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ABSTRACT OF THE DISSERTATION 
 

The Role of Protein Structure and Dynamics in the Inhibition of NF-kappaB by IkappaB Proteins 

 

by 

 

Kristen M. Ramsey 

 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2018 

 

Elizabeth A. Komives, Chair 

 

           The NFκB signaling pathway is a central regulator of inflammatory and immune 

responses in virtually all human cell and tissue types, and aberrant signaling by NFκB has been 

implicated in a wide array of disease states including cancer, autoimmune diseases, and 

Alzheimer’s disease among others. Inhibition of NFκB by binding of IκB proteins represents the 

most robust regulatory mechanism for controlling the initiation and duration of the NFκB 

signaling event. NFκB and IκB both denote families of dimeric transcription factors and their 
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inhibitor proteins, respectively. NFκB transcription factors self associate to form functionally 

active dimers which then bind in a specific manner to different IκB family members. 

           Here I present an extensive review of transcription factors and the NFκB pathway 

(Chapter I) to provide context for my work. I then describe a detailed analysis using hydrogen-

deuterium exchange mass spectrometry (HDXMS) to probe the impact of IκBα binding on the 

internal dynamics of the p50/RelA NFκB heterodimer and demonstrate that long-range 

conformational changes induced by IκBα binding are of central importance to the inhibitory 

nature of the IκBα binding event (Chapter II). 

           Chapter III describes the first detailed biophysical analysis of the most recently 

discovered IκB protein, IκBε. I combined homology modeling and HDXMS to establish the 

presence of a seventh ankyrin repeat (AR) in IκBε and further provide a framework for utilizing 

HDXMS as a tool to complement homology modeling of proteins with no known structures. 

After identifying the seventh AR in IκBε, I performed the first comprehensive examination of 

IκBε’s ability to bind all NFκB dimers and the biophysical consequences on IκBε’s internal 

dynamics upon binding to its preferred NFκB dimers (Chapter IV). Finally, to further probe the 

interaction of IκBε with its preferred NFκB binding partners, I describe the impact of IκBε 

binding on the dynamics of the cRel heterodimers which are the NFκB proteins which bind IκBε 

with the highest affinity and discover the importance of entropic forces in driving these high 

affinity interactions (Chapter V).  



1 

 

 

 

Chapter I: 

 

 

Introduction 
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A.  Transcription factors and gene regulation 
The ability of cells to respond and adapt to their environments is absolutely essential for 

cell survival and proliferation. The panoply of different signal transduction pathways within one 

single cell ensures that distinct cellular needs are met in a manner befitting the situation. The 

binding of a molecule to the cell surface or the sensing of environmental conditions (heat, 

hypoxia, pH, etc.) triggers a complex cascade of protein-protein interactions which culminate in 

changes in the expression of different genes able to convey survival in the cell’s current 

environment. The proteins on the front lines of this cascade are termed transcription factors 

(TFs), so named because they function in the nucleus at the end of the signaling cascade by 

regulating the transcription of the response genes. TFs were initially discovered in viruses as 

upstream regions of DNA which strongly upregulated expression of target genes by facilitating 

the assembly of RNA polymerase 2 (1). It was later discovered that other proteins could bind 

short conserved DNA sequences and perform this same function at the end of a cell-signaling 

cascade. 

B.  The NFκB signaling pathway 

The role of TFs in transcriptional regulation of immune cell genes was one of the first 

areas of intense study in this field. Immunoglobulins (Ig) undergo complex genetic 

rearrangements on the DNA level in order to produce the diverse array of antibodies within the 

body (2). To this end, the lab of Dr. David Baltimore sought to understand how TFs regulate this 

crucial step in immune cell development and noted that the heavy chain locus of Igs is the first to 

rearrange its DNA followed by the light chain (3). Further studying the transcription of the κ 

light chain identified an intragenic transcriptional enhancer (4). They were then able to isolate 

the TFs which bind to this κ light chain enhancer within B-cells which they named NFκB 
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(nuclear factor κ-light chain enhancer of activated B-cells) (5). Knowing that 70Z/3 cells did not 

have any detectable NFκB but contained a rearranged κ-chain not expressed until stimulated with 

lipopolysaccharide (LPS), Sen and Baltimore sought to discover whether NFκB expression was 

induced alongside the κ-chain upon LPS stimulation. They demonstrated that not only was NFκB 

induced by LPS, it did so without the need for new protein synthesis, therefore they concluded 

that NFκB is a factor that pre-exists in an inhibited state and is released from inhibition by LPS 

treatment (6). Further experiments revealed that NFκB exists in the cytoplasm of unstimulated 

cells bound to an inhibitor protein they named IκB (inhibitor of NFκB) (7). 

Today, research into NFκB has become an industry of itself with its own website 

(www.nf-kb.org), patent (8), and over 25,000 publications. It has now been established that 

NFκB and IκB comprise a family of TFs and inhibitor proteins, respectively. The NFκB protein 

family consists of five members (RelA, RelB, cRel, p50, and p52) which function as homo- and 

hetero-dimers with the RelA/p50 dimer being the most abundant in cells (9). The IκB family 

contains four cytoplasmic proteins, IκBα, IκBβ, IκBε, and Bcl-3 (10). In resting, unstimulated 

cells, inhibited NFκB dimers are sequestered in the cytoplasm bound to an IκB protein. Upon 

sensing of an extra- or intra-cellular signal, a protein kinase, IKK (IκB kinase), is activated and 

phosphorylates the NFκB-bound IκB protein (11,12). This phosphorylation event facilitates the 

recruitment of an E3-ubiquitin ligase which ubiquitylates the IκB protein targeting it for 

degradation by the 26S proteasome (13,14). After degradation of the IκB protein, the nuclear 

localization signal (NLS) of NFκB is unmasked allowing the liberated dimer to translocate into 

the nucleus where it binds to 9-10 base pair DNA sites (κB sites) and upregulates  transcription 

of downstream target genes (15). In order to tightly regulate the duration of the NFκB signal, one 

of the genes upregulated by activation of NFκB is the IκBα inhibitor protein itself which is able 
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to, in turn, remove NFκB from DNA and terminate NFκB signaling in a negative feedback loop 

(Fig. 1.1) (16). The ability of IκBα to remove NFκB from DNA has been termed ‘molecular 

stripping’ and is facilitated by the presence of a sequence of amino acids at the C-terminus of 

IκBα rich in prolines, acidic and polar residues (PEST sequence) which induces electrostatic 

repulsion of DNA bound to NFκB upon association of IκBα (17,18).  

Figure 1.1: NFκB signaling is regulated by binding of an IκB protein. In resting cells, NFκB dimers (pink 
and green) are sequestered in the cytoplasm by binding to an IκB protein (blue) which masks the NLS of 
NFκB. Upon sensing of a signal, IKK is activated and phosphorylates the NFκB-bound IκB protein, targeting 
it for degradation by the 26S proteasome. Liberated NFκB is able to translocate into the nucleus and bind κB 
sites on DNA. Expression of IκBα is upregulated by NFκB signaling and removes NFκB from DNA 
terminating the NFκB response in a negative feedback loop. 
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NFκB signaling is an integral part of the network of signaling pathways necessary for cell 

survival and displays significant crosstalk with other signaling pathways at various levels of its 

activation (Fig. 1.2) (19). The highest level of NFκB crosstalk occurs at the IKK complex which 

phosphorylates NFκB-bound IκB proteins targeting them for degradation. IKK’s activity can be 

modulated by a variety of different kinases from other signaling cascades. These kinases include 

Figure 1.2: NFκB displays significant crosstalk with other pathways. The NFκB pathway intersects 
with a large array of other cell signaling pathways at various levels of its action (19). 
A) A multitude of kinases in other cell signaling cascades can phosphorylate and activate the IKK 
complex. B) Once in the nucleus, NFκB activity can be modulated by other TFs. C) NFκB activation leads 
to expression of genes under the control of κB promoters which include proteins involved in many other 
pathways. D) NFκB intersects with other pathways through positive or negative cytoplasmic regulation.  



 6 

those involved in pathways such as MAPK/ERK (e.g. p38, JNKs…) (20), protein kinase C 

(PKC) (21,22), and PI3K/Akt (23); TBK1 is an interesting case in that it activates NFκB by 

directly phosphorylating IκB proteins itself, bypassing the IKK complex (24). GSK3β is a key 

metabolic enzyme which is also implicated in inflammatory responses, its interaction with the 

NFκB pathway is pleiotropic as it stimulates or inhibits NFκB in a context dependent manner 

(25).  

After NFκB translocates into the nucleus and binds κB promoters, other TFs are able to 

modulate NFκB signaling. The TF ERG competes with NFκB dimers for binding to κB 

promoters and represses basal NFκB signaling (26). TFs STAT3 and p53 physically interact with 

NFκB in the nucleus to prevent DNA binding however, STAT3 and p53 also work cooperatively 

with NFκB as there is overlap between genes regulated by STAT3, p53, and NFκB (27,28). 

Transcription of genes under the control of κB promoters is the most common way that 

NFκB intersects with other pathways. NFκB upregulates transcription of a large array of  

different genes including those involved in inflammatory and immune responses (e.g. IL-1R, IL-

6, IFNβ…)(29-35), anti-apoptotic pathways (e.g. Bcl-2, XIAP, c-FLIP…) (36-41), growth 

factors (e.g. FGF8, VEGF, EPO…) (42-44), and other TFs (e.g. IκBα, IκBε, Bcl-3, HIF1-α, c-

myc…) (45-54) to name a few. Many of these downstream genes are also involved in providing 

either positive or negative regulation of NFκB signaling for example, the deubiquitinases A20 

and CYLD provide negative regulation of NFκB by removing the ubiquitin moieties from IκB 

proteins and preventing proteasomal degradation of NFκB-bound IκB molecules (55,56). 

Further, IκBα itself is a downstream target gene of NFκB signaling and functions as an 

autoregulatory negative feedback mechanism for attenuating the NFκB signal once activated 
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(47). Downstream genes which provide positive regulation of NFκB include pro-inflammatory 

and anti-apoptotic proteins such as IL-1R, XIAP, and TNFα (30,57,58). 

Due to NFκB’s central importance to immune responses, inflammation, and promotion of 

anti-apoptotic pathways, dysregulation of the NFκB pathway leads to a significant number of 

pathologies including cancer, auto-immune diseases, diabetes, arthritis, and viral infections 

among many others (59-62). NFκB’s important role in disease etiology arises from both 

dysregulation of canonical NFκB and also from aberrant crosstalk with other pathways described 

above. For example, NFκB’s interaction with STAT3 leads to a cooperative promotion of 

development and progression of colon, gastric, and liver cancers (27). With NFκB’s central role 

in the development and proliferation of immune cells, abnormal levels of NFκB signaling have 

been identified in a wide variety of immune cell cancers such as B- and T-cell lymphomas and 

leukemias (60). Further, the fact that NFκB controls expression of anti-apoptotic genes, cell 

adhesion molecules, and growth factors its role in tumorigenesis, angiogenesis, and cancer 

progression has been extensively documented (63).   

 C. The NFκB protein family 

 The term NFκB denotes a panoply of TFs in the Rel homology domain (RHD)-containing 

family, and Pfam has 887 sequences for which some 75 structures have been determined (65). 

The NFκB family consists of five members, RelA, RelB, p50, p52, and c-Rel (66), and the vast 

complexity of the NFκB pathway originates from 1) the ability of NFκB proteins to form 

functional homo- or hetero-dimers which are expressed at differing levels in different cell and 

tissue types; 2) each NFκB homo- or hetero-dimer responds uniquely to different cellular signals; 

3) each NFκB homo- or hetero-dimer binds preferentially  to a specific IκB protein (10,67,68).  
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 All of the NFκB family members share a conserved architecture of a ~300 amino acid 

long RHD  consisting of an N-terminal DNA-binding domain (DBD or NTD) connected by a 

flexible linker to the dimerization domain (DD). C-terminal to the RHD is the NLS followed by 

the transactivation domain (TAD) (Fig. 1.3) (69). The DBD binds nuclear κB DNA sites 

contained in promoters of NFκB-controlled genes displaying a conserved sequence of 5’-

GGGRNYYYC-3’ (where R is a purine nucleotide, Y is a pyrimidine nucleotide, and N is any 

nucleotide) (70). The DD interface is formed by packing two identical β-sheets against each 

other, further a part of the dimer interface overlaps with the NFκB-DNA interface to form one 

Figure 1.3: Shared architecture and functional forms of NFκB. A) The NFκB protein family contains a 
RHD with two subdomains, the DNA-binding domain (DBD, red) and dimerization domain (DD, blue). 
The NLS (pink) is immediately C-terminal to the RHD and is followed by the transactivation domain 
(TAD, green) in RelA, RelB, and c-Rel. B) NFκB proteins function as homo- or hetero-dimers. All NFκB 
proteins, apart from RelB, can form dimers with themselves and other family members; RelB does not for 
homodimers nor heterodimers with RelA or c-Rel (64). 



 9 

continuous binding surface (71). The TAD interacts with various components of the basal 

transcription apparatus, including TATA-binding protein (TBP) (72,73), transcription factor IIB 

(TFIIB) (74), and the p300 and cyclic-AMP-response element (CREB)-binding protein (CBP) 

transcriptional co-activators (75,76).  

Of the 75 different crystal structures currently known for NFκB family members, a 

representative sample relevant to this dissertation is shown in Fig. 1.4. The DBD and DD in the 

RHD are composed of two Ig-like beta barrel subdomains connected by a flexible linker. The N-

terminal Ig-like domains (DBD) of NFκB dimers (bottom lobes of structures in Fig. 1.4) utilize 

irregular loops to bind DNA by engaging the major groove, and the C-terminal Ig-like domains 

(DD) are responsible for dimerization and IκB binding (top lobes of structures in Fig. 1.4) 

(77,78). No crystal structures have been determined for full-length NFκB proteins including the 

TAD.  
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Figure 1.4: Representative NFκB-DNA crystal structures. A) and B) are p50/RelA bound to IFNβ and 
Ig κB DNAs, respectively (PDB: 1LE5 and IVKX)(70,79). C) RelA homodimer bound to a κB site (PDB: 
1RAM)(80). D) p50 homodimer bound to a generic κB DNA (PDB: 1NFK)(81). E) p52 homodimer bound 
to the MHC H-2 κB site (PDB: 1A3Q)(82). F) p50/RelB heterodimer bound to a generic κB DNA (PDB: 
2V2T)(83). G) RelB/p52 heterodimer bound to a generic κB DNA (PDB: 2DO7)(84). 
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D. The IκB protein family 

The IκB protein family consists of four cytoplasmic members, IκBα, IκBβ, IκBε, and 

Bcl-3 who share a similar overall architecture of a central ankyrin repeat domain (ARD) flanked 

by disordered N- and C-termini (69). The AR is a ~33-residue conserved helix-turn-helix 

structural motif consisting of two anti-parallel α-helices connected by a sharp β-turn which 

assemble into tandem linear arrays separated by flexible loops and whose global structure is 

stabilized by intra- and inter-repeat hydrophobic and hydrogen bonding interactions (85). All but 

Bcl-3 also contain a C-terminal PEST sequence which is a sequence motif which is enriched in 

prolines, gluatmates, serines, and threonines and has been shown in the case of IκBα to facilitate 

the IκBα-mediated accelerated dissociation of NFκB from DNA termed molecular stripping (Fig. 

1.5).  

 IκB proteins were first discovered by Bauerle and Baltimore in 1988 by observation that 

if cytoplasmic extracts of cells containing NFκB which were unable to bind DNA were treated 

with dissociating agents they gained the ability to bind DNA (86). A 35 kDa isoform of this 

protein was then isolated and termed IκBα along with another IκB family member, a 37 kDa 

Figure 1.5: Shared architecture of IκB family members. Each of the canonical IκB 
protein family contain a central ankyrin repeat domain (ARD) flanked by disordered N- 
and C-termini.  
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isoform named IκBβ; this study also demonstrated that incubation of an NFκB-DNA complex 

with IκBα and IκBβ is able to decrease the half-life of the DNA-bound complex, indicating that 

these IκB proteins can actively dissociate this complex (87). Early on, it was shown that IκBα 

associates primarily with p50 and RelA containing dimers and to a lesser extent, c-Rel, 

preventing nuclear translocation (88,89). Further studies on the association of IκBα with RelA 

containing dimers showed that the IκBα-NFκB interaction is facilitated by IκBα binding to the 

RelA NLS which explains the ability of IκBα to prevent nuclear translocation by direct masking 

of the NLS (90). At the same time research into IκBα and IκBβ was growing exponentially, a 

translocation associated with chronic lymphocytic leukemia was discovered and found to encode 

a seven ankyrin repeat protein which was subsequently found to function as an inhibitor of NFκB 

signaling as well as an antagonist of p50-mediated transcriptional repression and was termed 

Bcl-3 (91-93). A fifth IκB family member was discovered by three groups using yeast two-

hybrid screens baited with the RHDs of different NFκB proteins and was named IκBε (94-96). 

Though each of the seminal papers on IκBε identified this protein as an IκB family member 

containing a long, disordered N-terminus followed by six ankyrin repeats and a short C-terminal 

tail, the first suggested that IκBε was only able to bind c-Rel and RelA containing NFκB dimers 

and could inhibit RelA mediated transcription (96). The second paper contradicted the first by 

performing co-immunoprecipitation experiments which pulled down all NFκB proteins with 

IκBε, but agreed with the observation that IκBε is able to inhibit RelA-mediated transcription 

(94). The final paper further probed the ability of IκBε to inhibit NFκB DNA binding and 

supported the importance of RelA in this role of IκBε, but also implicated the short C-terminal 

tail of IκBε in its ability to inhibit DNA binding, however it stated that since IκBε is not found in 

the nucleus, this function might not have actual physiological relevance to the role of IκBε in 
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vivo (95). Apart from a later study which confirmed the nuclear presence of IκBε, thereby 

implicating its DNA-binding inhibition as functionally relevant, to date, no biophysical or 

biochemical characterization of IκBε has been performed (97).  

 Structural data for the IκB family is limited to four crystal structures. Two crystal 

structures for IκBα bound to the p50/RelA NFκB heterodimer were solved in 1998 and provided 

structural confirmation of the functional observations that IκBα masks the NLS of RelA leading 

to cytoplasmic sequestration (Fig. 1.6, A&B)(98,99). An x-ray crystal structure of IκBβ bound to 

the RelA homodimer showed a similar complex as with IκBα however, the IκBβ protein contains 

a long insert between ARs 3 and 4 which is disordered and did not provide sufficient electron 

density to be solved in this structure (Fig. 1.6, C) (100). The Bcl-3 crystal structure was unique 

in that it was able to be solved in its free state and contained seven well-defined ARs as 

compared to the six in IκBα and IκBβ (Fig. 1.6, D) (101). No structure of IκBε has been solved 

as of date. 
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Figure 1.6: IκB family crystal structures. A) X-ray crystal structure of IκBα (yellow) in complex 
with NFκB RelA/p50 (grey) (PDB: 1NFI) (99). B) Second structure of IκBα (yellow) bound to 
NFκB RelA/p50 (grey) (PDB: 1IKN) (98). C) Structure of IκBβ (blue) bound to NFκB RelA 
homodimer (grey) (PDB: 1K3Z) (100). D) X-ray crystal structure of Bcl-3 (red) (PDB: 1K1B) 
(101).  
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A.  Introduction 

 The nuclear factor kappa B (NFκB) family of transcription factors responds to a large 

number of extracellular stress stimuli, including factors controlling inflammation and the 

immune response (1-3). Dysregulation of NFκB results in numerous disease states, particularly 

cancer (2,4). NFκB is a member of the Rel homology domain (RHD)-containing family, and 

Pfam has 887 sequences for which some 75 structures have been determined. The RHD is 

composed of two Ig-like beta barrel subdomains connected by a flexible linker. Utilizing mostly 

irregular loops, both Ig-like subdomains engage the DNA major groove. The N-terminal Ig-like 

domain is typically referred to as the DNA-binding domain (DBD) due to its large surface 

engaged in DNA binding. The C-terminal Ig-like domain is responsible for dimerization and is 

therefore referred to as the dimerization domain (DD).  

