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ABSTRACT: The NF-xB family of transcription factors responds to inflammatory cytokines with rapid
transcriptional activation and subsequent signal repression. Much of the system control depends on the
unique characteristics of its major inhibitor, IxkBo, which appears to have folding dynamics that underlie the
biophysical properties of its activity. Theoretical folding studies followed by experiments have shown that a
portion of the ankyrin repeat domain of IxBa folds on binding. In resting cells, IxBa is constantly being
synthesized, but most of it is rapidly degraded, leaving only a very small pool of free IxBa.. Nearly all of the
NF-«B is bound to IxBa, resulting in near-complete inhibition of nuclear localization and transcriptional
activation. Combined solution biophysical measurements and quantitative protein half-life measurements
inside cells have allowed us to understand how the inhibition occurs, why IxBo can be degraded quickly in the
free state but remain extremely stable in the bound state, and how signal activation and repression can be
tuned by IxB folding dynamics. This review summarizes results of in vitro and in vivo experiments that
converge demonstrating the effective interplay between biophysics and cell biology in understanding
transcriptional control by the NF-«B signaling module.

The NF-«B' signaling system is a ubiquitous immediate early
response network that transduces extracellular signals from a
variety of receptors, integrates the information of the physio-
logical state, and regulates patterns of gene expression. This
“signaling module” (/) has been implicated in a variety of cellular
functions such as cell growth, proliferation, apoptosis, and stress
responses and is misregulated in numerous diseases (2, 3). The
system is named after nuclear factor kB (NF-xB) which was
originally discovered as a transcription factor present in activated
B-cells that strongly activates the immunoglobulin x-chain gene
expression (4). In vertebrates, NF-kB connotes not a single
protein but a family of polypeptides that form a combinatorial
number of homo- and heterodimers of p65 (RelA), RelB, c-Rel,
p50, and p52 subunits (2). Several inhibitors of NF-xB activity
have been identified and named inhibitors of kB (1«B), including
isoforms I«Ba., IxBf, and IxBe, which block the nuclear localiza-
tion and transcriptional activity of p65 and c-Rel-containing NF-
kB dimers (5), and the newest member of the family, I«kBd (6). In
resting cells, most of the estimated 100000 NF-xB dimers are
bound to IxBs, keeping the NF-xB pool mainly in the cytoplasm
by inhibiting its nuclear localization and association with
DNA (7, 8). A variety of extracellular signals, including viral
antigens and lipopolysaccharides, as well as several physiological
cytokines activate extracellular receptors that initiate the assem-
bly of the I«B kinase (IKK), which in turn phosphorylates the
N-terminal signal response domain of NF-xB-bound IxBa, leading
to subsequent ubiquitination and degradation by the proteasome (9).
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NF-«B dimers then translocate to the nucleus, bind DNA, and
regulate transcription of numerous target genes (/0). The large
number of genes that are activated by NF-«Bs show widely
varying transcription levels, activation kinetics, and postinduc-
tion repression. The mechanism of this diversity is only beginning
to be understood (71, 12). Among the strongly activated genes is
the one encoding IkBot (13—15). Newly synthesized IxBot trans-
locates to the nucleus and binds to NF-«B, and the complex is
exported from the nucleus (Figure 1) (1, 16). According to this
model, the NF-«B transcriptional activity can be brought back to
baseline by a deceptively simple negative feedback loop. How-
ever, puzzling questions arise regarding how robustness and
specificity are achieved in a cellular response system that is
activated by many different ligands and subsequently activates
hundreds of different genes. In addition, the time dependence of
the NF-«B activity is functionally relevant in that it rises and falls
rapidly and may display dampened oscillations (/). Quantitative
models of cell signaling have recently opened new approaches to
our understanding of the temporal control of the NF-«B signal
response (/). Ordinary differential equation (ODE) flux models
of this system suggest that the rates at which such a simple
feedback mechanism functions depend critically on the concen-
trations of species, in this case, NF-«B and IxBa, and the rates at
which they are produced and degraded (/7, 18). These studies
demonstrated that the synthesis and degradation rates of IxBa
are critical parameters that control the signaling by the entire
NF-«B signaling module. Degradation of free IxBo, which occurs
in a ubiquitin-independent but proteasome-dependent fashion,
is extremely rapid, so that the intracellular half-life is less than
10 min. On the other hand, NF-«B-bound IxBa is incredibly
stable, with an intracellular half-life of many hours. Once bound to
NF-«B, IkBa. is degraded only if it is first phosphorylated, then
ubiquitinated, and finally degraded by the proteasome in a
ubiquitin-dependent fashion. What are the biochemical and
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F1GURE 1: Schematic diagram of the NF-«B signaling pathway. This figure places emphasis on the role of IxBa, showing the different degradation
pathways and transcriptional activation of new IkBa synthesis. The newly synthesized IxBa is either degraded, binds to an NF-«B in the
cytoplasm, or enters the nucleus and binds nuclear NF-«B. This feedback part of the pathway is indicated by red arrows.

