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The Role of Oligomerization in Human IKK2 Activation as Revealed by Structural and 
Biophysical Studies 

 

by 

 

Arthur Van Hauenstein 

Doctor of Philosophy in Chemistry 

University of California, San Diego, 2013 
San Diego State University, San Diego, 2013 

Professor Tom Huxford, Chair 

 

First described in B-lymphocytes, the canonical NF-κB signaling pathway is a ubiquitous 

pro-inflammatory, cell survival program that can be activated by a diverse array of cytokines, 

growth factors, bacterial, viral, and environmental stimuli. In resting cells the transcription factor, 

NF-κB, is sequestered in the cytosol by its association with inhibitor of κB (IκB) proteins. Upon 

induction by extracellular stimuli, IκB is phosphorylated at two N-terminal serines that target it 

for ubiquitylation and subsequent proteolytic degradation. NF-κB is thus freed to translocate to 

the nucleus where it enhances the transcription of a suite of target genes promoting cell growth 

and survival. The critical IκB phosphorylation event triggering NF-κB activation is performed by 

the inhibitor of κB kinase (IKK) complex. The IKK complex is composed of two highly 
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conserved catalytic subunits, IKKα or IKK1 and IKKβ or IKK2, and a third essential, non-

catalytic scaffolding subunit called IKKγ or NEMO. Activation of the catalytic subunits involves 

phosphorylation of two activation loop serines (176 and 180 for IKK1 and 177 and 181 for 

IKK2). This requires NEMO in vivo to articulate upstream factors to IKK activation. In vitro, 

however, overexpression and purification of IKK2 alone can produce an active kinase capable of 

trans auto-phosphorylation. As such it is not clear whether an upstream IKK kinase such as 

TAK1 is always required for IKK activation and/or if the inherent trans auto-phosphorylation 

activity of IKK plays a role.  

In this study, we have crystallized and solved a low resolution, 4 Å, X-ray structure of 

human IKK2 in an active conformation. Analysis of the asymmetric unit reveals arrays of “open” 

IKK2 dimers associating through two novel protein-protein interfaces that appear to facilitate the 

positioning of kinase domains for efficient activation loop trans auto-phosphorylation. Mutations 

of residues designed to abrogate these novel protein-protein interfaces reduced both the amount 

of S177,181 phosphorylation and N-terminal IκBα phosphorylation in HEK293T transfected cells 

and in in vitro kinase assays. We propose a mechanism of IKK2 trans auto-phosphorylation by an 

oligomerization dependent pathway through novel, transient protein-protein interactions. This 

would explain both the rapid kinetics and signal amplification observed in cells.   
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CHAPTER I 

Introduction 
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A.  NF-κB:  DISCOVERY AND SIGNIFICANCE 

The transcription factor Nuclear Factor kappa B, NF-κB, is a DNA-binding protein 

involved in the regulated expression of arrays of genes involved in such complex cellular 

processes as inflammation, cell survival, proliferation, and cell differentiation and development in 

response to extracellular stimuli.  First described in 1986 as a protein that binds the enhancer 

DNA sequence of the kappa light chain gene in B lymphocytes in electrophoretic mobility shift 

assays, NF-κB has since been appreciated as a central, pleiotropic factor found in all cell types 

(Baltimore, 2009; Baltimore, 2011).  NF-κB integrates a host of different signaling cascades 

triggered by environmental insults and cell signals including mitogens, inflammatory cytokines, 

chemokines, bacterial and viral products, and UV light into specific pro-survival (and anti-

apoptotic) responses (Lenardo and Baltimore, 1989; Hayden and Ghosh, 2012).  As such, 

overstimulation or misregulation of the NF-κB pathway can lead to situations where cells that 

would normally be signaled to die through pro-apoptotic pathways instead are kept alive.  This 

can lead to the pathogenesis of certain cancers including chronic lymphocytic leukemia (CLL), a 

number of lymphomas, as well as a host of chronic inflammatory disorders such as rheumatoid 

arthritis and Chrohn’s disease (Karin, 2009).  Conversely, downregulation of NF-κB activity, or 

demonstrated more elegantly and dramatically in gene knockout studies in mice, can result in 

aberrent innate and adaptive immune responses up to and including embryonic lethality in mouse 

knockouts of the NF-κB subunit p65 (Hayden and Ghosh, 2004).  

 Many of the factors and cellular events that lead to NF-κB activation (and inactivation) 

have been elucidated over the past twenty-six years.  As a master transcription factor that 

regulates the expression of a host of pro-survival and anti-apoptotic genes, the NF-κB pathway 

represents one branch of general cellular responses to extra-cellular stimuli that include apoptosis 

and necrosis (Figure 1.1A).  Upon ligand binding to a receptor such as tumor necrosis factor 

alpha (TNF-alpha) binding to the TNF-alpha receptor or lipopolysaccharide (LPS) binding to a 
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toll-like receptor (TLR), a number of protein factors are recruited to the cytosolic portion of the 

receptor, which itself has no inherent catalytic activity unlike the tyrosine kinase family of 

receptors (Wu H., 2013).  This oligomerization of proteins with certain activities including 

ubiquitlyation and phosphorylation lead to the activation of a central kinase complex known as 

the inhibitor of κB kinase (IKK) (Figure 1.1B).  IKK phosphorylates the inhibitor of κB proteins 

(IκB), chiefly IκBα, which in resting cells is bound to NF-κB and sequesters it in the cytosol.  

The phosphorylation of two N-terminal serines of IκBα leads to its rapid ubiquitylation and 

subsequent proteolytic degradation by the 26S proteasome, which frees NF-κB to translocate to 

the nucleus and bind its cognate enhancer sequences to promote gene transcription.  Although 

much is known structurally and mechanistically about a number of these factors downstream in 

the pathway, comparatively little is known about many of the upstream factors including proteins 

in the IKK complex (Huxford and Ghosh, 2009). 

B.  THE NF-κΒ  FAMILY  

There are five members of the mammalian NF-κB family:  p65 (RelA), RelB, c-Rel, 

p50/p105 (NF-κB1), and p52/p100 (NF-κB2) (Figure 1.2A).  All of these proteins are 

characterized by an  ~300 amino acid, N-terminal, Rel homology region (RHR) that mediates 

dimerization and DNA binding.  Three of these family members (p65, RelB, and c-Rel) have a C-

terminal transactivation domain (TAD) that can drive transcription without the need for the 

recruitment of additional co-factors.  p50 and p52 subunits lack TADs and, when not dimerized 

with a trans-activating subunit, can serve as inhibitors of NF-κB driven transcription (Hayden 

and Ghosh, 2012; Huxford and Ghosh, 2009).  Interestingly, p50 and p52 are expressed as much 

larger precursor proteins called p105 and p100, respectively.  These precursor proteins are 

inducibly processed by the 26S proteasome complex to yield the mature p50 and p52 subunits 

(Betts and Nabel, 1996). 
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Figure 1.1:  Overview of cellular responses and the NF-κB pathway. 
A). General cellular pathways. A-I indicate extracellular signals. B). Overview of the NF- 
κB pathway.  
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Under basal conditions, different combinations of these subunits form homo or 

heterodimers in the cytosol of which p50/p65 complexes are the most prevalent.  Upon 

stimulation by extracellular signaling molecules, the cytosolic NF-κB dimers translocate to the 

nucleus and bind their cognate κB DNA sequences, GGGRNNYYCC (R = purine, N = any base, 

Y = pyrimidine), to initiate transcription (Hayden and Ghosh, 2004).  The regulation of this 

inducible translocation event is dependent on several upstream activators and inhibitors that will 

be discussed in the following sections.   

C.  REGULATION OF NF-κΒ  BY THE INHIBITOR OF κΒ  PROTEIN, IκB  

The inducible nature of NF-κB activity and its fast kinetic profile (activated within 

minutes of extracellular stimulation) were a couple of the first observations that alluded to its 

tightly regulated control.  Sen and Baltimore showed that the ability of NF-κB to bind κB DNA in 

pre-B cells, 70Z/3, and other non-lymphoid cells was activated upon treatment of cells with 

activated phorbol esters or pro-inflammatory bacterial products like lipopolysaccharide (LPS) 

(1986).  Furthermore, treatment of cells with cycloheximide suggested that upregulation in DNA 

binding activity was not due to production of new protein, but from the release of NF-κB from an 

inhibited state in the cytosol allowing for its translocation to the nucleus.  Baeuerle, et al. 

performed denaturation, and renaturation experiments using mild dissociating agents like sodium 

deoxycholate and formamide to separate NF-κB from a previously unknown inhibitory factor that 

restored NF-κB’s ability to bind DNA in unstimulated 70Z/3 and HeLa cells (1988).  In addition, 

comparison of cell fractions from unstimulated and phorbol ester or LPS-treated cells showed an 

accumulation of NF-κB in nuclear fractions after treatment.  These experiments revealed the 

tightly regulated nature of NF-κB activation and set the stage for the idea of a post-translational 

mechanism for dissociation of NF-κB from its basal association with the inhibitor of κB protein, 

IκB.   
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D.  THE IκΒ  FAMILY 

 There are eight members of the mammalian IκB family:  IκBα, IκBβ, IκBε, Bcl-3, 

IκBNS, IκBζ, and the C-terminal regions of the NF-κB precursor proteins p100 and p105 (Figure 

1.2B).  A key structural feature of all these proteins is a 33 residue repeating helix-loop-helix 

motif called an ankyrin repeat domain (ARD).  These ARDs mediate non-covalent interactions 

with the RHRs of NF-κB proteins.  IκBα, IκBβ, and IκBε comprise the so-called classical IκB 

proteins and contain six ankyrin repeats, an N-terminal signal response domain (SRD), and a C-

terminal PEST (proline, glutamate, serine, and threonine-rich) sequence.  These IκB proteins are 

inhibitory in nature, bound to cytosolic NF-κB in latent cells.  Upon signal induced dissociation 

of these classical IκB proteins from NF-κB, NF-κB translocates into the nucleus to initiate 

transcription of target genes including IκB proteins.  IκBα, in particular, has a nuclear export 

signal that (along with the C-terminal PEST domain) allows it to bind DNA bound NF-κB in the 

nucleus, dissociate it from DNA, and shuttle it out of the nucleus back into the cytosol (Zabel and 

Baeuerle, 1990; Rice et al., 1993).  This elegant, negative feedback loop in conjunction with the 

observation that the different classical IκB proteins have different signal-dependent kinetic 

profiles of NF-κB dissociation, allows for precise temporal control of the NF-κB response 

(Huxford and Ghosh, 2009).   

The precursor proteins p100 and p105 also sequester NF-κB proteins in the cytosol (in 

particular p100 bound to RelB) because, in addition to their N-terminal RHR, they also have 

seven, C-terminal ARDs.  However, unlike the classical IκB proteins, upon signaling, p100 and 

p105 do not dissociate from NF-κB but are instead processed by the 26S proteasome from the C-

terminus removing the IκB-like domain.  This allows the mature p52 or p50 containing dimer to 

translocate into the nucleus.  This processing is induced by upstream signaling but it has also 

been reported to be constitutively activated in certain circumstances (Betts and Nabel, 1996; Xiao 

et al., 2001). 
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A). 

 
B). 

  

Figure 1.2:  Domain structures of NF-κB and IκB protein families. 
A).  NF-κB (RHR=Rel Homology Region, G=Glycine-rich region, TAD=Transactivation 
Domain, LZ=Leucine Zipper motif) and B).  IκB proteins (SRD=Signal Response Domain, 
E=Nuclear Export Signal, ARD=Ankyrin Repeat Domain, PEST=Proline, Glutamate, 
Serine, Threonine Rich Sequence).   
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 The nuclear IκB proteins include Bcl-3, IκBNS, and IκBζ/MAIL. These seven ankyrin-

repeat-containing proteins are the least well studied. Their expression is inducible and NF-κB 

dependent, acting as a secondary wave of NF-κB regulation by binding DNA bound NF-κB in the 

nucleus and either inhibiting or activating transcription of a subset of genes.  In addition, unlike 

the classical or precursor IκB proteins, they do not have a signal response domain (Huxford and 

Ghosh, 2009). 

E.  IκB PHOSPHORYLATION, UBIQUITYLATION, AND PROTEOLYTIC DEGRADATION 

In an effort to determine the nature of the supposed signal-dependent, post-translational 

modification responsible for the dissociation of IκB from NF-κB, several groups tried to purify 

the NF-κB/IκB complex and recapitulate its dissociation in vitro.  Protein kinase C (PKC) was 

identified early on as a potential inducer of NF-κB/IκB dissociation since phorbol esters were 

known to activate PKC in vivo (Baeuerle and Baltimore, 1988).  Ghosh, et al. and Shirakawa, et 

al. showed by gel retardation and electrophoretic mobility shift assays that in vitro 

phosphorylation of IκB by PKC (and to a lesser extent PKA) activated NF-κB for DNA binding 

(1990; 1989).  Later, cloning of the cDNA from the mRNAs of genes that were immediately 

upregulated upon adhesion of human monocytes identified a 317 amino acid protein encoded by 

the MAD-3 gene with IκB-like activity and a putative C-terminal PKC phosphorylation 

consensus sequence, which seemed to confirm PKC as the IκB kinase (Haskill et al., 1991).  This 

observation was quickly refuted, however, when it was shown that NF-κB can still be activated in 

the presence of PKA and PKC inhibitors in human leukemic cell lines, K562 and Jurkat, when 

induced by other small molecule inducers like tumor necrosis factor alpha (TNF-alpha), LPS, and 

interferon-gamma (IFN-gamma) (Meichle et al., 1990; Feuillard et al., 1991; Bomsztyk et al., 

1991).  Indeed many kinases can phosphorylate the MAD-3 protein, called IκBα, including casein 

kinase II, raf-1, and haem-regulated eIF-2 kinase (Barroga et al., 1995).  These kinases, however, 

do not activate NF-κB in vivo by multiple inducers.   
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 By 1995, it became clear that PKC and PKA were not the putative IκB kinases when 

Traenckner, et al and Brown, et al reported that the inducibly phosphorylated consensus sequence 

in IκBα resides in the N-terminus instead of the C-terminus (1995; 1995).   Mutation of two 

serines, at positions 32 and 36, to alanines either singly or doubly, resulted in abrogation of NF-

κB activity in response to several different cell stress signals.  Interestingly, phosphorylation of 

these sites alone was not sufficient to cause dissociation of the IκBα/NF-κB complex (Lin et al., 

1995; DiDonato et al., 1995).   

Henkel, et al and Mellits, et al observed that, upon induction, there is early IκBα 

proteolytic degradation immediately followed by increased NF-κB DNA-binding activity (1993; 

1993).  Pre-treatment of 70Z/3 and Jurkat cells with protease inhibitors before induction with a 

variety of stimuli showed a decrease in NF-κB DNA-binding activity and the persistence of IκBα.  

Furthermore, other groups have shown that inhibition of the chymotrypsin-like activity of the 26S 

proteasome by peptide aldehyde molecules or treatment with antioxidants like PDTC results in 

the accumulation of hyperphosphorylated IκBα still bound to NF-κB (Traenckner et al., 1994; 

Alkalay et al., 1995a).  These in vivo observations are in stark contrast to the early, cell-free 

experiments that showed phosphorylation of IκBα by purified PKC and PKA resulted in an 

increase in NF-κB DNA-binding activity.  The previous in vitro studies, however, failed to 

account for this proteolytic mechanism of IκBα/NF-κB complex dissociation.  Taken together, 

these observations suggest a new paradigm for NF-κB activation whereby inducible 

phosphorylation of the N-terminus of IκBα signals for its proteolytic degradation, and this 

releases NF-κB so it can translocate to the nucleus and bind to DNA.   

Phosphorylation of IκBα is not the only post-translational modification that is required 

for proteasomal degradation.  Shortly after linking IκBα phosphorylation to proteasomal 

degradation, several labs identified ubiquitlyation of IκBα as another important covalent 

modification (Chen et al., 1995; Scherer et al., 1995).  Alkalay, et al demonstrated that inducibly 
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phosphorylated IκBα is a substrate for polyubiquitylation and subsequent proteolytic degradation 

in a reconstituted rabbit reticulocyte, ubiquitin-proteasome system (1995b).  Phosphorylation of 

serines 32 and 36 of IκBα presents a handle for recognition by the E3 F-box/WD-40 adapter 

protein, β-TRCP, which in conjunction with the E2 ubiquitin-conjugating enzyme, Ubch5, and 

Skp1, form an SCFβ-TRCP ubiquitin ligase complex that specifically ubiquitylates lysines 21 and 

22 of IκBα (Scherer et al., 1995; Baldi et al., 1996; Spencer et al., 1999).  This polyubiquitylation 

is targeted by the 26S proteasome for degradation of IκBα.  It is the specific, signal-dependent 

phosphorylation of S32 and S36 that sets this proteolytic pathway in motion.  The ubiquitousness 

of the induction of this pathway by a number of different inducers, including TNF-alpha, LPS, 

IL-1, phorbol ester, and IFN-gamma, lent a renewed urgency to the discovery of the de facto IκB 

kinase. 

F.  IKK DISCOVERY AND SIGNIFICANCE 

 The identification of the signal-dependent N-terminal phosphorylation sites of IκBα 

prompted many labs to try to purify the inducible kinase activity responsible in the mid 1990s.  

Many groups independently discovered a high molecular weight (700-900 kDa as determined by 

size exclusion chromatography), partially purified activity composed of several different proteins 

(Chen et al., 1996; DiDonato et al., 1997; Mercurio et al., 1997).  Among them were mitogen 

activated protein (MAP) kinases such as MEKK1 and MEKK 3, the JNK kinase TAK1, and 

IRAK1 (Lee et al., 1997; Malinin et al., 1997).  However, none of these kinases was consistently 

found in the IκBα specific 700-900 kDa activity in different cell types and in different signaling 

contexts in stoichiometric amounts.  Not until late 1997 did three separate labs report and 

recombinantly express the true kinase activity that phosphorylates S32 and S36 of IκBα from 

TNF-alpha-induced HeLa and 293 cells (DiDonato et al., 1997; Zandi et al., 1997; Mercurio et 

al., 1997; Woronicz et al., 1997).  Interestingly, two highly related serine/threonine kinases, 
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IKKα (or IKK1 which was previously reported in the literature as CHUK) and IKKβ (or IKK2), 

were responsible for the S32 and S36 specific activity.  The 85 and 87 kDa proteins respectively 

share approximately 50% sequence identity (70% sequence homology) to each other and were 

thus assumed to be redundant kinases. 

In 1998, a third component of the 700-900 kDa TNF-alpha-induced activity was 

discovered (Rothwarf et al., 1998).  Co-eluting in high molecular weight fractions with IKK1 and 

IKK2 from partially purified HeLa cell extracts, this 48 kDa protein called IKKγ or NF-κB  

Essential Modulator (NEMO) was found in immunoprecipitation assays to interact directly with 

the C-terminus of IKK1 and more strongly with IKK2 through its N-terminus.  With no catalytic 

activity of its own, NEMO acts as a regulatory scaffolding protein.  Knockdown studies in HeLa 

cells, and later more convincingly in knockout studies in mice, showed NEMO is absolutely 

essential for TNF-alpha, IL-1, LPS, and PMA (among others) induced NF-κB activation.  

Elegant gene knockout studies in mice revealed that, although IKK1 and IKK2 share a 

high degree of sequence homology, they are not redundant factors.  Knockout of the IKK2 gene 

in mice resulted in an embryonic lethal phenotype (similar to p65 knockout mice) caused by 

runaway TNF-alpha-induced apoptosis in the liver (Li, Q et al., 1999a; Tanaka et al., 1999; Li, 

Z.W et al., 1999). Interestingly, this lethal apoptotic phenotype could be rescued till about a 

month after birth by crossing IKK2-/- mice with TNF-alpha-/- mice, suggesting that TNF-alpha 

signals through the NF-κB pathway during development.   In addition, IKK2 knockout 

experiments in mouse embryonic fibroblasts (MEFs) showed a marked reduction in IκBα 

degradation and subsequent NF-κB activation upon TNF-alpha induction.   Interestingly, 

interleukin-1 (IL-1) stimulation did not show as severe a reduction in NF-κB activation as IKK1 

activity appeared to partially compensate for IKK2 deficiency in this case.  

In contrast, IKK1 mouse knockout studies showed that TNF-alpha and IL-1 induced NF-

κB activation remained largely intact, but severe abnormal developmental phenotypes were 
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observed including aberrent skin cell proliferation and differentiation and skeletal morphogenesis 

(Hu et al., 1999; Li, Q et al., 1999b).  Consequently, although no embryonic lethal phenotype was 

observed, IKK1-/- mice generally died about one month after birth.  These contrasting phenotypes 

suggested that IKK1 may function not as a redundant factor to IKK2 but in an entirely distinct 

NF-κB signaling pathway.  This so-called “alternative” (or non-canonical) pathway was later 

shown to be induced by a subset of NF-κB signaling molecules including lymphotoxin beta (LTβ) 

and B-cell activating factor (BAFF) that activate NF-κB independent of both IKK2 and NEMO 

(Dejardin et al., 2002; Claudio et al., 2002; Senftleben et al., 2001; Sun S-C., 2012).  Activated 

IKK1 primarily phosphorylates the IκBα-like C-terminus of p100 and induces its degradation by 

the 26S proteasome to yield the mature NF-κB dimer, p52/RelB.  This p52/RelB dimer 

translocates to the nucleus to activate transcription of a subset of NF-κB-dependent genes 

involved in lymphoid organogenesis (Liu et al., 2012). 

Like the IKK2-/- and p65-/- mice, NEMO knockouts exhibited embryonic lethality at 

approximately day thirteen of development (Rudolph et al., 2000).  However, unlike IKK2-/-, 

NEMO-/- MEF cells displayed an even more severe phenotype showing absolutely no NF-κB 

activation or IκBα phosphorylation and degradation upon induction by a wide array of NF-κB 

inducers.  This absolute requirement for NEMO in the NF-κB canonical pathway is further 

highlighted by the fact that, although IKK1 can be activated and has activity independent of 

NEMO, it still requires NEMO to respond to canonical NF-κB inducers (Rothwarf et al., 1998; 

Yamaoka et al., 1998).  

G.  IKK DOMAIN STRUCTURE AND SEQUENCE ANALYSIS 

 IKK1 and IKK2 are serine/threonine, MAP-like kinases that play a pivotal role in the 

mammalian innate immune response and they exhibit functional and sequence homology to 

proteins found in the more ancient Drosophila Toll and IMD pathways (Silverman and Maniatis, 

2001). They also share some sequence homology with a small clade of IKK-like kinases that 
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include Tank-binding kinase 1 (TBK1) and IKKε (Figure 1.3) (Huxford and Ghosh, 2009).  On 

the basis of their related sequences, they both harbor an N-terminal kinase domain (KD) followed 

by a ubiquitin-like domain (ULD), a leucine zipper (LZ) domain, a helix-loop-helix (HLH) 

domain, a serine-rich region (SRR), and finally a C-terminal, NEMO-binding domain (NBD) 

(Figure 1.3).  Like many MAP kinases, activation of IKK involves phosphorylation of specific 

serine residues in the activation loop of the kinase domain (Zheng and Guan, 1994).  There are 

two residues at S176 and S180 for IKK1 and two residues at S177 and S181 for IKK2 that must 

be phosphorylated in order for IKK to become active (Mercurio et al., 1997).  Mutation of these 

residues to alanines results in a constitutively inactive molecule, whereas mutations to the 

phosphomimetic amino acid glutamate results in a constitutively active kinase.  Additionally, 

mutations of S32 and S36 of the substrate, IκBα, to threonines reveal that IKK1 and IKK2 are 

both obligate serine kinases since they can not phosphorylate the threonine mutants (Mercurio et 

al., 1997; DiDonato et al., 1997).   

Aside from the KD and the NBD, little was known functionally about the role of the 

domains that lie between the KD and NBD.  Initial biophysical characterization and 

immunoprecipitation experiments, suggested that IKK1 and IKK2 both purify as dimers, with at 

least a portion of the dimerization interface mediated by the leucine zipper motif (Zandi et al., 

1997; Woronicz et al., 1997). 

NEMO, conversely, has no sequence homology to any other known protein.  It is an 48 

kDa protein predicted to have a long, parallel, alpha-helical structure.  It interacts with the C-

terminus of IKK1 and IKK2 through its N-terminus (Rothwarf et al., 1998).  C-terminal 

truncations of NEMO, including deletion of the zinc finger and leucine zipper motifs, results in 

dominant negative inhibition of IKK activation in transiently-transfected HeLa cells (Rothwarf et 

al., 1998).  Recombinant cloning and reconstitution studies in yeast and Sf9 cells showed that 
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Figure 1.3:  Domain structure of IKK complex and IKK-like proteins.  
ULD =Ubiquitin-like Domain, LZ=Leucine Zipper motif, HLH=Helix-loop-Helix motif, 
SRR=Serine-Rich Region, NBD=NEMO Binding Domain, CC1=Coiled-Coil 1 region, 
CC2=Coiled-Coil 2 region, ZF=Zinc Finger. 

NEMO interacts with homo or heterodimers of IKK1 and IKK2 to produce an active, 

high molecular weight complex similar to that observed in TNF-alpha-induced HeLa cells (Miller 

and Zandi, 2001).  Interestingly, even though it has been shown in NEMO knockout and deficient 

cell lines, such as the Rat-1 fibroblast mutant cell line 5R, that NEMO is essential for cytokine-

induced IKK activation, overexpression of IKK2 alone in Sf9 and HEK293 cells results in high 

basal activity (Miller and Zandi, 2001; Delhase et al., 1999; Yamaoka et al., 1998).  This is 

especially intriguing because most examples of endogenous activation of IKK are associated with 

its recruitment from a low molecular weight complex to a high molecular weight complex upon 

induction (Poyet et al., 2000; Zandi et al., 1997; Chen et al., 2002).  The fact that overexpression 
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of IKK subunits can circumvent this oligomerization-dependent activation suggests NEMO itself 

is regulated by some inducible mechanism.  The lack of intrinsic catalytic activity, coupled with 

the predicted protein-binding propensity of the central domains of NEMO, suggest there may be 

some important upstream binding partners.  

H.  CONSTITUTIVE ACTIVATION OF IKK BY VIRAL PROTEINS 

 Since NF-κB is such a strong and ubiquitous activator of transcription, it is not surprising 

to observe that many retroviruses have evolved to exploit this pathway for viral replication.  Early 

in the discovery of NF-κB, the upstream enhancer region of the long terminal repeat of human 

immunodeficiency virus type 1 (HIV-1) was shown to harbor two κB sequences sensitive to 

lymphokine and viral activation of NF-κB binding (Nabel and Baltimore, 1987).  Since then a 

number of viruses including SV-40 and cytomegalovirus (CMV) have been demonstrated to 

contain NF-κB binding sequences (Lenardo and Baltimore, 1989).  Interestingly, some viruses 

such as human T-lymphotropic virus (HTLV-1) also encode trans-activating gene products that 

constitutively activate NF-κB.  The HTLV-1 oncoprotein, Tax, is such an activator (Lenardo and 

Baltimore, 1989).   

Yamaoka et al. demonstrated in HTLV-1 Tax-transformed, rat fibroblast cells deficient in 

NEMO, that Tax (or any traditional NF-κB inducer for that matter) is unable to activate NF-κB 

(1998).  Upon genetic complementation with NEMO, Tax becomes a potent NF-κB activator.   

Jin et al. and Huang et al. revealed that Tax directly binds to the central coiled-coil domains 

between amino acids 201-250 of NEMO, and this induces its stable oligomerization and 

subsequent IKK activation (1999; 2002).  Interestingly, this is a common trans-activating strategy 

for a number of different viruses including equine herpesvirus 2 and Kaposi’s sarcoma herpes 

virus that encode for the oncoproteins v-Clap and v-Flip respectively (Hiscott et al., 2006).  v-

Clap binds a non-overlapping region of NEMO from amino acids 251-300, whereas v-Flip binds 

residues 150-272 (Poyet et al., 2001; Field et al., 2003).  This large region of potential protein-
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protein interactions coupled with the observation that Tax protein binding may induce a large 

scale conformational change in NEMO begs the question of what might be the endogenous 

activator of NEMO (Hong et al., 2007).  Surprisingly, the first steps towards the answer to this 

question were taken before NEMO or IKK were even discovered. 

I.  NON-DEGRADATIVE POLYUBIQUITINATION REQUIRED FOR IKK ACTIVATION 

Since the late 1980s, it has been recognized that a common mechanism for protein 

degradation (independent of the lysosome) involves the ligation of multiple units of a small, 

highly conserved, 76 amino-acid-long-protein, ubiquitin, to a target protein and this results in the 

target protein’s degradation by the 26S proteasome (Ciechanover, 2009).  Ubiquitin attachment to 

a protein occurs through an isopeptide bond between the C-terminal glycine of ubiquitin and a 

lysine residue of the target protein.  This ATP-dependent ubiquitylation activity is a three-step 

process involving a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a 

target protein specific ubiquitin ligase (E3).  Briefly, E1 activates ubiquitin by adenylating its C-

terminal glycine for intermediate binding to a specific thiol site.  This ubiquitin-charged E1 then 

donates its ubiquitin to a thiol site of an E2 carrier, which primes ubiquitin for isopeptide bond 

formation with the ε-amino group of a lysine residue of a protein substrate. This bond formation 

is mediated by a large family of E3 ubiquitin ligases that allow for ubiquitylation of specific 

lysine residues on the target protein (Hershko and Ciechanover, 1998).   

