cocktail). After centrifugation at
16,000 g for 20 minutes, the supernatants were adjusted to the binding buffer (25mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.2% NP40, 5% glycerol) and these whole-
cell extracts were incubated with Escherichia coli expressed GST fusion NEMO in the
absence of presence of Ub4 bound to glutathione-agarose beads. After gentle shaking
for 2 hours at 4°C, the beads were centrifuged at 500 g for 2 minutes and washed four
times in the binding buffer. Proteins bound to beads were resuspended in SDS loading
buffer, resolved by SDS-PAGE and analyzed by immunoblotting.

For peptide In-vitro pull-down assay, proteins of HEK293T cells expressing full
length human IKK2 WT were extracted using the same lysis buffer above. The whole cell
lysates were mixed with Escherichia coli expressed GST fused NEMO, NEMOA®Pep  or
mNEMOAetPer gt different concentrations in the absence of presence of Ub4 and
incubated for 2 hours at 4°C. The beads were then washed four times in the binding buffer.
Proteins bound to beads were resuspended in SDS loading buffer, resolved by SDS-
PAGE and analyzed by western blot.

3.3.12 Cell Based In-Vitro Kinase Activity Assay

HEK293T cells were cultured in DMEM supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) penicillin/streptomycin/glutamine. Then, cells were transiently
transfected with empty, HA-IKK2 WT or individual mutant, or co-transfected with Myc-
NEMO WT, 3G, or 6G mutant plasmids using polyethylenimine PEI (PolySciences)
following the manufacturer's protocol. After being transfected for 48 hours, cells were
harvested and lysed in the RIPA buffer for 1 hour at 4 °C. Then, cells were centrifuged at

13000 rpm for 15 minutes at 4 °C, and supernatants containing the whole cell protein
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extracts were measured by the Bradford assay to determine the total amount of protein.
Proteins were added SDS loading buffer and heating the sample at 95°C for 5 minutes.
Samples were resolved on 10% SDS-PAGE and analyzed by immunoblot using antibody
against phospho-Ser181 of IKK2 (Cell Signaling Technology) and antibodies-HA and -
Myc were used for loading controls. Protein expression was normalized by IKK2 WT.

3.3.13 Electrophoretic Mobility Assays

Electrophoretic mobility shift assays (EMSAs) were performed as previously
described [135]. Briefly, IgkB probe was radio-labeled and incubated with the proteins
under study for 20 minutes at room temperature in binding buffer [10 mM Tris-HCI (pH
7.5), 10% (v/v) glycerol, 1% (v/v) NP-40, 1 mM EDTA, and 0.1 mg/mL salmon sperm
DNA]. Samples were run in TGE buffer (24.8 mM Tris base, 190 mM glycine, and 1 mM
EDTA) at 200 V for 1 hour, and the gel was dried. In the supershift reactions, all proteins
and p65/RelA antibody were incubated simultaneously for 20 min in the binding buffer in
the presence of the probe under study. The amount of protein was quantified by the
Bradford assay. Protein complexes were analyzed by native electrophoresis on a 4% (w/v)
nondenatured polyacrylamide gel. EMSA analysis with quantitative densitometry and
signal intensity was quantitated using ImagedJ software. EMSAs were performed in

triplicate.

3.3.14 In Vivo Studies
3.3.14.1 LPS-induced Shock and Peptide Administration

All animal protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of UCSD. 2 to 3-week-old C57B/L male mice were purchased

Jackson Laboratories (Bar Harbor, ME, United States). After LPS-induced shock was
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tested by intraperitoneal injection of 1.2mg (60mg/kg) bodyweight LPS and monitored for
survival, the animals were grouped into different treatment groups. NEMOActPer or
mNEMOA“Per (40mg/kg) was dissolved in 1XPBS and administered by subcutaneous
injection in a volume of 100 pl.

3.3.14.2 Plasma Analysis

Each mouse was subcutaneous (SC) injected with the NEMOA<tPeP or mNEMOActPep
800 ug/mouse (total 40 mice) 1 hour prior to LPS treatment (1.2 mg/mouse), mice were
euthanized at 4 time points (after 0, 1, 2 and 6 hours). Whole blood was removed via 27-
gauge needle from the abdominal aorta and centrifuged at 2,000 x g for 2 min in EDTA-
coated tubes. The plasma was prepared in cold immediately from the blood and used for
testing concentration of cytokine (IL-1b, IL-2, IL-6, IL-8, IL-10, IP-10, TNFa, MCP-1, MIP1
and MIP2) expression by specific solid-phase sandwich enzyme-linked immunosorbent
assay (ELISA) in accordance to the manufacturer's instructions (Meso Scale Diagnostics,
LLC).

The numbers of lymphocyte and neutrophil were counted in circulating blood and
tissues. Each mouse was Injected with the NEMOAPeP or mNEMOAeP one time or 5
successive days. After mice were sacrificed, the plasma was used for testing cytokine
expression and lymphocyte numbers (B and T cell) and myeloid cell (macrophage and
neutrophil) numbers.

3.3.15 Statistical analysis
Assay values from NEMOA<tPer peptides-induced inhibition of NF-kB are expressed

as mean = S.E. Statistical analysis was performed using analyzed using unpaired t-test.
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All p-values were reported as two-sided; no adjustments were made for multiple

comparisons. P value < 0.05 was considered statistically significant in all analyses.

3.4 RESULT and DISCUSSION
3.4.1 AL of IKK2/B undergo phosphorylation in the presence of NEMO and Ub4

My rationale is that the second site interaction between IKK2/3 and NEMO in the
presence of Ub4 induces the conformational alteration of AL from a closed to an open
state allowing its phosphorylation by IKK2/B or other kinases. To this end, first of all, |
examined kinetics of phosphorylation of the AL of full length kinase dead (KD) IKK2/(3
K44M (IKK2X44M) mutant by an active truncated IKK2/B'1-65%EE |n this case, IKK2/pK44M
mutant acts as a substrate where the AL is mostly unphosphorylated. The AL of inactive
IKK2/B is unphosphorylated, which must undergo conformational change into an ‘open
state’ to be targeted by an active kinase [60,63-64]. If interaction between the sensor
region of IKK2/3 and the NEMO:Ub4 complex induces conformational change of the AL,
the rate of phosphorylation will be significantly greater in the presence of the NEMO:Ub4
complex than its absence. | monitored phosphorylation by western blot using phospho-
Ser181-specific antibody. As expected, Figure 16 is shown that active IKK2/p!1-669EE
barely phosphorylates the AL of IKK2/pK4M mutant. Phosphorylation of the AL was
significantly enhanced in the presence of NEMO which underwent further enhancement

when Ub4 was added. | also showed that Ub4 alone could not enhance phosphorylation

in the absence of NEMO.
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Figure 16. In vitro reconstitution of IKK2 trans auto-phosphorylation.

A catalytically inactive (K44M) and C-terminally truncated IKK2 (lanes 1-12) and mixtures of that
enzyme with a catalytically active full-length version (lanes 4-12), NEMO (lanes 2 & 7-12), and
Ub4 (lanes 3 & 5-9) were incubated with Mg-ATP for the time periods indicated and then probed
via Western blot with anti-phosphoSer181 antibody.
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Figure 17. GST affinity pull down assay: Input.
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and triggers open conformation of the activation loop for phosphorylation.
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3.4.2 Linear Ub-chain induces interaction between NEMO and IKK2/ through a
second site.

The mechanism of an obligatory role of NEMO in IKK2/B activation is unknown. To
dissect the mechanism, | put forth a plausible model (Figure 18) that is consistent with
current biological and biochemical data. | hypothesized that a separate segment of NEMO,
in addition to its C-terminal first 110 residues that is involved in a ‘high-affinity interaction’
with NBD of IKK [72-73,128], makes a transient contact with a segment of IKK2/§ distant
from its NBD. | also propose that binding of poly-Ub-chain to NEMO enables this transient
NEMO-IKK2/B interaction through a secondary site(s) and induces a conformational
change of the AL of IKK2/B from a closed to an open conformation, which allows AL
serines (Ser177 and 181) to be accessible for phosphorylation by IKK2/3 and/or other
upstream kinases such as TAK1. The association of linear Ub-chain to NEMO or an
adapter protein could be either covalent or non-covalent.