biophysical origins of such a switch in degradation mechanism,
and how can such a rapid signal response be initiated and sub-
sequently repressed? The goal of this review is to illustrate that it is
possible to assign reliable rates from biochemical and biophysi-
cal experiments to the apparent rate constants in the ODE model
and that such an iterative process can give new insights about the
behavior of the signaling module.

FOLDING DYNAMICS OF IBa

Domain Structure of Ik Bo.. The full-length IkBa protein is
composed of three major regions: an N-terminal signal response
region of ~70 amino acids, where phosphorylation and ubiqui-
tination occur, an ankyrin repeat domain (ARD) of ~220 amino
acids, and a C-terminal PEST sequence that extends from residue
275 to 317 (Figure 2A) (19, 20). Sequence analysis predict
intrinsic disorder in both the N-terminal domain and the PEST
region of IkBa as well as in a good portion of the ARD
(Figure 2B) (21). The N-terminal domain receives the phosphory-
lation and ubiquitinylation signals and targets the protein to the
proteasome for degradation (9) and has no measurable effect on
binding of IxBa to NF-xB (22). The binding activity can be
localized to the ARD and PEST regions, for which high-resolution
crystal structures were obtained only when in complex with NF-«B
and show that the ARD can fold as a typical elongated stack of six
ARs (Figure 2C). IxBa has resisted all attempts to crystallize it in
the unbound state, and its biophysical behavior is consistent with a
native state that does not adopt a unique compact fold (23).

Theoretical Models of Folding of IxBo.. ARDs are very
common protein—protein interaction motifs that adopt an
elongated fold in which the ankyrin repeats (ARs) stack against
each other in a linear fashion by folding into two antiparallel
a-helices connected by a short loop, followed by a f-hairpin that
protrudes away from the helical stack (Figure 2C). This non-
globular fold is stabilized by both intra and inter-repeat interac-
tions, and the general folding properties can be successfully mode-
led with simple near-neighbor interaction schemes (24, 25).
Theoretical folding studies using native topology-based models (26)
(Figure 3A) and experiments (24, 27—29) show that for natural

ARDs composed of few ARs, the equilibrium folding mechanism
shows a sharp transition in which once initial nucleation has
occurred, the rest of the ARs fold in a highly cooperative fashion.
Only the fully unfolded and fully folded species are significantly
populated at equilibrium [reviewed by Barrick et al. (30)]. How-
ever, subtle variations in the interactions between modules may
result in decoupling of the folding elements, giving rise to more
complicated folding scenarios in which partially folded inter-
mediates and multiple folding routes can be detected (31).

In the case of IxBa, native topology-based models using the
structure of IxBa taken from the structure in complex with NF-
B predict that two separate folding events are necessary to attain
complete folding, each encompassing the folding of roughly three
consecutive ARs. The folding nucleates around AR2 and AR3
and propagates outward to include AR1 and AR4. Folding of
AR5 and ARG is predicted to occur in a second folding transition
(Figure 3C). Thus, the ARD of IxBa behaves more like larger
ARDs, which have been shown both by theory and by experi-
ment to allow for “cracks” to occur and folding subdomains to
emerge (32, 33).

