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ABSTRACT OF THE THESIS 

 

Toward the Development of Allosteric Inhibitors of IKK2 

 

by 

 

Sonjiala Jackson Hotchkiss 

Master of Science in Chemistry 

University of California San Diego, 2018 

Professor Gourisankar Ghosh, Chair 

 

IκB kinase (IKK) is the essential kinase in the activation pathway of NF-κB, a family of 

transcription factors active in both innate and adaptive immunity.  IKK has two catalytic subunits, 

IKK1 and IKK2, and one scaffolding subunit NEMO. As aberrant activation of NF-κB is a factor 

in many diseases including cancer and inflammatory disorders, research has been directed toward 

developing inhibitors to its activation. Most developed inhibitors target IKK2 and work as ATP 

competitors. However, ATP competitive inhibitors are often too nonspecific and have too many 

adverse side effects to be developed as effective drug treatments. I tested and characterized the 

function of small molecule allosteric inhibitors identified by our lab named #65.5, #65.5.2, and 
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#65.5.3. Allosteric inhibitors of IKK2 are expected to result in greater specificity with fewer 

adverse side effects. I used cell-based assays, kinase experiments, HDXMS, and MS-MS to 

confirm that our inhibitors prevented NF-κB activation, worked as allosteric inhibitors, and bound 

to the pocket predicted by virtual screening. Based on analysis of the collected data, we developed 

a model for how our inhibitors work to prevent IKK2 activation. 
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A. NF-kB Discovery and Function 

While the Baltimore lab was studying the transcription of the κ light chain gene in B cells, 

they discovered an enhancer of the gene that was necessary to activate the expression of the κ gene.  

This enhancer was found exclusively in the κ light chain gene and not the l heavy chain. Moreover, 

this enhancer DNA of sequence GGGACTTTCC specifically bound a protein factor (Baltimore, 

2009; Sen and Baltimore, 1986). It became evident that interaction between the DNA and the new 

protein factor was essential for the κ gene transcription. Since the factor was found in the nucleus 

of B cells which activated the expression of the κ gene, they named the factor as Nuclear Factor 

of kappa in B cells (NF-κB).  

Subsequent work in many different laboratories including the Baltimore laboratory  

determined that NF-κB is ubiquitously expressed in many cells and not just in B cells (Baeuerle 

and Baltimore, 1996; Baeuerle and Henkel, 1994; Baldwin, 1996; Ghosh et al., 1998). They found 

that unlike in mature B cells, where NF-κB is constitutively nuclear, in other cells NF-κB dimers 

dormant in the cytosol. That NF-kB exists in a dormant state was discovered by asking why cells 

known to have a rearranged κ light chains neither expressed these chains nor had detectable levels 

of the newly discovered enhancer protein (Baltimore, 2009). Lipopolysaccharide (LPS) was 

known to stimulate expression of κ light chain. This research question lead to the discovery that 

LPS could also lead to NF-kB activation and translocation from the cytoplasm to the nucleus 

(Baltimore, 2009). 

NF-κB binds to a variety of kB DNA of the general form 5’-GGGRNWYYCC-3’ (N, any 

base; R, purine; W, adenine or thymine; Y, pyrimidine) (Huxford, 2009; Chen,1998). As a nuclear 

transcription factor NF-kB is known to be involved in not only the activation of gene expression 

but also in the repression of a number of genes. These NF-κB effector genes have many functions. 

Most importantly they are involved in innate and adaptive immunity.  Additionally, genes that 
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regulate apoptosis and genes that support cell survival and proliferation are also regulated by NF-

κB (Baeuerle and Baltimore, 1996; Baeuerle and Henkel, 1994; Baldwin, 1996; Ghosh et al., 1998). 

This discovery that NF-kB could lay dormant in the cytoplasm of cells was an important step in 

uncovering its ubiquitous presence. The early experiments involved LPS stimulation, however, 

NF-kB can be activated by a number of stimuli including a variety of pro-inflammatory cytokines, 

viral factors, bacterial factors, radiation, and environmental stressors.  

The first discovered form of NF-kB was the heterodimer purified in Baltimore’s lab by 

Ranjan Sen. It was composed of a 50 kDa subunit, p50, and a 65 kDa subunit, p65 also known as 

RelA (Sen and Baltimore, 1986). The RelA/p50 heterodimer is the most abundant form of NF-kB. 

The complete family of NF-kB transcription factors has five members that combine to form up to 

15 hetero- and homodimers: p65/RelA, p50, p52, c-Rel, and RelB. All five family members of NF-

kB share an N-terminal region of sequence homology known as a rel homology region (RHR). 

This region consists of about 300 amino acids. It contains the DNA-binding domain and the 

dimerization domain joined by a short linker. A flexible segment at the C-terminus of the 

dimerization domain contains the nuclear localization signal (NLS). The rel members of the family, 

RelA/p65, c-Rel, and RelB contain a transactivation domain (TAD) not shared by the other two 

members (Hoffmann et al., 2006). This TAD distinguishes these members as activators of 

transcription. Both p50 and p52 result after cleavage of C-terminal auto-inhibitory regions for p105 

and p100 respectively (Bours et al., 1990; Ghosh and Baltimore, 1990; Kieran et al., 1990). These 

two members of the family lack a TAD but share a glycine rich region at their C-terminal ends 

(Figure 1.1). 

In its dormant state, NF-kB is held by a family of inhibitors known as IkBs. In the case of 

the RelA/p50 heterodimer, the dominant inhibitor is IkBa. Other known IkBs are IκBβ and IκBε 
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(Oeckinghaus and Ghosh, 2009). There are two major pathways of NF-kB activation, the canonical 

pathway and the non-canonical pathway (discussed below). Generally speaking, an extra-cellular 

signal stimulates an intracellular cascade that leads to the degradation of inhibitors of NF-kB, thus 

exposing its nuclear localization signal and freeing it to translocate to the nucleus to either enhance 

or repress transcription.  

Central to NF-kB activation are the members of the hetero-trimer IkB Kinase (IKK). IKK 

consists of two catalytic subunits, IKK1 and IKK2, and one scaffolding subunit, NF-kB essential 

modulator (NEMO). Improperly regulated NF-kB activation is a factor in a host of diseases, most 

notably inflammatory disorders and cancers. Improper regulation of NF-kB is most associated 

with aberrant IKK2 activity. Thus many therapeutic interventions targeting NF-kB activation focus 

on the development of small molecule inhibitors of IKK2.  

