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Abstract: Allosteric regulation is an effective mechanism of control in biological processes. In allosteric
proteins a signal originating at one site in the molecule is communicated through the protein structure to
trigger a specific response at a remote site. Using NMR relaxation dispersion techniques we directly observe
the dynamic process through which the KIX domain of CREB binding protein communicates allosteric
information between binding sites. KIX mediates cooperativity between pairs of transcription factors through
binding to two distinct interaction surfaces in an allosteric manner. We show that binding the activation
domain of the mixed lineage leukemia (MLL) transcription factor to KIX induces a redistribution of the relative
populations of KIX conformations toward a high-energy state in which the allosterically activated second
binding site is already preformed, consistent with the Monod—Wyman—Changeux (WMC) model of allostery.
The structural rearrangement process that links the two conformers and by which allosteric information is
communicated occurs with a time constant of 3 ms at 27 °C. Our dynamic NMR data reveal that an
evolutionarily conserved network of hydrophobic amino acids constitutes the pathway through which

information is transmitted.

Introduction

Allostery requires that information about the presence (or
absence) of a biological target can be communicated between
remote sites of protein molecules. While allosteric regulation
plays a key role in many biological events on a molecular level,’
the exact biophysical characterization of the mechanisms by
which allosteric communication occurs remains a major chal-
lenge in structural biology.> * Traditionally, allosteric mecha-
nisms have been investigated by comparing static three-
dimensional structures of proteins in their limiting states, i.e.,
the structures of unliganded beginning and ligand-bound end
states.’ Allosteric communication is, however, intimately linked
to protein dynamics® '' and can be characterized at atomic
resolution by NMR spin relaxation techniques.'> With the
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exception of purely dynamics-driven allostery,'® allosteric
information is typically transmitted by means of conformational
changes along a defined pathway.'* To characterize conforma-
tional transitions in proteins, NMR relaxation dispersion tech-
niques can be employed. These experiments allow the quanti-
tative study of transitions between states even in cases with
highly skewed populations where low-populated (minor) states
are not directly observable and allow extracting information
about the time-scale of the transition as well as the structures
of these low-populated states in terms of chemical shifts and
residual anisotropic interactions.'>'¢

Here, we characterize the molecular mechanism through
which the KIX domain of CREB-binding protein, CBP,
propagates allosteric information between two remote binding
sites. CBP is a transcriptional coactivator that is involved in a
variety of biological processes such as cellular differentiation,
development, and growth control.!” CBP acts as a scaffold for
the assembly of the transcriptional machinery through binding
of transcription factors, which in turn bind to DNA promoter
sequences. Interactions with transcription factors are mediated
by independently folded protein modules; one such modular
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protein-binding domain in CBP is KIX, a small single-domain
protein whose fold is composed of a bundle of three o helices
and two short 3, helices (see Figure S1 in the Supporting
Information).'® The KIX domain interlinks a great variety of
different transcription factors by simultaneous binding through
two interaction sites. One of these sites binds, for example, the
activation domain of the mixed lineage leukemia (MLL)
protein,'® whereas the activation domain of the transcription
factor c-Myb (among others) binds to the remote second site
on KIX.?® In vitro, binding of the MLL activation domain to
KIX cooperatively enhances the interaction with c-Myb through
an unknown allosteric mechanism:'® KIX in complex with MLL
displays a ~2-fold higher affinity for the c-Myb activation
domain than the KIX domain alone.?’ Our dynamic NMR
analysis of allosteric communication in KIX provides a quan-
titative description of the mechanism through which this domain
mediates cooperativity between transcription factors.

Materials and Methods

Sample Preparation. Samples of uniformly *C- and/or N-
labeled KIX (residues 586—672) were prepared by bacterial growth
using standard procedures and purified as described.?* Selective
13C labeling at backbone C* and isoleucine side chain C°' positions
was obtained by supplementing growth media with 2-*C-glucose
and 4-"*C-a-ketobutyrate,>** respectively. Peptides that include
the minimal activation domains of transcription factors, corre-
sponding to residues 2840—2858 of MLL'? (with Ala substituting
for Cys2841),>' residues 291—315 of c-Myb,”® and residues
116—149 of CREB (with Ser-133 phosphorylated),>” were pur-
chased from PSL (Heidelberg, Germany).

