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Abstract

IkBa binds to and inhibits the transcriptional activity of NF-kB family members via its ankyrin repeat
(AR) domain. The binding affinity of IkBa with NF-kB(p50/p65) heterodimers and NF-kB(p65/65)
homodimers is in the picomolar range, and in the cell, this results in long half-lives of the complexes.
Direct binding experiments have been performed using surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC) on a series of truncations and mutations in order to understand what regions
of the interface are most important for the tight binding affinity of this complex. We previously showed
that interactions between residues 305 and 321 of NF-kB(p65) with the first AR of IkBa are critical for
the binding energy. Interactions in this region are responsible for more than 7 kcal/mol of the binding
energy. Here we show equally drastic consequences for the binding energy occur upon truncation of
even a few residues at the C terminus of IkBa. Thus, the interface actually has two hot spots, one at
either end of the elongated and large surface of interaction. These results suggest a ‘‘squeeze’’
mechanism that leads to the extremely high affinity of the IkBadNF-kB complex through stabilization of
the ankyrin repeat domain.
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The nuclear factor kB (NF-kB) transcription factors are
activated in numerous human diseases including inflam-
matory and immune diseases and cancer (Kumar et al.
2004). The NF-kB family is composed of homo- and hetero-
dimers formed from the combinatorial assembly of the p65
(RelA), RelB, c-Rel, p50, and p52 subunits, but in most cells,
the most abundant NF-kB is the p50/p65 heterodimer (Ghosh
et al. 1998). The inhibitor proteins IkBa, IkBb, and IkBe
bind directly to the p65 and c-Rel containing NF-kB dimers
and inhibit transcriptional activity (Verma et al. 1995). In
resting cells, the half-life of the NF-kB(p65) dimers bound to

IkBa is on the order of days (O’Dea et al. 2008). This long
half-life is consistent with the extremely large binding energy
of the complex, which has a binding dissociation constant of
40 pM (Bergqvist et al. 2006). In cells, virtually no dissoci-
ation or degradation of the complex is seen in the absence of
stimulation, resulting in activation of the IkB kinase, IKK,
and subsequent phosphorylation at the N-terminal signal
response sequence of IkBa (Karin and Ben-Neriah 2000).
Phosphorylated IkBa is then ubiquitinated and degraded by
the proteasome, thus freeing NF-kB to enter the nucleus, bind
DNA, and activate transcription of its numerous target genes
(Pahl 1999). IkB regulation of NF-kB transcriptional activity
is so critical that misregulation results in many different
diseases (Kumar et al. 2004). In fact, constitutive activation of
NF-kB is observed in many types of cancer, and improper
IkBa function is observed in B-cell and Hodgkin’s lympho-
mas (Lee et al. 2007).

In contrast to its remarkable stability in the NF-kB-bound
state, free IkBa is intrinsically unstable, its half-life is <10
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min, and it is rapidly degraded in a process that does not
require phosphorylation or ubiquitination (Krappmann et al.
1996; Mathes et al. 2008). These distinct degradation path-
ways for free and NF-kB-bound IkBa appear to be critical
for signal-responsive NF-kB activation. Decreases in NF-
kB-bound IkBa phosphorylation reduce NF-kB activation
upon stimulation in a mathematical model of NF-kB signal-
ing (O’Dea et al. 2007). Furthermore, IkBa variants with
slower basal degradation rates result in slower activation of
NF-kB upon stimulation with TNF-a (Mathes et al. 2008).
Thus, in resting cells, continual synthesis and rapid degra-
dation of IkBa tightly inhibits NF-kB activity, while
allowing a rapid response to external stimuli. An important
goal of the present work is to understand how binding to
NF-kB stabilizes IkBa, and how the binding energy of this
complex is established.

IkBa is composed of an N-terminal signal response
region where phosphorylation and ubiquitination occur,
an ankyrin repeat (AR) domain that binds to NF-kB (Fig.
1A), and a C-terminal PEST sequence (Huxford et al. 1998;
Jacobs and Harrison 1998). ARs are 30–40-amino-acid
repeating sequences composed of a b-hairpin followed by
two antiparallel a-helices and a variable loop. ARs are
found in more than 3000 different proteins with highly
varied functions (Mosavi et al. 2004). AR domains contain
multiple ARs and function by mediating specific protein–
protein interactions (Li et al. 2006). Statistical analysis of
AR sequences revealed a consensus sequence, and con-
sensus AR repeat domains are highly stable compared with
their natural counterparts (Barrick et al. 2008).