 

Figure 1.1. Schematic representation of the members of the NF-κB family.  
The proteins in the NF-κB family share a Rel homology region. The RHR consists of the N-
terminal domain (NTD) and a dimerization domain (DD). The DD contains the nuclear localization 
signal (NLS). RelA, RelB and cRel all contain a transactivation domain (TAD) that is important 
for activating transcription. In addition RelB has an n-terminal leucine zipper. The precursors to 
p50 and p52, p105 and p100 respectively, contain ankyrin repeats and death domains (DeD).  The 
precursors along with p50 and p52 contain glycine rich regions (GRR).  
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Figure 1.2. Schematic representation of the members of the IκB family.  
Precursor and classical IκBs have ankyrin repeat domains (ARDs). Classical IκBs have a PEST 
region. 
 

B. IKK: Activator of NF-kB 

IKK was first identified as an IkBa kinase (Chen, 1996). It was later purified as a 700-900 

kDa complex. IKK is currently described as consisting of three subunits. The two catalytic subunits, 

IKK1 and IKK2, contain a kinase domain and share 50% identity. The third subunit, NEMO, is a 

scaffolding domain that works to organize the catalytic subunits (Delhase et al., 1999). IKK1 and 

IKK2 are 85 and 87 kDa respectively, while NEMO is a 48 kDa protein. The exact composition of 

the IKK complex detailing the number(s) of each subunit present remains unknown.  

Like all other protein kinases IKK1 and IKK2 contain ‘activation loops’ within their kinase 

domains. Phosphorylation of two activation loop serines mark IKK activation. These 

phosphorylations thus are part of the signaling cascade that begins at the cell surface and ends at 

generation of transcriptionally active NF-kB. The activation loop serines for IKK2 are at residues 

177 and 181, while for IKK1 they are serine residues 176 and 180 (Delhase et al., 1999). The 

catalytic subunits can undergo autophosphorylation, but upstream kinases may also be involved in 

phosphorylating these kinases depending on the type of extracellular stimuli. Mutation of the 

activation loop serines in IKK2 to glutamic acid give the constitutively active conformation. 

Constitutively active, truncated IKK2 has been used in the experiments discussed in this thesis, 

IKK2 (11-669 EE).  
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IKK1 and IKK2 have a similar protein structure. They contain an N-terminal kinase 

domain (KD), a ubiquitin-like domain (ULD), a scaffolding dimerization domain (SDD), a serine 

rich region (S), and a c-terminal NEMO binding domain (N) (Figure 1.3). The NEMO binding 

domain binds stably with NEMO. NEMO contains two coil-coil regions, CC1 and CC2, a leucine 

zipper, and a c-terminal zinc finger (ZF) (Figure 1.3). Ubiquitin is necessary for complete function 

of NEMO. The presence of ubiquitin is important for NEMO’s role in the activation of IKK2. 

 

Figure 1.3. Schematic representation of IKK proteins.  
This is a schematic representation of IKK proteins showing relevant structural elements. The 
catalytic subunits, IKK1 and IKK2, have a kinase domain, along with a ubiquitin-like domain, A 
scaffolding dimerization domain, a serine-rich region, and a NEMO binding domain. NEMO has 
two coil-coil regions, a leucine zipper, and a zinc finger. 
 

 

Figure 1.4. Schematic representation of IKK2 along with structure.  
This is a schematic representation of IKK2 with the prominent domains color-mapped onto the 
one monomer of the IKK2 dimer structure. These domains include the KD, the ULD and the SDD.   
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C. Activation Pathways of  NF-kB 

There are two activation pathways, the canonical and noncanonical. IKK2 along with 

NEMO are important for the activation of NF-kB through the canonical pathway. An important 

part of the signaling cascade is the phosphorylation of IKK2. Though IKK2 is capable of 

autophosphorylation, several upstream kinases may also be able to phosphorylate IKK2. It is 

unclear whether any of these upstream kinases are necessary for any specific IKK activation signal. 

In this canonical pathway, IKK2 phosphorylates n-terminal serines in the IkBs, thus targeting them 

for ubiquitination and degradation by the 26S proteasome. In the case of IkBa, these serines are 

residues 32 and 36. The NLS of NF-kB is exposed upon IkB degradation thus freeing the dimer to 

translocate to the nucleus where it represses or enhances transcription. The p50:RelA heterodimer 

is the most dominant form of NF-kB activated by the canonical pathway. To some extent 

RelA:RelA, p50:cRel and cRel:cRel dimers are also activated by this pathway.  The amount and 

time of activation of these dimers depends on the cell type and the stimulus. 

In the non-canonical pathway, IKK1 is the necessary kinase for activation of a different 

form of NF-kB. NIK is known to be a necessary upstream kinase for the phosphorylation of the 

activation loop serines 176 and 180 of IKK1 and thus for  the activation of this alternative pathway. 

The non-canonical pathway is activated by stimuli such as CD40, LT-beta, and BAFF. Once 

phosphorylated IKK1 initiates the processing of p100 to p52 which then forms a heterodimer with 

RelB before translocating to the nucleus.  

As the canonical pathway is more responsible for rapid  activation of preformed NF-kB, it 

plays a bigger role in inflammatory diseases where NF-kB activation has gone awry. Therefore, 

IKK2, the primary culprit for constitutive NF-kB activation, has been the subject of intense study 

by many groups. Many inhibitors have been developed for IKK2 but few have made it to clinical 
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trial due to untenable side effects.  

 

Figure 1.5. Two major NF-κB activation pathways.  
The two pathways of NF-κB are the canonical pathway and the non-canonical pathway. Here they 
are represented by a schematic drawing. IKK2 and NEMO are essential to activating NF-κB in the 
canonical pathway, while NIK and IKK1 are essential for NF-κB activation in the non-canonical 
pathway.  
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D. NF-kB and Disease 

Given that NF-kB plays an active role in immune response, cell survival, cell proliferation, 

creation of new blood cells, and other cell-sustaining mechanisms, its involvement in the genesis 

and propagation of a number of diseases is unsurprising. Disease states may arise from both hyper- 

or hypo-activation of the NF-kB pathway. Diseases may also result from mutations in any of the 

proteins acting along the pathway. Therapeutic strategies for treating NF-kB related diseases have 

focused on treatments for inflammatory disorders and cancers.  

Many cancers and cancer-promoting disease arise from a hyper activation of the NF-kB 

pathway resulting from a constitutively active NF-kB (Karin, 2006). Although mutations of genes 

in the NF-kB activation pathway can cause cancers, most frequently cancers are linked to 

constitutive IKK2 activation. The constitutively active form of NF-kB help prevent death of cancer 

cells, promote growth and proliferation of cancer cells, and increase the chances of metastasis 

(Park and Hong, 2016). Some cancers may lead to mutations in proteins important to the NF-kB 

pathway thereby causing a dysregulation that promotes cancer cell survival. Resulting diseases 

include non-Hodgkin lymphoma, breast cancer, colorectal cancer, multiple myeloma, and virus-

induced Leukemia.  