 The IκB family of inhibitors (5) binds in the groove formed between the two dimerization 

domains of NFκB dimers. The canonical NFκB (RelA-p50) heterodimer is held in the cytoplasm 

bound mainly to IκBα. Upon cellular stress, IKK phosphorylation followed by ubiquitylation 

allows the proteasomal degradation of IκBα releasing NFκB and unmasking its nuclear 

localization sequence (NLS), allowing its translocation into the nucleus where it binds to κB 

DNA sites and upregulates gene expression. The promoter upstream of the IκBα gene is strongly 

upregulated by NFκB, resulting in the synthesis of new IκBα. Free IκBα is very unstable and is 

degraded by a non-ubiquitin-dependent mechanism with a half-life of 7 min. In contrast, the 

NFκB-bound IκBα is stable for many hours due to the very high affinity of the NFκB-IκBα 

complex (6). We previously showed that IκBα rapidly accelerates the dissociation of the 

canonical and most abundant NFκB (RelA-p50) from DNA in vitro in a kinetically driven 

process we have termed “molecular stripping” (7-9). 
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 IκBα is a six-ankyrin repeat (AR) protein with a C-terminal PEST sequence. Previous 

work in our lab using hydrogen/deuterium exchange mass spectrometry (HDXMS) showed that 

the fifth and sixth ARs fold when IκBα binds to NFκB (10). Simulations suggested that when 

IκBα binds to the NFκB-DNA complex during our molecular stripping, the IκBα causes a 

twisting of the relative domain orientations within the NFκB (RelA-p50) heterodimer (7). In 

order to investigate the mechanism of this proposed twisting, we set out to perform HDXMS 

analyses on the NFκB portion of the complex. We present here the results of HDXMS analyses 

of free NFκB, DNA-bound NFκB, and IκBα-bound NFκB. The data reveal surprising long-range 

allosteric changes within the subdomains of NFκB upon DNA or IκBα binding. 

B.  Materials and Methods 

1.  Proteins expression and purification and DNA preparation 

 Human IκBα67-287 was expressed in E. coli BL21(DE3) cells and purified using a Hi-Load 

Q Sepharose column (GE Healthcare, Pittsburgh, PA, USA) as described previously (10,11). 

Murine N-terminal hexahistidine-p5039-350/RelA19-321 heterodimer (FL NFκB) was co-expressed 

as described previously (12) and purified by nickel affinity chromatography (Ni-NTA Agarose, 

Qiagen, Valencia, CA, USA). FL NFκB was purified from bound bacterial DNA using cation 

exchange chromatography (Mono S column, GE Healthcare). Murine dimerization domain 

p50248-350/RelA190-321 (DD NFκB) was co-expressed and purified as described (13). Immediately 

prior to experiments, IκBα (Superdex 75, GE Healthcare), DD NFκB (Superdex 75, GE 

Healthcare), and FL NFκB (Superdex 200, GE Healthcare) were purified by size-exclusion 

chromatography. NFκB was incubated in a 1.2-fold excess of IκBα, and the NFκB-IκBα 

complex was purified by size-exclusion chromatography (Superdex 200, GE Healthcare). Protein 

concentrations were determined by spectrophotometry at 280 nm with the following molar 
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extinction coefficients: FL NFκB ε = 43,760 M-1cm-1; DD NFκB ε = 22,900 M-1cm-1; IκBα ε = 

12,950 M-1cm-1.  

 A hairpin DNA sequence corresponding to the 10 nucleotide IFN-κB site (underlined) 5’-

GGGAAATTCCTCCCCCAGGAATTTCCC-3’ (IDT Technologies) was dissolved in Milli-Q 

water to 1 mM.     

2.  Circular Dichroism (CD) thermal denaturation 

 CD thermal denaturation measurements were performed on an Aviv 202 

spectropolarimeter (Aviv Biomedical) equipped with thermoelectric temperature control using a 

0.2 cm path-length quartz cuvette. Individual proteins and complexes were purified by size-

exclusion chromatography in 10 mM NaH2PO4 (pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5 

mM EDTA immediately prior to analysis and diluted to 10 µM. A 1.2-fold excess of IFN-κB 

hairpin DNA was added to NFκB to generate the NFκB-DNA complex. Ellipticity was 

monitored at 225 nm, as the temperature was increased from 25 ºC to 80 ºC with 0.5 ºC steps, an 

averaging time of 5 s, an equilibration time of 0.1 min, and a 1.5 ºC/min rate of change.  

 The thermal denaturation curves were fit to the following equation: 

 
where y is the ellipticity signal, yN (native) and yD (denatured) are the baseline intercepts, mN 

(native) and mD (denatured) are the baseline slopes,  T is the temperature, ΔHvh is the van’t Hoff 

enthalpy, Tm is the temperature of the transition point, and R is the gas constant (14). 

3.  Hydrogen-Deuterium Exchange Mass Spectrometry (HDXMS) 
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 HDXMS was performed using a Waters Synapt G2Si equipped with a nanoACQUITY 

UPLC system with H/DX technology and a LEAP autosampler. Individual proteins and 

complexes were purified by size-exclusion chromatography in 25 mM Tris (pH 7.5), 150 mM 

NaCl, 1 mM DTT, and 0.5 mM EDTA immediately prior to analysis. The NFκB-DNA complex 

was prepared by an overnight incubation of NFκB in a 10-fold excess of the IFN-κB hairpin 

DNA. The final concentrations of proteins and complexes in each sample were 5 µM. For each 

deuteration time, 4 µL of each sample was equilibrated to 25 ºC for 5 min and then mixed with 

56 µL D2O buffer [25 mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5 mM EDTA in 

D2O] for 0, 0.5, 1, 2, or 5 min. The exchange was quenched with an equal volume of quench 

solution [3M guanidine and 0.1% formic acid (pH 2.66)]. 

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

an in-line pepsin column (immobilized pepsin, Pierce, Inc.) at 15 ºC. 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 electrosprayed into the Waters Synapt G2Si quadrupole time-of-

flight mass spectrometer. The mass spectrometer was set to collect data in Mobility, ESI+ mode; 

mass acquisition range of 200-2000 (m/z); and scan time of 0.4 s. Continuous lock mass 

correction was accomplished with infusion of leu-enkephalin (m/z = 556.277) every 30 s (mass 

accuracy of 1 ppm for calibration standard). For peptide identification, the mass spectrometer 

was set to collect data in MSE, ESI+ mode instead. 

 The peptides were identified from triplicate MSE analyses of 10 µM IκBα, 10 µM FL 

NFκB, and 10 µM DD NFκB, and data were analyzed using PLGS 2.5 (Waters Corporation). 

Peptide masses were identified using a minimum number of 250 ion counts for low energy 
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peptides and 50 ion counts for their fragment ions. The peptides identified in PLGS were then 

analyzed in DynamX 3.0 (Waters Corporation). The following cut-offs were used to filter 

peptide sequence matches: minimum products per amino acid of 0.2, minimum score of 7, 

maximum MH+ error of 3 ppm, a retention time standard deviation of 5%, and the peptides were 

present in two of the three ID runs. After back-exchange correction (~27%), the relative 

deuterium uptake for each peptide was calculated by comparing the centroids of the mass 

envelopes of the deuterated samples with the undeuterated controls following previously 

published methods (15). The experiments were performed in triplicate, and independent 

replicates of the triplicate experiment were performed to verify the results. 

4.  Molecular Modeling 

 HDXMS data are best viewed and understood by displaying the extent and deuterium 

uptake on structural models. However, only partial structural models of NFκB are available from 

x-ray crystallography. To generate the full molecular models of the NFκB-DNA complex, we 

added RelA residues 292-321 corresponding to the NLS onto the crystal structure of NFκB 

(RelA-p50) bound to the IG/HIV-κB DNA (PDB code 1LE9). To do this, we aligned the 1LE9 

structure with the NFκB (RelA/p50)-IκBα structure (PDB code 1NFI) by overlaying NFκB 

dimerization domains using LOVALIGN (16). After the alignment, the NLS from 1NFI was 

manually added to 1LE9 and solvated in a TIP3P (17) water box with AMBER molecular 

simulation package (18,19). To allow the bonds and angles to relax and eliminate possible bad 

contacts, we submitted the complete and solvated model to the following refinement procedure 

using AMBER and the ff14SB forcefield: (i) 1000 steps of energy minimization of the water 

molecules with the protein atoms restrained and (ii) 2500 steps of energy minimization with no 

position restraints. 
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 For the complete model of NFκB (RelA-p50)•IκBα complex, neither the 1NFI nor the 

1IKN PDB files contained the p50 DNA-binding domain, and each represented a different 

portion of the IκBα structure. We started from a merged structure with a complete IκBα but 

incomplete p50 (dimerization domain only) that was generated in the Ghosh lab by merging 

structures 1NFI and 1IKN (NFIKN) and p50 DNA-binding domain back to the IκBα-NFκB 

model (NFIKN, merged crystal structures from 1NFI and 1IKN). Next we manually added the 

p50 dimerization domain (p50 residues 39-245) from the 1LE9 PDB file to the NFIKN structure. 

To do this, we aligned the two NFκB structures by overlaying the NFκB dimerization domains. 

Then, the p50 DNA-binding domain from 1LE9 was added to NFIKN. Again, the complete 

model was solvated with TIP3P water molecules and refined as already described.  

C. Results 

1. HDXMS of NFκB  

HDXMS data were collected on a Synapt G2Si mass spectrometer, which provided 95% 

coverage of IκBα as compared to 72% coverage obtained previously using matrix-assisted laser 

desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry (10). For the experiments 

performed previously, NFκB was biotinylated and removed from the sample prior to pepsin 

digestion in order to decrease peptide overlap during mass spectrometry. Here, we took 

advantage of the ion mobility capabilities of the Synapt which effectively allowed for a third 

dimension of separation because the DynamX 3.0 software takes the mobility time into account 

for the identification of deuterated peptides. Each peak in the mass spectrum could be 

unambiguously identified by its mass, its retention time, and its ion mobility to differentiate 

overlapping peaks. Therefore, in these experiments, no removal of the partner protein was 

required. For IκBα, 109 peptides were identified as compared to 28 we analyzed previously (10). 
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Although we analyzed 109 peptides for IκBα, we realized that a subset of 61 peptides achieve 

maximal coverage and information content. The results of the newer data, which include 

complete coverage of AR5, confirmed previous results and were recently published (20). 

Similarly, although 69 peptides for RelA and 83 peptides for p50 were analyzed, a subset of 17 

peptides from RelA and 18 peptides from p50 that achieve maximal coverage and information 

content are presented here (Fig. S2.1). All of the overlapping peptides not presented here were 

fully analyzed, and no additional information was obtained from them.   

 2.  HDXMS confirms the surface of NFκB that interacts with DNA or with 

IκBα    

 Crystal structures of DNA bound to NFκB (for example, PDB code 1LE5) all show that 

DNA contacts the N-terminal DNA-binding domains (DBDs) and a loop in dimerization 

domains (DDs) of both RelA and p50. Consistent with the structural data, HDXMS revealed 

large decreases in exchange of RelA residues 23-34, m/z 1502.826; residues 77-99, m/z 2653.305 

in the DBD; and residues 214-226, m/z 1531.804 in the DD. In p50, large decreases in exchange 

were observed in DBD residues 43-55, m/z 1646.912; residues 56-86, m/z 3333.647; residues 97-

121, m/z 2681.340; residues 135-151, m/z 1911.143; and in DD residues 269-279, m/z 1304.652 

(Fig. 2.1). 

 Crystal structures of IκBα with NFκB (RelA-p50; PDB codes 1NFI and 1IKN) show an 

extensive (~4000 Å2) interface between the DDs of the NFκB subunits and IκBα (21,22). 

Therefore, it was expected that the regions of RelA and p50 that were contacting IκBα in these 

structures would show decreased amide exchange upon the binding of IκBα. Indeed, p50 

residues 249-265 ( m/z = 1821.895) and RelA residues 240-251 (m/z = 1322.718) directly contact 

(at least one non-hydrogen atom is within 5 Å) IκBα and show marked protection from exchange 
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when bound to IκBα (Fig. 2.2). An additional region of p50 (residues 328-350, m/z = 2842.477) 

and two additional regions of RelA (residues 195-213, m/z = 1877.895 and residues 214-226, m/z 

= 1531.804) showed marked decreases in exchange but do not directly contact IκBα (closest non-

hydrogen atom is >9 Å away). These regions are adjacent to regions of the DDs that directly 

contact IκBα (Fig. 2.2). 

 

 

Figure 2.1: HDXMS identifies DNA binding interface. Plots show analysis of free NFκB (black 
circles) compared to DNA-bound NFκB (green circles). The interface regions within RelA (salmon) 
and p50 (cyan) in the NFκB heterodimer that are protected upon DNA binding are shown on a model of 
the NFκB-DNA complex. Protected regions of RelA are colored red, and protected regions of p50 are 
colored dark blue. Regions of each protein that were not covered in the HDXMS analysis are grey. The 
deuterium uptake plots are positioned near, and arrows point to the corresponding region of the 
structure. 
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3. DNA binding induces both increases and decreases in exchange in the NFκB 

RHDs 

 In addition to the decreases in exchange expected from the formation of the DNA-NFκB 

interface, both increases and decreases in exchange were observed in both the DBDs and DDs of 

the NFκB RHDs far from the DNA-binding interface (Fig. 2.3). Of particular interest are RelA 

residues 227-239, m/z 1474.675 and the corresponding structural region of p50, residues 283-

298, m/z 1863.734. These strand-loop-strand motifs protrude from the DDs of NFκB and 

exchange substantially more in the DNA-bound NFκB as compared to the free protein. In 

Figure 2.2: HDXMS identifies IκBα binding surface. Plots show analysis of free NFκB (black circles) 
compared to IκBα-bound NFκB (blue circles). The interface regions within the DDs that are protected upon 
IκBα binding are shown on a model of the NFκB-IκBα structure. RelA is shown in salmon with protected 
regions in hues of red. Only the dark red region is directly contacting IκBα. p50 is shown in teal with 
protected regions in hues of blue. Only the dark blue region is directly contacting the IκBα. Regions of each 
protein that were not covered in the HDXMS analysis are grey. The deuterium uptake plots are positioned 
near, and arrows point to the corresponding structural region. The plots are boxed with colors similar to those 
used to denote direct and indirect protection on the structure. 
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addition, RelA residues 310-321, m/z 1333.730, which correspond to the helical region 

containing the NLS, also exchanged substantially more in the DNA-bound protein (Fig. 2.3). It is 

interesting to note that all of the regions that exchanged more in the DNA-bound protein as 

compared to free NFκB were protected from exchange by IκBα binding (data for all three states 

are shown in Fig. 2.3).   

 

 

 

Figure 2.3: Regions of NFκB exchange more upon DNA binding. Selected HDXMS uptake plots of 
regions of NFκB that exchange more upon DNA binding are plotted with free NFκB (black circles), versus 
DNA-bound NFκB (green circles), or IκBα-bound NFκB (blue circles). The model is colored according to a 
rainbow scale (blue-green-yellow-orange-red) representing the difference in fractional deuterium uptake 
between NFκB in complex with DNA as compared to NFκB alone. Boxes around each plot match to the color 
of the corresponding region in the structure. Red corresponds to 15% higher exchange in the NFκB-DNA 
complex, and blue corresponds to 30% lower exchange in the DNA-bound form. The deuterium uptake plots 
are positioned near the corresponding structural regions and are also marked by arrows. 
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4. IκBα binding induces global decreases in exchange in the NFκB DBDs far 

from the IκBα binding interface 

 In the structures of the NFκB-IκBα complex (PDB codes 1NFI and 1IKN), no direct 

contacts are observed between the IκBα and the N-terminal DBDs of NFκB. We were therefore 

very surprised to observe marked decreases in exchange throughout the DBDs upon IκBα 

binding. The HDXMS data covered 79% of the RelA sequence, and significantly decreased 

exchange was observed for every single peptide throughout the RelA DBD upon IκBα binding 

(Fig. 2.4 and Fig. S2.1). In p50, 92% of the sequence was covered, and again, decreased 

exchange was observed in every single region of the p50 DBD upon IκBα binding except for two 

Figure 2.4: Regions throughout NFκB exchange less when IκBα is bound. Selected HDXMS uptake plots of 
free NFκB (black circles) versus DNA-bound NFκB (green circles) or IκBα-bound NFκB (blue circles) showing 
some of the regions within NFκB that exchange less when IκBα is bound. The IκBα-bound NFκB (RelA-p50) 
structure and boxes around each plot are colored according to the same rainbow scale with the same upper and 
lower bounds as that used in Fig. 2.3. The deuterium uptake plots are positioned near the corresponding 
structural regions and are also marked by arrows.  
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regions, residues 87-96 and residues 152-158, which did not exchange significantly under any 

conditions (Fig. 2.4 and Fig. S2.1).  

5.  Equilibrium unfolding experiments indicate the “folding” of the NFκB 

DBDs is consistent with the global stabilization of NFκB upon IκBα binding  

Given that NFκB is a transcription factor, it would be expected that DNA binding would 

stabilize the fold. We therefore performed CD measurements monitoring the signal at 225 nm. 

We previously published full scan CD data for IκBα, NFκB (DD constructs), and the NFκB-

IκBα complex (23). Here, we performed thermal melting of free NFκB and its complexes. The 

melting temperature (Tm) of NFκB increased from 55 ºC to 65 ºC upon binding the DNA hairpin 

containing a single κB site (Fig. 2.5). Remarkably, however, attempts to melt the NFκB-IκBα 

complex were unsuccessful, showing that IκBα stabilizes NFκB to thermal challenge by at least 

Figure 2.5: Thermal denaturation of NFκB and its complexes. Thermal melting 
curves were determined by CD monitoring the signal at 225 nm for NFκB alone (red 
circles), DNA-bound NFκB (blue circles), or IκBα-bound NFκB (black circles). The 
normalized CD signal at 225 nm is plotted against increasing temperature. The thermal 
denaturation of NFκB, IκBα, and their complexes is irreversible.  
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30 ºC. This result is consistent with the global decrease in amide exchange observed upon IκBα 

binding to NFκB and also with the very long intracellular half-life of NFκB when it is bound to 

IκBα (6).  

6. Comparison of IκBα bound to FL NFκB with DD NFκB constructs reveals 

key allosteric sites in the NFκB DDs 

 To further probe the long-range allostery between the DBDs and the DDs, we took 

advantage of the fact that IκBα binds to NFκB primarily at the DDs. Indeed, the binding affinity 

of IκBα to the DBD-deletion construct is only 10-fold weaker than to FL NFκB (300 pM versus 

30 pM) (24). The deuterium uptake into FL NFκB in complex with IκBα was compared to the 

deuterium uptake into the DD NFκB construct in complex with IκBα. Although most of the DDs 

showed identical uptake, one region (residues 252-271, m/z 2260.154) within the DD subdomain 

Figure 2.6: HDXMS of DD NFκB constructs reveal key regions for allosteric communication. 
Comparison of deuterium uptake into FL NFκB in complex with IκBα (blue) versus the deuterium uptake into 
the DD NFκB construct bound to IκBα (cyan) revealed regions within the DD subdomains that had increased 
deuterium uptake in the DBD-deletion construct. These same regions did not show difference in free NFκB 
(FL, black; DD, grey). The difference in uptake was observed in different DD subdomain structural regions in 
RelA (red) versus p50 (blue). The structural model is shown rotated at 180º about the y-axis compared to that 
shown in Figs. 2.2 and 2.4 to more easily view the regions of interest.   
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of RelA had increased uptake in the absence of the DBD. Two overlapping peptides within the 

p50 DD also showed increased uptake, residues 283-298 (m/z 1863.734) and residues 283-308 

(m/z 3002.286). Because a much larger difference in uptake was observed for the 283-308 

peptides, it is possible to assign the changing region to residues 298-308 (Fig. 2.6). These same 

regions did not show differences in the free NFκB constructs. It is interesting that the regions 

showing a difference in uptake corresponded to different structural regions within the DD 

subdomains of RelA versus p50.  

