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Abstract

NF-κB essential modulator (NEMO) regulates NF-κB signaling by acting as a scaffold for the 

kinase IKKβ and by directing its activity towards the NF-κB inhibitor, IκBα. Here, we show that 

a highly conserved central region of NEMO termed the Intervening Domain (IVD, aa 112–195) 

plays a key role in NEMO function. We determined a structural model of full-length NEMO by 

small-angle X-ray scattering (SAXS), and show that full-length, wild-type NEMO becomes more 

compact upon binding of a peptide including the NEMO-binding domain of IKKβ (aa 701–745). 

Mutation of conserved IVD residues (9SG-NEMO) disrupts this conformational change in NEMO 

and abolishes the ability of NEMO to propagate NF-κB signaling in cells, although the affinity 

of 9SG-NEMO for IKKβ compared to that of wild-type is unchanged. Based on these results, 

we propose a model in which the IVD is required for a conformational change in NEMO that 

is necessary for its ability to direct phosphorylation of IκBα by IKKβ. Our findings suggest a 

molecular explanation for certain disease-associated mutations within the IVD and provide insight 

into the role of conformational change in mammalian signaling scaffold proteins.
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INTRODUCTION

Signaling scaffold proteins facilitate the temporal, spatial, orientational, and contextual 

interactions between intracellular signaling proteins1. They may bind and regulate two 

or more proteins of the same pathway or may coordinate signaling between pathways2. 

The most basic function of scaffolds is to provide a binding platform to co-localize 

signaling kinases and/or phosphatases with their substrates, thereby directing and regulating 

phosphorylation events3,4. This spatial and temporal coordination affords greater signaling 

specificity, by decreasing the likelihood of background and non-specific interactions5 while 

potentially increasing the rate of the desired reaction. Scaffolds can play a more active role 

than simple co-localization, for example by allosterically regulating the activity of their 

binding partners6. In some cases, scaffolds exert complex allosteric control to regulate the 

interactions between signaling components7. Because of their ability to facilitate complex 

signaling events, scaffold proteins have been engineered in order to modify dose-response to 

inputs as well as signaling outcomes7.

Recent work has suggested links between conformational dynamics and scaffold function. 

A pH-induced conformational change in the scaffold protein IscU has been suggested 

to play a role in iron-sulfur cluster biosynthesis8. Structural and kinetic studies have 

shown that Kinase Suppressor of Ras (KSR) undergoes an allosteric transition upon B-

Raf binding, stimulating phosphorylation of Mitogen-Activated Protein-Kinase Kinase9. 

Deletion mapping and a partial crystal structure of the yeast scaffold Ste5 have been used to 

generate a model of autoinhibition, in which a conformational change in Ste5 acts as a gate 

to present the binding surface for Fus3, which then propagates a mating-specific signal10. 

Nonetheless, the extent to which particular scaffold proteins act as rigid binding templates, 

flexible platforms that allow interaction of their binding partners through stochastic motions, 

or dynamic structures that regulate signaling through ligand-induced conformational change, 

remains poorly understood.

The scaffold protein Nuclear Factor κB essential modulator (NEMO; UniProtKB entry 

Q9Y6K9) plays a central regulatory role in the canonical Nuclear Factor κB (NF-

κB) signaling pathway. NF-κB comprises a family of related transcription factors that 

regulate the expression of hundreds of genes involved in diverse cellular and organismal 

processes11. Misregulation of the NF-κB pathway, often due to gene mutation of signaling 

components, contributes to numerous human diseases, especially those associated with 

chronic inflammation, immunodeficiency, and cancer11. Mutations in the human NEMO 

gene/protein, in particular, are associated with a variety of diseases, many having a B-cell 

immunodeficiency component12.

In unstimulated cells, NF-κB is usually maintained in an inactive state in the cytoplasm 

in complex with one of a family of inhibitory proteins known as Inhibitors of κB (IκB). 

The IκB protein most commonly studied in conjunction with NEMO function and canonical 

NF-κB signaling is IκBα13,14. A key regulator of the canonical NF-κB pathway is the IκB 

Kinase (IKK) complex, which comprises two kinase-containing subunits, IKKα or IKKβ 
bound to a dimer of NEMO (also known as IKKγ). Studies with IKK knockout mice 

indicate that IKKβ is the primary functional partner for NEMO15. Upon pathway activation, 
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for example by stimulation of cells with tumor necrosis factor α (TNFα), interleukin-1β 
(IL-1β), or lipopolysaccharide (LPS), the IKK complex phosphorylates IκBα, triggering its 

ubiquitination and degradation by the proteasome, and thus allowing NF-κB to translocate to 

the nucleus where it activates NF-κB-responsive genes

It is not known whether NEMO serves simply as a passive docking site for IKK proteins 

or whether it exerts allosteric control over signaling events. However, the latter possibility 

is supported by biophysical measurements using intrinsic tryptophan fluorescence and 8-

anilinonapthalene-1-sulfonic acid (ANS) fluorescence, which showed that NEMO undergoes 

a conformational change upon ubiquitin binding that is correlated with tighter binding 

to N- and C-terminal ligands and localization near the plasma membrane16. Additionally, 

Hauenstein et al. provided evidence that residues 112–150 are a site of negative regulation of 

NEMO, which maintains it in an auto-inhibited state until binding of poly-ubiquitin induces 

activation and enables IKKβ binding17.

Human NEMO is a 419 aa protein that exists as a constitutive dimer18,19. There is no 

X-ray crystal structure of full-length NEMO, but structures exist for several fragments or 

domains, in some cases bound to protein ligands (Figure 1). These structures include the 

following: a fragment of NEMO comprising residues 44–111 bound in a 2:2 complex with 

IKKβ(701–745)20; the Helix 2 (HLX2) domain of a NEMO dimer in complex with the viral 

FLICE inhibitory protein21; the combined coiled-coil 2 and leucine zipper (CoZi) domains 

unliganded22, bound to di-ubiquitin23,24, or in complex with other natural or artificial 

protein ligands25,26; and an NMR structure of the zinc finger (ZF) domain27. However, two 

regions of NEMO have not yet been structurally characterized: the region spanning residues 

111–195, which connects the IKKβ binding domain and HLX2, and the 49 residues from 

aa 345–393, which connect the LZ domain with the C-terminal ZF (Figure 1). We do not 

include residues 1–43 among the structurally uncharacterized parts of NEMO, as this region 

is unstructured20,28.

The minimal NEMO-binding motif on IKKβ comprises 11 residues (aa 735–745)29, 

however, binding affinity equal to that of full-length IKKβ requires up to 45 residues20,23. 

It has been reported that NEMO also directly binds IκBα, through an interaction involving 

the C-terminal ZF domain of NEMO30. Analytical ultracentrifugation experiments using a 

NEMO construct encompassing residues 1–355 indicate that this major portion of NEMO 

has an extended, rod-like structure18. However, the mechanism by which NEMO directs 

the activity of IKKβ toward IκBα is not known. We hypothesize that NEMO undergoes 

a conformational change to bring the kinase active site of IKKβ into proximity with the 

phosphorylation sites on IκBα. Given the relatively simple coiled-coil structure that has 

been established for regions of NEMO extending from aa 44–111 and from aa 195–345, the 

structural mechanism underlying such a conformational change is unclear.

In this report, we have investigated the role in NEMO function of the previously 

uncharacterized region that connects the IKKβ binding domain (IBD) to the HLX2 domain. 

We have termed this region (aa 112–195) the Intervening Domain (IVD). The IVD is the 

largest contiguous region of NEMO that remains structurally uncharacterized, and includes 

sites of several disease-associated mutations31. We show that the IVD is highly conserved, 
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is required for high affinity binding to IKKβ, confers structural stability on NEMO, and 

is required for activation of IKK in cells. Moreover, we use Small Angle X-ray Scattering 

(SAXS) to determine a structural model of unliganded full-length NEMO, and to show 

that the IVD appears to be a site of conformational regulation, mediating IKKβ-induced 

conformational changes that we propose play a role in NEMO and IKK complex function.