To test the model, | generated mutants of NEMO lacking its ‘high-affinity interaction’
segment i.e. N-terminal kinase binding domain (KBD), and assessed their interaction with
IKK2/B or its mutant lacking NBD using affinity pull-down experiments both in presence
and absence of a linear polyubiquitin chain. The linear Ub chain (Ub4) is generated by
fusing 4 Ub moieties N- to C-termini. This Ub4 chain was shown in vitro to be more than
sufficient for activation since an M1-linked Ub2 (di-Ub) is known to trigger efficient NF-kB
activation in the cell [99]. NEMO proteins, full-length and truncated, were expressed as

GST-fusion proteins in E. coli host (Figure 17B).
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NEMO forms head-to-head dimers (Figure 17A) on its own with its multiple coiled
segments, thus linkage of GST with a flexible linker is unlikely to cause any aberrant
phenotype with either the full-length or deletion mutants.

IKK2/B proteins were expressed as 6X-His-fusion in Sf9 insect cells. The full-length
NEMO and the full-length IKK2/B displayed strong interaction as expected to be mediated
through NBD and KBD, and the presence of Ub4 did not make any discernible difference
in this already highly stable bond (Figure 19). The affinity pull-down experiments
additionally revealed an interaction between a truncated IKK2/B (IKK2'1-66° Jacking NBD)
with both the full-length NEMO and KBD-deleted NEMO (NEMO™"-419) that was strikingly
enhanced in presence of Ub4. This was consistent with my model which is the presence
of a second interaction (Figure 19). Surprisingly, GST-NEMO'""-41° failed to pull down
full-length IKK2/B in the presence of Ub4. However, the same NEMO construct was
effective in contacting IKK21-669 in the presence of Ub4.

To further understand why NEMO'"'-41° failed to interact with IKK2, | reasoned
perhaps this construct assumes an altered conformation preventing Ub4 binding. |
performed size-exclusion chromatography and made complexes of NEMO:Ub4 with four
different NEMO constructs full length and three truncated mutants, 111-419 which
removed KBD, 250-419 which removed additional domain IVD, and 250-365 only
containing CC2 domain. All NEMO constructs containing the Ub binding domain (CC2)
interact with Ub4 but both NEMOF- and NEMQO'"""-419 bind Ub4 poorly compared to
NEMO?259-41% and NEMO?2%0-365 (Figure 20). It seems that NEMO IVD may engage in weak

interaction with Ub binding domain (CC2/UBAN) but disengages when NBD and KBD
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interact in the native complex. This might cause that the presence of unbound the NBD
of IKK2 prevents the proper contact to NEMO.

To further define the interaction, | proceeded to test if segment(s) of NEMO
mediating this second interaction with IKK2/B is located upstream or downstream of its
Ub-chain binding domain. A GST affinity pull-down assay with truncated NEMO
(NEMO?41-419; Jacking the KBD and a large segment following it) and both full-length and
truncated IKK2/B showed interaction with near equal efficiency to that of NEMO'"-419 in
presence of Ub4 but not in its absence (Figure 21). Overall, these data suggest that
NEMO and IKK2/B interact through a ‘second interaction site’ in M1-Ub-chain dependent
manner.

In canonical pathway, a high affinity primary interaction between IKK1/a:NEMO or
IKK2/B:NEMO that forms IKK1:2:NEMO complex but NEMO-mediated IKK2/3
phosphorylation activates IKK complex [65-67]. Thus, | wondered how NEMO plays a role
associated with each kinase through a second interaction site. This possibility of the
second site interaction was tested between truncated IKK1'%-%67 devoid of NBD and
NEMO. NEMO could also interact with IKK1/a but weaker than with IKK2/B (Figure 21).
Since a primary binding interaction between NBD of IKK1/a and KBD of NEMO has no
effects on IKK2/B activation through canonical pathway and IKK1/a activation does not
require NEMO in non-canonical pathway [65-67], this new interaction in IKK1/a:NEMO in
the presence of Ub4 might not facilitate IKK activation in canonical pathway.

To identify if a specific region of NEMO C-terminus mediates the interaction with
IKK2/B through a second site, | stepwise generated multiple truncation mutants of NEMO

targeting c-terminal NEMO domains in addition of NEMO?4'-41® based on my hypothetical
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model, - NEMO?#1-3% |acking of zinc finger domain, NEMO?41-375 |acking of proline-rich
segment and CC domain following this, and NEMO?*'-350 only containing CC2/Ub binding
domain, all as GST fusion proteins. Affinity pull-down experiments in the presence of Ub4
indicates that NEMO?41-3%0 binds IKK2/B similarly as NEMO?41-41°® suggesting that the Zn-
finger region is not necessary for the second interaction (Figure 22). However, the
interaction is lost with both NEMO?41-3%0 and NEMO?#'-375, This suggested that a segment
encompassing residues 376 to 390 is essential for Ub4-dependent IKK2/B binding (Figure
22B). Analysis of the conservation of amino acid sequences within this region, and a
comparison study with distant homologs such as Drosophila NEMO that is missing 10
residues prior to residue 384 and further 6 residues 384-389 are identical on four other
species, suggested that a short segment spanning residues 384 to 389 might constitute
the secondary interaction motif (Figure 22C). Affinity pull-down experiments with GST-
NEMO?41-383 indicated that it is not capable of interacting with IKK2/B even in the presence

of Ub4 and this tallies with my postulation (Figure 22D).
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Figure 19. A GST pull-down assay showing NEMO interacting with IKK2/p using a second
interaction site.

The assay was performed using IKK2/p3 fragments derived from baculovirus infected Sf9 cells.
This interaction is enhanced in presence of Ub4.
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Figure 20. Analytical-scale size exclusion chromatography (SEC) chromatograms of
complexes of NEMO:Ub4.

A) Two-dimensional structural diagram of human NEMO protein. B) NEMO™:Ub4 complex C)
NEMO"""'°:Ub4 complex D) NEMO%%#'°:Ub4 complex E) NEMO?%3¢*:Ub4 complex F)Ub4.
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Figure 21. A GST pull-down assay showing Ub-chain (signal)-dependent interaction
between NEMO and IKK2/8 or IKK1/c.

A GST pull-down assay showing NEMO?*''? is sufficient to interact with IKK2/p. Additionally,
this fragment can also interact with IKK1/a..
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Figure 22. GST pull-down assays showing NEMO residues 384-389 is essential for ‘second

site’ interaction with IKK2/p.
A) Cartoon for GST-fused NEMO constructs and IKK2/3 B) and D) GST affinity pull down assay
C) NEMO amino acid alignment from five different species by ClustalW2.
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3.4.3 A short peptide segment immediately upstream of the Zn-finger domain of
NEMO is essential for IKK2/B activation

Comparison of NEMO sequences revealed that residues spanning from 384 to 389
are highly conserved barring drosophila (Figure 22C). To further confirm if this segment
is important, | generated two mutants in NEMO?#'-41® background all six residues of 384-
389 segment or the first three residues were mutated to glycine (NEMO®¢ and NEMO?3€,
respectively) and expressed as GST-fusion proteins. Affinity pull-down experiments
showed that the interaction of GST-NEMQ?41-419 3G or GST-NEMO?#1-41% 6G mutants to
IKK2/B in the presence of Ub4 is almost abolished (Figure 23) suggesting the possible
significance of this short segment in IKK2 activation.