Dysregulated inflammation has been linked with the development of cancer as well as other 

diseases such as arthritis, sepsis, muscle wasting disease, insulin resistance, and neurodegenerative 

disorders (Wong and Tergaonkar, 2009). NF-kB activates transcription of genes that produce 

proinflammatory products, therefore its overactivation can lead to chronic inflammation. Given 

the wide range of pro-inflammatory molecules regulated by NF-kB through its canonical 

activation pathway, treatments schemes are often unable to target all sources of pathological 

inflammation.  
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Some diseases result from under-activation of NF-kB. Incontinentia pigmenti (IP) is a 

hereditary disease that results when the gene encoding NEMO does not function properly. Survival 

to birth with this disease is associated with heterozygous females as homozygous cases and male 

cases do not general result in live birth. The disease results in the production of truncated NEMO 

that is ineffective in producing activated NF-kB. The disease symptoms include severe skin 

disorders such as hyperpigmentation, blisters, boils, disorders of the teeth, alopecia, and in a small 

number of cases, neurological impairment. 

E. Inhibitors of IKK2   

The IKK complex and specifically the catalytic subunit IKK2 are essential to activation of 

NF-kB in the canonical pathway. As this pathway activates the most abundant form of NF-kB, the 

RelA/p65:p50 heterodimer, therapeutic targets focus on its inhibition. Given that aberrant 

canonical NF-kB behavior has been mostly linked to aberrant activation of IKK2, therapeutic 

models focus on developing effective inhibitors of IKK2.  

There are several classes of IKK2 inhibitors including ATP competitors, allosteric 

inhibitors, NEMO-binding peptides, and thiol-reactive species (Gilmore and Garbati, 2010). 

Developed IKK2 inhibitors have been mostly ATP-competitive inhibitors. ATP-competitive 

inhibitors often lack the level of kinase specificity necessary for effective drug development. This 

thesis discusses research using cell-based assays, HDX (hydrogen deuterium exchange) and mass 

spectrometry to analyze the effectiveness and functionality of a number of IKK2 .  

ATP competitors have been studied for this thesis mostly for the benefit of obtaining 

comparative data, while research concentration will be on developing allosteric inhibitors. As IKK 

is a kinase important to normal cellular function, the more finely tuned inhibition possible with 

allosteric inhibitors is desirable.  
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G. Focus of Study 

The main focus of our lab is to develop highly specific allosteric inhibitors against IKK2. 

To accomplish this, both cell-based and in vitro experiments are required. In the early phase of this 

study, our lab identified an allosteric pocket in IKK2. Using virtual screening and follow-up 

cellular work, one small molecule (compound #65.5) was identified that inhibited IKK2 activation 

with IC50 ~5-10 µM.  My goal is to test whether the inhibitor binds to the pocket identified by 

virtual screening.  My plan is to express and purify IKK2 (11-669 EE) from baculovirus infected 

Sf9 insect cells. I will use purified protein to study both ATP-competitive and allosteric inhibitors. 

The most critical of in vitro assays is the use of HDXMS to determine whether the peptide 

segments comprising the allosteric pocket are truly the inhibitor binding pocket.  Since the 

compound is a maleimide derivative with potential to make covalent bonds at the cysteines, I 

wanted to investigate whether the inhibitor is a covalent inhibitor. To test this, my plan is to use 

MS-MS to identify peptides cross-linked to the inhibitor. Finally, I plan to use crystallography to 

determine the structure of IKK2 bound the inhibitor. In addition, our collaborator has synthesized 

two molecules (#65.5.2 and #65.5.3) as probes to confirm whether our inhibitor functions as 

expected (Figure 3.4). These two molecules are derivatives of compound #65.5 that allow 

comparison of the effectiveness of different moieties present in #65.5. Compound 65.5.2 is less 

toxic but less effective, while compound #65.5.3 is more effective but more toxic (Table 1.1 and 

Figure 3.4). 

 

Table 2.1. The IC50 values for the synthesized inhibitors. 
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II. Materials and Methods 
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A. Baculovirus Expression 

1. Sf9 Cell Culturing 

Sf9 cells were maintained in culture at 1-3 million cells/mL in Sf9 III medium 

supplemented with 1% PSG at 170 rpm and 27°C at no more than 1/3 sterile flask volume. 

Cells were passaged every 24-48 hours.  

2. Preparation of Plasmid/Bacmid 

Gene for expression of IKK2 (11-669 EE) was cloned into pFastBac HTb plasmid by 

previous lab members. DNA at a concentration of 1-2ng was transformed into DH10 E. coli 

competent cells by heat shock. DNA was mixed with DH10 cells and left on ice for 30 minutes. 

Cells were placed in a 42°C water bath for 45 sec then were incubated on ice for 2 minutes. 

One mL of SOC medium was added to the cells and the cells were placed on a shaker at 37°C 

for 5 hours.  

Cells were spun down at 3000 rpm for 1 minute. Approximately 900 mL of supernatant 

was removed. The pellet was resuspended in the remaining media and was plated onto LB 

agar plates with the following antibiotic concentrations: Kanamycin 50ug/ml, Gentamycin 

7ug, Tetracycline 10ug, X-Gal 100ug/ml, and IPTG 40ug/ml.  

Plates were placed covered in foil and were left to incubate at 37°C for 48 hours. After 

48 hours, 4-6 white colonies and one blue colony were streaked onto a second LB agar plate 

with antibiotics and placed at 37°C for 48 hours. White colonies were selected and incubated 

overnight at 37°C in 3mL of SOC media supplemented with Kanamycin 50ug/ml, 

Gentamycin 7ug/ml and Tetracycline 10ug/ml. 

3. Viral Amplification 

The P1 viral stocks were created by transfecting Sf9 cells at 0.5 million cells/mL in 2 

mL total volume of un-supplemented SF-900 media in 6-well plates. Plates were placed at 
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27°C for 30 minutes for cells to adhere. To the cells were added 6 µL of Cellfectin (Invitrogen), 

1 µg of bacmid DNAs following the Bac-to-Bac Invitrogen protocol. The plate was left to 

incubate at 27°C for 5 hours after which the media was aspirated and fresh un-supplemented 

SF-900 media was added. The plate was placed at 27°C for an additional 96 hours at which 

time the supernatant containing the virus was collected. The supernatant was added at 1:25, 

1:50, and 1:100 dilutions to cells plated at 0.5 million cells/mL in 6 well plates. After 72-96 

hours of incubation at 27°C, the supernatant was harvested and was kept at 4°C. The cells 

were washed and lysed with RIPA buffer. Western blot was used to determine the optimum 

concentration of virus.  Using the optimal concentration P3 viral stock was created using 22 

million cells in a 15 cm plate infected at the optimal concentration and incubated for 72-96 

hours.  