All six IkBa ARs contact NF-kB, and the IkBadNF-kB
interface buries more than 4000 Å2 of surface area (Fig.
1A; Huxford et al. 1998; Jacobs and Harrison 1998).
Characterization of IkBa reveals that ARs 5 and 6 are
weakly folded and highly dynamic, but they fold upon
binding to NF-kB (Croy et al. 2004; Truhlar et al. 2006;

Ferreiro et al. 2007). In previous work, we truncated the
N and C termini of NF-kB(p65) and found an energetic
hot spot (Bergqvist et al. 2006). The concept of ‘‘hot
spots’’ in protein–protein interfaces was first described by
Wells and colleagues, who used alanine scanning muta-
genesis to determine which residues at the interface of the
human growth hormone interface with its receptor were
important for the binding interaction energy (Clackson
and Wells 1995). Although many residues made contacts
at the interface, few of these contacts were actually
important for the binding energy. Similarly, mutation of
the contacting residues in much of the IkBadNF-kB
interface had little effect on the binding energy (Huxford
et al. 2002). We previously reported a binding energy
hot spot at one end of the elongated interface, where helix
4 (or NLS extension) of the NF-kB p65 Rel-homology
region (residues 305–321) contacts the first ankyrin
repeat of IkBa, the NLS hot spot. Truncation of residues
305–321 in NF-kB p65 dramatically weakened the bind-
ing interaction, increasing the KD 5000-fold (Bergqvist
et al. 2006). The biological relevance of this result is
that the NLS hot spot, which involves residues 305 and
321 in NF-kB p65, anchors the NLS, which is effectively
sequestered in the complex by IkBa (Baeuerle and
Baltimore 1988).

In experiments presented here, we demonstrate the ex-
istence of a second hot spot, at the opposite end of the
elongated interface where the IkBa PEST sequence con-
tacts the dimerization domain of NF-kB(p65). This hot
spot will be referred to as the ‘‘PEST hot spot.’’ The results
show that whereas truncation of the residues C-terminal
to the PEST sequence (residues 288–317) had no effect on
binding affinity, truncation of the PEST sequence itself
(residues 276–287) reduced binding more than 500-fold.

Results

C-terminal truncation of IkBa

To understand the role of the C terminus of IkBa in binding
NF-kB, the protein was truncated at several positions by
site-directed mutagenesis to introduce a stop codon (Fig.
1B). The crystal structure of IkBa in complex with NF-
kB(p50/p65), solved in two different laboratories using
slightly different truncated forms of each protein, was used
as a guide. Huxford et al. (1998) used IkBa (67–302), while
Jacobs and Harrison (1998) used IkBa (67–287). In the
crystal structure containing IkBa (67–302), no electron
density was observed for residues 292–302, but truncation
of IkBa at residue 291 resulted in a protein that aggregated
and could not be produced in monomeric form. Several of
the other truncation mutants also had a high propensity for
aggregation. The IkBa (67–287), IkBa (67–281), IkBa

Figure 1. (A) The crystal structure of (blue) IkBa bound to NF-kB;

(green) p50; (red) p65; PDB accession number 1NFI (Jacobs and Harrison

1998). Figure prepared using PyMOL (DeLano Scientific). (B) The

sequences of the IkBa ankryin repeats (ARs) are aligned with the

consensus sequence for a stable AR (Mosavi et al. 2002). Vertical lines

indicate truncations used in this study. The PEST sequence is underlined.
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(67–275), and IkBa (67–206) proteins were expressed and
purified in sufficient quantities for SPR and ITC experi-
ments. IkBa (67–281) could not be concentrated to the
same extent as the others and so was only used for surface
plasmon resonance (SPR).

SPR binding experiments

The binding kinetics of each of the truncated forms of
IkBa were characterized by SPR. The experimental
protocol used the Rel-homology domain of p65, which
had been mutated to introduce a single cysteine at the
N terminus that was subsequently biotinylated. The
biotinylated p65 protein was captured on a streptavidin
(SA) SPR chip. This surface was stable and could be
regenerated after each binding experiment using urea
as previously described (Bergqvist et al. 2006). Sensor-
grams for IkBa (67–287) binding to NF-kB shown in
Figure 2A reveal that IkBa (67–287) binds tightly to NF-
kB. The association rate is rapid, and the dissociation rate
is slow (10�4 s�1). The binding kinetics and thermody-
namics of IkBa (67–287) as compared to IkBa (67–317)
were identical (Table 1A).