Ik Ba. Deviates from the Consensus Sequence for Stable
ARs. Bioinformatic analysis of the hundreds of AR sequences
has resulted in several attempts to define a consensus sequence for
the AR (34—39). Full-consensus ARDs have been constructed,
and these exhibit much higher thermal and chemical stability as
well as faster folding rates than naturally occurring ARDs similar
in size (36—38, 40—42). Approximately 50% of the IxBa
sequence conforms to the minimum consensus and is marginally
stable (Figure 4B).

Like many proteins with weakly folded parts, I«Ba. is prone to
aggregation when isolated, even at physiological tempera-
tures (23). Although this feature precludes any strict quantifica-
tion of its thermal denaturation, IxBa can be reversibly dena-
tured by chemical denaturants and its folding properties analyzed
in detail (43). Upon denaturant challenge, the equilibrium folding
behavior of the IkBa ARD (residues 67—287) shows two transi-
tions: a minor noncooperative conversion upon subtle perturbation
and a major cooperative folding event. Via introduction of Trp
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FIGURE 2: (A) Schematic diagram of NF-«B(p65), one of the most abundant NF-«<B family members in the cell, and of I«Ba, the key member of
the inhibitor family. (B) PONDR (27) analysis of the intrinsic disorder in the ankyrin repeat domain of IkBa. (C) Crystal structure of IxBa (blue)
bound to NF-«B (p50, green; p65, red) (19). (D) Crystal structure of NF-«B (p50, green; p65, red) bound to «B site DNA (gold) (46). This figure

was prepared using The PyMOL Molecular Graphics System (64).

residues as spectroscopic probes at several positions, the non-
cooperative conversion was mapped to ARS and AR6 (43). The
single native Trp at position 258 in AR6 does not follow a
cooperative transition in the wild-type protein. However, intro-
duction of two consensus residues (Y254L and T257A) stabilizes
ARG6 such that Trp258 then follows the cooperative unfolding
transition of the whole ARD (Figure 4B) (44). On the basis of the
consensus design principles, a library of mutants with varying
properties of folding and stability can be engineered and quanti-
tatively studied. If the folding properties are conserved in the
cellular milieu, these can be used as a molecular toolbox to
perturb elementary parameters of the signaling network.

IBa FOLDING IS COUPLED TO NF-B BINDING

Evidence of Folding upon Binding from H—D Exchange.
Native state amide H—D exchange experiments followed by mass
spectrometry recapitulated the theoretical results for I«Ba fold-
ing transitions (Figure 3D). The f-hairpins of AR2 and AR3
were remarkably resistant to exchange, whereas ARS and AR6
exchanged completely within the first minute in free IxBo.. When

bound to NF-«B, the S-hairpins of AR5 and AR6 exhibited
dramatically less exchange (Figure 3D) (45). Interface protection
could not account for the decrease in the number of exchanging
amides, suggesting that IxBoc undergoes a folding transition upon
binding.

Structure and Energetics of Formation of the IkBa.-
NF-kB Complex. From the primary sequence viewpoint,
NF-«B and IxBa bind in a head-to-tail fashion with the N-terminal
domain of NF-xB near the C-terminal PEST sequence of
IkBa (19, 20). The Rel homology domain (RHD) of NF-«Bs
specifically binds both DNA and I«xBs. Crystal structures of
DNA-bound NF-«B(p50/p65) and IxBa-bound NF-«kB(p50/p65)
show overlapping but nonidentical binding surfaces (19, 20, 46, 47)
(Figure 2C,D). DNA contacts the loops protruding from the
dimerization and N-terminal domains of the RHD and the linker
between them, whereas IxBa contacts mainly the dimerization
domain and the helix 3—NLS—helix 4 structure at the C-terminus
of the RHD of p65 (compare panels C and D of Figure 2). How
is binding energy distributed in this complex macromolecular
assembly?
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FiGure 3: (A) Folding simulations of pl6, an example ankyrin
repeat protein. The folding of p16 was simulated with energetically
unfrustrated models. The heat capacity as a function of temperature
derived from several constant temperature runs is plotted. The peak
in the plot corresponds to the folding temperature (7). (B) Similar
analysisasin panel A but for the ARD of IxBa (residues 67—287). (C)
Probability of contact formation during folding simulations of I«Ba-
(67—287) at the first Ty (left) and at the second T} (right). The
probability is plotted on a color scale with the most probable colored
red. (D) Results from amide H—D exchange experiments with I«Ba
free in solution (left) and when bound to NF-«B (right). The amount
of exchange was measured after exposure for 2 min to deuterated
buffer followed by pepsin digestion and mass spectrometry. The
extent of exchange is plotted on a color scale with the most exchanged
colored red.