| next generated identical mutants in full length background. These mutants were
expressed in mammalian cells to monitor their potential to activate IKK2/B. Earlier studies
established that when overexpressed, IKK2/B is partly autoactivated, and this activation
is further enhanced (hyperactivation) in the presence of wt NEMO [12,18,60-61]. | found
that this hyperactivation of wt HA-IKK2 is observed in presence of wt Myc-NEMO but
severely diminished in the presence of Myc-NEMO®C or Myc-NEMO?3¢ mutant (Figure 24).
These results confirmed an important role of the 6-residues of 384-389 segment of NEMO
in IKK2/B activation.

| wanted test if the peptide in isolation could act as a competitor of Ub-dependent
interaction between NEMO and IKK2/B. To further validate this, | made a peptide
spanning residues 375 and 391 and named it NEMO Activation Peptide (NEMOA®Pep),
This peptide was covalently linked these peptides with a HIV-TAT peptide (TAT-

NEMOA<tPer) - A corresponding mutant peptide with residues 384QRRSPP389 altered to
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384GGGGGG389 (MNEMOA“Per) is used as a control (Figure 25). | performed affinity
pull down using extracts of 293 cells transfected with plasmids harboring HA-IKK2. |
mixed the extract with His-Ub4 and GST-NEMO?*!-1%WT hound to beads in the absence
or presence of increasing concentration of wt or mutant peptide. As expected, GST-
NEMO was able to pull down HA-IKK2 in the presence of Ub4. However, this interact was
disrupted at higher concentrations of wt peptide. The mutant peptide failed to block the
NEMO-IKK2 interaction. Neither peptide made any difference in Ub4 binding to NEMO
binding. These experiments indicate that the wt peptide but not the mutant competed out
wt NEMO for its Ub4-dependent interaction to IKK2/B (Figure 26). Together, these results
suggest a direct, signal-induced interaction of NEMO (through NEMOA%"eP segment) to

IKK2/B (at a second site) that is essential for IKK2/B activation.
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Figure 23. A GST pull-down assay confirming a short segment of NEMO spanning residues
384QRRSPP389 being essential for interaction with IKK2/p.

All six or the first three residues of the 384-389 patch were mutated to glycine in 6G and 3G
mutant.
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Figure 24. Mutant NEMO fail to induce IKK2/g activation in cells.

Western blot analysis of IKK2 AL phosphorylation of extract prepared from 293 cells transfected
with IKK2 expression vector along with NEMO expression vectors. In the absence of NEMO,
levels of IKK2 AL phosphorylation is low which is enhanced if wt NEMO" is coexpressed.
NEMOFL6G mutant is more defective than 3G mutant although appears to be less defective due
to higher expression.

NEMO?*®: LPSQ384GR385GR386GEEP.

NEMO®®: LPSQ384GR385GR386GS387GP388GP389GEEP
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Figure 25. Development of cell permeable “NEMO Activation Peptide” (NEMO”"°tFep),

A)The segment of NEMO spanning residues 384QRRSPP389 can act either as an inhibitor or
activator of IKK2 in isolation, referred this peptide as to NEMOA®"*P, B)Sequences of NEMQOA¢Pep
and mutant NEMO”®Pe? (mNEMO”"PeP),
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Figure 26. Inhibition of interaction between IKK2 and NEMOAKBD by NEMO”°***? pbut not
MNEMO"“P*P jn vitro.

HelLa cell extract containing HA-IKK2 was mixed with GST-NEMO?*''° (lacking high affinity IKK2
interaction domain) in presence of linear tetra-ubiquitin chain (from right lanes, 2-12 &14). Only in
presence of Ub4 IKK2 and NEMOAKBD interacts (lane 2 from right). The interaction is blocked in
the presence increasing conc. of NEMO**P®P but not mMNEMOA®"eP,
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Figure 27. Identification of the IKK2/B docking site for the NEMO short segment through a
second site.

A) and B) generated several mutants (total 36; 23 single, 12 double and 1 triple) of IKK2/p where
surface residues were changed to Ala or Gly. C)Map of the IKK2 docking site for a new interaction
in IKK2-NEMO All mutants in this region were not expressed in HEK293T cells caused by
disrupting its proper folding and stability.
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3.4.4 Identification of the IKK2/B docking site for the NEMOA¢<tPep

Since truncated IKK2/B proteins encompassing only the KD or KD along with ULD
appear to be structurally unstable and thus inactive, | reasoned that the segment of SDD
juxtaposed to KD-ULD provides the structural integrity and likely plays an important role
in IKK2/B activation [60]. | postulate that this segment is a likely candidate to mediate Ub-
dependent interaction with NEMOA®PeP gs discussed above.

To test this possibility, | targeted several residues within the SDD. Few residues
located in close proximity to SDD were also selected. Altogether | generated 36 mutants
(23 single, 12 double, and 1 triple; Figure 27) rationally designed with information from
previous structural and biochemical studies of IKK2/B. Most of these residues are located
within the large triple-helical domain abutting the kinase and ULD domains. Since different
IKK2/B mutants express differently with some showing very little or no expression perhaps
because of structural instability due to mutations but few other mutants are shown
overexpression seemed to be constitutive active forms [60], their levels were normalized
to the wt level (Figure 27C and Figure 28).

The activities of these IKK2/B mutants were assessed by western blot with
phospho-S181-specific antibody of extracts from HEK293 cells transfected with wt or
mutant IKK2/B expression plasmids along with a NEMO expression plasmid. As
discussed earlier, IKK2/8 mutant(s) defective in enhancing AL phosphorylation in the
presence of wt NEMO in transfection-based assay is considered to be defective in IKK2/3
activation. Only three mutants, K441A, E442A, and N445A showed significantly reduced

level of AL phosphorylation as compared to the wt IKK2/3 (Figure 28). All three mutants
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expressed similarly to the wt and the mutation sites are mapped on the surface of SDD,
implying that the activation defect is unlikely due to a global structural distortion.

To further test if these mutants are defective in NEMO?#'-4'° pinding, | performed
GST pull-down experiments in which E. coli expressed GST-NEMO?4'-41® was mixed with
whole cell extracts of HEK293 cells expressing IKK2/B mutants from transfected plasmids,
both in the presence or absence of E. coli expressed Ub4. All three of these mutants
showed defective binding, whereas a control mutant Q438A that display no defect in AL
phosphorylation showed wt binding (Figure 29).

Surprisingly, some mutants displayed higher levels of AL phosphorylation than the
wt IKK2/B, alluding to the likely constitutively active phenotype of these mutants. | refer
the NEMOA%"eP pinding site on IKK2 as IKK2 docking site. Figure 30 depict a model of

how NEMOA<tPer might be contacting the docking site.
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Figure 28. IKK2/ residues critical for IKK2/8 AL phosphorylation.

A) and B) All mutants expressed in HEK293T cells were selected to examine NEMO-mediated
IKK2/B activation C) Western blot analysis showing IKK2/f mutants defective in AL
phosphorylation. only five mutants at residues K441A, E442A, and N445A showed defective
NEMO-mediated IKK2 AL phosphorylation compared to the wild type.
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Figure 29. IKK2/B docking site interacting with NEMQshert segment of & residues
GST pull down assay with mammalian cell extract and purified GST-NEMO and Ub4 showing
binding only with WT IKK2 but not to the IKK2 K441, E442, and N445A mutants.
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Figure 30. A model of signal-dependent interaction between NEMO and IKK2/p.
In addition to K441, E442 and N445, D561, D562, E564 and E565 could be important and together
these residues might form a charged surface for interacting with highly charged NEMQ384QRRSPP389
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3.4.5 NEMOA¢tPep blocks IKK2/B activation in cell

Aberrant IKK activation is associated with various human diseases including
cancer and inflammatory diseases [25, 50, 63]. Despite tremendous efforts, IKK inhibitors
have been failed in clinical trials mostly due to toxicity [45,141]. For more effective “drug
like compounds” but keeping basal NF-kB activity and reducing potential toxic side effect
[72], | developed cell-permeable peptides spanning residues NEMO 375-391 named
NEMO Activation Peptide (NEMOAer) selectively inhibiting NEMO-mediated IKK2
activation by blocking a second site interaction through canonical pathways.

