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The nuclear factor-κB (NF-κB) transcription activation system involves disordered regions
of both the NF-κB dimers and their inhibitors, the IκBs. The system is well-studied both
at the cellular and biophysical levels affording a unique opportunity to compare and con-
trast the conclusions from both types of experiments. Through a combination of both
experiments and theory, we have discovered that the RelA/p50 heterodimer and its inhibi-
tor IκBα operate under kinetic control. Intrinsically disordered parts of both proteins are
directly involved in temporal control and their folding and unfolding determines the rates
of various processes. In this review, we show how the dynamic state of the intrinsically
disordered sequences define the rates of intracellular processes.

Introduction to the NF-κB signaling system
The nuclear factor-κB (NF-κB) signaling system involves a family of NF-κB proteins and their inhibi-
tors [1]. Although there are 15 possible homo- and heterodimers of NF-κB and at least five inhibitors
(Figure 1A,B), the system is simpler than it looks because some dimers are preferred and these then
each have a preferred inhibitor that binds with picomolar binding affinity. Thus, the RelA homodimer
is bound most tightly by IκBβ (KD 25 pM) but also by IκBα (KD 47 pM), the RelA–p50 heterodimer
is bound most tightly by IκBα (KD 42 pM), and cRel heterodimers with either RelA or p50 bind IκBε
with KD s of 98 and 60 pM, respectively [2]. The very tight binding affinities of the inhibitors creates
a situation where the NF-κB dimers are completely inhibited in resting cells and an active process
must be initialized to remove the inhibitor (Figure 1C). For the rest of this perspective, we will focus
on the case of the RelA–p50 heterodimer, which is the NF-κB responsible for rapid response to
inflammatory signals, and for which the activation process is well understood.

How is NF-κB signaling kept in the ‘off’ state?
The binding of inflammatory signals to Tol-like receptors on the cell surface activates the IκB kinase
(IKK) which phosphorylates IκBα at Ser 32 and 36 [3,4] in the disordered N-terminal sequence of
IκBα. The doubly phosphorylated sequence then binds to the β-TrCP ubiquitin E3 ligase [5] which
ubiquitylates the disordered IκBα sequence at Lys 21 and 22 targeting the protein for proteasomal
degradation [6]. It is notable that in IKK knock-out cells, the half-life of the RelA–p50:IκBα complex
is at least 48 h and phosphorylation does not change the binding affinity of IκBα for the RelA–p50
heterodimer. Therefore, proteasomal degradation is what causes the dissociation of the RelA–p50:IκBα
complex. Thus, the only way that NF-κB can be dissociated from IκBα is by phosphorylation and ubi-
quitylation of IκBα and subsequent proteasomal degradation. In cells, IκBα is constantly being
synthesized so as to capture any NF-κB that might not be inhibited keeping all of the NF-κB in the
cytoplasm unable to activate genes. The newly synthesized IκBα that does not bind NF-κB is degraded
keeping the overall concentration of free IκBα very low. This is the state of the cell prior to activation
of the NF-κB signaling pathway.
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How is NF-κB signaling turned on?
Our laboratory showed that a few critical interactions between IκBα and the NF-κB RelA–p50 heterodimer are
all-important for maintaining the binding affinity between IκBα and the NF-κB. In fact, the large surface area
of contact between the ankyrin repeat domain (ARD) of IκBα and the dimerization domains of RelA and p50
is misleading [7]. A key interaction that holds the interaction together is between Phe 309 in RelA and the ‘top’
of ankyrin repeat 1 in the IκBα ARD. Mutation of this residue causes a drastic loss of binding affinity of over
1000-fold [8]. Similarly, mutations within the PEST sequence following the sixth ankyrin repeat of IκBα
strongly affect binding affinity [9]. NMR experiments revealed that the sequence of RelA surrounding Phe309
is disordered and remains somewhat dynamic even when it is bound to IκBα [10]. The sidechain of Phe 309
appears to fit into a pocket formed by Phe 77 and Leu 80 in the top of the IκBα somewhat like a button into a
buttonhole [11]. Thus, one might imagine that when proteasomal degradation starts at the disordered
N-terminal sequence of IκBα, this interaction might be disrupted causing dissociation of the IκBα and allowing
interaction of the RelA nuclear localization signal with Importin-α.
NF-κB transcription activation does not require any new protein synthesis and as such is very rapid. Within

30 min of stimulation, over 100 000 molecules of NF-κB flood the nucleus and within 1 h, hundreds of genes
are activated [12–14]. The amount of NF-κB in the nucleus follows an oscillatory behavior and this is because
all of the NF-κB is kept in the cytoplasm inhibited by IκBα. Then once activation occurs, all of the
NF-κB-bound IκBα is degraded. One of the genes that is most strongly activated by NF-κB is the gene for
IκBα so that as soon as activation occurs, new IκBα is made. This newly synthesized IκBα then enters the
nucleus and returns the NF-κB to the cytoplasm. However, if the kinase is still active, the process repeats,
resulting in an oscillating concentration of nuclear NF-κB (Figure 1D).