Specific linkages of additional ubiquitin molecules via lysine 48 (K48) form branched 

polyubiquitin assemblages that get recognized by the 26S proteasome and result in the proteolytic 

degradation of the target protein (Chau et al., 1989).  This is how phosphorylated IκBα gets 

targeted for degradation.   Other types of polyubiquitin chains were soon discovered that do not 

lead to proteasomal degradation (Arnason and Ellison, 1994; Spence et al., 1995).  Interestingly, 

this so-called non-degradative polyubiquitination was shown to be inducible by TNF-alpha and 
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required for activation of the IκBα S32, S36 specific phosphorylation activity (Chen et al., 1996; 

Tang et al., 2003a). 

Described before the identification of the IKKs and NEMO, Chen et al. showed that a 

polyubiquitination event upstream of S32,36 phosphorylation dependent ubiquitination of IκBα is 

required (1996).  Using partially purified HeLa cell cytosolic fractions and purified ubiquitylation 

enzymes, they demonstrated that activation of a high molecular weight IκBα kinase activity 

requires ubiquitin, an E1 enzyme, and the specific E2s Ubc4 and Ubc5.  Shortly after the 

discovery of the IKK complex, other groups corroborated this revolutionary study showing that, 

not only was this non-degradative polyubiquitination inducible by a wide array of NF-κB 

signaling molecules, but these polyubiquitin chains interact directly with NEMO (Huang et al., 

2003; Kovalenko et al., 2003; Ea et al., 2006; Wu et al., 2006). 

J.  NEMO OLIGOMERIZATION AND UBIQUITIN BINDING 

 Initial efforts to characterize the basal oligomerization state of NEMO proved to be 

extremely difficult.  Purification of overexpressed NEMO alone in transfected HEK293T and 

COS cells by size exclusion chromatography (SEC) showed NEMO elutes as an approximately 

500 kDa protein (Poyet et al., 2000; Li et al., 2001).  Given the molecular weight of the NEMO 

monomer, this would equate to a 10 or 11-mer.  This seemed very unlikely given the long, coiled-

coil structure of NEMO predicted on the basis of secondary structure prediction software.  As 

such, the shape-dependent limitations of SEC make it difficult to ascertain an accurate molecular 

weight. 

 Fontan et al. conducted sedimentation equilibrium experiments using glycerol gradient 

ultracentrifugation to analyze NEMO oligomerization (2007).  This shape-independent method of 

molecular size analysis allowed them to observe that free NEMO exists mainly as monomers in 

IKK1-/-/IKK2-/- MEF cells.  Analysis of IKK complexes in Rat-1 cells revealed that NEMO 

associates with IKK1 and IKK2 as 160 kDa heterocomplexes with a small amount as a 350 kDa, 
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high molecular weight complex.  In Rat-1 cells where Tax is constitutively expressed, they 

observed a highly active 440 kDa IKK/NEMO complex as well as active IKK dimers.  This 

dynamic partitioning of NEMO into different IKK-bound and IKK-free oligomeric states is a 

theme that is described by many other groups.  As such, NEMO has been characterized as a 

monomer, dimer, trimer, and even a tetramer (Agou et al., 2002; Tegethoff et al., 2003; 

Herscovitch et al., 2008).  Interestingly, no obvious stoichiometric change in the size of the 700-

900 kDa IKK complex is observed before and after TNF-alpha induction (Li et al., 2001).   

Tetgethoff et al. and Agou et al. propose a minimal oligomerization domain (MOD) of 

NEMO that is required for LPS or TNF-alpha induced IKK activation (2003; 2004).  Composed 

of the CC2 and LZ domains (CoZi), this region is sensitive to changes in concentration.  Titration 

studies using peptides corresponding to the CC2 and LZ domains show that they associate in a 

trimer of trimers arrangement as determined by analytical SEC (Agou et al., 2004).   This 

proposed association of adjacent domains suggests that NEMO may undergo large-scale 

conformational changes upon activation.  However, because the CoZi region is sensitive to 

concentration and upstream inducers, it is difficult to come to a consensus on whether changes in 

intra-molecular conformation or oligomerization state actually occurs in vivo.  At the same time 

that NEMO oligomerization was being studied, the importance of signal-induced, non-

degradative polyubiquitination to IKK complex activation was being explored (Tang et al., 

2003a; Deng et al., 2000; Ea et al., 2006; Wu et al., 2006).   

Following up on the early observation by Chen et al., Deng et al. showed that non-

degradative lysine 63 (K63) linked polyubiquitin chains catalyzed by the ubiquitin conjugating 

hetero-complex, Ubc13/Uev1a, are required for TRAF6 dependent IKK complex activation 

(2000).  The formation of these polyubiquitin chains have since been implicated in a number of 

different pathways where the E3 ubiquitin ligase TRAF6 (including the related TRAFs, TRAF2 

and TRAF5) mediates ubiquitlyation of itself and receptor proximal adaptor kinases including 
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RIP1 and IRAK1 (Wertz and Dixit, 2010).  This Ubc13/Uev1a/TRAF ubiquitylation axis 

emanates from a number of different receptors including the TNF receptor, IL-1 receptor, T-cell 

receptor (TCR), NOD-like receptor (NLR), and the RIG-I-like receptor among others (Wertz and 

Dixit, 2010).  Induction of all these pathways leads to IKK complex activation in a K63-linked, 

polyubiquitin-dependent manner, thus reconciling these divergent pathways to a common IKK 

activation mechanism (Chen and Sun, 2009).  Subsequent cell-based and in vitro studies 

demonstrated that NEMO is the IKK complex subunit that directly interacts with K63 

polyubiquitin chains through its C-terminal domains including the CC2, LZ, and ZF motifs (Tang 

et al., 2003a; Ea et al., 2006; Wu et al., 2006).  Interestingly these ubiquitin binding regions 

overlap with regions implicated in higher order NEMO oligomerization.  This leads to the 

question:  Is the NEMO oligomerization state dependent on polyubiquitin binding?  Recent 

crystal and solution structures of different regions of NEMO (both bound and unbound to 

ubiquitin) have shed much needed light on this question (Cordier et al., 2008; Rushe et al., 2008; 

Bagneris et al., 2008; Lo et al., 2009; Rahighi et al., 2009). 

K.  NEMO CRYSTAL AND SOLUTION STRUCTURES 

The first NEMO structure encompasses the C-terminal zinc finger motif (residues 392-

419) (Cordier et al., 2008).  The zinc finger motif solution structure adopts a classic CCHC-type 

zinc finger (Liew et al., 2000).  Mutation of the zinc-chelating cysteine 417 to phenylalanine 

(C417F) was discovered in patients with anhidrotic ectodermal dysplasia with immunodeficiency 

(EDA-ID) (Döffinger et al., 2001).  Surprisingly, the C417F mutation does not result in a change 

in the overall architecture of the ββα fold or even the affinity for zinc (Cordier et al., 2008).  

Rather, the thermal stability of the zinc finger is reduced as demonstrated by far-UV circular 

dichroism (CD) and an observed increase of molecular dynamics is evidenced by upfield shifts of 

amide hydrogen bonds as compared to wild-type in proton NMR spectra.  This global increase in 

instability translates to changes in the proposed hydrophobic ubiquitin-binding surface observed 
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in the structure.  As a result, the C417F mutant (also observed more potently for zinc finger 

deletion NEMO constructs) in reconstituted NEMO-/- pre-B and T cells exhibited significantly 

reduced NF-κB activation upon LPS, IL-1β, and TNF-alpha induction as compared to wild-type 

(Cordier et al., 2008).  Though the C-terminus of NEMO was shown to be dispensible for NEMO 

oligomerization, it has been demonstrated to be both ubiquitylated (at K399) and to bind K63 

polyubiquitin chains especially upon TNF-alpha signaling (Zhou et al., 2004; Agou et al., 2004; 

Ea et al., 2006).    

 The first NEMO crystal structure encompassing the C-terminal CC1 and helix-loop-helix 

2 motif (HLX2) between CC1 and CC2 was determined bound to the Karposi’s sarcoma 

herpesvirus protein, v-FLIP (Bagneris et al., 2008).  Exhibiting a non-canonical, parallel, coiled-

coil structure mediated by two NEMO chains, only residues 192-252 were resolved.  This 

excludes most of the more C-terminal MOD which is likely dis-ordered in the crystal.  

Dimerization of the two NEMO chains is enforced by interactions with v-FLIP such that the 

regions of NEMO predicted to have low propensity to form a coiled-coil based on heptad repeat 

sequences are stabilized by high complementarity hydrophobic interactions between NEMO and 

v-FLIP (Figure 1.4A).  In light of data showing that endogenous NEMO exists as a monomer in 

resting IKK1-/-/IKK2-/- MEF cells, the low propensity of intervening coiled-coil domain regions to 

form coiled-coils may suggest that monomeric NEMO can adopt a more compact, inter-domain, 

coiled-coil trimer configuration in resting cells to bury hydrophobic surfaces of the helix 

accommodated by binding to v-FLIP (Fontan et al., 2007; Agou et al., 2002).  Thus, by binding 

to constitutively activating viral proteins or polyubiquitin, a large-scale conformational change 

may occur that includes an extended, dimeric, coiled-coil conformation (Figure 1.4B) (Bagneris 

et al., 2008).  Therefore, NEMO oligomerization could be not just a consequence of high 

concentrations as seen in previous biophysical studies, but induced by exogenous protein-protein 

interactions.  A linear di-ubiquitin bound NEMO crystal structure along with two apo-NEMO  
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A). 

 
 
 
B). 

 

Figure 1.4:  Model of NEMO activation upon binding to v-FLIP.   
A).  Sequence alignment of NEMO from different evolutionarily distant species.  
Blue=identical residues, Light Blue=homologous residues, yellow=residues that contact v-
FLIP, Green asterisk=canonical hydrophobic A and D positions of heptad repeat in HLX2 
region, Red asterisk=non-canonical A and D positions of heptad repeat in HLX2 region, 
Black arrow=alpha helical region resolved in the crystal structure.  B).  Model of NEMO 
conformational change upon binding to v-FLIP.  Adapted from Bagneris et al (2008).  
Crystal structure of a vFlip-IKKγ complex: Insights into viral activation of the IKK 
signalosome.  Molecular Cell 30, 620-631. 
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crystal structures of MOD fragments solved shortly thereafter reveal differences in NEMO 

conformation that may explain IKK activation. 

 In early 2009, Lo et al. reported the 3.2 Å crystal structure of the CoZi region (overlaps 

the MOD) of NEMO from residues 246-337.  Similar to the v-FLIP bound NEMO structure, the 

CoZi region shows NEMO forms an elongated, dimeric, parallel, coiled-coil.  Multi-angle laser 

light scattering (MALLS) analysis of the CoZi crystallization construct show that it exists as a 

weak dimer in equilibrium with monomer (Lo et al., 2009).  In the presence of linear di-ubiquitin 

(where G76 of one ubiquitin chain is conjugated to the M1 residue of the other ubiquitin chain), 

two CoZi protomers associate with one di-ubiquitin to form a complex of approximately 44 kDa 

(Lo et al., 2009).  This 2:1 CoZi to di-ubiquitin stoichiometry was further verified by isothermal 

titration calorimetry (Lo et al., 2009).  Sequence analysis revealed the presence of a ubiquitin 

binding domain previously characterized as the NEMO ubiquitin binding (NUB) or ubiquitin 

binding in A20 and NEMO (UBAN) domain (Ikeda and Dikic, 2008).  Conserved across a 

number of NEMO-like proteins including ABIN1-3, Optineurin, and ELKS, mutagenesis studies 

of certain key ubiquitin binding residues showed that some residues were more important than 

others for linear and K63 di-ubiquitin binding (Lo et al., 2009).  For instance, the mutations 

V300D, I307N, Y308A, D311N, F312A, E315Q, and A323P all abrogate both linear and K63-

linked di-ubiquitin binding in His-tagged NEMO pull-down assays (Lo et al., 2009).  However, 

an R319Q mutant maintains wild-type binding to K63-linked di-ubiquitin but significantly 

reduces binding to linear di-ubiquitin, suggesting there may be subtle differences in binding 

modes between differently linked ubiquitin chains (Lo et al., 2009).   Mapping of these residues 

along with mutated residues that are implicated in patients with EDA-ID onto the CoZi NEMO 

structure, reveals that there are two symmetrical, composite ubiquitin-binding patches in the LZ 

region composed of residues from both NEMO chains (Lo et al., 2009).  This UBAN interface is 
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unique among known ubiquitin binding proteins where the ubiquitin binding surface is made up 

of residues from a single polypeptide chain.  

 A similar NEMO CoZi crystal structure was solved concomitantly with the Lo et al. 

(2009) structure except that it was crystallized in complex with linear di-ubiquitin (Rahighi et al., 

2009).  Not surprisingly, the NEMO/di-ubquitin complex structure, spanning NEMO residues 

254-337, is also an elongated, dimeric, coiled-coil except that, instead of observing a 1:2 ratio of 

di-ubiquitin to NEMO chain predicted by Lo et al., linear di-ubiquitins are associated with 

NEMO chains at a 2:2 stoichiometric ratio in the crystal (Rahighi et al., 2009).  This may be due 

to concentration effects since crystallization generally requires high concentrations of protein, 

however, all four ubiquitin moieties make specific contacts with residues from both chains of the 

LZ motif of NEMO.  The so-called distal ubiquitin moiety contacts NEMO through mostly 

hydrophobic interactions surrounding Ile44 (the canonical ubiquitin binding interface), whereas 

the proximal ubiquitin moiety contacts NEMO through adjacent, polar, N-terminal residues 

(Figure 1.5A).  Comparison of linear di-ubiquitin to K63-linked di-ubiquitin suggests that these 

distal and proximal ubiquitin/NEMO interfaces are specific to linear di-ubiquitin because the 

architecture of any other di-ubiquitin linkage would not allow for both ubiquitin moieties to 

contact NEMO in a similar fashion (Rahighi et al., 2009).   

Interestingly, comparison of the apo-NEMO coiled-coil architecture to the di-ubiquitin 

bound NEMO structure shows that, upon binding to linear di-ubiquitin, the CoZi region slightly 

unwinds such that the length of the pitch in the super-helix increases by 12 Å and encompasses 

residues 282-334 instead of 284-328 in the apo-NEMO structure (Figure 1.5B) (Rahighi et al., 

2009).  This conformational change may extend to the N-terminus in the context of full-length 

NEMO.  This could alter the interactions between NEMO and the catalytic IKK subunits 

resulting in IKK activation by trans auto-phosphorylation (Rahighi et al., 2009). 
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Figure 1.5:  Crystal structure of NEMOCoZi/linear di-ubiquitin complex.   
A).  Overall crystal structure shows NEMOCoZi binds linear di-ubiquitin in 2:2 
stoichiometry.  Distal Ub and proximal Ub bind NEMO in different modes.  B).  NEMO 
CoZi conformational change upon di-Ub binding.  Adapted from Rahighi et al (2009).  
Specific recognition of linear ubiquitin chains by NEMO is important for NF-κB activation.  
Cell 136, 1098-1109. 
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 All the NEMO structures solved thus far suggest that NEMO associates as nothing larger 

than a dimer.  The weak dimer-monomer equilibrium of CoZi and CC1/CC2 constructs observed 

in solution appears to be concentration dependent.  Upon binding ubiquitin or viral proteins such 

as v-FLIP, dimer oligomerization is enforced as an elongated coiled-coil.  The selectivity of the 

CoZi region for binding linear di-ubiquitin over K63 di-ubiquitin is reflected in an observed 100 

fold difference in affinity.  The consequences of this difference may be reflected in the way the 

IKK complex is activated depending on the type of signal-induced poly-ubiquitin chain that is 

synthesized. 

L.  NEMO BINDING TO DISTINCT POLY-UBIQUITIN CHAINS 

Though it had been shown in previous experiments that full length NEMO binds K63-

linked polyubiquitin, Lo et al. and Rahighi et al. revealed that CoZi region constructs of NEMO 

selectively bind linear (tandem) di-ubiquitin over K63-linked di-ubiquitin with a dissociation 

constants (KD) of approximately 1.5 µM and 130 µM, respectively (2009; 2009).  The 

physiological importance of this observation was corroborated earlier that same year with the 

discovery of the linear ubiquitin chain assembly complex (LUBAC) (Tokunaga et al., 2009).  

This E3 ubiquitin ligase complex was shown to interact directly with NEMO and attach linear 

polyubiquitin chains to CoZi lysine acceptor sites 285 and 309 both in vitro and in vivo 

(Tokunaga et al., 2009).  Furthermore, knockout of HOIL-1, a mouse gene that encodes for a 

RING domain-containing subunit in LUBAC, results in severe reduction in TNF-alpha-induced 

NF-κB activation (Tokunaga et al., 2009).  Interestingly, this linear ubiquitination of NEMO is 

independent of Ubc13/Uev1a, an observation that is supported by studies in conditional Ubc13 

knockout mice where TNF-alpha-induced activation of NF-κB remained intact while other TLR, 

CD40, and B-cell receptor-mediated, NF-κB activation was severely impacted (Yamamoto et al., 

2006).  As such, LUBAC-mediated activation of NEMO by linear polyubiquitination is 
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independent of Ubc13-dependent K63-linked polyubiquitination of NEMO, which suggests there 

are at least two modes of NEMO activation (Figure 1.6).   

 

Figure 1.6:  Two types of polyubiquitin chain IKK complex activation.   
N=NEMO, 1=IKK1 subunit, 2=IKK2 subunit. 
 

The selectivity of the CoZi region of NEMO for linear ubiquitin chains may point to 

distinct signaling modules where another region of NEMO may be specific for K63-linked 

ubiquitin chains.  Recent studies suggest that these binding interfaces actually overlap in the CoZi 

region and that linear vs. K63-linked polyubiquitin binding is a competitive, concentration-

dependent phenomenon (Ivins et al., 2009; Kensche et al., 2012).  As such, binding of different 

polyubiquitin chains to the CoZi region of NEMO may serve to activate the IKK complex in 

subtle distinct ways.   

There are three proposed ways that the catalytic IKKs (IKK1 and IKK2) in the IKK 

complex can become activated (Figure 1.7) (Häcker and Karin, 2006; Wertz and Dixit, 2010; Liu  
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Figure 1.7:  Different Modes of IKK complex activation. 

et al., 2012).  One mechanism involves the recruitment of the IKK complex to membrane 

proximal IKK kinases such as TAK1 or MEKK3.  A second activation mechanism involves 

NEMO binding to membrane proximal polyubiquitinated adaptors inducing a local increase in 

IKK complex concentration leading to trans auto-phosphorylation.  Thirdly, IKK activation may 

be induced by conformational changes of NEMO upon polyubiquitin binding leading to a 

rearrangement of the catalytic IKK kinase domains and activation via trans auto-phosphorylation.  

One or any combination of these IKK activation mechanisms may occur under different signaling 

contexts.  Currently, the predominant mechanism of IKK activation observed in vivo involves an 

inducible IKK kinase activity.      
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involved in the assembly of signal-dependent, membrane proximal, complexes that lead to NF-κB 

activation.  MEKK1 and MEKK3 are mitogen-activated protein kinase/ERK kinase kinases that 

are well characterized as upstream regulators of the c-Jun N-terminal kinase (JNK) pathway.  

MEKK3-deficient MEF cells and kinase dead MEKK1 transfection studies in HeLa cells showed 

that the kinase activity of these proteins is also required for TNF-alpha induced NF-κB activation 

(Lee et al., 1997; Yang et al., 2001).  However, even in the MEKK3-deficient MEF cells there is 

still residual NF-κB activation (Yang et al., 2001).  Also, it is not clear if MEKK1 or MEKK3 is 

required to activate the NF-κB pathway by a variety of pro-inflammatory stimuli.  NIK has been 

shown to activate IKK1 by directly phosphorylating activation loop S176 (Ling et al., 1998).  

Interestingly, this activity is independent of NEMO and seems to only involve the IKK1-

dependent phosphorylation of the precursor NF-κB molecule, p100, which initiates the alternative 

pathway (Claudio et al., 2002).  

 By 2001, another JNK pathway kinase, TAK1, emerged as a potential direct activator of 

the IKK complex (Ninomiya-Tsuji et al., 1999; Wang et al., 2001).  TRAF6 is an E3 ubiquitin 

ligase that mediates signal transduction through the JNK and NF-κB pathways by IL-1 and LPS 

induction (Lomaga et al., 1999).  In conjugation with the E2 complex, Ubc13/Uev1A, TRAF6 

auto-ubiquitinates itself and other adaptor proteins such as RIP1 and IRAK1 with K63-linked 

polyubiquitin chains (Chen, 2012).  Upon binding K63-linked polyubiquitin, TAK1, in complex 

with adaptors TAB1 and TAB2, auto-phosphorylates itself (Chen, 2012).  Thus activated, TAK1 

has been shown to specifically trans-phosphorylate S177 and S181 of IKK2 in reconstituted 

TRAF6-Ubc13-Uev1A in vitro kinase assays as well as in vivo by a variety of inducers (Wang et 

al., 2001).  Genetic ablation of TAK1 in MEF cells results in a significant reduction in NF-κB 

activation by LPS, TNF-alpha, and IL-1β; however, activation of NF-κB by CD40 and B-cell 

receptor cross-linking was unaffected while JNK signaling was significantly impaired (Sato et al., 

2005).  In addition, somewhat contradictory studies in Ubc13 floxed conditional knockout MEFs 
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show that linear polyubiquitination of NEMO by LUBAC can activate IKK upon TNF-alpha 

signaling, suggesting an alternate TAK1-independent pathway to IKK activation (Tokunaga et 

al., 2009).  This alternate mode of IKK activation is further highlighted by the ability of viral 

proteins such as v-FLIP to bind NEMO and constitutively activate the IKK complex independent 

of TAK1, TRAF6, and LUBAC (Matta et al., 2012).  Recently, Xia et al. demonstrated that 

unanchored polyubiquitin chains synthesized in vitro from purified E1, ubiquitin, TRAF6, and 

UbcH5C, when incubated with purified NEMO and IKK1/2 complex leads to direct activation of 

IKK2 (2009).  Clearly an upstream IKK kinase like TAK1, though important for TRAF6-Ubc13-

Uev1A dependent activation of NF-κB, is not the only way to activate the IKK complex.  

Alternate non-degradative polyubiquitin chains can also lead to IKK activation by a different 

mechanism.  This alternative mechanism may involve trans auto-phosphorylation since 

recombinant over-expression of the catalytic IKK subunits with NEMO (but without upstream 

JNK pathway kinases) in yeast and without NEMO in Sf9 insect cells has been observed to 

produce active IKK (Zandi et al., 1998; Miller and Zandi, 2001).  

N.  OVER-EXPRESSION OF RECOMBINANT IKK RESULTS IN TRANS AUTO-
PHOSPHORYLATION   

Early attempts to clone and recombinantly reconstitute the IKK complex was fraught 

with difficulties.  Using knockout mammalian cell lines, then transfecting in mutant versions of 

the IKK subunits to probe complex stoichiometry was complicated by the presence of other IKK-

like kinases and NEMO-like scaffolding proteins (DiDonato et al., 1997; Zandi et al., 1998).  Sf9 

insect cell lines were also tried, however, mutant IKK subunits would become associated with 

endogenous IKK proteins and this made complex stoichiometry analysis difficult (DiDonato et 

al., 1997; Zandi et al., 1998).  As such, other eukaryotic expression systems were tried that lacked 

NF-κB signaling or other MAP kinase signaling machinery. Saccharomyces cerevisiae was the 

ideal model species for this IKK complex reconstitution study since it lacks NF-κB signaling or 
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JNK pathway kinases (Epinat et al., 1997).  Miller et al. showed that a reconstituted IKK 

complex in yeast produced an identical size exclusion chromatograph profile as endogenous IKK 

from HeLa cells (2001).  Also, IKK activity was preserved as long as NEMO was co-expressed 

with either IKK2 or with IKK2 and IKK1.  This is an interesting result given that yeast have a 

homologous, K63-linked ubiquitination system including Ubc13 and the Uev1A homolog, Mms2 

(VanDemark et al., 2001).  This seems to suggest that IKK2 requires NEMO to become activated 

and that this activation is independent of any putative upstream kinase activity. Similar 

experiments in Sf9 cells, however, reveal that transfection of IKK2 alone is sufficient to produce 

active IKK2 (Zandi et al., 1998; Miller and Zandi, 2001).  This activation may be due to the 

presence of endogenous Sf9 NEMO, but, because of the quantitative increase in IKK2 activity 

compared to its expression in yeast, suggests that the more likely explanation is that the large 

overexpression of IKK2 in Sf9 cells is enough to drive IKK2 activation via trans auto-

phosphorylation (Zandi and Karin, 1999).  This trans auto-phosphorylation activity of IKK2 is 

further supported by co-transfection studies in human embryonic kidney cells (HEK293) cells 

where either IKK2 wild-type or K44M kinase dead mutants along with NIK show that the kinase 

activity of IKK2 and not an upstream kinase is indispensible for its phosphorylation (Delhase et 

al., 1999).  The importance of the auto-phosphorylation activity of IKK2 is also observed in in 

vitro kinase assays with GST-tagged IκBα (1-54) in transfected Sf9 cells (Zandi et al., 1998; 

Miller and Zandi, 2001).  As such, structural and biophysical studies were undertaken to elucidate 

the mechanism by which IKK2 is able to trans auto-phosphorylate itself.  After about a decade of 

concerted effort by several different labs, the first crystal structure of IKK2 was solved from 

Xenopus laevis (Xu et al., 2011). 

O.  X-RAY CRYSTAL STRUCTURE OF XENOPUS LAEVIS IKK2  

 In 2011, Xu et al. reported the first crystal structure of a catalytic IKK subunit from the 

African clawed frog (Xenopus laevis).  Comprised of nearly full length IKK2 (residues 4-675), 
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which excludes the C-terminal SRR and NBD, the atomic low-resolution structure, 3.6 Å, reveals 

a tri-modular architecture composed of an N-terminal KD followed by a structurally homologous 

ULD and finally a long, anti-parallel, three-helix bundle called the scaffolding dimerization 

domain (SDD) (Figure 1.8A,B).  The SDD is a continuous, elongated, helical domain that 

subsumes the HLH and LZ motifs previously proposed from sequence analysis.  It also mediates 

dimerization mostly through hydrophobic interactions of residues from the C-terminal HLH motif 

that line one face of the helical bundle burying nearly 1000 Å2 on each protomer (Figure 1.9).  

Other SDD residues that mediate dimerization are those lining one face of the LZ motif including 

L469, Q478, K482, F485, I492, K496, and I505 which act to form a “closed scissors” 

conformation such that the kinase domains are the handles and the SDD are the blades (Figure 

1.9).  Mutations of residues that mediate the dimerization interface, especially C-terminal 

residues L654, W655, and L658, abrogate dimerization leading to a loss of activation competency 

via trans auto-phosphorylation.  However, mutation of the activation loop serines 177 and 181 to 

the phosphomimetic residue glutamate restores activity of IKK2 dimerization mutants for 

phosphorylation of IκBα (Xu et al., 2011).  Earlier trans auto-phosphorylation studies by Tang et 

al. demonstrated the importance of this dimerization interface in human IKK2 M472S (L469 in 

Xenopus) mutants that were also shown to be activation incompetent (2003).  Dimerization is thus 

a requisite interaction that must remain intact in order for IKK2 activation by trans auto-

phosphorylation to occur. 

The closed scissor arrangement of IKK2 protomers observed in the Xenopus structure 

show the kinase domains are oriented away from each other making it difficult to envision how 

trans auto-phosphorylation might take place.  Even when considering a secondary KD-KD 

interaction interface observed in the crystal, the end-on arrangement of adjacent kinase domains 

still place the closest approach of neighboring activation loops within approximately 42 Å (Figure 

1.10).  This would require significant domain rearrangements to allow for trans auto- 
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Figure 1.8:  X-ray Crystal Structure of Xenopus IKK2 (xIKK2).   
A).  Domain Architecture of IKK2.  Gray transparent=domain structure based on sequence 
homology.  Colored solid=domain structure of xIKK2 based on crystal structure.  Solid 
black line=xIKK2 construct crystallized with the activation loop serines, S177 and S181, 
mutated to phosphomimetic glutamate (E) residues.  B).  Crystal Structure of an xIKK2 
protomer with labeled domains, alpha (a) helices, and beta (b) strands.  S177E and S181E 
are labeled in red.  Adapted from Xu et al (2011).  Crystal structure of inhibitor of κB 
kinase beta.  Nature 472, 325-332.   
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Figure 1.9:  xIKK2 dimer arrangement.   
The LZ and HLH motifs, which are highlighted in red and orange respectively, are 
subsumed in the SDD.  The bottom panel shows important residues in the C-
terminus of the SDD that mediates dimerization.  Adapted from Xu et al (2011).  
Crystal structure of inhibitor of κB kinase beta.  Nature 472, 325-332.   
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Figure 1.10:  Higher order xIKK2 oligomerization observed in the crystal.   
The activation loop from D166-E192 is highlighted in red.  The bottom panel shows 
“tetrameric” xIKK2 viewed along the axis of the SDD.  Distances between the carbonyl 
oxygens of the E181 residues are shown.  Adapted from Xu et al (2011).  Crystal structure 
of inhibitor of κB kinase beta.  Nature 472, 325-332.   
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phosphorylation. Interestingly, even though the Xenopus IKK2 (xIKK2) construct that was 

crystallized contained the constitutively activating mutations, S177E and S181E, the kinase 

domain active site conformation reveals features consistent with an inactive kinase.   