NMR Spectroscopy and Data Analysis. NMR samples con-
tained 0.4—1.0 mM KIX, 50 mM potassium phosphate buffer, pH
5.8, 25 mM NaCl, and 1 mM NaNj; in 8% D,0/92% H,0. "N,
3¢, and 3C°' Carr—Purcell—Meiboom—Gill (CPMG) relaxation
dispersion experiments were performed at 'H Larmor frequencies
of 500, 600, and 800 MHz and 27 °C as described,”®**° yielding
data for 73 1N, 42 3C%, and 3 Ile-3C®" sites. All dispersion profiles
were numerically fitted to a common two-state process (assuming
a more complicated kinetic scheme by inclusion of a third state
into the model did not lead to a statistically significant improvement
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of the fit, as judged by F-test criteria).>' For Tyr648 ('°N) the data
could not be fitted by a common process, and this residue was
excluded from further analysis. In the first step of the fitting
procedure, data from residues with exchange contributions exceed-
ing 3 s7! at 800 MHz (18 residues) were employed to determine
the time-scale of the exchange process, 7., and the populations of
states, p; (assuming identical values of 7.x and p; for all nuclei but
residue-specific values for Aw). Data for residues with exchange
contributions < 3 s~! were subsequently fitted individually with
Tex and p; constrained to the values obtained by this procedure to
determine their Awg;s, values. Uncertainties were estimated via a
Monte Carlo approach using 1000 synthetic data sets generated on
the basis of repeat experiments, and standard deviations are reported
in all cases. Backbone amide H/D exchange rates were measured
using the SOFAST real-time approach and compared to the
exchange rates of unprotected amide hydrogens as described.*?

Results and Discussion

Figure la shows experimental relaxation dispersion data
obtained for backbone amide "N and '3C* nuclei in the binary
complex formed by KIX and the activation domain of MLL.
Nonflat relaxation dispersion profiles are detected for most
residues in KIX+MLL, suggesting the presence of a conforma-
tional transition on the micro- to millisecond time-scale.
Analysis of the data shows that this process occurs with a time
constant of 3.0 & 0.3 ms at 27 °C between two states that are
populated to 93.0 £ 0.3% and 7.0 £ 0.3%, respectively.
Dispersion profiles for all nuclei can be consistently fitted to
the same dynamic parameters, indicative of a collective nature
of the underlying conformational transition. All observed "N
and '3C* chemical shift differences between the two conformers,
Awygisp, are small (Figure 1b). Protein NMR chemical shifts are
sensitive reporters of local structure;*® the small magnitude of
the Awg, values suggests that the two states differ only
marginally in their backbone conformation, ruling out (local)
unfolding as an underlying process. Rather, the ’N and '*C*
data imply that the minor (7%) state represents an alternative,
folded conformer. Consistently, backbone amide hydrogen/
deuterium exchange data on the KIX+-MLL complex show that
both states represent solvent exchange protected and fully folded
conformers (Figure S2 in the Supporting Information), and
temperature-dependent relaxation dispersion data show that the
equilibrium between these conformers is almost invariant with
temperature, indicating that the two states are of similar enthalpy
(Figure S3 in the Supporting Information). Notably, the
relaxation dispersion Awgs, values (’N/3C%) exceed 0.5 ppm
only for residues close to the carboxy-terminal region of helix
a, as well as residues in the center of helix o, encompassing
parts of the MLL and c-Myb binding sites, respectively.