Figure 1. Introduction to the NF-κB family of proteins and their inhibitors.

(A) The five NF-κB family members for homo- and heterodimers. Only RelA/p65, RelB and cRel have transcription activation

domains (TADs). (B) The three inhibitors of the NF-κB family of proteins all have ankyrin repeat domains. (C) RelA–p50 is the

most well-studied of the NF-κB family members. Its primary inhibitor is IκBα which keeps it in the cytoplasm until

phosphorylation and ubiquitylation signals for IκBα degradation. Then the NF-κB nuclear localization signal is exposed

facilitating nuclear import. Once in the nucleus, NF-κB turns on transcription of hundreds of genes including that of IκBα which

then initiates a positive feedback loop. (D) IκBα is the inhibitor that is responsible for removing RelA–p50 from the nucleus

which follows an oscillatory behavior due to remaining IKK kinase which can continue to signal for degradation of the newly

synthesized IκBα in a second round of signaling.
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The robustness of NF-κB activation depends on the absence of free IκBα in the cytoplasm that could
re-capture some of the activated NF-κB. It turns out that this is accomplished by having an incredibly short
intracellular half-life of free IκBα, less than 7 min [15]. Biophysical studies on free IκBα and sequence analysis
of what constitutes a stable ankyrin repeat led to the creation of a more stable IκBα which is a double mutant
(Y254L, T257A) with a half-life extended to over 12 min (Figure 2A). This ‘prefolded’ IκBα enabled us to dis-
cover much about how the protein structure of IκBα determines it free intracellular half-life. It turns out that
the C-terminal ankyrin repeat of IκBα contains a bona fide degron. The existence of this degron was proven by
attaching the sequence from the C-terminal ankyrin repeat of IκBα onto green fluorescent protein (GFP).
Whereas GFP is highly stable in cells, the fusion of the IκBα sequence to its C-terminus reduced the intracellu-
lar half-life of GFP to the same as that for IκBα (Figure 2B). The degron in the C-terminal ankyrin repeat
causes free IκBα to be degraded in a proteasome-dependent but ubiquitin independent manner [16]. It is still
unclear whether there are accessory factors that bind this degron sequence and target it to the proteasome.
To explore more deeply how the structure of IκBα exposes this degron, we carried out many studies on free

IκBα and the YLTA stabilized mutant. We knew from NMR studies that this region of IκBα must adopt mul-
tiple structures because no resonances were observed for the fifth and sixth repeats of free IκBα even though
they were clearly visible when IκBα was bound to NF-κB [17]. Using amide hydrogen/deuterium exchange, we
showed that the fifth and sixth ankyrin repeats were highly exchanging indicative of the absence of stable struc-
ture [15]. Despite these two indicators of a lack of structure, no new helical structure is formed when IκBα
binds to NF-κB indicating the presence of residual helical structure. To probe this region more thoroughly, we
performed single molecule Forster resonance energy transfer (smFRET). We placed the two fluorophors that
would undergo FRET on the AR2 and AR6 and observed the FRET from single molecules over time
(Figure 3A). Based on our previous studies, we expected a stable, high-FRET signal for the IκBα bound to
NF-κB and a lower FRET signal for the unbound IκBα. While we did observe a stable, high-FRET signal for
the bound IκBα (Figure 3B), the signal for the unbound IκBα visited different states that ranged from high
FRET to low FRET and we observed transitions in real time (Figure 3C,D) [18].

How is NF-κB signaling turned-off?
A fascinating part of the story is the mechanism by which IκBα enters the nucleus, binds the NF-κB and
returns it to the cytoplasm as the inactive NF-κB:IκBα complex. It had been thought that IκBα enters the
nucleus by passive diffusion, but very recently in-cell cross-linking led to the discovery that SQSTM-1/p62 is a
chaperone that ensures rapid translocation of newly synthesized IκBα into the nucleus [19].

Figure 2. Evidence for a degron sequence in the C-terminal ankyrin repeats of IκBα.