MATERIALS AND METHODS

Plasmid preparation for bacterial protein expression

NEMO(1–120) was subcloned into the pDEST-His-SUMO vector containing an N-terminal 

His6-SUMO tag (Invitrogen) as previously described28. Wild-type NEMO (WT-NEMO), 

5XAla-NEMO, and 7XAla-NEMO were subcloned as described previously 19,28 into the 

pET24b(+) vector (Novagen) via NdeI and XhoI sites, with WT-NEMO transformed into 

Rosetta 2(DE3)pLysS competent cells (Novagen) and 5XAla-NEMO and 7XAla-NEMO 

transformed into T7 Express Iq Competent E. coli cells (New England Biolabs). NEMO(44–

195) and NEMO(110–195) were subcloned out of a codon-optimized template (GenScript) 

by polymerase chain reaction, and ligated into a SUMOstar vector (LifeSensors) via BsaI 

and XhoI sites. These constructs were transformed into T7 Express competent cells (New 

England Biolabs) to take advantage of the codon optimization. 9SG was subcloned from 

the native, non-codon optimized 7XAla-NEMO template using the NEB Q5 Site-Directed 

Mutagenesis Kit (New England Biolabs), and transformed into Rosetta 2(DE3)pLysS 

competent cells (Novagen).

Protein expression and purification

WT-NEMO, 5XAla-NEMO, 7XAla-NEMO, 9SG-NEMO and SUMO-tagged NEMO(1–

120) were expressed in bacterial cells and purified as described previously19,28. NEMO(44–

195) and NEMO(110–195) were expressed identically to 5XAla-NEMO and 7XAla-NEMO, 

with a slight alteration during purification to remove a SUMO purification tag. Briefly, 

all NEMO-transformed cells were grown with shaking at 250 rpm at 37 °C overnight 

and used to inoculate fresh media at a 1:200 dilution. This culture was grown at 37 

°C until OD600 reached between 0.4 and 0.6. Protein expression was induced by the 

addition of 1 mM isopropyl β-D-thiogalactoside (IPTG; GoldBio) and incubated for 4 h. 

Cells were pelleted by centrifugation and stored at −20 °C. The pellets were lysed by 

microfluidizer (Microfluidics Model #M110P) and incubated with 0.1 μL/mL Universal 

Nuclease (Thermo Fisher Pierce) and 10 μL/mL Halt Protease Inhibitor Cocktail (Thermo 

Fisher Scientific) for 20 min. Urea (8 M) was then added to the lysate to prevent 

chaperones and other contaminating proteins from co-purifying with NEMO. The lysate 

was clarified by ultracentrifugation at 38,000 rpm for 30 min, sonicated to shear remaining 

large DNA fragments, and filtered through a 0.8 μm filter. The solubilization of SUMO-

tagged NEMO(1–120) was slightly amended, with the lysate immediately centrifuged, the 

supernatant discarded, and the cell pellet washed and suspended with buffer supplemented 

with 0.5% Triton X-100, to which urea (8 M) was then added. These proteins were then 

purified as described previously19. Briefly, for WT-NEMO, 5XAla, 7XAla, 9SG-NEMO, 

and SUMO-tagged NEMO(1–120) lysate was applied to a 5 mL HisTrap High Performance 

column (GE Healthcare, Piscataway, NJ), and washed with 5 column volumes of 20 
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mM sodium phosphate, 500 mM NaCl, 40 mM imidazole, and 6 M urea (pH 7.4). The 

column-bound protein was refolded by applying a urea gradient from 6 to 0 M (20 

column volumes). The folded protein was eluted with increasing imidazole concentration 

up to 500 mM imidazole in 20 mM sodium phosphate, 500 mM NaCl (pH 7.4). For WT-

NEMO, lysate and buffers were supplemented with 5 mM TCEP to reduce misfolding and 

aggregation. Refolded NEMO from the nickel-NTA column was concentrated and applied 

to a HiPrep 26/60 Sephacryl S-300 HR column (GE Healthcare) equilibrated with 20 mM 

sodium phosphate and 500 mM NaCl (pH 7.4). For the NEMO(44–195) and NEMO(110–

195) constructs, purification omitted the final gel filtration step. Instead, the protein was 

concentrated to 1 mL and incubated with SUMOstar Protease 1 (LifeSensors) for 2 h at 

room temperature, and then 4 °C overnight. This mixture was then applied to a 5 mL 

HisTrap High Performance column for subtractive affinity chromatography; His-tagged 

SUMOstar tag and SUMOstar Protease 1 bound the column, while the untagged protein 

flowed through. Purified proteins were pooled and concentrated to < 3 mL. WT-NEMO, 

5XAla-NEMO, 7XAla-NEMO, and 9SG-NEMO protein concentrations were calculated 

from the absorbance at 280 nm (NanoDrop, Thermo Fisher Scientific) using an extinction 

coefficient of 14400 M−1cm−1, and 11460 M−1cm−1 for SUMO-tagged NEMO(1–120) 

(uncleaved). NEMO(44–195) and NEMO(110–195) contain no tryptophan residues, so 

protein concentration was calculated by Lowry protein assay (Folin & Ciocalteu Reagent, 

Thermo-Fischer Scientific) and densitometry via SDS-PAGE in comparison to protein 

standards. Yield of protein was approximately 10 mg per 2.5 g cell pellet.

Fluorescence anisotropy

The fluorescence anisotropy assay used herein has been described previously19,32. Briefly, 

assays were carried out in black 96-well polypropylene plates with a total volume of 200 μL. 

The assay buffer contained 50 mM Tris pH 7.4, 200 mM NaCl, 0.01% Triton X-100, and 

1 mM DTT. NEMO concentrations were varied from 10 pM to 1 μM while keeping FITC-

IKKβ(701–745) peptide (tracer probe; Genscript) constant at 15 nM. Plates were incubated 

at 25 °C for 1 h prior to reading. Fluorescence anisotropy was read using a SpectraMax M5 

plate reader using λ = 488/520 ex/em. Anisotropy was calculated as described previously19.

Circular dichroism spectroscopy

NEMO constructs were diluted to 8.6 μM in a buffer containing 20 mM sodium phosphate 

and 500 mM NaCl at pH 7.4. Spectra were obtained using a 1 mm 300 μL quartz cuvette 

in an Applied Photophysics Chirascan CD spectrometer. Buffer-subtracted spectra from 180 

to 260 nm with a step of 1 nm were measured at 10 °C and mean residue ellipticity (in 

units of deg.cm2/dmol) was calculated from the raw signal (in units of millidegrees) 33. 

The presence of coiled-coil was detected from the ratio of ellipticity at 222/208 nm35. For 

thermal denaturation experiments34, mean molar residue ellipticity was calculated from the 

signal at 222 nm, and traced as the sample temperature was ramped at 1 °C /min from 

10 °C to 70 °C. Slowing the ramping rate to 0.5 °C /min had no effect on the thermal 

denaturation. Melting temperatures (Tm) were determined as the maximum of a plot of the 

first derivative of the thermal denaturation curve, δΘ
δT  against temperature. For experiments 

in which 2,2,2-trifluoroethanol (TFE) was included, NEMO was concentrated to 2.5 mg/mL 

Shaffer et al. Page 5

Biochemistry. Author manuscript; available in PMC 2022 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



before 10-fold dilution with TFE to yield a 90% TFE solution. Spectra were then obtained 

as described above. The percentage α-helix was calculated as described previously by Zhou 

and colleagues28, the ratio between Θ222 in aqueous buffer and that in TFE-containing buffer 

(Equation 1):

  α ℎelix  % = θ222 aqueous
θ222 TFE ∗ 100 (1)

Small-angle X-ray scattering data collection, processing, and analysis

SAXS data for 5XAla-NEMO were collected on beamline X9 of the National Synchrotron 

Light Source, 9SG samples were collected on beamline 16-ID-LiX of the National 

Synchrotron Light Source II, at Brookhaven National Laboratories (Upton, NY), and all 

other samples were collected on beamline 4–2 of the Stanford Synchrotron Radiation Light 

Source, at the SLAC National Accelerator Laboratory, (Menlo Park, CA). Samples were 

transported frozen and, after thawing, were filtered with a 0.22 μm filter, centrifuged to 

remove any particulates. All experiments were conducted in 20 mM sodium phosphate, 

500 mM NaCl, pH 7.4. Protein concentrations were ~1.6 mg/mL and ~0.8 mg/mL for 

9SG-NEMO and 1 and 4.4 mg/mL for 5XAla-NEMO. For solution SAXS of WT-NEMO 

and NEMO(44–195), concentrations of 3.0, 2.3, 1.5, and 0.75 mg/mL protein were used. For 

NEMO(44–195), the difference in scattering intensity with increasing concentration showed 

that at the higher protein concentration the sample was approaching the solubility limit, such 

that the actual protein concentration present in solution was slightly lower than expected. 