 Early kinase crystal structures solved in the mid 1990s revealed that there are many ways 

that kinases can become inactivated but only one active conformation that is shared among all 

kinases (Goldsmith and Cobb, 1994; Johnson et al., 1996; Nolen et al., 2004).  There are 

relatively few key features of an active kinase that are limited to a region that connects the N-

terminal small lobe to the C-terminal large lobe called the activation segment (Nolen et al., 2004).  

The activation segment begins at a conserved DFG triad (DLG in IKK2) motif that mediates 

interactions involved with coordination of a divalent magnesium ion in the active site cleft.  

These favorable ionic interactions involving a β3 strand lysine residue, an αC helix glutamate, 

and the invariant aspartate from the DFG triad order the magnesium binding loop in such a way 

as to position the magnesium coordinating aspartate residue in the proper orientation for ATP 

binding (Nolen et al., 2004).  Immediately following the DFG motif is the β9-β6 short anti-

parallel sheet formed by three hydrogen bonds.  This short β sheet structure is characteristic of all 

active kinases (Nolen et al., 2004).  Close inspection of the xIKK2 structure reveals that the 

favorable ionic interactions that constitute the magnesium binding center (observed in active 

PKA) is perturbed due to the mis-positioning of the αC helix which is swung up and out of the 

active site cleft due to a short insertion of residues 175-177 which forms a short β10 strand that 

interacts with the β9-β6 sheet (Figure 1.11A,B) (Xu et al., 2011).  As such, leucine residue 167 of 

the conserved DLG (for IKK2) motif is shifted significantly from a position that makes 

hydrophobic contacts with the αC helix of the small lobe, breaking the so-called “hydrophobic 

spine” that defines the architecture of the active site cleft between the small and large lobes 

(Nolen et al., 2004; Xu et al., 2011).  These features are curious considering the phosphomimetic  
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Figure 1.11:  Comparison of xIKK2 and active PKA activation segment conformation.  
A).  Ribbon diagram of xIKK2 and PKA kinase domain (PDB ID: 1ATP) alignment.  B).  
The activation segment of xIKK2 aligned on PKA.  Important residues in the magnesium 
binding loop are shown.  Adapted from Xu et al (2011).  Crystal structure of inhibitor of κB 
kinase beta.  Nature 472, 325-332.   
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glutamate residues within the catalytic loop that should promote an active conformation.  

However, xIKK2 was co-crystallized with the inhibitor, Cmpd 1, which is bound to the hinge 

loop region between the small and large lobe (Xu et al., 2011).  This inhibitor binding may have 

shifted favorable activation segment interactions leading to an inactive conformation despite the 

phosphomimetic mutations in the catalytic loop.  Also, since the kinase domain is intimately 

associated with the ULD and SDD, it is possible that inhibitor binding may alter interdomain 

interfaces as well.  This could have consequences for higher order associations of the kinase 

domains and may be the reason why a favorable trans auto-phosphorylation conformation is not 

observed in the xIKK2 crystal structure.  Subsequent crystal structures of the IKK-like protein, 

Tank-binding kinase 1 (TBK-1), were solved that capture it in an intermediate “loop-swapped” 

conformation suggesting a mechanism for trans auto-phosphorylation (Ma et al., 2012).  

However, differences in the inter-domain interfaces along with the observation that dimerization 

is dispensible for activation in vitro suggests that IKK2 and TBK-1 may undergo trans auto-

phosphorylation by slightly different means. 

P.  INTERFERON SIGNALING THROUGH THE IKK-LIKE PROTEINS TBK-1 AND IKKε  

TBK-1 is an IKK-like protein that shares approximately 30% sequence identity with the 

canonical IKKs (IKK1 and IKK2) within the kinase domain, but only about 10% sequence 

identity in the C-terminal SDD (Figure 1.12).  Despite this, TBK-1 and inducible IKKε, are both 

predicted to have domain architectures similar to the canonical IKKs including an N-terminal KD 

followed by a ULD and a long helical C-terminal SDD (Pomerantz and Baltimore, 1999; Häcker 

and Karin, 2006).  TBK-1 is activated by pattern recognition receptors such as the dsRNA (from 

replicating viruses) and LPS (from gram-negative bacteria) detecting toll-like receptors TLR3 and 

TLR4 respectively as well as cytoplasmic receptors such as the retinoid-acid inducible gene I 

(RIG-I) like receptors which recognize viral RNA (Chau et al., 2008).  Activation of TBK-1 

involves phosphorylation of the activation loop residue S172, which primes it for the direct  
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Figure 1.12:  Sequence alignment of human TBK1 and IKK1 and IKK2.   
CLUSTALW was used to globally align sequences.  Colored lines above sequences denote 
domain boundaries:  Yellow=KD, Pale Green=ULD, Green=SDD.  Blue Asterisks=identical 
residues.  Red Line=Activation Segment. 

phosphorylation of the C-terminus of the transcription factors interferon regulatory factor 3 

(IRF3) and IRF7 (Kishore et al., 2002; Sharma et al., 2003).  This leads to the dimerization of 

these transcription factors and their subsequent nuclear translocation to enhance transcription of 

type I IFN genes.   

MSWSPSLTTQTCGAWEMKERLGTGGFGNVIRWHNQETGEQIAIKQCRQELSPRNRERWCLEIQIMRRLTHPNVVAARDVPEGMQNLAPN 
MERPPGLRPGAGGPWEMRERLGTGGFGNVCLYQHRELDLKIAIKSCRLELSTKNRERWCHEIQIMKKLNHANVVKACDVPEELN-ILIH 
------MQSTSNHLWLLSDILGQGATANVFRGRHKKTGDLFAIKVFNNISFLRPVDVQMREFEVLKKLNHKNIVKLFAIEEETT----T 
              *     ** *   **            ***                *      * * * *      *              
 
 
DLPLLAMEYCQGGDLRKYLNQFENCCGLREGAILTLLSDIASALRYLHENRIIHRDLKPENIVLQQGE-QRLIHKIIDLGYAKELDQGS 
DVPLLAMEYCSGGDLRKLLNKPENCCGLKESQILSLLSDIGSGIRYLHENKIIHRDLKPENIVLQDVG-GKIIHKIIDLGYAKDVDQGS  
RHKVLIMEFCPCGSLYTVLEEPSNAYGLPESEFLIVLRDVVGGMNHLRENGIVHRDIKPGNIMRVIGEDGQSVYKLTDFGAARELEDDE 
    * ** *  * *   *    *  ** *   *  * *       * ** * *** ** **            *  * * *           
 
 
LCTSFVGTLQYLAPELLE--------QQKYTVTVDYWSFGTLAFECITGFRPFLPNWQP-----VQWHSKVRQKSEVDIVVSEDLNGTV 
LCTSFVGTLQYLAPELFE--------NKPYTATVDYWSFGTMVFECIAGYRPFLHHLQP-----FTWHEKIKKKDPKCIFACEEMSGEV                                              
QFVSLYGTEEYLHPDMYERAVLRKDHQKKYGATVDLWSIGVTFYHAATGSLPFRPFEGPRRNKEVMYKIITGKPSGAISGVQKAENGPI 
   *  **  ** *   *           *  *** ** *        *  **     *                           *    
 
 
KFSSSLPYPNNLNSVLAERLEKWLQLMLMWHPRQRG--TDPTYGPNGCFKALDDILNLKLVHILNMVTGTIHTYPVTEDESLQSLKARI             
RFSSHLPQPNSLCSLVVEPMENWLQLMLNWDPQQRGGPVDLTLKQPRCFVLMDHILNLKIVHILNMTSAKIISFLLPPDESLHSLQSRI 
DWSGDMPVSCSLSRGLQVLLTPVLANILEADQEK-------CWGFDQFFAETSDILHRMVIHVFSLQQMTAHKIYIHSYNTATIFHELV 
  *   *    *           *   *                    *     **     *   
 
 
QQDTGIPEEDQELLQEAG-LALIPDKPATQCISDGKLNEGHTLDMDLVFLFDNSKITYETQISPRPQPESVSCILQEPKRNLAFFQLRK 
ERETGINTGSQELLSETG-ISLDPRKPASQCVLDG----VRGCDSYMVYLFDKSKTVYEGPFASRSLSDCVNYIVQDSKIQLPIIQLRK                        
YKQTKIISSNQELIYEGRRLVLEPGRLAQHFP--------KTTEENPIFVVSREPLNTIGLIYEKISLPKVHPRYDLDGDASMAKAITG 
   * *    ***  *     * *   *                                          * 
 
 
VWGQVWHSIQTLKEDCNRLQQGQRAAMMNLLRNNSCLSKMKNSMASMSQQLKAKLDFFKTSIQIDLEKYSEQTEFGITSDKLLLAWREM       
VWAEAVHYVSGLKEDYSRLFQGQRAAMLSLLRYNANLTKMKNTLISASQQLKAKLEFFHKSIQLDLERYSEQMTYGISSEKMLKAWKEM                         
VVCYACRIASTLLLYQELMRKGIRWLIELIKDDYNETVHKKTEVVITLDFCIRNIEKTVKVYEKLMKINLEAAELGEISDIHTKLLRLS 
*          *         * *                *                             *    *  *    
 
 
EQAVELCGRENEVKLLVERMMALQTDIVDLQRSPMGRKQGGTLDDLEEQARELYRRLREKPRDQRTEGDSQEMVRLLLQAIQSFEKKVR 
EEKAIHYAEVGVIGYLEDQIMSLHAEIMELQKSPYGRRQGDLMESLEQRAIDLYKQLKHRPSD-HSYSDSTEMVKIIVHTVQSQDRVLK                        
SSQGTIETSLQDIDSRLSPGGSLADAWAHQEGTHPKDRNVEKLQVLLNCMTEIYYQFKKDKAERRLAYNEEQIHKFDKQKLYYHATKAM 
                      *                      *       *   
 
 
VIYT--QLSKTVVCKQKALELLPKVEEVVSLMNEDEKTVVRLQEKRQKELWNLLKIACSK--VRGPVSGSPD---SMNASRLSQPGQLM 
ELFG--HLSKLLGCKQKIIDLLPKVEVALSNIKEADNTVMFMQGKRQKEIWHLLKIACTQSSARSLVGSSLEGAVTPQTSAWLPPTSAE                        
THFTDECVKKYEAFLNKSEEWIRKMLHLRKQLLSLTNQCFDIEEEVSKYQEYTNELQETLPQKMFTASSG----IKHTMTPIYPSSNTL 
         *      *      *                       *      
 
 
SQPSTASNSLPEPAKKSEELVAEAHNLCTLLENAIQDTVREQDQSFTALDWSWLQTEEEEHSCLEQAS       
HDHSLSCVVTPQDGETSAQMIEENLNCLGHLSTIIHEANEEQGNSMMNLDWSWLTE------------                        
VEMTLGMKKLKEEMEGVVKELAENNHILERFGSLTMDGGLRNVDCL---------------------- 
                      *  
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Similar to the canonical IKKs, TBK-1 is associated with NEMO-like non-catalytic 

scaffolding proteins including TANK, NAP1, and SINTBAD (Chau et al., 2008).  Though TBK-

1 is constitutively associated with these scaffolding proteins through similar C-terminal to N-

terminal residues respectively, no one protein is essential for TBK-1 activation in all signaling 

contexts like NEMO.  For example, TANK knockout mice and MEF cells exhibited no deficiency 

in TBK-1 dependent phosphorylation of IRF3 induced by viral dsRNA through TLR3 (Sasai et 

al., 2006; Clark et al., 2011).  This suggests that TBK-1 (and perhaps IKKε) can form signal 

dependent complexes with other protein scaffolds that direct their activity towards specific 

substrates (Chau et al., 2008).  This substrate specifying function of these scaffolding proteins has 

recently been suggested for NEMO in directing IKK2 activity towards IκBα in the NF-κB 

pathway (Schröfelbauer et al., 2012).  The question of whether and how assembly of TBK-1 with 

these different scaffolding proteins leads to TBK-1 activation is still a matter of debate.  Recent 

crystal structures of TBK-1 that include only the KD and ULD as well as a couple of nearly full 

length structures demonstrate a mechanism of activation by trans auto-phosphorylation (Ma et 

al., 2012; Tu et al., 2013; Larabi et al., 2013).   

Q.  X-RAY CRYSTAL STRUCTURE OF TBK-1 REVEAL ACTIVATION BY TRANS AUTO-
PHOSPHORYLATION 

 In 2012, Ma et al. reported the crystal structure of a monomeric N-terminal construct of 

TBK-1 encompassing the KD and ULD captured in a “loop-swapped” conformation consistent 

with trans auto-phosphorylation (Figure 1.13).  The crystallized fragment spans residues 2-385 

with a mutation in the catalytic residue D135 to asparagine to knockout phosphorylation activity.  

Co-crystallized in the presence of the inhibitor, BX795, the KD-ULD TBK-1 structure aligns well 

with the equivalent xIKK2 region making similar SDD contacts through the KD and ULD.  Close 

inspection of the KD reveals the typical bi-lobal kinase structure, however, the activation segment 

from L164-G199 is extended away from the active site of one subunit and into the active site of 
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an adjacent subunit.  Elements of the C-terminal anchor including the HPD (APE in IKK2) motif 

through the αEF helix are docked in trans to a cleft formed by two alpha helices in the C-lobe of 

the adjacent subunit.  In addition, residues D167-L173 form the helix αAL, which occupies space 

in trans that precludes substrate binding at the P+1 site of the adjacent kinase subunit (Figure 

1.13).  As such, though burying more than 2500 Å2 per subunit, this loop swapped conformation 

is presumably transient (since this TBK-1 construct purifies as a monomer).  Other kinase 

structures including checkpoint kinase 2 (CHK2), lymphocyte-originated kinase (LOK), and 

death-associated protein kinase 3 (DAP3K) have also been solved in a similar conformation (Pike 

et al., 2008; Oliver et al., 2006).  Interestingly, although there are several features of the structure 

that are consistent with an active kinase, including proper alignment of the hydrophobic spine, 

there is no indication of phosphorylation of S172.  Binding of the inhibitor, BX795, to the hinge 

region between the N- and C-lobes may act to stabilize this transitional conformation. 

Crystallization of a similar TBK-1 construct that was trans phosphorylated with 

fulllength TBK-1 revealed a dramatic re-organization of the activation segment (Figure 1.14) (Ma 

et al., 2012). Instead of the extended trans binding of the αEF helix to an adjacent protomer, 

extensive re-folding of the activation loop results in canonical cis binding of the αEF helix in an 

active conformation.  The phosphorylated S172 residue makes productive interactions with the 

αC helix promoting favorable interactions in the magnesium binding loop.  This activation 

segment re-folding also frees the P+1 pocket for substrate binding (Figure 1.14, Bottom panel).   

Peculiarly, in contrast to IKK2 where the ULD and kinase-proximal SDD plays a role in 

substrate recognition, in vitro kinase assays using both peptide and protein substrates reveal that 

the kinase domain of TBK-1 is sufficient to direct substrate specificity (Ma et al., 2012).  In vitro 

kinase assays of a C-terminally truncated IKK2 construct including only the KD and ULD results  
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Figure 1.13:  Loop-swapped conformation of TBK-1 KD-ULD crystal structure.   
Top panel shows the extended conformation of the activation segments of two adjacent 
TBK-1 protomers.  Important secondary structures and residues are labeled.  The co-
crystallized inhibitor, BX795, is also shown.  Bottom panel shows overlay of PKA (gray 
transparent surface representation) and its inhibitor peptide substrate, PKI (pink ribbon) 
on TBK-1.  The αAL helix from the adjacent TBK-1 kinase domain occupies the P+1 
pocket which is highlighted by a steric clash with the overlayed PKI peptide.  Adapted from 
Ma et al (2012).  Molecular basis of Tank-binding kinase 1 activation by 
transautophosphorylation.  Proceedings of the National Academy of Sciences of the United 
States of America 109, 9378-9383. 
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Figure 1.14:  Comparison of activation segment conformation between loop-swapped and 
active TBK-1 crystal structures.   
Top panel shows the extended activation loop conformation of the inactive loop-swapped 
TBK-1 crystal structure.  Bottom panel shows a re-arrangement of the activation segment 
upon trans phosphorylation of S172.  Notice that re-arrangement of the activation loop frees 
the P+1 pocket for substrate phosphorylation.  Adapted from Ma et al (2012).  Molecular 
basis of Tank-binding kinase 1 activation by transautophosphorylation.  Proceedings of the 
National Academy of Sciences of the United States of America 109, 9378-9383. 
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in a shift in IκBα specificity from the N-terminal S32 and S36 residues to serines in the C-

terminal PEST region (Shaul et al., 2008; Xu et al., 2011).  Additionally, trans auto-

phosphorylation kinetics of the monomeric KD and KD-ULD constructs of TBK-1 are similar to 

those of full length dimeric TBK-1, which is in contrast to IKK2 where abrogation of 

dimerization greatly reduces the efficiency of trans activation (Ma et al., 2012; Xu et al., 2011). 

Tu et al. and Larabi et al. recently solved several inhibitor bound, nearly full length TBK-

1 crystal structures that show a similar tri-modular architecture adopted by xIKK2 (2013; 2013).  

However, analysis of the crystallographic dimers (TBK-1 exists as a dimer in solution as well) 

reveals important differences (Figure 1.15).  Looking down the two-fold axis between the two 

protomers along the SDD, it is clear that the TBK-1 dimer adopts a much more closed 

conformation than the Xenopus IKK2 dimer.  Novel interactions between the β2-β3 loop on the 

N-terminal lobe of the KD of one protomer and the α4s helix of the SDD on the adjacent 

protomer act to pin the KD close to the long axis of the TBK-1 dimer.  In the xIKK2 structure 

there is no such N-lobe KD interaction allowing for the KD and ULD to rotate away from the axis 

of the SDD resulting in a more open conformation.  Comparison of the KD-SDD and ULD-SDD 

interfaces between TBK-1 and xIKK2 show that the TBK-1 KD-ULD domains are positioned 

much more C-terminal on the SDD than IKK2.  Additionally, differences in the relative twisting 

of the three-helix bundle composing the SDD from one protomer relative to the other presents 

more extensive residue contacts primarily through the α1s helix along the SDD of TBK-1 than 

IKK2.  As such, the TBK-1 protomers are much more intimately associated along the entire 

length of the SDD than IKK2.  These differences in dimerization are demonstrated most 

dramatically when C-terminal residues shown to mediate dimerization in IKK2 are removed in 

TBK-1.  C-terminal hydrophobic residues L654, W655, and W658 mediate most of the 

dimerization interface in the xIKK2 structure. These residues line one face of the core α6s helix.   

C-terminal truncation of the α4s helix (corresponding to α6s in xIKK2) of TBK-1 to the  
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Figure 1.15: Comparison of xIKK2 and TBK-1 dimer conformation.   
Alpha helices in the SDD of both dimers are labeled.  Notice the open conformation of the 
xIKK2 kinase domains compared to TBK-1 in the bottom panel.  The β2-β3 loop in the 
kinase domain is labeled.  TBK-1 α4s corresponds to xIKK2 α6s.  Adapted from Larabi et 
al (2013).  Crystal structure and mechanism of activation of TANK-binding kinase 1.  Cell 
Reports 3, 1-13. 
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construct 1-643 removes these important IKK2 dimerization residues.   Incredibly, multi-angle 

light scattering (MALS) showed that this TBK-1 (1-643) construct remains a dimer (Larabi et al., 

2013).  This is due to the fact that C-terminal dimerization of TBK-1 is mediated by residues of 

the α1s helix including H459, I466, and F470.  Mutation of these residues to glutamate disrupts 

dimerization as measured by MALS and in vivo in immunoprecipitation binding assays (Larabi et 

al., 2013).  This explains why the non-canonical IKK-like kinases do not heterodimerize with 

canonical IKKs.    

Global alignment of inhibitor-bound inactive and active TBK-1 structures shows little 

difference in dimer association (Figure 1.16) (Larabi et al., 2013).  Most of the structural 

differences are confined to the activation segment where the activation loop is largely disordered 

in the inactive conformation but well resolved in the active state.  Similar to the xIKK2 structure, 

inactive TBK-1 is characterized by the displacement of the αC helix which is swung up and out 

of the active site.  This disrupts a productive E55-K38 salt bridge that helps to stabilize the 

conformation of the magnesium binding loop.  In the active state, similar to the active state 

observed in the KD-ULD TBK-1 mono-phosphorylated structure, the activation loop is well 

ordered with the phosphorylated S172 residue forming a network of ionic interactions with R54, 

R162, and Y174.  Somewhat surprisingly, this active state conformation of TBK-1 sheds little 

light on the mechanism of trans auto-phosphorylation since there is no change in the orientation 

of the kinase domains within the dimer as compared to the inactive structure.   

It is well established that there are other signal-dependent, post-translational 

modifications including phosphorylation and ubiquitylation outside of the activation loop that 

occur on both the canonical and non-canonical IKKs.  Mass spectroscopic analysis of ATP-

treated TBK-1 wild-type versus an inactive S172A mutant show that there are many 

phosphorylation events dependent on the auto-phosphorylation activity of TBK-1 (Larabi et al., 

2013).  In addition, there are recent reports that K63-linked ubiquitylation of K30 and K401 of  
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Figure 1.16: Active and inactive TBK-1 structures reveal similar dimer conformations.   
Both were co-crystallized with the BX795 inhibitor shown in blue. 

TBK-1 and IKKε is required for trans auto-phosphorylation and IRF3 activation in vivo (Tu et 

al., 2013; Zhou et al., 2013). It is possible that these additional modifications may alter the 

dimerization interface in such a way that re-orients the KDs to allow for trans auto-

phosphorylation.  Interestingly, all the TBK-1 structures solved thus far contain an asparagine 

mutation at the catalytic base residue D135 to knock out intrinsic kinase activity.  This is not the 
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case for the xIKK2 structure.  The differences in the degree of KD “openness” observed between 

the TBK-1 structures and xIKK2 may be due to this intrinsic kinase activity.  

R.  FOCUS OF STUDY 

 Given the accumulating evidence that the IKK complex can be activated through a 

variety of mechanisms including trans auto-phosphorylation, recent crystal structures of IKK2 

and TBK-1 in inactive and active KD conformations have provided little insight about how trans 

auto-phosphorylation might be accomplished given the KD orientations within the putative dimer.  

In vivo, NEMO is required for the signal-dependent activation of the catalytic canonical IKK 

subunits.  However, it has been observed that recombinant overexpression of the IKK2 subunit 

alone can bypass this requirement for NEMO.  In an effort to explain how S177,181 trans auto-

phosphorylation is accomplished by IKK2, we have carried out structural, biophysical, and 

biochemical experiments on numerous constructs and mutants of human IKK2.  
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CHAPTER II 

Materials and Methods 
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A.  PREPARATION OF IKK AND IκBα  EXPRESSION PLASMIDS  

1.  Human IKK2 Expression Plasmids 

 Human IKK2 was amplified by PCR from a cDNA clone, kindly provided by Dr. 

Michael Karin.  Full length human IKK2, mutants, and various constructs thereof that were used 

for in vitro biochemical assays and large-scale Sf9 recombinant protein expression were 

subcloned into the Bac-to-Bac® transfer vector (Life Technologies), pFastBacHTaTM, between 

restriction sites EcoRI and NotI.  For transfection studies in HEK293T cells, IKK2 constructs and 

mutants designed to study the dimerization, V-shaped, KD-KD, interdomain, and anti-parallel 

interfaces were subcloned into the mammalian expression vector, pCMV-HA (Clontech 

Laboratories), between restriction sites EcoRI and NotI.   All mutations and some C-terminal 

truncated constructs were made using the QuickchangeTM site-directed mutagenesis method 

(Stratagene).  

a).  IKK2 Mutants and Constructs for Crystallization 

 In addition to full length IKK2, a number of different constructs were screened for 

crystallization.  These included the C-terminally truncated proteins IKK2EE (1-743), IKK2EE (1-

700), and IKK2EE (1-664) where the following mutagenesis primers were employed to introduce 

a stop codon (underlined) at the designated C-termini:  

IKK2 (1-743)stop Forward:  5’-CTGGAGCTGGTTACAGTAGGAAGAAGAAGAGCACAG-3’ 

IKK2 (1-743)stop Reverse:  5’-CTGTGCTCTTCTTCTTCCTACTGTAACCAGCTCCAG-3’ 

IKK2 (1-700)stop Forward:  5’-CAACAGCTTACCTGAGTAAGCCAAGAAGAGTGAAG-3’ 

IKK2 (1-700)stop Reverse:  5’-CTTCACTCTTCTTGGCTTACTCAGGTAAGCTGTTG-3’ 

IKK2 (1-664)stop Forward:  5’-GATTGCTTGTAGCAAGTGACGTGGTCCTGTCAGTG-3’ 

IKK2 (1-664)stop Reverse:  5’-CACTGACAGGACCACGTCACTTGCTACAAGCAATC-3’ 

The N- and C-terminally truncated proteins IKK2EE (11-700) and IKK2EE (11-669) 

were subcloned from cDNA and inserted between restriction sites BamHI and NotI in 
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pFastBacHTbTM.  Since IKK2 contains a BamHI site, the forward primer used has an engineered 

BclI site, which upon digestion leaves a GATC overhang that is able to anneal and be ligated to a 

BamHI overhang.  The primers used for the subcloning of IKK2EE (11-700) and IKK2EE (11-

669) are as follows (restriction sites underlined): 

IKK2 (11-x)BclI Forward:  5’-GCGGCCTGATCAACATGTGGGGCCTGG-3’ 

IKK2 (x-700)NotI Reverse:  5’-CGTGCCGCGGCCGCTCACTCAGGTAAGCTGTTG-3’ 

IKK2 (x-669)NotI Reverse:  5’-CGTGCCGCGGCCGCTCAGACAGGACCACGGAC-3’ 

For the mutagenesis of the activation loop serines 177 and 181 to constitutively activating 

glutamate residues, the following primers were used (mutations underlined): 

IKK2EE Forward:   
5’-GAGCTGGATCAGGGCGAGCTTTGCACAGAATTCGTGGGGACCC-3’ 

IKK2EE Reverse: 
5’-GGGTCCCCACGAATTCTGTGCAAAGCTCGCCCTGATCCAGCTC-3’ 

 Several mutations were also introduced to study the activation state and activity of IKK2. 