D.  Discussion 

1. RelA and p50 both display global changes in deuterium uptake upon DNA 

or IκBα binding 

 The canonical and most abundant form of NFκB is the RelA-p50 heterodimer. Although 

the structures of the RHDs of each monomer are similar in architecture, comparison of the 

overall exchange within each RHD revealed that the RelA subunit exchanges more of its amides 

within 5 min than p50. These results would suggest that the RelA homodimer may be less stable 

than the RelA-p50 heterodimer as has been long hypothesized (25). Despite this difference, the 

behavior of structural regions of each subunit was remarkably similar. Each showed marked 

protection upon DNA binding in similar regions, and each showed increased exchange within 

similar regions of the dimerization subdomains. Each also showed decreased exchange 

throughout the entire DNA-binding subdomain upon IκBα binding. This result was striking 

because IκBα does not contact the DNA-binding subdomain at all in the crystal structure. The 

most likely explanation for such decreased exchange at a distance is long-range allostery. The 

global decrease in exchange throughout the entire DNA-binding subdomain of both the RelA and 
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the p50 monomers was reflected in global stabilization to thermal challenge that was 

substantially stronger than the stabilization due to DNA binding.  

2.  DNA binding induces long-range allosteric changes in the RelA NLS 

dynamics 

 Our HDXMS results also revealed regions of NFκB that exchanged more upon DNA 

binding as compared to free NFκB. All of these regions exchange less upon IκBα binding as 

compared to free NFκB. One of these regions is the RelA NLS. It is very interesting that DNA 

binding causes a long-range allosteric increase in exchange of this region. This result suggests 

that when NFκB is bound to DNA, the NLS samples a larger conformational space than even in 

free NFκB. Such wide conformational sampling would promote a fly-casting mechanism (26) for 

the NLS to facilitate the binding of an IκBα molecule, resulting in more rapid stripping. Once 

IκBα is bound, the NLS caps the ankyrin repeat domain of IκBα and is therefore expected to be 

protected from exchange, which is what was observed. 

3. Long-range allosteric changes in NFκB corroborate observations from 

previous MD simulations of molecular stripping 

 We previously used AWSEM-MD simulations to probe the molecular dynamics of NFκB 

during molecular stripping. We initially thought that IκBα simply bound to NFκB bringing the 

negatively charged PEST region of IκBα close to the DNA resulting in electrostatic repulsion 

and weakening of the DNA binding. While this is part of the story, the simulations revealed a 

much more subtle effect in which the binding of IκBα to the dimerization domains of NFκB 

caused the DBDs to twist relative to one another such that the DNA could no longer bind to both 

DBDs in the heterodimer (7). Because the NFκB-IκBα complex could not be crystallized with 

both DBDs present, it was not possible to discover this allostery from x-ray crystallography 
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alone. The HDXMS results are completely consistent with this proposed model, although they 

report on internal dynamics rather than on whole domain motions. In fact, upon IκBα binding, 

we observed large decreases in amide exchange indicative of global dampening of the internal 

dynamics of the DBDs despite there being no direct contact between the IκBα and these 

domains. While internal dynamics changes are distinct from a twisting and restricting of global 

motions of the DBDs, they are not inconsistent, and one might speculate that dampened internal 

dynamics may accompany the restricted global motion of the subdomains.  

4. Two regions of the RelA-p50 DDs display different levels of deuterium 

uptake in the presence and absence of the DBDs when bound to IκBα 

In an attempt to understand how IκBα binding induces such global stabilization of the 

NFκB DBDs while only binding to the DDs, we took advantage of the fact that the binding 

affinity of IκBα to DBD-deletion constructs of NFκB is only decreased by 10-fold when 

compared to FL NFκB. By comparing deuterium uptake in the DD of NFκB when IκBα is in 

complex with either FL or DD NFκB, we hoped to find regions which displayed different 

deuterium uptake in the IκBα complex when the DBDs of NFκB are present. Indeed, there is one 

region in both RelA and p50 which uptakes less deuterium when the DBDs are present but 

display identical uptake when the two NFκB constructs are in their free states. The increased 

stabilization of these regions in the DD when the DBDs are present suggests that these regions 

are an essential mediator of stabilization to the DBDs upon IκBα binding.  

It is very interesting that the region within the DD of p50 that shows increased dynamics 

upon DNA binding is the same region that showed increased deuterium uptake in the IκBα-

bound DD NFκB construct (DBD-deletion). On the other hand, the region in RelA that showed 

increased dynamics upon DNA binding was residues 226-238, adjacent to the region that showed 
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increased deuterium uptake in the IκBα-bound DD NFκB construct. It is tempting to speculate 

that the proposed “twisting” of the NFκB heterodimer upon IκBα binding is reflected in these 

differences in amide exchange. Future work will seek to confirm this speculation.   

E. Conclusions 

 The binding of IκBα to NFκB is of central importance to proper regulation of NFκB 

signaling not just in the inhibitory function of IκBα for cytoplasmic sequestration of NFκB but 

also for removing NFκB from DNA in molecular stripping. Though previous work on the 

mechanism of molecular stripping implicated the PEST sequence of IκBα in a kinetically driven 

process involving electrostatic repulsion of DNA, there was no data which explained what 

happened on the NFκB side of this process. Here, we have shown that apart from the electrostatic 

repulsion of DNA by the IκBα PEST sequence, a global stabilization of the NFκB DBDs 

mediated by IκBα binding leads to NFκB adopting a conformation of the DBDs which is 

incapable of binding DNA. This work provides supporting evidence for molecular dynamics 

simulations performed by our collaborators on the mechanism of molecular stripping which 

implicated a twisting of the NFκB DBDs in relation to each other. Though the changes we 

observed in our HDXMS analysis cannot confirm these global motions directly, it provides 

compelling evidence to support these simulation results. Characterizing the global stabilization 

and long-range dynamic allostery of NFκB upon IκBα binding has provided an important 

addition to our understanding of the importance of this interaction. 
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A.  Introduction 

 The inhibitor of NFκB (IκB) proteins comprise a family of ankyrin-repeat (AR) 

containing proteins which function to inhibit NFκB signaling via interaction with NFκB 

transcription factors leading to cytoplasmic sequestration in unstimulated, resting cells (1). Upon 

cellular stress, IKK phosphorylates the NFκB-bound IκB protein leading to ubiquitylation and 

proteasomal degradation of the IκB protein, releasing NFκB and unmasking its nuclear 

localization sequence (NLS) and allowing its translocation into the nucleus where it binds κB 

sites and upregulates gene expression (2). The IκB protein family is composed of four main 

members, IκBα, IκBβ, IκBε, and Bcl-3 which all contain a disordered N-terminus, a central 

ankyrin repeat domain (ARD), and a disordered C-terminus (3). Crystal structures for IκBα in 

complex with NFκB (p50/RelA, PDB: 1IKN and 1NFI), IκBβ in complex with NFκB (RelA 

homodimer, PDB: 1K3Z), and free Bcl-3 (PDB: 1K1B) are known (4-7). However, the most 

recently discovered member of the IκB protein family, IκBε, has no crystal structure and further 

there has been virtually no biochemical or biophysical characterization since its discovery in 

1997 (8-10). As two of the three members of the IκB protein family (IκBα and IκBβ) were 

exceedingly difficult to crystalize, and indeed only did so in complex with their NFκB binding 

partners, obtaining a crystal structure of these proteins is remarkably non-trivial. We therefore 

performed homology modeling on IκBε (11).  

 Homology modeling is a powerful method for determining likely structures for proteins 

which may be difficult (or impossible) to crystalize or obtain in high enough quantities for NMR 

structure determination. This approach is based on the observation that protein tertiary structure 

is better conserved than amino acid sequence, therefore proteins which share even a low level of 

sequence homology can adopt strikingly similar folds (11). However, as multiple templates can 
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be identified for a single protein of interest and these templates may provide structures with only 

small local differences, selecting the most appropriate model remains a fundamental problem for 

this technique. In the case of AR proteins, challenges arise in defining the “ends” of the ARD 

because the terminal repeats often have lower sequence similarity than the middle repeats 

(12,13). To ascertain the true “ends” of the ARD of IκBε, we turned to hydrogen-deuterium 

exchange mass spectrometry (HDXMS) to aid in model selection. HDXMS is highly sensitive to 

the presence or absence of stable structural elements. The level of deuterium uptake for a 

particular peptide in a protein is dependent upon solvent accessibility and/or participation in 

intramolecular hydrogen bonding, both of which report on the level of disorder or presence of 

secondary structural elements (14). Using HDXMS in conjunction with homology modeling 

where multiple templates have been identified is a broadly applicable technique in that HDXMS 

experiments provide definitive results on the structural characteristics of a particular protein. 

Therefore, comparing the HDXMS data from analogous regions of the template and the protein 

of interest in homology modeling will aid in determining the accuracy of a local structural 

element which is distinct in different templates and therefore aid in selecting a homology model 

which most faithfully captures the solution structure of a protein of interest. Taking advantage of 

the well-conserved fold and the well-established relationship between the consensus sequence 

and structure, we used an AR protein as a proof of principle for this approach. We report here 

that the combination of homology modeling and HDXMS reveals that IκBε, unlike its functional 

neighbors, IκBβ and IκBα, appears to contain a seventh AR.  
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B.  Materials and Methods 

1.  Proteins expression and purification 

 Human IκBα67-287 was expressed in E. coli BL21(DE3) cells and purified using anion 

exchange chromatography on a Hi-Load Q Sepharose column (GE Healthcare, Pittsburgh, PA, 

USA) as described previously (15,16). Murine N-terminal hexahistidine-p5039-350/RelA19-321 

heterodimer (FL NFκB) was co-expressed as described previously (17) and purified by nickel 

affinity chromatography (Ni-NTA Agarose, Qiagen, Valencia, CA, USA). FL NFκB was 

purified from bound bacterial DNA using cation exchange chromatography (Mono S column, 

GE Healthcare). 

 Human IκBβ50-359 was expressed from a pET11a vector in E. coli BL21(DE3) cells in M9 

minimal media supplemented with ampicillin at 37 ºC with shaking to an OD600 of 0.6. Protein 

expression was induced with 0.1 mM isopropyl-β-thiogalactopyranoside (IPTG) and the 

temperature was decreased to 18 ºC and protein expression was allowed to proceed with shaking 

for 16 hours. Cells were pelleted at 5000 rpm and resuspended in 25 mM Tris (pH 7.5), 50 mM 

NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 10 mM β-mercaptoethanol (βME), and 

0.5 mM phenylmethylsulfonyl fluoride (PMSF). Cell membranes were disrupted using 

sonication and lysates were cleared via centrifugation at 12,000 rpm for 45 minutes. Clarified 

lysates were purified via anion exchange chromatography on a Hi-Load Q Sepharose column 

(GE Healthcare, Pittsburgh, PA, USA) using buffers containing 25 mM Tris (pH 7.5), 0.5 mM 

EDTA, 10 mM βME and either 225 mM NaCl (Low Salt Buffer) or 700 mM NaCl (High Salt 

Buffer). IκBβ was eluted via a linear gradient from 0-100% High Salt Buffer. Fractions 

containing IκBβ were identified on an 18% SDS-PAGE gel, combined, and dialyzed overnight at 
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4ºC in a buffer containing 25 mM Tris (pH 7.5), 150 mM NaCl, 0.5 mM EDTA, and 10 mM 

βME. Dialyzed IκBβ was sectioned into 2 mL aliquots and stored at -80ºC. 

 Murine, N-terminal hexahistidine-IκBε40-364 was cloned into a pET11a expression vector 

and transformed into E. coli BL21(DE3) cells and grown at 37 ºC with shaking in M9 minimal 

media supplemented with ampicillin to an OD600 of 0.6 and protein expression was induced with 

0.2 mM IPTG and incubated with shaking at 12 ºC for 18 hours. Cells were pelleted at 5000 rpm 

and resuspended in 25 mM Tris (pH 7.5), 50 mM NaCl, 0.5 mM PMSF, 10 mM βME and 

protease inhibitor cocktail (Sigma-Aldrich). Cell membranes were disrupted using sonication and 

lysates were cleared via centrifugation at 12,000 rpm for 45 minutes. Clarified lysates were then 

batch bound to Ni-NTA beads (Thermo Scientific) equilibrated in Buffer A (25 mM Tris pH 7.5, 

150 mM NaCl, 10 mM imidazole, 10 mM βME, and 0.5 mM PMSF) with rocking for 2 hours. 

The beads were poured into a column and washed with Buffer A and a 20 mM imidazole wash 

buffer prior to elution with Buffer B (25 mM Tris pH 7.5, 150 mM NaCl, 250 mM imidazole, 10 

mM βME, and 0.5 mM PMSF). Fractions containing IκBε were then dialyzed overnight at 4 ºC 

to remove imidazole in a Dialysis Buffer containing 25 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM 

EDTA, and 10 mM βME. The dialyzed protein was then either frozen in 2 mL aliquots at -80 ºC 

until needed or immediately further purified from aggregates by size exclusion chromatography 

(Superdex 200; GE Healthcare) in Dialysis Buffer. 

 Human Bcl-3127-367 was expressed in a pET11a vector as described for IκBε40-364. Cell 

pellets were resuspended in 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) pH 6.5, 150 

mM NaCl, 0.5 mM EDTA, 0.5 mM PMSF, 3 mM DTT, and protease inhibitor cocktail (Sigma-

Aldrich). Clarified lysates were purified using cation exchange chromatography (SP-Sepharose 

Fast Flow; GE Healthcare) and elution with a linear salt gradient from Buffer A (20 mM MES 
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pH 6.5, 150 mM NaCl, 3 mM DTT) to Buffer B (20 mM MES pH 6.5, 1 M NaCl, 3 mM DTT). 

Fractions containing Bcl-3 were further purified using size exclusion chromatography (Superdex 

200; GE Healthcare) equilibrated in 20 mM MES pH 6.5, 150 mM NaCl, and 3 mM DTT prior 

to HDXMS experiments.  

 Protein concentrations were determined via spectrophotometry at 280 nm with the 

following molar extinction coefficients: p50/RelA ε = 43,760 M-1cm-1; IκBα67-287 ε = 12,090 M-

1cm-1; Bcl-3127-367 ε = 7,500 M-1cm-1; IκBβ50-359 ε = 15,930 M-1cm-1.             

2.  Hydrogen-Deuterium Exchange Mass Spectrometry (HDXMS) 

 HDXMS was performed using a Waters Synapt G2Si equipped with a nanoACQUITY 

UPLC system with H/DX technology and a LEAP autosampler. Individual proteins and 

complexes were purified by size-exclusion chromatography in 25 mM Tris (pH 7.5), 150 mM 

NaCl, 1 mM DTT, and 0.5 mM EDTA for IκBα, IκBβ, and IκBε and 20 mM MES pH 6.5, 150 

mM NaCl, and 3 mM DTT for Bcl-3 prior to analysis. The final concentrations of proteins in 

each sample were 5 µM. For each deuteration time, 4 µL of each sample was equilibrated to 25 

ºC for 5 min and then mixed with 56 µL D2O buffer [25 mM Tris (pH 7.5), 150 mM NaCl, 1 mM 

DTT, and 0.5 mM EDTA in D2O for IκBα, IκBβ, and IκBε and 20 mM MES pH 6.5, 150 mM 

NaCl, and 3 mM DTT in D2O for Bcl-3] for 0, 0.5, 1, 2, or 5 min. The exchange was quenched 

with an equal volume of quench solution [3M guanidine and 0.1% formic acid (pH 2.66)]. 

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

an in-line pepsin column (immobilized pepsin, Pierce, Inc.) at 15 ºC. 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 electrosprayed into the Waters Synapt G2Si quadrupole time-of-
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flight mass spectrometer. The mass spectrometer was set to collect data in Mobility, ESI+ mode; 

mass acquisition range of 200-2000 (m/z); and scan time of 0.4 s. Continuous lock mass 

correction was accomplished with infusion of leu-enkephalin (m/z = 556.277) every 30 s (mass 

accuracy of 1 ppm for calibration standard). For peptide identification, the mass spectrometer 

was set to collect data in MSE, ESI+ mode instead. 

 The peptides were identified from triplicate MSE analyses of 10 µM IκBα, 10 µM IκBβ, 

10 µM IκBε, and 10 µM Bcl-3 and data were analyzed using PLGS 2.5 (Waters Corporation). 

Peptide masses were identified using a minimum number of 250 ion counts for low energy 

peptides and 50 ion counts for their fragment ions. The peptides identified in PLGS were then 

analyzed in DynamX 3.0 (Waters Corporation). The following cut-offs were used to filter 

peptide sequence matches: minimum products per amino acid of 0.2, minimum score of 7, 

maximum MH+ error of 3 ppm, a retention time standard deviation of 5%, and the peptides were 

present in two of the three ID runs. After back-exchange correction (~27%), the relative 

deuterium uptake for each peptide was calculated by comparing the centroids of the mass 

envelopes of the deuterated samples with the undeuterated controls following previously 

published methods (18). The experiments were performed in triplicate, and independent 

replicates of the triplicate experiment were performed to verify the results. 

3.  PONDR analysis 

 The protein sequences for human IκBα, human IκBβ, human Bcl-3, and murine IκBε 

were analyzed using the VL-XT algorithm on the open-access platform provided by Molecular 

Kinetics Inc. PONDR scores were then plotted using Kaleidagraph 4.5 as a function of amino 

acid. 
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4. Energy minimization of homology model structures 

 Each model generated from the SWISS-Model platform was opened in the Chimera 

(UCSF) software and the built-in energy minimization function was utilized to allow the bonds 

and angles to relax and eliminate possible bad contacts. This was performed using 100 steepest 

descent steps of 0.02 Å followed by 40 conjugate gradient steps of 0.02 Å using AMBER 

ff14SB. Each resulting structure was then energy minimized by the same parameters three 

additional times (19). 

5. Solvent accessible surface area (SASA) calculations 

 The GetArea server (available at http://curie.utmb.edu/getarea.html) was used to calculate 

the backbone SASA of each energy minimized model (20). This calculation was performed with 

a water probe of 1.4 Å and default atomic radii and atomic solvent parameters. The backbone 

SASA for control crystal structures was performed in the same way for IκBα:RelA/p50 (PDB: 

1NFI and 1IKN) and Bcl-3 (PDB: 1K1B). Plots correlating backbone SASA and deuterium 

uptake were created using MATLAB R2017b (9.3.0.713579) and R-values were determined 

using the built-in correlation function. Regression analysis provided the line of correlation for 

each plot and the standard deviation was calculated as the standard error of estimate using the 

following equation: 

 

where Y is the measured deuterium uptake, Y’ is the deuterium uptake predicted from the 

regression line, and N is the number of data points. The lines representing one standard deviation 

from the correlation line were plotted above and below the regression line.  
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C.  Results 

1. Analysis of IκBε sequence compared to other IκB proteins with known 

structures  

The IκB protein family is characterized by a central ankyrin repeat domain (ARD) 

flanked by disordered N- and C-termini. It has been demonstrated in the ARD of the Notch 

receptor that ankyrin repeats within the same protein have low sequence identity, however 

analogous repeat from different taxa display much higher identity (21). Indeed, when analyzing 

the sequence conservation between ARs within IκBε, the level of identity is low, on average 

about 19% (Fig. 3.1, A), however when comparing analogous repeats among the IκB protein 

family, the sequence conservation is strikingly high, averaging 50% (Fig. 3.1, B). 

The full M. musculus IκBε protein sequence was analyzed using the NIH Blast algorithm. 

