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DNA and IκBα both induce long range conformational changes 
in NFκB

Kristen M. Ramsey1, Holly E. Dembinski1, Wei Chen, Clarisse G. Ricci, and Elizabeth A. 
Komives*

Department of Chemistry and Biochemistry, University of California, San Diego, 9500 Gilman 
Drive, La Jolla, CA 92092-0378

Abstract

We recently discovered that IκBα enhances the rate of release of NFκB from DNA target sites in a 

process we have termed molecular stripping. Coarse-grained molecular dynamics simulations of 

the stripping pathway revealed two mechanisms for the enhanced release rate; the negatively 

charged PEST region of IκBα electrostatically repels the DNA, and binding of IκBα appears to 

twist the NFκB heterodimer so that DNA can no longer bind. Here we report amide hydrogen/

deuterium exchange data that reveals long-range allosteric changes in the NFκB (RelA-p50) 

heterodimer induced by DNA or IκBα binding. The data suggest that the two immunoglobulin-

like subdomains of each Rel-homology region, which are connected by a flexible linker in the 

heterodimer, communicate in such a way that when DNA binds to the N-terminal DNA binding 

domains, the nuclear localization signal becomes more highly exchanging. Conversely, when 

IκBα binds to the dimerization domains, amide exchange throughout the DNA binding domains is 

decreased as if the entire domain is becoming globally stabilized. The results help understand how 

the subtle mechanism of molecular stripping actually occurs.
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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 [1,2,3]. Dysregulation of NFκB results in numerous disease states, 

particularly cancer [1,4,5]. NFκB is a member of the Rel homology domain-containing 

(RHD) family and Pfam has 887 sequences for which some 75 structures have been 

determined. The RHD is composed of two immunoglobulin-like (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 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.

The IκB family of inhibitors [6] bind 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 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 up-regulated by NFκB resulting in synthesis of new IκBα (Figure 1). 

Free IκBα is very unstable, and is degraded by a non-ubiquitin-dependent mechanism with a 

half-life of seven minutes. In constrast, the NFκB-bound IκBα is stable for many hours due 

to the very high affinity of the NFκB-IκBα complex [7]. 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” 

[8,9,10].

IκBα is a six-ankyrin repeat 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 ankyrin repeats (ARs) fold when IκBα binds to NFκB [11]. Simulations suggested 

that when IκBα binds to the NFκB-DNA complex during molecular stripping, the IκBα 
causes a twisting of the relative domain orientations within the NFκB(RelA-p50) 

heterodimer [10]. 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.

Results

HDXMS of NFκB

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

coverage of IκBα as compared to 72% coverage obtained previously using MALDI-TOF 

mass spectrometry [11]. For the experiments performed previously, NFκB was biotinylated 

and removed from the sample prior to pepsin digestion in order to decrease peptide overlap 
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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 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 [11]. 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 [12]. 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 (Supplementary 

Figure 1). All of the overlapping peptides not presented here were fully analyzed, and no 

additional information was obtained from them.

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 and a loop in the dimerization domains 

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 

DNA-binding domain and residues 214-226, m/z 1531.804 in the dimerization domain. In 

p50, large decreases in exchange were observed in DNA-binding domain 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 dimerization domain residues 269-279, m/z 1304.652 (Figure 

2).

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

extensive (~4000 Å2) interface between the dimerization domains of the NFκB subunits and 

IκBα [13,14]. Therefore it was expected that the regions of RelA and p50 that were 

contacting IκBα in these structures would show decreased amide exchange upon 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 5Å) IκBα and show 

marked protection from exchange when bound to IκBα (Figure 3). An additional region of 

p50 (residues 328-250, 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 >9Å away). These 

regions are adjacent to regions of the dimerization domains that directly contact IκBα 
(Figure 3).

DNA binding induces both increases and decreases in exchange in the NFκB Rel 
Homology domains

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

interface, both increases and decreases in exchange were observed in both the DNA-binding 

domains and dimerization domains of the NFκB Rel Holomogy domains far from the DNA-

binding interface (Figure 4 and Supplementary Figure 1). Of particular interest are RelA 
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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 dimerization 

domains of NFκB and exchange substantially more in the DNA-bound NFκB as compared 

to the free protein. In addition, Rel A residues 310-321, m/z 1333.730, which correspond to 

the helical region containing the nuclear localization signal (NLS), also exchanged 

substantially more in the DNA-bound protein (Figure 4). 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 Figure 4).

