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The kinase-inducible domain interacting (KIX) domain of CREB
binding protein binds to multiple intrinsically disordered transcrip-
tion factors in vivo at two distinct sites on its surface. Several
reports have been made of allosteric communication between
these two sites in this well-characterized model system. In this
work, we have performed fluorescence stopped-flow measure-
ments to investigate the kinetics of binding of five KIX binding
proteins. We find that they all have similar association and dissoci-
ation rate constants for complex formation, despite their wide range
of intrinsic helical propensities. Furthermore, by careful arrangement
of pseudofirst-order conditions, we have been able to show that both
association and dissociation rate constants are decreased when a
partner is bound at the alternative site. These decreases suggest that
positive allosteric effects are not mediated by structural changes in
binding sites but rather, through a more general mechanism, largely
mediated through dissociation, which we propose is largely
related to changes in the flexibility of the KIX domain itself.
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Intrinsically disordered proteins (IDPs) are proteins without a
defined structure that nonetheless play important biological

roles. Although originally it was thought that such proteins
were rare exceptions to the structure–function paradigm, bio-
informatic analyses have shown that they are relatively common,
particularly in eukaryotes, where proteins with intrinsically dis-
ordered regions constitute around 30% of the proteome (1).
IDPs are heavily represented in processes such as transcription
and signaling, especially where multiple partners are involved, at
hubs in protein interaction networks (1, 2). One key and much
studied hub protein involved in transcriptional regulation within
the cell is CREB binding protein (CBP) and its paralogue p300.
CBP is a transcriptional activator that acts as a scaffold (or
bridge) for several constituents of the transcriptional machinery
(3). The small 87-aa folded kinase-inducible domain interacting
(KIX) domain of CBP binds to many different transcription fac-
tors in vivo, including cMyb, MLL, CREB, cJun, p53, FOXO3a,
BRCA1, and SREBP (3), most of which are intrinsically disor-
dered. The expression levels and interactions between these
components play an important role in determining the expres-
sion profile of the cell. Mutations in these transcription factors
and CBP are known to be associated with disease, particularly
cancer (3). In addition, viral transcription factors, such as PBX-1
E2A-PBX1, HTLV-1 Tax, HIV-1 Tat, and HTLV-1 basic leucine
zipper (HBZ), are known to bind to KIX, thereby using it for
transcription of viral proteins or blocking its function (3). NMR
structures of CBP KIX in complex with several of its partners
(4–9) (Fig. 1) and when complexed with a small molecule (10)
are available, but there is no structure for the KIX domain
alone. All of the structures show the peptides to contain short
α-helical elements of structure bound to one or both of two
hydrophobic binding surfaces on KIX. Structures are available
for two ternary complexes that show that the two KIX ligands

do not interact directly (5, 8) (Fig. 1 C and D and Fig. S1). Nev-
ertheless, there have been several reports of positive cooperativity
in binding of ligands by KIX (8, 11, 12). For example, the complex
between cMyb and KIX.MLL is more stable than the complex of
cMyb with KIX alone (5). This phenomenon has been in-
vestigated by both NMR and simulations (8, 13–17), but here,
we use kinetics studies that have the potential to provide
insights into the mechanistic basis of the allosteric effect.
In this work, we have investigated the binding kinetics of

peptides from five separate transcription factors to KIX: two
that bind at the cMyb site (pKID and cMyb) and three that
bind at the MLL site (MLL, E2A-PBX1, and HBZ). Four of the
binding partners investigated (4, 7–9) have corresponding com-
plex structures published (Fig. 1). The final protein, HBZ, is
known from competition studies with cMyb and MLL to bind at
the MLL site (11). Furthermore, we report the kinetic effects of
a partner bound at one site on IDP binding at the other site.
Using this approach, we reveal that the major source of the al-
lostery between the sites in each case is actually through a re-
duction in the dissociation rate constant. Given the apparently
general nature of the result combined with previous NMR results
and simulations that show reduced structural fluctuations within
KIX on binding pKID, MLL, and cMyb, we hypothesize that
changes in flexibility of the KIX protein on partner binding make
a key common contribution to the observed allosteric effects.