4. Large Scale Protein Expression 

Sf9 cells were infected at the optimal dilution of virus stock to culture volume as 

determined during P2. The cells were at a concentration of 1.5-1.75 mil/mL when infected 

and were left for 48-72 hours at 170 rpm and 27°C. After 72 hours, the cells were collected 

and spun down at 3000 rpm for 5 minutes. The supernatant was discarded and the cell pellet 

was kept at -20°C for later purification.  

5. Lysis of Sf9 Cells 

Cells were lysed in lysis buffer (25mM Tris pH 8.0, 200 mM NaCl, 10 mM Imidazole, 

10% Glycerol, 5mM BME, PMSF, mPIC). The cells were lysed by sonication at 5 and 50% 

duty cycle for two to three 1-minute bursts followed by 5 minutes of rest. The lysate was 

clarified by centrifugation at 4000 rpm at 4°C for 45 minutes.   
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B. Protein Purification Protocols 

1. Batch Binding Using Nickel Beads 

Nickel beads (Ni-NTA resin from Bio Bharati) were equilibrated and then soluble lysate 

was added to Nickel beads at a 1:1000 dilution. The beads were rotated at 4°C for 4 hours to batch 

bind. The supernatant was removed and the beads were washed with wash buffer (25mM Tris pH 

8.0, 200 mM NaCl, 30 mM Imidazole, 10% Glycerol, and 5mM BME) until the washes checked 

by Bradford showed a protein concentration of less than 0.1 mg/mL. The protein was eluted in 

volumes of 1/1000 of the culture size with elution buffer (25mM Tris pH 8.0, 200 mM NaCl, 250 

mM Imidazole, 10% Glycerol, and 5mM BME). Between 2-4 fractions were collected and protein 

concentration was checked using Bradford Assay (Bio-Rad). After running on a SDS-PAGE gel 

fractions were checked by Coomassie prior to being pooled. Pooled fractions were treated with 

TEV protease to cleave the His-tag. The protein was incubated with 1mM ATP in 20 mM MgCl2, 

20 mM MgCl2, 20 mM β-glycerophosphate, 10 mM NaF, and 1 mM sodium orthovanadate for 1 

h and loaded onto a Superose 6 size exclusion column equilibrated with 25 mM Tris-HCl (pH 8.0), 

250 mM NaCl, 2 mM DTT, and 5% glycerol.  

2. Size-Exclusion Column Chromatography 

Purified protein was loaded onto a Superose 6 (GE Healthcare) column in a buffer of 25 

mM Tris-HCl pH 8.0, 250 mM NaCl, 5% Glycerol, and 2 mM DTT. Peak fractions were analyzed 

by loading into a 10% SDS-PAGE and then were pooled, were flash frozen with liquid nitrogen, 

and were stored at -80°C.  

 

C. In vivo Assays 

1. IKK2 Inhibitor Assays 

Cells (HeLa and 3T3) were plated at a cell count of 150,000 cells per well in 24-well plate 
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overnight at a total volume 500 µL in DMEM media supplemented with PSG and FBS. Inhibitor 

was added at various concentrations and incubated for 2 hours (37°C and 5% CO2).  TNFa  was 

added at concentrations between 10 and 20 ng/mL for 15 minutes. Cells were washed and lysed 

with RIPA Buffer.  

 

D. In vitro Assays 

1. IKK2 Kinase Assay 

The assay was carried out in a buffer (25 mM Tris 7.5, 100 mM NaCl, 10 mM MgCl2, 

2 mM DTT) using 50 ng of kinase (IKK2 11-669 EE and IKK2 FL EE), with or without NEMO 

(50 ng), along with substrate IκBα and both cold and 32P-labeled ATP.  

2.    IKK2-Inhibitor Kinase Assays 

  Kinase was incubated in the presence of SC-514 and compound #65.5.  Each 

reaction contained 100 ng IKK2/β kinase and 1 μg of substrate. The reaction was incubated at 

room temperature for 30 min followed by SDS-PAGE separation and autoradiography.  

 

E. Western Blot 

1. Antibodies 

IkBa antibody was purchased from Santa Cruz Biotechnology. IKK2, His, and IL-1β  

antibody and rabbit polyclonal antibodies were purchased from Bio Bharati. 

2. Procedure 

Cell lysate was loaded onto SDS-PAGE gel and run for 90 minutes at 150V.  The 

separated protein was transferred onto PVDF membrane using wet transfer by running for 90 

minutes at 400 mAmp. The membrane was blocked at room temperature for 1 hour with 3% 

BSA before incubating in primary antibody overnight at 4°C. The membrane was then 
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incubated with secondary antibody (Bio Bharati) for 1 hour at room temperature. The 

membrane was developed with 2 mL ECL buffer (0.1 mM Tris 8.6) with addition of  4.4 µL p-

coumaric acid, 10 µL luminol, and 1.5 µL H2O2). 

 

F. Hydrogen-Deuterium Exchange Mass Spectrometry  

Hydrogen-deuterium exchange mass spectrometry (HDXMS) was performed using a 

Waters Synapt G2Si equipped with a nanoACQUITY UPLC system with HDX technology and 

a LEAP autosampler. Following purification using nickel beads and size exclusion 

chromatography, IKK2 (11-669 EE)  was incubated with inhibitor for 30 minutes. The protein 

was at a concentration of 5 μM and the inhibitor at a concentration of 200 µM.  For each 

deuteration time, a portion of sample was equilibrated to 25 °C for 5 min and then mixed with 

D2O buffer (25 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 0.5 mM EDTA) for 0, 0.5, 1, 2, 

or 5 min. The exchange was quenched with an equal volume of quench solution (3 M guanidine, 

0.1% formic acid, pH 2.66) at 0°C.  

The quenched sample was injected into the 50 μL sample loop, followed by pepsin 

digestion. The resulting peptides were captured on a BEH C18 Vanguard pre-column, 

separated by analytical chromatography (Acquity UPLC BEH C18, 1.7 μM, 1.0 X 50 mm, 

Waters Corporation) using a 7-85% acetonitrile in 0.1% formic acid over 7.5 min, and electro-

sprayed into the Waters SYNAPT G2Si quadrupole time-of-flight mass spectrometer. The mass 

spectrometer was set to collect data in the Mobility, ESI+ mode. The ID runs for IKK2 11-669 

EE were conduction with protein at a 10 μM concentration. Peptides were identified using 

triplicate MSE analyses. The data were analyzed using Waters Corporation software PLGS 2.5. 