For these data sets, the protein concentration in solution was therefore estimated directly 

from the scattering intensity (see figure legends S4 and S6). Samples were loaded into 

8-tube PCR strips at ambient temperature and aspirated into a thin-walled 1.5-mm diameter 

sample tube using an automated system as described previously36.

Size exclusion small angle X-ray scattering (SEC-SAXS) was conducted on beamline 4–2 

at the Stanford Synchrotron Radiation Lightsource equipped with an online Superdex 200 

Increase 5/150 GL column (GE Healthcare) using a protein concentration of 5.8 mg/mL for 

WT-NEMO and 15 mg/mL for NEMO(44–195) and a flow rate of 0.05 mL/min.

At X9, scattered intensities were determined from q = 0.005 to 1.99 Å−1 using an X-ray 

wavelength of 0.9184 Å and detected via a Mar 165 CCD detector located 3.4 m from the 

sample. At LiX, scattered intensities were determined from q = 0.005 to 2.47 Å−1 using 

an X-ray wavelength of 0.9184 Å and detected via a Pilatus3 1M SAXS detector and two 

Pilatus3 300K WAXS detectors. At 4–2, scattered intensities were determined from q = 

0.005 to 1.5 Å−1 using an X-ray wavelength of 1.127 Å and detected with a Pilatus3 X 1M 

detector. Three replicate data sets were collected. Data processing was performed using the 

X9, LiX, or 4–2 software packages to produce radially averaged intensity profiles extending 

over the entire scattering range. For solution SAXS of WT, 5XAla, and 9SG the data from 

two concentrations were checked to be consistent at low q and merged using PRIMUS37. 

For SEC-SAXS data, 500 to 600 frames were recorded, with an exposure taken every 5 

s and, the first 100 frames that were part of the column void volume averaged and used 
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for buffer background subtraction. Data through the elution profile were averaged every 5 

frames, analyzed for sample aggregation, and used for subsequent analysis.

X-ray scattering patterns were initially checked for aggregation using the ATSAS suite37. 

The relative intensity versus inverse scattering angle, Kratky, and Porod plots were generated 

using Microsoft Excel and plotted with GraphPad Prism. The Rg and the P(r) function were 

calculated using GNOM38 with the data range indicated in Table S1. The P(r) was calculated 

by starting with autoGNOM in GNOM and manually adjusting the Dmax value to optimize 

the total quality estimate value while optimizing curve smoothness and monitoring its fit 

to the data. The alpha value was slightly increased to improve the curve smoothness while 

still keeping a good fit to the data. AllosMod-FoXS39,40 was used to validate data analysis 

quality. Input included the sequence of 5XAla-NEMO, unliganded crystal structures of 

NEMO(44–111), NEMO(197–249), and NEMO(280–321), and the experimental scattering 

curve for 5XAla-NEMO. For 5XAla-NEMO analysis with IKKβ(701–745), the IKKβ-

bound crystal structure of NEMO(44–111) was used in place of the unliganded structure.

Following P(r) function determination by GNOM38, this information was used in 

DAMMIN41 or DAMMIF42 to generate 10 ab initio models of the shape of each construct 

of NEMO using default parameters. The 10 models were averaged using DAMAVER43. The 

final output of DAMAVER was then re-run through DAMMIN for final refinement, using 

default parameters. The goodness of fit of this final model was determined by FoXS39.40 

in CHIMERA by χ-value calculation. The volume envelope of the model was generated 

using the “Fit in Map” feature of UCSF CHIMERA44. CHIMERA was also used to align 

the NEMO(44–195) volume envelope with that of the 5XAla-NEMO model for direct 

comparison, as well as to align each unliganded construct to its liganded counterpart. 

Fitting of the envelope with previously determined X-ray crystal structures of individual 

NEMO domains IBD, HLX2, and CoZi was accomplished by aligning the structures using 

BUNCH45 and superimposing on the envelope using CHIMERA44. This atomistic modeling 

fit well to the original scattering data (total quality estimate = 0.74 theoretical scattering 

versus experimental) but should be considered provisional due to SAXS resolution limits.

Mammalian cell culture and transfection

HEK 293, NEMO-deficient 293T, and NEMO-deficient mouse fibroblast (NIH3T3) cells 

were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Biologos) as described 

previously19,46,47. NEMO-deficient 293T cells were generated by CRISPR/Cas9 disruption 

of a short sequence near the transcription start site of the NEMO gene48; elimination of 

NEMO protein expression in this cell line is shown in Fig. 6B. The creation of pcDNA-

FLAG and pBABE-puro vectors for the expression of WT-NEMO and 7XAla-NEMO 

has been described previously19,46. The 9SG mutation in NEMO was created using the 

NEB Q5 Site-Directed Mutagenesis Kit (New England Biolabs). The pDNA-FLAG and 

pBABE vectors for the 9SG variant were created by standard recombinant DNA techniques. 

Transfection of 293T cells and retroviral transduction of mouse NEMO knockout cells were 

performed as described previously19. Virally transduced NEMO-knockout fibroblasts were 

selected using 2.5 μg/mL puromycin (Sigma) for approximately 1−2 weeks49.
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Western blotting and co-immunoprecipitation

Western blotting was performed as described previously46. For analyzing phosphorylation of 

IκBα, cells were first treated with 20 ng/mL TNFα (R&D Systems) for 10 min, 2 ng/mL 

of IL-1 for 6 min, or 100 ng/mL of LPS for 12 min. Cells were then lysed directly in 2X 

SDS sample buffer. In all cases, samples containing approximately equal amounts of protein 

were separated on SDS-polyacrylamide gels, proteins were transferred to nitrocellulose 

membranes, and filters were incubated overnight at 4 °C with NEMO antiserum (cat. #2685, 

Cell Signaling Technology; 1:1000 dilution) or with phospho-IκBα antiserum (cat. #9246, 

Cell Signaling Technology; 1:1000 dilution). Horseradish peroxidase-conjugated secondary 

antiserum was added, and immunoreactive proteins were detected by SuperSignal Dura West 

chemiluminescence (Thermo Fisher Scientific). For co-immunoprecipitation experiments, 

transfected 293 cells in 100-mm tissue culture dishes were lysed in 500 μL of AT buffer 

[20 mM HEPES (pH 7.9), 1 mM EDTA, 1 mM EGTA, 20 mM Na4P2O7, 1 mM DTT, 

1% (v/v) Triton X-100, 20% (w/v) glycerol, 1 mM Na3VO4, 1 μg/mL PMSF, 1 μg/mL 

leupeptin, and 1 μg/mL pepstatin]. An aliquot (20 μL) was saved as the input sample. To 

the remainder of the lysate was added 30 μL of anti-FLAG agarose beads (Sigma catalog 

no. A2220), and samples were incubated overnight with rocking at 4 °C. The beads were 

washed several times with AT buffer, and then bound proteins were removed by heating 

the samples at 90 °C in SDS sample buffer containing β-mercaptoethanol. Samples (input 

or immunoprecipitates) were then analyzed by reducing SDS-PAGE followed by Western 

blotting with the IKKβ antiserum (sc-7607, Santa Cruz Biotechnology), NEMO antiserum 

(catalog no. #2685; Cell Signaling Technology), or FLAG antiserum (catalog no. #2368; 

Cell Signaling Technology) as described previously19.