Results
Properties of KIX Binding Partners. N-terminally FITC-labeled
versions of cMyb25, pKID, E2A, and MLL corresponding to the
peptides used in generating the NMR structures were made
using solid-phase peptide synthesis. In addition, peptides of
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the transactivation domains (TADs) of cMyb and HBZ were
recombinantly expressed and labeled with Alexa594 through
maleimide chemistry at a natural cysteine within each sequence.
The binding partners display a range of sizes (19–121 aa) and
sequences (Fig. S2) as well as net charges (−8.0 to −3.0) and
charge distributions. All peptides contain a transcription factor
binding motif ΦXXΦΦ, and the final hydrophobic residue (Φ) in
each case is a leucine that inserts into a small and somewhat
deeper hydrophobic pocket (Fig. S2).
CD spectra (Fig. 2A) showed that all of the binding partners

investigated in this study are predominantly disordered, including
the viral protein HBZ, which has not previously been reported as
an IDP (although the HBZ TAD is fused with a long, presumably
disordered tail). However, it is not clear whether this disorder is
spread over the whole peptide or confined to particular areas,
which makes it difficult to compare the degree of disorder for the
binding residues of each of the peptides. In lieu of residue-spe-
cific information, we can examine predicted structural in-
formation from the helical prediction software AGADIR (18).
AGADIR suggests that the peptides will display a wide range of
helicities in the binding regions from 1–2% for E2A to 80% for
cMybTAD (Fig. 2B) under our experimental conditions. The
predicted overall helicity by AGADIR roughly agreed with that
estimated from CD using various methods (19–21) but was gen-
erally lower, especially for the more disordered proteins (Fig. S3).
On mixing with KIX, there is an increase in helicity for all of

the peptides (Fig. S4), even for cMybTAD, which is predicted to
have a much more helical binding region in its free form.
However, there is a smaller change in helicity on binding of
cMybTAD than reported previously for cMyb25 (by around
a factor of two) (22), which likely indicates that the binding
region is more helical in its unbound form, consistent with the
AGADIR prediction. The difference spectrum for HBZ is much
larger than that for the others (Fig. S4), which may indicate more
extensive helical formation in this case for either HBZ itself or
KIX. Thus, all of these interactions may be accurately described
as coupled folding and binding reactions.

Association Kinetics for KIX Binding Partners. Labeled peptide was
mixed rapidly with an excess of KIX in a stopped-flow apparatus,

and the fluorescence intensity (and/or anisotropy) change on
binding was monitored. Kinetic traces were fit to single expo-
nentials to extract apparent rate constants (in seconds−1) for all
peptides, with the exception of FITC-pKID, which fit poorly to
a single exponential and was, instead, fit to a single exponential
with a linear drift term (this peptide has previously been repor-
ted to associate through a three-state induced fit mechanism with
a populated intermediate) (SI Materials and Methods). These
experiments were performed with various concentrations of KIX
(Fig. 2B) to extract the apparent association rate constants (k+;
in molar−1seconds−1), which are given by the gradients of the
straight-line fits in Fig. 2B and shown in Fig. 3.
The relation between the peptide charge and k+ (Fig. 3, cir-

cles) suggests that the rate constants might be remarkably similar
in the absence of attractive long-range electrostatic effects, de-
spite the very different sequences, helical propensities, and sizes
of the binding partners. To investigate electrostatic effects fur-
ther, we performed association experiments at a range of ionic
strengths (Fig. S5) to allow us to estimate the basal rate con-
stants under such conditions for cMyb25, cMybTAD, and MLL.
In all three cases, association rate constants were lowered with
increasing salt concentrations, and the basal rate constants
were within approximately a factor of two of each other (Fig.
3, squares). Interestingly the basal rate constants for FITC-
cMyb25 and A594-cMybTAD are the same within error, de-
spite the much larger predicted helical propensity within the
binding region of the latter and its observed higher overall
helicity. Indeed, there seems to be little relation between overall
initial helicity and association rate constant (R = −0.22, P = 0.68,
n = 6). In fact, the highest rate constant is observed for E2A, the
peptide that is predicted to have the least helical binding region
in the unbound state.