The peptides identified in PLGS were then analyzed in DynamX 3.0 also produced by Waters 

Corporation. 
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G. Crystallography 

Crystals were obtained using the hanging drop vapor diffusion method as previously 

described. Protein sample was mixed with inhibitor at a 1:2 molar ratio and incubated for 30 

minutes. A 1 µL sample was mixed with 1 µL of reservoir solution containing 1.2 to 2.2 M 

sodium malonate at pH 5.8, 6.0 and 6.2, 0.3 M ammonium acetate and 10 mM DTT. The 2 µL 

solution was equilibrated hanging over the reservoir solution at 18°C.  

 

H. Mass Spectroscopy  

Protein sample was incubated with inhibitor for 30 minutes with 2 mM DTT to break 

any disulfide bonds between cysteines that might block interactions with the inhibitors being 

tested. The sample incubated with inhibitor along with sample incubated without inhibitor was 

run on an SDS-PAGE gel and stained with Coomassie. The relevant bands were then excised 

with a razor and submitted for MS analysis.  
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III. Results 
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A. IKK2 11-669 EE Expression and Purification 

Our lab generated a catalytically active fragment of IKK2 (IKK2 11-669 EE), 

crystallized the fragment, and determined the x-ray crystal structure of the protein (Polley 

2013). Since my goal was to use the same fragment for all my in vitro experiments, I will 

in the future crystallize the active fragment in the presence of inhibitor #65.5 that has 

recently been identified in our lab.  For the present I have focused on optimizing my ability 

to express and purify IKK2 11-669 EE. 

IKK2 expresses well in Sf9 cells using the baculovirus expression system. Previous 

lab members cloned the gene for expression of IKK2 11-669 EE into pFastBac HTB. I  

miniprepped this plasmid, and then I transformed the DNA into DH10 E. coli competent 

cells using heat shock. I isolated the recombinant bacmid using blue/white selection. White 

colonies contained the DNA of interest and blue colonies lacked this DNA. This bacmid 

was then used to transfect Sf9 cells thus producing recombinant baculovirus. The virus was 

amplified, and an optimum dilution was determined before the virus was used for large 

scale expression.   

The his-tagged IKK2 11-669 EE protein was purified using nickel beads while 

following a batch binding protocol. Between two and three elutions were then pooled 

together and treated with TEV protease to cleave the poly-histidine fusion tag. Following 

TEV treatment, the protein was incubated at room temperature with ATP. The cleaved 

segment was separated using a Superose 6 size exclusion column.  
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Figure 3.1. Purification of truncated IKK2 11-669 EE.  
IKK2 11-669 EE was purified using nickel beads (a) and (c) Two examples of purified IKK2 11-
669 EE protein detected by SDS-PAGE using Coomassie stain. The purified protein was treated 
with TEV protease to cleave the poly-histidine fusion tag. Different timepoints of TEV treatment 
were loaded onto SDS-Page and detected by Coomassie stain (b) and (d). 
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Figure 3.2. Nickel-purified and TEV  and ATP-treated IKK2 11-669 EE was loaded onto a 
Superose 6 size exclusion column. Relevant fractions were pooled, concentrated, then flash 
frozen with liquid nitrogen in small aliquots. 
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B. IKK2 11-669 EE is more active in vitro than full length IKK2 EE 

IKK2 FL EE or IKK2 11-669 EE was incubated with IκBα, cold ATP, and hot ATP 

containing 32P ATP, both with and without NEMO. The amount of kinase and NEMO used was 50 

ng. Aliquots of the experiment mixture were removed from the reaction tube and quenched at 

different time points (5, 10, and 15 minutes) by adding SDS buffer. Using this assay IKK2 11-669 

EE was the more effective kinase toward the IκBα substrate across all time points when compared 

to the full length protein as evidenced by the greater amount of phosphorylated IκBα in samples 

containing the truncated kinase (Figure 3.3).  

 

            

Figure 3.3. In vitro kinase assay of IKK2 11-669 EE and IKK2 FL EE with IkBa  substrate. 
IKK2 11-669 (50ng) or IKK2 FL (50ng) along with IkBa, cold ATP, with and without NEMO 
(50ng) was treated with 32P-labeled ATP for the following time points: 5, 10, and 15 minutes. This 
experiment was performed working as a team with Myung Ko. 
 
 
C. #65.5 inhibits IKK activation in vivo  
 

I repeated in vivo experiments with IKK2 inhibitor #65.5 using  a protocol developed by 

previous lab member Dr. Maria Mulero. Inhibitors #65.5, #65.5.2, and control TPCA1  proved to 

be effective inhibitors in cell-based assays (Figure 3.4a). The inhibitors were tested in HeLa cells 

and 3T3 cells. Using titrations that included inhibitor concentrations of 1, 5, 10, 25, 50, and 100 

µM, 25 µM was found to be sufficiently inhibitory across the effective inhibitors tested, and 

therefore this concentration was the default for further inhibitor assays. Western blot using anti-

IκBα was used to confirm the amount of IκBα present. Samples with effective inhibition show 

greater presence of IκBα. Note that inhibitor #65.5 was toxic to cells at 100 µM concentration. 
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a.  
 

b.  
 
Figure 3.4. In vivo assays of inhibitor efficacy by looking at IkBa degradation and inhibitor 
structures. In (a) 150,000 3T3 cells/well plated in 24-well plate overnight. Total volume in each 
well was 500 µL. Inhibitors above were added at µM concentration indicated for 2 hours. TNFa 
was added at 10 ng/mL for 15 minutes. Note that inhibitor #65.5 is toxic to cells at 100 µM 
concentration. In (b) the structures of all the inhibitors used are shown. 
 
 
D. #65.5 does not inhibit catalytic activity of active IKK2  
 

Dr. Gourisankar Ghosh  performed a kinase assay to test whether compound #65.5 could 

inhibit the kinase activity of active IKK2. Since IKK2 11-669 EE is already active, we expected 

that #65.5 would not be able to inhibit IKK2 catalytic activity as we propose that this compounds 

works as an allosteric inhibitor. As a control we used SC514, an ATP competitive inhibitor. As 

expected, SC514 inhibited substrate phosphorylation, but #65.5 did not. These results suggest 
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that #65.5 functions as an allosteric inhibitor as predicted by our model rather than as an ATP 

competitor.   

                                   

Figure 3.5. In vitro kinase assay showing effect of inhibitors on IKK2 EE kinase activity. 
IKK2 (100 ng )was incubated with IKK2 inhibitors SC514 at three concentration (ATP 
competitive inhibitor) or #65.5 at two concentration (proposed allosteric inhibitor) along with its 
substrate IkBa (1 µg) and treated with 32P-labeled ATP. Experiment performed by Dr. 
Gourisankar Ghosh. This assays shows that SC514 was able to prevent phosphorylation of IkBa 
while #65.5 was not. The gel was Coomassie stained to show input levels of IKK2 and IkBa. 