| was intrigued by the ability of a short NEMO segment in weakly interacting and
activating IKK2/B3. Thus, | explored potential of this short segment peptide as a modulator.
HeLa S3 cells were pre-treated with TAT-NEMOAPeP or a mutant version TAT-
mNEMOA®Pep (as a control) 1 hour prior to stimulation with 10 ng TNF-a for 15 min. NF-
KB activation was measured by EMSA using nuclear extracts and IgkB site as the probe
in the cell-extract (Figure 31A). Even at 10 uM NEMOA°ep the shifted band was partially
reduced and at 20uM the wt peptide nearly abolished NF-kB activation; however, the
reduction was not noticeable with the mutant peptide. | further verified IKK2 activation by
measuring AL phosphorylation, IkBa degradation, and RelA nuclear localization. As
expected, wt peptide was able to block IKK2 phosphorylation, IkBa degradation and
nuclear localization of RelA (Figure 31C). Mutant peptide showed no such effect and
neither peptide affected DNA binding of the transcription factor Oct-1 [72].

| next tested if the effect is universal, RAW murine macrophages cells were used
to monitor the properties of an effective inhibitor as described above. Indeed, DNA binding

and RelA nuclear localization were inhibited due to failure of IKK2 activation and IkBa
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degradation. Again, the mutant peptide failed to show any effect (Figure 32). | also tested
the effect of these peptides on MEF cells by EMSA and IKK2 activation. TAT-NEMOActPep
but not TAT-mNEMOA¢e inhibited IKK/NF-kB activation in response to TNF-a (Figure
33). These results suggest that the peptide prevents IKK activation, and consequently
block IkBa degradation, nuclear localization of RelA, and its DNA-binding.

While a trigger by TNF-a or LPS NEMO-mediated IKK2 phosphorylation is
indispensable for the activation of NF-kB through the canonical pathway, a trigger by
LTBR NIK-mediated IKK1 phosphorylation regulates NF-kB signaling through the non-
canonical pathway where IKK1 activation leads to processing of p100 and generation of
the NF-kB subunit p52 [4,44,65]. However, affinity binding assay showed that NEMO?*'-
419 could interact with IKK1 in the presence of Ub4 through a second site (Figure 21). To
clarify the role of IKK1 in the new interaction with NEMO, | also tested the effect of the
peptide on IKK1 activation by measuring processing of p100 to p52 to assess the
specificity of the peptide towards IKK2 vs IKK1 (Figure 34A). Neither the WT nor the
mutant peptide were able to block p52 processing suggesting that NEMOAPer s
functional only in canonical NF-kB activation pathways.

Since, MAP kinases such as ERK, JNK and p38 are involved in another signaling
pathway that plays a critical role in inflammation through activation of NF-kB [27,116]. To
further show specificity of the peptide, | tested if MAPK activation by TNF-a is affected by
the inhibitor by monitoring activation of JNK, Erk2 and p38. As expected all three MAP
kinases are activated by TNF-a but no effect of either the wt or mutant peptide was found

on these MAP kinases (Figure 34B).
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Figure 31. NEMO”"**P was able to block IKK2-NF-kB activation pathway in HeLa.

Effect of NEMO”“"** and mNEMO”"**P on A) p65 (RelA) DNA binding using EMSA B) ICs of ~
15-20 uM on NEMO”**®? inhibition of NF-kB activation C) IKK phosphorylation, IkBa degradation,
RelA nuclear localization in HeLa cells by WB using specific antibodies. IKK2, y-Actin, and a-p84
Ab denote loading control in total and nuclear extracts, respectively. Data between different
groups were compared by unpaired t-test. *, p<0.05. **, p<0.01.
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Figure 32. NEMO*°**" also blocked LPS-induced IKK2-NF-kB activation in macrophage
RAW cells.

Effect of NEMO”“"** and mNEMO”"**P on A) p65 (RelA) DNA binding using EMSA B) ICs of ~
25-30 uM on NEMO**®? inhibition of NF-kB activation C) IKK phosphorylation, IkBa degradation,
RelA nuclear localization in RAW murine macrophage cells by WB using specific antibodies. IKK2,
v-Actin, and a-p84 Ab denote loading control in total and nuclear extracts, respectively. Data
between different groups were compared by unpaired t-test. *, p<0.05. **, p<0.01.
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Figure 33. NEMO”°***? also blocked TNFa-induced IKK2-NF-kB activation in MEF cells.
Effect of NEMO”®"®? and mNEMO**"** on A) p65 (RelA) DNA binding using EMSA B) IKK
phosphorylation in MEF cells by WB using specific antibody. IKK2 Ab denote loading control.
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Figure 34. NEMO”"P*® s specific only in canonical NF-kB activation pathways.

A) Effect of NEMO”*"*? on the LTBR-induced NF-kB activation on non-canonical pathway by WB
using specific antibodies. B) Effect of NEMO*“P¢? and mNEMO”*“"*P on MAP kinase activation by
TNFa by WB using specific antibodies. y-Actin, ERK, JNK, and p38 Ab denote loading control in

total extracts, respectively.
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3.4.6 NEMOA¢ctPer protects mice from LPS challenge

| next investigated the effect of NEMOA¢? in vivo, collaborating with School of
Medicine. | wished to investigate if NEMOA“PeP can protect mice from the cytokine storm.
| determined the minimum LPS dosage that is lethal to mice [142]. Mice of body weight
approximately 20g when challenged with ~1.2 mg of LPS died within 24 to 96 hours. Thus,
| challenged mice with this dose of LPS 1 hour after injection with 800 ug (40mg/kg) of
NEMOAetrer or mMNEMOAPeP and scored viability. All 5 mice pretreated with NEMOActPer
survived during the entire course of the experiment (sacrificed after ten days); however,

all 5 mice pre-treated with mNEMO*<Per died within 4 days (Figure 35).
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Figure 35. Survival plot of mice treated with NEMO”°**P (blue) and mNEMO”°***P (red) 1 hr
prior to injection of LPS.
NEMO”*Pe? were administrated subcutaneously into each mouse. Each mouse was injected

8001g/100uL of NEMOACPer,
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Figure 36. NEMO”***P plocked cytokine storm upon LPS treatment.

Expression of IL-1B, IL-2, IL-6, IL-10, KC/GRO, IP-10, TNF-a, MCP-1, MIP1 and MIP2 in plasma
of mice measured by ELISA. Data between different groups were compared by unpaired t-test.
* p<0.05. **, p<0.01. **, p<0.001.
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3.4.7 NEMOAc<tPer selectively blocks cytokine storm in LPS-induced inflammatory
response of mouse plasma

NF-kB activity is required for maximal transcription of many cytokines, including
tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), IL-6, and IL-8, which are thought to
be important in the generation of acute inflammatory responses [136-137]. However,
excessive cytokine-mediated inflammation is likely to be crucial in the pathogenesis of a
variety of disease states [136-140]. In order to clarify the NEMOA%PeP role of NF-kB in
LPS-induced inflammatory response, mice were challenged with LPS treatment at O, 1,
and 3 hours after peptide injection to check the inflammatory level by cytokine expression.
The ELISA results were observed that compared with the mice treated with mutant
NEMOAcPer NEMOAPer showed that the expressions of inflammatory factors IL-1p, TNF-
a, IL-2, IP-10, and MIP1 were significantly decreased 1-3 hours after LPS challenge.
However, by 3 hours after LPS the levels of IL-6 and MCP-1 were reduced only to a small
extent. The LPS-induction of KC/GRO and MIP-2 in both treatment groups remained
unaffected after LPS. In contrast, the LPS-induction of IL-10 was not reduced, but rather
exhibited modest elevation 1 hour after LPS challenge then by 3 hours went down and
kept the same level as mutant NEMOA®"eP treatment (Figure 36). It appears that

NEMOA¢tPer selectively inhibits levels of cytokine in LPS challenge mice.
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3.5 SUMMARY of the STUDY

The IkB Kinase (IKK) complex is a signaling hub that integrates many diverse cell
signaling inputs and transmits them to downstream effectors including the NF-kB family
transcription factors [51]. Two key events associated with IKK regulation towards NF-kB
activation through the canonical signaling are that switch from inactive to active via AL
phosphorylation in IKK2 is the most critical function of canonical signaling and non-
covalent interaction between the linear Ub-chain and NEMO is essential for the AL
phosphorylation of IKK2 [11,14,26,51,70,80]. The end result of this process is the
inducible control over select response gene expression via transcription factor NF-kB
[561,56,58].