The protein—protein interface that forms between NF-«B and
IkBa is large, having some 4000 A? of buried surface area, yet
mutations of interface residues had little affect on the binding free
energy (Figure 4C) (48). Instead, all of the binding energy is
attributable to interactions occurring at the two ends of the
complex. At the very C-terminal end of the RHD is the nuclear
localization signal (NLS polypeptide), which connects the dimer-
ization domain to the transactivation domain in the full-length

Biochemistry, Vol. 49, No. 8, 2010 1563

A
AR1 67 KQQLTEDGDSFLHLAITHEEKALTMEVIRQVKGDLAF 103

AR2 104 LNFQNNLQQTPLHLAVITNQPEIAEALLGAGCD 136

AR3 137 PELRDFRGNTPLHLACEQGCLASVGVLTQSCTTPHLHSI 175
AR4 176 LKATNYNGHTCLHLASIHGYLGIVELLVSLG]ADV 209

AR5 210 NAQEPCNGRTALHLAVDLQNPDLVSLLLKCGAD 242
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FiGure 4: (A) Sequence of IkBa showing locations of some of the
substitutions that stabilize the protein. (B) Equilibrium unfolding
experiments with wild-type (left) and Y254L/T257A mutant (right)
IxBa.. The insets show the change in fluorescence of W258, a naturally
occurring Trp in ARG6. In the wild-type protein, this residue does
not change fluorescence appreciably with denaturant; however, in
the stabilized mutant, its fluorescence changes in a manner similar to
that of the CD signal, indicating it follows the major cooperative
folding transition of the protein. (C) Plots of the thermodynamic
parameters of binding of wild-type (left) and Y254L/T257A mutant
(rlght) forms of IxBa to NF-KB(p502487350/p651907321) determined
by ITC.

NF-«B(p65) protein (Figure 2C). The KRKR sequence, which
constitutes the minimal NLS, is between two helical segments in
the structure of IkBa-bound NF-«B (19). Deletion of the last part
of this region of NF-xB, helix 4 (residues 305—321), reduces
IxBa binding affinity by 7.8 kcal/mol (8). Theoretical studies of
the binding of the NLS polypeptide (residues 291—325) of
NF-«B(p65) to IxBa suggested that this segment of NF-«B folds
on binding to IkBa (53). NMR experiments also show large
chemical shift changes upon binding, consistent with the transition
from mainly random coil to a helical fold (C. F. Cervantes
et al., manuscript in preparation). It has been experimentally
observed that this segment binds to IkBo with a Kp of 1 uM, and
with a large AC, .1, for blndlng of IkBa to this NLS segment
(—1.30 = 0.03 kcal mol~' K™"). Calculations of burial of polar
and nonpolar surface area derived from the crystal structures
could not account for this large effect (49—51). Thus, merely
docking the individucal static structures cannot account for the
thermodynamic signatures of the binding interaction, and larger
structural rearrangements must be implicated, which is often
observed for protein—DNA interactions (52). Thus, the “head”
of IxkBa (ARs 1—3) appears to be folded on the basis of H—D
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exchange experiments, and the “tail” of NF-xB (the NLS
polypeptide) folds upon binding to it.

At the other end of the IkBa. ARD, deletion of the PEST
sequence (residues 276—287) reduces the level of NF-«B binding
by some 5 kcal/mol (54). Taken together, the binding affinity
losses due to deletion at the ends of the interface are more than
enough to account for the entire binding energy of complex
formation. Interestingly, the PEST region does not become
completely ordered upon binding to NF-xB according to high-
resolution NMR spectroscopy data (55). The native state of the
NF-«B-IxkBo complex thus retains regions with highly dynamic
character. Given that ARS and ARG at one end of the interface
and the NLS at the other end of the interface both fold on
binding, the folding energy landscape of both proteins must be
taken into account in analyzing the binding event.