 

E. Hydrogen-Deuterium Exchange Mass Spectrometry Data 

I tested whether #65.5 binds to a pocket identified in a virtual screen performed by the 

Amaro Lab at UCSD. I first tested a derivative of #65.5, which we named #65.5.3, an inhibitor 

with stronger inhibition than #65.5, but higher toxicity (Table 1.1).  This molecule has a 

maleimide core containing  strongly electrophilic carbons, and it was expected to covalently 

cross-link with an exposed cysteine (Figure 3.4b). I performed hydrogen-deuterium exchange 

mass spectrometry (HDXMS) experiments to confirm this prediction. In addition to #65.5.3, I 

performed HDXMS experiments of free IKK2 11-669 EE  as well as IKK2 11-669 EE incubated 

with ATP and incubated with TPCA1, an ATP competitive inhibitor of IKK2.  

The data were collected using the Synapt G2Si mass spectrometer, and the data were 

analyzed using Waters DynamX 3.0 software. There was 85.1% coverage of IKK2 (11-669 EE) 
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in the ID run of the protein. This coverage resulted in analysis including 135 peptides. The 

HDXMS runs included free-protein as well as protein that was incubated with ATP, with TPCA1, 

and with our inhibitor #65.5.3. For free IKK2 11-669 EE the concentration used was 10 µM. In 

assays with binding partners IKK2 11-669 EE was at a concentration of 5 µM and the 

concentration of the partners varied based on the Kd of those partners. IKK2 11-669 EE was 

incubated with partners for 30 minutes on ice prior to HDXMS runs. 

 All experiments were run in triplicate. As pepsin is effective at 2.6 pH and 0°C, the 

condition used to quench the exchange reaction, this protease is used to digest the protein prior to 

high-performance liquid chromatography to separate the peptides. Waters software identifies 

peptides using size, mobility, and retention time on the liquid chromatography column.  

Areas of high exchange of hydrogen with deuterium indicate regions of the protein that 

are solvent exposed. Areas of low exchange indicate more tightly folded regions of the protein 

with less exposure to solvent. When comparing the data for free protein with that of protein 

incubated with partners, a decrease of exchange with partners when compared to free protein 

indicates areas where the partner increased the stability of the protein. This decrease in exchange 

can also indicate a possible place of binding for the partner. I refer to this decrease in exchange 

as protecting behavior. When there is an increase in exchange with binding partners compared to 

the amount of exchange seen with free protein, this indicates possible areas of allostery as that 

region of the protein has become more dynamic and solvent exposed upon binding of the partner. 

I refer to this increase in exchange as deprotecting behavior.  

1. Dynamic segments of IKK2 11-669 EE map within the loop and linker regions.  

HDX data shows areas of high flexibility within the kinase domain, particularly 

residue 15-40, but also residues 41-61 and 75-95 (Figure 3.8). Residues 125-150, 205-
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210, 270-280, and 300-310 are more stable regions in the kinase domain (Figure 3.6). 

Other areas of high flexibility include residues 360 to 410 located mostly in the ubiquitin 

like domain but crossing over into the scaffold dimerization domain (SDD) (Figure 3.6). 

The ULD shows some level of exchange throughout the whole region with no completely 

closed regions (Figure 3.6). The SDD has the least active flexibility of the three regions 

with areas of high stability in regions 427-455, 563-570, and 495-657 (Figure 3.6). The 

stability in residues 563-570 is flanked by the highest areas of instability in the SDD, 

residues 545-563 and residues 570-590 (Figure 3.6).     

In the ULD region there is mostly no difference in uptake with inhibitors or ATP. 

There may be slight allostery with inhibitors in the residues 360-383 and 360-386 with a 

comparison of these residues showing that residues 384-386 may be more important to 

this change (Figure 3.10). The ULD shows flexibility throughout that whole region of the 

protein (Figure 3.6).  

Uptake in the SDD is mostly the same comparing free protein with #65.5.3 bound 

protein. Areas of allostery when kinase is incubated with compound #65.5 include 

residues 466-475 and 466-485 with residues 476-485 being more significant to that 

difference (Figure 3.11). Comparing residues 492 to 503 and 494 to 503, shows that 

residue 492-493 may be significant to allostery in residue 492-503 (Figure 3.12). Some 

allostery is also seen in residues 548-562 among others (Figure 3.12).    
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Figure 3.6. Color-coded representation of IKK2 11-669 EE protein dynamics. IKK2 11-669 
EE HDX data with relative uptake associated with blue for stable regions and red for dynamic 
regions.  
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Figure 3.7. HDX residues 115-125 and 117-125 and Legend for HDX.  
Inhibitor #65.5.3 shows protection in residue 115-125. Comparing residues 115-125 with 117-125 
narrowed the significant residue for this protection and possible binding residue to cysteine 115. 
 

 

2. Protection of only two peptides is different with #65.5.3 bound  

In reviewing this HDX data below red is free IKK2 11-669 EE protein kinase, 

blue is kinase incubated with #65.5.3, purple is kinase incubated with ATP, and orange is 

kinase incubated with TPCA1 as shown in the legend (Figure 3.7).  

Compound #65.5.3 is  a derivative of our  proposed allosteric inhibitor #65.5  and 

shows deprotection throughout all the domains of the protein with two exceptions. With 

residue 115-125 and possibly residue 117-125 (Figure 3.7), #65.5.3 results in protection. 

These two residues are the only to show protection when IKK2 11-669 EE is incubated 

with #65.5.3. 
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a.   
 

b.  
 
Figure 3.8. Residues 15-40, 30-40, 41-61, 61-75, 151-168, 161-168. 
ATP-competitor TPCA1 shows protection as does ATP while #65.5.3 shows deprotection in (a) 
the ATP-binding loop and (b) the magnesium binding loop as well as surrounding peptides.  
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Figure 3.9. Residues 213-242, 243-265, 243-255. Deprotection from inhibitors in the kinase 
domain with some difference seen in residue 243-255. 

 

 

Figure 3.10. HDX residues 360-383 and 360-386. There is flexibility throughout the whole ULD 
with ATP, TPCA1 and #65.5.3 causing little difference. 
 
 



 
 

  
32 

 

 
 
Figure 3.11. HDX residues 466-475 and 466-485, 280-300, 571-590, and 632-646. 
 
 
 
 

 
Figure 3.12. HDX residues 492-503 and 494-503, 548-563. 