IκBα binding induces global decreases in exchange in the NFκB DNA-binding domains 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 DNA-binding domains of 

NFκB. We were therefore very surprised to observe marked decreases in exchange 

throughout the DNA-binding domains 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 DNA-binding domain upon IκBα binding (Figure 5, 

Supplementary Figure 1). In p50, 92% of the sequence was covered, and again decreased 

exchange was observed in every single region of the p50 DNA-binding domain upon IκBα 
binding except for two regions, residues 87-96 and residues 152-158 which did not exchange 

significantly under any conditions (Figure 3, Supplementary Figure 1).

Equilibrium unfolding experiments indicate that the “folding” of the NFκB (RelA-p50) DNA-
binding domains is consistent with 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 circular dichroism measurements monitoring the 

signal at 225nm. We previously published full scan CD data for IκBα, NFκB (dimerization 

domain constructs), and the NFκB-IκBα complex [15]. Here, we performed thermal melting 

of free NFκB and its complexes. The melting temperature of NFκB increased from 55°C to 

65°C upon binding the DNA hairpin containing a single κB site (Figure 6). Remarkably, 

however, attempts to melt the NFκB-IκBα complex were unsuccessful showing that IκBα 
stabilizes NFκB to thermal challenge by at least 30°C. 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 [7].

Comparison of IκBα-bound to full-length NFκB with DNA-binding domain deletion NFκB 
constructs reveals key allosteric sites in the NFκB dimerization domains

To further probe the long-range allostery between the DNA-binding domains and the 

dimerization domains, we took advantage of the fact that IκBα binds to NFκB primarily at 

the dimerization domains. Indeed, the binding affinity of IκBα to the DNA-binding domain 

deletion construct is only 10-fold weaker than to full-length NFκB (300 pM vs 30 pM) [16]. 

The deuterium uptake into full-length NFκB in complex with IκBα was compared to the 

deuterium uptake into the DNA-binding domain deletion NFκB construct in complex with 

IκBα. Although most of the dimerization domains showed identical uptake, one region 

(residues 252-271, m/z 2260.154) within the dimerization domain subdomain of RelA had 
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increased uptake in the absence of the DNA-binding domain. Two overlapping peptides 

within the p50 dimerization domain 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 peptide, it is possible to assign the changing region to residues 

298-308 (Figure 7). 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 dimerization domain subdomains of RelA vs. p50.

Discussion

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 does p50. These results would suggest that the RelA homodimer 

may be less stable than the RelA-p50 heterodimer [17]. 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 the p50 monomers was reflected in global stabilization to 

thermal challenge that was substantially stronger than the stabilization due to DNA binding.

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 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 [18] for the NLS to facilitate 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.

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 binding of IκBα to the dimerization domains of 

NFκB caused the DNA-binding domains to twist relative to one another such that the DNA 

could no longer bind to both DNA-binding domains in the heterodimer [19]. Because the 

NFκB-IκBα complex could not be crystallized with both DNA-binding domains present, it 

was not possible to discover this allostery from x-ray crystallography 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 

Ramsey et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2018 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



large decreases in amide exchange indicative of global dampening of the internal dynamics 

of the DNA-binding domains 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 DNA-binding domains, they are not inconsistent, and one might 

speculate that dampened internal dynamics may accompany the restricted global motion of 

the subdomains.

It is very interesting that the region within the dimerization domain of p50 that shows 

increased dynamics upon DNA binding is the same region that showed increased deuterium 

uptake in the IκBα-bound DNA-binding domain deletion construct. 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 increased deuterium uptake in the IκBα-bound DNA-

binding domain deletion 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.

Materials and Methods

Protein expression and purification

Homo sapiens IκBα67-287 (IκBα) was expressed and purified as described[20]. Murine, N-

terminal hexahistidine-p5039–350/RelA19–321 heterodimer (full-length NFκB) was co-

expressed as described previously [21] and purified by nickel affinity chromatography and 

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

p50248-350/RelA190-321 (dimerization domain NFκB) was co-expressed and purified as 

described[22]. Immediately prior to experiments, IκBα (Superdex 75, GE Healthcare), 

dimerization domain NFκB (Superdex 75), and full-length 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). Protein concentrations were determined by 

spectrophotometry at 280 nm (NFκB ε = 43760 M−1 cm−1, IκBα ε = 12950 M−1 cm−1).