(A) IκBα is degraded quickly in cells and stabilizing mutations increase its half-life [15]. (B) Green fluorescent protein (GFP) is

very stable in cells, but appending the C-terminal residues 210–317 of IκBα to the C-terminus of GFP causes it to have the

same dramatically faster degradation as IκBα [16].
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Once IκBα is in the nucleus, it enhances the kinetics of NF-κB dissociation from the DNA. We first observed
that IκBα accelerated the dissociation of NF-κB from DNA using surface plasmon resonance (SPR) experi-
ments in 2009 [20]. In this first report, we were able to demonstrate that the dissociation rate of NF-κB from
DNA was linearly dependent on the concentration of IκBα (Figure 4A). Both the N-terminal interaction
between Phe 309 and IκBα as well as the disordered AR5–AR6 of IκBα were important for ‘molecular strip-
ping’ as we later called this unique phenomenon. Several variants of IκBα that had a more well-folded AR5–
AR6 were less able to facilitate dissociation. Later, we were able to directly observe the transient ternary
complex between IκBα and the NF-κB–DNA complex (modeled in Figure 4B) both by NMR [21] and by
stopped-flow fluorescence [22] (Figure 4C). Eventually, we were able to discover a mutant of IκBα that bound
to NF-κB with nearly the same affinity as wildtype but that was much less able to strip NF-κB from the DNA.
We hypothesized that the negatively charged PEST region of IκBα might repel the DNA and that this electro-
static repulsion might be involved in the facilitated dissociation. We therefore generated the ‘5x-PEST’ mutant
IκBα in which five negatively charged amino acids in the PEST region were neutralized (e.g. E→Q, D→N).
The ‘5x-PEST’ mutant formed a more stable ternary complex (NF-κB–DNA–IκBα). To test whether the facili-
tated dissociation was functionally important, we put the mutant IκBα into cells behind the native IκBα pro-
moter and performed single cell studies of nuclear import/export of fluorescently labeled Rel A. These
experiments showed that whereas in cells containing wildtype IκBα, Rel A was efficiently exported from the
nucleus, in cells containing the ‘5x-PEST’ mutant IκBα nuclear export of Rel A was much slower (Figure 4D).
This was a really important result because it allowed us to define that the molecular mechanism and rate-
determining process for nuclear export was, in fact, IκBα-mediated molecular stripping of NF-κB from the
DNA [23]. Systems biology studies of the NF-κB signaling system demonstrated that without molecular strip-
ping, NF-κB signaling could never be turned-off [24,25]. This result is due to a combination of factors;
(1) NF-κB target sites (called κB sites) vary widely and (2) in the nucleus, ChIP studies show at least 40% of

Figure 3. Single molecule FRET studies of IκBα reveal nanospring behavior.

(A) Set-up of the smFRET experiment involved attaching the IκBα (labeled at AR2 and AR6) to the microscope slide by way of a

His(6) tag that bound to an anti-His(6) antibody which was also biotinylated so it would bind to the nutravidin on the

microscope slide. (B) IκBα bound to NF-κB shows a narrowly distributed high-FRET signal indicative of a completed folded

ankyrin repeat domain. (C) Unbound IκBα showed a broader FRET signal with a population at lower FRET. (D) smFRET traces

revealed that the lower FRET population was due to the nanospring behavior of IκBα which stochastically sampled states in

which the AR2 and AR6 were further apart, but could then regain the high-FRET state.
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the NF-κB is bound to sites that do not resemble κB sites. Therefore, the total number of ‘specific’ sites to
which NF-κB could bind is very large. Furthermore, we recently discovered that for full-length NF-κB (which
includes the transcription activation domain (TAD) of Rel A) the difference between the binding affinity for a
bona fide κB site and for non-specific sequences is not as large as was originally gleaned from studies of
NF-κB truncated before the TAD [26].
Finally, one might wonder how IκBα is able to engage NF-κB when it is bound to DNA. All of the crystal

structures of NF-κB homo- and heterodimers bound to DNA show the DNA engulfed in a cavity formed by
both of the N-terminal DNA-binding domains and the bottoms of the dimerization domains (Figure 5A). To
understand whether the NF-κB–DNA structures were more dynamic than they seemed from the crystal struc-
tures, we again set-out to perform smFRET experiments, this time with the fluorophores on each of the
DNA-binding domains (Figure 5B,D). Remarkably, both the DNA-free and DNA-bound NF-κB molecules
showed a wide range of FRET signals without adopting any defined states such as open or closed (Figure 5C,E)
[27]. Rather, the two N-terminal domains spent long periods of time at many different FRET states.