RESULTS

Design and Preparation of Recombinant NEMO Constructs for in vitro Studies

To enable investigation of the structure and function of the NEMO IVD through biochemical 

and biophysical studies in vitro, we created bacterial expression vectors for a variety of 

NEMO constructs. We previously showed that NEMO proteins with five (5XAla-NEMO; 

C11/76/95/131/167A) or seven (7XAla-NEMO; C11/54/76/95/131/167/347A) Cys-to-Ala 

mutations show increased solubility compared to WT-NEMO when expressed in bacteria, 

and retain signaling function when expressed in mammalian cells19 (and see Table S2 for 

comparative biochemical, biophysical, and biological evidence). For the current studies, 

recombinant full-length 5XAla-NEMO was purified as previously described (see Materials 

and Methods)19. The 9SG-NEMO variant (described below) was constructed in the 7XAla-

NEMO background. Full-length versions of WT, 5XAla-, 7XAla and 9SG-NEMO proteins 

include a C-terminal His6 tag for affinity purification and the affinity tag was not removed 

for the described studies. A previously described truncated NEMO(1–120)28 lacking the full 

IVD (aa 112–195) was expressed with an N-terminal His6 tag preceding a fused SUMO 

fusion partner, which do not affect the protein function in vitro and were not removed. We 

also expressed a truncated NEMO construct, comprising residues 44–195, which includes 

the IBD (aa 44–111) plus the adjacent IVD (aa 112–195) and a NEMO construct comprising 

residues 110–195, which contains only the IVD. NEMO(44–195), and a NEMO(110–195) 

construct comprising the IVD alone, were each subcloned into a SUMOstar vector that 
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contained a His6 tag N-terminal to a SUMOstar fusion partner, fused at the N terminus 

of the NEMO fragment, which was removed by proteolysis after purification. Note that 

NEMO(44–195) contains an inter-chain disulfide at residue 54, and so is constitutively 

dimeric. Although cysteine is the native residue at position 54, WT-NEMO is likely fully 

reduced in cells46. WT-NEMO is constitutively dimeric in the absence of any disulfides, and 

the presence or absence of a disulfide at position 54 has no measurable effect on the binding 

affinity of NEMO for IKKβ.19 A disulfide at position 54 can, however, help stabilize 

short NEMO fragments containing only the IKKβ binding domain by stabilizing the coiled-

coil structure of this region as a covalent dimer, thereby preserving a conformation that 

resembles the structure of this region of NEMO as it exists in full-length NEMO28.

Analysis of NEMO Solution Structure by SAXS

SAXS reveals information about macromolecular structure and dynamics in solution. The 

raw X-ray scattering data are radially averaged about the beam center, and then buffer-

subtracted to obtain the specific scattering intensity of the protein as a function of scattering 

angle. This information can be analyzed to reveal features of a protein’s structure, including 

the generation of a three-dimensional shape reconstruction with a resolution on the order of 

10–50 Å50,51. The solution structure of NEMO in complex with MBP-tagged herpesvirus 

FLICE inhibitory protein (vFLIP) has been determined by SAXS17. To probe the structure 

of unliganded NEMO, we analyzed 5XAla-NEMO using SAXS. The key SAXS results 

from our study are summarized in Table S1. The scattering data are shown in Figure 2A as 

scattering intensity (I) plotted against the modulus of the scattering vector (q, Å−1). We note 

that the Guinier plot (ln(I) versus q2) for this data set (Figure 2B) is not linear below q2 = 

0.0006 Å−2. However, unlike the situation for globular proteins, Guinier plots for extended 

macromolecules are not necessarily linear in this region50,51. To assess any effects from 

aggregation, a concentration series was performed (Figure 2E–F), which shows a similar 

dependency of ln(I) on q2 across concentrations (0.75 – 3.0 mg/mL) in the Guinier region 

below q2 = 0.0008. If interfering aggregation were an issue, we would expect a discrepancy 

in the curvature of the plots at low q2, which would be concentration dependent; this did not 

occur in the concentration range tested. Similarly, the experimental scattering data plotted as 

(log(I(q)) vs q and Kratky plots (q2 I(q) vs q) gave similar curves at all concentrations tested 

(Figure S6).

The scattering data can be used to calculate a distance-distribution function, P(r), which 

can be plotted as a histogram of all possible pairwise atom distances. The form of the P(r) 

plot is characteristic of the three-dimensional shape of the molecule, and the maximum 

x-value equals the maximum dimension of the scattering particle50,51. Because of the 

observed non-linearity in the Guinier plot at low q, the values for radius of gyration (Rg) 

throughout this analysis were obtained from the P(r) plot rather than by using the Guinier 

approximation. The P(r) plot for 5XAla-NEMO, calculated using GNOM, is shown in 

Figure 2C. GNOM assigns an error-weighted scoring function, total quality estimate, a 

global parameter minimized in fitting that is used to evaluate the difference between the 

scattering profile computed from the model and the measured scattering profile38. Analysis 

of the data for 5XAla-NEMO resulted in a total quality estimate of 0.583. For comparison, 

analysis of a SAXS curve calculated by FoXS for a theoretical, extended coiled-coil protein 
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with approximately the same overall length as NEMO (280 Å) resulted in a χ value of 0.601 

(Figure S1). The P(r) plot indicates that 5XAla-NEMO has a highly extended structure, with 

the greatest number of vectors at short interatomic distances and a long tail extending to 

a maximum particle dimension, Dmax, of 315 Å. SAXS Analysis of WT-NEMO yielded 

similar values to 5XAla-NEMO, with a Dmax of 305 Å (total quality estimate of 0.807. 

These values are similar to the Dmax observed by Hauenstein et al.17 for the NEMO-MBP-

vFLIP complex (320 Å), which they argue is in the same conformation as unliganded 

NEMO as determined by gel filtration analysis. Fragments of NEMO encompassing residues 

44–11120, 197–24921, and 260–33322, have been crystallized and shown to be dimeric 

coiled coils (Figure 1). These three segments sum to 186 residues, corresponding to ~280 

Å of extended α-helical structure. Comparing that value to our value of Dmax of 315 Å 

for 5XAla-NEMO, indicates that the remaining 233 residues cannot all be in an extended 

coiled-coil conformation, and must be disordered or assume more compact forms.

The SAXS data were further analyzed to generate low-resolution structures based on 

the P(r) data, by modeling the protein as beads on a fixed lattice using the software 

package DAMMIN41. Ten models were generated, averaged, and refined; prior to averaging, 

their average normalized spatial discrepancy was 0.58 ± 0.3. This unitless value reflects 

variability among DAMMIN models, with values c.a.1 indicating acceptable convergence on 

a final structure. The final, highest scoring model was fit into a volume map using UCSF 

CHIMERA44, revealing the shape of the average scattering particle in solution (Figure 

2D). FoXS was used to calculate a theoretical scattering curve from the final DAMMIN 

model39.40, demonstrating how well the model represents the original scattering data (Figure 

2A). The quality of the fit calculated by FoXS (χ = 0.6) indicates a good fit to the original 

experimental scattering data39.

The SAXS-generated structural model for 5XAla-NEMO reveals an extended structure 

containing several kinks. The extended, coiled-coil segments of three published X-ray 

crystal structures of the IBD, HLX2 and CoZi domains of NEMO were modeled together 

using BUNCH45 and superposed onto the SAXS envelope as shown in Figure 2D. The 

results indicate that the C-terminal ZF domains of NEMO are not visible in the SAXS 

structure, suggesting that the ZF domains, which are connected to the CoZi domain by a 

50 aa linker of unknown structure, are not in a fixed position relative to the remainder of 

NEMO. Similarly, N-terminal residues 1–43 appear to be absent from the SAXS envelope, 

consistent with previous results indicating that this region is structurally disordered20,28. The 

small projection visible at the center of the extended structure may reflect residual electron 

density resulting from a small fraction of dimer-dimer contacts involving this region of the 

molecule, as has been proposed18,51. Notably, the region of the modeled structure between 

the IBD and HLX2 domains does not appear to have sufficient space to accommodate the 

84 residues that connect these two domains (aa 112–195) as an extended coiled-coil, and 

appears somewhat globular, suggesting the IVD has a more compact structure.