However, aberrant NF-kB transcriptional activity plays pivotal roles in a large
number of human pathologies, including a variety of cancers and chronic inflammatory
diseases [25,68-69]. Therefore, there has been a large increase in studies aimed at
identifying and testing drugs or small molecule inhibitors that would specifically block NF-
KB activation in inflammatory diseases and cancer [25, 83,92-94].

In this study, | describe an in vivo and in vitro systems to test the inhibitory effects
of the novel inhibitor of NEMO Activation Peptide (NEMOA®"¢P) on IKK-NF-kB activation.
A novel interaction between IKK2-NEMO was discovered as showing “a new second site"
where Ub-chain binding stabilizes NEMO dimer leading to its conformational change
resulting in the AL phosphorylation of IKK2. In vitro and In vivo studies, cell-permeable
peptides of a short segment of NEMO targeting this second site selectively inhibited
NEMO-mediated IKK2 activation by blocking the second site interaction but neither the

WT nor the mutant peptide were able to block other signaling pathways by IKK1 and MAP
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kinases activation. Furthermore, NEMO<”¢P protected mice from LPS challenge and
selectively blocked cytokine storm in LPS-induced mouse inflammatory response. Thus,
this peptide inhibiting NF-kB activation may be an effective approach to the treatment of
inflammatory diseases.

Although we still need to investigate if NEMOA“PeP could be more active in spiteful
cells than in normal cells, it is promising that this peptide controls NF-kB activation without
any effects on other signaling pathways as shown neither the WT nor the mutant peptide
were able to block through non-canonical and MAPK signaling pathways.

In addition, for selectively targeting specific NF-kB signaling component in a
particular disease, one may expect to minimize side-toxicity and avoid wide suppression
of innate immunity [15, 25-26,45, 72,143]. It should also consider that excessive and
prolonged NF-kB inhibition can be harmful due to its important role in innate immunity
[45,51,143]. Inhibition of NF-kB activation should be transient and highly reversible to
avoid long-term immunosuppression [7,143].

Drugs targeting the IKK-NEMO interaction may be clinically important for the
regulation of inflammation. The NEMOA<P¢r js only 6 amino acids long, so one should
expect to design as a drug-like compound that disrupt the NEMO-IKK interaction, which
may possibly maintain a low level of NF-kB activity that may be required to avoid potential
toxic side effects and manage long-term immunotherapy treatment. | conclude that
NEMOAep is a potent inhibitor of NF-kB and NF-kB-regulated gene products and may

be a valuable new drug candidate for the treatment of inflammation and cancer.
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CHAPTER FOUR

4. DISCUSSION

In Ubiquitin (Ub)—proteasome pathway [170], a protein targeted for degradation is
first modified by covalent attachment of Ub, a highly conserved polypeptide of 76 amino
acids. Ubiquitination is a three-step process. First, Ub is activated by a Ub-activating
enzyme (E1); the activated Ub is then transferred to a Ub carrier protein (E2, also referred
to as Ub-conjugating enzyme [Ubc]); finally, Ub is conjugated to a protein substrate by
forming an isopeptide bond between the C-terminal glycine residue of Ub and the g-amino
group of one or more lysine residues of the protein substrate. This conjugation step often
requires a Ub protein ligase (E3). Multiple molecules of Ub can be ligated to a protein
substrate to form multi-Ub chains, which are then recognized by a large ATP-dependent
protease (molecular mass ~2000 kDa) know as 26S proteasome [170].

Signal-induced activation of the transcription factor NF-kB requires inactivation of
IkBa that is a well characterized example of coupling between phosphorylation and
ubiquitination. Ubiquitination of IkBa is regulated by its site-specific phosphorylation at
S32 and S36, residues required for the signal-induced phosphorylation and degradation
of IkBa in vivo. Chen [171], in 1996, reported the identification of a large, multisubunit
kinase (molecular mass ~700 kDa) that phosphorylates IkBa at S32 and S36. The activity
of this kinase requires the Ub-activating enzyme (E1), a specific Ub carrier protein (E2)
of the Ubc4/Ubc5 family, and Ub but not requires E3. This ubiquitination event in the
kinase complex is a prerequisite for specific phosphorylation of [kBa [171], which serves

a novel regulatory function that does not involve proteolysis. Since multiubiquitination of
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protein substrates usually requires an E3, the IkBa kinase complex probably contains an
E3 activity or other proteins in cells can act as E3. Thus, the identity of this E3 and the
target of ubiquitination remained to be determined.

Over several decades the IkB kinase responsible for the initial and critical step of
NF-kB activation has been started to be the subject of intense interest and many kinases
had been proposed as candidates. In earlier studies, CHUK (Component of Inhibitor of
Nuclear Factor Kappa B Kinase Complex) was described serine-threonine kinase of
unknown function, in yeast tow-hybrid screen for NIK-interacting proteins [180]. In 1997,
however, CHUK was identified as an activator of a NF-kB dependent reporter gene when
overexpressed [179]. Regnier reported that a catalytically inactive mutant of CHUK
suppresses NF-kB activation induced by TNF and IL-1 stimulation as well as by TRAF2,
TRAFG6, and NIK overexpression. CHUK associates with both NIK and IkBa in mammalian
cells. CHUK phosphorylates |kBa on serines 32 and 36, and this phosphorylation is
strongly enhanced by NIK costimulation. These findings demonstrate that CHUK is an
IkBa kinase that directly associates with and is activated by NIK. Additionally, Didonato
tested cell extracts for the presence of a protein kinase activity that is activated by tumor-
necrosis factor (TNF) and phosphorylates 1kBa at S32/36. He found that such an activity
was detected in extracts of TNF-treated HelLa cells and its substrate specificity and
kinetics of activation correlated well with those of IkBa phosphorylation in living cells. He
purified this activity and determined a partial peptide sequence for one of its components.
Molecular cloning and functional analysis identified this subunit as a protein kinase whose
associated |IkB kinase activity was rapidly stimulated by proinflammatory cytokines. This

activity was inhibited upon dephosphorylation with protein phosphatase 2 (PP2A). Thus,
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he demonstrated that this is protein kinase IKKa, is critical for NF-kB activation in
response to proinflammatory cytokines. Although many kinases have been proposed as
candidates, but only CHUK IKKa, which referred to as IKK1, had the characteristics
expected of a cytokine-inducible kB kinase. Strikingly, in another lab, Mercurio identified
IKK1 and he also observed an additional component which is the closely related kinase
IKK2 as interacting components of the IKK signalsome, a multiprotein signaling complex
that regulates NF-kB activation in response to proinflammatory cytokines [181]. He
identified that IKK1 and IKK2 are functional kinases within the IKK signalsome that
mediate kB phosphorylation and NF-kB activation. As a protein complex containing
multiple interacting components, including a RelA kinase, the IKK signalsome containing
IKK1 and IKK2 had the potential to integrate the diverse signaling pathways known to
activate NF-kB in different cell types and channel them toward selective gene expression.