Alteration of Binding Thermodynamics by Stabilizing
Mutations. It is important to emphasize that ARS and AR6 of
IxBatin the free state are not random coil or completely unfolded.
Indeed, even though the amides in these two repeats completely
exchange in <1 min, no new secondary structure forms when
IxBa binds to NF-«B (23). Thus, the ARS—ARG6 region must be
partially folded, perhaps molten globular in the free state.
Further evidence of the partially folded state of the ARS—ARG6
region comes from studies on the thermodynamics of binding of
wild-type and mutant forms of IxBa.

The aforementioned Y254L/T257A mutant exhibited a mark-
edly changed equilibrium folding profile compared to that of
wild-type I«Bo (Figure 4B). Indeed, one can conclude that ARS
and AR6 now form part of the cooperatively folding ARD.
Binding thermodynamics of this locally stabilized mutant IxBa
compared to the wild type allowed us to speculate about how the
very tight binding affinity of I«Ba for NF-«B is achieved. The
unfavorable entropy change upon binding of wild-type IxBa. is
smaller than would be expected if the residues in ARS and AR6
(some 80 amino acids) of IxBa were undergoing a transition from
completely unfolded to completely folded (Figure 4C). To a first
approximation, if folding is coupled to binding, stabilizing a
weakly folded protein should strengthen binding as the unfavor-
able folding entropy should be decreased. The stabilized mutant
did, indeed, have a less unfavorable entropy change upon
binding, but the effect was only ~2 kcal/mol. Surprisingly, the
binding affinity of the stabilized mutant I«Ba for NF-«B was
weakened some 30-fold, due to a much less favorable enthalpy
change upon binding (Figure 4C). Our interpretation of this
resultis that if the free [kBatis molten globular, it has already paid
most of the entropy cost of folding (and gained most of the
favorable entropy from the hydrophobic effect) but has not
completely attained the favorable enthalpy of the folded state. An
alternative interpretation is that the stabilized mutant cannot
structurally adapt to access the conformation required for
optimal binding of NF-«B.

Possible Entropy Compensation upon Binding. Even with
the model just described, it is still surprising that the entropy cost
upon binding is so small considering one-third of IxBa. is weakly
folded when free in solution (45). A possible explanation is that
some other part of the ARD becomes more dynamic upon
binding and compensates for the entropy cost of folding ARS
and AR6. NMR backbone dynamics experiments revealed that
some entropy compensation of this type may be occurring.
Surprisingly, although AR2 and AR3 are the most well-folded,
a large number of the resonances in AR3 that are observed in the
NMR spectrum of free IkBo(67—206) are actually not observed
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in the NMR spectrum of IxBo(67—287) in complex with
NF-«B (56). When amide cross-peaks are not visible in the
NMR spectrum, this is usually evidence of intermediate exchange
on the NMR time scale, a phenomenon indicative of micro- to
millisecond dynamics. Given the subnanomolar binding affinity
of the NF-xB- IxBa. complex, these dynamics must be regarded as
an increase in backbone dynamics within the complex and not a
result of an association—dissociation process. Such an increase in
dynamics suggests a redistribution of disorder so that the loss of
entropy in AR5 and AR6 may be offset by an increase in the
amount of AR3. Backbone relaxation measurements and analy-
sis of long-time scale dynamics from residual dipolar coupling
experiments on the free IkBa(67—206) revealed that although
AR3 isin the core of the folded part of I«Ba, parts of this AR are
more dynamic than the other ARs even in the free state (57).