Beyond the high sequence homology in the ARD of IκBε to those of the other IκB family 

members, the full IκBε protein sequence displayed high levels of conservation to the other family 

members. The Blast algorithm identified IκBβ and IκBα as proteins containing significant 

sequence homology to IκBε at 39% and 37%, respectively, however the IκB family member with 

the highest level of sequence conservation at 41% is proto-oncogene Bcl-3. Previous reports 

which provided only a cursory analysis of the IκBε protein sequence state IκBε contains six 

ankyrin repeat as in IκBα and IκBβ (8-10). However, alignment of a putative seventh ankyrin 

repeat with the analogous seventh ankyrin repeat in Bcl-3 strongly suggested that IκBε contains 

not six, but seven ankyrin repeats (Fig. 3.1, B, see ANK7).  
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Figure 3.1: IκBε’s individual ANKs show high sequence homology to other IκB family 
members. Intra-IκBε ANK sequence conservation is low when compared to itself but contains high 
conservation with analogous repeats from other IκB family members. ARs have a well-defined 
consensus sequence noted at the top of each alignment. A) Aligning each of the ARs within IκBε 
displays a low level of sequence identity (~19%). B) Alignment of each IκBε AR with analogous 
repeats in each IκB family member (IκBα, IκBβ, and Bcl-3) demonstrates a high level of sequence 
homology (~50%). The putative seventh AR of IκBε was aligned with the known seventh AR of 
Bcl-3 and the terminal sixth ARs of IκBα and IκBβ, all of which deviate most significantly from the 
consensus sequence as is common for terminal repeat in AR-containing proteins (22).  
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To ascertain whether IκBε has intrinsically disordered regions, we analyzed the M. 

musculus IκBε sequence with the PONDR-FIT algorithm, a meta-predictor of intrinsically 

disordered amino acids (25). The IκBε protein sequence is predicted to have a 120 amino acid 

disordered N-terminus, a well-folded central region, and a 20 amino acid disordered C-terminus 

(Fig. 3.2). When compared with the PONDR-FIT analyses of the other IκB family members 

Figure 3.2: PONDR Analysis of the IκB Protein Family ARDs. The Predictor Of 
Naturally Disordered Regions (PONDR) algorithm predicts regions of disorder by 
analyzing fractional composition of particular amino acids, hydropathy, or sequence 
complexity (23,24). A PONDR score above 0.5 is indicative of predicted disorder whereas 
a score below 0.5 suggests a more ordered region. The PONDR scores for the ARD of 
each IκB family member is plotted above and each AR is noted on the x-axis; the dashed 
line identifies the 0.5 score cutoff for predicted disorder. Red: Bcl-3, Green: IκBε, 
Yellow: IκBα, and Blue: IκBβ. The IκBβ sequence contains a 36 amino acid long linker 
between ARs 3 and 4 and that break in sequence is noted by two cyan hashes on the IκBβ 
PONDR trace. In the AR domain of each family member, the central repeats are more 
ordered that those at the N- and C-termini.  
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whose structures are known, IκBε appears to follow the same pattern of disordered termini and a 

central region of ordered structure. In addition, the central region of IκBε has high similarity with 

the ankyrin repeat consensus as do the sequences of other IκB family members, supporting the 

prediction that IκBε has an ordered central ARD flanked by disordered N- and C-termini like the 

other IκB family members. Like IκBβ, IκBε also apparently has a disordered segment between 

AR3 and AR4, but the IκBβ segment is 36 amino acids in length, whereas the IκBε segment is 

only 11 amino acids in length (Fig. 3.2, blue and green). 

2. Homology modeling of IκBε  

 The SWISS-MODEL template library (SMTL version 2017-12-13, PDB release 2017-12-

08) was searched with BLAST and HHBlits for evolutionarily related structures matching the 

target sequence (26,27). While the BLAST and HHBlits algorithms identified numerous other 

ankyrin repeat containing proteins with high homology to IκBε, those with similar length and 

highest sequence similarity were IκBα, IκBβ, and Bcl-3 and these were therefore used as 

templates in this study. ProMod3 Version 1.1.0 was used in the automated SWISS-MODEL 

portal to build homology models of IκBε from the IκBα, IκBβ, and Bcl-3 crystal structures (28). 

The IκBα structure (PDB: 1IKN) was solved to 2.3 Å in complex with NFκB p50/RelA 

heterodimer (4) (Fig. 3.3, C); IκBβ (PDB: 1K3Z) was solved to 2.5 Å in complex with NFκB 

RelA homodimer (6) (Fig. 3.3, B); Bcl-3 was the only IκB family member which was able to be 

solved in its free state (PDB: 1K1B) and was solved to 1.9 Å (7) (Fig. 3.3, A). Bcl-3 was 

identified as having the highest level of sequence homology to IκBε at 41.6% within the putative 

ankyrin repeat domain of IκBε (residues 121-352). Based on the Bcl-3 crystal structure, IκBε 

was modeled to have seven ankyrin repeats within residues 121-352 and a slightly longer 

disordered loop (residues 213-237) connecting ARs 3 and 4 (Fig. 3.3, A). IκBβ had the second 
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highest sequence homology with IκBε at 39.5%, however due to the fact that IκBβ only contains 

six ankyrin repeats, it did not recognize and model the final seventh putative ankyrin repeat in 

IκBε (residues 327-359). It modeled an ankyrin repeat domain with six ARs for IκBε residues 

117-336 (Fig. 3.3, B). Finally, the model generated from IκBα (sequence homology 37.8%) also 

identified only six ankyrin repeats (IκBε residues 122-341) however analysis of the quality of 

this model suggests it is not of high value to the accurate predicted structure of IκBε (Fig. 3.3, 

C). Qualitative analysis of the appearance of these models show certain similarities: (1) the N-

terminus of IκBε (residues 1-120) is predicted to be disordered in agreement with the PONDR 

analysis in Fig. 3.2, (2) each model predicts a longer than normal linker loop between ankyrin 

repeats 3 and 4 similar to IκBβ’s 36 amino acid long linker in the same region, (3) and each 

structure suggests a disordered C-terminus with the length being similar for the IκBα and IκBβ 

template models and shower for the Bcl-3 template structure which contained a seventh ankyrin 

repeat. 

The SWISS-MODEL service provides a Global Model Quality Estimate (GMQE) which 

combines properties from target-template alignment and the template search method to provide a 

global quality score for the model (29). GMQE scores range from 0 to 1 with a higher score 

indicating the model aligns globally in a more similar manner to the template used in the 

modeling. The GMQE score of IκBα was 0.39, slightly lower than the scores for the models 

generated from Bcl-3 and IκBβ, which were 0.44 and 0.46, respectively (Fig. 3.4). The models 

were also evaluated using the QMEAN4 Z-score, which represents a linear combination of four 

structural descriptive Z-scores, “All Atom”, “CBeta”, “Solvation”, and “Torsion” (30,31). 
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Figure 3.3: Homology Models of IκBε and their templates. Using sequence alignment, the other three 
IκB family members were identified as having the highest homology and most similar sequence length 
to IκBε and were used as template for generating homology models of IκBε. A) The Bcl-3 crystal 
structure (PDB: 1K1B, left, light red) (7) was used to model residues 121-352 of IκBε in SWISS-
MODEL as containing seven ARs and a longer than normal linker between ARs 3 and 4 (right, bright 
red). B) The structure of IκBβ (PDB: 1K3Z) is shown on the left in dark blue in complex with the NFκB 
RelA homodimer (in grey); this structure contains a long disordered linker between ARs 3 and 4 
(residues 156-192) which did not provide sufficient electron density to assign its structure, this break in 
the structure is shown in green (6). This template modeled residues 117-336 of IκBε as six ARs with a 
longer than normal linker between ARs 3 and 4, and an unstructured C-terminus (right, light blue). C) 
The crystal structure of IκBα (PDB: 1IKN, left, yellow) bound to the NFκB heterodimer RelA/p50; this 
structure also contains a region of insufficient electron density to be solved and creates a break in the 
structure of IκBα (residue 96-100) just C-terminal of the first AR(4). This template modeled residues 
122-341 of IκBε as containing six ARs the first of which is weakly folded (right, sand).    
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The QMEAN4 score of the IκBε model based on the IκBα template was -5.71, less than 

the generally accepted lower limit of -4.0 for a quality model, indicating again that this model 

most likely does not reflect the true structure of IκBε. The Bcl-3 and IκBβ template models 

showed good QMEAN4 scores of -0.83 and -1.91, respectively, suggesting that these models are 

of high quality, but again showing that the IκBε model based on the Bcl-3 template is likely the 

best model  (Fig. 3.4).  

Finally, we calculated the local QMEAN score for each amino acid in the sequence as an 

estimate of the expected structural inaccuracy at each position (30,32). Again, the IκBε model 

based on the IκBα template showed very poor scores across the entire modeled region while the 

models based on the IκBβ and Bcl-3 templates had similar traces of local quality scores. Here, 

only the IκBε model based on the Bcl-3 template had scores above 0.6, an indicator of high 

structural quality, for the C-terminus of the model whereas the local quality scores for the IκBε 

model based on the IκBβ template begin to decrease and drop below the 0.6 cutoff (Fig. 3.5). 

Based on these analyses of the quality of the IκBε models, the model based on the IκBα template 

was eliminated. The models of IκBε based on the IκBβ and Bcl-3 structures differ only at the C-

terminus, therefore to resolve these discrepancies, we turned to amide hydrogen-deuterium 

exchange mass spectrometry (HDXMS). 
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Figure 3.4: Global Quality Analysis of IκBε Homology Models. The Global Quality Mean 
Estimate (GMQE) score combines properties from the target-template alignment and the 
template search method and is expressed as a number between 0 and 1 with higher score 
indicating higher quality. The GMQE score for each model is shown above. Specific Z-
scores for four structural descriptors are also shown: All Atom, CBeta, Solvation, and 
Torsion. The QMEAN4 scoring function is a linear combination using statistical potentials 
of these four components. The Z-scores shown to the right relate the quality of the structural 
descriptors to those of high-resolution x-ray structures of similar size. The QMEAN4 Z-
score provides a “degree of nativeness” of each model. A) Scores for the Bcl-3 template 
model. B) Scores for the IκBβ template model. C) Scores for the IκBα template model. 
Though the IκBβ template model has a GMQE score marginally higher than that of the Bcl-3 
template model, the Bcl-3 template model outperforms it in individual Z-scores shown to the 
right. This global quality analysis eliminates the IκBα template model as the QMEAN4 
lower limit for a quality model is -4.0 and the IκBα template model was scored as -5.71. 
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Figure 3.5: Local Quality Analysis of IκBε Homology Models. The QMEAN Distance Constraint score 
combines the QMEAN with the distance constraint score to predict the correctness of pairwise residue 
distances in the model, comparing it to distance constraints obtained from residue pairs in homologous 
templates. This combined score is expressed as a range from 0 to 1; a score of 0.6 or above is generally 
accepted as indicating a residue is modeled acceptably. Upper panel: Bcl-3 template model. Middle panel: 
IκBβ template model. Bottom panel: IκBα template model. Inset in each panel is the structure of each 
model colored as a heat map of these QMEAN Distance Constraint scores from 0.5 (red, low quality) to 1 
(blue, high quality). This analysis recapitulates the poor performance of the IκBα template model as 
indicated by global analysis and suggests the Bcl-3 template models the C-terminus most accurately as it 
is the only model whose C-terminus remains above the 0.6 cutoff score. 
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3. Measurement of deuterium uptake by HDXMS 

In an attempt to correlate computationally predicted structural elements with concrete 

experimental observations, HDXMS experiments were performed on Bcl-3, IκBα, and IκBβ 

whose structures are known. To ascertain whether HDXMS was a reliable correlate to predicted 

disorder, the trend in deuterium uptake was compared to the PONDR analysis scores for the 

same region of each protein. Deuterium uptake in HDXMS is reported for peptides generated 

from a pepsin digest following deuterium exchange reactions and plotted as a function of time. 

The level of deuterium uptake for each peptide is directly dependent upon its solvent 

accessibility and/or participation in intramolecular hydrogen bonds, both of which can be related 

to the level of either disorder of well-defined secondary structural elements in those regions (14). 

Since fractional deuterium uptake is reported for an entire peptide, the PONDR scores for IκBα, 

IκBβ, Bcl-3, and IκBε were averaged over the residues for each peptide analyzed in the HDXMS 

experiments. The trends of deuterium uptake for all proteins investigated track qualitatively with 

the predictions of order and disorder using PONDR (Fig. 3.6). The main areas of deviation occur 

at the C-termini of IκBα and IκBε.  

Previous studies have correlated the solvent accessible surface area (SASA) of a peptide 

generated from HDXMS to the number of deuterons incorporated by that peptide (33). We 

hypothesized that determining the correlation coefficient between the SASA of each predicted 

model with HDXMS data on IκBε may reveal which model best represented the solution 

structure of IκBε, particularly at the C-terminus. First, we determined the correlation coefficients 

between the SASA calculated from actual crystal structures of Bcl-3 (PDB: 1K1B), and IκBα 

bound to NFκB (PDB: 1NFI and 1IKN) and the corresponding HDXMS data. The correlation 

coefficients were 0.79, 0.86, and 0.73 respectively (Fig. S3.1).  
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Figure 3.6: PONDR scores track qualitatively with HDXMS deuterium uptake. To determine whether 
HDXMS deuterium uptake correlates with results from computationally generated predictors of 
order/disorder, the PONDR score was averaged over each peptide generated from HDXMS experiments 
and both the fractional deuterium uptake and PONDR score were plotted as a function of amino acid. 
Although no quantitative correlation was obtained, PONDR predictions qualitatively track with HDXMS. 
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For each homology model of IκBε, the backbone SASA for each residue was calculated 

and the values were summed over each peptide. The correlation coefficients between the SASA 

of each model and the HDXMS data from IκBε were then determined (Fig. 3.7). The Bcl-3 

template model gave a correlation coefficient of 0.71 while the IκBβ template gave a correlation 

coefficient of 0.81. Both of these correlation coefficients were within the range of those 

determined for Bcl-3 and IκBα, however the Bcl-3 template model extends an additional 16 

amino acids (ends at residue 352) further than that of the IκBβ template (ends at residue 336) 

allowing the inclusion of five more peptides from the HDXMS analysis.  

For both the Bcl-3 and IκBβ template models, the majority of the HDXMS peptides fall 

within one standard deviation of the regression line. More importantly, however, is that the 

peptides for the putative seventh AR modeled by the Bcl-3 template fall well within this region 

with the exception of 330-345 which lies just outside the upper limit. The only peptide from the 

IκBβ template model containing part of the putative IκBε AR7 is residues 321-329, which has 

significantly lower deuterium uptake than that predicted from the SASA calculated for the 

model. The IκBβ template models this region with less structure than indicated by the level of 

deuterium uptake observed in the HDXMS experiments. The good correlation of backbone 

SASA generated from the Bcl-3 template for AR7 peptides (shown as red circles in Fig. 3.7) 

provides compelling evidence of the presence of AR7 in the structure of IκBε.  



 65 

 

Figure 3.7: Backbone SASA correlates with HDXMS deuterium uptake. The GetArea server was used to 
calculate the backbone SASA for each residue in the homology models from the Bcl-3 and IκBβ templates. 
These backbone SASA values were summed over each IκBε peptide generated from HDXMS and the 
deuterium uptake for each peptide is plotted as a function of backbone SASA. Upper panel: Correlation for the 
Bcl-3 template model whose correlation coefficient (R) is 0.71. Lower panel: Correlation for the IκBβ template 
model whose R-value is 0.81. Both plots show the correlation line from regression analysis in yellow with lines 
above and below in red indicating the region within one standard deviation of the correlation line. For both 
models, the majority of HDXMS peptides fall within one standard deviation of the correlation line. The pink dot 
on both plots indicates the only peptide for the IκBβ template model containing part of the putative AR 7 of 
IκBε (peptide 321-329, putative AR 7 begins at residue 327), the backbone SASA for this peptide overestimates 
the deuterium uptake for the IκBβ template and is better modeled by the Bcl-3 template. Peptides spanning the 
putative AR 7 of IκBε (red data points) in the Bcl-3 template plot all correlate well strongly suggesting the 
presence of a weakly folded AR 7 in IκBε.   
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4. Combining PONDR analysis and HDXMS of analogous regions in the 

templates and models suggests the presence of a weakly folded seventh AR in 

IκBε  

 The sequence alignments presented in Fig. 3.1B strongly suggest the presence of a 

seventh AR in IκBε. However, only the Bcl-3 template generated a model with a seventh AR at 

the C-terminus of IκBε. As noted, the global assessments of both the Bcl-3 template and IκBβ 

template models were of similar quality (Fig. 3.4), though the local analysis in the region of this  

 

Figure 3.8: PONDR analysis of the putative AR 7 of IκBε. The PONDR scores for the putative AR 
7 of IκBε (green) was plotted along with the PONDR scores for the Bcl-3 AR 7 (red), IκBβ AR 6 
(purple), and IκBβ C-terminus (blue). The dashed line indicates the 0.5 cutoff for an ordered region. 
This analysis shows that PONDR predicts only IκBε to be fully ordered in this putative AR 7, even 
more so than the known Bcl-3 AR 7 and the IκBβ AR 6.   
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contested seventh AR suggested the Bcl-3 template model is of higher quality than that of the 

IκBβ template. Comparing the PONDR plots of the Bcl-3 ANK7 (red), the region C-terminal of 

IκBβ’s ANK6 (blue), the putative ANK7 of IκBε (green), and the known IκBβ ANK6 (purple), it 

Figure 3.9: HDXMS of peptides in the putative AR 7 of IκBε. The Bcl-3 template model is 
shown (left) and zoomed in to the putative AR 7 (right) with AR 6 and AR 7 colored according to a 
rainbow scale of blue to yellow for 70%-100% maximum possible deuterium uptake. The two 
HDXMS plots (A,B) are enclosed in boxes of the same color as the regions on the model to which 
they correspond. The decrease in deuterium uptake in plot B as compared to plot A indicates that 
the region represented by residues 346-353 is more structured than residues 330-345, consistent 
with the presence of the putative AR 7.  
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is apparent that only the putative ANK7 of IκBε is predicted to be ordered by PONDR (Fig. 3.8).  

The HDXMS data from the C-terminus of IκBε can provide insight into the level of 

order/disorder present in this region. Fig. 3.9 shows the deuterium uptake plots for the seventh 

AR of IκBε and are enclosed in boxes colored to correspond to the region of the homology 

model they represent. The Bcl-3 template modeled more of the C-terminus of IκBε than the IκBβ 

template, therefore the plots circled in gold (A), the inter-AR loop, and cyan (B), the AR helix, 

are peptides only represented in the Bcl-3 template model. The lower level of deuterium uptake 

in (B) compared to (A) is indicative of a higher level of order being present in the C-terminal 

peptide 346-353 (B). Taken together, the data strongly suggest that IκBε contains a seventh AR 

as in Bcl-3.  

D. Discussion 

1. Homology modeling of IκBε generated models of similar global quality 

which diverge locally at the putative seventh AR 

 The SWISS-MODEL server generated homology models of IκBε from the crystal 

structures of other IκB family members which all captured the same global structural architecture 

possessed by each IκB namely, a disordered N-terminus, a central ankyrin repeat domain, and a 

disordered C-terminus. The only discernable difference between these models, however, is that 

the Bcl-3 template modeled a seventh AR at the C-terminus of IκBε which was suggested from 

the high sequence homology to the AR consensus sequence in that region (Fig. 3.1 see ANK7). 

Scoring algorithms provided by SWISS-MODEL were initially used to evaluate homology 

models based on known IκB structures. This server provides both global and local quality scores 

for the generated models and this initial evaluation indicated that the model generated from the 

IκBα template scored lower on global quality than the generally accepted cutoff for a quality 
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model (Fig. 3.4). The global quality of the Bcl-3 and IκBβ template models were of similar value 

and therefore additional information was required to distinguish them, particularly at the putative 

seventh AR captured by the Bcl-3 model and not the IκBβ model. 

 Since the homology models generated from the Bcl-3 and IκBβ templates are visually 

similar apart from the modeling of a seventh AR by the Bcl-3 template, we performed a local 

quality analysis which again allowed elimination of the IκBα template model but did not by itself 

aid in discriminating between the Bcl-3 and IκBβ template models except in the case of the 

putative seventh AR which scored poorly for the IκBβ template model. The Bcl-3 template 

modeled 16 more residues at the C-terminus than did the IκBβ template with significant 

QMEAN Distance Constraint scores strongly suggesting that the Bcl-3 template faithfully 

modeled this region and that the putative seventh AR identified by this template is indeed present 

in the IκBε structure. 