While the minor population is not directly observable in
NMR spectra, the conformational transition between the two
states gives rise to population-weighted resonance positions.
Upon addition of the c-Myb activation domain to the binary
KIX <MLL complex, KIX resonances gradually approach the
chemical shifts of the ternary KIX<MLL+c-Myb complex
(Figure 2a). The absolute values of the >N chemical shift
differences that we measure between the ternary and the
binary complex, A®iemary-binary, clearly correlate with the
chemical shift differences between major and minor popula-
tions of the binary complex determined by relaxation
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Figure 1. NMR relaxation dispersion data for the KIX+MLL complex. (a) '’N (left) and '3C* (right) relaxation dispersion profiles for representative residues
of KIX bound to MLL (concentration ratio KIX:MLL = 1:2.2), recorded at 800 MHz and 27 °C, along with best fits (lines). Under these conditions, >99.7%
of KIX molecules are bound to MLL (K4 = 2.8 uM).?" (b) Absolute values of backbone '*N (circles) and '*C% (squares) chemical shift differences between
the two KIX conformations, Awgis, as determined from the relaxation dispersion data for KIX+MLL. The location of the a helices and 3, helices in KIX

is indicated (PDB entry code 2AGH)."®

dispersion measurements (Figure 2b). The linear correlation
coefficient between the two data sets is 0.79 (Figure 2¢), and
a similar correlation is obtained for 3C* nuclei (Figure S4
in the Supporting Information), demonstrating that the
conformation of KIX in the minor state of binary KIX-MLL
is similar to KIX in the ternary KIX+MLL+c-Myb complex.
Moreover, these data suggest that chemical shift changes upon
binding of c-Myb to KIX+MLL are governed by conforma-
tional changes of KIX in response to ligand binding rather
than local effects caused by direct contacts with the ligand
peptide. This is corroborated by the chemical shift changes
that we observe upon ternary complex formation using an
alternative ligand: binding of the phosphorylated kinase-
inducible domain (pKID) of CREB to KIX+MLL results in
very similar backbone N and '3C* chemical shift changes
for the majority of KIX residues with the exception of
residues that are involved in specific interactions with charged
and/or aromatic pKID side chains that are absent in c-Myb
(Figure S5).

It is of particlar interest to clarify whether the minor state of
KIX that is populated to 7% in the binary KIX+MLL complex
is populated prior to MLL binding. To address this question
we performed backbone >N relaxation dispersion experiments
at variable KIX:MLL concentration ratios, ranging between 1:0
and 1:2.2 (Figure 3). The data clearly show that the minor state
of KIX is not populated to an appreciable degree (<~0.5%) in
the absence of MLL but becomes progressively populated as
the binary KIX+*MLL complex is formed. This indicates that
binding the activation domain of the MLL transcription factor
to KIX induces a redistribution of the relative populations of
KIX conformations toward a state in which the c-Myb (pKID)
binding site is already preformed.

Because the conformation of KIX in the minor state of
KIX-MLL already resembles the ternary complex, this state
might be expected to display a higher affinity for c-Myb (or
pKID).** This can be verified in a straightforward manner: As
either c-Myb or pKID bind to KIX-MLL to form a ternary
complex, the equilibrium between major and minor states will
shift toward the state that binds ligand with higher affinity. The
observation that "N and *C® A®emary-binary Values are of similar
magnitude as the relaxation dispersion Awg, values (Figure
2¢) implies that it is the minor state toward which the
equilibrium shifts and therefore represents the higher affinity
conformation. The interaction between KIX and ligands thus
involves selection from a pre-existing ensemble of conforma-
tions.*>>° In the presence of saturating amounts of ligands
binding to both KIX interaction sites relaxation dispersion
profiles are flat (Figure 4).

Taken together, our data unequivocally establish that in the
binary KIX+MLL complex KIX spontaneously interconverts
between a major (lower energy) state and a minor (higher
energy) state, which adopts a conformation similar to that of
the ternary complex and binds c-Myb with higher affinity. Such
a mechanism is consistent with the WMC model of allostery,
which implies that the conformational transition that mediates
information transfer between binding sites involves states that
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Figure 2. Chemical shift changes on c-Myb binding to the binary KIX+-MLL complex. (a) ['H—"’N]-HSQC spectra of '"N-KIX bound to unlabeled
MLL are shown with c-Myb concentrations ranging from 0 (black) to saturating (cyan), corresponding to KIX:MLL:c-Myb concentration ratios
between 1:2.2:0 and 1:2.2:1.4. (b) Comparison of absolute values of backbone amide '*N chemical shift differences obtained from relaxation dispersion
data for the binary KIX+MLL complex, Amgis, (red bars), with absolute values of chemical shift differences between ternary KIX+MLL-c-Myb and
binary KIX*MLL, A® ernary-binary (blue bars). Values of Awiernary-binary Were determined from the titration of KIX+MLL with c-Myb and confirmed using
triple-resonance NMR experiments. The location of KIX secondary structure elements in KIX<MLL-:c-Myb is indicated. (c) Correlation of
BN AW ernary-binary and Awgisp values with a slope of 0.86. Because resonances are observed at population-averaged frequencies in HSQC spectra (fast
exchange on the NMR chemical shift time-scale), A®emary-binary @S Observed upon transition from binary KIX+MLL (7% binding competent state) to
fully saturated ternary KIX+MLL+c-Myb amounts to 93% of Awgis, values (corresponding to a slope of 0.93).