Truncation of even part of the PEST sequence resulted in
a drastic loss of binding affinity. IkBa (67–281), which is
only six residues shorter, had a 60-fold (2.5 kcal/mol)
weaker binding affinity, an effect that was mainly due to an
increased dissociation rate (Fig. 2B; Table 1A). Further
truncation to produce IkBa (67–275) resulted in a protein
with a KD that was more than 500-fold weaker than that of
the full-length protein (Fig. 2C; Table 1A).

The binding affinity of IkBa (67–287) to NF-
kB(p50(248–350)/p65(190–321)), which is missing the N-
terminal domain of p65, was eightfold lower in affinity
than binding to NF-kB(p50(248–376)/p65(19–325)). Again,
the truncations substantially weakened the binding (Fig.
3; Table 1). Kinetic constants for binding could not be
obtained for IkBa (67–275) at 37°C because of the rapid
dissociation rate; however, comparison of the binding of
IkBa (67–275) to NF-kB(p50(248–376)/p65(19–325)) at 37°C
and 25°C shows a sevenfold higher binding affinity at
the lower temperature (Table 1). Thus, in the absence of
the p65 N-terminal domain, truncation of the PEST
sequence resulted in a 250-fold (3.8 kcal/mol) decrease
in binding affinity.

Phosphorylation of IkBa PEST sequence is not critical
for tight binding

Since truncation of IkBa PEST sequence identified
residues that were critical for binding, the effect of
phosphorylation of these residues on the binding kinetics
was investigated. IkBa(67–317) was incubated at either

37°C or 25°C for different periods of time with casein
kinase II, which was known from previous work to
phosphorylate the PEST sequence of IkBa (Phelps et al.
2000). Since we previously reported that incubation at
37°C causes aggregation of IkBa (Croy et al. 2004), the
protein was purified after phosphorylation by size exclu-
sion chromatography, the monomer was collected, and the
concentration was re-determined. The binding affinity
was slightly improved by phosphorylation, owing to an
increase in the association rate of the phosphorylated
protein (Table 1B).

ITC binding experiments

To further investigate the thermodynamics of binding,
isothermal titration calorimetry (ITC) experiments were
performed. Only three of the proteins could be obtained at

Figure 2. SPR data collected for the truncated IkBa proteins interacting

with NF-kB(p50248–376/p6519–325). In all experiments, the NF-kB was

immobilized to a streptavidin chip by a biotin tag on the p65 N terminus,

and IkBa was flowed over at a flow rate of 50 mL per minute. (A)

Sensorgrams of 0.23 to 4.0 nM IkBa(67–287) flowed over NF-kB(p50248–

376/p6519–325) at 37°C. (B) Sensorgrams of 0.87 to 33 nM IkBa(67–281)

flowed over NF-kB(p50248–376/p6519–325) at 37°C. (C) Sensorgrams of

2.9 to 50 nM IkBa(67–275) flowed over NF-kB(p50248–376/p6519–325)

at 37°C.

Hot spots of the IkBa/NF-kB interface

www.proteinscience.org 2053

JOBNAME: PROSCI 17#12 2008 PAGE: 3 OUTPUT: Friday November 7 11:28:31 2008

csh/PROSCI/170217/ps037481

Fig. 2 live 4/C



sufficiently high concentrations for these experiments.
The ITC results confirm that the binding of IkBa (67–287)
is very tight, too tight, in fact, to measure the KD and
therefore the DG accurately by ITC (Fig. 4A; Table 2).
Stoichiometric binding was observed from which only the
DHobs was determined. This result was consistent with the
binding affinity of 40 pM determined previously by SPR
(Bergqvist et al. 2006). The binding affinity was similar
for IkBa (67–287) binding to NF-kB(p65/p65), although
the DHobs was somewhat more favorable (Fig. 4B; Table
2). As was seen in the SPR experiments, truncation of as
few as 12 residues resulted in a drastic loss of binding
energy (Table 2). Almost all of the decrease in DG can be
attributed to a loss of favorable enthalpy of binding
(Fig. 4C). Further truncation to produce IkBa (67–206)
resulted in a further reduction in the DHobs (Fig. 4D). The
binding energy of IkBa (67–206) is contributed almost
equally by favorable changes in enthalpy and entropy.