2. The putative seventh AR in IκBε possesses characteristics consistent with 

that of a capping repeat 

 The sequence homology of each of IκBε’s ARs with the analogous repeats of each 

template was high, making it difficult to decide which template would be the best to use for 

homology modeling. In modeling AR proteins, the end repeats (capping repeats) have been 

identified as the most difficult to resolve. This is due to the necessity of these capping repeats to 

contain hydrophobic amino acids facing the core of the protein and hydrophilic amino acids 

facing the solvent to terminate the AR fold (34,35). The putative AR7 of IκBε does, indeed, have 

characteristics of a capping AR: The conserved Thr-Pro at position 336-337 in AR7 are present, 

and the Thr has been shown to form a hydrogen-bond with the backbone of the preceding repeat. 

Leu and Ala at positions 340-341 are also conserved and form the first helix of the AR. The Gly 
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at position 357 has been shown to be a key residue to break the second helix of the AR fold and 

initiate the AR-connecting loops. In fact, the Bcl-3 template model predicted the first helix 

would terminate at Asp 352, which aligns with the position of this second helix terminating Gly 

in Bcl-3 (Fig. 3.1, B, see ANK7). The presence of this Gly highly suggests that it is terminating a 

capping AR and beginning the disordered C-terminal tail of IκBε. This conclusion is supported 

by the PONDR analysis (Fig. 3.2) where IκBε appears ordered through residue 360 and rises 

steeply after. Finally, the large amount of charged or hydrophilic amino acids in the putative 

AR7 (17 of 33) is also a signature of a capping AR. Thus, the primary sequence of the putative 

AR7 of IκBε is most consistent with a capping AR, for which sequence similarity is weaker and 

much more challenging to align (35). 

3. Solution experimental techniques such as HDXMS are important to 

complement homology modeling   

 The ability to utilize experimental techniques to distinguish between the accuracy of 

different computationally derived homology models is an important step in developing a model 

which faithfully captures the known structural and functional observations. Here we present a 

case study on using HDXMS to fill this gap in distinguishing between homology models of IκBε 

generated from the templates of other IκB protein family members. Building on the observations 

from local quality analysis which supports the presence of a putative seventh AR, we utilized 

HDXMS to gain further confidence regarding the presence of this seventh AR in IκBε. Since 

HDXMS deuterium uptake is dependent upon backbone solvent accessibility, we calculated the 

backbone solvent accessible surface area (SASA) for each of these models following energy 

minimization of the structure and attempted to correlate it with the deuterium uptake for each 

IκBε peptide generated from HDXMS experiments. The vast majority of peptides from both 
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models fell within one standard deviation of the regression line of correlation. However, the 

peptides which comprise the putative seventh AR of IκBε are of highest importance in 

distinguishing between these two models. While only one peptide from IκBε could be analyzed 

in this way for the model based on the IκBβ template, it falls well outside of one standard 

deviation. On the other hand, four peptides from the putative seventh AR could be analyzed for 

the longer Bcl-3 template model, and all of these fell within one standard deviation. In addition 

to the good correlation of IκBε deuterium uptake with the SASA calculated from the Bcl-3 

template model, the one peptide able to be analyzed for the IκBβ template model overestimates 

the backbone SASA for the observed deuterium uptake suggesting that the lack of structure 

modeled in this region from the IκBβ template is inconsistent with the HDXMS data measured 

for IκBε in solution. Further, the amide exchange at the C-terminal peptides was consistent with 

a structure that was not completely unfolded, as suggested by the IκBβ template model. These 

data thus provided very strong evidence that the Bcl-3 template model, which predicts a seventh 

AR at the C-terminus of IκBε, is most likely accurate. In retrospect, even the PONDR algorithm 

identified this area as ordered. 

 This study provides a simple framework for selecting a homology model from a group of 

different templates which provide similarly modeled structures. SWISS-MODEL quality analysis 

provides cursory overview of the quality of a model based on solely structural components 

similar to how actual crystal structures are scored and is able to eliminate models which adopt 

conformations that are structurally unsound. By comparing the SASA determined from each 

model to HDXMS data, we are able to identify the best model. Thus, although the Bcl-3 and 

IκBβ template models were similar in quality, it is clear that the Bcl-3 template generated a 
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model which most faithfully recapitulates experimental data reporting on structure and further 

models the presence of a seventh AR suggested from sequence analysis.  

E. Conclusions 

 For biophysical analysis of a protein’s structure and function, having a structural model 

can provide a visual aid in understanding experimental observations. However, there is a 

significant subset of proteins which are not amenable to actual structure determination by x-ray 

crystallography or NMR spectroscopy. Falling into this category was the IκB protein family 

whose structures were exceedingly difficult to solve and for IκBα and IκBβ only crystalized 

when in complex with their NFκB binding partners. Therefore, homology modeling to determine 

a likely structure for IκBε was an attractive technique. Homology modeling generated structures 

from those determined for the other IκB family members, however since the global structural 

architecture of each model was extremely similar, we knew that it was necessary to assess the 

quality of these models by correlation with experimental observations. Since HDXMS reports on 

the level of disorder and/or the presence of well-defined secondary structural elements, we 

leveraged this technique to determine whether a putative seventh AR is present at the C-terminus 

of IκBε which was the most significant difference between these models. Sequence analysis on 

its own strongly suggested the presence of this seventh AR and the HDXMS data generated from 

IκBε is most consistent with a seventh AR indeed being present. The functional relevance of this 

seventh AR will be important to determine going forward.  
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Figure S3.1: Backbone SASA Correlation Controls. In order to establish an acceptable level of 
correlation between backbone SASA and deuterium uptake as measured by HDXMS, this analysis was 
performed on the known crystal structures for Bcl-3 (Top Panel, PDB: 1K1B), IκBα in complex with 
RelA/p50 (Middle Panel, PDB: 1IKN, and Bottom Panel, PDB: 1NFI. 
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A.  Introduction 

 The NFκB signaling pathway is a central component in the ability of cells to respond to 

external stimuli such as stress or pathogen infection (1). Due to its ability activate transcription 

of a large array of genes involved in cell growth, survival, and apoptosis, regulation of its 

activity is tightly controlled at multiple levels; the main mechanism of this regulation is the 

binding of inhibitor proteins (IκBs) which sequester NFκB dimers in the cytoplasm and prevent 

nuclear translocation (2). The main cytoplasmic IκB proteins are IκBα, IκBβ, and IκBε, with 

IκBα being the most well-studied of the family. The expression of both NFκB monomers and 

IκB proteins vary significantly between different cell and tissue types, and it has been shown that 

each IκB protein has ‘preferred’ dimers they bind with higher affinity and these affinities shape 

the distribution of the NFκB dimer pool in specific cells (3). However, each IκB is still able to 

bind each NFκB dimer and knockout experiments have shown that the loss of one IκB protein 

results in compensation by the other family members (4). Though IκBα is the most widely 

expressed IκB protein, Fig. 4.1 shows that there is correlation between high levels of IκBα and 

p50 and RelA, this heterodimer is the preferred binding partner of IκBα. Literature reports based 

on gel-shift assays give an affinity of IκBα for the p50/RelA heterodimer at 1nM (5) but in 

solution biophysical experiments gave a much higher affinity of 30 pM (6). The 30 pM affinity is 

more consistent with the >24 hr half-life of the IκBα complex with the p50/RelA heterodimer 

measured in cells devoid of the IKK kinase so that intracellular degradation of the IκBα from the 

complex was prevented. We surmise that the non-equilibrium conditions as well as the steric 

constraints of the gel-shift assays may give inaccurate binding affinities. IκBβ is the most 

expressed IκB protein in the testis (Fig. 4.1, see Testis) and its preferred dimer is RelA 

homodimer, which has a higher relative abundance than p50 in this tissue (7).  
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 The most recently discovered member of the IκB family is IκBε, identified in three 

seminal papers in 1997 which utilized yeast two-hybrid screens with the RHDs of different 

NFκB proteins (9-11). Each of these papers provide different, conflicting accounts of IκBε’s 

cellular function. There is agreement, however, that IκBε binds preferentially to NFκB dimers 

containing cRel. Indeed, Fig. 4.1 shows correlation between the levels of IκBε and cRel in 

certain cell types. 

 Interestingly, though cursory sequence analysis of IκBε suggested it contained six 

ankyrin repeat (AR) modules as with IκBα and IκBβ, sequence analysis suggested the possibility 

Figure 4.1: Expression levels of IκB family members and NFκB family members in different human 
tissues. Each bar represents the expression level of the indicated protein in units of RPKM which is a 
composite value which combines transcriptomics and antibody-based proteomics (8). For bone marrow, 
appendix, gall bladder, and spleen, IκBα above scale values are 182, 96, 87, and 67, from left to right 
respectively. 
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of a seventh AR, which was further supported by homology modeling combined with hydrogen-

deuterium exchange mass spectrometry (Chapter III) (12). When the presence of this seventh AR 

in IκBε is taken into account, certain results from the 1997 papers become more compelling. 

Whiteside et al. demonstrated that the deletion of residues C-terminal to the sixth AR abolished 

NFκB binding (11), and later Simeonidis et al. suggested that the C-terminus of IκBε was not 

necessary for NFκB binding, but was required for the ability of IκBε to inhibit RelA-mediated 

DNA binding, similar to the ‘molecular stripping’ of NFκB from DNA mediated by IκBα in the 

negative feedback loop to terminate NFκB signaling (10,13). Apart from these conflicting, 

seminal papers, there has been virtually no systematic biophysical or biochemical 

characterization of IκBε and its ability to bind each NFκB dimer. Here, I show the binding 

affinities of IκBε for each NFκB dimer and demonstrate that the C-terminal seventh AR is 

necessary for competent NFκB binding and further show that changes in the internal dynamics of 

IκBε mediated by binding cRel heterodimers underpin the preference of IκBε for these NFκB 

dimers. 

B. Materials and Methods 

1. Creation of DNA constructs for cRel co-expression 

 cRel co-expression DNA plasmids were generated by starting with the p5039-350/RelA19-

321 co-expression vector which has been used for years by our lab (14). This co-expression 

construct is in a modified pET22b vector containing an ampicillin resistance gene where p50 

contains an N-terminal hexa-histidine tag and is cloned between NcoI and HindIII sites followed 

by a ribosome binding site and then RelA is cloned between NdeI and EcoRI sites. We also had 

the cRel gene for homodimer expression in a pET11a vector cloned between NcoI and XspI (Fig. 

4.2). The “cut and paste” scheme to generate the p50/cRel and cRel/RelA constructs is shown in 
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Figs. 4.3 and 4.4. For p50/cRel, an internal NdeI site near the 3’-end of the cRel gene was 

removed by site-directed mutagenesis to obtain the cRel gene as a 5’ NdeI -3’EcoR1 fragment 

from the cRel single expression vector. The cRel gene was amplified from the pET11a vector 

using PCR with a forward primer containing a 5’ NdeI site and a reverse primer containing a 3’ 

EcoRI site. The resulting PCR product, along with the p50/RelA co-expression vector were 

digested with NdeI and EcoRI. The digested p50/RelA vector was separated from the excised 

RelA fragment on a 1% agarose gel and the linearized vector was cut out of the gel and purified 

using the Monarch DNA Gel Extraction Kit (New England Biolabs, Ipswich, MA, USA) and the 

digested cRel PCR product was purified using the Monarch PCR Clean-up Kit (New England 

Biolabs, Ipswich, MA, USA). These purified DNA fragments were ligated together and 

transformed into E. coli DH5α(DE3) supercompetent cells and plated on LB-Agar plates 

supplemented with ampicillin. Resulting clones were confirmed via DNA sequencing. In order to 

aid in later purification steps, the N-terminal hexa-histidine tag on p50 was moved to the N-

terminus of cRel using two rounds of PCR-mediated deletion and insertion. For making 

cRel/RelA, an internal NcoI site in RelA was knocked out using site-directed mutagenesis and 

Figure 4.2: Starting Constructs for making cRel Co-expression Vectors. A) p50/RelA co-
expression vector previously used. B) cRel vector used for homodimer expression 



 82 

cRel was amplified with a forward primer harboring a 5’ hexa-histidine tag and NcoI site and a 

reverse primer harboring a HindIII site. The cRel PCR product and the p50/RelA vector with the 

knocked out NcoI site were both digested with NcoI and HindIII followed by purification, 

transformation, and clone confirmation with DNA sequencing as described above for making 

p50/cRel. 
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Figure 4.3: Strategy for creating p50/cRel co-expression construct. A) An internal NdeI site in cRel was 
knocked out using site-directed mutagenesis. B) The cRel gene was amplified using PCR. C) The cRel 
PCR product and the p50/RelA vector were digested with NdeI and EcoRI. D) Digest products were ligated 
to create the co-expression construct. E) To improve purification, the 6xHis-tag was moved to the N-
terminus of cRel using PCR-based deletion and insertion.  
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Figure 4.4: Strategy for making cRel/RelA co-expression construct. A) An internal NcoI site in RelA 
was knocked out using site-directed mutagenesis. B) The cRel gene was amplified using PCR with a 5’ 
6xHis-tag and NcoI site and a 3’ HindIII site. C) The cRel PCR product and the knocked-out p50/RelA 
vector were digested with NcoI and HindIII. D) The digest products were ligated together to make the final 
cRel/RelA co-expression construct. 
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2. Proteins expression and purification 

 Two constructs of the M. musculus IκBε gene were utilized, one spanning residues 40-

364 and another spanning residues 104-335. Both of these were cloned into a pET11a vector 

between NdeI and BamHI sites with N-terminal hexa-histidine tags. The same purification 

protocol was used for both and is described below. IκBε was transformed into E. coli 

BL21(DE3) cells and grown at 37 ºC with shaking in M9 minimal media supplemented with 

ampicillin to an OD600 of 0.6 and protein expression was induced with 0.2 mM isopropyl-β-

thiogalactopyranoside (IPTG) and incubated with shaking at 12 ºC for 18 hours. Cells were 

pelleted at 5000 rpm and resuspended in Cell Resuspension Buffer (25 mM Tris pH 7.5, 50 mM 

NaCl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM β-mercaptoethanol (βME) and 

protease inhibitor cocktail (Sigma-Aldrich)). Cells membranes were disrupted using sonication 

and lysates were cleared via centrifugation at 12,000 rpm for 45 minutes. Clarified lysates were 

then batch bound to Ni-NTA beads (Thermo Scientific) equilibrated in Ni-NTA Buffer A (25 

mM Tris pH 7.5, 150 mM NaCl, 10 mM imidazole, 10 mM βME, and 0.5 mM PMSF) with 

rocking for 2 hours. The beads were poured into a column and washed with Ni-NTA Buffer A 

and a 20 mM imidazole Wash Buffer prior to elution with Ni-NTA Buffer B (same components 

as Ni-NTA Buffer A except 250 mM imidazole). Fractions containing IκBε were then dialyzed 

overnight at 4 ºC to remove imidazole in Dialysis Buffer (25 mM Tris pH 7.5, 150 mM NaCl, 

0.5 mM ethylenediaminetetraacetic acid (EDTA), and 1 mM dithiothreitol (DTT)). The dialyzed 

protein was then either frozen in 2 mL aliquots at -80ºC until needed or immediately further 

purified from aggregates by gel filtration chromatography (Superdex 200; GE Healthcare) in 

Dialysis Buffer. 
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 Murine N-terminal hexahistidine-p5039-350/RelA19-321 heterodimer was grown and purified 

as described for IκBε with the exception that the p50/RelA heterodimer was expressed at 18 ºC 

for 18 hours. Immediately prior to use for experiments, p50/RelA was purified from bound 

bacterial DNA using cation exchange chromatography (Mono S column, GE Healthcare) 

followed by gel filtration chromatography to separate aggregates (Superdex 200; GE 

Healthcare). 

 Murine p5039-350/cRel1-294 and cRel1-294/RelA19-321 were expressed, grown, and purified as 

with p50/RelA and was subjected to the same further purification steps including cation 

exchange and gel filtration chromatography.  

 NFκB homodimers (RelA19-321/RelA19-321, p5039-350/p5039-350, and cRel1-294/cRel1-294) were 

grown and expressed as with the NFκB heterodimers, however after pelleting, the cells were 

resuspended in Cell Resuspension Buffer also containing 0.5 mM EDTA. Cell membranes were 

disrupted using sonication and lysates were clarified via centrifugation at 12,000 rpm for 45 

minutes. Lysate was diluted to double the volume in No Salt Buffer (25 mM Tris pH 7.5, 0.5 

mM EDTA, 0.5 mM PMSF, and 10 mM βME) and purified using cation exchange 

chromatography (SP Sepharose Fast Flow; Sigma Aldrich) via a linear gradient from No Salt 

Buffer to High Salt Buffer (25 mM Tris pH 7.5, 700 mM NaCl, 0.5 mM EDTA, 0.5 mM PMSF, 

and 10 mM βME). Fractions containing NFκB homodimers were pooled and dialyzed overnight 

at 4 ºC in Dialysis Buffer and then purified via cation exchange and gel filtration 

chromatography as with the NFκB heterodimers. 

 For anisotropy experiments described below, N-terminal cysteine (NCys) residues were 

inserted onto NFκB dimers using site directed mutagenesis. For the heterodimers, the N-terminal 
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cysteine was installed on RelA for p50/RelA, p50 for p50/cRel, and RelA for cRel/RelA. These 

NCys constructs were purified exactly as described for wild-type NFκB dimers. 

 Protein concentrations were determined by measuring the absorbance at 280 nm using the 

following molar extinction coefficients: IκBε40-364: 16960 M-1cm-1, IκBε104-335: 8480 M-1cm-1, 

p50/RelA: 39540 M-1cm-1, cRel/RelA: 46395 M-1cm-1, p50/cRel: 49125 M-1cm-1, p50/p50: 

42100 M-1cm-1, RelA/RelA: 36980 M-1cm-1, cRel/cRel: 50990 M-1cm-1. 

3. Fluorescence anisotropy experiments 

 In order to determine the binding affinities of each NFκB dimer with the short and long 

IκBε constructs, anisotropy experiments were performed. After cation exchange 

chromatography, each NCys NFκB dimer was purified using gel filtration (Superdex 200; GE 

Healthcare) in Non-Reducing Dialysis Buffer (25 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM 

EDTA). 500 µL of purified NFκB was then incubated with 500 µL of immobilized Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) resin (Thermo-Fisher) for 10 minutes at 4 ºC 

with rocking to reduce all cysteine residues. Resin was pelleted via centrifugation at 1000 xg for 

1 minute and the supernatant was transferred to a fresh tube. A 25-fold molar excess of thiol-

reactive maleimide-Oregon Green 488 (Sigma-Aldrich) was added to the reduced NFκB protein 

and incubated with rocking at 4 ºC overnight. The next morning the labeled protein was purified 

from un-conjugated dye using a NAP-10 column pre-packed with Sephadex G-25 resin (GE 

Healthcare) previously equilibrated in Dialysis Buffer. The concentration of NFκB was 

determined using the following equation: 
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Where A280 is the absorbance at 280 nm, A495 is the absorbance at 495 nm, 0.12 is a correction 

factor to account for the absorbance of Oregon Green at 280 nm and ƐNFκB is the molar extinction 

coefficient for the NFκB dimer being used.  

 The degree of labeling was determined using the following equation: 

 
where A495 is the absorbance at 495 nm, 70,000 is the molar extinction coefficient of Oregon 

Green 488 at 495 nm in units of M-1cm-1, and [NFκB] is the concentration of the NFκB dimer 

being used in units of M.  