These include mutating serines 177 and 181 to alanines to generate an inactivatable IKK2 protein 

as well as mutating the catalytic aspartate residue 145 to asparagine to create a kinase dead 

variant. The following primers were used (mutations are underlined):  

IKK2AA Forward:   
5’-GAGCTGGATCAGGGCGCTCTTTGCACAGCATTCGTGGGGACCC-3’ 

IKK2AA Reverse: 
5’-GGGTCCCCACGAATGCTGTGCAAAGAGCGCCCTGATCCAGCTC-3’ 

IKK2 D145N Forward: 
5’-CAGAATCATCCATCGGAATCTAAAGCCAGAAAACATC-3’ 

IKK2 D145N Reverse: 
5’-GATGTTTTCTGGCTTTAGATTCCGATGGATGATTCTG-3’ 
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b).  IKK2 Mutants to probe the Inter-domain, anti-parallel, dimer, V-shaped and KD-KD 
interfaces 
 
 Several mutants were cloned to test the importance of the observed inter-domain, anti-

parallel, dimer, V-shaped and KD-KD interfaces observed in our crystal structure.  For 

transfection studies in HEK293T cells, these mutants were made in full length IKK2 in the 

pCMV-HA vector.  Based on the mutations that exhibited the most potent deleterious affects on 

activation, we introduced those mutations to IKK2 in pFastBacHTTM vectors for large scale 

expression and in vitro assays.  Among the inter-domain interface mutants were W434A/H435A, 

L389A/F390A, and F111A/E112A.  The anti-parallel interface mutants included N457A/R460A 

and I362A.  The dimer interface double mutants cloned were W655D/L658D, L654D/W655D, 

L654A/W655A, and K482A/F485D.  The V-shaped interface mutants included P403A/P405A, 

I413A/L414A, and P417A/K418A.  Finally, the KD-KD interface mutants made were 

V229A/H232A and Y294L/G295K/P296Q.  The following mutagenesis primers were used to 

generate clones (mutations are underlined): 

W434A/H435A Forward:   
5’-GGTGTGGGGCCAGGTCGCGGCCAGCATCCAGACCCTGAAG-3’ 

W434A/H435A Reverse: 
5’-CTTCAGGGTCTGGATGCTGGCCGCGACCTGGCCCCACACC-3’ 

L389A/F390A Forward: 
5’-GACATGGATCTTGTTTTTGCCGCTGACAACAGTAAAATCACC-3’ 

L389A/F390A Reverse: 
5’-GGTGATTTTACTGTTGTCAGCGGCAAAAACAAGATCCATGTC-3’ 

F111A/E112A Forward: 
5’-GAAGTACCTGAACCAGGCTGCGAACTGCTGTGGTCTGC-3’ 

F111A/E112A Reverse: 
5’-GCAGACCACAGCAGTTCGCAGCCTGGTTCAGGTACTTC-3’ 

N457A/R460A Forward: 
5’-GCGAGCCGCCATGATGGCTCTCCTCGCAAACAACAGCTGCCTCTC-3’ 

N457A/R460A Reverse: 
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5’-GAGAGGCAGCTGTTGTTTGCGAGGAGAGCCATCATGGCGGCTCGC-3’ 

I362A Forward: 
5’-GCGGGCCTGGCGTTGGCCCCCGATAAGCCTGCC-3’ 

I362A Reverse: 
5’-GGCAGGCTTATCGGGGGCCAACGCCAGGCCCGC-3’ 

W655D/L658D Forward: 
5’-GCGGCAGAAGGAGCTCGACAATCTCGACAAGATTGCTTGTAGCAAG-3’ 

W655D/L658D Reverse: 
5’-CTTGCTACAAGCAATCTTGTCGAGATTGTCGAGCTCCTTCTGCCGC-3’ 

L654D/W655D Forward: 
5’-GAAGCGGCAGAAGGAGGACGACAATCTCCTGAAGATTGC-3’ 

L654D/W655D Reverse: 
5’-GCAATCTTCAGGAGATTGTCGTCCTCCTTCTGCCGCTTC-3’ 

L654A/W655A Forward: 
5’-GAAGCGGCAGAAGGAGGCCGCGAATCTCCTGAAGATTGC-3’ 

L654A/W655A Reverse: 
5’-GCAATCTTCAGGAGATTCGCGGCCTCCTTCTGCCGCTTC-3’ 

K482A/F485D Forward: 
5’-CTCAGCAGCTCAAGGCCGCGTTGGATGACTTCAAAACCAGCATCCAG-3’ 

K482A/F485D Reverse: 
5’-CTGGATGCTGGTTTTGAAGTCATCCAACGCGGCCTTGAGCTGCTGAG-3’ 

P403A/P405A Forward: 
5’-CTATGAGACTCAGATCTCCGCACGGGCCCAACCTGAAAGTGTCAG-3’ 

P403A/P405A Reverse: 
5’-CTGACACTTTCAGGTTGGGCCCGTGCGGAGATCTGAGTCTCATAG-3’ 

I413A/L414A Forward: 
5’-CAACCTGAAAGTGTCAGCTGTGCTGCTCAAGAGCCCAAGAGGAATCTC-3’ 

I413A/L414A Reverse: 
5’-GAGATTCCTCTTGGGCTCTTGAGCAGCACAGCTGACACTTTCAGGTTG-3’ 

P417A/K418A Forward: 
5’-GTGTCAGCTGTATCCTTCAAGAGGCCGCGAGGAATCTCGCCTTCTTCCAGC-3’ 

P417A/K418A Reverse: 
5’-GCTGGAAGAAGGCGAGATTCCTCGCGGCCTCTTGAAGGATACAGCTGACAC-3’ 
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V229A/H232A Forward: 
5’-CCCCAACTGGCAGCCCGCGCAGTGGGCTTCAAAAGTGCGGCAGAAG-3’ 

V229A/H232A Reverse: 
5’-CTTCTGCCGCACTTTTGAAGCCCACTGCGCGGGCTGCCAGTTGGGG-3’ 

Y294L/G295K/P296Q Forward: 
5’-GGGGCACGGATCCCACGCTTAAGCAGAATGGCTGCTTCAAGGCCC-3’ 

Y294L/G295K/P296Q Reverse: 
5’-GGGCCTTGAAGCAGCCATTCTGCTTAAGCGTGGGATCCGTGCCCC-3’ 

c).  IKK2 Monomeric Constructs 

 Two monomeric constructs of IKK2 were cloned to test the role that the SDD region 

plays in mediating IκBα N-terminal S32, 36 specificity and IKK2 auto-phosphorylation.  One 

monomer, IKK2 (1-420), was designed to remove everything C-terminal to the ULD (Shaul et al., 

2008).  This construct was designed before any IKK2 structures were available.  Details of the 

cloning scheme and Sf9 expression of the 1-420 construct is described in Shaul et al (2008).  The 

second monomer, IKK2 (11-637) Δ(477-526) was designed with the help of our IKK2 crystal 

structure.  It has enough of the KD proximal SDD to preserve the important KD-SDD and ULD-

SDD interfaces.  Each of these constructs was subcloned into the pFastBacHTbTM vector for 

large-scale Sf9 expression.  The following primers were employed (the dashed underlined 

sequence denotes the two glycine linker used to connect α2 to α4 of the SDD, the solid 

underlined sequence shows the added stop codon to terminate translation at residue 637, the 

bolded sequence highlights the region that anneals to IKK2 DNA encoding residues 469-476, and 

the italicized sequence denotes the region that anneals to DNA encoding residues 527-533): 

IKK2 Δ(477-526) Forward: 
5’-GAATTCCATGGCTTCCATGTCTGGAGGAGAGAACGAAGTGAAACTCCTGG-3’ 

IKK2 Δ(477-526) Reverse: 
5’-CCAGGAGTTTCACTTCGTTCTCTCCTCCAGACATGGAAGCCATGGAATTC-3’ 

IKK2 (x-637)stop Forward: 
5’-GGAAGAGGTGGTGAGCTTAATGAATTGAGAGGATGAGAAGACTGTTGTCCG-3’ 
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IKK2 (x-637)stop Reverse: 
5’-CGGACAACAGTCTTCTCATCCTCTCAATTCATTAAGCTCACCACCTCTTCC-3’ 

2.  NEMO Expression Plasmid 

 Full length NEMO was subcloned into pET29b from cDNA kindly provided by Dr. 

Michael Karin between NdeI and BamHI restriction sites.  pET29b expression is under the 

control of a T7 promoter and contains a C-terminal 6X His tag.      

3.  IκBα  Expression Plasmids 

 N-terminal IκBα (1-54) and IκBαAA (1-54) (where the signal dependent 

phosphorylatable S32 and S36 residues were mutated to alanines) cDNAs, which were graciously 

provided by Dr. Michael Karin, were subcloned into the vector pGEX4T-2 between restriction 

sites BamHI and NotI.  Nearly full length IκBα (6-317) was subcloned by PCR from a cDNA 

clone kindly provided by Dr. Gourisankar Ghosh where a single nucleotide frameshift deletion 

produces an arginine instead of proline at residue 7.  To ameliorate this frameshift an additional 

guanine nucleotide was added to the following forward primer:  IκBα (6-x) 5’-

GAAGCGCATATGGAGCGCCCCCAGGAG-3’ where the underlined bases denote the 

restriction site NdeI and the bolded “G” signifies the added nucleotide.  In conjunction with the 

reverse primer:  IκBα (x-317) 5’-CGCCTCGGATCCTCATAACGTCAGACGCTG-3’ where the 

underlined bases denote the restriction site BamHI; the sequence corresponding to IκBα (6-317) 

was amplified by PCR and subcloned into the T7 promoter driven vector pET11a (Novagen).  

Mutations of S32 and S36 to alanines in both the (1-54) and (6-317) constructs was accomplished 

by the QuickchangeTM mutagenesis procedure (Stratagene).  The IκBα (3-317)_E6 (where six 

serines and threonines in the PEST domain are mutated to glutamates) mutant was also prepared 

in the pET11a vector between the restriction sites NdeI and BamHI.  The cloning strategy used to 

construct IκBα (3-317)_E6 was previously described in Shaul et al (2008).  
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B.  PREPARATION OF SF9 BACULOVIRUS DNA  

 The generation of Sf9 baculoviruses for the expression of human IKK proteins was 

accomplished according to the Bac-to-Bac® expression system protocol (Life Technologies).  

Briefly, the pFastBacHT transfer vector with our gene of interest was transformed into 

DH10BACTM E. coli (Life Technologies) by heat shock.  Stochastic transposition of the gene of 

interest from the pFastBacHT transfer vector to the Sf9 baculovirus genome (bacmid) harbored in 

the DH10BAC cells occurs via insertion into an engineered mini-attTn7 transposition site in the 

viral LacZα gene.  Selection of positive clones was achieved by plating the transformed 

DH10BAC cells on LB agar plates containing kanamycin (50 µg/mL), tetracycline (10 µg/mL), 

gentamycin (7 µg/mL), IPTG (40 µg/mL), and X-Gal (100 µg/mL).  After a 48 hour incubation 

period at 37°C, blue and white colonies developed.  White colonies were picked (blue colonies 

signify cells where transposition did not occur) and grown in 4 mL LB cultures (with the 

aforementioned antibiotics) overnight for subsequent bacmid DNA isolation by standard miniprep 

protocols.  Purified bacmid DNA was then used to transfect Sf9 cells. 

C.  SF9 TRANSFECTION AND IKK2 EXPRESSION OPTIMIZATION 

 Sf9 monolayer cells seeded at a density of 1 x 106 per 35mm well of a 6-well tissue 

culture plate (Corning) was transfected with 2 µg bacmid DNA complexed with Cellfectin® II 

reagent (Life Technologies) according to the Bac-to-Bac® protocol.  After 72 hours of incubation 

at 26°C, the media containing the first generation of baculovirus (P1) was harvested.  100 µl of 

this P1 virus was used to infect 2 x 106 cells seeded as a monolayer at the bottom of 35mm wells 

of a 6-well plate for a protein expression check.  After an additional 72 hours, infected cells were 

harvested and treated for immunoblot to detect IKK2 expression levels with an α-pentaHis 

antibody (Qiagen Cat#34660).  P1 viruses that induce IKK2 expression were used to produce a 

higher titer second generation of virus (P2) by adding two volumes of P1 virus (one at 10 µl and 
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another at 100 µl) to two 100mm tissue culture plates (BD-Falcon) seeded with 7.5 x 106 cells.  

After 72 hours of incubation, the harvested P2 viruses were used to infect 2 x 106 cells per well of 

a 6-well plate at volumes of 5, 15, and 40 µl per well for each P2 virus (P2-10 and P2-100).  

Protein expression was again assayed by α-His immunoblot after 72 hours of incubation at which 

point the lowest titer P2 virus that gave the highest relative amount of protein expression for a 

given volume of virus added was amplified at a low titer (P3 generation) for large scale protein 

expression in serum-free Sf9 cell suspension cultures.  

D.  SF9 CELL TREATMENT FOR IMMUNOBLOT  

Adherent Sf9 cells were harvested by gently sloughing off cells from the bottom of a 6-

well tissue culture plate with 1.5 mL of ice cold 1X PBS.  The suspended cells were transferred to 

a 1.6 mL eppi tube and centrifuged at 5000 rpm for 5 min. to pellet.  The supernatant was 

removed with a vacuum trap and the cell pellets were resuspended and lysed with 150 µl of Sf9 

Lysis Buffer (20mM Tris-Cl pH 8, 200mM NaCl, 2mM EDTA, and 1% Triton X-100).  After 30 

minutes of incubation on ice, the whole cell lysates were centrifuged at 5000 rpm for 5 minutes.  

The supernatant was harvested and the total protein concentration was determined by Bradford 

assay (BioRad).  Protein samples were normalized to 15 µg per lane for loading a 10% SDS-

PAGE gel.  Proteins were resolved and immunoblotted with α-His to determine IKK2 protein 

expression levels.      

E.  IKK2 EXPRESSION AND PURIFICATION FOR CRYSTALLIZATION  

Recombinant virus production and protein expression were performed with modifications 

of a previously published protocol (Shaul et al., 2008). Sf9 suspension cultures were infected 

with baculovirus encoding our IKK2 protein of interest at a cell density of 2 x 106 cells/mL and 

allowed to grow for 48-72 hr post-infection at 26°C.  Cells were harvested and lysed in Lysis 

Buffer (25mM Tris pH 8.0, 200mM NaCl, 10mM imidazole, 10% Glycerol, 5mM β-
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Mercaptoethanol and protease inhibitor cocktail) by two rounds of sonication with additions of 

PMSF immediately before each round. The lysate was clarified by centrifugation at 14,000 rpm 

for 45 min at 4°C.  IKK2 was then purified from the crude lysate using an Affinity Batch-binding 

chromatography protocol that was conducted as follows:  Briefly, pre-equilibrated Ni-NTA resin 

(Qiagen) was added at a ratio of 2 mL of resin slurry per 1 L of cell pellet.  The crude lysate/Ni 

resin slurry mixture was allowed to incubate at 4°C on a rotator for 1.5 hours.  The Ni resin was 

then pelleted at 1000 rpm for 10 minutes in a swinging bucket rotor centrifuge.  The crude lysate 

was carefully decanted (flowthrough) and the Ni resin was resuspended with an equal volume of 

Lysis Buffer which was allowed to incubate at 4°C on a rotator for an additional 15 minutes.  The 

Ni resin was pelleted again and the Lysis Buffer was decanted (wash 1) and an equal volume of 

Wash Buffer (Lysis Buffer containing 500mM NaCl and 30mM Imidazole) was added.  This Ni 

resin/Wash Buffer mixture was allowed to incubate on a rotator for an additional 15 minutes at 

which point the resin was pelleted and the Wash Buffer decanted.  The washed resin was then 

transferred to a 5 mL gravity column and the resin was allowed to settle.  Elution Buffer (Lysis 

Buffer containing 250mM Imidazole) was added and eluted fractions were collected.  Peak 

fractions containing IKK2 were pooled and treated with TEV protease to cleave the His-tag.  

TEV protease (Sigma) was added at a ratio of 25:1 protein to protease by mass along with 0.5mM 

EDTA and 1mM DTT and allowed to incubate at 4°C overnight for approximately 16-18 hours.  

Prior to size exclusion chromatography, the TEV-treated protein was centrifuged at 13,200 rpm 

for 10 minutes then incubated with 1mM ATP in the presence of 20mM MgCl2, 20mM β-

glycerophosphate, 10mM NaF, and 1mM sodium orthovanadate for 1 hour at room temperature.  

The protein was then loaded onto a preparative Superdex200 16/60 size exclusion column 

connected to an ÄKTA purifier (GE Healthcare) equilibrated with 20mM Tris-HCl (pH 8.0), 

150mM NaCl, 5mM DTT, and 5-10% Glycerol. Peak fractions were concentrated by 

centrifugation using 30 kDa cutoff membrane concentrator unit (Millipore) to approximately 10-
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15 mg/mL.  Protein concentration was determined using Bradford reagent (BioRad) and was snap 

frozen in liquid N2 for later use at –80°C.   

F.  IκBα  BACTERIAL EXPRESSION 

 All IκBα constructs, in both pET11a and pGEX4T-2 expression vectors, were expressed 

in E. coli strain BL21 (DE3) (Stratagene).  Briefly, cells were transformed by heat-shock with 

plasmid DNA and single colonies were picked and used to inoculate 2 mL LB/ampicillin (100 

µg/mL) starter cultures that were allowed to incubate at 37°C with shaking for 2-3 hours.  After 

incubation, 1 mL of the starter culture was used to inoculate a 1 L. LB/ampicillin (100 µg/mL) 

broth culture.  This culture was allowed to incubate at 37°C with shaking for approximately 3 

hours until the OD600nm ~ 0.2.  The culture was then allowed to cool to room temperature at which 

point IPTG (Fisher Scientific) was added to a final concentration of 0.1mM.  The culture was 

grown overnight at room temperature for 16-18 hours with stirring at which point the cells were 

pelleted at 3500 xg for 10 minutes, washed once with 1X PBS and stored in 50 mL Falcon tubes 

at -80°C. 

G.  IκBα  PURIFICATION 

1.  Untagged Full-Length IκBα  Purification 

 IκBα (6-317), IκBαAA (6-317), and IκBα (3-317)_E6 proteins were purified from BL21 

(DE3) cell pellets in a four step process including ion-exchange chromatography followed by 

dialysis, hydroxyapatite column purification, and finally size exclusion chromatography.  Briefly, 

1L of cell pellet was resuspended in ~70 mL of Lysis Buffer (25mM Tris-Cl pH 7.5, 50mM 

NaCl, 0.5mM EDTA, 10mM β-mercaptoethanol) in a 125 mL steel beaker and lysed by 

sonication using a Branson Sonifier 450 fitted with a nut attachment.  After 4X rounds of 

sonication (PMSF protease inhibitor was added in between each round), the crude lysate was 

clarified by centrifugation at 12,000 rpm for 50 minutes and the crude lysate was filtered through 
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a 0.8 µm disk filter.  The lysate was then loaded onto a pre-equilibrated 15 mL Q-sepharose Fast 

Flow column (Amersham-Pharmacia) at 4°C.  After loading, the column was washed with ~150 

mL of Wash Buffer (same as Lysis Buffer except with 200 mM NaCl).  Bound IκBα was eluted 

over a NaCl gradient from 200-500mM where the Elution Buffer is composed of 25mM Tris-Cl 

pH 7.5, 500mM NaCl, 0.5mM EDTA, and 10mM β-mercaptoethanol.  IκBα peak fractions were 

pooled and dialyzed against a Dialysis Buffer containing 20mM KH2PO4 pH 7.5, 0.5mM EDTA, 

and 10mM β-mercaptoethanol where 400 mL volumes of buffer were exchanged five times.  

Dialyzed protein was then loaded onto a pre-equilibrated 25 mL hydroxyapatite bio-gel column 

(BioRad) after which the column was washed with Dialysis Buffer and protein was eluted over a 

phosphate buffer gradient (20-300mM).  Peak fractions were then purified by size exclusion 

chromatography using a Superdex 75 26/60 preparative column (GE Healthcare) with the 

following buffer:  25mM Tris-Cl pH7.5, 50mM NaCl, and 1mM DTT.  Eluted fractions were 

pooled and concentrated to ~5 mg/mL and snap frozen in liquid N2 and stored at -80°C. 

2.  GST-tagged N-terminal IκBα  Purification 

GST-IκBα (1-54) and GST-IκBαAA (1-54) were expressed and purified from E. Coli 

BL21 (DE3) cells.  Cell pellets were resuspended in ~70 mL of Lysis Buffer (1X PBS, 0.5mM 

EDTA, 10mM β-mercaptoethanol, Sigma protease inhibitor cocktail) per 1L of pellet and lysed 

by sonication.  Crude lysates were clarified by centrifugation at 12,000 rpm for 50 minutes 

followed by filtering through a 0.8 µm filter.  The soluble lysate was then loaded onto a 1.5 mL 

pre-equilibrated Glutathione Sepharose 4 Fast Flow column (GE Healthcare).  After loading the 

resin was washed with ~30 mL of Lysis Buffer followed by protein fractionation using an Elution 

Buffer (50mM Tris-Cl pH 8, 10mM reduced glutathione) over 5 mL.  Peak fractions were pooled 

and loaded onto a pre-equilibrated Superdex 75 16/60 column.  Eluted protein was pooled and 

concentrated to ~5 mg/mL and snap frozen for storage at -80°C. 
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H.  NEMO EXPRESSION AND PURIFICATION 

 Full length, His-tagged NEMO was expressed in RosettaGami2 (DE3) E. coli (Novagen) 

by inducing at a low OD600nm of ~0.2 with 0.3 mM IPTG.  The culture was allowed to incubate 

overnight at 16°C for 14-16 hours.  After incubation, cells were harvested by centrifugation at 

3500 xg for 10 minutes, then resuspended and lysed in Lysis Buffer (50mM Tris-Cl pH 8, 

250mM NaCl, 10% Glycerol, 10mM Imidazole, 20µM Zinc acetate, 5mM β-mercaptoethanol, 

and 1X Protease inhibitor cocktail (Sigma)) by sonication.  After clarifying the crude lysate at 

12,000 rpm for 50 min. in an SS-34 rotor, the supernatant was applied to ~ 3 mL/ 1L of cell 

culture of pre-equilibrated Ni-NTA resin (Qiagen).  Protein was allowed to bind the resin at 4°C 

for 2 hours by a batch binding protocol described previously (see IKK2 purification).  After 

washing with Wash Buffer (same as Lysis Buffer above except with 30mM Imidazole) and 

eluting with Elution Buffer (same as Lysis Buffer except with 250mM Imidazole), peak fractions 

were pooled and loaded onto a Sephacryl-S300 column (GE Healthcare) pre-equilibrated with 

NEMO size exclusion buffer (50mM Tris-Cl pH 8, 200mM NaCl, 10% Glycerol, 20µM Zinc 

acetate, and 5mM β-mercaptoethanol).  Peak Fractions were collected, pooled, and concentrated 

to ~5 mg/mL as determined by Bradford assay (BioRad).  Aliquots were snap frozen in liquid 

nitrogen and stored at -80°C for later use.  

I.  IKK2 STRUCTURE DETERMINATION 

1.  Crystallization 

Both crystal forms were obtained by hanging drop vapor diffusion. Protein  

sample was mixed with Inhibitor MLN120B (Millennium Pharmaceuticals) at a molar ratio of 1:2  

and incubated for 30 min. at 4°C.  1 µL of protein:inhibitor mixture was combined with an equal 

amount of reservoir solution containing 1.5 to 2M sodium malonate pH 6.0, 0.3-0.5M ammonium 

acetate, and 10mM DTT and equilibrated over the same solution at 18 or 20°C. Hexagonal 

crystals appeared within 2-3 days and grew to maximum dimension of 50 x 50 x 400 mm within 



 

 

61 

 

10-14 days. The crystals were frozen in liquid N2 using the well solution containing 25-30% 

glycerol or 2.5M sodium malonate as cryoprotectant. Tetragonal crystals were obtained by 

mixing equal volumes of protein:inhibitor complex with 1.0 -1.3M sodium malonate pH 6.5, 0.2-

0.4M ammonium acetate and 10mM DTT and equilibrating the drop over the same solution at 

18°C.  Crystals appeared in 15 days and took nearly a month to grow to a final size of up to 70 x 

70 x 250 mm. Crystals were cryo-preserved in a similar fashion mentioned above and stored in 

liquid N2 prior to data collection. 

2.  Data Collection/Processing 

X-ray diffraction data were collected on a Quantum 315 CCD detector (ADSC) at the 

Advanced Photon Source synchrotron beamline 19ID at Argonne National Laboratory. The 

hexagonal crystal form gave strong diffraction patterns that failed to extend beyond 6.95 Å 

resolution. The diffraction pattern of the tetragonal crystal extended to 4 Å and revealed that the 

crystal belongs to space group P4122 or P4322 with unit cell: a=b=170.81, c=509.56 Å. 

Diffraction intensities were indexed, integrated, and scaled using HKL2000 (Otwinowski and 

Minor, 1997). 

3.  Structure Solution by Molecular Replacement 

Due to data quality and resolution and the presence of multiple molecules in the 

asymmetric unit, molecular replacement proved challenging. Initially, a brute force molecular 

replacement strategy was employed in which more than one hundred different IKK2 tetramer, 

dimer, or monomer models were generated manually based on the xIKK2 structure and used as 

search probes in various software packages. One of these test models identified two pairs of 

closely packed protomers (chains A:B and C:D) in space group P4122 using the CCP4 program 

MOLREP (Vagin and Teplyakov, 1997). With the A:B and C:D dimers fixed, one rigid-body 

refined monomer was then used as search model in MOLREP to identify the position of chain E, 

which participates in a similar interaction with its own symmetry-related partner along a two-fold 
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axis. Crystal packing and electron density map calculation from this initial model indicated that 

there were likely additional molecules in the asymmetric unit but molecular replacement failed to 

locate them.  The initial position of the sixth molecule, monomer F, was obtained by rotating 

monomer E about the two-fold pseudo-symmetry axis relating the A:B and C:D V-shaped dimers. 

Refinement and crystal packing confirmed this to be the correct position for the sixth IKK2 

subunit in the asymmetric unit. With six molecules in the asymmetric unit the calculated solvent 

volume in the crystal is 64%. 

4.  Model Building and Refinement 

The orientation and position of the initial model containing six IKK2 chains were refined  

by rigidbody refinement followed by minimization and simulated annealing refinement with a 

maximum likelihood target function and a flat bulk-solvent correction using the CNS system 

version 1.1 (Brunger et al., 1998). Model rebuilding was carried out using 2|FO-FC| electron 

density maps in XTALVIEW (McRee, 1999).  Due to the relatively low resolution data used 

throughout refinement, upon refinement of the model to R-factors of 27.5% (R-cryst) and 36.6% 

(R-free), CNS version 1.3 was employed in order to carry out Deformable Elastic Network 

(DEN)-assisted refinement (Schröder et al., 2010).  Initially, coordinates from a rigid-body 

refined xIKK2 model were employed as a reference. After a few refinement cycles with 

application of strict NCS restraints, the hIKK2 exhibited better model geometry than the 

reference structures and the chain with the best geometry among the six molecules was used to 

direct building and refinement of the final crystallographic model. DEN refinement dramatically 

improved the geometry and R-factors of the hIKK2 structure to a final Rcryst of 26.7% and R-

free of 29.9%. Detailed refinement statistics are included in Table 4.1. The coordinates have been 

deposited into the Protein Data Bank as entry code 4E3C (Berman et al., 2000). Model figures 

were made in PyMol (DeLano, 2002). 
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J.  IN VITRO KINASE ASSAYS 

In vitro kinase assays were conducted in 20 µl reactions using purified IKK2 (20-600 ng) 

with or without purified substrate (2 µg) or kinase dead D145N IKK2 (0.5-1 µg), and a reaction 

buffer at a working concentration of 20mM Tris-Cl pH 7.5, 15mM MgCl2, 50mM KCl, 1mM 

DTT, 1mM Na3VO4, 20mM β-glycerophosphate, 10mM NaF, and 20 µM ATP.  To these 

reactions, 0.5 µCi of γ-32P ATP (Perkin Elmer) was also added, mixed, and incubated at room 

temperature for indicated time points up to 1 hour.  After incubation, 7 µl of 4X Laemmli buffer 

(Laemmli, 1970) was added to quench the reaction and 10 µl of the mixture was loaded and 

resolved into a 10% SDS-PAGE gel.  The gel was subsequently dried onto #3 Whatman filter 

paper then exposed to autoradiography film (Denville Scientific) overnight for approximately 12-

16 hours prior to developing.  

K.  WESTERN BLOTTING 

 Detection of protein loading and the phosphorylation state of purified IKK2 was 

accomplished by immunoblot with penta-His and phosphospecific antibodies respectively.  After 

resolving samples on a 10% SDS-PAGE gel, protein was transferred to a nitrocellulose 

membrane (Whatman) using a semi-dry transfer cell apparatus (BioRad) set at 25 volts for 45 

minutes.  Components of the transfer sandwich (blotting pads sandwiching a nitrocellulose 

membrane and SDS-PAGE gel) were soaked in transfer solution (1X transfer buffer containing 

25mM Tris base, 200mM Glycine; and 10% Methanol) prior to transfer.  After transfer, the blot 

was blocked with 0.2% w/v I-Block (Applied BioSystems) solution or 5% BSA solution for 1 

hour at room temperature on an orbital rotator.  After blocking, one of the following primary 

antibodies was added at the indicated dilutions in either I-Block or BSA solution:  1:4000 mouse 

α-pentaHis (Qiagen), 1:1500 rabbit α-IKK2 phosphoS181 (Cell Signaling).  Primary antibody 

incubation was conducted overnight at 4oC on an orbital rotator.  After primary incubation, the 
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blot was washed 3 times with 1X Tris buffered saline and 0.1% v/v Tween-20 (TBS-T) for 10 

minutes each.  A 1:10000 dilution of goat anti-mouse (Santa Cruz Biotechnology) or goat anti-

rabbit antibody (Millipore) conjugated to horse-radish peroxidase in 1X TBS-T was then added to 

the blot and allowed to incubate at room temperature for 1 hour.  After incubation, 3 more washes 

were conducted as described previously, at which point an enhanced chemiluminescence 

substrate with 0.01% hydrogen peroxide was added for 1 minute.  The blot was then taped into a 

film cassette and developed. 