Discussion

The IkBa PEST sequence provides a second hot spot
in the NF-kB binding interface

Amide H/2H exchange experiments on IkBa (67–317)
and (67–287) revealed that the PEST sequence is com-
pletely solvent-accessible (Croy et al. 2004; Truhlar et al.
2006). These experiments also revealed that the fifth and
sixth ARs near the C-terminal part of IkBa fold upon
binding to NF-kB. In order to ascertain whether the C
terminus of IkBa was important for the binding energy,
various truncations of IkBa were made. The results

presented here show that the IkBadNF-kB binding inter-
face has a second hot spot where the IkBa PEST
sequence interacts with the dimerization domain of p65.
Deletion of the PEST extension (residues 288–317) had
no effect on the binding affinity, but deletion of the PEST
itself (residues 276–287) caused more than a 500-fold
decrease in binding affinity. This ‘‘PEST hot spot’’ helps
explain the very high affinity observed for the IkBadNF-
kB interaction.

This observation is significant for understanding the
mechanism of control of degradation of IkBa (Fig. 5).
The rates of degradation of free versus bound IkBa are
critical parameters in the way in which the NF-kB
signaling module functions (O’Dea et al. 2007). Free
IkBa has an intracellular half-life of <10 min and is
degraded by a ubiquitin-independent mechanism that
depends on certain residues within the PEST sequence
(Mathes et al. 2008). In contrast, NF-kB-bound IkBa is
extremely stable and appears to only be degraded if the
N-terminal domain of IkBa is phosphorylated and ubiq-
uitinated in a signal-dependent manner (O’Dea et al.
2007). Thus, for NF-kB binding to completely inhibit the
ubiquitin-independent proteasome degradation of IkBa, it
must effectively sequester the PEST sequence. The
results presented here suggest that, indeed, tight binding
of the IkBa PEST sequence by NF-kB may be part of the
control mechanism.

It is interesting that phosphorylation of the PEST
sequence does not seem to markedly increase binding,
but, rather, it simply increases the association rate and has
only a minor effect on the observed dissociation rate.
Phosphorylation of the IkBa PEST sequence may
increase the electrostatic steering component of the

Table 1. SPR kinetic values for interactions between NF-kB and IkB constructs

A. Interaction of NF-kB(p50248–376/p6519–325)a with truncated IkBas

Interactiona NF-kBa Temperature (°C) ka (3 106 M�1 s�1) kd (3 10�4 s�1) KD,obs (3 10�11 M�1) DG (kcal/mol)

IkBa (67–317) FL 37 3.3 6 0.6 1.4 6 0.55 4.5 6 1.0 �14.68

IkBa (67–287) FL 37 3.7 6 0.10 1.5 6 0.14 3.9 6 0.3 �14.77

IkBa (67–281) FL 37 0.9 6 0.3 22 6 0.8 247 6 16 �12.21

IkBa (67–275) FL 37 1.9 6 1.0 398 6 220 2070 6 100 �10.90

IkBa (67–275) FL 25 1.6 6 0.1 48 6 2.0 300 6 20 �11.63

IkBa (67–287) dd 37 1.7 6 0.32 5.4 6 1.0 32 6 10 �13.47

IkBa (67–281) dd 37 1.2 6 0.4 61.8 6 12 556 6 78 �11.71

IkBa (67–275) dd 25 1.5 6 0.3 180 6 12 1200 6 100 �10.80

B. Effects of PEST phosphorylation on the interaction of NF-kB(p50248-350/p65190-321) with IkBa

Interaction Temperature (°C) ka (3 106 M�1 s�1) kd (3 10�4 s�1) KD,obs (3 10�10 M�1) DG (kcal/mol)

IkBa (67–287) 37 1.7 6 0.3 5.4 6 0.1 3.2 6 0.1 �13.47

IkBa (67–317p)b 37 7.8 6 0.8 10.9 6 0.7 1.4 6 0.08 �13.98

a FL denotes NF-kB(p50248–376 /p6519–325); dd denotes NF-kB(p50248–350 /p65190–321), where the p65 was specifically biotinylated and immobilized.
b IkBa (67–317p) containing the full PEST sequence was phosphorylated with casein kinase II and then repurified by size exclusion chromatography.
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encounter complex, leading to a significant increase in
the association rate (Baerga-Ortiz et al. 2000).