 Anisotropy experiments were conducted by holding the concentration of labeled NFκB 

constant and varying the concentration of the IκBε construct being investigated. Concentration of 

NFκB was chosen based on the affinity of each dimer (manuscript in preparation). For all 

experiments with each NFκB dimer, the concentrations of IκBε40-364 and IκBε104-335 assayed were 

as follows: 0 pM, 5 pM, 10 pM, 25 pM, 50 pM, 100 pM, 150 pM, 200 pM, 400 pM, 500 pM, 

750 pM, 1 nM, 2.5 nM, 5 nM, 10 nM, 25 nM, and 50 nM. Constant NFκB concentrations were 

as follows: p50/RelA: 1 nM, p50/cRel: 5 nM, cRel/RelA: 5 nM, cRel/cRel: 1 nM, RelA/RelA: 10 

nM, p50/p50: 2.5 nM.  

 Anisotropy values were determined by reading the fluorescence polarization on a 

Beckman Coulter DTX 880 Multimode Detector plate reader with polarized excitation at 485 nm 

and two emission filters at 535 nm equipped with parallel and perpendicular polarizers. Readings 

were performed with a 1 s integration time utilizing a G-factor of 0.67. After obtaining the 

parallel and perpendicular fluorescence readings, anisotropy values were determined using the 

following equation: 
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Where R is the anisotropy value in units of milli-polarization (mP), IV,V is the fluorescence 

intensity in the parallel direction, IV,H is the fluorescence intensity in the perpendicular direction, 

and G is the instrumental G-factor of 0.67. Anisotropy values were plotted as a function of IκBε 

concentration and fitted to the following equation in Kaleidagraph 4.5: 

where R is the anisotropy value, Rmax is the maximum anisotropy for the experiment, [IκBε] is 

the concentration of IκBε in units of nM, and KD is the binding affinity. 

4. Hydrogen-Deuterium Exchange Mass Spectrometry Experiments 

 HDXMS was performed using a Waters Synapt G2Si equipped with a nanoACQUITY 

UPLC system with H/DX technology and a LEAP autosampler. Individual proteins and 

complexes were purified by gel filtration chromatography (Superdex 200; GE Healthcare) in 25 

mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5 mM EDTA prior to analysis. The final 

concentrations of proteins in each sample were 5 µM. For each deuteration time, 4 µL of each 

sample was equilibrated to 25 ºC for 5 min and then mixed with 56 µL D2O buffer [25 mM Tris 

(pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5 mM EDTA in D2O] for 0, 0.5, 1, 2, or 5 min. The 

exchange was quenched with an equal volume of quench solution [3M guanidine and 0.1% 

formic acid (pH 2.66)]. 

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

an in-line pepsin column (immobilized pepsin, Pierce, Inc.) at 15 ºC. The resulting peptides were 
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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 electrosprayed into the Waters Synapt G2Si quadrupole time-of-

flight mass spectrometer. The mass spectrometer was set to collect data in Mobility-TOF-ESI+ 

mode; mass acquisition range of 200-2000 (m/z); and scan time of 0.4 s. Continuous lock mass 

correction was accomplished with infusion of leu-enkephalin (m/z = 556.277) every 30 s (mass 

accuracy of 1 ppm for calibration standard). For peptide identification, the mass spectrometer 

was set to collect data in MSE, ESI+ mode instead. 

 The peptides were identified from triplicate Mobility-TOF-MSE analyses of 10 µM IκBε, 

10 µM p50/cRel, and 10 µM cRel/p65 and data were analyzed using PLGS 3.5 (Waters 

Corporation). Peptide masses were identified using a minimum number of 250 ion counts for low 

energy peptides and 50 ion counts for their fragment ions. The peptides identified in PLGS were 

transferred to DynamX 3.0 (Waters Corporation). The following cut-offs were used to filter 

peptide sequence matches: minimum products per amino acid of 0.2, minimum score of 6, 

maximum MH+ error of 5 ppm, a retention time standard deviation of 5%, and the peptides were 

present in two of the three ID runs. After back-exchange correction (~27%), the relative 

deuterium uptake for each peptide was calculated by comparing the centroids of the mass 

envelopes of the deuterated samples with the undeuterated controls following previously 

published methods (15). The experiments were performed in triplicate, and independent 

replicates of the triplicate experiment were performed to verify the results. 
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C. Results 

1. Affinities of IκBε40-364 and IκBε104-335 for each NFκB dimer 

 In order to ascertain the preferred NFκB dimer for IκBε, fluorescence anisotropy 

experiments were performed, further, as the presence of a seventh AR in IκBε sets it apart from 

the other canonical IκB family members, I also sought to determine whether the deletion of this 

structural element affected the binding affinities of IκBε for each NFκB dimer. Samples of a 

fixed concentration of each NFκB in which one subunit was labeled with Oregon Green 488 

Figure 4.5: Fluorescence anisotropy traces of IκBε40-364 binding to NFκB dimers. Anisotropy 
values were calculated from fluorescence polarization measurements and plotted as a function of IκBε 
concentration. The curves result from fitting the data to the Michaelis-Menten equation and the KD 
values are reported in Table 4.1 
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were mixed with different concentrations of IκBε and allowed to reach equilibrium. The steady 

state anisotropy was measured for each sample and plotted to obtain a hyperbolic curve which 

was fitted to yield the KD. Curves for the full-length IκBε binding to each NFκB dimer are 

shown in Fig. 4.5. Table 4.1 summarizes the affinity values for each NFκB dimer with IκBε 

constructs either containing the seventh AR (IκBε40-364) or with the seventh AR deleted (IκBε104-

335).  

These binding affinities recapitulated the qualitative observations for IκBε dimer 

specificity put forth in the seminal IκBε papers published in 1997, namely that IκBε appears to 

bind preferentially to dimers containing cRel. However, similar to results on IκBα, solution 

binding affinities were much tighter than the previous estimates based on gel-shift. IκBε binds to 

the p50/cRel heterodimer with the highest affinity, 57 ± 13 pM. The cRel/RelA heterodimer 

showed a slightly lower binding affinity of 98 ± 5 pM. Further highlighting the crucial role 

played by cRel in the binding of IκBε, the p50/RelA heterodimer bound IκBε with the lowest 

affinity of all the heterodimers (192 ± 18 pM) and almost identical affinity to the RelA 

homodimer (171 ± 10 pM), both over three-fold weaker than p50/cRel. The p50 homodimer is 

the weakest binding partner for IκBε with an affinity of 810 ± 31 pM, while the cRel homodimer 

binds with identical affinity to the cRel/RelA heterodimer (99 ± 8 pM and 98 ± 5 pM, 

respectively). 

IκBε 
Construct p50/p50 RelA/RelA cRel/cRel p50/RelA p50/cRel cRel/RelA 

IκBε104-335 1500 ± 200 319 ± 10 380 ± 8 484 ± 28 143 ± 27 185 ± 30 
IκBε40-364 810 ± 31 171 ± 10 99 ± 8 192 ± 18 57 ± 13 98 ± 5 

Table 4.1: Binding affinities of IκBε constructs with NFκB dimers. Fluorescence anisotropy 
measurements were fitted to a Michaelis-Menten curve and the KD values were determined and are 
reported in units of pM. 
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 As for the effect of the seventh AR in IκBε on the ability to bind NFκB dimer, for each 

dimer investigated, the deletion of this structural element resulted in a 2-4 fold decrease in 

binding affinity with the largest impact being seen with the cRel homodimer (3.8 fold decrease). 

Curves for the truncated IκBε missing AR7 are shown in Fig. S4.1. Interestingly, the p50/RelA 

and p50/cRel heterodimers show the second largest decrease in affinity upon deletion of the 

seventh AR though the p50/RelA heterodimer binds with the second lowest affinity of all the 

NFκB dimers and p50/cRel with the highest. In any case, however, the deletion of the seventh 

AR in IκBε results in significantly abrogated ability to bind all NFκB dimers, suggesting an 

important functional role of this structural element which, to this point, has not been identified. 

2. HDXMS of IκBε in complex with cRel heterodimers 

 In an attempt to understand the 2-fold difference in binding affinity between p50/cRel 

and cRel/RelA, I performed hydrogen-deuterium exchange mass spectrometry experiments to 

probe the changes in backbone dynamics in IκBε upon binding to either p50/cRel or cRel/RelA. 

Previous work which showed that IκBα folds on binding to NFκB (p50/RelA), resulting in large 

decreases in deuterium uptake in AR5 and AR6 (16). Therefore, it was expected that IκBε’s 

preferred dimer, p50/cRel, would lead to the largest decreases in deuterium uptake throughout 

IκBε, however, this was not observed. The levels of protection observed upon binding of 

p50/cRel are relatively mild, with the most dramatic protection being seen in ARs 2 and 3 

(peptides 167-176 and 210-226 in Fig. 4.6). Peptides in AR 1 are protected by binding of both 

heterodimers but to a greater extent by cRel/RelA (peptide 128-139, Fig. 4.6; see also, AR 1 in 

Fig. S4.2). In fact, throughout IκBε, the decreases in amide exchange were larger when it bound 

to cRel/RelA than to cRel/p50. The two α-helices and the β-turn connecting them in AR 3, and  
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Figure 4.6: Backbone dynamics are affected differently by binding of p50/cRel and cRel/RelA. 
The IκBε homology model is colored to indicate the different effects of binding each cRel heterodimer. 
In blue are regions which are protected more by cRel/RelA; in green are regions protected more by 
p50/cRel; in yellow are regions not protected by binding of either heterodimer; in magenta are regions 
where the p50/cRel complex exchanges more than the free protein; and in red are regions where the 
cRel/RelA complex exchanges more than the free protein. In grey are regions not covered in the 
HDXMS analysis. Representative peptides for each of these regions are shown in boxes corresponding 
to their color on the model along with arrows pointing to their locations. 
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most of ARs 6 and 7 are not protected by binding of either heterodimer (yellow regions in Fig. 

4.6). Most unexpectedly, there are peptides in IκBε which actually exchange more of their 

amides when bound to p50/cRel (peptides 293-307 and 321-330, magenta in Fig. 4.6) and 

cRel/RelA (peptides 244-251 and 330-342, red in Fig. 4.6). The regions undergoing this 

phenomenon when bound to p50/cRel localize to the loops N- and C-terminal to AR 6, and for 

cRel/RelA in the second α-helix of AR 4 and the loop C-terminal to AR 6. 

 D. Discussion 

1. IκBε prefers binding to NFκB dimers containing cRel 

 Using fluorescence anisotropy, the binding affinities of IκBε were determined for each 

canonical NFκB dimer. I expected to see a difference in the distribution of KD values for IκBε as 

compared to the more well characterized family members, IκBα and IκBβ, and this was indeed 

observed. While the binding affinities of IκBα and IκBβ have not been determined for each 

NFκB dimer as presented here for IκBε, it is known that IκBα binds to its preferred dimer, 

p50/RelA, with a KD value of 30 pM which is in the range of the KD value for IκBε with 

p50/cRel. Previous work on IκBε has shown that it is found in vivo most often in complex with 

NFκB dimers containing cRel, here, I provide a biophysical basis for this observation in that the 

three dimers with the highest affinity for IκBε are p50/cRel, cRel/RelA, and the cRel homodimer 

(Table 4.1). 

The range of binding affinities of IκBε for the NFκB dimers spans more than an order of 

magnitude with the tightest dimer (p50/cRel) binding with a KD of 57 pM and the weakest (p50 

homodimer) binding at 810 pM. This distribution provides a framework for understanding the 

vast amounts of in vitro and in vivo data which have shown that expression of different IκB 

family members leads to unique functional consequences for each NFκB dimer. In particular, 
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studies have shown that nuclear translocation of cRel is strongly inhibited when IκBε is 

expressed in TNF-treated cells, and IκBε is, in fact, a non-redundant regulator of cRel-dependent 

gene expression in murine T and B cells (17). One of the seminal papers which identified IκBε 

demonstrated through co-immunoprecipitation experiments that IκBε associated more weakly 

with p50 than with cRel and RelA (9), which appears to conflict with the observation that IκBε 

binds most tightly to the p50/cRel heterodimer; however, when the binding affinities for the p50 

and RelA homodimers (as well as the p50/RelA and cRel/RelA heterodimers) are taken into 

account, it would be expected that more RelA would be precipitated with IκBε than p50 since its 

binding affinities for the RelA homodimer and the p50/RelA heterodimer are about 4-fold tighter 

than that for the p50 homodimer which would lead to a larger gross amount of RelA being found 

in complex with IκBε than p50 despite the p50/cRel heterodimer being the tightest binding 

partner for IκBε.  

2. The presence of the seventh AR of IκBε is necessary for competent binding 

to all NFκB dimers 

 Once I identified the likely presence of a seventh AR at the C-terminal end of the IκBε 

ARD, I was interested in ascertaining whether the presence of this structural element leads to an 

appreciable difference in the ability of IκBε to bind each NFκB dimer. Indeed, the deletion of 

this region of IκBε results in significant decreases in binding affinity for all NFκB dimers 

investigated. The effect of the seventh AR of IκBε varies for each dimer; the binding affinities of 

p50 homodimer, RelA homodimer, and cRel/RelA heterodimer decrease 1.9-fold in the absence 

of the seventh AR. The affinities of p50/cRel and p50/RelA heterodimers decrease 2.5-fold, and 

the affinity of the cRel homodimer shows the most dramatic effect with a 3.8-fold loss of binding 

competence in the absence of the seventh AR of IκBε. It was previously shown that the N- and 
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C-terminal ends of the IκBα ARD are the energetic ‘hot-spots’ that contribute most of the 

binding energy of the IκBα-p50/RelA complex, and that deletion of even small amounts of the 

C-terminus results in dramatic abrogation in the ability of IκBα to bind p50/RelA (18). This does 

not appear to also be the case for IκBε where deletion of the entire seventh AR only affected 

NFκB binding by 2-4 fold. Though the role of AR 7 in the binding competency of IκBε for 

NFκB is significant, further functional consequences of the presence of AR 7 are yet to be 

revealed. 

3. cRel/RelA binding affects dynamics in IκBε to a greater extent than 

p50/cRel 

 HDXMS experiments performed here reveal that there are widespread changes in the 

backbone dynamics of IκBε upon binding of p50/cRel and cRel/RelA and that the regions 

affected by binding are unique to each dimer (Figs. 4.6, S4.2, and S4.3). Protection from 

deuterium uptake upon binding of p50/cRel is seen in ARs 1, 2, 3, and 5 with the protection in 

AR 2 and the C-terminal end of AR 3 and into the longer than average loop connecting it to AR 

4 being the only regions where p50/cRel protects IκBε from deuterium uptake more than 

cRel/RelA (Fig. 4.6, green). Surprisingly, however, in AR 6, there is a significant increase in 

deuterium uptake for several peptides in this region (residues 293-307 and 321-330 in Fig. 4.6) 

which suggests that this region is likely not forming stable contacts when in complex with the 

p50/cRel dimer. It is extremely unexpected that there would not be widespread significant 

protection from deuterium uptake in IκBε upon binding p50/cRel as it binds this NFκB dimer 

with the highest affinity.  

 Though it binds IκBε with about 2-fold less affinity than p50/cRel, binding of cRel/RelA 

leads to much larger levels of protection throughout IκBε (Fig. 4.6, blue). In fact, the region at 
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the C-terminal end of AR 1 (AR 1, residues 130-140, Fig. S4.2) and N-terminal end of AR 2 (AR 

2, residues 143-151, Fig. S4.2) exchange at the same level as free IκBε when bound to p50/cRel 

but are significantly protected from exchange when bound to cRel/RelA (about 50% and 35%, 

respectively). However, this phenomenon is also seen in reverse (residues 167-176 and 210-226, 

green in Fig. 4.6), but most strikingly, these two peptides are the only two where p50/cRel 

protects more than cRel/RelA and yet they retain the same level of dynamics as the free IκBε 

when bound to cRel/RelA. This observation would suggest that the dampening of dynamics in 

AR 2 and the longer than average loop connecting ARs 3 and 4 are key facilitators of the 

interaction with p50/cRel and not cRel/RelA.  

Though the two regions in green in Fig. 4.6 are of importance, the most striking aspect of 

this HDXMS analysis of IκBε is the vast number of peptides which are not protected at all by 

binding of either heterodimer (yellow in Fig. 4.6) and those which in fact increase in exchange 

when in complex (red and magenta in Fig. 4.6). In fact, regions in these two classes comprise a 

stunning 72% of the residues covered in IκBε.  The fact that there are so many regions which 

either increase in exchange or retain the backbone dynamics of free IκBε when in complex with 

both cRel heterodimers suggests that entropic forces may contribute significantly to the binding 

of both p50/cRel and cRel/RelA. This would also explain the higher affinity binding of p50/cRel 

since there are only two regions where p50/cRel dampens backbone dynamics to a greater extent 

than cRel/RelA. If the interaction between cRel heterodimers and IκBε is an entropically driven 

process, these backbone dynamics would be essential to compensate for potentially unfavorable 

changes in enthalpy upon binding and greater levels of protection globally by a binding partner 

would be associated with a lower binding affinity, which is precisely what is observed for 

cRel/RelA binding as compared to p50/cRel. The HDXMS results strongly suggest that IκBε 
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uses different ARs and forms distinct interfaces when it binds to p50/cRel as compared to 

cRel/p65.  

4. Dynamic changes in AR 7 of IκBε may be important for competent NFκB 

binding 

 The KD values of IκBε binding to NFκB were shown to be sensitive to the presence of 

seventh AR of IκBε, and analysis of this region using HDXMS provides insight into the role that 

AR 7 plays in the binding to p50/cRel and cRel/RelA. For the majority of residues in AR 7 (and 

the C-terminal region of AR 6), there is either no protection or an increase in deuterium uptake 

when in complex with both p50/cRel and cRel/RelA. As noted above, dynamic changes in the 

IκBε structure could be providing favorable entropic changes to facilitate the tight binding of 

IκBε to p50/cRel (and cRel/RelA to a lesser extent). Most strikingly, the largest collection of 

peptides which display increased exchange in the complex localize to the sixth and seventh ARs 

(see AR 6 and AR 7 in Fig. S4.3). Furthermore, the time-scales of exchange are altered upon 

binding for AR 6 and AR 7.  If entropic forces are indeed facilitating the high affinity of IκBε for 

p50/cRel and cRel/RelA then the loss of AR 7 would be expected to decrease the binding 

affinity, which is indeed what is observed. Therefore, it is likely that the increased dynamics in 

AR 7 of IκBε is one of the driving forces in the high affinity binding of p50/cRel and cRel/RelA 

to IκBε. 

E. Conclusions 

 Here I present the biophysical characterization of IκBε binding to each canonical NFκB 

dimer. As each IκB protein binds to NFκB dimers with differing affinities and is observed 

mainly in complex with a specific subset of dimers, understanding the preferred NFκB binding 

partner of IκBε in vitro can provide a biophysical basis for observations that have been made in 
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vivo. IκBε binds most tightly to the p50/cRel heterodimer and less than 2-fold weaker to the 

cRel/RelA heterodimer. Along with the remaining KD values, the results explain all the 

apparently conflicting in vivo observations, which have identified IκBε as preferentially 

associating with cRel and RelA containing dimers. To attempt to understand the effects of 

binding of the two preferred dimers of IκBε on backbone dynamics, HDXMS revealed that IκBε 

utilizes different regions to bind to p50/cRel as compared to cRel/RelA. In addition, a significant 

level of dynamic motion remains in IκBε when bound to both of these heterodimers. Further 

study of the thermodynamics of IκBε binding to p50/cRel and cRel/RelA would provide a more 

detailed picture of the exact mechanism of IκBε binding to these two heterodimers and the 

underlying reason why p50/cRel binds with a slightly higher affinity.  
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Figure S4.1: Fluorescence anisotropy traces of IκBε104-335 binding to NFκB dimers. Anisotropy 
values were calculated from fluorescence polarization measurements and plotted as a function of IκBε 
concentration. The curves result from fitting the data to the Michaelis-Menten equation and the KD 
values are reported in Table 4.1 
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Figure S4.2: Minimal set of HDXMS plots providing maximal coverage of IκBε through AR 3. 
The minimal subset of HDXMS plots which make up the regions of the disordered N-terminus through 
AR 3 of IκBε. The only uncovered regions in this set are residues 40-78 and 141-142. In each plot, free 
IκBε is shown in red dots, the p50/cRel complex in purple dots, and the cRel/RelA complex in blue 
dots. Residues for each AR are shown above the plots.  
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A.  Introduction 

 Preliminary reports concerning IκBε noted that it was found to associate primarily with 

cRel homo- and hetero-dimers (1-3) and my work determining the binding affinities of IκBε 

(Chapter IV) confirmed that the three tightest binding partners of IκBε are indeed p50/cRel, 

cRel/RelA, and cRel homodimer. Further, two of the seminal papers on IκBε in 1997 identified 

the importance of the C-terminal region of IκBε in its ability to bind NFκB and further to inhibit 

RelA-mediated DNA binding (2,3). In Chapter III, I demonstrated that this important C-terminal 

region of IκBε is, in fact, a seventh AR and in Chapter IV, I showed that the presence of this 

seventh AR is required for competent binding to all NFκB dimers and further presented evidence 

using HDXMS that dynamics in this region are implicated in the high affinity binding of IκBε to 

the cRel heterodimers. However, the IκBε dynamics are only one component of this interaction. 