In Michael Karin lab, in 1998, they purified the IKK complex to homogeneity from
human cell lines by using a monoclonal antibody against IKK1 [182]. Surprisingly, they
observed that IKK was composed of similar amounts of IKK1, IKK2 and two other
polypeptides, for which they obtained partial sequences. These polypeptides were
differentially processed forms of a third subunit, which was called NEMO. Molecular
cloning and sequencing indicated that NEMO was composed of several potential coiled-
coil motifs. NEMO interacted preferentially with IKK2 and was required or the activation
for the IKK complex. Moreover, NEMO carboxy-terminal truncation mutant that still bound
IKK2 blocked the activation of IKK and NF-kB. Reduced NEMO expression resulted in
deceased IKK activation and its complete absence abolished IKK and NF-kB activation

altogether. Although IKK activity was absolutely dependent on IKK1/2 dimerization,
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NEMO was shown unlikely to function as a chaperone or a co-factor that stabilized IKK1-
IKK2 dimers. In vitro, NEMO stably interacted with IKK2 and not with IKK1, it was likely
that once recruited into the complex NEMO also interacted with IKK1.

NEMO has been shown to participate in ubiquitin-mediated NF-kB signalling by
either being ubiquitinated or interacting with the polyubiquitin chains of the other signalling
components [176]. It was shown that ubiquitin forms diverse polychains through
isopeptide bond between the Gly76 of a distal ubiquitin molecule and one of seven lysines
(K6, K11, K27, K29, K33, K48, or K63) located within a proximal ubiquitin, and distinct
functions have been attributed to the different lysine linkages [173]. Recently, a novel
form of polyubiquitin linkage was introduced into the NF-kB signalling paradigm, where
ubiquitin chains were connected with a peptide bond between Gly76 of one ubiquitin and
Met1 of another ubiquitin [172,177]. It was shown that NEMO linear ubiquitination is
required for efficient NF-kB activation induced by TNFa, which may also depend on the
specific recognition of linear polyubiquitin by NEMO [177]. Consequently, linear ubiquitin
chain formation is a key early event in the activation of the pathway. Later on, people
identified that the IKK complex does not contain an E3 activity, but the ubiquitination of
NEMO with linear ubiquitin chains is performed by the E3-ligase linear ubiquitin chain
assembly complex (LUBAC) [176]. LUBAC consists of the proteins HOIP, HOIL-1L, and
Sharpin, which HOIP and HOIL-1L belong to the RBR class of E3-ligases [6]. Even though
both HOIP and HOIL-1L have an RBR domain, HOIP is the catalytic subunit of the
complex [174-175]. The linear ubiquitin chain-forming activity and specificity of LUBAC is
completely embedded within HOIP, which is the only E3 ligase that is known to build

linear ubiquitin chains.
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The formation of linear ubiquitin chains on NEMO by LUBAC requires the “priming”
of the first ubiquitin on a NEMO lysine and ubiquitin chain formation on the ubiquitin N
terminus, two reactions with different chemistries. Currently, it is unknown how this dual
target specificity is regulated and how the molecular mechanisms involved in this process
have not been fully elucidated. Furthermore, the role of NEMO linear ubiquitination in
transducing signals to the cytoplasmic IKK complex, facilitating sequential activation of
IKK in the NF-kB signaling pathways remained to be determined. This study provides a
key into understanding molecular events leading to IKK activation, how specific signals
selectively activate IKK2 within an IKK complex, with the help of pathway-specific
modulator, NEMO.

The NEMO regulatory subunit plays a critical role in the assembly of the IKK
complex and is thought to link the IKK complex to upstream activators by mechanisms
that remain to be defined. First of all, to address what structural changes occur in NEMO
when it interacts with IKK2, | performed biophysical characterizations on purified full-
length NEMO and a series of NEMO deletion and disease-associated point mutants as
well as various IKK2:NEMO complexes. NEMO exists as an elongated homodimer in
solution with propensity to form oligomers and further is held together through a mutually
regulatory dynamic association/competition between individual elements. Published
papers showed that different regions of NEMO exert distinct functions. For example, the
amino terminus is necessary for interaction with the IKKs [74], whereas the carboxy
terminus of NEMO is required for binding to ubiquitin or the deubiquitinase CYLD or for
the oligomerization of NEMO [34]. From the analysis of the solution behavior of NEMO

truncated fragments, | specifically observed a distinct function in a region defined
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intervening domain residues between 110-194 and the IVD controls over NEMO
dimerization through flanking coiled coil regions, perhaps by competitively adopting its
own unique helical homodimeric structure and my analysis of several of these mutant
NEMO proteins revealed that they exhibit drastically altered solution behavior.

Over many years, published reports demonstrated that glycerol gradient
ultracentrifugation analysis provided the composition of the IKK complex observed its
heterogeneous composition under near-physiological conditions. IKK complex assembly
has been previously characterized mainly by gel filtration in 293T, yeast, and HelLa cells,
and several groups observed the formation of a large complex (700—900kDa) most of the
time under conditions of overexpression [27, 65, 86, 96]. Probably, the molecular mass
measurement of the IKK complex by gel filtration is erroneous mainly because of the
abnormal hydrodynamic properties of NEMO. Indeed, whereas the calculated molecular
mass of the NEMO subunit is 50kDa, | observed NEMO expressed in Escherichia coli is
eluted as a 700-kDa protein corresponding by SEC. Similar abnormal behavior was
observed with tight NEMO-IKK2 heterocomplexes which display an erroneous molecular
mass as higher than 1200 kDa on gel filtration, probably caused by NEMO. | demonstrate
that, in contrast, by SEC-MALS and AUC my data suggest that purified recombinant
IKK2-NEMO complexes do not undergo a significant change but it is clear that adding
NEMO to IKK2 strengthens the propensity of IKK2 oligomerization. Transient
oligomerization of IKK2 in a conformation that promotes trans auto-phosphorylation would
naturally direct and amplify the activity of any signaling kinase functioning directly
upstream of IKK2 to quickly generate a pool of catalytically active IKK2, consistent with

the rapid amplification of IKK2 phosphorylation that is observed in vivo [88,91,136]. The
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introduction of mutations within the oligomerization interfaces observed in the IKK2 X-ray
crystal structure is sufficient to disrupt activation suggests that small molecules designed
to interfere with oligomerization through these interfaces should function as specific
inhibitors of IKK2 [60]. Therefore, the crucial role for oligomerization of NEMO in the
assembly and function of the IKK complex is reflected in the fact that the IKK complex
can be activated by enforced oligomerization of NEMO [52,62,96]. Moreover, | observed
that C-terminal deletions to NEMO do not appear to influence the ability of the multisubunit
IKK heterotetramer to assemble so long as the KBD is preserved in NEMO. This might
suggest that association of dynamic NEMO to IKK2 dimers serves to attenuate whatever
influence the IVD exerts on NEMO structure and dynamics. In the absence of additional
knowledge concerning the surfaces employed by IKK2/B and, to a lesser degree, NEMO
homodimers to induce oligomerization of multisubunit IKK, it is challenging to predict how
NEMO exerts control over higher order oligomerization of IKK. It remains to be
determined what, if any, functional significance is owed to higher order oligomerization of
NEMO:2:IKK2; tetramers in the cell.