The ‘‘fold and squeeze’’ mechanism
of IkBadNF-kB binding

The NLS hot spot involves the first three ARs of IkBa,
which are well-folded interacting with the NLS of NF-
kB(p65), which is not well-folded. Theoretical studies
strongly suggest that the NLS sequence folds upon binding
(Lätzer et al. 2007), and NMR evidence supports this idea
(C.F. Cervantes and E.A. Komives, unpubl.). The PEST hot
spot involves the folded dimerization domain of NF-kB
interacting with the PEST of IkBa, which is not well-
folded. Amide H/2H exchange monitored by mass spec-
trometry showed that the C-terminal residues of IkBa are
fully exchanged within 30 sec (Croy et al. 2004), but

crystallography and NMR show that this part of the protein
is at least partly structured in the bound complex (Huxford
et al. 1998; Sue et al. 2008). Thus, the NLS hot spot involves
a folded part of IkBa interacting with a partially unfolded
part of NF-kB, and the PEST hot spot involves a partially
unfolded part of IkBa interacting with a folded part of
NF-kB. Thus, both hot spots appear to involve folding
coupled to binding.

The fact that the ends of the interface were critically
important for binding, whereas mutation of interface
residues in the middle of the interface had no effect, hinted
at the possibility of a ‘‘squeeze’’ mechanism of complex
formation. In this mechanism, binding energy would be
gained through folding of the IkBa AR domain upon
binding. It is now known that the contacts between ankyrin

Figure 3. SPR data collected for the truncated IkBa proteins interacting

with NF-kB(p50248–350/p65190–321). In all experiments, the NF-kB was

immobilized to a streptavidin chip by a biotin tag on the p65 N terminus,

and IkBa was flowed over at a flow rate of 50 mL per minute. (A)

Sensorgrams of 0.87 to 6.58 nM IkBa(67–287) flowed over NF-

kB(p50248–350/p65190–321) at 37°C. (B) Sensorgrams of 1.73 to 66.7 nM

IkBa(67–281) flowed over NF-kB(p50248–350/p65190–321) at 37°C. (C)

Sensorgrams of 0.58 to 33 nM IkBa(67–275) flowed over NF-

kB(p50248–350/p65190–321) at 25°C.

Figure 4. ITC binding isotherms for NF-kB binding to truncated IkBa in

150 mM NaCl, 10 mM MOPS, pH 7.5, 0.5 mM EDTA, and 0.5 mM

sodium azide at 30°C. Data were analyzed using a model for a single set of

identical binding sites after the heats of dilution of NF-kB into buffer were

subtracted. (A) IkBa(67–287) binding to NF-kB(p50248–350/p65190–321).

(B) IkBa(67–287) binding to NF-kB(p65190–321/p65190–321). (C) IkBa(67–

275) binding to NF-kB(p65190–321/p65190–321). (D) IkBa(67–206) binding

to NF-kB(p50248–350/p65190–321).

Hot spots of the IkBa/NF-kB interface
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repeats are most important in establishing the folding
energy of AR domains, and thus it seemed possible that
additional energy could be gained by ‘‘squeezing’’ the
IkBa AR domain at either end. In fact, the fifth and sixth
repeats of IkBa are known to fold upon binding (Truhlar
et al. 2006). This is consistent with the very large DHobs, of
�31.6 kcal/mol at 35°C (Table 2) and with the large observed
heat capacity change reported previously (Bergqvist et al.
2006). The DG determined from the SPR binding is �14.7
kcal/mol at 37°C, and therefore the entropy change upon
binding is large and negative. The DHobs is strongly temper-
ature dependent, so that at 25°C the DHobs is�15.1 kcal/mol,
and the entropy change is much smaller relative to DG (TDS
¼ +1.9 kcal/mol) (Bergqvist et al. 2006). Owing to the
multiple and complex interplay of coupled folding upon
binding events, it is difficult to generalize the interpretation
of the thermodynamic information.