Figure 4. Evidence for IκBα-mediated facilitated dissociation of NF-κB from the DNA (aka molecular stripping).

(A) The first evidence for molecular stripping came from SPR experiments in which varying concentrations of IκBα were flowed

into a channel containing a pseudo-flowing equilibrium of NF-κB–DNA complexes. NF-κB would dissociate from the DNA at

increasing rates that depended on the IκBα concentration [20]. (B) Model of the ternary complex between NF-κB, DNA and

IκBα showing that the DNA-binding domains must rearrange upon IκBα binding [29]. (C) Stopped-flow fluorescence of DNA

bound to fluorescently labeled DNA (left panel) shows that the dissociation of the NF-κB–DNA complex dissociates at a rate of

∼0.5 s−1 but upon addition of IκBα, dissociation happens much more rapidly and is concentration dependent (right panel). In

addition, evidence for formation of a transient ternary complex can be seen because the fluorescence increases prior to

decreasing also in a concentration-dependent manner [22]. (D) Single cell traces of fluorescently tagged RelA show that NF-κB

enters the nucleus rapidly and is also rapidly removed by IκBα (black and gray traces). Introduction of the ‘5x-PEST’ mutant

form of IκBα behind the native IκBα promoter results in the same rapid nuclear entry of NF-κB but a much slower removal of

NF-κB from the nucleus (green traces) [23].
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Interconversions between the FRET states were slow and stochastic (Figure 5C,E). Cross-correlation analysis
revealed that the DNA-bound domains more readily interconverted than they did when not bound to DNA
(Figure 5F). These results indicated that the DNA-binding domains did not both have to be fully engaged in
DNA binding for the molecule to stay bound to the DNA. The many DNA-bound states that were not fully
engaged likely explain the ease with which IκBα can engage the NF-κB and facilitate its dissociation from
the DNA.

Future directions
The ‘elephant in the room’ yet to be explored is the RelA TAD. Whereas the p53 TAD interacts with the
DNA-binding domains of p53 and heightens their ability to discriminate between specific and non-specific
DNA-binding sites [28], the opposite seems to be true for the RelA TAD [26]. The RelA TAD is large, 230
amino acids, and is predicted to be entirely disordered except for two small helical regions that bind the tran-
scriptional co-activator with PDZ-binding zinc finger (TAZ) domain and the kinase-inducible domain interact-
ing (KIX) domain in the transcriptional co-activator, CREB-binding protein (CBP). Small angle x-ray scattering
analyses of the TAD indicate that it is a compact globule and that it likely does not fold back to interact with
the NF-κB Rel Homology Domain (RHD) [26]. Does binding of CBP alter the conformational ensemble of the
RelA TAD? Does the RelA TAD ever influence DNA binding? These questions await future studies of the
NF-κB signaling system.

Figure 5. Single molecule FRET experiments to probe the dynamics of the N-terminal DNA-binding domains of NF-κB.

(A) Many crystal structures of DNA-bound NF-κB show that the DNA binds in a cleft formed between the N-terminal

DNA-binding domains and the base of the dimerization domains as if the NF-κB is hugging the DNA. Several molecular

dynamics simulations suggest that if the DNA is not present, the DNA-binding domains become further apart. (B) The smFRET

set-up for studying the motions of the NF-κB DNA-binding domains includes specific fluorescent labeling of each DNA-binding

domain and immobilization of the NF-κB on the microscope slide using a His(6) tag as already described. (C) A representative

smFRET trace showing the NF-κB domains adopting different FRET states and slowly transitioning between them. (D) The

smFRET set-up for studying the motions of the NF-κB DNA-binding domains includes specific fluorescent labeling of each

DNA-binding domain and immobilization of κB site DNA on the microscope slide to which the labeled NF-κB binds. (E) A

representative smFRET trace showing the DNA-bound NF-κB domains adopting different FRET states and slowly transitioning

between them. (F) Cross-correlation analysis reveals a different time constant of motion for the free vs. the DNA-bound NF-κB.
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Perspectives
• The NF-κB signaling system turns on hundreds of genes and is involved in many diseases.

We show the system is tightly controlled by interconverting weakly folded regions of each
protein.

• The intrinsically disordered C-terminal ankyrin repeats of IκBα control its degradation rate as
well as its ability to facilitate dissociation of NF-κB from the DNA. The weakly folded linkers
between the DNA-binding domains and the dimerization domains of NF-κB allow IκBα access
to dissociate it from DNA.

• The intrinsically disordered TAD of NF-κB has multiple functions, many of which are yet to be
explored.
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