The first protein kinase A (PKA) structure solved was in an active and
phosphorylated state. The structure showed that a phospho-residue in the activation
segment interacts with a pocket of positively charged residues on the surface of the
kinase (Knighton et al., 1991). The earliest inactive structures showed that an
unphosphorylated activation loop could adopt a variety of conformations that were
different from protein kinase A and, in some cases, even exhibited disorder in the crystal
structures [100,144-146]. A lot of people paid too much attention to the global

conformation of the kinase, such as how the small lobe is positioned relative to the large
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lobe and how the nucleotide binding site is “open.” Brad, in early 2000s, identified a larger
region than what was previously defined (DFG....... APE) [100]. In order to make it clear
that this was a bigger region than previously defined activation loops. Sometimes people
used to call them the "T loop" because this region contains a phosphorylated Threonine
residue in PKA. Brad started calling this the "activation segment". Now people call it
"activation loop" again but it has been redefined to contain all of these sequences. Brad's
insight, which came from his study of the structures of known kinases in their active and
inactive states back in 2002 and his study of a particularly interesting SR protein kinase
in yeast called Sky1p that was constitutively active without requirement for any activating
factor, was that positioning of residues within this segment was the key for determining
whether a kinase is active or not. By comparing the activation segments from currently
available active protein kinase structures, several structural features characteristic of the
active state were defined [100] and also showed that certain regions of the activation
segment exhibit significant conformational diversity. These issues include, for instance,
how activation loop conformation works together with active site residues, how
phosphorylation induces an active conformation in some kinases, and why it is not
required in others.

The human IKK2 x-ray crystal structure determined in 2013 [60]. The Kinase
domain (KD) exhibits all of the sequence and structural features typical of a functional
catalytic KD in its active conformation, which is similar to protein kinase A. Residues from
the catalytic loop, the phosphate binding site, and the magnesium binding loop occupy
the positions of an ordered catalytic center that can catalyze the phosphoryl transfer

reaction. For example, the K44—EG61 pair contributed by beta-strand 3 and alpha-helix
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aC is properly oriented to form a salt bridge, the DFG tripeptide residues of the
Mg?* binding loop (DLG in IKK2) occupy their “active” positions, the catalytic base D145
is poised for catalysis, and the beta-sheet formed by strands 6 and 39 contains three
hydrogen bonds, a signature feature of all active kinases. Furthermore, the KD within the
IKK2 crystal structure also exhibits the constellation of buried hydrophobic residues that
form the “spine” of an active protein kinase [60,100]. Moreover, the x-ray structure of two
different subunits of IKK2/p revealed two different conformations [100, 147]. One of the
subunits was fully phosphorylated where the other was not. Thus, | wanted to investigate
the solution confirmation of AL in it inactive and active states. K44 in KD of IKK2 contacts
the phosphate of ATP which is essential for catalytic activity of IKK2/f3. Both K44M mutant
and wt IKK2/B were expressed as truncated form (11-669) in baculovirus. The AL of wt
IKK2/B but not K44M undergoes phosphorylation due to overexpression. K44M could not
underwent trans autophosphorylation. This is consistent with all phospho-modification
induced protein kinases that the AL conformations of IKK2/3 are different between
modified and unmodified AL. For the modification of AL serines/thronine/tyrosines
different kinases use different mechanism.

In IKK2 activation through canonical pathway, moreover, the association with
NEMO to IKK2 can help IKK2 readily activated in response to early signaling events
including receptor-mediated signalsome assembly and poly-ubiquitin chain formation. As
shown in my in-vitro trans autophosphorylation, kinetics of phosphorylation of the AL of
full length kinase dead (KD) IKK2/B K44M mutant by an active truncated IKK2'1-669
underwent conformational change into an ‘open state’ to be targeted by an active kinase

and further when interaction between the sensor region of IKK2/g and the NEMO:Ub4
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induced conformational change of the AL, the rate of phosphorylation was significantly
greater in the presence of the NEMO:Ub4 complex than NEMO with the absence of Ub4.
Phosphorylation by protein kinases is recognized as a critical mechanism by which
virtually every activity of eukaryotic cells is regulated, including proliferation, gene
expression, metabolism, motility, membrane transport, and apoptosis. Perhaps, In this
process to inactive IKK2 becoming inactivate to activate states, phosphorylation can
occur in 1 second for altering metabolic rate, have kinetics spanning hours that are both
reversible and highly coordinated for orchestrating complex with proteins “helper” in
physiological processes, and act as a means of signal amplification, and the activation of
a single kinase molecule can result in the phosphorylation of many proteins that can be
itself or other proteins [2,3,8,10]. Although the overall fold of protein kinases is conserved,
differences in the core sequence and flanking regions between kinases can also allow
each kinase to respond to a unique set of signals to turn their activity on or off. However,
the precise mechanism by which NEMO prepares IKK2 for activation remains unclear,
though it is apparently passive as the ability of NEMO to interact with IKK2 remains
unchanged throughout the process of NF-kB induction. It is apparent that the dependence
upon NEMO for IKK2 activation can be circumvented by increasing the IKK2
concentration either in vitro or by its overexpression in transfected cells. This is why
transfected IKK2—NEMO complexes are active while endogenous IKK2-NEMO remain
inactive unless first induced by a pro-inflammatory stimulus [32]. Furthermore, defining
the structure is still remined but it could be possible that the linear bound NEMO might
stabilize interaction between IKK2 and NEMO then enhances IKK activation. | suggest

that early signaling events involving poly-ubiquitin chains allow NEMO to permit rapid,
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transient oligomerization of IKK2, which leads directly to activation of the kinase catalytic
activation via trans auto-phosphorylation. Such rapid binding and dissociation could then
allow IKK2 activity to become amplified efficiently through activation loop trans auto-
phosphorylation of neighboring transient assemblages.

While NF-kB activation by most canonical signaling pathways remains mostly
intact in the absence of the IKK1/a subunit, NEMO is an essential component for receiving
and transducing canonical signaling in association with IKK2. However, what is much less
well understood is a critical event in IKK activation by proinflammatory cytokines is the
generation of ‘linear (Met1) and/or ‘lysine 63 (Lys63)’ linked polyubiquitin chains (Ub-
chains) which interact non-covalently with NEMO, and trigger phosphorylation of IKK2/(3
AL. To this end, | investigated that binding of a linear Ub-chain to NEMO stabilizes the
CC2-LZ dimer of NEMO, and the stabilized CC dimer of NEMO interacts with SDD of
IKK2/B on a surface located opposite to the AL. This NEMO:Ub interaction with IKK2
induces allosteric conformational changes in the AL of the IKK2/B kinase domain (KD)
from a ‘closed’ to an ‘open’ state. The ‘open' AL of a kinase in an IKK-dimer could access
the active site of a kinase in another dimer to get phosphorylated in trans. Thus, | refer to
this NEMO:Ub-IKK2 interface of NEMO as ‘second site”. To determine whether the Ub-
bound NEMO could interact with IKK through the second site in vitro | performed in vitro
affinity pull down assay using recombinant IKK1, IKK2, NEMO, and Ub4. | observed that
both IKK2 and IKK1 interact with NEMO in the presence of Ub4 but IKK1 has weaker
interaction than IKK2. This observation seems to be agreed the previous report using

NBD peptide represented that the vitro affinity assay revealed the distinct differences in
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affinity of the IKKs for NEMO as blocking the IKK2 interaction required higher
concentrations of NBD peptide than that which inhibited IKK7 [72-73].

The ability to block the interaction in vitro led me question whether the NEMO
Activation Peptide could be delivered to cells to disrupt NF-kB signaling. | generated the
peptide (NEMOAPeP) encompassing residues 384-389 of NEMO and tested IKK2
activation. To accomplish this, | utilized the ability of an expanding list of small naturally
occurring or synthetic peptides to traverse cell membranes [148]. These peptides are
named CPPs and coupling of bioactive cargo such as an inhibitory peptide to a CPP
allows cellular uptake of the otherwise refractory cargo [148]. | therefore generated a
fusion consisting of the NEMOACctPep (376-389) with a CPP named TAT that is one of
the most widely used and best-characterized CPPs [148]. Remarkably this TAT-
NEMOAer fusion peptide rapidly entered HeLa, MEF, RAW murine macrophage cells
and blocked both TNF- and LPS-induced NF-kB activation, and consistent with my in vitro
interaction studies, a mutant version of peptide containing QRRSPP—-GGGGGG
mutations did not block NF-«kB signaling. The most exciting feature of the NEMOAPer is
its ability to function in vivo. This was first demonstrated in mouse models in LPS acute
inflammation where subcutaneous injection of the peptide, respectively blocked
inflammation. These accumulated in vitro and in vivo studies of the NEMOA"¢P confirm
my hypothesis that dissecting specific molecular interactions within the IKK complex
identifies targets for the development of potentially effective therapeutic strategies.
Nevertheless, while the NEMOA”eP serves as a convincing “proof of principle” for this
approach, much remains to be accomplished before reagents targeting this domain can

be brought to clinical trials. we need to obtain a full understanding of the pharmacokinetics
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and potential toxicity of the NEMOA°"e? and we must establish the effects of long-term
treatment. However it is possible that the NEMOAer will serve as a model for the future
development of new generations of inhibitors such as small molecules or peptidomimetics
designed to insert into the IKK binding groove of NEMO.