Recently completed NMR experiments on the IkBadNF-
kB complex provide evidence for the ‘‘squeeze’’ mechanism.
Cross-peaks for residues in the third AR of IkBa appear
well-folded in the free AR domain, but disappear when IkBa

is bound to NF-kB (Sue et al. 2008). The disappearance of
cross-peaks in the NMR is a strong indicator of backbone
dynamics in the millisecond time regime and often indi-
cates motional averaging. Thus, the well-folded middle of
the IkBa AR domain appears to become more disordered in
the complex, perhaps partially compensating for the en-
tropy cost of folding upon binding. It is possible that
protein–protein interactions mediated by AR domains may
have multiple ways of achieving binding specificity and
affinity, one of which involves gaining binding energy from
internal AR domain stabilization as in the ‘‘squeeze’’
mechanism.

Materials and Methods

Protein expression and purification

Human IkBa (67–287) was expressed in the Pet 11a vector and
purified as previously described (Croy et al. 2004). Full-length

NF-kB(p50(248–376)/p65(19–325)) was produced by coexpression
using a Pet 11a single expression vector and purified using a
tandem column technique. Cells were harvested and sonicated.
The lysate was then centrifuged at 12,000 rpm for 45 min, and
the supernatant was loaded onto a tandem fast flow Q and fast
flow S column (GE Healthcare) equilibrated in 50 mM NaCl,
25 mM Tris, pH 7.5, and 0.5 mM EDTA. After loading, the Q
column was disconnected, and protein fractions were eluted
from the S with a gradient from 50 to 400 mM NaCl. Fractions
were collected and analyzed by SDS-PAGE with visualization
by silver staining. The final step of the purification was size
exclusion on an S-200 Superdex column equilibrated in 150 mM
NaCl, 10 mM MOPS, pH 7.5, 0.5 mM EDTA, and 0.5 mM
sodium azide.

For the NF-kB p65190–321 and NF-kB p50248–350 constructs,
E. coli BL21 DE3 cells were grown to an OD of 0.6 and induced
at room temperature for 16 h with 0.1 mM IPTG. For the NF-kB
p65190–321, the tandem column was equilibrated in 50 mM NaCl,
25 mM MES pH 7.0, 10 mM BME, and 0.5 mM EDTA; and for
the NF-kB p50248–350, the tandem column was equilibrated in
50 mM NaCl, 25 mM MES pH 6.2, 10 mM BME, and 0.5 mM
EDTA, and a gradient of 50–300 mM NaCl was run. For the
NF-kB p651–325, NF-kB p651–304 and NF-kB p5039–363 proteins,
cells were induced with 0.5 mM IPTG. For NF-kB p651–325, the
tandem column was equilibrated in 50 mM NaCl, 25 mM MES
pH 6.5, 10 mM BME, and 0.5 mM EDTA, and the gradient was
50–450 mM NaCl. For NF-kB p651–304, the tandem column was
equilibrated in 50 mM NaCl, 25 mM Tris, pH 7.0, 10 mM BME,

Table 2. Thermodynamic data for IkBa variants to NF-kBa by ITC

IkBa Temperature (°C) NF-kB DH �T DS KD,obs (3 10�9 M�1) DG (kcal/mol)

IkBa (67–287) 30°C p50/p65 �23.7 6 0.19 ND <2.2b ND

IkBa (67–287) 35°C p50/p65 �31.6 6 0.26 ND <2.2b ND

IkBa (67–287) 30°C p65/p65 �29.2 6 0.29 ND <1.8 ND

IkBa (67–275) 30°C p50/p65 ND

IkBa (67–275) 30°C p65/p65 �13.0 6 0.11 3.1 69.4 6 6.5 �9.9

IkBa (67–206) 30°C p50/p65 �3.8 6 0.07 �4.2 1690 6 220 �8.0

IkBa (67–206) 30°C p65/p65 ND

a p50/p65 is NF-kB(p50248–350/p65190–321), and p65 is the p65190–321 homodimer.
b For these complexes, we observed stoichiometric binding. Assuming a maximal c-value of 1000 as defined by Wiseman et al. (1989), the lower limit for
the KD is 3 nM.

Figure 5. Schematic representation of the IkBa degradation pathways

showing the various rates of degradation.
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and 0.5 mM EDTA, and a 50–300 mM gradient was used. For
NF-kB p5039–363, the tandem column was equilibrated in 50 mM
NaCl, 25 mM MES, pH 6.2, 10 mM BME, and 0.5 mM EDTA,
and the gradient was from 50 to 700 mM NaCl.