Sequence Analysis of the IVD Region of NEMO

Functionally important regions of proteins are often highly conserved through evolution. 

To determine whether the sequence of the IVD is conserved across species, we performed 
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a multiple sequence alignment (MSA) using annotated NEMO sequences obtained from 

BLASTp (National Center for Biotechnology Information). Redundant sequences, splice 

variants, and hypothetical sequences were removed, as were fragmentary sequences with 

fewer than 50 residues and sequences for the functionally distinct NEMO-like protein 

optineurin. Of the resulting 38 unique NEMO sequences, 27 were from mammals, 10 from 

fish or amphibians, and one from Drosophila. Among these 38 species, core regions of 

functionally important domains, such as the IBD (IKKβ binding), the HLX2 domain (vFLIP 

binding), the CoZi domains (ubiquitin binding), and the ZF (IκBα binding) are particularly 

highly conserved, with lower conservation towards the borders of these domains and in the 

segments linking them (Figure S2). The IVD also shows high sequence conservation in its 

core segment (aa 134–161), including a stretch of nine residues (145-QV/ATSLLGEL-153) 

that, aside from a Val/Ala polymorphism at position 146, is identical among all mammalian 

and non-mammalian vertebrate species (Figure 3). The finding that the IVD is as highly 

conserved as domains of NEMO that are known to have functional roles supports the 

hypothesis that the IVD constitutes a functionally important domain.

Influence of the IVD on Binding Affinity for IKKβ in vitro

Previous studies have shown that 5XAla-NEMO binds a 45-mer peptide comprising the 

NEMO-interacting region of IKKβ with an affinity of 2.8 ± 1.1 nM, similar to the affinities 

observed for WT NEMO and the 7XAla variant19 (see Table S2 for collated data). In 

contrast, several covalently or noncovalently dimeric NEMO fragments containing only the 

IBD bind IKKβ peptide with a substantially reduced affinity of 70–560 nM28,53. The lower 

affinity seen with IBD-only constructs has been attributed to subtle differences in structure 

or flexibility compared to WT-NEMO28,53. To determine whether the adjacent IVD region 

influences the binding affinity of NEMO for IKKβ, we tested a NEMO construct comprising 

residues 44–195 which spans both the IBD and the IVD (aa 112–195).

The binding of NEMO(44–195) to IKKβ peptide was measured using a fluorescence 

anisotropy (FA) binding assay described previously19,32. The results of the FA assay (Figure 

4A) show that, consistent with previous results, WT-NEMO bound the peptide with KD = 

2.3 ± 0.7 nM (n = 3), 5XAla-NEMO bound the peptide with KD = 3.2 ± 0.5 nM (n = 3), 

and 7XAla bound the peptide with KD = 4.9 ± 1.1 nM (n = 3). NEMO(44–195) also bound 

IKKβ peptide with high affinity (KD = 10.6 ± 2.3 nM, n = 3), comparable to the result 

for the three full-length NEMO constructs but ~10-fold higher affinity than the value for 

NEMO(1–120) (KD = 78 ± 10 nM) measured in this study and consistent with previously 

measured value KD = 70–120 nM28) (Figure 4D). These results show that the presence of 

the full IVD increases the IKKβ binding affinity of the adjacent IBD to the value measured 

for full-length, WT-NEMO. A control construct, NEMO(110–195), comprising the IVD 

alone, showed no detectable binding to the IKKβ peptide (Figure 4A and D).

As a second test of the influence of the IVD on IKKβ binding, we made a NEMO construct 

in which the highly conserved sequence (145-QVTSLLGEL-153) at the core of the IVD was 

replaced with a flexible Ser-Gly repeat sequence (i.e., SGSGSGSGS). This NEMO variant, 

termed 9SG-NEMO, was constructed in the 7XAla background. In the FA binding assay 

9SG-NEMO had a binding affinity for IKKβ peptide of KD = 2.7 ± 1.1 nM (n = 3) (Figure 
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4A). Thus, 9SG-NEMO binds IKKβ with an affinity similar to that of WT-NEMO, 5XAla-

NEMO, 7XAla-NEMO, and NEMO(44–195), and displays a higher affinity for IKKβ than 

that seen for the IBD-only construct NEMO(1–120) (Figure 4D). These results show that 

full binding affinity of NEMO for IKKβ in vitro requires the IVD region, consistent with 

close structural communication between the IBD and the IVD, but that IKKβ binding is 

tolerant to mutations in the IVD that affect the biological function of the protein (vide infra).

Effect of the IVD on the Structural Stability of the NEMO IKK Binding Domain (IBD)

To further investigate possible structural and functional communication between the IVD 

and the IBD we tested whether the IVD affects the thermal stability of the IBD, 

using circular dichroism spectroscopy (CD) to monitor thermal unfolding through the 

associated loss of secondary structure. The results showed that 5XAla-NEMO had a melting 

temperature of Tm = 40 °C (Figure 4B). We previously showed that the covalently dimeric 

IBD-only construct NEMO(1–120) is less stable, melting at a temperature of 33 °C 28. 

Notably, NEMO(44–195) showed a single cooperative melting transition with Tm = 44 

°C, comparable to the Tm for 5XAla-NEMO. The ability of the IVD to stabilize NEMO 

into a single, cooperatively unfolding unit indicates that the IBD and IVD are structurally 

interconnected. The 9SG-NEMO variant also showed similar structural stability to 5XAla-

NEMO, melting with Tm = 42°C (Figure 4B and D). This result suggests that the 9SG 

mutation does not disrupt the overall structural integrity of NEMO, consistent with the 

finding, described above, that the 9SG mutation does not decrease the affinity of the IBD for 

IKKβ peptide binding.

To determine whether the 9SG mutation causes a substantial disruption of NEMO secondary 

structure, we quantified helical content by comparing the CD spectra in aqueous buffer 

with those measured in 90% 2,2,2-trifluoroethanol (TFE), a solvent that induces adoption 

of α-helical structure regardless of the protein primary structure54,55. Using the spectrum 

obtained in 90% TFE as representative of a 100% α-helical structure, the ratio of the 

molar ellipticity at 222 nm measured in aqueous buffer to the corresponding value in 90% 

TFE gives an estimate of the α-helix content of a protein in aqueous conditions. These 

measurements showed that, in aqueous buffer, 9SG-NEMO was 65% α-helix, approximately 

the same as 7XAla-NEMO (66% α-helix) (Figures 4D and S3). This result shows that 

the 9SG mutation does not significantly disrupt the overall secondary structure of NEMO. 

Using the same approach, NEMO(44–195) was found to be 82% α-helix. To verify that 

90% TFE was sufficient to induce full α-helicity, NEMO(44–195) was also evaluated in 

97% TFE, yielding an essentially identical result (81% α-helix; data not shown). This 

high α-helical content suggests that the IVD is primarily folded with α-helical secondary 

structure. The presence of dimeric, fully folded coiled coils was then assessed from the ratio 

[θ] 222/208 taken from the CD spectra. A value ≥1 indicates fully-folded coiled-coils, with 

≤0.9 indicating single-stranded alpha helices. WT-NEMO, 5XAla-NEMO, 7XAla-NEMO, 

and NEMO(44–195) all display values greater than 1 (Figure 4D), indicating dimeric coiled-

coil, whereas for 9SG-NEMO [θ] 222/208 = 0.93, which indicates disruption of coiled-coil, 

but not of overall alpha-helical content. NEMO(110–195) has [θ] 222/208 = 0.71, indicating 

significant disruption of coiled-coil19. However, unlike full-length NEMO constructs, which 

are constitutive noncovalent homodimers19, and NEMO(1–120) which is covalently dimeric 
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via an interchain disulfide bond through Cys5428, NEMO(110–195) is likely monomeric 

under the conditions tested. Therefore, the low α-helical content and failure to observe 

a cooperative melting transition seen for NEMO(110–195), as well as the reduction in 

coiled-coil content, may not be reflective of the structure of this region of the protein as it 

exists in the context of full-length NEMO.