Cyclic adenosine monophosphate (cyclic AMP) is a ubiquitous cellular second
messenger that controls gene expression through protein kinase A mediated
phosphorylation of the constitutively DNA bound transcription factor, the cyclic AMP
response element binding protein [149]. In cells, elevation of cyclic AMP through the use
of adenylyl cyclase (AC) activators, phosphodiesterase (PDE) inhibitors, synthetic cyclic
AMP analogs, or -adrenergic receptor agonists has been shown to inhibit the production
of proinflammatory genes [149], such as tumor necrosis factor-a (TNF-a) and tissue factor
1 (TF1), whose expression is positively regulated by the transcription factor, nuclear factor
kappa B NF-xB [150].

IKK activation is the initial “switch” for triggering NF-kB activation. The literature
does not report on cAMP effects on non-canonical NF-kB activation, which is quite
remarkable considering the important role of this cascade in B cells, wherein cAMP/NF-
KB crosstalk was initially reported. Hence, all effects described probably concern IKK2
[150]. Neumann et al. [151] were the first to propose that inhibition of NF-kB in activated
T cells by the adenylyl cyclase activator forskolin or prostaglandin E2 (PGE2) was the
result of elevation of intracellular IkB levels by cAMP. Since then, this mechanism has
been reported in a variety of cell types, using different stimuli to activate both NF-kB and
cAMP signaling cascades [152-154]. Conversely, dopamine signaling via the Gi-coupled

D4 receptor inhibited IKB expression, probably by reducing [cCAMP]i [154], indicating that
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it is a mechanism that can act in two directions. Whereas the augmentation of cellular IkB
levels by cAMP inducers appears to be a common mechanism, some groups did not find
cAMP-mediated effects at this level of the NF-kB signaling cascade [155-156]. It should
be noted, however, that many investigators did not perform a kinetic analysis of IkB
expression levels, which might confound some of the conclusions. In fact, only a few
studies have reported rapid inhibition of IkB degradation due to blocking of IKK activity by
cAMP [155-156]. In one study, it was shown that the neurotransmitter serotonin, via the
cAMP-inducing 5HT1 receptor, could induce PP2A phosphatase activity, which in turn led
to IkB dephosphorylation and inhibition of its degradation [168]. This observation indicates
that effects on IkB phosphorylation do not necessarily reflect cCAMP-mediated targeting of
the IKK kinase. Most studies, however, did not find effects of CAMP at the level of early
stimulus-induced IkB degradation, but instead reported enhanced levels of resynthesized
IkB [9]. In a few studies, both mechanisms were operative [157]. The mechanisms at the
basis of the elevated expression of resynthesized IkB remain largely unresolved. There
is some evidence that cAMP enhances IkB resynthesis at the transcriptional level [158].
Other studies rather indicated that increased IkB levels are the result of stabilization at
the protein level, but where precisely cAMP intersects the IkB degradation cascade (i.e.
via interfering with IkB ubiquitinylation, or by decreasing proteasomal activity) was not
addressed [162-163]. Interestingly, in J774 murine macrophages, cAMP activated IKK,
resulting in NF-kB activation instead of inhibition [162]. The cAMP effects on IKK activity
were inhibited by the PKA inhibitor H89. However, cAMP also induced protein kinase C
(PKC) activity, which might explain the discrepant results. Activation of IKK by cAMP was

recently also demonstrated in acute lymphoblastic leukemia cells [167]. The fact that the
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role of cAMP is often supported solely by the use of pharmacological cAMP/PKA
activators/inhibitors, the selectivity of which is disputable, is indeed an important obstacle
in the interpretation of many of the reported studies [167]. The idea that cAMP and/or
PKA would enhance NF-kB transactivation via posttranslational modification of Rel
proteins appears to be in conflict with the widely.

The cAMP/cAMP-dependent protein kinase (PKA) pathway and the mitogen-
activated protein kinase (MAPK) cascades modulate common processes in the cell and
multiple levels of cross-talk between these signalling pathways have been described.
Indeed, cCAMP has been shown to block the MEKK/JNK cascade [159], the p38 MAPK
[164] and PI3 K [165], which all stimulate NF-kB transactivation. These kinases that have
a well-documented link to the NF-kB pathway are various members of the large mitogen-
activated protein kinase family (MAPK) including Jun-N-terminal kinase, JNK, and p38
[164]. Both kinases are also triggered by stimuli that activate NF-kB (such as TNFa), as
adapter proteins lead to a branching of the signaling towards different downstream
pathways. The mutual influences of these kinases and NF-kB are pleiotropic. p38 and
related kinases are known to be cofactors in NF-kB activation [162], whereas there is a
rather counteracting relationship between NF-kB and JNK [169]. Further members of the
kinase family, which activate or regulate NF-kB include protein kinase C (PKC) [164] and
Akt triggered by PI3K [165]. However, it is important to note that the effect of a signaling
molecule on NF-kB often strictly depends on the cell type or the micro-environment and
that even opposite effects can occur in distinct cell types. This has been reported for
instance for the influence of Akt on NF-kB, which is activating in cell types such as

epithelial cells, but can be inhibitory in macrophages [166]. Moreover, inhibitors of multiple
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signaling pathways can inhibit proinflammatory cytokine production following TNF-«
stimulation, highlighting that important crosstalk between these multiple pathways is
essential for altering the normal homeostatic state of the microglial cell to a classically
activated phenotype.

To this end, | like to examine how NEMOAcep affects TNF-a-induced cell activation
through signaling intermediaries of the NF-kB and MAPK pathways. | observed that
NEMOAep inhibited IKK2-NFkB activation with a does dependent manner but all three
MAP kinases are activated by TNF-a but no effect of either the WT or mutant peptide.
Taken together, in this study | suggest the inhibitory effects of NEMOA®eP on induction
of NF-kB activation in cells and demonstrate that these actions of NEMOA¢"eP inhibits
IKK2-NF-kB activation through unique mechanism which is IKK2 activation via canonical
pathway. This peptide inhibits the activity of the IKK complex, and consequently
inflammatory gene expression in the stimulated different cells. | have demonstrated that
NEMOAPer inhibits IKK-2 activity selectively, compared with at least other kinases
including those in the MAP kinase inflammatory pathways such as p38, JNK and ERK.
Furthermore, this selectivity can be maintained in TNF-a stimulated cells. The
demonstrated selectivity of NEMOA°Per validates its use as a pharmacological tool to
dissect the effects of IKK-2 inhibition on the activation of the NF-kB pathway in a cell-
based system.

This study is the first report of the role of the NEMO in the molecular mechanisms
by which the binding of ubiquitin to NEMO controls IKK activation between a second
interaction in IKK complex through cell signaling networks and how defects in this process

underlie the pathogenesis. To harness the potential of the pleiotropic IKK signal
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transducer as a drug target in numerous types of inflammatory diseases, diabetes, and
cancers, it is critical to understand how its activity is directed to different signaling axes
and cellular functions and the degree to which these are insulated from or connected with
each other. The present work identifies NEMO as a key molecule and provides a

framework for future investigations.
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