Protein concentrations were determined spectrophotometri-
cally using the following e280 values: 24,180 for NF-kB p50248–

350, 21,620 for NF-kB p65190–321, 19,060 for NF-kB p65190–304,
36,980 for NF-kB p651–325, 34,420 for NF-kB p651–325, 42,100
for NF-kB p5039–363 homodimers, 30,580 for NF-kB(p50248–376/
p6519–325), 22,900 for NF-kB(p50248–350/p65190–321), 21,620 for
NF-kB(p50248–350/p65190–304), 39,540 for NF-kB(p5039–363/
p651–325), and 38,260 for NF-kB(p5039–363/p651–304) hetero-
dimers. For IkBa67–287, an e280 of 12,090 was used. For ITC
experiments, dimers were formed in vitro by incubating an
equimolar amount for 2 h at 25°C and overnight at 4°C. For
SPR experiments, the purified fractions of NF-kB(p50(248–376)/
p65(19–325)) were biotinylated by incubation with a 1:1 molar
ratio of biotin PEO maleimide (Pierce Chemicals), for 30 min at
room temperature, and purified immediately by size exclusion
chromatography on an S200 Superdex 16/60 column. Fractions
containing the biotinylated heterodimer were collected and
stored at �80°C in 50-mL portions until captured on a strepta-
vidin (SA) SPR chip.

SPR experiments

Sensorgrams were recorded on a Biacore 3000 instrument using
streptavidin (SA) chips. Biotinylated NF-kB was immobilized
on the chip in a high-salt buffer (500 mM NaCl, 10 mM Tris,
pH 7.5, 0.5 mM EDTA, 0.5 mM sodium azide, 0.005% P20).
Sensorgrams were run in the automatic subtraction mode using
flow cell 1 (FC 1) as an unmodified reference. Data were
collected for FCs 2, 3, and 4, which contained varying amounts
of NF-kB bound with the lowest amount immobilized on FC2
(200 RU) and the highest on FC4 (400 RU). Sensorgrams were
recorded using several ranges of IkBa depending on the binding
affinity of the complex. Injections were made using the kinject
injection mode, alternating highest with lowest concentration
samples, with a 5-min contact time and a 1200-sec dissociation
phase in all cases, except for the weaker interactions, where a
3-min contact time and a 3-min dissociation phase were used.
The running buffer used for the binding experiments was 150
mM NaCl, 10 mM Tris, pH 7.5, 10% (w/v) glycerol, 3 mM DTT,
0.5 mM sodium azide, 0.2 mM EDTA, and 0.005% P20. The
glycerol improved the stability of the NF-kB during regener-
ation. Regeneration was achieved using a 1-min pulse of a urea
solution. The concentration of urea required depended on the
NF-kB construct and the experimental temperature and was
prepared by diluting a 6 M stock into the running buffer. The
minimum urea concentration required for complete regeneration
under each condition was determined by repeat injections. The
data were analyzed using the Bia Evaluation 4.1 software with
a simple 1:1 Langmuir binding model. Between three and 12
sensorgrams were obtained for each construct and condition
tested using a range of immobilized NF-kB and IkBa concen-
trations. For the weaker interactions, data were also analyzed by
equilibrium analysis in addition to the kinetic analysis. The
equilibrium response was plotted against the IkBa concentra-
tion, and a line was fit to R ¼ KA[IkBa] 3 Rmax/(KA[IkBa] + 1),
where R is the equilibrium response at a specific IkBa concen-
tration, Rmax is the response at saturation of the ligand on the
chip, and KA ¼ 1/KD.

ITC experiments

ITC experiments were carried out on a Microcal MCS instru-
ment. IkBa and NF-kBs were purified by size exclusion
chromatography on an S-75 or S-200 column, respectively,
immediately prior to use. In a typical ITC experiment, 20 15-
mL injections of 50 mM NF-kB were made into a 5 mM IkBa
solution in the cell. ITC experiments were carried out in a buffer
of 150 mM NaCl, 10 mM MOPS, pH 7.5, 0.5 mM EDTA, and
0.5 mM sodium azide. Isotherms were analyzed using Origin
software (Microcal) as described elsewhere (Bergqvist et al.
2004). For the very tight complexes, we observed stoichiometric
binding assuming a maximal c-value of 1000 as defined by
Wiseman et al. (1989); the lower limit for the KD is 3 nM.
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