It is necessary to investigate the effect of IκBε binding on the dynamics of the cRel heterodimers 

to obtain the full picture of the resulting dynamic changes in this binding event.  

 In Chapter II, we observed that binding of IκBα induced long-range conformational 

changes in the NFκB p50/RelA heterodimer (4). Therefore, understanding the effect of IκBε 

binding on the conformational dynamics of its preferred NFκB binding partners (p50/cRel and 

cRel/RelA) is crucial to achieving an integrated perspective on this interaction. And further, 

investigating the effect of deleting the C-terminal seventh AR of IκBε on the dynamics of the 

cRel heterodimers in complex with IκBε can provide further insight into the mechanism by 

which the presence of the seventh AR conveys over two-fold increased binding affinity of IκBε 

with the cRel heterodimers.  

 Here I present an HDXMS analysis of cRel heterodimers in their free state as well as in 

complex with IκBε40-364 (FL IκBε) and IκBε104-335 (IκBεΔAR7) as well as the binding affinities 
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of p50/cRel and cRel/RelA with DNA for use in future experiments to investigate the ability of 

IκBε to accelerate the dissociation of DNA from cRel heterodimers. 

B. Materials and Methods 

1. Proteins expression and purification 

 Two constructs of the M. musculus IκBε gene were utilized, one spanning residues 40-

364 and another spanning residues 104-335. Both of these were cloned into a pET11a vector 

between NdeI and BamHI sites with N-terminal hexa-histidine tags. The same purification 

protocol was used for both and is described below. IκBε was transformed into E. coli 

BL21(DE3) cells and grown at 37 ºC with shaking in M9 minimal media supplemented with 

ampicillin to an OD600 of 0.6 and protein expression was induced with 0.2 mM isopropyl-β-

thiogalactopyranoside (IPTG) and incubated with shaking at 12 ºC for 18 hours. Cells were 

pelleted at 5000 rpm and resuspended in Cell Resuspension Buffer (25 mM Tris pH 7.5, 50 mM 

NaCl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM β-mercaptoethanol (βME) and 

protease inhibitor cocktail (Sigma-Aldrich)). Cells membranes were disrupted using sonication 

and lysates were cleared via centrifugation at 12,000 rpm for 45 minutes. Clarified lysates were 

then batch bound to Ni-NTA beads (Thermo Scientific) equilibrated in Ni-NTA Buffer A (25 

mM Tris pH 7.5, 150 mM NaCl, 10 mM imidazole, 10 mM βME, and 0.5 mM PMSF) with 

rocking for 2 hours. The beads were poured into a column and washed with Ni-NTA Buffer A 

and a 20 mM imidazole Wash Buffer prior to elution with Ni-NTA Buffer B (same components 

as Ni-NTA Buffer A except 250 mM imidazole). Fractions containing IκBε were then dialyzed 

overnight at 4 ºC to remove imidazole in Dialysis Buffer (25 mM Tris pH 7.5, 150 mM NaCl, 

0.5 mM ethylenediaminetetraacetic acid (EDTA), and 1 mM dithiothreitol (DTT)). The dialyzed 

protein was then either frozen in 2 mL aliquots at -80 ºC until needed or immediately further 
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purified from aggregates by gel filtration chromatography (Superdex 200; GE Healthcare) in 

Dialysis Buffer. 

 Murine N-terminal hexahistidine-p5039-350/cRel1-294 and cRel1-294/p6519-321 heterodimer 

was grown and purified as described for IκBε with the exception that these NFκB heterodimers 

are expressed at 18 ºC for 18 hours. Immediately prior to use for experiments, p50/cRel and 

cRel/RelA were purified from bound bacterial DNA using cation exchange chromatography 

(Mono S column, GE Healthcare) followed by gel filtration chromatography to separate 

aggregates (Superdex 200; GE Healthcare). 

 Protein concentrations were determined by measuring the absorbance at 280 nm using the 

following molar extinction coefficients: IκBε40-364: 16960 M-1cm-1, IκBε104-335: 8480 M-1cm-1, 

cRel/RelA: 46395 M-1cm-1, p50/cRel: 49125 M-1cm-1. 

2. Fluorescence anisotropy experiments 

 To determine the binding affinity of the cRel heterodimers with DNA, the CD28 

Response Element of the IL-2 promoter (CD28RE IL-2) κB sequence was formed into a hairpin 

structure and obtained from Integrated DNA Technologies (IDT) modified at the 5’ end with a 

six carbon spacer and a free amine for fluorophore labeling (sense and antisense κB sequences 

shown in bold).  

CD28RE IL-2 Sequence: 5’-TAAAGAAATTCCAGACCCCCTCTGGAATTTCTTTA-3’ 

 To obtain fluorescently labeled CD28RE IL-2 DNA, the lyophilized oligonucleotide was 

resuspended in Milli-Q ultrapure water to a concentration of 2 mM and labeling reactions were 

set up as follows. 10 µL of 2 mM CD28RE IL-2 (20 nmol) was added to 75 µL 0.1 M sodium 

tetraborate pH 8.5 and 14 µL of 23 mM fluorescein isothiocyanate isomer-I (FITC) (Sigma-

Aldrich) (322 nmol) and incubated with shaking and protected from light for 6 hours at room 
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temperature. The labeling reaction was quenched, and the oligonucleotide was precipitated by 

addition of 500 µL of ethanol and incubation at -80 ºC overnight with protection from light. The 

next morning, the precipitated oligonucleotide was centrifuged at 14,000 rpm for 5 minutes. The 

supernatant was decanted, and the pelleted oligonucleotide was resuspended in 500 µL of Milli-

Q ultrapure water. The resuspended labeled oligonucleotide was then loaded onto a Vydac 

analytical C18 reverse phase column (VWR International) (300 Å pore size, 5 µm particle size, 

4.6 mm i.d. x 250 mm) previously equilibrated in Buffer A (20 mM ammonium acetate pH 5.75). 

After loading the labeled oligonucleotide, the column was washed with 10 mL Buffer A and was 

eluted from the column using a linear gradient from 0-100% Buffer B (acetonitrile) with UV 

detection at 495 nm. The peak containing the labeled oligonucleotide was then lyophilized and 

the dried labeled oligonucleotide was stored at 4 ºC until use.  

 To set up anisotropy experiments, the lyophilized oligonucleotide was resuspended in 

500 µL Dialysis Buffer and oligonucleotide concentration was determined using the following 

equation:  

Where A260 is the absorbance at 260 nm, A495 is the absorbance at 495 nm, 0.12 is a correction 

factor for the absorbance of FITC at 280 nm, and 335,600 is the molar extinction coefficient of 

the oligonucleotide at 260 nm in units of M-1cm-1. 

 The degree of labeling was determined using the following equation: 
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where A495 is the absorbance at 495 nm, 70,000 is the molar extinction coefficient of FITC at 

495 nm in units of M-1cm-1, and [DNA] is the concentration of the DNA in units of M. 

 Anisotropy experiments were conducted by holding the concentration of labeled DNA 

constant and varying the concentration of the NFκB construct being investigated. The labeled 

DNA was held at 7.5 nM and NFκB concentrations were varied as follows: 0 pM, 10 pM, 50 pM, 

75 pM, 100 pM, 250 pM, 500 pM, 750 pM, 1 nM, 2.5 nM, 5 nM, 10 nM, 20 nM, 30 nM, 40 nM, 

50 nM, 60 nM.   

Anisotropy values were determined by reading the fluorescence polarization on a 

Beckman Coulter DTX 880 Multimode Detector plate reader with polarized excitation at 485 nm 

and two emission filters at 535 nm equipped with parallel and perpendicular polarizers. Readings 

were performed with a 1 s integration time utilizing the G-factor of 0.67. After obtaining the 

parallel and perpendicular fluorescence readings, anisotropy values were determined using the 

following equation: 

Where R is the anisotropy value at each concentration in units of milli-polarization (mP), 

IV,V is the fluorescence intensity in the parallel direction, IV,H is the fluorescence intensity in the 

perpendicular direction, and G is 0.67, a correction factor for the difference in detection 

sensitivity for parallel and perpendicular polarized light. 

Anisotropy values were plotted as a function of NFκB concentration and fitted to a 

hyperbolic binding equation to obtain the KD binding affinity of cRel heterodimers with DNA. 
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Where R is the anisotropy at each NFκB concentration, Rmax is the maximum anisotropy 

value for the experiment, [NFκB] is the NFκB concentration, and KD is the dissociation constant 

(binding affinity). 

3. Hydrogen-Deuterium Exchange Mass Spectrometry Experiments 

 HDXMS was performed using a Waters Synapt G2Si equipped with a nanoACQUITY 

UPLC system with H/DX technology and a LEAP autosampler. Individual proteins and 

complexes were purified by gel filtration chromatography (Superdex 200; GE Healthcare) in 25 

mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5 mM EDTA prior to analysis. The final 

concentrations of proteins in each sample were 5 µM. For each deuteration time, 4 µL of each 

sample was equilibrated to 25 ºC for 5 min and then mixed with 56 µL D2O buffer [25 mM Tris 

(pH 7.5), 150 mM NaCl, 1 mM DTT, and 0.5 mM EDTA in D2O] for 0, 0.5, 1, 2, or 5 min. The 

exchange was quenched with an equal volume of quench solution [3M guanidine and 0.1% 

formic acid (pH 2.66)]. 

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

an in-line pepsin column (immobilized pepsin, Pierce, Inc.) at 15 ºC. 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 electrosprayed into the Waters Synapt G2Si quadrupole time-of-

flight mass spectrometer. The mass spectrometer was set to collect data in Mobility, ESI+ mode; 

mass acquisition range of 200-2000 (m/z); and scan time of 0.4 s. Continuous lock mass 
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correction was accomplished with infusion of leu-enkephalin (m/z = 556.277) every 30 s (mass 

accuracy of 1 ppm for calibration standard). For peptide identification, the mass spectrometer 

was set to collect data in MSE, ESI+ mode instead. 

 The peptides were identified from triplicate MSE analyses of 10 µM p50/cRel, and 10 µM 

cRel/p65 and data were analyzed using PLGS 3.5 (Waters Corporation). Peptide masses were 

identified using a minimum number of 250 ion counts for low energy peptides and 50 ion counts 

for their fragment ions. The peptides identified in PLGS were then analyzed in DynamX 3.0 

(Waters Corporation). The following cut-offs were used to filter peptide sequence matches: 

minimum products per amino acid of 0.2, minimum score of 6.5, maximum MH+ error of 5 ppm, 

a retention time standard deviation of 5%, and the peptides were present in two of the three ID 

runs. After back-exchange correction (~27%), the relative deuterium uptake for each peptide was 

calculated by comparing the centroids of the mass envelopes of the deuterated samples with the 

undeuterated controls following previously published methods (5). The experiments were 

performed in triplicate, and independent replicates of the triplicate experiment were performed to 

verify the results. 

C. Results 

1. Determination of binding affinities of p50/cRel and cRel/RelA with DNA 

 As in Chapter IV, fluorescence anisotropy experiments were performed in order to 

determine the binding affinities of p50/cRel and cRel/RelA with DNA. The κB DNA sequence 

of the CD28 Response Element of the IL-2 promoter (CD28RE IL-2) was utilized as a FITC-

conjugate and the KD values were determined by plotting the fluorescence anisotropy values as a 

function of cRel heterodimer concentration and fitting the data to a hyperbolic binding curve. 



 114 

The binding affinities for p50/cRel and cRel/RelA to this DNA were 2.3 ± 0.03 nM and 1.2 ± 

0.36 nM, respectively (Fig. 5.1).  

2. HDXMS of cRel heterodimers  

 In order to understand the different backbone dynamics in cRel between the two cRel 

heterodimers, HDXMS experiments were first performed on the free p50/cRel and cRel/RelA 

heterodimers to ascertain if there are any inherent differences in deuterium uptake for the same 

regions of cRel in each heterodimer. Most regions in cRel exchange the same number of amides 

in free p50/cRel and cRel/RelA (Figs. S5.1 and S5.2). However, some regions in both the cRel 

NTD and DD show significantly higher deuterium uptake in one heterodimer versus the other. 

As there is no structure of either the p50/cRel or cRel/RelA heterodimer, the differences in 

deuterium uptake in the free states are shown on the crystal structure of the cRel heterodimer 

bound to DNA (Fig. 5.2) (6). All but two regions in cRel exchange more in the cRel/RelA 

heterodimer (blue regions, Fig. 5.2). The two regions which showed increased exchange in the 

Figure 5.1: Fluorescence anisotropy determined binding affinities of cRel heterodimers with 
DNA. Fluorescence anisotropy values were determined as the difference of fluorescence intensities in 
the parallel and perpendicular directions and plotted as a function of cRel heterodimer concentration. 
Left, red, anisotropy of p50/cRel binding to DNA with a KD of 2.3 ± 0.03 nM. Right, purple, 
anisotropy of cRel/RelA binding to DNA with a KD of 1.2 ± 0.36 nM. Error bars of two independent 
replicates are shown on each plot. 
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p50/cRel heterodimer are residues 24-51 (red, Fig. 5.2) and the C-terminal residues 282-294 (not 

visible in the crystal structure which ends at residue 281) (Fig. S5.2). Interestingly, residues 24-

51 also contain four key DNA contacting residues (Arg24, Tyr25, Cys27, and Glu28).  

Figure 5.2: The backbone dynamics of the cRel subunit are distinct between the two heterodimers. The 
regions of the cRel subunit which display different levels of deuterium uptake in each heterodimer are shown 
painted onto the crystal structure of the cRel homodimer bound to DNA (PDB: 1GJI). Residues which exchange 
more in the p50/cRel heterodimer are colored in red, and those which exchange more in the cRel/RelA 
heterodimer are colored in blue. Deuterium uptake plots for several of these regions are shown contained in 
boxes corresponding to their color on the structure. Free p50/cRel is shown in blue circles and free cRel/RelA is 
shown in dark green circles for the uptake plots. Regions which do not show any differences in uptake between 
the two heterodimers are colored green and residues not covered are colored in grey. An orange asterisk denotes 
a peptide containing DNA-contacting residues and these residues are underlined in orange. 
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3. HDXMS of cRel heterodimers in complex with FL IκBε  

 In order to determine whether the binding of FL IκBε leads to different effects on 

backbone dynamics in each cRel heterodimer, the deuterium uptake plots for the cRel subunit of 

each heterodimer were compared when in complex with FL IκBε. FL IκBε binding showed little 

to no protection of cRel upon binding in the p50/cRel heterodimer (Fig. S5.1 and S5.2). It should 

be mentioned that the same samples were analyzed for protection of IκBε (Chapter IV) and the 

results clearly indicated that IκBε was bound to the p50/cRel heterodimer. Three regions in cRel 

were protected by binding of FL IκBε to the cRel/RelA heterodimer including residues 12-23 in 

the NTD, and residues 186-205 and 232-241 in the DD (Fig. 5.3). Residues 12-23 in the NTD, 

located near the DNA binding site, and residues 186-205 and 232-241 in the dimer interface are 

all likely contact sites for IκBε. Residues 53-65 are buried in the core of the NTD and it is less 

clear why these residues are so different between the free cRel/RelA versus the free p50/cRel or 

why they are protected so dramatically by binding of FL IκBε to only the cRel/RelA 

heterodimer. 
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Figure 5.3: Regions of the cRel subunit are differentially affected by binding of FL IκBε in each cRel 
heterodimer. The regions of the cRel subunit which are protected to different extents by binding of FL IκBε are 
painted onto the structure of the cRel heterodimer. Blue regions are those which are protected by binding of FL 
IκBε only in the cRel/RelA heterodimer. Deuterium uptake plots for each region are shown in boxes 
corresponding to their color on the structure. In each plot, free p50/cRel is in dark blue circles, free cRel/RelA is 
in dark green circles, p50/cRel bound to FL IκBε is in light blue circles, and cRel/RelA bound to FL IκBε is in 
olive circles.  
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4. The effect of the IκBε AR7 on backbone dynamics in the cRel subunit of 

cRel heterodimers 

Next, I investigated the effect of deleting the seventh AR of IκBε, which results in only a 

2-fold weaker affinity for both p50/cRel and for RelA/p50. Indeed, binding of IκBεΔAR7 

influences backbone dynamics in cRel unique to each heterodimer. For the cRel subunit in 

p50/cRel, one region (residues 53-65) is protected upon binding IκBεΔAR7 (Fig. S5.1). 

Deuterium exchange in this region was slowed upon IκBεΔAR7 binding but attained the same 

level of exchange as the free heterodimer after 5 min of incubation. This suggests that binding of 

IκBεΔAR7 affects dynamics in this region of p50/cRel in a manner which changes the time scale 

of exchange. It is important to note also that this protection was not observed when FL IκBε was 

bound to the p50/cRel heterodimer. For the remaining cRel peptides in p50/cRel, the binding of 

IκBεΔAR7 either has no effect on deuterium exchange or else actually increased the level of 

deuterium uptake as compared to the free heterodimer (Fig. S5.1, see residues 24-51 and 90-

101), however these changes are extremely subtle.  

For the cRel/RelA heterodimer, there is a more marked effect of binding IκBεΔAR7 

which mirrors the larger effect also seen upon binding FL IκBε. In the cRel subunit of the 

cRel/RelA heterodimer, the binding of IκBε lead to five different outcomes: 1) IκBεΔAR7 

binding protects the peptide from exchange to the same extent as FL IκBε, 2) binding IκBεΔAR7 

protects the peptide from exchange more than FL IκBε binding, 3) binding IκBεΔAR7 protects 

the peptide to a lesser extent than FL IκBε, 4) binding of FL IκBε protects from exchange but 

IκBεΔAR7 does not, and 5) binding both FL IκBε and IκBεΔAR7 do not protect from exchange. 

The majority of residues in the DD are not affected by binding either FL IκBε or IκBεΔAR7 

(green regions, Fig. 5.4). There were residues within both the NTD and DD which showed 
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protection to the same extent by binding IκBεΔAR7 and FL IκBε (yellow regions, Fig. 5.4) 

Some regions of the cRel subunit were actually protected more by binding IκBεΔAR7 than by 

binding FL IκBε and these are all located in the NTD (residues 24-51 and 53-65, red regions, 

Fig. 5.4). Two regions were protected only by binding FL IκBε (blue regions Fig. 5.4) one of 

which is at the very N-terminus (residues 12-23) and the other at the dimer interface (residues 

186-205). Interestingly, the last β-strand and the linker region are the only parts of the cRel NTD 

that are not affected by binding either FL IκBε or IκBεΔAR7 to the cRel/RelA heterodimer.