Fig. 1. NMR structures for KIX complexed with various ligands. (A) cMyb
[pink; Protein Data Bank (PDB) ID code 1SB0] and pKID (pale green; PDB ID
code 1KDX) bound to the cMyb site of KIX (blue and light blue). (B) MLL
(pale yellow; PDB ID code 2LXS) and E2A (cyan; PDB ID code 2KWF) bound to
the MLL site of KIX (blue and light blue). (C and D) Ternary complexes
(displayed in darker shades) of (C) cMyb, KIX, and MLL (PDB ID code 2AGH)
and (D) pKID, KIX, and MLL (PDB ID code 2LXT) are aligned with the two
relevant binary complexes from A and B. The 20 lowest energy structures are
displayed, and the structures are aligned according to the KIX protein alone.
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Fig. 2. Secondary structural properties and association kinetics for various
KIX binding partners. (A) CD spectra indicate a range of helical contents.
Data are plotted as Mean Residual Ellipticity (MRE), and are the average of
three independent experiments. (B) AGADIR predictions of helicity. Solid
rectangles indicate residues in helix within the complex. Note the different
scales on the y axes. *Position of fluorophores in labeled peptides. (C) As-
sociation rates with KIX under pseudofirst-order conditions (with KIX in
excess). Data for FITC-cMyb obtained from Shammas et al. (22).
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Dissociation Kinetics for Partners from KIX. To estimate the disso-
ciation rate constants, we performed out-competition assays with
a range of concentrations of competing ligand. A mixture of
labeled peptide and KIX was mixed rapidly with an unlabeled
protein that bound to the same site. All kinetic traces fit well to
single exponential functions. The apparent rate constants (kapp)
are shown as a function of the concentration of unlabeled ligand
in Fig. 4, Right, blue circles and Fig. S6. The asymptote in such
plots represents the dissociation rate constant (k−). Because the
complexes in these studies have relatively high Kd values, the
apparent rate constants do not become independent of protein
concentration, even when very large excesses of protein are used
for out-competition, and therefore, we fit the data to Eq. 2 to
obtain a better estimate of the true k−. This observed dissocia-
tion rate constant may be a combination of unfolding, folding, and
unbinding rate constants.Thevaluesofk− foreachpeptidevarymore
considerably than k+ values, ranging from 1.04 ± 0.02 s−1 for FITC-
pKID to 133 ± 6 s−1 for E2A (i.e., over two orders of magnitude).
Having estimates for apparent k+ and k− allowed us to cal-

culate an equilibrium constant (Kd = k−/k+). In general, we
found these estimates to agree favorably with those obtained
directly from equilibrium measurements (Table S1).

Allosteric Effects on Kinetics.We then proceeded to investigate the
effect of having a partner bound at the other site on the kinetics.
Labeled peptide was rapidly mixed with solutions of KIX bound
to another (unlabeled) ligand, again maintaining pseudofirst-
order conditions. KIX protein was over 98% bound to unlabeled
ligand (according to estimated Kd values). Numerical simulations
performed (assuming each reaction to be a simple two-state
process) suggested resultant relative errors of less than 2% in k+.
We observed in all cases that having a partner bound at the other
site actually slows association (Fig. 4 and Table S2). This slowing
is not necessarily surprising, because binding the first partner can
mean that the KIX complex actually becomes negatively charged
overall, swapping the expected long-range electrostatic forces from
attractive to repulsive, which could potentially mask an allosteric
effect on association that would be present in vivo where the pro-
teins have different global charges. However, a decrease in k+ is
also observed for FITC-MLL and A594-HBZ binding to KIX.
pKID compared with KIX, although pKID is globally uncharged at
this pH (Q = −0.3). Furthermore, investigation of the ionic strength

dependence of k+ (Fig. S5) with and without the partner bound
indicates that it is not the explanation. Even at infinite ionic
strengths, where long-range electrostatics effects are eliminated, the
association is similar or still somewhat slowed (Fig. 3, diamonds in
squares and Table S1). Interestingly, the long-range electrostatic
forces seem to remain attractive, even with a partner already
bound, which suggests that it is the properties of the binding sur-
face rather than the global charges that are important for rate
enhancement.
Next, we compared k− for ternary complexes with those for bi-

nary complexes. The dissociation experiments were performed as
before but with an excess of (unlabeled) second ligand present in
the solution containing KIX complex. A range of dissociation rate
constants was observed, which were 2- to 40-fold lower than those
determined previously without ligand bound at the second site (Fig.
4, Right) (Table S2). Combining the reduction in k+ with that in k−
allows us to estimate an apparent cooperativity factor (α) for ligand
binding. In each case, the decrease in k− was larger than that in k+,
resulting in values of α that are all >1, which indicates a positive
allosteric effect. The values that we obtained were similar to those
previously reported in the literature (Table S2).