L. ANALYTICAL ULTRACENTRIFUGATION 

Full length His-tagged IKK2 and IKK2EE (11-669) were purified and prepared as 

previously described without TEV cleavage of the His-tag.  IKK2EE (11-669) samples were 

either treated with 20mM MgCl2, 1mM sodium orthovanadate, and 1mM ATP or without ATP 

for 1 hr. prior to size exclusion chromatography.  Sedimentation velocity (SV) experiments were 

performed in a ProteomeLab XL-I (BeckmanCoulter) analytical ultracentrifuge. Protein samples 

were loaded at a concentration of ~0.5 mg/ml in 2-channel cells and spun in an An-50 Ti 8-place 

rotor at 30,000 rpm, 20oC for 15 hours. Data were analyzed using Sedfit software (P. Schuck, 

NIH/NIBIB). 

M. SIZE EXCLUSION CHROMATOGRAPHY-MULTI ANGLE LASER LIGHT SCATTERING (SEC-
MALLS) 

Native full length and I413A/L414A IKK2 proteins were purified as previously described 

for crystallization including TEV-cleavage of the His tag and either treated with or without 1 mM 

ATP in the presence of 20mM MgCl2, 1mM Na3VO4, 20mM β-glycerophosphate, and 10mM 

NaF prior to purification through a Superdex 200 16/60 column (GE Healthcare).  Other IKK2 

proteins were not treated with TEV or ATP.  Protein fractions were then concentrated in 30 kDa 

cutoff Amicon Ultra centrifugal concentrators (Millipore) to the indicated concentrations. 20 µL 

of sample was injected into a pre-equilibrated (20 mM Tris-Cl pH 8, 150 mM NaCl, 5% w/v 
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glycerol) Zenix SEC-300, 7.8 x 300 mm column (Sepax Technologies, Inc.) at 1 mL/min. Elution 

of the protein was monitored by UV-visible (Shimadzu SPD-10A VP) and refractive index 

(Hitachi L-2490) detectors. Light scattering was monitored with a Dawn-Helios multi-angle 

detector (Wyatt technology). Astra VI software (Wyatt Technology) was used to analyze light 

scattering data.  Figures were made in Excel. 

N. SMALL ANGLE X-RAY SCATTERING (SAXS) 

1. Data Collection 

SAXS data were collected with synchrotron X-rays (λ= 1 Å) at room temperature on the 

SIBYLS beamline (12.3.1) at the Advanced Light Source (ALS), Lawrence Berkeley National 

Laboratory on purified IKK2EE (1-664) and IKK2EE (1-700) at three different concentrations 

from ~0.5-3.5 mg/ml in 20 mM Tris-HCl (pH 8), 150 mM NaCl, 1 mM DTT, and 5% glycerol at 

four exposure times (0.5, 1, 8, and 0.5 seconds) (Putnam et al., 2007).  The beamline was 

equipped with a MarCCD 165 detector positioned at a distance of 1.5 m. Data were collected over 

an s-range of 0.0112–0.323Å.  All scattering data were averaged radially, and buffer signal was 

subtracted prior to analysis using orgeNEW (SIBYLS Beamline, ALS). 

2. Data Processing and Analysis 

Extrapolation of the scattering profiles to zero angle for both IKK2EE (1-664) and 

IKK2EE (1-700) over the concentration range described revealed significant concentration-

dependent oligomerization and/or aggregation.  This is denoted by the significant increase in I(0) 

at low scattering angles as a function of concentration.  Data processing and Guinier analysis 

were performed using PRIMUS (Konarev et al. 2003). Indirect Fourier transformations of the 

scattering data were performed with GNOM using data sets consisting of 505 data points over the 

s-range 0.0153–0.323 for IKK2EE (1-664) and 506 data points over the s-range 0.0145–0.3219 

for IKK2EE (1-700) (Svergun, 1992). The maximum intramolecular scattering distance, Dmax, 

was determined iteratively using the PERL script RunGNOMRun.  Pair distribution functions 
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were plotted as a function of intramolecular distances in Excel.  The radii of gyration (Rg) and  

Porod volumes calculated for each construct were determined from the Guinier approximation 

and the extrapolated I(0) respectively. 

O. HEK293 IMMUNOPRECIPITATION AND KINASE ASSAY 

Following transfection, HEK293 cells were grown for 24 hr before harvesting and lysing 

in RIPA buffer supplemented with 1X phosphatase inhibitor cocktail (Sigma). HA-IKK2 was 

immunoprecipitated by adding 1 mg of anti-HA antibody (Covance, 16B12) to each pre-cleared 

cell lysate and incubated for 2 hr at 4°C, protein G sepharose (GE Healthcare) was subsequently 

added to each sample and allowed to bind for another 1 hr at 4°C with mixing. Beads were then 

precipitated and washed rigorously using the cytoplasmic extraction buffer (10mM HEPES-KOH 

pH 7.9, 250mM NaCl, 1mM EDTA, 0.5% NP-40, 0.2% Tween 20, 2mM DTT, 1mM PMSF, 

20mM β-glycerophosphate, 10mM NaF, 0.1mM Sodium orthovanadate). Beads were washed 

with kinase assay buffer (20mM HEPES-KOH pH 7.7, 100mM NaCl, 10mM MgCl2, 2mM DTT, 

20mM β-glycerophosphate, 10mM NaF, 0.1mM sodium orthovanadate, 20mM ATP) without 

ATP prior to kinase assay. Kinase assay was performed with immunoprecipitated IKK2 using 

GST-IκBα (1-54) as the substrate in the presence of 10 µCi γ-32P-ATP at 30°C for 30 min. 

Kinase reactions were stopped by boiling with 1X Laemmli buffer and resolved on 10% SDS-

PAGE. The gel portion containing radioactive substrate was excised and detected by 

autoradiography. The portion containing IKK2 was transferred to nitrocellulose membrane and 

probed with anti-HA antibody. 

P. FRACTIONATION OF HEK293T AND MEF 3T3 CYTOPLASMIC EXTRACTS BY SIZE 
EXCLUSION CHROMATOGRAPHY 

Cytoplasmic extracts of HEK293T cells transfected with HA-IKK2 with or without 

NEMO were prepared. 200 µl of these extracts were loaded onto Superose 6 GL10/300 (GE 



 

 

67 

 

Healthcare) column equilibrated with 25mM Tris pH7.5, 150mM NaCl, 5% glycerol, 2mM DTT 

connected to an ÄKTA system. 0.5mL fractions were collected at a flow rate of 0.5mL/min and 

15 µL of samples were loaded onto SDS-PAGE and analyzed by WB using anti-HA and anti-

NEMO antibodies. 3T3 cells were stimulated with 10 ng/mL rhTNF (Roche) for 10 min. Cells 

were lysed in buffer containing 10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 0.5 % NP-40, 0.5 

mM DTT. 0.5 mg of lysate was fractionated with a Superose 6 GL10/300 (GE Healthcare) 

column using a buffer containing 25mM Tris pH7.5, 150 mM NaCl, 5% glycerol, 2mM DTT in 

an ÄKTA system. 0.5 mL fractions were collected and analyzed by Western blotting using anti-

IKK2 (Millipore) or anti-NEMO (Santa Cruz Biotechnology) antibodies. 
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CHAPTER III 

Preparation and Crystallization of Active Human IKK2 
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A.  INTRODUCTION 

The elucidation of protein structures at atomic resolution by X-ray crystallography 

requires the growth and stabilization of well-diffracting crystals.  This is requires expressing and 

purifying milligram amounts of protein to a high degree of purity and homogeneity.  Often times 

this requires making mutations and/or the removal of portions of the protein that contribute to 

inter-domain flexibility or non-specific oligomerization (also called aggregation) by recombinant 

molecular cloning techniques in order to improve the “solution behavior” of the protein to make it 

more amenable for crystallization (Rhodes, 2000).  Protein characteristics such as solubility, 

dynamics (i.e. relative intra-molecular domain motions), and oligomerization propensity are 

factors that need to be taken into consideration when preparing a protein for crystallization 

(Rhodes, 2000).  As such it is important to learn as much as possible about the biochemical and 

biophysical properties of the protein of interest by a variety of techniques such as size exclusion 

chromatography (SEC), analytical ultra-centrifugation (AUC), small-angle x-ray scattering 

(SAXS), and multi-angle laser light scattering (MALLS) among others.   

 The IKK complex is a 700-900 kDa multi-subunit signalosome composed minimally of 

three proteins:  IKK1 (IKKα), IKK2 (IKKβ), and NEMO (IKKγ).  Activated by a variety of pro-

inflammatory cytokines including TNF-alpha and IL-1, the IKK complex mediates the N-

terminal, signal-dependent phosphorylation of the canonical NF-κB inhibitor, IκBα.  This 

phosphorylation event primes IκBα for ubiquitination and subsequent proteasome-dependent 

degradation which releases NF-κB so it can translocate into the nucleus and enhance transcription 

of a number of pro-survival, anti-apoptotic genes (Israel, 2010; Liu et al., 2012).   The two 

catalytic subunits, IKK1 and IKK2, share a high degree of sequence homology and are composed 

of a well-conserved, N-terminal RD kinase domain (KD), followed by a ubiquitin-like domain 

(ULD), a leucine zipper motif (LZ), a helix-loop-helix motif (HLH), a serine-rich region (SRR), 

and a C-terminal, NEMO-binding domain (NBD).  The NEMO subunit has no known catalytic 
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activity but is required for signal-dependent activation of the IKK catalytic subunits through its 

N-terminal interaction with the C-terminal NBD of the IKKs (Rothwarf et al., 1998).  NEMO 

does not share significant sequence homology with any other known protein.  From amino acid 

sequence analysis, NEMO is predicted to have a long, coiled-coil structure with C-terminal 

leucine zipper and zinc-finger domains.  Though NEMO is required for IKK activation 

endogenously, it has been reported that overexpression of recombinant IKK2 in Sf9 insect cells 

and yeast can produce an active kinase presumably through trans auto-phosphorylation of 

activation loop serines 177 and 181 (Zandi et al., 1998; Miller and Zandi, 2001). 

Most of the reported biophysical characterization of the endogenous IKK complex 

suggest it is a dynamic, elongated, stoichiometrically ambiguous, high molecular weight  

complex with numerous post-translational modifications that make it a challenging target for 

crystallization.  Of the three subunits that constitute the IKK complex, NEMO has been the most 

well-characterized with a number of constructs that have been crystallized and structures solved 

by X-ray crystallography (Rushe et al., 2008; Bagneris et al., 2008; Lo et al., 2009; Rahighi et 

al., 2009; Grubisha et al., 2010).  Interestingly, all the structures of these fragments of NEMO 

that constitute regions from its N-terminus to the C-terminus reveal that NEMO self-associates as 

nothing larger than a dimer.  This observation is in contrast to a number of studies on full length 

NEMO which suggest that it exists as everything from a monomer to a tetramer (Fontan et al., 

2007; Agou et al., 2002; Tegethoff et al., 2003; Herscovitch et al., 2008).  The oligomerization 

state of NEMO seems to be dependent on factors such as concentration, post-translational 

modifications, ligand-binding, and the recombinant expression system in which it is expressed.  

These solution characteristics of full length NEMO make it notoriously difficult to crystallize. 

Recently, the x-ray crystal structure of the IKK2 subunit from Xenopus laevis has been solved 

revealing that the predicted C-terminal domain elements including the leucine zipper and the 

helix-loop-helix are subsumed in a long, anti-parallel, three-helix bundle that mediates 
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dimerization of two protomers (Xu et al., 2011).   Interestingly, the kinase domains of each 

protomer in the crystal dimer are facing away from each other making it difficult to ascertain how 

activation by trans auto-phosphorylation might occur.  Notably, analysis of the activation 

segment reveals that several structural features characteristic of an active kinase are lacking.  

These include the aberrant conformation of leucine of the DLG (DFG for other kinases like PKA) 

triad as well as the mis-alignment of the C-terminal anchor, which includes the conserved APE 

motif (Xu et al., 2011).  These features break the “hydrophobic spine” characteristic of active 

kinases (Nolen et al., 2004).  Additionally, xIKK2 was co-crystallized with the inhibitor, Cmpd 1, 

further suggesting that xIKK2 was captured in an inactive conformation. 

 In light of the questions concerning the mechanism of trans auto-phosphorylation left 

unanswered by the xIKK2 structure, we pursued crystallization studies of a number of constructs 

and mutants of human IKK2 with the goal of producing an active, post-translationally 

homogenous, molecule.  We took the rational approach of removing C-terminal elements of 

IKK2 that were shown to be hyper-phosphorylated upon TNF-alpha induction, including serines 

in the SRR and NBD (residues 664-756), as well as mutating the activation loop serines 177 and 

181 to phosphomimetic glutamate residues (this double mutation will be designated as “EE” in 

future construct descriptions).  We expressed and purified these constructs from Sf9 insect cells 

and characterized their biophysical properties by a variety of techniques including SEC, SAXS, 

AUC, and MALLS.  Interestingly, even though we took the precaution of removing all the known 

phosphorylation sites, we still detected auto-phosphorylation in vitro.  This auto-phosphorylation 

activity proved vital for producing a more conformationally homogenous sample for 

crystallization.  The preparation and crystallization conditions as well as the data collection and 

processing of active human IKK2 will be discussed in detail in the following section. 
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B.  RESULTS 

1.  Solution Behavior of Full Length IKK2 vs. C-Terminally Truncated IKK2 Constructs 

Full length human IKK2 was expressed and purified from baculovirus infected Sf9 insect 

cell cultures as an N-terminal, his-tagged fusion protein.  Initial size determination by analytical 

SEC by Jacob Shaul in our lab suggested that it purifies as a tetramer (Shaul et al., 2008).  

Removal of the C-terminal SRR and NBD (1-664 construct) significantly reduced the apparent 

size of IKK2 to a dimer though only 92 amino acids were removed (a molecular weight 

equivalent to ~10 kDa) (Shaul et al., 2008).  This observation suggested to us that the C-terminal 

region from 664-756 may induce additional oligomerization that could possibly be an impediment 

to crystallization.  As such, we began to elucidate the biophysical characteristics of several C-

terminally truncated constructs within this region to better understand this phenomenon. 

Several side-by-side expression, purification, and concentration preparations of full 

length IKK2 (IKK2 FL) and IKK2EE (1-664) from 250 ml Sf9 cultures showed that, in addition 

to generally expressing better, IKK2EE (1-664) concentrated much better than IKK2 FL (Figure 

3.1).  Typical maximum concentrations determined by Bradford assay for IKK2 FL (or IKK2EE 

FL) were approximately 5 mg/ml, whereas for IKK2EE (1-664) they were typically 10-12 mg/ml.  

This improvement in solubility was also observed for the slightly longer construct IKK2EE (1-

700) where only the NBD was truncated leaving the SRR.   

Qualitative differences were also observed during initial hanging-drop crystallization 

screening of IKK2 FL, IKK2EE FL, IKK2EE (1-664), and IKK2EE (1-700) with commercial 

sparse-matrix conditions (Hampton Research, Emerald Bioscience, Jena Bioscience).  The full 

length IKK2 proteins tended to precipitate out of numerous conditions as a heavy aggregate even 

at relatively low precipitant concentrations with few clear drops.  In comparison, the C-terminally 

truncated IKK2 constructs produced a much more granular, light, disperse precipitate in many 

conditions that in some cases looked like possible tiny pseudo-crystals.  All constructs were  
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Figure 3.1: Purification and concentration of full length vs. C-terminally truncated IKK2.   
Side-by-side purification of IKK2 from 250 mL Sf9 cell pellets.  The Top panel shows 
Superdex 200 16/60 size exclusion chromatographs of His-tagged (HT) IKK2 full length (1-
756) and IKK2EE (1-664).  The Bottom panel shows coomassie-stained 10% SDS-PAGE 
gels of the purification fractions. Both proteins were also concentrated side-by-side to 
similar indicated volumes.  IKK2EE (1-664) can be concentrated to a much higher 
concentration than full length IKK2.   

sensitive to even low concentrations of high molecular weight polyethylene glycol (PEG 4000 

and above).  These observations suggested that aggregation may be a problem, particularly for 

IKK2 FL.  We tried to ameliorate aggregation by adding upwards of 10% glycerol to our 

purification buffers, however, additional crystallization screening yielded similar qualitative 

results.   

Sequence analysis of the C-terminus of IKK2 along with inspection of the recently 

determined NEMO/IKK-associating domain structure suggest that the reason for the poor 

solution characteristics of IKK2 FL may be due to the solvent exposure of large hydrophobic 

residues (F734, W739, and W741) in the NBD that would normally be buried in hydrophobic 

pockets formed by the association with N-terminal NEMO (Rushe et al., 2008).  In an effort to 

more sensitively measure differences in the degree of aggregation of our IKK2 constructs we 
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decided to test these constructs by small angle x-ray scattering (SAXS). 

2.  Small Angle X-Ray Scattering (SAXS) of C-Terminal Truncated IKK2 Constructs 

SAXS is a solution scattering technique whereby macromolecules in solution are 

irradiated by high energy, coherent x-rays and the continuous data collected represents the 

radially averaged scattering of x-rays due to freely tumbling molecules (Putnam et al., 2007).  

The scattering curves generated show the continuous intensity of x-rays as a function of angle 

from the incident beam.  SAXS is a sensitive, low resolution (50-10 Å) biophysical technique 

often used to monitor solution behavior of proteins (sometimes in a high throughput format) 

including characteristics such as aggregration, oligomerization, and flexibility (Putnam et al., 

2007). SAXS experiments on IKK2 FL, IKK2EE (1-700), and IKK2EE (1-664) reveal that, 

although C-terminal truncations of the SRR and NBD reduce aggregration and improve solubility 

over full length IKK2, they are still elongated molecules that are sensitive to changes in 

concentration.   

At concentrations of <0.5 mg/ml, full length IKK2 exhibited significant aggregation 

making the scattering data hard to process and interpret (data not shown).  The C-terminally 

truncated IKK2 constructs, however, exhibited linearity in their scattering curves at ~0.5 mg/ml 

between 0.0161 and 0.0179 Å-1 allowing for a Guinier approximation of the radius of gyration 

(Rg) of 54.32 ± 2.5 (5%) Å for IKK2EE (1-664) and 61.95 ± 0.44 (1%) Å for IKK2EE (1-700).  

At concentrations above approximately 2 mg/ml, the log of the scattering intensity (I(s)) as the 

scattering angle (s) approaches zero becomes very large (Figure 3.2A).  This generally results in 

non-linearity over smaller ranges of s near I(0), making the Guinier approximation of Rg 

unreliable (Putnam et al., 2007).  The radius of gyration (Rg) is a shape-dependent size parameter 

akin to the hydrodynamic radius of a molecule.   

Generally, significant increases in I(0) as a function of protein concentration signifies that 

the protein is either aggregrating or becoming very large and elongated through oligomerization.  
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A.      B. 

                                
               IKK2EE (1-664)                                 IKK2EE (1-664)  
               Rg:  54.32 ± 2.5 (5%) Å; I(0):  69.79        Porod Volume:  306,540 
               IKK2EE (1-700)                         IKK2EE (1-700) 
               Rg:  61.95 ± 0.44 (1%) Å; I(0):  82.15 Porod Volume:  398,480  
C. 

                    

Figure 3.2:  SAXS analysis of IKK2. 
A).  Scattering curves of IKK2EE (1-664) and IKK2EE (1-700) at three different 
concentrations plotted as the log of scattering intensity as a function of the scattering angle 
(s).  The radius of gyration (Rg) for each molecule was determined by taking the Guinier 
approximation of the low angle scattering data over the linear range of 0.0161-0.0179 Å-1 for 
each construct.  B).  Kratsky plots show that both constructs are well-folded with low I(s)*s2 
values at high scattering angles.  Porod volumes were calculated from the extrapolated I(0) 
values and correspond to approximately twice the molecular weight for globular proteins.  
C).  Pair-distribution functions suggest a maximal intra-molecular distance (Dmax) of 280 
Å for IKK2EE (1-664) and 290 Å for IKK2EE (1-700) with an elongated “club-like” shape 
as denoted by the significant tailing of the distribution peak. 
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Kratsky plots determined from the scattering data provide a qualitative measure of protein 

foldedness with significant increases in I(s)*s2 at large values of s indicative of protein 

unfoldedness (Putnam et al., 2007).  Both IKK2EE (1-664) and IKK2EE (1-700) appear to be 

relatively well-folded with IKK2EE (1-700) having slightly more unfolded character than 

IKK2EE (1-664) as indicated by the slightly higher rise in I(s)*s2 at larger scattering angles 

(Figure 3.2B).  

 Indirect Fourier transformation of the scattering data produces a distribution of the intra- 

molecular distances between all electrons within the scattering molecule.  Akin to the Patterson 

function in x-ray crystallography, the pair-distribution function P(r) provides information about 

the gross shape of a molecule with a perfectly gaussian distribution suggesting a spherical, 

globular protein and a tailing peak suggesting a more elongated molecule (Putnam et al., 2007).  

Both IKK2EE (1-664) and IKK2EE (1-700) pair-distribution plots suggest a “club-like” molecule 

with one end being globular and the other end being narrow and elongated as indicated by their 

dramatically tailed peaks (Figure 3.2C).  The maximal values of intra-molecular distance (Dmax) 

were determined iteratively by choosing a few Dmax values and assessing how well the resultant 

pair-distribution functions fit to the experimental scattering data through an inverse Fourier 

transform.  This SAXS analysis further supported the idea that C-terminally truncated IKK2 with 

NBD removed results in significant improvements in crystallization amenable solution behavior. 

3.  Unexpected Substrate Specificity and Auto-Phosphorylation of C-Terminally Truncated 
IKK2  

 We continued to make C-terminal truncations into the HLH and LZ domains with 1-585 

and 1-409 constructs, respectively.  However, these constructs expressed poorly and little protein 

was purified through SEC (Figure 3.3).  Interestingly, C-terminally truncated constructs shorter 

than 1-664 purify as monomers as indicated by SEC.  An example of this is the 1-420 construct, 

which is only composed of the KD and ULD (Shaul et al., 2008).  A previous study in our lab 

demonstrated that C-terminal truncations of IKK2 not only produced a monomeric form of IKK2  
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Figure 3.3:  Purification of various IKK2 constructs.   
Size exclusion chromatographs of various IKK2 constructs purified from 250 mL Sf9 cell 
pellets. All constructs truncated N-terminal to residue 664 expressed and purified poorly. 
 
but that removal of most of the C-terminus except for the KD and ULD altered IκBα specificity.  

Instead of phosphorylating the signal-dependent N-terminal serines 32 and 36, the monomeric 

IKK2 constructs displayed a casein kinase II-like activity phosphorylating serine and threonine 

residues in the C-terminal PEST domain of IκBα (Shaul et al, 2008).  IKK2 activity and 

specificity for the N-terminal serine residues of IκBα remain intact, however, when only the SRR 

and NBD are removed.   

 In addition to this change in substrate specificity, another interesting observation was 

made concerning auto-phosphorylation.  In an effort to work with a construct of IKK2 that we 

thought would have the best chance for crystallization, the IKK2EE (1-664) construct seemed to 

be the ideal choice.  Aside from the improved solution behavior described previously, it also 

represented a molecule with the least potential for post-translational modifications since the 

phosphorylatable activation loop serines were mutated to glutamates, and serines in the SRR and 

NBD were removed.  Delhase et al. demonstrated that hyper-phosphorylation of C-terminal 

serines in the SRR and NBD occurs upon induction with TNF-alpha in HeLa cells (1999).  

Furthermore, this hyper-phosphorylation occurs by auto-phosphorylation.  Shaul et al. showed in 
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in vitro γ-32P ATP kinase assays that IKK2 (1-664), where the SRR and NBD domains were 

removed, a similar amount of auto-phosphorylation was detected as full length IKK2 (2008).  

Interestingly, this auto-phosphorylation can be detected even when the activation loop serines 177 

and 181 are mutated to glutamic acid (Figure 3.4).  With all the known putative phosphorylation 

sites removed or mutated, we hypothesized that this observed auto-phosphorylation may be a 

source of heterogeneity and thus a determent to crystallization.  

 

Figure 3.4:  In vitro kinase assay showing auto-phosphorylation and IκBα  substrate 
specificity retained in the minimal IKK2 protein, IKK2EE (1-664).  
Full length IKK2 and IKK2EE (1-664) exhibit similar IκBα  substrate specificity and degree 
of auto-phosphorylation (black arrows).  The IκBα  (1-54) constructs were purified with a 
glutathione S-transferase (GST) tag.  “AA” refers to S32A/S36A mutations in the signal-
response domain of IκBα .  “E6” refers to mutations in the C-terminal PEST domain (280-
317) of IκBα  where six serines and threonines were mutated to the phosphomimetic 
glutamate residue.   
 
4.  ATP-Treatment of IKK2 Enhances its Conformational Homogeneity 

 It is well known that protein crystallization is generally a function of the monodispersity 

of the sample (Rhodes, 2000).  This includes homogeneity of any post-translational 

modifications.  As such, since auto-phosphorylation was still detected in the IKK2EE (1-664) 

construct, we included an ATP treatment step prior to SEC purification to promote a more post-

translationally homogenous sample.  Interestingly, sedimentation velocity AUC of a similar 

HT-IKK2 FL (1-756)                           +        +         +        +       +       +        -         -         -         -       -         -
HT-IKK2EE (1-664)                             -        -           -         -         -        -        +        +       +        +      +        +
GST                                                           +        -           -         -         -        -        +        -         -         -        -         -
GST-IkappaBalpha (1-54)              -        +          -         -         -        -         -        +        -         -        -         -
GST-IkappaBalpha (1-54)AA       -         -          +        -         -        -         -         -        +        -        -         -
IkappaBalpha FL (6-317)               -         -          -        +         -        -         -         -        -        +        -         -
IkappaBalpha FL (6-317)AA        -         -          -         -         +       -         -         -        -         -        +         -
IkappaBalpha FL (3-317)_E6       -         -          -         -         -       +         -         -        -         -        -         +

32P

!-His

I"B!
loading
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construct, IKK2EE (11-669), which was a target for crystallization screening by our 

collaborators, showed that similar ATP treatment produced a much more conformationally 

homogenous sample as well.  This is evidenced by a narrower, sharper peak as compared to 

untreated protein (Figure 3.5).  Auto-phosphorylation was also detected as a noticeable 

retardation in the electrophoretic mobility of ATP-treated protein as compared to un-treated 

protein.  ATP treatment also moderately improved the solubility of the sample.  We could 

regularly concentrate protein in excess of 15 mg/mL instead of 10-12 mg/mL for untreated 

protein.  This observation may reflect the fact that ATP-treatment significantly reduced heat-

induced aggregation.  Subsequent analytical SEC-MALLS analysis of ATP-untreated full length 

IKK2 at three different concentrations shows that, in contrast to our previous SEC sizing 

experiments, IKK2 FL exists predominantly as a dimer (Figure 3.6A).  Upon heat treatment of the 

same sample at 37oC for 10 minutes, a significant shift in size is observed from a dimer to that of 

a very large oligomer or aggregate (Figure 3.6B).  However, when IKK2 FL is ATP-treated, a 

significant amount of the dimer is protected from this aggregation with the same heat treatment 

(Figures 3.6C,D).  Taken together, these results suggest that ATP-treatment of IKK2 induces a 

state that restricts conformational plasticity, favoring a more soluble molecule that is less prone to 

aggregation; in short, an IKK2 molecule that is more likely to crystallize.   

5.  Crystallization Screening of Different IKK2 Constructs 

 A number of different IKK2 mutants and constructs were screened for crystallization at 

different stages of this project by the hanging drop, vapor diffusion method.  Table 3.1 shows a 

summary of these efforts and the crystallization outcomes.  A few different constructs produced 

crystals of varying quality.  A common theme among these constructs is that they all involved 

truncation of at least the NBD and they were all treated with ATP as part of the sample 

preparation.  The first crystals were of the IKK2EE (1-700) construct, which grew as tiny rods in 

a 1.5 - 2 M sodium malonate pH 6.5, 10 mM DTT, 0.1 - 0.2 M ammonium acetate, and 0.01-  
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Figure 3.5:  Sedimentation velocity (SV) AUC of IKK2EE (11-669).   
SV AUC reveals that Mg2+-ATP treatment of purified IKK2EE (11-669) results in a 
narrowing of the SV peak profile as compared to the same protein sample without ATP.  
This is an indication of greater conformational homogeneity.  The protein concentration 
was ~0.5 mg/ml.  Phosphorylated IKK2 can be observed as a slight retardation in the gel 
band when run on a 10% SDS-PAGE gel (right). 
 