 120 

 

Figure 5.4: Deletion of the IκBε AR7 affects deuterium uptake throughout the cRel subunit of cRel/RelA. 
The effect of deleting the IκBε AR7 is shown for regions throughout cRel on the cRel homodimer crystal 
structure. Regions in red are those which are protected from exchange more by binding IκBεΔAR7. In blue are 
regions which are protected more by binding FL IκBε. In yellow are regions which are protected to the same 
extent by binding both FL IκBε and IκBεΔAR7. In green are regions which are not protected by binding either 
FL IκBε or IκBεΔAR7. Representative deuterium uptake plots are shown in boxes corresponding to their color 
on the structure. For the plots, free cRel/RelA is shown in dark green circles, cRel/RelA bound to Fl IκBε is 
shown in olive circles, and cRel/RelA bound to IκBεΔAR7 is shown in lime green circles. Regions not covered 
are colored in grey. 
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5. Effect of binding FL IκBε or IκBεΔAR7 to the p50 and RelA subunits of 

cRel heterodimers. 

 To investigate the effect of binding FL IκBε or IκBεΔAR7 on the deuterium uptake in the 

p50 and RelA subunits of the heterodimers, data from the p50 and RelA subunits in their 

respective heterodimers was also analyzed. Analogous peptides for regions of both the p50 and 

RelA subunits are shown in Figures S5.3 (NTD peptides) and S5.4 (DD peptides). As there is a 

crystal structure known for the p50/RelA heterodimer bound to DNA (7), changes upon FL IκBε 

or IκBεΔAR7 binding on the p50 and RelA subunits are shown on this structure (Fig. 5.5) 

though the deuterium uptake results are for the cRel heterodimers of p50 and RelA.  

 As with the cRel subunit of the p50/cRel heterodimer, the effect of binding either FL 

IκBε or IκBεΔAR7 was exceedingly small. In fact, only one region was protected by binding FL 

IκBε in the p50 subunit (residues 283-298) which is located on the solvent exposed side of the 

DD of p50 (blue region on p50, Fig. 5.5).  Remarkably, increases in deuterium uptake upon 

binding of IκBεΔAR7 were observed throughout p50, mostly in the NTD, but also in residues 

249-265 in the DD. 

 For the RelA subunit, several regions in the NTD of the cRel/RelA heterodimer were 

protected upon binding of IκBε (blue regions in RelA in Fig. 5.5). However, unlike the cRel 

subunit, there are no regions in the RelA subunit which were protected to a larger extent by 

binding of IκBεΔAR7. Most peptides in the RelA subunit of the cRel/RelA heterodimer were 

protected to the same extent by binding FL IκBε or IκBεΔAR7 (yellow regions in RelA in Fig. 

5.5).  
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Figure 5.5: Effect of deleting the IκBε seventh AR on deuterium uptake in the p50 and RelA subunits of 
the cRel heterodimers. The differences between binding FL IκBε and IκBεΔAR7 on the p50 and RelA subunits 
of the cRel heterodimers is shown painted onto the crystal structure of p50/RelA bound to DNA (PDB: 1LE5). 
p50 is shown left, red regions represent areas where binding IκBε constructs leads to increases in deuterium 
uptake, in blue is one region where binding FL IκBε conveys protection from deuterium exchange, pink regions 
are those which are not affected by binding either IκBε construct. RelA is shown right and regions in blue are 
those which are protected more from exchange when bound to FL IκBε, in yellow are regions which are 
protected to an equal extent by binding both FL IκBε and IκBεΔAR7 and in green are regions where there is no 
protection by binding either IκBε construct. Representative peptides are shown in boxes corresponding to their 
color on the structure. For p50 plots, free p50/cRel is shown in dark red circles, p50/cRel bound to FL IκBε is 
shown in bright pink circles, and p50/cRel bound to IκBεΔAR7 is shown in orange circles. For RelA, free 
cRel/RelA is shown in purple circles, cRel/RelA bound to FL IκBε is shown in magenta circles, and cRel/RelA 
bound to IκBεΔAR7 is shown in light purple. Regions not covered in either p50 or RelA are colored grey on the 
structure. 
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D. Discussion 

1. cRel heterodimers bind DNA with comparable affinity to other NFκB 

dimers. 

 It has been previously shown that there is high specificity for the κB sequences bound by 

specific NFκB dimers which is an integral component of NFκB’s ability to respond in a specific 

manner to a specific extracellular signal (8). The CD28RE IL-2 κB DNA was chosen for analysis 

with the cRel heterodimers because it was the DNA which was used in the crystal structure of 

the cRel homodimer (6). The binding affinities of p50/cRel and cRel/RelA with CD28RE IL-2 

DNA are 2.3 ± 0.03 nM and 1.2 ± 0.36 nM, respectively (Fig. 5.1) which agrees with the known 

high binding affinities of NFκB dimers with DNA which are in the range of 10-9-10-13 M (9-11). 

Determining the binding affinities of cRel heterodimers with the CD28RE IL-2 κB DNA 

sequence confirms that these cRel heterodimers bind with high affinity to the κB sequence 

known to be regulated strongly by cRel dimers.  

2. cRel dynamics are distinct in each cRel heterodimer 

 Regions throughout both the NTD and DD of the cRel subunit had distinct dynamics as 

reported by HDXMS in free p50/cRel and free cRel/RelA (Fig. 5.2). Residues 24-51 exchanged 

20% more in free p50/cRel as compared to free cRel/RelA whereas residues 53-65 exchanged 

almost 50% less. In the DD, residues 225-241 and 259-270 exchanged 40% and 80% more in 

free cRel/RelA respectively. These observations indicate that the binding partner of cRel in each 

heterodimer significantly influences the native dynamics of the free heterodimer. All of the cRel 

DD appears to be more dynamic when partnered with RelA whereas in the cRel NTD some 

regions are more dynamic (residues 53-65) and some are less (residues 12-23 and 24-51).  
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3. Binding of IκBε affects cRel dynamics differently in each cRel heterodimer 

 In order to put into perspective the role of increased cRel dynamics in free cRel/RelA as 

compared to p50/cRel and how this might factor into the higher affinity binding of p50/cRel, the 

effect of IκBε binding on cRel dynamics in each cRel heterodimer was analyzed. Remarkably 

few regions of cRel in p50/cRel showed changes in deuterium exchange upon binding of IκBε 

(Figs. S5.1 and S5.2) whereas the effects of IκBε binding to cRel/RelA were more substantial 

(Fig. 5.3). Four regions were identified as being sensitive to binding of FL IκBε only in the 

cRel/RelA heterodimer and they are located throughout the NTD and DD of cRel. As I showed 

in Chapter II, though the main interface of interaction for IκBα with p50/RelA is located in the 

DD, long range dynamic allostery in the NTDs are crucial for that interaction (4). It appears that 

this may also be the case for the interaction of IκBε with cRel heterodimers, and particularly for 

the cRel/RelA interaction.  

 Though there were no regions of the cRel subunit in p50/cRel which displayed significant 

levels of protection upon binding either FL IκBε and only one upon binding IκBεΔAR7, several 

regions showed small increases in exchange when bound to IκBεΔAR7 (see residues 24-51 and 

90-101 for p50/cRel in Fig. S5.1). In Chapter IV, I showed that AR6 and AR7 of IκBε also 

increase in exchange upon binding p50/cRel. Recalling that no increases in exchange of either 

IκBα, RelA, or p50 were observed in Chapter II, the results presented here strongly suggest a 

different thermodynamic signature of binding of IκBε to cRel heterodimers in which a favorable 

entropy change likely plays a larger role than was seen for IκBα interacting with p50/RelA 

(4,12). 

 Two regions in the NTD of cRel in the cRel/RelA heterodimer were protected from 

deuterium uptake to a larger extent by binding of IκBεΔAR7 than by binding of FL IκBε 
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(residues 24-51 and 53-65).  Deletion of the IκBε AR7 only caused a 2-fold decrease in binding 

affinity (Chapter IV) whereas deletion of the IκBα C-terminus causes a 100-fold decrease in 

binding (13). These results suggest that perhaps the mode of binding of IκBεΔAR7 is somewhat 

different from that of FL IκBε. The C-terminal AR of IκBε is likely playing a different role than 

that of IκBα in binding to p50/RelA. 

4. IκBε binding to cRel heterodimers differentially affects the p50 and RelA 

subunits 

 Upon observing the significant differences in the dynamics of the same cRel peptides 

from each heterodimer both in the free and IκBε bound states, it was necessary to perform a 

similar analysis on the p50 and RelA subunits of each heterodimer. Analysis of structurally 

analogous regions in p50 and RelA showed similar effects as was also seen for their cRel binding 

partners. The only residues that were protected in p50 upon IκBε binding were residues 283-298 

in the solvent exposed side of the DD. Interestingly, these were the residues that changed 

differently upon IκBα binding to the p50/RelA heterodimer depending on whether the NTD of 

p50 was present or not (Chapter II) (4).More changes were observed in RelA subunit upon IκBε 

binding to the cRel/RelA heterodimer. This was true for both FL IκBε and the IκBεΔAR7 

constructs.  

 Deletion of AR7 affected the binding of IκBε to cRel/RelA to the same extent as binding 

to p50/cRel (2-fold decrease in KD). This was despite the differences in observed HDXMS 

analysis. For the p50/cRel heterodimer, one region of the DD in p50 was affected by binding FL 

IκBε and nothing was observed to be protected by binding of IκBεΔAR7 in either the cRel or 

p50 subunits. It is difficult to ascertain why the binding affinity is so tight unless one 

hypothesizes a “perfect fit” binding mechanism that hardly involves AR7. In the case of 
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cRel/RelA, regions in both the NTD and the DD were protected upon binding of either FL IκBε 

or the IκBεΔAR7 construct although different regions were protected by each IκBε variant. FL 

IκBε protected additional regions of the RelA NTD as compared to the deletion construct. Thus, 

the differential amide exchange response to IκBε binding observed in the cRel subunit may be 

partly due to different interactions and/or different dynamics in the p50 or RelA binding partner. 

  The binding affinity of IκBε for p50/cRel is not very different from that of cRel/RelA. 

This is despite the fact that cRel in each heterodimer context has a different dynamic response to 

binding and the p50 or RelA subunits also have different dynamic responses as revealed by 

HDXMS. It is interesting to observe that dynamic compensation mechanisms must be playing a 

role in achieving similarly high binding affinities of IκBε to these different NFκB heterodimers.   

5. Binding of IκBε leads to disparate impacts on residues necessary for the 

nuclear role of NFκB in all subunits of cRel heterodimers 

 Though there are no structures for DNA bound cRel heterodimers, there are substantial 

amounts of information available from the known crystal structures of the p50, RelA, and cRel 

homodimers as well as the p50/RelA heterodimer bound to DNA which identified the residues in 

these subunits responsible for their interaction with DNA. Orange asterisks in Figures S5.1 

through S5.4 denote peptides which contain residues identified in these previous studies as 

forming either direct or indirect contacts with DNA and the specific residues are underlined in 

orange. The key DNA binding residues in the chicken cRel homodimer bound to DNA identified 

in the crystal structure (PDB 1GJI) are completely conserved in murine cRel used here. Direct 

contacts with DNA were identified as residues Arg21, Arg23, Tyr24, Cys26, Glu27, Arg178, and 

Lys110 (6). In murine cRel, the residue numbers increase by one, therefore in my HDXMS 

analysis I was able to obtain peptides covering cRel DNA binding residues Arg24, Tyr25, 
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Cys27, Glu28 (found in peptide 24-51 in Fig. S5.1), and Arg179 (found in peptide 164-185 in 

Fig. S5.1). Interestingly, binding of FL IκBε resulted in protection from deuterium uptake in the 

cRel/RelA heterodimer but not in p50/cRel in both of these regions. While binding of FL IκBε 

shows no effect on these regions in p50/cRel, binding of IκBεΔAR7 increases exchange over the 

free p50/cRel. However, in cRel/RelA, binding of FL IκBε protected this region and IκBεΔAR7 

protected even more. 

 For the p50 subunit of the p50/cRel heterodimer, key DNA binding residues identified in 

the crystal structure of the p50 homodimer (PDB 1NFK) were Lys144, Lys145, Lys241, and two 

key loops, residues 272-279 and residues 304-307 (14). Further, from the p50/RelA heterodimer 

(PDB 1LE5) structure, additional p50 residues Arg54, Arg56, Tyr57, Cys59, Glu60, Ser63, 

His64, Gly65, Gly66, Lys77, and Gln136 were also implicated (7) (orange underlined residues in 

Figs. S5.3 and S5.4). Virtually no protection was observed upon binding FL IκBε for any of 

these residues in the p50/cRel heterodimer. In fact, p50 residues 43-55 and 56-95 actually 

exchanged more when bound to IκBεΔAR7 while binding FL IκBε did not affect the exchange. 

Thus, deletion of AR7 caused increased exchange in the NTDs of both p50 and cRel in the 

p50/cRel heterodimer. For residues 138-152, binding of both forms of IκBε resulted in increased 

exchange. Different dynamics were observed for two DNA-binding loop regions within the DD 

of p50 when bound to the different IκBε constructs: residues 235-248 were protected by binding 

of FL IκBε whereas IκBεΔAR7 caused slight increases in exchange at later time points. Residues 

299-310 showed slowed exchange upon binding of either FL IκBε or IκBεΔAR7, reaching the 

same level of exchange after 5 minutes. The complex nature of these alterations suggests that 

there are exceedingly intricate changes in backbone dynamics of p50/cRel upon binding both FL 
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IκBε and IκBεΔAR7 and that these changes are sensitive to the presence of the seventh AR in 

IκBε.  

 The crystal structure of the RelA homodimer in complex with DNA (PDB 1RAM) 

identified residues Arg41, Ser42, Ala43, and key loops 121-126, 189-196, 217-225, and 237-249 

(15) and the crystal structure of the p50/RelA heterodimer (PDB 1LE5) implicated additional 

residues Tyr36, Cys38, Ser45, Arg33, Arg35, Glu39, Lys122, Gln220, Lys221, Arg246, and 

Gln247 (7) (the deuterium uptake plots are annotated with an orange asterisk and the residues are 

underlined in orange in Figs. S5.3 and S5.4). These regions in cRel/RelA showed significantly 

altered deuterium uptake when in complex with both forms of IκBε. Residues 35-76, 194-214, 

214-226, and 227-249 were protected from deuterium exchange to the same extent by binding of 

both FL IκBε and IκBεΔAR7, while residues 23-34 and 120-132 were protected more by binding 

to FL IκBε. The crystal structure analysis of RelA homodimer identified the tri-peptide Arg41-

Ser42-Ala43 as being of particular importance in the ability of the RelA homodimer to bind 

different κB sequences in that it adapts its conformation to facilitate different modes of DNA 

binding (15), and this peptide is protected to the same extent by binding of both FL IκBε and 

IκBεΔAR7 which would suggest that the dynamics in this region are being restricted by binding 

of IκBε and this may indicate that binding of  IκBε could affect cRel/RelA binding to DNA. Also 

of interest is the peptide in RelA which contains the nuclear localization sequence (NLS) located 

at the very C-terminus of the DD (peptide 310-325 in Fig. 5.5). The masking of the NLS is the 

mechanism by which IκBα sequesters NFκB dimers in the cytoplasm in resting cells, and in 

Chapter II, we demonstrated that DNA bound p50/RelA shows increased dynamics in this region 

while binding of IκBα leads to a large decrease in dynamic motion (4). IκBε induces only slight 

decreases in amide exchange in this region as compared to IκBα. Suggesting that the IκBε-bound 
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cRel/RelA heterodimers may still be able to enter the nucleus. Most strikingly, however, is that 

FL IκBε protects the NLS to a greater extent than IκBεΔAR7. As there is no structure of IκBε 

bound to cRel/RelA, it is unknown whether IκBε could potentially be binding this heterodimer in 

an inverted manner as compared to the way IκBα binds the p50/RelA heterodimer (i.e. the C-

terminal ARs of IκBε would bind to the DD of cRel/RelA). Another possibility is that IκBε binds 

in the same orientation as IκBα, and the differential protection of the RelA NLS upon deletion of 

AR7 is due to long-range dynamic allostery. 

E. Conclusions 

 The binding affinities of cRel heterodimers with DNA agree with the range of known 

binding affinities for NFκB dimers to DNA, and these data will be necessary for future studies 

on whether IκBε possesses the ability to accelerate dissociation of DNA from cRel heterodimers 

as is observed for IκBα with the p50/RelA heterodimer (16,17) or form stable ternary complexes 

as is seen with Bcl-3 and IκBβ (18-20). The HDXMS analysis of the implications of IκBε 

binding on all subunits in the p50/cRel and cRel/RelA heterodimers suggests an extremely 

complicated role of the seventh AR of IκBε in its interaction with both cRel heterodimers. 

However, the larger amount of dynamic motion retained or increased in the complex with 

p50/cRel would bolster the hypothesis that favorable changes in entropy are at play in the higher 

affinity of p50/cRel for IκBε than cRel/RelA as was postulated in Chapter IV. The binding of 

IκBε also appears to have larger impacts on the dynamics of DNA-binding residues in cRel/RelA 

consistent with earlier results which showed that IκBε inhibits DNA binding of cRel/RelA (2,3). 

Further study on the nuclear role of IκBε will provide insight into the implications of this 

observation and particularly the role of the seventh AR in this process. However, it is apparent 

that despite the similar binding affinities for IκBε with the two cRel heterodimers, changes in the 
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backbone dynamics upon interaction of IκBε with p50/cRel or cRel/RelA are clearly different 

suggesting distinct thermodynamic signatures for these interactions.  
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Figure S5.1: Minimal set of peptides providing maximal coverage of the cRel heterodimer NTDs. The 
same peptides contained in the NTDs of cRel in p50/cRel (top plots) and cRel/RelA (bottom plots) are shown. 
Free p50/cRel is shown in dark blue circles, FL IκBε bound p50/cRel is shown in light blue, and p50/cRel 
bound to IκBεΔAR7 is shown in violet circles. Free cRel/RelA is shown in dark green circles, cRel/RelA bound 
to Fl IκBε is shown in olive circles, and IκBεΔAR7 bound cRel/RelA is shown in lime green circles. Orange 
asterisks denote peptides which contain residues known to be implicated in DNA binding and those residues are 
underlined in orange. 
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Figure S5.2: Minimal set of peptides providing maximal coverage of the cRel heterodimer DDs. The 
same peptides contained in the DDs of cRel in p50/cRel (top plots) and cRel/RelA (bottom plots) are 
shown. Free p50/cRel is shown in dark blue circles, FL IκBε bound p50/cRel is shown in light blue, and 
p50/cRel bound to IκBεΔAR7 is shown in violet circles. Free cRel/RelA is shown in dark green circles, 
cRel/RelA bound to Fl IκBε is shown in olive circles, and IκBεΔAR7 bound cRel/RelA is shown in lime 
green circles. Orange asterisks denote peptides which contain residues known to be implicated in DNA 
binding and those residues are underlined in orange. 
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Figure S5.3: Minimal set of peptides providing maximal coverage of the p50 and RelA NTDs in cRel 
heterodimers. Peptides from analogous structural regions of p50 (top plots) and RelA (bottom plots) are shown 
which provide maximal coverage of both NTDs. Free p50/cRel is shown in dark red circles, FL IκBε bound 
p50/cRel is shown in bright pink circles, and p50/cRel bound to IκBεΔAR7 is shown in orange circles. Free 
cRel/RelA is shown in dark purple circles, cRel/RelA bound to Fl IκBε is shown in magenta circles, and 
IκBεΔAR7 bound cRel/RelA is shown in light purple circles. Orange asterisks denote peptides which contain 
residues known to be implicated in DNA binding and those residues are underlined in orange. 
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Figure S5.4: Minimal set of peptides providing maximal coverage of the p50 and RelA DDs in cRel 
heterodimers. Peptides from analogous structural regions of p50 (top plots) and RelA (bottom plots) are shown 
which provide maximal coverage of both DDs. Free p50/cRel is shown in dark red circles, FL IκBε bound 
p50/cRel is shown in bright pink circles, and p50/cRel bound to IκBεΔAR7 is shown in orange circles. Free 
cRel/RelA is shown in dark purple circles, cRel/RelA bound to Fl IκBε is shown in magenta circles, and 
IκBεΔAR7 bound cRel/RelA is shown in light purple circles. Orange asterisks denote peptides which contain 
residues known to be implicated in DNA binding and those residues are underlined in orange. 
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