Discussion
Mechanism of Coupled Folding and Binding with KIX. The binding of
proteins to the KIX domain seems to be characterized by high-
association rate constants (Fig. 3) considering the relatively high
ionic strength of our solutions (I ∼ 0.26 M). Fast association
could reflect the role of these interactions in vivo, allowing
transcriptional apparatus to be quick to adjust to changing
cellular conditions. Interestingly, it seems that the k+ for each
of the peptides might actually be remarkably similar when
corrected for long-range electrostatic interactions, despite their
divergent sequences, and even binding sites. The basal k+
values for cMyb25 (22), cMybTAD, and MLL obtained here in
the absence of electrostatic rate enhancement (7.7 ± 0.5, 6.8 ±
2.2, and 3.4 ± 0.6 μM−1s−1, respectively) and very recently, MLL
with a mutated version of KIX (where the binding site is made
more hydrophobic) (23) are higher than any other reported
values for ordered or disordered protein interactions (22), and
they are of the order of magnitude (105–106 M−1s−1) typically
described as representing diffusion-limited processes, where all
correctly oriented collisions result in complex formation. Given
the remarkably high k+, it seems unlikely that substantial con-
formational selection (of the peptides or lowly populated forms
of KIX) is taking place (24).
We found that there was a poor correlation between k+ and

residual helical content, even for cMyb25 and cMybTAD, which
have identical sequences in the binding region. This finding is in
contrast to recent work with the activation domain of activator
for thyroid hormone and retinoid receptors (ACTR) and nuclear
coactivator binding domain (NCBD) of CBP, where a strong
positive correlation was observed (25). These differences pre-
sumably relate to differences in the mechanism of coupled folding
and binding and most specifically, the degree of helical structure
formation in the transition state. The poor correlation between
helicity and k+ that we observed would not be expected for a
conformational selection mechanism and therefore, is consistent
with previous reports for both cMyb and pKID undergoing
folding after binding (9, 22, 26). In the case of cMyb25, we have
previously shown that there is still an additional activation en-
ergy barrier for this reaction, because k+ shows a dependence on
temperature above that expected from diffusion considerations
alone (22). This additional temperature dependence could rep-
resent an energetic barrier for folding. FITC-pKID has pre-
viously been reported to undergo an induced fit mechanism with
a populated intermediate in NMR studies and simulations (9,
27), and we did observe two separate kinetic phases in associa-
tion experiments. The fastest of these two phases (under our
experimental conditions and concentration range) is dependent
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on the protein concentration and corresponds to a binding rate.
It is slightly lower (5.0 ± 0.1 μM−1s−1) than the kon value reported
previously for pKID from NMR relaxation dispersion measure-
ments performed at various pKID/KIX ratios (6.3 μM−1s−1) (9);
however, a lower value is expected, because our measurements
are performed at a lower temperature. The second rate, which is
around 5–20 s−1, does not seem to be concentration-dependent and
is likely to represent the subsequent folding/structural rearrange-
ment step. Again, this rate is lower than that reported by Sugase
et al. (9) at a higher temperature, which ranges from 30 to 3,000 s−1

depending on the residue examined.
Although the k+ values only differ by an order of magnitude and

are likely to be highly similar after long-range electrostatic attrac-
tion is accounted for, the differences in k− are more substantial,

ranging over more than two orders of magnitude. If the peptide is
required to unfold before it can dissociate from the complex,
then one might reason that the peptides with the highest he-
lical propensity will be the ones with the lowest dissociation
rates. We checked for such a correlation; however, it was not
statistically significant (P = 0.07, n = 6). It is possible that the
effect is simply being masked by more specific interactions
considering the relatively small sample size.

Effect of Charge on Association Rate Constants. Peptides with higher
(negative) global charges associate faster with KIX, the reaction
being enhanced by favorable long-range electrostatics that can be
removed by screening with salt. However, changing the global
charge of KIX to be negative by binding another protein at the
other site does not seem to alter the long-range electrostatics to
be repulsive. In fact, on fitting the data collected over a range of
ionic strengths (Fig. S5) to a Debye–Huckel-like model, the
parameters previously identified as describing the magnitudes of
and distances between the charges remained the same within
error for FITC-MLL association. This indifference shows the
importance of the charges within the binding interface of the
protein, which remain very similar in the presence of the second
ligand (Figs. S7 and S8) and is highly reminiscent of the result
reported for the interaction between the two folded proteins
barnase and barstar, where the same Debye–Huckel-like fit gave
parameters that best matched the charges and distances between
the interfaces of the two proteins rather than the global values
(28). Note that, since we submitted this work, the association of
a shorter version of MLL to a mutated version of KIX (Y631W)
has been reported (23). This peptide has three fewer negatively
charged residues (just outside of the helical region in the complex)
than our longer version and association rates are actually enhanced
by salt (23). Thus, we emphasize the importance of considering
charges when comparing protein association kinetics.