IBa FOLDING DETERMINES ITS INTRACELLU-
LAR HALF-LIFE

Distinct Degradation Pathways for IxBa. It is generally
believed (although not thoroughly tested) that, in the absence of
active mechanisms of degradation, the more thermodynamically
stable a protein, the longer its in vivo half-life. Consistent with
this notion, free IxBa, which is marginally stable (23), has a very
short intracellular half-life of <10 min (7, 58). This rapid degra-
dation rate depends in part on the presence of the C-terminal
PEST sequence (18, 59, 60). The degradation of the free protein
appears to be independent of ubiquitinylation, since all of the Lys
residues in [kBa can be mutated without changing the degrada-
tion rate of the free protein (/8). In addition, although free IxBa
can be phosphorylated and ubiquitinylated, its degradation rate
is not different in IKK—/— cells, indicating that ubiquitin-
independent degradation is the primary route for free IxBal
(17). The Y254L/T257A mutant IxBo is degraded more slowly
than wild-type I«Ba both in vitro by the 20S proteasome and in
vivo, suggesting that in addition to the PEST sequence, the
weakly folded AR6 of I«Ba is important for rapid ubiquitin-
independent degradation (Figure 5B,C) (44).

When IxkBa is bound to NF-«B, they form a very stable
complex that requires ubiquitinylation for degradation by the
Ub-dependent degradation pathway that uses the ATPases of the
268 subunit to unfold and subsequently degrade the protein. Our
studies showing that the binding affinity for the NF-«B-bound
IxBa is concentrated in two regions at the ends of the interface
suggest a mechanism for proteasome degradation of the NF-«B-
bound IxBa. If proteasome digestion starts near the N-terminal
ubiquitinylated residues of IxBa and proceeds to AR1, this would
disrupt the interaction between AR1 and the NLS polypeptide
[residues 305—325 of NF-«B(p65)]. We know from deletion studies
that the interaction between the NLS polypeptide and ARI is
worth some 8000-fold in binding affinity, and disruption of this
interaction causes the NF-«B to rapidly dissociate (8).

Intracellular Half-Life of IkBa. Is a Critical Parameter
for Signaling Control. An ordinary differential equation
(ODE) model of the NF-«B signaling system has been con-
structed that recapitulates the interesting oscillatory behavior of
the NF-«B transcription activity (Figure 5A) (). Such ODE
models are informative because one can test them for sensitivity
of each of the parameters to computationally dissect the system’s
behavior. In the case of NF-«B signaling, one of the most
sensitive parameters for control of the constitutive transcrip-
tional activity is the intracellular half-life of IxBa (/7). Recent
reparameterization of this model shows that when the binding
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FIGURE 5: (A) NF-«B transcription activity was measured as a
function of time after stimulation with tumor necrosis factor. Pro-
teins were also measured by quantitative Western blotting: (top)
NF-«B(p65) and (bottom) I«B isoforms. (B) Quantitative Western
blot showing the levels of IxBo(Y254L/T257A) and the wild type
after cyclohexamide treatment in NF-xB —/— cells.

rates and affinities measured in vitro by SPR are used as fixed
parameters, the model recapitulates the rates and amplitudes of
the NF-«kB response. SPR experiments revealed the extremely
slow dissociation rate of the IxBa: NF-«B complex, consistent
with the long intracellular half-life of the complex, which is
completely stable in the absence of IxB kinase (IKK) phosphory-
lation and subsequent ubiquitinylation (> 12 h). Thus, IxBa
“foldedness”, controlled by binding to NF-«B, allows it to switch
between degradation mechanisms (18).