 

Table 3.1:  Summary of IKK2 Crystallization Trials 
Protein  Results Notes 
IKK2 FL (1-756) 
IKK2EE FL (1-756) 
IKK2EE (1-743) 
IKK2EE (1-700)ΔNBD 
IKK2EE (11-700)ΔNBD 
IKK2EE (1-664)ΔSRRNBD 
IKK2EE (11-669)ΔSRRNBD 

none 
none 
crystals 
crystals 
crystals 
none 
crystals 

heavy precipitates 
heavy precipitates 
tiny crystals (not tested) 
≥ 7 Å data 
≥ 7 Å data 
pseudo-crystalline 
precipitates 
4 Å data 

 
0.05% decyl-β D-maltopyranoside (DDM) condition from a drop composed of 1µl of protein (8-

10 mg/mL) to 1µl of mother liquor.  These crystals grew within 2-3 days at 18oC. Removal of 

DDM did not appear to affect crystal growth, whereas increasing the ammonium acetate 

concentration to 0.3 M and lowering the sodium malonate concentration to 1.2 M seemed to 

reduce nucleation (number of crystals) and produce larger crystals (~ 50 x 200 µm). The inclusion 

of the Millenium IKK2 inhibitor, MLN120B, at a 2:1 mole ratio of inhibitor to protein, produced 

larger single hexagonal rods that grew to a maximal size of 50 x 50 x 400 µm within 

approximately 10 days (Figure 3.6A).  To verify that these crystals were indeed IKK2, four to  
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Figure 3.6:  ATP-treatment protects IKK2 from heat-induced aggregation. 
Analytical SEC-MALLS using a Zenix SEC-300, 7.8 x 300 mm column on A).  ATP-

untreated IKK2 FL at 4oC.  B).  ATP-untreated IKK2 FL with 10 minutes of heat-treatment 
at 37oC.  C).  ATP-treated IKK2 FL at 4oC.  D).  ATP-treated IKK2 FL with 10 minutes of 

heat treatment at 37oC.  Samples were either left on ice or heat-treated by placing protein in 
37oC water bath for 10 minutes prior to sample injection.  “Dimer,” “oligomer,” and 

“aggregate” peaks are designated.  MALLS analysis of the ATP-treated samples shows 
molar mass distributions (gray curves) which aided in defining the oligomerization state of 
each peak.  Three different IKK2 FL concentrations were tested (except in D.) for each set 

of conditions:  8 µM, 35 µM, and 70 µM. 
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five single crystals were harvested and passed through three 2 µl washes of mother liquor (the 3rd 

wash is shown) before being dissolved in water with 1X SDS gel loading dye and loaded on a 

10% SDS-PAGE gel that was run and subsequently coomassie-stained.  Comparison of the 

“dissolved crystal” gel band with purified IKK2EE (1-700) shows that we crystallized IKK2. 

Many additive screens, detergents, and IKK2 inhibitors, and growth temperatures were 

tried to improve these hexagonal crystals, but all efforts failed to improve diffraction resolution 

beyond 7 Å.  Diffraction data collected on the APS 24ID beamline at the Advanced Photon 

Source at the Argonne National Laboratory revealed that the crystals belong to the hexagonal 

space group, P6122 with unit cell dimensions of 124.72 x 124.72 x 477.00 Å.   Diffraction was 

relatively strong with an average I/σ of 11.7 up to about 7 Å at which point the diffraction died 

rapidly (Figure 3.7A).  This may be indicative of significant disorder in the crystal.  Under the 

same conditions, the IKK2EE (11-669) and (11-700) constructs produced similar crystals with the 

same diffraction limit.   

Interestingly, increasing the starting protein concentration of IKK2EE (11-669) to 12-15 

mg/mL, and reducing the concentrations of sodium malonate (1.0-1.3 M), and ammonium acetate 

(0.2-0.4 M) resulted in crystals that grew much more slowly and in a different crystal form.  

Under these lower precipitant conditions, tetragonal crystals grown at 18oC appeared after 

approximately two weeks reaching a final size of up to 70 x 70 x 300 µm after one month (Figure 

3.7B).  Diffraction data collected at the APS 19ID beamline on 30 of these crystals produced 

diffraction in the range of 4-6 Å.  One of these crystals diffracted to 3.95 Å in the tetragonal 

space group P4122 with relatively large unit cell dimensions of 170.81 x 170.81 x 509.56 Å.  

Though 96.2% complete data were collected, overall diffraction intensity was weak with an 

overall I/σ of 6.3.   This produced a high Rsym value of 13.9%.  However, due to the relatively 

high redundancy of the data due to the high symmetry of the space group, the Rsym value may be 

artificially high. 
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A. 

 
B. 

 
Figure 3.7:  IKK2 Crystals and Diffraction Data.   
A).  Photograph and diffraction data of hexagonal rod crystals grown of IKK2EE (1-700) 
treated with Mg2+-ATP and incubated with MLN120B inhibitor.  Coomassie-stained 10% 
SDS-PAGE gel of harvested and washed crystals.  B).  Photograph and diffraction data of 
tetragonal IKK2EE (11-669) treated with Mg2+-ATP and incubated with MLN120B 
inhibitor.  Black bar= 0.1 mm.
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Data Collection Statistics:
Space Group:  P6122
Unit Cell (Å):  a=b=124.72, 
c=477.00
Molecules/Asymm. Unit:  2
Completeness:  99.9%
Rsym:  10.4%
Avg <I/!>:  11.7

Diffraction Data Courtesy of Youngchang Kim

Data Collection Statistics:
Space Group:  P4122
Unit Cell (Å):  a=b=170.81, 
c=509.56
Molecules/Asymm. Unit:  6
Completeness:  96.2%
Rsym:  13.9%
Avg <I/!>:  6.3

Diffraction Data Courtesy of Youngchang Kim
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C.  DISCUSSION 

 The ability to grow single, well diffracting crystals is often the limiting step in the 

structural determination of proteins by x-ray crystallography.  Proteins that are prone to 

aggregation and/or have regions of highly flexible or dynamic relative inter-domain movement 

are poor targets for crystallization (Rhodes, 2000).  Fortunately, with the advent of modern 

recombinant molecular cloning techniques there are many strategies for ameliorating these 

problems in difficult to crystallize proteins.  One of the most common strategies is to simply 

design a truncated form of a protein that eliminates domains that contribute to aggregation, 

insolubility, or flexibility.  This is a very powerful approach when coupled with limited 

proteolysis, biochemical, and biophysical characterization of the protein.  Many of the Ras and 

Rho family of GTPases contain C-terminal cysteine residues that undergo prenylation and 

acylation modifications for membrane association (Derewenda, 2004).  These residues contribute 

to aggregation and insolubility in E. coli expression systems where these modifications do not 

occur.  Only when these residues were removed were proteins including Ras, Rac1, and RhoA 

able to be crystallized (Derewenda, 2004).  Perhaps more dramatically, the structure of the HIV-1 

glycoprotein gp120 in complex with CD4 receptor and a neutralizing antibody was made possible 

by extensive limited proteolysis studies along with iterative crystallization screening of modified 

protein constructs to define the core complex (Derewenda, 2004; Kwong et al., 1999).  

Truncations made in the N and C-termini, along with internal deletions of residues in the V1, V2, 

and V3 loops resulted in a gp120 protein amenable for crystallization (Kwong et al., 1999; 

Kwong et al., 1998).   

Other means of stabilizing a conformation of a protein or to improve its solubility and 

solution characteristics include the addition of ligands including small molecule inhibitors, 

making mutations that favor a particular conformation, or the addition of an endogenous binding 

partner such as the trans activator of CDK2, cyclinA (Jeffrey et al., 1995).  More recently, in 
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vitro selection studies have been employed to identify proteins that act as “chaperones of 

crystallization” (Bukowska and Grütter, 2013).  These chaperones, including monoclonal Fab 

antibody fragments, single-chain nanobodies, DARPins (Designed ankyrin repeat proteins), and 

fibronectin folds (among others), bind to the protein of interest and restrict its conformational 

space in addition to providing favorable crystal contact surfaces to promote crystallization.  There 

have been a number of recent crystal structures that have been solved that employ these 

crystallization chaperones including a number of GPCR (T4 nanobody), K+ ion channel (Fab 

antibody), ERK2 (DARPin), and even NEMO (DARPin) proteins (Rasmussen et al., 2011; 

Brohawn et al., 2013; Kummer et al., 2012; Grubisha et al., 2010).  

We have demonstrated that full length human IKK2 (hIKK2) tends to aggregate and does 

not concentrate well.  These unfavorable solution characteristics were reflected in the lack of 

promising crystallization leads after extensive screening with sparse-matrix crystallization 

conditions.  Removal of C-terminal portions of IKK2, including the NBD, greatly reduces 

aggregation and improves its solubility significantly.  Surprisingly, even after removing the SRR 

which had previously been shown to become hyperphosphorylated with prolonged TNF-alpha 

stimulation, we still observed significant auto-phosphorylation in in vitro kinase assays (Delhase 

et al., 1999).  Interestingly, sedimentation velocity experiments revealed that this auto-

phosphorylation produced a constitutively active IKK2 molecule that exhibited significantly 

improved conformational homogeneity as compared to IKK2 that was not treated with Mg2+-

ATP.  Thus, in an effort to crystallize an active IKK2 molecule with the best solution behavior, 

we included an ATP treatment step in our purification protocol.  This proved to be the key to 

growing single diffracting crystals.  Similar strategies for crystallizing active kinases have been 

used to crystallize p38γ and Fus3 (Lee et al., 2006). 
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CHAPTER IV 

A Structural Basis for IkB Kinase 2 Activation via Oligomerization 

Dependent trans Auto-Phosphorylation
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A.  INTRODUCTION 

The IκB kinase (IKK) earns this name for its ability to phosphorylate two serine residues 

positioned near the N-terminal end of cytoplasmic IκB inhibitor proteins.  IKK activity, which is 

induced by multiple cell stress and inflammatory signals and which quickly leads to ubiquitin-

dependent proteolysis of IκB, is central to the rapid induction of transcription factor NF-κB and 

the elevated expression of NF-κB target genes (Karin and Ben-Neriah, 2000; Scheidereit, 2006).  

The prototypical IKK activity purifies from TNF-α-treated cells as a complex consisting of three 

necessary subunits, IKK1/IKKα, IKK2/IKKβ, and NEMO/IKKγ (referred to in this report as 

IKK1, IKK2, and NEMO, respectively) (DiDonato et al., 1997; Mercurio et al., 1997; Zandi et 

al., 1997; Rothwarf et al., 1998).  While IKK1 and IKK2 are closely related kinase domain-

containing enzymes, NEMO is an obligate scaffolding protein that exhibits higher affinity for 

IKK2 than IKK1 (Rothwarf et al., 1998; Yamaoka et al., 1998; Li, Q. et al., 1999; Mercurio et 

al., 1999; May et al., 2000).  A catalytically active 700-900 kDa complex containing all three 

subunits is the most abundant form of IKK in stimulated cells.  However, both IKK1 and IKK2 

homodimers have also been observed (Zandi et al., 1998).  Gene knockout studies in mice have 

revealed that the IKK2 subunit is primarily responsible for inducing NF-κB activity through 

signal-dependent phosphorylation of cytoplasmic IκB proteins (IκBα, IκBβ, and IκBε) and 

p105/NF-κB1 (Li, Q. et al., 1999; Li, Z.W. et al., 1999; Salmeron et al., 2001). 

Despite the fact that IKK occupies the central position in brokering cellular responses to 

diverse stress signals through NF-κB, the precise biochemical mechanism behind IKK activation 

remains incompletely understood.  One essential feature of IKK activation is its phosphorylation 

at two activation loop serine residues (S177 and S181 in hIKK2).  Mutation of both these residues 

to alanine impedes activation while glutamic acid substitutions render the kinase constitutively 

active (Mercurio et al., 1997; Delhase et al., 1999).  It has been shown that K63-linked and/or 

linear ubiquitin chain formation is required for IKK activation by some inducers such as IL-1 and 
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Toll-like receptor agonists (Jiang and Chen, 2012).  NEMO appears to link IKK2 to upstream 

signaling complexes by interacting with a C-terminal portion of IKK2 and with poly-ubiquitin 

chains through its N-terminal and central coiled-coil regions, respectively (May et al., 2000; 

Rushe et al., 2008; Lo et al., 2009; Rahighi et al., 2009).  Moreover, several additional kinases, 

such as TAK1, have been implicated in IKK activation (Skaug et al., 2009).  Apart from 

phosphorylation by upstream kinases, however, IKK2 auto-phosphorylation has also been 

suggested as a means of activating IKK2 (Häcker and Karin, 2006).  For example, Xia, et al. 

recently showed that unanchored poly-ubiquitin chains can promote IKK activation independent 

of any upstream kinase (2009). 

The recently published 3.6 Å x-ray crystal structure of a highly conserved IKKβ from 

Xenopus laevis (xIKK2) revealed for the first time the domain organization of a catalytic IKK 

subunit, albeit in an inactivated form that shed little light on its mechanism of activation (Xu et 

al., 2011).  Here we report the 4.0 Å x-ray crystal structure of Human IKK2 (hIKK2) in a unique 

open conformation that presents its kinase domain in a catalytically active conformation.  Pairs of 

hIKK2 dimers pack against one another throughout the crystal to generate several 

crystallographically distinct versions of the same higher order oligomer.  Introduction of 

mutations within the surfaces that mediate this oligomerization disrupts hIKK2 activation loop 

phosphorylation in cells, suggesting that IKK2 activation requires assembly of higher order 

homo-oligomers for trans auto-phosphorylation. 

B.  RESULTS 

1.  The Human IKK2 X-Ray Crystal Structure 

 We determined the x-ray crystal structure of a nearly full length (amino acids 11-669), 

constitutively active (S177E/S181E) hIKK2 from a tetragonal space group by molecular 

replacement and Deformable Elastic Network refinement (Schröder et al., 2010) (Figure 4.1A).  

The final model has a crystallographic R-factor of 26.7% and free R-factor of 29.9% (Table 4.1).  



 

 

90 

hIKK2 adopts an elongated shape composed of three distinct folded domains:  an N-terminal 

kinase domain (KD), a central ubiquitin-like domain (ULD), and a C-terminal scaffold 

dimerization domain (SDD) (Figure 4.1B).  The structures of the individual domains and their 

relative arrangement closely resemble that observed in the xIKK2 crystal structure (Xu et al., 

2011).  This is not surprising as the two proteins share 74% sequence identity throughout the 

region crystallized (Figure 4.2). 

The KD exhibits all of the sequence and structural features typical of a functional 

catalytic kinase domain in its active conformation (Nolen et al., 2004).  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 (Figure 4.1C).  

For example, the K44-E61 pair contributed by beta-strand β3 and alpha-helix αC is properly 

oriented to form a salt bridge, the DFG tripeptide residues of the Mg2+ binding loop (DLG in 

IKK2) occupy their “active” positions, the catalytic base D145 is poised for catalysis, and the 

beta-sheet formed by strands β6 and β9 contains three hydrogen bonds, a signature feature of all 

active kinases (Figure 4.1D).  Furthermore, the KD within the hIKK2 crystal structure also 

exhibits the constellation of buried hydrophobic residues that form the “spine” of an active 

protein kinase (Kornev et al., 2006) (Figure 4.3). 

Comparison of the KD from hIKK2 and xIKK2 reveals notable differences in their active 

site conformations.  The β6-β9 sheet is shifted in xIKK2 and the conformation of leucine within 

the DLG motif is considerably altered.  Consequently, the regulatory hydrophobic spine of 

xIKK2 is broken.  Furthermore, side chain conformations of several other residues exhibit clear 

differences  (Figure 4.1E).  It is possible, therefore, that inhibitor binding by xIKK2 induces 

conformational changes within the activation segment that lead to the observed inactivated 

conformation of the otherwise constitutively active xIKK2 KD. 
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Figure 4.1:  The hIKK2 x-ray crystal structure.   
A) Domain organization schematics of full length hIKK2 (above) and crystallized protein 
construct (below).  The kinase domain (KD), ubiquitin-like domain (ULD), scaffold 
dimerization domain (SDD), and NEMO-binding region (N) are indicated and the domain 
borders are numbered.  “EE” represents mutation of two active site serines 177 and 181 to 
glutamic acid residues in the crystallized protein.  B) Ribbon diagram representation of the 
hIKK2 x-ray crystal structure.  Coloring and labels correspond to part A.  Individual 
helices of the SDD are labeled as are the N- and C-termini (N and C, respectively).  C) 
Ribbon diagram representation of the hIKK2 kinase domain with secondary structure 
elements and key amino acid side chain positions labeled.  D) Close-up view of the 
structural elements and amino acid residues immediately surrounding the activation loop 
(blue).  E) Superposition of hIKK2 (green) and xIKK2 (brown) kinase domains depicted in 
Cα-trace representation.  Several amino acid residues that adopt significantly different 
positions in the two structures are rendered as sticks (yellow for hIKK2; orange for xIKK2) 
and labeled. 
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Table 4.1:  Data Collection and Refinement Statistics 

 IKK2(11-669)EE 
Data collection  

X-ray source APS 19ID 
Wavelength (Å) 0.97935 
Space group P4122 
Unit cell (Å)  

a 170.81 
b 170.81 
c 509.56 

Molecules/asymm. unit 6 
Resolution range (Å)1 30.0-3.98 (4.12-3.98) 
Rsym (%) 13.9 (73.6) 
Observations 248,094 
Unique reflections 63,535 
Completeness (%) 96.2 (97.9) 
<I/σ> 6.3 (2.4) 

Refinement  
Number of reflections2 53,076 
Rcryst (%) 26.7 (37.6) 
Rfree (%)3 29.9 (39.3) 
Protein atoms 30,060 
R.m.s.d.  

Bond lengths (Å) 0.0093 
Bond angles (°) 1.08 

Ramachandran plot  
Favored 65% 
Allowed 33% 
Disallowed 2% 

MolProbity score4 3.40 
PDB accession code 4E3C 

1Data in parentheses are for highest resolution shell 
2Reflections with |FO|/σ < 1.0 rejected 
3Calculated against a cross-validation set of 3.8% of 
data selected at random prior to refinement 
4Combines clashscore, rotamer, and Ramachandran 
evaluations in to a single score, normalized to the same 
scale as x-ray resolution (Chen et al., 2010). 

This Table was compiled by De-Bin Huang. 
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Figure 4.2:  Primary sequence alignment of IKK subunit proteins.   
Human IKK2 (hIKK2) and IKK1 (hIKK1) proteins are aligned with murine IKK2 
(mIKK2) and IKK1 (mIKK1) as well as the IKK2 protein from Xenopus laevis (xIKK2).  
The human cyclic-AMP-dependent protein kinase catalytic subunit kinase domain (PKA) is 
also included in the alignment.  Each sequence is numbered and tabs beneath stacked 
sequences mark every 10 amino acids in hIKK2 sequence.  Identities are boxed in black, 
conserved positions are dark grey, and homologous substitutions are light grey.  Secondary 
structure elements in the hIKK2 crystal structure are depicted as arrows (beta strands) and 
cylinders (alpha helices) above their corresponding residues in the primary sequence and 
are named.  Portions of the structure for which there was no electron density are indicated 
as dashed lines.  The colors of the secondary structure elements represent the three domains 
of hIKK2 as defined in Figure 4.1A,B (kinase domain-green; ubiquitin-like domain-cyan; 
scaffold dimerization domain-magenta).  Amino acid residues that participate in 
interdomain interactions with the kinase domain are indicated by green circle, a cyan circle 
marks residues that contact the ubiquitin-like domain, and magenta circles designate 
residues that contact the scaffold dimerization domain (contact distance of <4.9 Å as 
calculated from chain B).  The “⅄” symbol marks amino acid residues that are involved in 
dimerization (calculated from chains B and C); “v” marks residues that mediate the V-
shaped interface (taken from chains A and B); “=” corresponds to residues at the anti-
parallel interface (calculated from chains C and F); and “x” identifies residues that contact 
one another at the interface of two kinase domains at the crystallographic axis (taken from 
chains A and D'). 
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Figure 4.3: Representative electron density of hIKK2 activation loop. 
A) A portion of the hIKK2EE 2FO-FC electron density map that covers the KD of subunit C.  
The model, oriented as in Figure 4.2C, is shown as yellow backbone sticks and the electron 
density contoured at 1.1 σ is in cyan.  B) Close up view of the activation loop of hIKK2EE 
from the KD of subunit C.  Electron density contoured at 1.1 σ is in cyan and the model is 
shown as sticks with several side chains, including the S177E mutation, labeled.  This region 
is representative of the electron density throughout the unit cell.  C) Superposition of the 
kinase domains and key catalytic residues from hIKK2 and cAMP-dependent protein 
kinase (PKA) in their active conformations.  Residues that form the “hydrophobic spine” of 
PKA are depicted as spacefilling spheres (yellow for hIKK2; orange for PKA) and their 
numbering (bright pink) is for PKA.  Additional side chains are depicted as sticks and 
labeled (purple) with hIKK2 numbering. 

An extended polypeptide stretch spans amino acid residues 391 and 410, a dimension of 

roughly 40 Å, and links the ULD to the SDD, a C-terminal alpha-helical domain that mediates 

dimerization.  The SDD consists primarily of two long alpha-helices (α2s and α6s), each 

approximately 115 Å in length, that run parallel to one another and a third alpha-helical segment 

extending roughly the same distance to complete the anti-parallel three-helix bundle.  However, 

this third stretch is discontinuous, being composed of alpha-helices α3s, α4s, and α5s.  It is also 

the most solvent exposed of the three long alpha-helical passes. 

One of the signature structural features of IKK2 is the dependence of KD function upon 

its two more C-terminal domains (Xu et al., 2011; Shaul et al., 2008).  The hIKK2 KD contacts 

the ULD burying 360 Å2 total surface area.  The similarities at their interface and in their relative 

orientations in both the xIKK2 and hIKK2 structures suggest that the IKK2 KD and ULD 

function together as a single rigid structural and functional unit.  The IKK2 structure reveals 
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extensive intramolecular interactions between the KD-ULD and SDD.  Each module buries 

nearly 1200 Å2 of surface area, involving eleven residues from the KD-ULD and another eleven 

from the SDD (Figure 4.4A,B).  In order to assess the importance of IKK2 interdomain 

interactions on catalytic activity, we prepared three double mutant HA-IKK2 transfection 

plasmids.  Unless indicated otherwise, all hIKK2 mutations employed in this study were 

introduced against the background of the native (S177/S181) sequence.  One pair of mutations, 

F111A/E112A, targets the KD at its interface with the SDD while two others, L389A/F390A and 

W434A/H435A, map to the ULD and SDD, respectively.  The IKK2 W434A/H435A mutant 

exhibited the greatest defects when immunoprecipitated and assayed for in vitro IκBα 

phosphorylation activity, while IKK2 L389A/F390A and F111A/E112A mutants proved only 

partially defective (Figure 4.4C).  Although the detailed mechanism by which interdomain 

interactions serve to tune kinase activity and specificity remains to be determined, this experiment 

illustrates that disrupting articulation between the three domains is detrimental for IKK2 function. 

 

 

Figure 4.4:  Domain:domain interactions in IKK2.   
A) Close-up view of the ULD:SDD interface.  Coloring is consistent with Figure 1.  B) Close-
up view of the KD:SDD interface.  C) In vitro kinase assays in which hIKK2 with mutations 
that target interdomain interfaces (lanes 3-5) is compared against the native protein (lane 
2). 

2.  The hIKK2 Dimer Interface 

The hIKK2 x-ray crystal structure contains six distinct protomers within the 

crystallographic asymmetric unit.  Each mediates contact with three neighbors to form a network 
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of interactions between subunits (Figure 4.5A).  As IKK2 is known to function as a component of 

a high molecular weight complexes in cells and since surfaces of enzymes that participate in 

crystal contacts have often later been discovered to mediate physiologically relevant binding 

reactions, it is critical to identify whether the observed interactions between protomers in the 

hIKK2 crystal structure are involved in the process of IKK activation in vivo. 

The principal interaction that mediates contacts between hIKK2 protomers in the x-ray 

crystal structure is created exclusively by one face of the C-terminal portion of the SDD (Figure 

4.5B).  A series of hydrophobic residues from alpha-helices α2s and α6s on each protomer pack 

symmetrically against one another to form the dimer.  This hydrophobic core is further stabilized 

by ionic bonds creating an interface that buries roughly 1,250 Å2 per subunit.  Each of six hIKK2 

subunits (chains A through F) in the asymmetric unit participates in this dimer interface:  chain A 

with F; B with C; D with E.  An analogous surface contributes to the dimer interface observed in 

the xIKK2 structure.  In contrast to the Xenopus model, however, the N-terminal KD-ULD 

portions in each of the three hIKK2 dimers splay apart at a distance of between 39 and 61 Å from 

one another. 

Overlay of the three hIKK2 dimers reveals near perfect superposition at the distal portion 

of the SDD where the two subunits associate (Figure 4.5C,D).  Similarly, superposition of hIKK2 

(chains A and F) upon the xIKK2 dimer confirms that their dimer interfaces are nearly identical at 

the distal end of the SDD but differ significantly at the end more proximal to the KD-ULD (Fig. 

4.5E).  The difference can be attributed to a hinge-like movement within the SDD near residue 

G525 between alpha-helices α4s and α5s.  This pivot point allows the more N-terminal portions 

of hIKK2 to swing away from one another.  Residues that are observed to mediate dimerization 

more proximal to the KD-ULD portion in the xIKK2 structure are primarily polar/charged, 

suggesting that this segment might be able to alter its conformation from the nearly parallel 
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closed conformation observed in the xIKK2 crystal structure to the open conformation of hIKK2 

(Figure 4.5F).  

 
Figure 4.5:  The hIKK2 dimer interface.   
A) Ribbon diagram (top) and space filling (bottom) representations of six hIKK2 protomers 
in the asymmetric unit.  The individual subunit chains are labeled A-F and rainbow 
colored.  B) Ribbon diagrams of three hIKK2 dimers taken from the asymmetric unit.  The 
distances between P578 residues from each hIKK2 in the dimers are labeled.  For 
comparison, the xIKK2 crystal structure observed is shown below in its relatively closed 
conformation.  C) Overlay of the SDD from six monomers in the hIKK2 asymmetric unit.  
The three dimers overlay perfectly at their SDD distal ends (inside dashed box).  Movement 
about a hinge point (black arrowheads) results in the differences observed in the portions of 
the SDD more proximal to the KD.  D) A close-up view reveals the series of hydrophobic 
and ionic interactions that mediate the dimer interface.  E) Superposition of the A:F dimer 
SDD from the hIKK2 structure and the xIKK2 dimer.  F) Close-up view of the boxed region 
from panel E reveals additional interactions present within the interface of the xIKK2 
structure SDD.  G) In vitro kinase assays monitoring the activity of immunoprecipitated 
HA-IKK2 toward IκBα.  Mutations targeting the dimer interface (lanes 3-5) are compared 
against the wild type protein (lane 2). 

As the dimer interface within the distal portion of the SDD is common to all the dimers in 

both the hIKK2 and xIKK2 structures, it can be concluded with some certainty that both enzymes 

dimerize through this region.  Xu, et al. have validated the functional importance of this interface 

in constitutively active (S177E/S181E) human IKK2 by preparing enzymes with pairs of 
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mutations that disrupt dimerization and finding that they are primarily monomeric in solution 

(2011).  We further tested the functional consequences of destabilizing this region by altering 

three pairs of residues (W655D/L658D, L654D/W655D, and K482A/F485D) in human IKK2 

(native activation loop sequence) and measuring the kinase activity of these mutant enzymes in 

vitro.  After HA-IKK2 native and mutant proteins were immunoprecipitated from transfected 

HEK293T cells, a significant decrease in IKK2 catalytic activity was observed in the mutants 

(Figure 4.5G).  These results suggest that amino acid residues from the SDD that mediate the 

dimer interface are important in hIKK2 activation and/or IκBα phosphorylation. 

3.  Higher Order hIKK2 Assembly 

A close inspection of the arrangement of hIKK2 within the crystal reveals that individual 

dimers stack upon neighbors to form a continuous repeating oligomeric chain (Figure 4.6).  

Oligomerization results from the asymmetric interaction of neighboring dimers such that the N- 

terminal KD-ULD portions and proximal SDD of two protomers interact to form a bent “V-

shaped” interface while the other two protomers rest next to one another in a nearly anti-parallel 

arrangement involving the KD, ULD, and central portion of the SDD.  Slight variations in these 

interfaces, due likely to the influence of crystal packing forces, introduce small breaks in the 

otherwise continuous chain of similarly stacked dimers.  This results in a crystal composed of 

four distinct but structurally similar “tetramers” (chains F-A-B-C, B-C-D-E, D-E-E'-D', and A''-

F''-F-A, where the prime and double-prime symbols indicate chains from two different 

neighboring asymmetric units) while the fundamental asymmetric unit of the crystal contains 

three hIKK2 homodimers (Figure 4.6B).  A significant portion of the hIKK2 surface is involved 

in mediating its oligomerization with its neighbors in the crystal.  The V-shaped interfaces 

(calculated from chains F-A-B-C, B-C-D-E, and D-E-E'-D') bury roughly 2000 Å2 of solvent 

exposed surface area on average while each anti-parallel interface (calculated from chains F-A-B-

C, B-C-D-E, and A''-F''-F-A) excludes nearly 1200 Å2. 
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Figure 4.6: Oligomerization of hIKK2 dimers in the crystal.   
A) Three successive asymmetric units, each composed of six protomers, are taken from the 
hIKK2 x-ray crystal structure and depicted with the center asymmetric unit (labeled A-F) 
and colored with surface rendering as in Figure 4.3A.  Within this arrangement can be 
found four unique, but closely related versions of the same dimer of dimers.  Beginning 
from the left, there are four protomers (D, E, and another D' and E' from the symmetry-
related asymmetric unit) that assemble into a tetramer.  These four polypeptide chains are 
depicted as opaque while the remaining protomers are rendered as semi-transparent.  In 
the second depiction of the same assembly of three asymmetric units chains B, C, D, and E 
are rendered opaque and reveal themselves to assemble with a similar tetrameric 
arrangement.  Likewise, protomers A, B, C, and F in the third panel and A, F and the 
symmetry-related A'' and F'' chains assemble into renditions of the same tetramer.  B) 
Close-up views of the four unique assemblies viewed perpendicular to their two-fold 
rotation axes reveals their close similarity. 