Analysis of IVD Solution Structure and IKKβ-Induced Conformational Change by SAXS

To probe the structure of NEMO(44–195) in solution, SAXS was employed as described 

above for 5XAla-NEMO. Experimental scattering is shown in Figure 5A, with overlaid 

theoretical scattering calculated from the shape reconstruction model. The fit is reasonable, 

with χ = 0.3. Although there is no evidence for aggregation, the Guinier plot (Figure 5B) 

is not linear over q2 = 0.0008 Å−2. As stated (vide infra) a linear Guinier region is not 

necessarily expected for extended proteins. The P(r) function for NEMO(44–195) is shown 

in Figure 5C (total quality estimate of 0.807), and the shape reconstruction in Figure 5D. 

The notable consistency between the shape reconstruction of the NEMO(44–195) fragment 

and the corresponding region of full-length 5XAla-NEMO (Figure 5E) shows that the 

conformation of the IBD-IVD region within full-length NEMO is well represented by the 

shorter construct NEMO(44–195).

A previous study16 showed changes in both the intrinsic tryptophan fluorescence of NEMO 

(via Trp6) and in ANS fluorescence intensity upon addition of an 11-mer peptide comprising 

the minimal NEMO Binding Domain (NBD) of IKKβ, leading the authors to suggest that 

NEMO undergoes a ligand-induced conformational change upon binding IKKβ. To further 

investigate this proposed conformational change, we used SAXS to determine whether the 

size or shape of WT-NEMO, 5XAla-NEMO, or of NEMO(44–195) changes upon addition 

of the IKKβ(701–745) peptide, which comprises the region of IKKβ required for high 

binding affinity to NEMO (the native IKKβ oligomeric state is dimeric56). The scattering 

curves, Guinier plots, and P(r) functions for WT-NEMO, 5XAla-NEMO, and NEMO(44–

195) with and without IKKβ(701–745) are shown in Figure 5A–C, and corresponding 

concentration studies for complexes of WT-NEMO and NEMO(44–195) with IKKβ(701–

745) are shown in Figure S4. Notably, the P(r) function for 5XAla-NEMO (with IKKβ, total 

quality estimate of 0.580) indicates that upon binding IKKβ NEMO condenses in structure. 

Specifically, Dmax for 5XAla-NEMO decreases from 315 to 255 Å. For NEMO(44–195), 

(with IKKβ, total quality estimate of 0.591) Dmax shows no significant change in the 

absence and presence of IKKβ (93 and 95 Å, respectively). Importantly Dmax represents 

the maximum distance between atoms in the scattering mass, and thus reflects a property 

of the largest scattering particle. Therefore, addition of a smaller peptide should not affect 

Dmax except by inducing a change in the conformation of NEMO. Although one might 

expect the Rg value to change with addition of a small peptide in excess, the Rg of the 

unstructured peptide is much smaller than the Rg of the NEMO construct, such that the 

scattering from the unbound peptide acts as a nearly flat background in the region of q used 

to estimate the Rg of the protein. To ensure that that the results were not being affected by 

a high molar ratio of free IKKβ in solution, WT-NEMO was incubated with a 1.2 molar 

excess of IKKβ(701–745), followed by separation via online SEC-SAXS to eliminate any 

free IKKβ as well as removing any aggregates. This treatment yielded a narrow peak upon 
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UV absorption detection. The Dmax decreased from 305 to 256 Å for WT-NEMO in the 

absence and presence of IKKβ peptide. In addition, the Rg (averaged square root distance of 

each scatterer to the center of mass50,51) calculated from the P(r) plot decreased significantly 

from 101 to 82 Å from the addition of the IKKβ peptide to WT-NEMO. The resolution 

of SAXS is not sufficient to allow conclusions about the detailed atomic structure of the 

complex. However, these solution scattering results clearly indicate that binding of IKKβ 
peptide causes NEMO to adopt a conformation that is more compact than that seen for 

unbound NEMO as demonstrated by a reduction in the Rg and length of the maximum 

distance vector in the scattering mass.

Effect of IVD Mutations on Downstream Signaling in Cells

To assess the importance of the IVD for NEMO activity in vivo, we first compared the 

ability of WT-, 7XAla-, and 9SG-NEMO to interact with endogenous IKKβ in cells. 

The 7XAla-NEMO was included because 9SG-NEMO was created in the 7XAla-NEMO 

background. The 5XAla-NEMO was used in the described biophysical experiments; 

however, 7XAla NEMO has been shown19 to behave identically in terms of binding 

and cell signaling activity (see Table S2). Human 293T cells were transfected with 

overexpression vectors for FLAG-tagged versions of WT-NEMO, 7XAla-NEMO, or 9SG-

NEMO, and the binding of these proteins to endogenous IKKβ was evaluated in anti-FLAG 

co-immunoprecipitation (Co-IP) assays. Similar amounts of IKKβ were co-precipitated with 

all three NEMO proteins (Figure 6A). No IKKβ was co-precipitated using extracts from 

cells transfected with the empty vector control. The ability of 9SG-NEMO to pull down 

IKKβ to a similar extent as WT-NEMO is consistent with the observation that the 9SG 

variant protein retained the ability to bind IKKβ in vitro.

As a first test of whether the IVD plays a role in the ability of NEMO to mediate NF-κB 

pathway signaling, we assessed the ability of transiently transfected 9SG-NEMO to restore 

TNFα-induced phosphorylation of IκBα in a 293T cell line in which NEMO expression 

had been disrupted by CRISPR/Cas9 targeting (Figure 6B). As compared to 7XAla-NEMO, 

9SG-NEMO had a reduced ability to restore TNFα-dependent phosphorylation of IκBα 
(Figure 6C).

As a more extensive test of 9SG-NEMO function, we used retroviral transduction to stably 

reconstitute mouse NEMO knockout cells with 7XAla- or 9SG-NEMO. We have previously 

shown that this method expresses biologically relevant levels of NEMO protein and can 

be used to test NEMO activity19,46. Knockout cells reconstituted with 7XAla-NEMO 

showed easily detectable phosphorylation of IκBα upon treatment with three known NF-κB 

pathway activators, TNFα, LPS, or IL-1β (Figure 6D). In contrast, there was little to no 

induction of IκBα phosphorylation in cells reconstituted with 9SG-NEMO or the empty 

vector control. Similar levels of NEMO were expressed in all cells. To ensure that the lack 

of activity of the 9SG variant was not due to the 7XAla background, we also created the 

9SG mutation in the WT-NEMO background. As shown in Figure S5, the 9SG variant in the 

WT-NEMO background was also defective for supporting TNFα-induced phosphorylation 

of IκBα in mouse NEMO knockout cells, whereas WT-NEMO restored TNFα-dependent 

phosphorylation of IκBα in these cells.
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Taken together, these results show that disruption of the highly conserved core IVD 

sequence by the 9SG mutation does not abolish the ability of NEMO to interact with IKKβ 
in vitro or in vivo, but does disrupt the ability of NEMO to support activation of IKK in 

human and mouse cells in response to a variety of upstream inducers of NF-κB signaling.

Effect of the IVD Mutation on IKKβ-Induced Conformational Change Measured by SAXS

Our cell-based reconstitution experiments showed that the IVD is required for NEMO-

dependent activation of IKK in vivo. Although the in vitro binding affinity of the 9SG 

variant of NEMO for IKKβ is unchanged, there is a loss of signaling function in vivo. 