Cooperativity of Binding. Previous equilibrium studies of allostery
in the KIX system have provided estimates of the cooperativity
of binding between several different pairs of proteins (Table S1).
In general, we showed good agreement with these when we
considered the changes in k+ and k− observed when a second
partner was bound. It should be noted that, in the typical case,
the cooperativity of binding should be the same for a pair of
proteins when considered in either direction. For cMyb and
HBZ as well as pKID and MLL, the cooperativity does not
appear symmetrical. Unlike in the previous equilibrium studies,
our proteins cannot form a closed thermodynamic cycle, be-
cause in some experiments, a partner will have a fluorophore
attached, whereas in others, it will not, providing a likely, simple
explanation of our observations.
MLL binding to KIX has been found to alter the structure of

KIX somewhat to resemble more closely a lowly populated (7%)
subspecies of KIX posited to have a preorganized cMyb/pKID
binding site and be the binding competent form (13) [i.e.,
Brüschweiler et al. (13) suggest allostery to be mediated through
enhanced conformational selection of KIX (the folded protein)].
In a subsequent study, Brüschweiler et al. (8) present structural
data detailing a rearrangement of the hydrophobic core of KIX.
MLL on binding pKID, which chemical shift data suggest may also
be present in the binding-competent excited state of KIX.MLL.
The excited state has been investigated recently using molecular
dynamics simulations with enhanced sampling methods (15),
showing its structural similarity with the ternary KIX.MLL.
pKID complex. MLL binding to KIX was observed to lead to an
opening of the hydrophobic core of the KIX, allowing transition
to the excited (binding-favored) state. These studies could be
interpreted to suggest that association of cMyb/pKID with KIX
will be accelerated when MLL is bound at the other site. We
have tested this prediction here but seen no evidence in support of
it. Given the extremely fast k+, a mechanism involving enhancing
association seems unlikely, and indeed, we have observed no
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KIX and KIX bound to other ligands. Apparent association and dissociation
rate constants are given by the gradients of (Left) straight-line fits and
(Right) asymptotes, respectively.
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increase as a result of any partner being bound. In fact, we ob-
served a decrease in all cases. In a recent investigation of cMyb
binding in the presence of MLL, a similar effect was seen (23).
Some of this decrease is likely to be because of less favorable long-
range electrostatic effects on binding another protein, but we
also see a decrease in k+ for MLL and HBZ binding to KIX
when pKID (net charge ∼ −0.3) is already bound and a de-
crease in k+ in the two cases where we have corrected for
changes in long-range electrostatic effects by performing
experiments at multiple ionic strengths. The (relatively small)
decrease in k+ could correspond to less optimal binding surfaces
on KIX as a result of conformational changes on binding the first
ligand or even an advantage of flexibility in KIX when binding.
Regardless, our data seem inconsistent with an allosteric mech-
anism mediated through enhanced conformational selection of an
activated species of KIX.

Proposed Allosteric Mechanism. Given that the allosteric effect is
manifested in all eight cases through k−, a general mecha-
nistic explanation involving the KIX protein itself seems likely. A
convenient and highly plausible explanation, thus, is in the dy-
namic allosteric phenomenon (29–31), which has been observed
previously in the CAP and PDZ protein systems (32, 33). In this
case, the entropic cost would be paid to stiffen the KIX protein
on binding the first ligand and not on binding the second, thereby
making binding of the second ligand more favorable. There is
already excellent experimental support for this hypothesis in
backbone amide parameters, which show KIX to be a generally
dynamic protein on the picosecond-to-nanosecond timescale.
Binding of ligands has been observed to stiffen the backbone of
the entire KIX protein. Stiffening of the backbone in helices 1–3
was observed on binding pKID or MLL, with no additional
stiffening taking place on binding a second ligand (8). Further-
more, we can examine whether the observed free energy changes
are consistent with such an explanation. The original paper de-
scribing such allostery estimates that a complex may be stabilized
by a few kilojoules per mole through the effect (34). We can
calculate the change in free energy between the bound state (B)
and the transition state (TS) for dissociation as a result of having
a second ligand bound (ΔΔGB − TS) using the relative change in
observed k− according to Eq. 1:

ΔΔGB−TS =−RT ln
�
k−ternary

k−binary

�
; [1]

where k−ternary and k−binary represent the dissociation rate con-
stants for a ligand in the presence and absence of another
ligand, respectively.
Excluding the interaction between cMybTAD and HBZ (dis-

cussed below), the values range from 1.6 to 4.9 kJ/mol, which
could be consistent with this explanation. Previously, this mecha-
nism has been suggested to account for the enhanced stability of
the MLL complex with KIX when pKID is already bound, be-
cause changes in order parameters for residues close to the MLL
binding site were observed on pKID binding to KIX (8); also, no
activated species were observed in relaxation dispersion studies
(13). Although there were no changes in order parameters near
the cMyb binding site when MLL bound to KIX (8), we note that
it does not exclude a dynamic allosteric mechanism also oper-
ating in this direction, because significant changes were observed
in the backbone dynamics in all of the helices. Dynamic allostery
in its original sense is, by its very nature, a purely thermodynamic
effect. It simply requires a reduced entropic cost for ligand
binding (when another is already bound), and therefore, an in-
creased free energy difference between the free and bound states
(31, 34). The location of the stiffening observed on binding the
first ligand may, therefore, be unimportant as long as there is an
overall entropic loss as a result. This generalized thermodynamic
effect could act to increase k+ and/or decrease k− depending on

the proportion of stiffening that has occurred in the transition
state. In the absence of additional complicating factors, because
our data show effects mostly on k−, they would suggest that KIX
is less constrained in the transition state for binding than it is in
the complex (i.e., the KIX is similar in flexibility in its free form
and the transition state, and more constrained in the complex).
This suggested mechanism compares with the cracking mecha-
nism described previously by Miyashita et al. (35) for ligand
binding to adenylate kinase, where a relatively inflexible protein
undergoes a large conformational change to another inflexible
state, but as suggested here, this state is reached through a flex-
ible/disordered transition state (where particularly strained
residues are unfolded) (35, 36).
In an accompanying work, Law et al. (16) have performed G�o-

like molecular dynamics simulations of free KIX and KIX.cMyb,
KIX.MLL, and KIX.cMyb.MLL complexes. Law et al. (16) ob-
serve a positive allosteric effect in both directions arising largely
from a decrease of k− when the second ligand is bound and asso-
ciated with an entropic change in both cases (TΔS = 2.5 kJ/mol).
The stiffening observed in KIX on binding is predominantly lo-
cated in the L12 loop and the C terminus of helix-α3, and in the
case of MLL binding, it is associated with a compression of the
hydrophobic core (16). The relative decreases in k− (4.4 ± 1.0
and 3.3 ± 0.8 for cMyb and MLL, respectively) agree well with
those that we obtained experimentally (3.9 ± 0.1 and 4.1 ± 0.1,
respectively). Their results, therefore, seem very consistent with
our proposed explanation of our experimental results. Unlike
us, however, Law et al. (16) observe a small increase in k+ as
a result of having a partner bound at the other site. This ap-
parent discrepency is most likely because of limitations in the
resolution of the simulation methodology.
Previously, the largest reported allosteric effect has been

between cMyb and HBZ, and this pair is that for which we
observed the largest allosteric effect on k−. Because there is no
NMR structure where HBZ is bound, it is not possible to exclude
a specific and direct interaction between the two binding part-
ners. The smallest decrease in k− is observed for pKID when
MLL is bound—inspection of the binary and ternary complexes
(Fig. 1 and Fig. S1) shows that the position of pKID is shifted
significantly on binding MLL, removing some of its interactions
with the KIX protein. Unlike for cMyb and MLL, which have
only small changes in interaction area on formation of ternary
complexes (Table S1), that for pKID decreases from 760 to
599 Å2 on KIX.pKID binding MLL. This decrease might ex-
plain the smaller allosteric effect observed in this case.

Conclusion
By performing these experiments for four different pairs of KIX
binding partners, we have assembled eight estimates for how
association and dissociation rate constants are changed in the
presence of a second ligand at the alternate site. In all of the
cases that we investigated, the allostery between sites arises from
a reduction in the dissociation rate constant rather than an in-
crease in the association rate constant, and importantly, again in
all cases, association rates were actually lowered. Given that
there have been several reports of positive allostery between
KIX binding ligands and none of negative allostery (37), a ge-
neric mechanistic explanation, such as dynamic changes in KIX
on ligand binding, seems desirable. Of course, for each pair of
partners, we would also expect more specific effects to be
superimposed on this generic thermodynamic effect (enthalpic
and entropic). These specific effects might be best understood by
comparison of the interactions between the ligand and KIX in its
binary and ternary complexes.