Prior to solving and refining the hIKK2 crystal structure from the tetragonal space group, 

we obtained complete x-ray diffraction data to 7 Å resolution on a constitutively active 

(S177E/S181E) hIKK2 construct encompassing amino acids 1-700 crystallized in a hexagonal 

space group (Figure 4.7A).  Molecular replacement using the refined hIKK2EE (11-669) model 

as a probe yielded a probable solution to the hexagonal crystal structure in which open hIKK2 

dimers employ their V-shaped and anti-parallel oligomerization interfaces to stack against 

crystallographically identical dimers in a continuous linear array throughout the crystal unit cell 

(Figure 4.7B).  The crystal packing for this solution is ideal and maximum likelihood rigid body 

refinement of the resulting model against all data between 50 and 7 Å results in a significant 

decrease in R-factors (Table 4.2). 



 

 

100 

 
 

Figure 4.7:  X-ray structure of hIKK2 from a hexagonal crystal form.   
A) The domain organization of an hIKK2 construct containing amino acids 1-700 with 
serine residues 177 and 181 mutated to glutamic acid is shown schematically in comparison 
to the native human protein.  B) Rigid-body refinement of the molecular replacement 
solution yields an hIKK2 dimer with an open configuration, similar to that observed in the 
tetragonal crystal form.  The two subunits are depicted in different shades of green in 
ribbon diagram (above) and surface (below) representations.  C) Crystal packing of the 
hIKK2EE(1-700) in the hexagonal crystal reveals that the dimer asymmetric unit employs 
the same V-shaped and anti-parallel interfaces in order to assemble.  One half of one unit 
cell is depicted with each of six cyrstallographically equivalent dimers represented in 
different colors.  D) Close-up view of two interacting dimers in the hexagonal unit cell.  Note 
the similarity in the interactions between the two crystallographically equivalent dimers in 
this structure and the four versions of a similar arrangement observed in the tetragonal 
crystal form (Figure 4.6B). 
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Table 4.2:  Data Collection Statistics 
 IKK2EE(1-700) 
Data collection  

X-ray source APS 24ID 
Wavelength (Å) 0.97910 
Space group P6122 
Unit cell (Å)  

a 124.72 
b 124.72 
c 477.00 

Molecules/asymm. unit 2 
Resolution range (Å)1 30.0-6.95(7.20-6.95) 
Rsym (%) 10.4(66.9) 
Observations 33592 
Unique reflections 6704 
Completeness (%) 99.9(100) 
<I/σ> 11.7(3.0) 

1Data in parentheses are for highest resolution 
shell.   

This table was compiled by De-Bin Huang. 

In light of the common interactions observed to mediate contacts between molecules in 

the two hIKK2 crystal forms, we hypothesized that oligomerization through these surfaces could 

play a role in IKK function.  In order to test this structure-based hypothesis, we first investigated 

whether hIKK2 assembles spontaneously into higher order oligomers in solution.  Analytical 

ultracentrifugation sedimentation velocity experiments carried out on His-tagged full length 

hIKK2 identified monomer and dimer populations.  Moreover, peaks corresponding in size to 

tetramers, hexamers, and even octamers could also be clearly detected (Figure 4.8A).  In a 

separate experiment, size exclusion chromatography followed by simultaneous measurement of 

absorbance, multi-angle laser light scattering, and refractive index (SEC-MALLS) to allow for 

shape-independent molecular weight determination of hIKK2 pre-treated with ATP and 

concentrated as for crystallization clearly detected dimers and tetramers (Figure 4.8B).  The 

proportion of tetramer to dimer remained relatively small even as the concentration approached 

the solubility limit of the protein suggesting that spontaneous and reversible assembly of hIKK2 

dimers into higher order oligomers is a low affinity process in vitro.  SEC-MALLS further 
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revealed that the double mutation of residues I413 and L414, both of which reside at the V-

shaped interface, to alanine disrupts the smooth transition of hIKK2 from dimer to tetramer such 

that significantly more protein of the mutant protein elutes as a heterogenous aggregate (Figure 

4.8C). 

 

 
 

Figure 4.8:  Evidence for oligomerization of hIKK2 dimers in solution.   
A) Analytical ultracentrifugation sedimentation velocity experiments on concentrated 
samples of full length hIKK2 reveal a pattern that correlates with monomer:dimer 
equilibrium as well as formation of tetramers, hexamers, and octamers in solution.  Arrows 
mark peaks and a summary of data output including calculated molecular weights is inset.  
B) When full length, ATP-treated hIKK2 is analyzed by SEC-MALLS one observes peaks 
that correspond to dimer (major peak) and tetramer (minor peak).  C) The hIKK2 
I413A/L414A mutant protein display defects in its ability to undergo reversible 
dimer:tetramer transitions without aggregating. 

The relatively low affinity oligomerization observed in vitro does not preclude the 

possibility that transient interactions between hIKK2 dimers might be involved in the transition of 

the enzyme from its inactive to active state in vivo.  In order to test whether the oligomerization 

interfaces observed in the hIKK2 x-ray crystal structure are critical to its biochemical function, 

we next engineered additional mutations aimed at destabilizing either the V-shaped or anti-

parallel interfaces and assayed their in vitro kinase activity after immunoprecipitation from 

transfected HEK293T cells (Figure 4.9).  Three hIKK2 double mutants designed to disrupt the V-

shaped interface, P403A/P405A, I413A/L414A, and P417A/K418A, displayed a significant 

decrease in their ability to function as catalysts of IκBα phosphorylation in vitro relative to native  

protein or proteins in which residues at the dimer interface were mutated (Figure 4.9E).  This 

decreased catalytic efficiency could result either from disruption of the kinase phospho-transfer 
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mechanism or by interfering with the ability of the kinase to become activated.  In order to 

distinguish whether the V-shaped mutations affect kinase activity or kinase activation, we next 

carried out the same assay with hIKK2 constructs in which the mutations were introduced against 

the constitutively active (S177E/S181E) hIKK2 background.  These constitutively active proteins 

bearing mutations at their V-shaped oligomerization interface functioned with kinase activity 

identical to the native sequence (Figure 4.9F).  Moreover, immunoblot of the hIKK2 proteins 

bearing mutations only at the V-shaped interface with a monoclonal antibody raised to 

specifically recognize phosphorylated S177 and S181 on hIKK2 revealed that these activation 

loop residues were not phosphorylated upon overexpression (Figure 4.9G).  These experiments 

strongly suggest that residues observed to mediate oligomerization through the V-shaped 

interface in the hIKK2 crystal structure are critical in the transition of the kinase from its inactive 

to active state.  Similar experiments aimed to assess the role of the anti-parallel interface in IKK2 

function indicated that mutations that target this surface do not affect kinase activation (Figure 

4.9H).   

4.  Kinase Domain:Kinase Domain Interactions of Oligomeric hIKK2 

We next wished to investigate the mechanism through which mutation of residues at the 

V-shaped interface blocks the transition of inactive hIKK2 to its active state.  One possibility is 

suggested by the fact that oligomerization of hIKK2 dimers projects the kinase domains of the 

two subunits interacting through the V-shaped interface away from its dimer partner in a manner 

that could support kinase domain:kinase domain interactions.  Indeed, further inspection of the 

arrangement of hIKK2 protomers in the crystal reveals that one of the largest crystal contact 

surfaces between symmetry-related units within the crystal occurs between four kinase domains 

at two V-shaped interfaces (Figure 4.10A).  The orientation of the kinase domains at the V-

shaped interface permits them to approach one another in a manner that brings the activation loop 

of one KD within close proximity to the active site of another, and vice versa.  For example, E181 
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Figure 4.9:  Oligomerization of hIKK2 dimers.   
A) Ribbon diagram of the interaction between two neighboring hIKK2 dimers in the 
crystal.  Their asymmetric association gives rise to two unique intersubunit interfaces.  B) 
Close-up view of residues that interact between the kinase domains at the V-shaped 
interface.  C) Additional residues that mediate V-shaped interface interactions between the 
ULD and SDD.  D) Close-up view of interacting residues within the anti-parallel interface.  
E) In vitro kinase assay reveals that catalytic activity of hIKK2 with mutations that disrupt 
the V-shaped interface (lanes 3-5) is drastically reduced compared to wild type protein 
(WT-lane 2).  F) In vitro kinase assays with the same WT mutant proteins in which 
activation loop serines are mutated to glutamate.  G) Immunoblotting with anti-phospho-
Ser177,181 antibody reveals that the decrease in catalytic activity observed in the V-shaped 
interface mutants correlates with activation loop phosphorylation status.  H) In vitro kinase 
assays reveal the modest effects on hIKK2 catalytic activity of mutation at the anti-parallel 
interface. 

(the mutated phosphomimetic version of S181) from protomer A is positioned within only 5 Å of 

E181 from protomer D' from a neighboring asymmetric unit in the crystal (Figure 4.10B,C).  

Only slight structural rearrangement would be required for the activation loop serines to insert 

into the active site of the opposing subunit for trans auto-phosphorylation. 

In order to test whether these symmetrical kinase domain:kinase domain (KD-KD) 

interaction surfaces are involved in the process of hIKK2 activation in cells, we produced mutant 

enzymes and tested their ability to become activated through in vitro kinase assays and 

immunoblot.  Two mutants, V229A/H232A and Y294L/G295K/P296Q, displayed severe defects 

in their ability to phosphorylate an IκBα substrate after transfection and immunoprecipitation 

from transfected HEK293T cells (Figure 4.10D).  In the triple mutant, three residues in hIKK2 at  
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Figure 4.10:  Interaction between kinase domains of oligomeric hIKK2.   
A) Within the crystal, neighboring tetrameric assemblies interact symmetrically such that 
they contact one another through their V-shaped interfaces and two kinase domains are 
positioned within close proximity to one another (dashed box).  B) The close packed kinase 
domains are positioned so that their activation loops (dashed box) rest directly over the 
active site of a neighbor.  Orange spheres mark the Cα positions on V229 and H232.  C) 
Close-up view of the kinase activation loops (yellow and blue) with glutamic acid residues 
177 and 181 mimicking activation loop serines and the catalytic base D145 labeled.  D) In 
vitro kinase assay on immunoprecipitated hIKK2 with mutations at key residues that 
mediate KD-KD interactions in the crystal (lanes 3,4) reveals their involvement in catalytic 
activity.  E) Mutation of activation loop serines 177 and 181 to glutamates restores activity 
of immunoprecipitated IKK2 in vitro.  F) Immunoblotting with anti-phospho-Ser177,181 
antibody reveals that the decrease in catalytic activity observed in the KD-KD interface 
mutants correlates with decreased activation loop phosphorylation. 

the supposed KD-KD interface were replaced with corresponding residues from hIKK1, 

suggesting that the activation mechanisms of IKK1 and IKK2 may differ.  When the same 

mutations are introduced against the constitutively active S177E/S181E background and the 

resulting proteins are immunoprecipitated and assayed, we observe that they function with 

activity similar to the constitutively active native enzyme (Figure 4.10E).  In order to determine 

whether the observed decrease in kinase activity of the KD-KD mutant enzymes results from an 

inability to adopt their active state, the phosphorylation status of transfected hIKK2 enzymes was 

probed by immunoblot with anti-phosphoserine 177/181 antibody.  Both KD-KD mutants 
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displayed extremely low levels of activation loop phosphorylation relative to the native enzyme 

(Figure 4.10F).  These experiments suggest that the surfaces observed to mediate KD-KD 

interactions in the hIKK2 crystal structure are necessary for trans auto-phosphorylation within the 

activation loop in cells.  Interestingly, such a mechanism is supported by the recently published 

high resolution x-ray crystal structure of the KD-ULD portion of the IKK-related TANK-binding 

Kinase 1 (TBK1).  In that crystal structure, activation loop amino acids 164-199 of one TBK1 KD 

were repositioned such that the critical Ser172 phosphorylation site had entered the active site of 

the neighboring kinase (Ma et al., 2012). 

In support of a mechanistic model whereby IKK2 becomes activated through 

oligomerization dependent trans auto-phosphorylation, we next investigated whether IKK2 trans 

auto-phosphorylation could be reconstituted in vitro.  To this end, we expressed and purified a C-

terminally truncated version of hIKK2 in which the catalytic D145 residue was mutated to 

asparagine.  The resulting protein is incapable of supporting phosphoryl group transfer, but can be 

phosphorylated on its activation loop serine residues.  Immunodetection with an antibody specific 

for phosphorylated S181 of IKK2 confirmed that this mutant enzyme could be phosphorylated in 

trans on its activation loop upon incubation with native full length hIKK2 enzyme and Mg-ATP 

(Figure 4.11). 

 
Figure 4.11:  In vitro reconstitution of hIKK2 trans auto-phosphorylation.   
A catalytically inactive (D145N) and C-terminally truncated IKK2 (lanes 1-6) and mixtures 
of that enzyme with a catalytically active full length version (lanes 4-6) were incubated with 
Mg-ATP for the time periods indicated and then probed via Western blot with anti-
phosphoSer181 antibody (above) or by SDS PAGE (below). 
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5.  The Influence of NEMO on IKK2 Oligomerization 

Our structure-based biochemical analyses suggest oligomerization dependent trans auto-

phosphorylation as a mechanism by which IKK2 can switch from its inactive form to a state of 

catalytic activity.  Such a mechanism demands that there exist some manner of regulation to keep 

auto-phosphorylation from occurring constantly.  We propose that fine regulation of IKK2 homo-

oligomerization is part of the function of the obligatory IKK subunit NEMO.  The IKK2:NEMO 

interaction has been well studied in vitro and in transfection systems (Rushe et al., 2008; Häcker 

and Karin, 2006; Hayden and Ghosh, 2008).  Binding occurs at cellular steady state and requires 

small segments from the N-terminal portion of NEMO and the C-terminal NEMO-binding region 

of IKK2.  Moreover, it has been widely believed that IKK2 switches from a low to a high 

molecular weight species upon cell stimulation. 

In an effort to observe whether NEMO controls higher order oligomerization of IKK2, 

we carried out size exclusion fractionation of endogenous and transfected IKK2:NEMO 

complexes.  Surprisingly, our studies of IKK2 oligomerization in cells disagree with the 

popularly held view.  We observe that endogenous cellular IKK2:NEMO complexes elute at a 

high molecular weight both before and after TNF-α stimulation (Figure 4.12A).  Moreover, 

transfected IKK2:NEMO complexes also exhibit comparably high molecular weight upon 

fractionation by size exclusion chromatography (SEC) (Figure 4.12B).   

The in vitro re-constitution of the IKK complex from overexpressed and purified subunits 

shows a high molecular weight peak similar to that observed in endogenous experiments (Figure 

4.13A).  Interestingly, SEC-MALLS analysis of highly concentrated (100 µM), purified NEMO 

alone shows that it exists largely as a dimer with some higher molecular weight fractions (Figure 

4.13B).  Molar additions of NEMO to purified IKK2 reveals the shift of IKK2 from a low 

molecular weight peak to a high molecular weight peak as it forms a complex with NEMO.  

Interestingly, a molar excess of NEMO does not appear to drive the formation of higher order  
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Figure 4.12:  SEC of endogenous and transfected IKK complexes.   
A) Cytosolic extracts of untreated (above) and treated (below; 10ng/mL of TNF for 10min) 
MEF-3T3 cells were loaded onto a Superose 6 HR size exclusion column and fractionated at 
a flow rate of 0.5mL/min.  Fraction size was 0.5mL.  Fractions, as shown in the figure, were 
resolved on 10% SDS-PAGE and probed with anti-IKK2 and anti-NEMO antibodies.  The 
experiment was performed at least thrice and representative blots are shown here.  B) 
HEK293T cells were transfected with HA-IKK2 (above), HA-IKK2 and NEMO (middle), or 
NEMO alone (below) and lysates were separated by size exclusion chromatography and 
probed by anti-HA or anti-NEMO antibodies. 
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Figure 4.13: SEC-MALLS analysis of in vitro re-constituted IKK complex.   
A).  Superose 6 10/300 GL SEC of E. coli expressed and purified NEMO alone, Sf9 insect 
cell expressed and purified IKK2 alone, and IKK2/NEMO complex whereby purified IKK2 
and NEMO were added together at a 1 to 1 mole ratio (assuming IKK2 and NEMO exist 
primarily as dimers in solution).  Arrows above peaks correspond to elution volumes of 
protein standards:  Thyroglobulin=669 kD, Ferritin=440 kD, and Aldolase=158 kD.  B).  
Zenix SEC-300 7.8 x 300 mm. SEC-MALLS analysis of NEMO alone at 100 µM as well as 
molar additions of NEMO to IKK2.  A shift from a low to high molecular weight peak is 
evident as more NEMO is added corresponding to the formation of an IKK2/NEMO 
complex (black arrows).  Interestingly, this high molecular weight peak is relatively 
monodisperse and approximates to the molar mass of an IKK2/NEMO complex at a 2:2 
stoichiometry. 
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oligomers since there is no significant decrease in the amount of the included high molecular 

weight peak or attendant increase in the very large, polydisperse, aggregate peak.  On the 

contrary, it appears that excess NEMO remains dimeric as evidenced by the tailing shoulder on 

the high molecular weight peak.  Moreover, the molar mass of the relatively monodisperse, high 

molecular weight peak differs significantly from the molar mass of 700-900 kDa as determined 

by SEC.  At approximately 300 kDa, the high molecular weight peak corresponds to an 

IKK2/NEMO complex of 2:2 stoichiometry.  This is in good agreement with previous studies that 

used other molecular-shape-independent techniques for determining the size of the IKK complex 

(Fontan et al., 2007).  Taken together, these observations suggest that NEMO, even at relatively 

high concentrations, does not drive higher order IKK complex oligomerization beyond the 700-

900 kDa complex observed in resting cells. 

C.  DISCUSSION 

1.  Oligomerization in the Process of IKK2 Activation 

Our crystallographic and structure-based biochemical analysis of hIKK2 in its 

catalytically active conformation points to a model for kinase activation wherein dynamic 

association and dissociation of hIKK2 subunits occurs through multiple interfaces (Figure 

4.14A).  The predominant surface involved in association of individual IKK2 subunits is the 

distal SDD that mediates dimerization.  Flexibility within the SDD permits a transition from the 

closed dimeric conformation observed in the xIKK2 crystal structure to the open conformation 

observed in hIKK2.  This change in conformation is important as the active sites of two 

neighboring kinase domains cannot approach one another in the closed conformation without the 

two molecules clashing.  In light of the fact that the hIKK2 KD exhibits an active conformation 

while the otherwise constitutively active xIKK2 KD was crystallized bound to a small molecule 

inhibitor compound, it is tempting to speculate that the transition between these two extreme 

dimeric conformations is linked to the activation state of the kinase.  However, two recently  
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Figure 4.14:  IKK2 oligomerization activation model.   
A) The hIKK2 x-ray crystal structure in space filling representation viewed from three 
different angles.  The four surfaces that mediate oligomerization in the x-ray crystal 
structure are colored purple (dimer interface), blue (anti-parallel interface), orange (V-
shaped interface), and green (KD-KD interface).  B) A structure-based model for IKK2 
activation via trans auto-phosphorylation.  IKK2 interconverts between its open and closed 
dimeric forms.  The open dimer can further associate to form transient homooligomers, 
such as observed in the hIKK2 x-ray crystal structure.  Phosphorylation of one IKK2 
subunit by an upstream kinase activates the kinase activity of that subunit and, as a 
consequence of its propensity to assemble into higher order oligomers through its V-shaped 
and KD-KD interfaces, is rapidly amplified via trans auto-phosphorylation. 

published reports on x-ray crystal structures of the IKK-related protein TBK1 show that both 

active and inactive forms crystallize in varying degrees of the closed conformation (Larabi et al., 

2013; Tu et al., 2013).  This suggests that the switch between open and closed conformation is 

transient even at concentrations of protein high enough to support crystal formation. 

Additional portions of the IKK2 molecular surface are necessary for its activation as 

indicated by our structure-based cellular assays.  One involves a face of the KD-ULD together 

with a central portion of the SDD to mediate the V-shaped interaction.  Another is a broad region 

on the KD proximal to the activation loop that supports KD-KD interactions within the crystal.  

Combining these observations with those obtained previously from structural and biochemical 

investigation into xIKK2 leads to the emergence of a new structure-based mechanism for the 

conversion of IKK2 from inactive dimer to functioning kinase (Figure 4.14B).  In this model,  
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dimeric IKK2 alternates between closed and open conformations in the cell.  Oligomerization of 

open IKK2 dimers through the V-shaped interaction observed in the x-ray crystal structures 

serves to stabilize the enzyme in a conformation that permits transient homotypic interactions 

through the IKK2 KD to support trans auto-phosphorylation (Figure 4.15). 

This IKK2 oligomerization hypothesis helps explain the difficulty researchers have 

experienced in identifying a single upstream IKK2 kinase responsible for activating IKK2 by 

phosphorylating its activation loop S177 and S181 residues.  Moreover, 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.  Finally, our discovery that the introduction of mutations 

within the oligomerization interfaces observed in the hIKK2 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. 

2.  The Integral Role of NEMO in IKK Activation 

The biggest questions that remain regarding IKK2 activation involve the fundamental 

role played by NEMO.  It has been clearly demonstrated that NEMO is central to NF-κB 

activation in response to classical pro-inflammatory stimuli (Wertz and Dixit, 2010).  Contrary to 

published reports, our data suggest that endogenous IKK2:NEMO complexes do not undergo a 

significant change in size upon TNF-α stimulation of cells (Poyet et al., 2000; Zandi et al., 1997; 

Chen et al., 2002).  It is possible that difficulties in accurate measurement of IKK complex size 

are simply due to the elongated coiled-coil nature of NEMO, which consequently runs as a high 

molecular weight independent of IKK activation state and even when transfected and 

overexpressed relative to IKK2.  However, an even greater problem appears to be the 
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Figure 4.15:  The IKK2 oligomerization model of kinase activation.   
Ribbon diagram structures taken from the inactivated Xenopus IKK2 x-ray structure 
(above left) and the active human IKK2 x-ray crystal structure (others) represent different 
conformational and oligomeric forms of IKK2 as it is converted to its active state via 
opening of the dimer interface, induced proximity with neighboring dimers, and transient 
oligomerization in a conformation that promotes association between kinase domains and 
trans auto-phosphorylation. 

misinterpretation of published experimental data that clearly show a sharp increase in kinase 

activity, though not necessarily the molecular mass, of the high molecular weight IKK complex 

fraction upon stimulation of cells with pro-inflammatory stimuli. 

The absence of a significant shift in molecular weight of the IKK2:NEMO complex upon 

cell stimulation and kinase activation suggests that IKK2 interaction through the oligomerization 

interfaces identified in our x-ray crystal structures is transient in nature.  We propose that 

association with NEMO primes IKK2 so that it can become readily activated in response to early 

signaling events including receptor-mediated signalsome assembly and poly-ubiquitin chain 

formation.  The precise mechanism by which NEMO prepares IKK2 for activation remains 
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unclear, though it is apparently passive as the ability of NEMO to interact with IKK2 remains 

unchanged throughout the process of NF-κB induction.  It is apparent, however, 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 (Li et al., 2001).  We suggest that early signaling events 

involving poly-ubiquitin chains allow NEMO to permit rapid, 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.  This model agrees well with a recently published report that free poly-ubiquitin 

chains can induce IKK activation via trans auto-phosphorylation (Xia et al., 2009).  NEMO also 

plays additional roles in facilitating NF-κB activation, such as by directing IKK2 catalytic activity 

toward IκBα via interaction with the NF-κB inhibitor through its C-terminal zinc finger domain 

(Schröfelbauer et al., 2012). 

The text of this chapter is in part a reprint of the accepted material as it will appear in 

PLOS Biology (2013) S. Polley, D.-B. Huang, A.V. Hauenstein, A.J. Fusco, X. Zhong, D. Vu, B. 

Schröfelbauer, Y. Kim, A. Hoffmann, I.M. Verma, G. Ghosh, and T. Huxford xx xxx-xxx.  The 

dissertation author was a co-first author along with S. Polley and D.-B. Huang listed in this 

publication.   
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CHAPTER V 

Structure-Based Design of Monomeric IKK2 Reveals the Requirement of 

Novel Interfaces Mediating Activation via trans Auto-Phosphorylation 
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A.  INTRODUCTION  

 The IκB kinase (IKK) complex integrates a host of upstream pro-inflammatory, cell 

differentiation, and anti-apoptotic signaling cascades leading to its activation and a number of 

possible activities towards dissimilar substrates such as FOXO3a, p65, SNAP-23, and TSC1 

(Chariot, 2009).  Chief among these activities is its role in phosphorylating two N-terminal 

serines (S32 and S36) of the inhibitor of κB alpha (IκBα).  In the cytosol, IκBα is bound to NF-

κB and prevents its translocation to the nucleus.  Upon phosphorylation, IκBα becomes targeted 

for ubiquitination by the SCFβ-TRCP ubiquitin ligase complex leading to its subsequent 26S 

proteasome-dependent degradation.  Thus freed, NF-κB translocates to the nucleus to initiate 

transcription of pro-survival and anti-apoptotic genes (Ghosh and Karin, 2002).  The prototypical 

IKK complex is composed of three subunits:  IKKα or IKK1, IKKβ or IKK2, and IKKγ or 

NEMO (NF-κB Essential Modulator).  IKK1 and IKK2 have catalytic activity whereas NEMO 

serves as an essential scaffolding subunit with no inherent catalytic activity.  NEMO-/- MEF cells 

are insensitive to all canonical NF-κB signals including TNF-alpha, LPS, and IL-1β (Rudolph et 

al., 2000).   

The activation of IKK1 and IKK2 involves the phosphorylation of two activation loop 

serines:  S176 and S180 for IKK1 and S177 and S181 for IKK2.  Several upstream kinases of 

IKK2 have been identified, including TAK1, MEKK3, and IRAK1 (Ninomiya-Tsuji et al., 1999; 

Wang et al., 2001; Yang et al., 2001; Vig et al., 1999).  However, no single kinase has been 

identified that is required for IKK activation in all signaling contexts and in all cell types (Liu et 

al., 2012; Wertz and Dixit, 2010).  Interestingly, certain viral gene products including Tax and v-

FLIP can induce constitutive IKK activation without upstream signaling by directly binding to 

NEMO (Jin et al., 1999; Huang et al., 2002; Field et al., 2003; Bagneris et al., 2008).  

Additionally, it has been demonstrated in yeast and insect cells that recombinantly overexpressed 
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human IKK2 is active without NEMO or any specific IKK kinase activity (Zandi et al., 1998; 

Miller and Zandi, 2001).  In vitro kinase assays conducted with purified IKK2 suggest a 

mechanism of activation by trans auto-phosphorylation of activation loop serines 177 and 181 

(Zandi et al., 1998; Shaul et al., 2008). 

IKK2 is an approximately 87 kDa protein composed of 756 amino acids.  It has three 

distinct domains that include an N-terminal kinase domain (KD) followed by a ubiquitin-like 

domain (ULD) and a long, alpha-helical, scaffolding, dimerization domain (SDD) (Xu et al., 

2011; Polley et al., 2013).  Previous studies have shown that activation competence and N-

terminal IκBα specificity require the IKK2 dimerization region (Shaul et al., 2008; Xu et al., 

2011).  Based on our recent human IKK2 x-ray crystal structure, we designed a monomeric IKK2 

molecule along with a number of monomeric mutants designed to disrupt interfaces suspected of 

allowing for efficient trans auto-phosphorylation.  We tested these IKK2 monomers against a 

panel of IκBα substrates in in vitro kinase assays and monitored auto-activation kinetics and N-

terminal IκBα specificity.  