To investigate whether the signaling defect in 9SG-NEMO might be due to an inability to 

undergo the proposed ligand-induced conformational change, we analyzed the 9SG-NEMO 

variant by SAXS in the presence and absence of the IKKβ(701–745) peptide. The scattering 

curves, Guinier plots, and P(r) plots for these conditions are shown in Figure 7. Unlike 

5XAla-NEMO and WT-NEMO, 9SG-NEMO solution scattering is not consistent with 

conversion to a more compact form upon binding the IKKβ peptide, as shown by the 

P(r) functions (total quality estimate = 0.529 and 0.620, respectively). In fact, 9SG-NEMO 

appears to elongate upon IKKβ peptide binding, from Dmax = 250 to 280 Å. The apparent 

lengthening of 9SG-NEMO upon IKKβ peptide binding may reflect an overall rigidification 

of 9SG-NEMO, which increases order and thereby allows more protein mass to be resolved 

against the solvent. In any case, upon binding of IKKβ peptide, 9SG-NEMO fails to take 

on the more compact form observed with both WT- and 5XAla-NEMO, suggesting that the 

9SG mutation in the IVD domain eliminates a ligand-induced conformational change.

DISCUSSION

Here, we show that a previously uncharacterized central region of NEMO, which we 

term the Intervening Domain (IVD), is required for high-affinity binding to IKKβ, confers 

thermal stability on NEMO, and is necessary for downstream activation of NF-κB signaling 

in vivo. Moreover, we show that introduction of the 9SG mutation in a highly conserved 

core region of the IVD sequence disrupts both the induced conformational change in vitro 
and NEMO’s ability to support phosphorylation of IκBα by IKKβ in vivo. Taken together, 

these results lead us to propose that the IVD plays a role in a signal-induced conformational 

change in NEMO that is required for downstream signaling. Therefore, our results support 

the notion that NEMO is an allosterically regulated scaffold protein.

A functional role for the IVD is supported by the finding that several mutations associated 

with genetic diseases occur in or near the IVD, including D113N, R123W, L153R, 

R173G, R175P and Q183H11,31. These mutations do not significantly reduce NEMO 

expression57–61, and thus likely exert their effects by altering NEMO function. The last 

residue of the targeted region in the 9SG variant (i.e., L153) is the site of an EDA-ID 

(ectodermal dysplasia with immunodeficiency)-associated mutation (L153R) which has 

been shown to render NEMO defective for NF-κB signaling59. Among the other disease-

associated mutations within the IVD, D113N, R123W, L170P, R173G, R182P and Q183H 

are associated with Incontinentia Pigmenti (IP), Q157P with anhidrotic ectodermal dysplasia 
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with immunodeficiency, osteopetrosis, and lymphedema (OL-EDA-ID), and A169P and 

R175P with EDA-ID31.

Several previous studies have tested the ability of disease-associated NEMO mutants to 

propagate NF-κB signaling12,62,63. Many of these disease-associated NEMO variants remain 

functional in response to at least one stimulus of canonical NF-κB signaling. In this study, 

we show that substitution of a strictly conserved nine-residue segment at the core of the 

IVD with a series of nine serine and glycine residues (i.e., the 9SG mutation) abolishes the 

ability of NEMO to function in canonical signaling in response to TNFα, LPS or IL-1β. 

Therefore, it is likely that the 9SG mutation disrupts a fundamental property of NEMO, 

such as the ability to undergo a productive ligand-induced conformational change. In support 

of this hypothesis, using SAXS we identified a ligand-induced conformational change that 

occurs in WT-NEMO but not 9SG-NEMO. The conformational change in NEMO may serve 

to bring IKKβ, which binds towards the N-terminal end of NEMO, into close proximity 

with IκBα, which binds at the C-terminal end30, thereby directing the kinase activity of 

IKKβ toward its specific substrate. Previously, the allosteric activation of binding partners 

by scaffolds has been shown by demonstrating an increase in activity6,9,64. Here, we present 

structural evidence suggesting how scaffold function occurs in NEMO.

There is no reported X-ray crystal structure of any fragment of NEMO that includes the IVD 

region. Thus, the structural details of how the IVD modulates IKKβ binding affinity and 

mediates the proposed ligand-dependent conformational change remain unclear. However, 

the observation that NEMO(44–195) – comprising only the IKKβ binding domain plus the 

adjacent IVD – shows a single cooperative melting transition indicates the existence of an 

intimate structural connection between the IVD and IBD. This structural inter-dependence is 

consistent with the existence of allosteric communication between these domains. The 9SG 

mutation has no effect on IKKβ binding in vitro or in co-IP experiments using human cell 

extracts. Thus, we propose that the abolition of the signaling function in cells resulting from 

the 9SG mutation is because the IVD is required for a critical conformational change in 

NEMO.

A previous study reported evidence, based on intrinsic tryptophan fluorescence and ANS 

fluorescence, that NEMO undergoes a ligand-induced conformational change16. Our results 

suggest that the IVD plays an important role in this conformational change, and in the 

overall signaling function of NEMO. We propose a model in which the IVD is required for 

a conformational change in NEMO that is necessary for its ability to direct phosphorylation 

of IκBα by IKKβ. The concept of a conformational change requirement for signaling 

propagation by a scaffold protein has precedence. For example, the yeast scaffold Ste5 

uses a conformational change as a signaling gate to expose the binding surface on Fus3 

to propagate a mating-specific signal10. However, whereas Ste5 requires cofactor binding 

to relieve an auto-inhibitory interaction and reveal a binding surface on Fus3 that leads to 

propagation of signaling, the binding surface of NEMO is constitutively available for the 

catalytic component of the IKK complex, IKKβ. In the case of NEMO, the binding of IKKβ 
triggers a decrease in the maximum length of the protein, as measured by SAXS, consistent 

with the need to bring the N-terminal region of NEMO with bound IKKβ close to its 

C-terminal region where IκB binds. Other NEMO ligands may also affect the conformation 
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of NEMO. In particular, it has been reported that noncovalent binding of poly-ubiquitin 

affects the rate of a ligand-induced conformational change of NEMO16.

A recent study has suggested that the region comprising residues 112–150, encompassing 

part of the IVD, is a site of negative regulation of NEMO17. The authors proposed 

that this region can participate in an intramolecular interaction with the HLX2 region 

to maintain NEMO in an auto-inhibited, compact state prior to poly-ubiquitin binding. 

Their model is based, in part, on in vitro measurements showing that, whereas di-ubiquitin 

bound to truncated NEMO constructs lacking the 112–150 region, it did not bind to full-

length NEMO. However, M1-linked poly-ubiquitin was able to bind to full-length NEMO, 

suggesting that this more extended form of poly-ubiquitin can outcompete the self-inhibition 

and convert NEMO to an open, active conformation. The authors also determined a SAXS 

model for full-length NEMO bound to an MBP-tagged herpesvirus FLICE inhibitory protein 

(vFLIP) that, like our unliganded full-length model, shows a shorter total length (c.a. 

320 Å) than expected for a fully extended coiled-coil protein. These authors accounted 

for the shorter than expected length of their NEMO/MBP-vFLIP SAXS structure by 

postulating that, in the unbound state, NEMO is folded back on itself, consistent with 

their proposed autoinhibitory intramolecular self-association model. However, the ability to 

directly observe such a shape in their SAXS structure was affected by the presence of the 

large MBP-vFLIP ligand, a polypeptide of over 500 aa, which gives the overall molecular 

envelope a comma shape, and makes it difficult to assess the shape of NEMO itself within 

this large envelope.

The SAXS structure of unbound, full length NEMO that we describe here is not consistent 

with NEMO being extensively folded back on itself, as the molecular envelope is wide 

enough to accommodate only a single coiled-coil for most of its length. Instead, we attribute 

the shorter than expected length of NEMO to the adoption of a compact, folded structure in 

the IVD region (as opposed to a fully-extended coiled-coil). Moreover, our results indicate 

that the function of the IVD is clearly not limited to auto-inhibition; if this were the case 

then mutations introduced to the IVD would result in a gain of function, whereas our 

results show that the 9SG mutation in the IVD results in NEMO loss of function. There are 

multiple events required for full NEMO scaffolding activity, including IKKβ binding, poly-

ubiquitin binding, and phosphorylation. It is possible, therefore, that the IVD is involved in 

auto-inhibition as well as in mediating a conformational change that serves other important 

functions, such as bringing the IKKβ bound near the N terminus of NEMO into proximity of 

the IκBα bound near the C terminus.