 

 

3. TPCA1 and ATP protect distinct but overlapping segments.  

TPCA1 is in the class of IKK2 inhibitors that work to prevent effective IKK2 

activity by competing with ATP. HDX data confirm that TPCA1 is an ATP competitor as 

its possible areas of binding overlap with those of ATP for most areas of the protein. 
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Though further assays such as x-ray crystallography would be necessary to separate areas 

of inhibitor binding from areas where inhibitor binding leads to increased stability, the 

data show clear correlation in effect of ATP and TPCA1 as far as areas of reduced 

exchange along the protein backbone of IKK2 11-669 EE.  

When looking at the kinase domain of IKK2 11-669 EE and comparing ATP 

competitor TPCA1 with proposed allosteric inhibitor #65.5.3, #65.5.3 shows the opposite 

behavior to that of TPCA1 in much of the kinase domain. The most significant 

differences within this region are seen within the ATP binding loop (Figure 3.8a) and the 

magnesium binding loop (Figure 3.8b). While TPCA1 shows obvious competition with 

ATP, #65.5.3 has a noncompetitive activity with ATP in the ATP binding loop and in the 

magnesium binding loop. In residues where ATP show protection, #65.5.3 shows 

allosteric interference. The residues that illustrate this behavior include but are not limited 

to 61-75, 64-75, 151-168, 161-168 (Figure 3.8). These data support our position that 

#65.5.3 acts as an allosteric inhibitor.  

TPCA1 has areas of protection and deprotection in the kinase domain. ATP shows 

no areas of deprotection in the kinase domain. For residues 76-95 and 76-96 (Figure 

3.13), ATP and TPCA1 show similar protecting behavior. Areas of protection by TPCA1 

with no protection or deprotection from ATP include residues 15-29, 96-110, and 98-110 

(Figure 3.14).  Comparing residues 15-29, and 15-40, the shared region of protection 

between ATP and TPCA1 can be narrowed to possibly begin at residue 30, not residue 15.   

Toward the c-terminal end of the kinase domain, TPCA1 and #65.5.3 both result 

in deprotection while ATP results in protection or no change as seen in residues 213-242, 

228-242, and 243-265 (Figure 3.9). Comparing residue 243-255 where only #65.5.3 
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shows deprotection with residue 243-265 that shows deprotection with both inhibitors, it 

becomes more clear that the residue responsible for this similar deprotection behavior is 

256-265 (Figure 3.9). This begs the question of whether residue 243-255 is important to 

the allosteric inhibitor nature of #65.5.3 as its behavior here differs from that of TPCA1. 

 

 

Figure 3.13. HDX residues 76-94, 76-95, 76-96.  

 

 
 
Figure 3.14. HDX residues 15-29, 96-110, and 98-110.  
 

 

4. Both #65.5 and #65.5.3 covalently cross-linked to IKK2 11-669 EE  

MS-MS data showed a mass increase on cysteines 114 and/or 115 when IKK2 11-

669 EE was incubated with #65.5 and #65.5.3 in separate experiments (Table 3.1). The 

mass increases appear to be consistent with reaction products of the inhibitors with 
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cysteine. Data from two HDX runs, one with DTT and the other without DTT, suggested 

that there might be binding activity residue 115-125 (Figure 3.7). DTT breaks disulfide 

bonds, so runs with DTT may have broken disulfide bonds between the neighboring 

cysteines leaving open the possibility of the inhibitor interacting with these cysteines. 

Figure 3.15 shows the inhibitor binding pocket (purple) with the two cysteines 

highlighted in red. 

 

Table 3.1. MS-MS data showing mass changes on cysteines 114 and 115 with inhibitor bound to 
IKK2 11-669EE.             

Mass Change with 65.5 Mass Change with 65.5.3 
K.YLNQFENC{+232.106}CGLR.E 
K.YLNQFENCC{+267.047}GLR.E 
K.YLNQFENCC{+266.046}GLR.E 
K.YLNQFENCC{+242.150}GLR.E 
K.YLNQFENC{+243.135}CGLR.E 
K.YLNQFENCC{+234.073}GLR.E 
 

C{+232} 
C{+267} 
C{+266} 
C{+242} 
C{+243} 
C{+234} 
 

K.YLNQFENC{+438.241}CGLR.E C{+438} 
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Figure 3.15. The binding pocket for inhibitor #65.5.3. This figure shows the inhibitor binding 
pocket in purple. Cysteines 114 and 115 are highlighted in red. The magnesium binding loop and 
ATP binding pocket are both shown. Communication between the sensor site in the SDD and the 
Catalytic Center necessary for IKK2 activation is disrupted when the inhibitor binds in the pocket.  
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IV. Discussion 
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My goal was to  determine whether the inhibitors identified through virtual screening are 

effective and whether they bind to the expected site within IKK2. In order to accomplish this goal 

I used both cell-based and in vitro approaches. I also used HDXMS and MS-MS to confirm 

possible and real places of binding. Although further studies are needed, the data gained from 

experiments I have conducted have contributed significantly to accomplishing my initial goals.  

Cell-based approaches can use various reporters to determine the efficacy of IKK inhibitors. 

For example, one can test IkBa degradation in response to a stimulus, RelA nuclear localization, 

or nuclear NF-kB activity by EMSA. I used IkBa degradation to test inhibitor functionality. IkBa 

degradation is necessary to expose the nuclear localization signal of NF-kB thus freeing it to 

translocate to the nucleus. Cell-based assays were conducted in both HeLa cells and 3T3 cells. I 

found in like manner to previous lab members that #65.5 inhibits IkBa degradation at a 

concentration of around 10-25 µM (Figure 3.4).  It should be noted that #65.5 is toxic to cells at a 

concentration of 100 µM (Figure 3.4). I conducted assays that showed that inhibitor #65.5.2 is also 

an effective inhibitor (Figure 3.4). Work performed in our lab by Dr. Maria Mulero  also confirmed 

that #65.5.3 inhibits IkBa degradation at 10-25 µM.   

Though cell-based assays were part of my initial investigations, I also conducted in vitro 

experiments. I first purified the IKK2 core fragment (aa 11-669) in its constitutively active state 

(EE) and found that it is significantly more active kinase than full-length IKK2 (EE). I conducted 

kinase assays using both the core fragment and the full-length IKK2. These kinases were mixed 

with IkBa substrate along with cold ATP with and without NEMO added to the mixture. The 

mixture was then exposed to 32P-labeled ATP for time points of 5, 10, and 15 minutes. Results 

show that IKK2 11-669 EE was more effective at phosphorylating IkBa (Figure 3.3).  