B.  RESULTS 

1.  Designing a Structure-Based IKK2 Monomer 

 Comparative analysis of the xIKK2 structure and our human IKK2 structure revealed that 

IKK2 can adopt different oligomeric arrangements (Xu et al., 2011; Polley et al., 2013).  In the 

inactive xIKK2 structure, “closed” dimers allow for KD-KD end on interactions to form 

tetramers.  This arrangement, however, places the activation loops of adjacent kinase domains far 

apart (~ 42 Å), which would require a significant conformational change to allow for trans auto-

phosphorylation (Figure 5.1A).  In our active human IKK2 (hIKK2) structure, the “open” dimer 

configuration allows for higher order oligomerization through novel V-shaped and KD-KD 

interfaces that positions the activation loops of adjacent kinase domains within ~ 5 Å of each 

other (Figure 5.1B).  It would only require small adjustments for the activation loop of one kinase  
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Figure 5.1:  Design of Structure-Based IKK2 monomer.   
A. xIKK2 tetrameric arrangement does not place the activation loops (in red) of adjacent 
KD within close proximity for trans auto-phosphorylation (≥42 Å).  Distances between 
adjacent activation loops were measured from the carbonyl oxygen of E181.  B.  hIKK2 
higher order oligomerization allows for close approach of kinase domain activation loops 
(within 5 Å).  C.  Alignment of xIKK2 and three similar open hIKK2 dimers observed in 
our crystal structure.  A flexible hinge region is apparent near residue 525 (black arrows).  
D.  An IKK2 monomer was designed by removing the invariable C-terminal dimerization 
region (transparent).  This involved the removal of residues 477-526 within the construct 
11-637.  E.  Monomeric IKK2 with a two glycine linker connecting the α2 and α4 helices.   
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domain to insert into the active site of the adjacent kinase domain for efficient trans auto-

phosphorylation.  To de-convolute the contribution of these novel protein-protein interfaces to the 

process of trans auto-phosphorylation from the observed “closed” and “open” states of IKK2 

mediated by the C-terminal dimerization region, we designed a monomeric form of IKK2.   

 Aligning our variably open dimers observed in our crystal structure with the closed 

xIKK2 dimer revealed that the C-terminal dimerization region is relatively invariant (Polley et 

al., 2013).  N-terminal to the dimerization region, the SDD of the two protomers begin to splay 

apart around a flexible hinge region near glycine 525 (Figure 5.1C).  This region is where we 

decided to engineer a stop codon to produce a monomeric version of IKK2 (Figure 5.1D).  

Because the SDD domain is composed of a long, anti-parallel, three-helix bundle, a C-terminal 

segment of α2s and all of α3s had to be removed and replaced with a short-linker sequence 

composed of two glycine residues that connect α2s to α4s (Figure 5.1E).  A stop codon was 

engineered to stop translation at residue 637 such that the final monomer construct is composed 

of residues 11-637 with residues 477-526 removed and replaced with a linker of two glycines.  

This construct preserves all the important KD-ULD-SDD intramolecular domain interfaces 

observed in our crystal structure while also maintaining the V-shaped and KD-KD interfaces.   

 Based on transfection experiments in HEK293 cells where various IKK2 mutants 

designed to disrupt the V-shaped and KD-KD interfaces showed marked reductions in both the 

degree of activation loop phosphorylation (S177,181) and activity towards N-terminal IκBα, we 

picked one of the most potently defective mutants from each interface (I413/L413A in the V-

shaped interface and V229A/H232A in the KD-KD interface) and introduced them in the 

engineered monomer (Polley et al, 2013).  We overexpressed and purified these IKK2 monomer 

mutants from Sf9 cells and assessed both their degree of activation by trans auto-phosphorylation 

and their activity towards IκBα as compared to wild-type IKK2 monomer and various IKK2 

constructs with or without the dimerization region (Figure 5.2). 
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Figure 5.2:  Schematic of IKK2 and IκBα constructs and mutants.   
Mutations designed to abrogate the V-shaped interface include I413A/L414A while those 
designed to disrupt the KD-KD interface include V229A/H232A.  Constitutively activating 
mutations include glutamate mutations at the activation loop serines 177 and 181.  

2.  Solution Behavior of Designed IKK2 Monomers 

 To verify that our designed IKK2 monomer (referred to as IKK2mono) behaves as a 

monomer in solution, we assessed its oligomeric state in comparison to full length IKK2 and 

IKK2 with a C-terminal deletion of the NEMO binding domain (NBD) but still containing the 

dimerization region (IKK2ΔNBD) by size exclusion chromatography coupled with multi-angle 

laser light scattering detection (SEC-MALLS).  As expected, IKK2mono exists exclusively as a 

monomer in solution whereas full length IKK2 and IKK2ΔNBD purify pre-dominantly as dimers 

(Figure 5.3A).  The IKK2mono, V-shaped interface mutant, I413A/L414A, and the KD-KD 

interface mutant, V229A/H232A, also purify as monomers, which suggests they are folded like 
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the wild-type monomer.  Interestingly, even at very high concentrations (187 µM), there is no 

observed shift in oligomeric state as was seen in previous experiments with full length IKK2 

(Figure 5.3B).  This suggests that the V-shaped and KD-KD interfaces are weak and transient and 

that, without the dimerization region to stabilize these interactions, they are not observed in 

IKKmono.  This would also explain why, at physiological concentrations, there is no apparent shift 

in molecular weight of the IKK complex before and after induction by TNF-alpha (Polley et al., 

2013; Li et al., 2001). 

3.  IKK2mono Retains Specificity for N-Terminal IκBα 

 We have shown previously that C-terminal truncations of IKK2 that eliminate most of the 

SDD lead to a loss of specificity for S32,36 of IκBα (Shaul et al., 2008).  Analysis of the Xenopus 

and human IKK2 crystal structures suggest that the reason why may be caused by the abrogation 

of the SDD-KD and SDD-ULD interdomain interfaces of the IKK2 (1-420) construct.  Indeed, 

mutations at these interfaces have been shown to reduce full length IKK2 activity towards IκBα 

(Polley et al., 2013).  Xu et al have also shown in GST-pulldown binding assays that there are 

specific interactions between the ankyrin repeat domains and C-terminal PEST region of IκBα 

and C-terminal constructs of IKK2 that include the ULD-SDD (2011).  We designed IKK2mono to 

maintain these important interfaces, and not surprisingly they maintain strict specificity for N-

terminal IκBα similar to full length IKK2 (Figure 5.4).  Interestingly, however, the activity of the 

IKK2mono was strangely robust given that the activation loop serines were not mutated to 

constitutively activating glutamic acid residues; It had been previously reported that dimerization 

of IKK2 is required for activation (Xu et al., 2011). 

4.  IKK2mono Activation is Mediated by the V-Shaped and KD-KD Interfaces 

 Other groups have shown that overexpression of IKK2 in Sf9 and IKK2/NEMO in yeast 

cultures produces active IKK2 (Zandi et al., 1998; Miller and Zandi, 2001).  In agreement with 
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Figure 5.3:  SEC-MALLS data of various IKK2 constructs. 
Top panel:  Both full length and constitutively active (11-669) IKK2 (IKK2EEΔNBD) exist 
primarily as a dimer while IKK2 (11-637) Δ(477-526) (IKK2mono) purifies as a monomer.  
IKK2mono remains primarily a monomer even at very high concentrations (187 mM).  
IKK2mono mutants I413A/L414A and V229A/H232A also purify as well-folded monomers.  
Coomassie-stained 10% SDS-PAGE gels of the SEC-MALLS inputs are shown.  Bottom 
panel:  Two different concentrations of full length HT-IKK2 show a significant shift of 
dimer peak (right most peak) to an included polydisperse oligomer peak (middle peak) 
upon concentrating.  Coomassie-stained 10% SDS-PAGE gels show loading inputs (far 
right). 

this observation, we have detected phosphorylation of activation loop serine 181 by immunoblot 

of overexpressed and purified IKK2 without the addition of ATP (Figure 5.5A).  This zero time 

point S181 phosphorylation is observed for the full length, wild-type, I413A/L414A V-shaped 

mutant, and incredibly in the wild type IKK2 monomer as well.  Only when both the dimerization  
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Figure 5.4:  IκBα  specificity of various C-terminally truncated IKK2 constructs.   
IKK2mono maintains N-terminal IκBα  specificity similar to IKK2EE FL and IKK2EEΔNBD 
while the IKK2EEΔSDDNBD construct exhibits a shift in IκBα  specificity towards the C-
terminus. 
 
A. 

 
B. 

 

Figure 5.5:  In vitro IKK2 trans auto-phosphorylation requires the dimerization region or 
the V-shaped interface.   
A.  in vitro kinase assay and anti-IKK2 phospho177,181 immunoblot of FL and monomeric 
IKK2 with or without V-shaped interface mutation I413A/L414A over a 30 minute time-
course.  B.  In vitro trans auto-phosphorylation of full length kinase dead IKK2 D145N by 
constitutively active IKK2EEΔNBD or IKK2EEmono.  
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region and V-shaped interface are compromised do we see a lack of S181 phosphorylation.  It 

seems that having one of these interfaces can compensate for the lack of the other at high enough 

concentrations.   

Presumably, this observed S181 phosphorylation is a consequence of trans auto- 

phosphorylation due to the relatively high concentrations of IKK2 during Sf9 cell infection.  To 

test this, serines 177 and 181 in the activation loop of the IKK2 monomer were mutated to 

glutamic acid residues to produce a constitutively active IKK2.  In an in vitro kinase assay, 

purified full length, kinase dead, mutant IKK2, where the catalytic aspartate residue was mutated 

to asparagine (D145N), was combined with either IKK2EEΔNBD dimer or IKK2EEmono along 

with ATP and Mg2+.  Trans auto-phosphorylation of S181 of full length D145N IKK2 was 

monitored by anti-IKK p181 immunoblot.  Though not as efficiently as IKK2EEΔNBD, 

IKK2EEmono can trans auto-phosphorylate IKK2 D145N (Figure 5.5B).    

The V-shaped and KD-KD interface IKK2mono mutants were severely compromised in 

their ability to phosphorylate GST-IκBα (1-54) with partial recovery of activity in the S177E, 

S181E background in γ-32P ATP in vitro kinase assays (Figure 5.6A).  Anti-IKK2 phospho-181 

immunoblots show robust trans auto-phosphorylation for wild-type IKK2mono but little to no 

detectable phosphorylation of either the V-shaped or KD-KD monomer mutants (Figure 5.6B).  

These defects in trans auto-phosphorylation are in good agreement with previous cell-based 

experiments though they may be even more severe (Polley et al., 2013).  This may be due to the 

fact that the V-shaped and KD-KD mutations in the cell-based experiments were made in the 

context of full length IKK2.  The slightly less severe defects in trans auto-phosphorylation, 

especially among the V-shaped interface mutants, may be due to the presence of the dimerization 

region, which may act to stabilize the labile V-shaped interface allowing for more efficient trans 

auto-phosphorylation even with destabilizing mutations.  Without the dimerization region, IKK2  
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Figure 5.6:  IKK2 monomer V-shaped and KD-KD interface mutants show reduced trans 
auto-phosphorylation and activity towards GST-IκBα (1-54). 
A.  In vitro kinase assay shows a reduction in the activity of IKK2 V-shaped and KD-KD 
interface mutant monomers towards GST-IκBα (1-54) compared to native IKK2 monomer.  
V-shaped and KD-KD interface mutations made in the background of constitutively active 
(S177E/S181E) IKK2 monomer exhibits partially rescued activity.  B.  anti-IKK2 
phospho181 immunoblot shows that phosphorylation of the activation loop serines 177 and 
181 is only observed in native IKK2 monomer.  Mutation of the V-shaped and KD-KD 
interfaces abrogates activation loop S177,181 phosphorylation.  IKK2 proteins with the 
S177E/S181E mutations were not recognized by the antibody. 
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monomers are more sensitive to the destabilizing effects of V-shaped and KD-KD interface 

mutations causing more severe trans auto-phosphorylation defects.   

To test this hypothesis, we set up a time course experiment where we monitored trans 

auto-phosphorylation by γ-32P ATP and anti-IKK2 p181 immunoblot of full length, kinase dead 

IKK2 (D145N mutant) while titrating in increasing amounts of either IKK2 dimer 

(IKK2EEΔNBD) or IKK2mono.  If the dimerization region stabilizes interactions that mediate 

trans auto-phosphorylation we would expect that the IKK2 dimer would phosphorylate IKK2 

D145N more efficiently (at lower concentrations) than IKKmono.  Indeed, at 100 ng of added IKK2 

dimer we observe clear activation loop phosphorylation of kinase dead IKK2 at 30 minutes, 

whereas it requires upwards of 400 ng of added IKK2mono to achieve similar levels of 

phosphorylation (Figure 5.7A).  Additionally, the IKK2EEmono V-shaped and KD-KD mutants 

exhibit even more severe defects in trans auto-phosphorylation of IKK2 D145N than either the 

IKK2EEΔNBD dimer or IKK2EEmono (Figure 5.7B).  Activation loop phosphorylation of IKK2 

D145N can be readily detected after 30 minutes when 200 ng of IKK2EEΔNBD is added to an in 

vitro kinase assay.  Little to no phosphorylation is detected at comparable amounts of 

IKK2EEmono or the monomer mutants added.  Modest phosphorylation is detected with addition 

of 400 ng of IKK2EEmono, whereas even less phosphorylation is detected at similar amounts of 

added IKK2EEmono V-shaped mutant.  IKK2 D145N phosphorylation was not detected for 

comparable amounts of added IKK2EEmono KD-KD mutant.  These trends are also observed when 

600 ng of active IKK2 is added.  These data suggest that, although trans auto-phosphorylation 

can be mediated by the V-shaped and KD-KD domains alone at high enough concentration, the 

C-terminal dimerization region is indispensible for efficient activation of IKK2.  
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A. 

 
B. 

 

Figure 5.7:  IKK2 oligomerization interfaces and their contribution to activation by trans 
auto-phosphorylation. 
A.  Time-course study of in vitro kinase trans auto-phosphorylation of full length kinase 
dead IKK2 D145N by the indicated amounts of dimeric IKK2EEΔNBD (IKK2EE 11-669) 
or monomeric IKK2.  B.  Concentration-dependent trans auto-phosphorylation of kinase 
dead IKK2 D145N by V-shaped and KD-KD interface IKK2 monomers.  
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C.  DISCUSSION 

These experiments suggest that IKK2 trans auto-phosphorylation is a concentration 

dependent process mediated by the C-terminal dimerization region as well as two novel kinase 

domain proximal interfaces (the V-shaped and KD-KD interfaces).  The dimerization region 

mediates a relatively strong interaction between IKK2 subunits as evidenced by the predominance 

of IKK2 dimers observed endogenously in cells and recombinantly in overexpression systems.  

The V-shaped and KD-KD interfaces mediate weaker, higher order interactions that are stabilized 

by C-terminal dimerization and are required for efficient trans auto-phosphorylation.   

We have demonstrated that our designed, recombinantly-expressed and purified IKK2mono 

constructs exist as monomers in solution even at very high concentration by SEC-MALLS.  This 

is in stark contrast to the concentration dependent oligomerization observed in full length IKK2.  

The C-terminal dimerization region appears to stabilize the formation of these higher order 

oligomers and thus, without dimerization, the comparatively weaker, transient interactions 

mediated by the V-shaped and KD-KD interfaces are not observed.  This would explain why 

there is no observed change in oligomerization state of endogenous IKK complex before and after 

induction by TNF-alpha (Polley et al., 2013; Li et al., 2001).  If trans auto-phosphorylation is 

mediated by weak, transient interactions, any higher order oligomers would fall apart during SEC 

fractionation.  This concentration dependence of IKK2 trans auto-phosphorylation may explain, 

at least in part, the activating role of NEMO ubiquitin chain binding upon signaling.  The 

recruitment of the IKK complex via NEMO binding to membrane proximal ubiquitin chains 

(K63, K11, or linear) would effectively concentrate the catalytic IKK subunits.  This may result 

in rapid, spontaneous trans auto-phosphorylation accounting for the observed kinetics and 

amplification of NF-κB activation.   
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CHAPTER VI 

DISCUSSION
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A.  ACTIVATION OF IKK2 BY TRANS AUTO-PHOSPHORYLATION 

 IKK2 is activated by the regulated phosphorylation of two activation loop serines, S177 

and S181 (Mercurio et al., 1997; Delhase et al., 1999).  In vivo, this inducible event has been 

attributed to the activity of upstream IKK kinases including TAK1, whose activity is dependent 

on the formation of non-degradative polyubiquitin chains (Ninomiya-Tsuji et al., 1999; Wang et 

al., 2001).  However, other studies have shown that the requirement of TAK1 may be cell-type 

specific and that TAK1-deficient MEF cells, though defective in NF-κB activation, still have 

residual IKK activity (Ishitani et al., 2003; Sato et al., 2005).  Indeed, a recent study suggests that 

IKK complex activation can occur independent of an upstream kinase through direct binding to 

unique polyubiquitin chains (Xia et al., 2009).  In addition, overexpression of recombinant IKK2 

and IKK2/NEMO from Sf9 and S. cerevisiae, respectively, results in active IKK2 (Zandi et al., 

1998; Miller and Zandi, 2001).  These observations, among others, seem to suggest that another 

possible mode of IKK2 activation may involve trans auto-phosphorylation.  Recent crystal 

structures of Xenopus IKK2 (xIKK2) and the IκB-like kinase, TBK1, have revealed much about 

the domain architecture, interfaces that mediate dimerization, and even trans auto-

phosphorylation (albeit in the context of a monomeric construct) (Xu et al., 2011; Ma et al., 2012; 

Tu et al., 2013; Larabi et al., 2013).  However, little can be elucidated about the mechanism of 

trans auto-phosphorylation in the context of native, dimeric IKK since all nearly full length 

structures solved thus far reveal a dimer conformation in which the kinase domains are oriented 

away from each other.  Our crystal structure of a nearly full length, active human IKK2 construct 

is different in that it suggests a mechanism of trans auto-phosphorylation via higher order 

transient oligomerization that is made possible by an open dimer conformation. 
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B.  COMPARISON OF IKK2 AND TBK1 DIMER CONFORMATIONS 

 Inspection of the available dimeric TBK1, xIKK2, and hIKK2 crystal structures reveals 

varying degrees of “openness” as defined by the increasing degree of rotation of the kinase and 

ULD domains away from the two-fold axis along the SDD interface as well as the separation of 

adjacent KD proximal SDD helices from each other (Figure 6.1).  Generally, the degree of 

openness correlates well with both the activation state and intrinsic activity of these molecules. 

The closed TBK1 dimers, for instance, exhibit an inactive activation segment conformation 

(except for one inhibitor-bound, trans phosphorylated structure) and they all have a D135N 

mutation that renders them catalytically inactive (Tu et al, 2013; Larabi et al., 2013).  The more 

open xIKK2 and hIKK2 dimers (with constitutively activating S177E,S181E mutations), 

however, display partial and more completely active activation segment conformations, 

respectively, along with native catalytic activity (Xu et al., 2011; Polley et al., 2013).  It is 

therefore tempting to speculate that there is a causal relationship between the degree of dimer 

openness and the intrinsic catalytic activity of these molecules especially in light of our 

observation that Mg2+-ATP treatment of IKK2EE (11-669) results in a more conformationally 

homogenous sample (see Figure 3.6).  However, it should be noted that all the TBK1 structures 

and xIKK2 were co-crystallized with inhibitors, whereas we detected no bound inhibitor 

(MLN120B) in our hIKK2 structure.  This may be part of the reason for the observed differences 

in dimer openness.  Also, as pointed out by Larabi et al and Tu et al, TBK1 dimerizes in a 

significantly different mode through the SDD than does IKK2, which results in a much more 

intimate association (2013; 2013).  As such, TBK1 dimers may not be able to open without 

significant conformational changes in the SDD.  This may point to a completely different 

mechanism of trans auto-phosphorylation between the canonical IKKs and the IκB-like kinases.       
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Figure 6.1:  Degree of “openness” of various IKK and IKK-like kinase structures. 
 

hTBK1

xIKK2

hIKK2

CLOSED

OPEN



 

 

134 

C.  OPEN DIMERS ARE REQUIRED FOR HIGHER ORDER OLIGOMERIZATION VIA THE V-
SHAPED INTERFACE. 

 Mutagenesis of residues that mediate the V-shaped interface observed in our crystal 

structure demonstrates the importance of this interface in the process of trans auto-

phosphorylation.  Structural alignment of xIKK2 and hIKK2 dimers within the context of the 

“tetrameric” arrangement of dimers observed in our crystal structure reveals that the α6s helices 

of xIKK2 would clash as a result of its more closed dimer conformation (Figure 6.2).  This is why 

the V-shaped interface is not observed in the xIKK2 crystal structure.  Instead, the higher order 

arrangement of xIKK2 dimers is mediated through an end-on association of the KDs.  As 

discussed previously, this arrangement of dimers does not appear to be conducive to trans auto-

phosphorylation. Sequence alignment of TBK1 against xIKK2 and hIKK2 reveal that, though 

xIKK2 and hIKK2 share a high degree of conservation among residues in the V-shaped interface, 

TBK1 does not (Figure 6.3).  There is no analogous interface observed in any of the TBK1 crystal 

structures including the S172 phosphorylated dimer structure (PDB ID: 4IW0).  As such, it is 

likely that TBK1 and IKK2 are activated by different mechanisms.  

 Interruption of transient oligomerization of IKK2 through this unique V-shaped interface 

could present a means to selectively block NF-κB activation with small molecule inhibitors akin 

to those designed to block IKK2/NEMO association through the NBD (May et al., 2000).  Some 

of these NBD peptide inhibitors have already shown efficacy in reducing chronic NF-κB activity 

in murine models of colitis and tumor growth in canine models of activated B-cell diffuse large 

B-cell lymphoma (ABC-DLBCL) (Dave et al., 2007; Gaurnier-Hausser et al., 2011).  Unlike 

NBD inhibitors, however, the development of V-shaped interface inhibitors may provide more 

nuanced kinetic control of NF-κB activation since it may not abrogate all possible NEMO 

dependent IKK2 activation (by upstream kinases like TAK1 for example) but only trans auto-

phosphorylation dependent activation.  As such, it would also provide a valuable molecular  
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Figure 6.2:  Structural alignment of hIKK2 and xIKK2 dimers.   
The KD and ULD were removed for clarity.  Notice the closed conformation of xIKK2 
dimers (in gray) precludes formation of the V-shaped interface due to clashing of the α6s 
helices (dashed red box). 
 

90o

!6s

!"##$%&'()*+') !"##$%&'()*



 

 

136 

 
 

Figure 6.3:  Sequence alignment of Human and Xenopus IKK2 with Human TBK1.  
The sequence shows homology of residues involved in the V-shaped interface (Red “V”).  
Blue asterisks=identical residues.  Green semi-colon=strongly homologous residues.  Dark 
Blue dot=weakly homologous residues.  Black Ovals=V-shape interface residues shown to 
be important for trans auto-phosphorylation.  Bar denotes domain boundaries.  
Yellow=KD, Pale Green=ULD, Green=SDD. CLUSTALW was used for alignment.  
 

biology tool to parse out the kinetic differences in NF-κB activation by different NF-κB pathway 

inducers.  
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D.  ADDITIONAL HYPER-PHOSPHORYLATION SITES  

Previous studies have suggested that, in addition to the phosphorylation of activation loop 

serines 177 and 181, prolonged stimulation of NF-κB activation by TNF-alpha causes hyper-

phosphorylation of serine residues comprising the C-terminal region of the SRR domain (664-

700) of IKK2 (Delhase et al., 1999).  This C-terminal phosphorylation has been attributed to a 

down-regulation of IKK2 activity with prolonged stimulation (Delhase et al., 1999).  The hyper-

phosphorylation observed in our minimal, constitutively active IKK2EE (1-664) as well as in our 

IKK2EE (11-637) Δ(477-526) monomer suggests there may be additional phosphorylation sites 

that have not yet been characterized (unpublished data).  It appears that phosphorylation at these 

novel sites induces a conformational change that allows for crystallization of IKK2 in an active, 

open conformation.  These phosphorylation sites cannot be positively elucidated from our crystal 

structure owing to the limited resolution.  Additional experiments, including use of mass 

spectroscopy, will be required to positively identify these sites, and endogenous, cell-based 

experiments should be conducted to elucidate the physiological relevance of this phosphorylation.  

E.  ROLE OF NEMO IN SIGNAL-DEPENDENT IKK2 ACTIVATION 

The lack of a crystal structure of a full length IKK2/NEMO complex makes it difficult to 

ascertain exactly how NEMO regulates the IKK2 activation state.  It is clear that overexpression 

of IKK2 in Sf9 cells produces an active kinase without concomitant overexpression of NEMO 

(Zandi et al., 1998; Miller and Zandi, 2001).  In resting HeLa cells, IKK2 is in complex with 

NEMO and has low activity (DiDonato et al., 1997; Mercurio et al., 1997).  Only upon 

stimulation by an upstream signal does the IKK complex exhibit high activity towards IκBα.  

These observations, in conjunction with our structural data that correlates open dimers with a 

mechanism of activation by oligomerization-dependent trans auto-phosphorylation, may suggest 

a regulatory role for NEMO whereby NEMO maintains IKK2 or IKK1/2 dimers (which would 

naturally adopt an open conformation without NEMO) in a closed, inactive conformation.  Only 
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upon stimulation and binding to newly synthesized K63-linked or linear polyubiquitin chains 

does NEMO induce a conformational change in the IKK catalytic subunits allowing for the 

formation of open dimers and trans auto-phosphorylation.  Evidence of a conformational 

changein NEMO upon linear di-ubiquitin binding has already been reported (Rahighi et al., 

2009).  It is conceivable that the slight unwinding of the CoZi coiled-coil region observed in the 

structure might be translated towards the N-terminus of NEMO affecting the NEMO/IKK 

interface and even the IKK2 dimer interface itself.   

Additionally, NEMO may also act as an adaptor protein that links the catalytic IKK 

subunits to upstream, non-degradative, polyubiquitin chains.  Binding of multiple IKK complexes 

to these chains would locally concentrate the catalytic IKK subunits.  This accumulation of IKK 

would then foster trans auto-phosphorylation as closely associated open dimers would be able to 

assemble transiently as higher order oligomers through the V-shaped and KD-KD interfaces 

observed in our crystal structure (Figure 6.4).  This kind of oligomerization-dependent kinase 

activation has also been observed in checkpoint kinase 2 (Chk2) and Ca2+/calmodulin-dependent 

protein kinase II (CaMK II) as well as a host of receptor tyrosine kinases (RTKs) that only 

become activated upon binding to extracellular ligands that cause their oligomerization (Wu H., 

2013).  This proximity-driven model of oligomerization-dependent activation is one that is 

gaining popularity among systems biologists as a way to explain the kinetics and threshold 

response dynamics of signal transduction pathways including NF-κB activation that are not 

driven by stoichiometric amounts of receptor proximal enzymatic activity (Ferrao et al., 2012; 

Wu H., 2013).  The ligand-dose-dependent recruitment of upstream, non-enzymatic scaffolding 

and adaptor proteins may act to amplify the recruitment and activation of the relatively few 

upstream catalytic proteins, including the IKK complex, by providing a larger scaffold for their 

transient oligomeric assembly.  Evidence of this hierarchal assembly of proteins has been 

observed in crystal structures of the TLR-dependent MyD88/IRAK4/IRAK2 complex and the 
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associated E3 ubiquitin ligase, TRAF6, which form higher order oligomers through death domain 

(DD) and RING and ZF domain interactions respectively (Lin et al., 2010; Ye et al., 2002; Park 

et al., 1999; Yin et al., 2009).  Similar scaffolding assembly is proposed for the T-cell receptor-

dependent CARMA1/BCL10/MALT1 complex through CARD domain interactions (Li et al., 

2012; Langel et al., 2008; Qiu and Dhe-Paganon, 2011).  Only if the ligand inducement is long 

and strong enough will an extensive enough scaffolding infrastructure form to induce a threshold 

level of activation (Figure 6.4).  This “digital” behavior has been observed in NF-κB signaling 

where 3T3 mouse fibroblasts were induced with amounts of TNF-alpha covering four orders of 

magnitude (Tay et al., 2010).  This dose-dependent kinetic behavior of NF-κB can be explained 

in terms of the rapid signal amplification afforded by an oligomerization-dependent trans auto-

phosphorylation mechanism of IKK2 activation put forth in our study. 

 It seems likely that a combination of allosteric, induced proximity, and upstream kinase 

phosphorylation mechanisms contribute to IKK2 activation.  Little data currently exists to 

directly implicate trans auto-phosphorylation as a mechanism of IKK2 activation in endogenous, 

in vivo NF-κB signaling.   To confirm the involvement of the V-shaped and KD-KD interfaces in 

IKK2 activation, in vivo studies of V-shaped and KD-KD mutant IKK2 proteins as well as kinase 

dead mutants need to be conducted in MEF IKK2 knockout cells.  Careful TNF-alpha, dose-

dependent, kinetics studies in these cells, with monitoring of the activation loop phosphorylation 

state and NF-κB activation, should provide insight about the importance of trans auto-

phosphorylation of IKK2 in vivo.  These and other future studies would greatly benefit from the 

solution of an IKK2/NEMO complex structure.  
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Figure 6.4:  Model of the threshold response due to ligand (IL-1) induced oligomerization.  
IL-1 induced oligomerization contributes to IKK2 trans auto-activation and subsequent NF-
κB activation.  Adapted from: Ferrao, R., Li, J., Bergamin, E., and Wu, H. (2012). 
Structural insights into the assembly of large oligomeric signalosomes in the toll-like 
receptor-interleukin-1receptor superfamily. Structural Biology 226, 1-8. 
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