Materials and Methods
Expression, Purification, Labeling, Concentration Determination, and CD Analysis
of Proteins. A detailed description, including estimation of parameters such as
charge, is in SI Materials and Methods.

Shammas et al. PNAS | August 19, 2014 | vol. 111 | no. 33 | 12059

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405815111/-/DCSupplemental/pnas.201405815SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405815111/-/DCSupplemental/pnas.201405815SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1405815111/-/DCSupplemental/pnas.201405815SI.pdf?targetid=nameddest=STXT


Calculating Association and Dissociation Rate Constants. Kinetics experiments
were performed using an SX20 Applied Photophysics fluorescence stopped-
flow spectrophotometer. Experiments with FITC- and Alexa594-labeled
peptides were performed using 515- and 610-nm long-pass cutoff filters and
excitation wavelengths of 493 and 593 nm, respectively. Either fluorescence
intensity or fluorescence anisotropy (using an FP1 accessory) was used as
a probe of the reaction progress. Under each condition, 10–60 traces were
collected and averaged. Data collected before the first 1 ms were removed
before fitting. All kinetics experiments were performed at 10 °C. For asso-
ciation experiments, 0.25 μM labeled peptide was rapidly mixed in a 1:1 ratio
with 2–50 μM KIX or 2–10 μM KIX with 40–200 μM another (unlabeled) li-
gand. For dissociation experiments, a solution of 0.25 μM labeled peptide
with 1 μM KIX (with or without 30–100 μM of another unlabeled ligand) was
mixed rapidly with 0–200 μM unlabeled peptide.

Kinetic traces were fit to a single exponential decay function to extract an
apparent rate constant, with the exception of FITC-pKID association traces
(Discussion and Figs. S9 and S10). Apparent association rate constants (k+)
were obtained as the gradient as straight-line fits in Figs. 2C and 4, Left.
Apparent dissociation rate constants (k−) were obtained by fitting Eq. 2 to
the plots displayed in Fig. 4, Right and Fig. S6:

kobs = k− + k+
�
KIX

� 1
1+ ½Unlab�

Kd,unlab

, [2]

where [Unlab] represents the concentration of unlabeled ligand used to
displace the labeled ligand and Kd,unlab represents the equilibrium dissocia-
tion constant between the unlabeled ligand and KIX protein.

Complex stabilities were determined using the equilibrium approach as
described in SI Materials and Methods.

Ionic Strength Studies. In ionic strength studies, 0.25 μM labeled peptide in
Mops buffer was mixed 1:1 with 8 μM KIX (with or without 100 μM un-
labeled second ligand) in Mops buffer. Mops buffers were 20 mM Mops
adjusted to each ionic strength with sodium chloride. The pH of each buffer
was 7.30 ± 0.02 at 10.0 °C. Because the experiment was performed under
pseudofirst-order conditions, an estimate for k+ was extracted from

k+ =
kobs −k−
½KIX� , [3]

where k− was the same as that calculated earlier in phosphate buffer. This
method assumes that k− does not vary considerably with ionic strength,
which has been shown previously for FITC-cMyb (22). We tested applicability
for FITC-MLL by comparison with k+ values obtained using a standard
pseudofirst-order approach (Fig. S5C, open circles). The dependence of k+
on ionic strength (I) was modeled as has been done previously using a
Debye–Huckel-like approach (22, 28). Data in Fig. S5 were fit to Eq. 4, which
is a rearranged version of the equation presented by Vijayakumar et al. (28)
to extract the basal association rate at infinite ionic strength (kI=∞):

ln k+ = ln kI=∞ +
AB
BR

I−0:5

BR+ I−0:5
, [4]

where AB=QAQB=kT«e
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πNA=kT«

p
and BR= e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8πNA=kT«

p
R are used as

free-fitting parameters. In these equations, QA and QB represent the net
charge of the proteins or binding surfaces, R represents the distance between
them,k is theBoltzmann constant,T is the temperature, « is thedielectric constant
of the solvent, NA is Avagadro’s constant, and e is the unit charge.
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