The truncated IKK2 is missing two significant regions. The region encompassing amino 

acids 670-700 is a serine/proline (SP) rich region. This region has several serines that can be 
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phosphorylated. This SP region is capable of folding back on itself through inter-domain 

interactions. These interactions may have a negative effect on substrate binding and or on catalytic 

activity. The core fragment is also missing the NEMO Binding Domain (NBD). Either of these 

missing fragments, more probably the SP region, may have an inhibitory effect on the catalytic 

activity of full-length IKK2. Further kinase assays comparing the IKK2 11-669 EE, IKK2 1-700 

EE, and full-length IKK2 EE will clarify this point.  In addition HDX studies with inhibitor bound 

to full-length IKK2 EE will provide data on the dynamics in the SP and NBD both with and without 

inhibitor bound.  

Using HDXMS and MS-MS, a binding site for inhibitor #65.5.3 and #65.5 was located in 

in the kinase domain within the region predicted. HDXMS data for #65.5.3 showed that cysteine 

115 was possibly important to binding of our inhibitor as comparison of two peptides with an 

amino acid terminus in common allowed the binding activity to be narrowed to this cysteine 

(Figure 3.7) particularly when combined with MS-MS data. In an effort to substantiate the 

HDXMD data, MS-MS experiments confirmed a mass change on C115 and/or C114.  The program 

determining the mass change could not reliably distinguish between these two cysteines. Inhibitor 

#65.5.3 contains particularly electron deficient carbons due to the electron withdrawing effects of 

carbonyl groups. A covalent bond forms between the nucleophilic sulfur on cysteine and an 

electrophilic carbon of the inhibitor #65.5.3. The mass increase as shown by MS-MS in the case 

of #65.5.3 is roughly 438 amu. The mass increase measured with #65.5 varied. Additions to the 

complex of inhibitor bound to IKK2 such as water and/or derivatives of the inhibitors resulting 

from hydrolysis reactions may be factors in calculating the masses seen in Table 3.1. More 

investigation is needed to determine the exact number and form of the inhibitor that binds to the 

cysteine(s). 

Another issue to investigate involves the limited protection seen with #65.5.3 as shown in 
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HDXMS data. Although the cysteine residue at the point of attachment showed protection in 

residue 115-127 (figure 3.7), further protection in neighboring residues would be expected as a 

result of the phenyl moiety in the molecule settling into the attachment pocket (Figure 3.15). 

Additional protection was not seen in the current data set. Perhaps the phenyl moiety is not 

completely settling into the pocket, but instead positioned in such a way as to cause allosteric 

effects.  

Binding at C114 and C115 (cys-cys motif) is significant for structural-functional reasons. 

Binding of #65.5.3 causes conformational changes within the catalytic center of IKK2 11-669 EE. 

This catalytic center consists of the catalytic loop, the phosphate binding loop, and the magnesium 

binding loop (MBD) (Figure 3.15). Residues 151-168 and 161-168 (Figure 3.8)  which coincide 

with the phosphate bind loop and the MBD show allosteric effects upon binding of #65.5.3. These 

same residues, as would be expected, show protecting behavior when bound by ATP or ATP-

competitive inhibitor TPCA1. Furthermore, the cys-cys motif is located opposite an IKK2 sensor 

site located in the SDD that is significant for IKK2 function. Past research in this lab showed that 

mutation in this SDD sensor region reduced catalytic activity of IKK2 toward IkBa (Polley 2013) 

(Figure 3.15).  The fact that inhibitor #65.5.3 binds to this cys-cys motif that is optimally located 

to disrupt communication between the catalytic center and the sensor site further supports its 

function as an allosteric inhibitor (Figures 3.15 and 3.16). 

HDX studies confirm that TPCA1 works as an ATP competitor. In the kinase domain it has 

protecting behavior in residues 15-40, 16-40, 30-40, 41-58, 41-60, 41-61, 61-75, 62-75, and 64-

75, 76-94, 76-95, and 76-96, the same as ATP (Figures 3.8 and 3.12). The competitive protection 

is not complete throughout the kinase domain of IKK2. Areas of protection by TPCA1 with little 

protection from ATP include residues 15-29, 96-110, and 98-110 (Figure 3.14). TPCA1 shows 

deprotection in a few areas where ATP shows protection, residues 213-242 and others inside the 
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kinase domain, but outside the ATP binding pocket (Figure 3.9).  

Deprotection for residue 213-242 occurs with both TPCA1 and #65.5.3. Both inhibitors 

also show deprotection in residues 280-300 while there is no difference in deuterium uptake seen 

with ATP.  In the free protein, peptide 280-300 is a dynamic area flanked on both ends by areas of 

high stability (Figures 3.6 and 3.8). This area then becomes more dynamic when IKK2 11-669 EE 

is bound to inhibitors. Other areas of deprotection with TPCA1 and no difference in uptake with 

ATP include residues 466-485, 571-590, and 632-646 in the SDD (3.11).  

The places of allosteric behavior difference between TPCA1 and  #65.5.3 may be key areas 

to focus on for understanding the conformational changes most important for effective allosteric 

inhibition. As shown by HDX data, these areas include peptides in the kinase domain where 

#65.5.3 shows deprotection where both ATP and TPCA1 show protection such as in the ATP 

binding pocket and the magnesium binding domain. The only residue where #65.5.3 shows 

protection is also the only residue where TPCA1 shows allosteric interference that does not overlap 

with allostery from #65.5.3. This is best seen viewing residues 117-125 (Figure 3.7). There was no 

data for TPCA1 for residue 115 to 125 that more clearly shows the #65.5.3 protection.   

While effective in blocking the pathway, ATP analogs allow for less fine tuning than 

allosteric inhibitors. Inhibitors that work through allosteric interference can be more finely tuned 

in that a conformation that renders the kinase inactive for one substrate my leave the kinase 

functional for other substrates. IKK is a necessary kinase for the healthy function of normal cells. 

Fine-tuned inhibition is essential for the development of inhibitors with minimal side effects.   

The data I presented in this thesis confirmed that our inhibitors work to block NF-kB using 

cell-based assays. Both kinase assays and HDXMS data helped confirm that our inhibitors work 

allosterically. Additionally, HDXMS and MS-MS data established that our inhibitors bind in the 

predicted binding pocket. Pooling these results we developed a model of how our inhibitors work 
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(Figure 3.16). These inhibitors bind to the cys-cys motif in a way that disrupts communication 

between the catalytic domain and the sensor region in the SDD of IKK2. This disruption serves to 

block or reduce activation of IKK2.  Additional HDX studies will be performed using IKK2 FL, 

and a kinase dead construct of IKK2 to gain further insight. 

 

 

 
Figure 3.16. Our model of how inhibitor #65.5.3 works. There is communication between the 
catalytic center and sensor site in the SDD of IKK2 important to its activation.  Our allosteric 
inhibitor binds in the pocket shown in purple thus blocking communication between the catalytic 
domain and the sensor site preventing activation of IKK2. 
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