DNA sample preparation

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

GGGAAATTCCTCCCCCAGGAATTTCCC-3′ (IDT Technologies) was dissolved in Milli-

Q water to 1 mM.

Circular dichroism thermal denaturation

Circular dichroism (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, 

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 °C to 80 °C with 0.5 °C 
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steps, an averaging time of 5 s, an equilibration time of 0.1 min, and a 1.5 °C/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[5].

Hydrogen-deuterium exchange mass spectrometry

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

Synapt G2Si equipped with 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, 0.5 mM EDTA 

immediately prior to analysis. The NFκB-DNA complex was prepared by an overnight 

incubation of NFκB in a ten-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 complex was equilibrated to 25 °C for 5 min and then mixed with 56 μL D2O 

buffer (25 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT, 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 (3 M 

guanidine, 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°C. 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 × 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 the Mobility, ESI+ mode; mass acquisition range of 200–2,000 (m/z); scan time 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 full-

length NFκB, and 10 μM dimerization domain 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 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-
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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 [23]. The experiments were 

performed in triplicate, and independent replicates of the triplicate experiment were 

performed to verify the results.

Molecular Modeling

HDXMS data is best viewed and understood by displaying the extent of 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 site 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 [24]. After the alignment, the 

NLS from 1NFI was manually added to 1LE9 and solvated in a TIP3P [25] water box with 

the AMBER molecular simulation package [26,27]. To allow the bonds and angles to relax 

and eliminate possible bad contacts, the complete and solvated model was submitted 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.

For the complete model of the 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 IκB-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 NFIKB. 

Again, the complete model was solvated with TIP3P water molecules and refined as already 

described.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Discovery of allostery in NFκB that runs between the two Ig-like subdomains of 

the Rel holomogy domain

DNA binding induces allostery in NFκB, exposing the nuclear localization signal

IκBα binding induces allostery in NFκB, consolidating the N-terminal DNA-

binding domains
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Figure 1. 
IκBα regulates NFκB activity. (A) IκBα (yellow) sequesters NFκB (salmon and cyan) in 

the cytoplasm. The N- and C-termini of IκBα are labeled and the N-termini of the NFκB 

heterodimer are also marked. When an extracellular stress signal (e.g., LPS, TNFα) is 

received, IκBα is phosphorylated by IKK, ubiquitinated, and degraded, thus unmasking the 

NFκB nuclear localization signals (NLS) whereupon it enters the nucleus and binds to κB 

DNA sites. (B) One of the genes under control of the κB promoter is IκBα, so newly 

synthesized IκBα then enters the nucleus, strips NFκB from DNA, and exports NFκB out of 

the nucleus.
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Figure 2. 
HDXMS 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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Figure 3. 
HDXMS analysis of free NFκB (black circles) compared to IκBα-bound NFκB (blue 

circles). The interface regions within the dimerization domain subdomains 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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Figure 4. 
Selected HDXMS uptake plots of regions of NFκB that exchange more upon DNA binding 

are plotted with free NFκB (black circles) vs. DNA-bound NFκB (green circles) or IκBα-

bound NFκB (blue circles). The corresponding regions within NFκB are shown on a model 

of the DNA-bound NFκB (RelA-p50) structure. 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 corresponding 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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Figure 5. 
Selected HDXMS uptake plots of free NFκB (black circles) vs. IκBα-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 Figure 4. The deuterium uptake plots are positioned near the 

corresponding structural regions and are also marked by arrows.
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Figure 6. 
Thermal melting curves were determined by circular dichroism 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 is plotted against increasing temperature. 

The thermal denaturation of NFκB, IκBα, and their complexes is irreversible.
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Figure 7. 
Comparison of the deuterium uptake into full-length NFκB in complex with IκBα (blue) vs. 

the deuterium uptake into the DNA-binding domain deletion NFκB construct in complex 

with IκBα (cyan) revealed regions within the dimerization domain subdomains that had 

increased deuterium uptake in the deletion construct. These same regions did not show 

differences in free NFκB (full-length, black; DNA-binding domain deletion construct, grey). 

The difference in uptake was observed in different dimerization domain subdomain 

structural regions in RelA (red) vs. p50 (blue). The structural model is shown rotated 180° 

about the y axis compared to that shown in Figures 3 and 5 to more easily view the regions 

of interest.
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