RAPID TRANSCRIPTION REPRESSION REQUIRES
PARTIALLY FOLDED IBa

A key feature of the NF-«B negative feedback is the rapidity
with which the transcriptional activation is subsequently re-
pressed (Figure 5A) (/). The rapid postinduction repression is
partly explained by the fact that the gene for IxBa is strongly
induced by NF-«B, so activation of NF-xB immediately produces
newly synthesized IxBo. However, the new IxBo must still escape
proteasome degradation, enter the nucleus, and compete for
binding to NF-«B with the very large number of «B sites in the
DNA. We recently discovered an intriguing kinetic phenomenon
in which IxBatis able to markedly increase the rate of dissociation
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FIGURE 6: (A) Real-time binding and dissociation experiment moni-
tored by SPR. Biotinylated «B-site DNA was bound to the strepta-
vidin Chlp ([ = 0) NF-KB(p50(19_363)/p65(1_325)) was allowed to
associate with the DNA until a pseudoflowing equilibrium was
reached (r = 100 s). Varying concentrations of IkBa were then
injected through the second sample loop (coinject experiment), and
the dissociation rate constant (k) was measured. A schematic of the
binding events is shown below the graph. (B) Plot of the k4 deter-
mined from experiments like that shown in panel A as a function of
IkBa concentration. The error bars represent four independent
experiments. The slope of the line is the pseudo-second-order rate
constant for [kBa-mediated dissociation, and its value of 10° M~ 's™!
indicates that IxBo-mediated active dissociation is a very efficient
process. (C) Dissociation was also monitored by stopped-flow fluori-
metry using a pyrene-labeled DNA hairpin. Stopped-flow fluores-
cence experiment in which pyrene-labeled hairpin DNA (0.25 4uM) in
a complex with NF-«B(p5019—363)/P65(1—325)) (0.5 uM) in syringe 1
was rapidly mixed with a 50-fold excess (relative to NF-«B) of either
unlabeled hairpin DNA (black curve; kq = 0.41 s~") or I«Bat (red
curve; kg = 18.2s7h).

of NF-«B from the DNA (6/). The phenomenon was initially
discovered by passing nanomolar concentrations of IxBa. over
the NF-«B-DNA complex in a co-injection step in an SPR
experiment (Figure 6A). [kBa is remarkably efficient at increas-
ing the rate of dissociation (kgq) of NF-«B from the DNA; the
apparent second-order rate constant for the IxBa-mediated
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dissociationis 10°M ™' s ! (Figure 6B). Similar experiments were
also performed using stopped-flow fluorescence; the same phe-
nomenon was observed under solution conditions (Figure 6C).
Several mutant forms of I«Ba were also tested for their ability to
mediate dissociation of NF-«B from the DNA. The mutations
had a variety of effects on NF-«B binding, from none to a
decrease of some 100-fold. However, all of the thermodynami-
cally stabilized mutants, even the ones that bound with the same
affinity, were less able to mediate dissociation of NF-«B from the
DNA (61). Thus, an important function of the “weakly folded”
part of IxBat may be to facilitate dissociation of NF-«B from the
DNA  to  rapidly  repress  postinduction  trans-
criptional activation.

CONCLUDING REMARKS AND PERSPECTIVES

Although the NF-«B signaling module comprises only a small
portion of the entire cellular signaling network, it has intriguing
complexities. The importance of biochemical and biophysical
experiments that seek a quantitative understanding of such
signaling modules cannot be underestimated. If we are to build
up a quantitative and robust description of cellular signaling, the
interplay between rigorous biophysical measurements and cell
biological experiments as well as comprehensive mathematical
models that reveal the emerging properties of the system will all
be essential (62, 63). Protein—protein interactions play a funda-
mental role in intracellular signaling, but simple models that
assume equilibrium binding under cellular conditions will not
suffice. Signaling networks depend upon protein—protein inter-
actions that can be under kinetic as well as thermodynamic
control. We have shown that the structural and dynamic features
of IxBa, in particular, its foldedness, are exploited to provide
kinetic control of dynamic regulatory processes, including its
degradation through Ub-dependent and -independent pathways
and competition with DNA for NF-«B.

When quantitative in vitro experiments can be racapitulated in
cellular models, emergent properties of the cellular control can be
discovered. For example, the observation of a kinetic control
mechanism in the NF-«B signaling module raises the possibility
that when the model is more complete, the number of newly
synthesized IxBa molecules that enter the nucleus during post-
induction repression may be very low, and single molecules may
be able to remove NF-«B from transcription sites requiring
inclusion of stochastic processes in addition to the equilibrium
flux equations to accurately model the entire system. The
iteration between biophysical experiments and measurement of
cellular properties will be critical for such a further model
refinement. The converse is also true in the sense that when a
protein is involved in a highly regulated cellular system, it is more
likely that its interactions will be tuned to respond rapidly to
changes in the regulatory state and will most likely not display
simple kinetics or thermodynamics of binding.
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