In summary, we have shown that the highly conserved Intervening Domain of NEMO 

is required for downstream activation of IKKβ, which is required for canonical NF-κB 

signaling. An approach analogous to the one taken herein may be useful for identifying 

regulatory regions of other scaffold proteins. The study of undruggable targets may benefit 

from this approach, by enabling the identification of regions that can be targeted with 

small molecules to modulate function by affecting the target’s ability to undergo an 

essential conformational change. SAXS is a powerful tool to probe these ligand-induced 

conformational changes. A high-throughput application of SAXS might be useful in 

identifying therapeutics that alter either unliganded- or liganded-conformational states of 
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a target protein. Scaffold proteins are a class of target proteins that could benefit from this 

approach, as direct functional assays are often difficult to develop for scaffolds due to their 

lack of intrinsic catalytic activity.

Supplementary Material

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

aa amino-acid residues

CD circular dichroism

DTT dithiothreitol

FA fluorescence anisotropy

FITC fluorescein isothiocyanate

FITC-IKKβ IKKβ(701−745)-derived peptide labeled with fluorescein 

isothiocyanate

HLX2 second coiled coil domain of NEMO

IκB inhibitor of κB

IKK inhibitor of κB kinase

IBD IKKβ binding domain

IVD intervening domain

CoZi leucine zipper

NEMO NF-κB essential modulator

NF-κB nuclear factor κB

RANKL RANK ligand

TNFα tumor necrosis factor α

TCEP tris(2-carboxyethyl)phosphine
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ZF zinc finger
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Scheme 1. 
Simplified scheme illustrating how NEMO mediates the phosphorylation of IκB by IKKα/β 
in response to activation of an upstream receptor (in this example, TNFR1), leading to 

ubiquitination and degradation of IκB, releasing NF-κB to translocate to the nucleus where 

it stimulates expression of target genes. Abbreviations: TNF, tumor necrosis factor; TNFR1, 

p55 TNF receptor; TRAF6, TNF receptor associated factor 6; RIP, receptor-interacting 

serine/threonine-protein kinase 1; TAK1, TGF β activated kinase 1, a.k.a. mitogen-activated 

protein kinase kinase kinase 7; p50/p65, a dimer comprising one form of the transcription 

factor NF-κB; IκB, inhibitor of κB; NEMO, NF-κB essential modulator; IKKα/β, inhibitor 

of κB kinase α and β; Ub, ubiquitin. The red asterisks represent sites of phosphorylation.
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Figure 1. 
Domain map of NEMO with existing experimentally determined structures of individual 

NEMO domains and constructs used in this study. NEMO in beige ribbon; IKKβ(701–

745) in red ribbon; linear di-ubiquitin in orange ribbon; red spheres represent structurally 

uncharacterized regions of NEMO. IBD, IKKβ binding domain; IVD, intervening domain; 

HLX2, coiled-coil 2; CoZi, leucine zipper; ZF, zinc finger.
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Figure 2. 
SAXS model of 5XAla-NEMO. (A) Scattering curve for 5XAla-NEMO (blue), with 

theoretical scattering (red) calculated from the model shown in panel D. Inset: the error-

weighted residual difference plot, Δ/σ = [I exp(q) − cI mod(q)]/σ(q) versus q for model 

fitting to experimental scattering. (B) Guinier plot. Linearity at low q is not necessarily 

expected for a partially flexible, extended protein50,51. (C) Distance-distribution function 

generated by GNOM. (D) Shape reconstruction generated by DAMMIN (gray envelope) 

with superposed NEMO model (blue) generated from three NEMO domains by BUNCH. 

“N-term” and “C-term” labels denote NEMO N terminus and C terminus, respectively; the 

Intervening Domain is denoted “IVD.” (E) Guinier plots showing lack of aggregation with 

increasing protein concentration for WT-NEMO.
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Figure 3. 
Alignment of the core sequence of the NEMO Intervening Domain. Shown is the region 

that spans residues 141 to 161 of human NEMO. Residues in blue are identical to the 

corresponding position in human NEMO. The full alignment is shown in Figure S2.
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Figure 4. 
The IVD contributes to NEMO-IKKβ binding affinity and NEMO thermal stability. (A) 

Fluorescence anisotropy binding assays. The indicated NEMO proteins were titrated from 

0.01 nM – 1000 nM, with FITC-labeled IKKβ(701–745) kept constant at 15 nM. Results 

are representative of three independent experiments performed with triplicate samples. (B) 

The indicated NEMO proteins were subjected to thermal denaturation, as monitored by CD. 

An increase in signal at Θ = 222 nm corresponds to loss of secondary structure. Inset: first 

derivative of melting curve used to identify Tm value. (C) CD spectra of NEMO constructs 

determined at 10 °C. The negative peak with minima at 208 and 222 nm is indicative of 

α-helical content. (D) Table of key results. aKD for binding FITC-IKKβ(701–745) measured 

using the FA binding assay. bDetermined by CD, monitoring change in Θ222 as temperature 

was increased at 1 °C/min. c The % α-helical content was determined from the CD spectrum 

in aqueous buffer compared with that in 90% TFE.d The Tm for NEMO(1–120) was reported 

previously, and is shown here for reference28.
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Figure 5. 
5XAla-NEMO and WT-NEMO become more compact upon IKKβ-binding. (A) SAXS 

scattering curves for 5XAla-NEMO, WT-NEMO, and NEMO(44–195), with and without 

IKKβ(701–745). Data for unliganded NEMO(44–195) and WT and NEMO(44–195), 

complexed with IKKβ in a 1:1.2 ratio and subjected to SEC-SAXS. Theoretical scattering 

curves calculated from the resulting structural models for the unbound proteins are overlaid 

in red. (B) Guinier plots for the data sets shown in (A). (C) Distance-distribution functions 

generated by GNOM for the data sets shown in (A). (D) Shape reconstruction for unbound 

NEMO(44–195) generated by DAMMIF. (E) Shape reconstruction for NEMO(44–195) in 

orange superposed on the shape reconstruction for 5XAla-NEMO (gray), from Figure 2.

Shaffer et al. Page 28

Biochemistry. Author manuscript; available in PMC 2022 July 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
The 9SG mutation abolishes the ability of NEMO to function in signal-induced activation of 

IκB kinase. (A) The indicated FLAG-tagged NEMO constructs were transfected into 293T 

cells, and extracts were immunoprecipitated (IP) with anti-FLAG beads. Immunoprecipitates 

were then analyzed by anti-FLAG (bottom) and anti-IKKβ (top) Western blotting. In 

the Input lanes, 4% of the extract used in the immunoprecipitations was analyzed by 

Western blotting. (B) Whole cell extracts from wild-type and NEMO-knockout 293T cells 

were analyzed by anti-NEMO Western blotting (top) or Ponceau staining for total protein 

(bottom). (C) 293T NEMO knockout cells were transfected with plasmids for the expression 

of 7XAla- or 9SG-NEMO. Cells that were either untreated (−) or treated with TNFα (+) 

were analyzed by Western blotting for phospho-IκBα or NEMO or by Ponceau staining. (D) 

Mouse NEMO knockout fibroblasts were stably transduced with retroviral vectors for the 

indicated NEMO proteins. Stable cell lines were then untreated (−) or treated (+) with the 

indicated compounds. Extracts were analyzed by Western blotting for the indicated proteins.
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Figure 7. 
The IVD-region mutations present in 9SG-NEMO abolish the ability of IKKβ(701–745) 

binding to induce a more compact conformation. (A) SAXS scattering curve for 9SG-

NEMO with (green) and without (blue) IKKβ(701–745). (B) Guinier plot for 9SG-NEMO. 

Linearity at low q is not necessarily expected for a partially flexible, extended protein50,51. 

(C) Distance-distribution function generated by GNOM.
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