KIX:MLL
H 10:00
W 10:02

10:05
10:08
W 10:22 i

Figure 3. "N relaxation dispersion profiles for KIX at 800 MHz and 27
°C recorded at KIX:MLL concentration ratios between 1:0 and 1:2.2. Two
residues distal to the MLL binding site with Awg;, exceeding the mean by
>20 in the binary KIX<MLL complex are shown. For these residues
Awxix-mLLkix (due to MLL binding) < 0.2 ppm, ensuring minimal exchange
contributions arising from the reversible MLL binding process under
conditions where MLL is not present in excess. In addition, partial unfolding
for unliganded KIX does not contribute significantly to the relaxation
dispersion profiles of these residues.*’ Due to the low number of residues
that fulfill these criteria we abstained from quantitative analysis of the
experimental relaxation dispersion data at variable KIX:MLL concentration
ratios. It is clear, however, that the higher energy state of KIX becomes
progressively populated as the binary KIX+MLL complex is formed.
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Figure 4. '’N NMR relaxation dispersion profiles for representative residues
of KIX bound to MLL and pKID (concentration ratio KIX:MLL:pKID =
1:2.2:1.2) recorded at 800 MHz and 27 °C. pKID was chosen as a ligand
because of the ~6-fold higher affinity of KIX<MLL for pKID than for
c-Myb,?! which minimizes contributions to relaxation dispersion profiles
arising from the reversible ligand binding process. Under the conditions
used, >99.7% of KIX is bound to pKID.

are populated in the absence of ligand.?” The direct experimental
observation of the dynamic transition between these two

(37) Monod, J.; Wyman, J.; Changeux, J. P. J. Mol. Biol. 1965, 12, 88—
118.
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Figure 5. Allosteric network of KIX. (a) Ribbon representation of the ternary KIX+MLL+c-Myb complex (PDB entry code 2AGH).'® The backbone of
KIX (residues 586—672) is shown in blue, and elements of secondary structure are labeled. The MLL backbone (only the structured part, residues 2843—2857)
is shown as red ribbon, while the backbone of c-Myb (residues 291—309), which was absent in the relaxation dispersion experiments, is shown in green
(partly transparent). Yellow spheres are drawn for nuclei with Awg;, values exceeding the average by more than two standard deviations o (Awgs, > 0.60
ppm for N, Awgig, > 0.27 ppm for 13C®), and the side chains of these residues are shown. The positions of these residues largely agree with those inferred
from an exhaustive compilation of chemical shift data.'® Isoleucine side chain-01 carbons of 11e660, Ile611, and 1le657 are indicated by yellow spheres (see
Figure 6). (b) Close-up view of the allosteric network of KIX+MLL showing the residues that bridge the MLL and c-Myb binding sites. For side chains of
residues with Awgi, exceeding the mean by >20 van der Waals surfaces are drawn (yellow) and labeled, while the van der Waals surface of MLL is
represented by a red wire frame. Notably, only a subset of the KIX residues that interact with MLL form part of the allosteric network.

conformers in KIX<MLL by NMR relaxation dispersion spec-
troscopy provides insight into the communication mechanism
that links the two binding sites and mediates signal transduction:
The subset of residues that display the largest chemical shift
changes during this conformational transition form a tightly
coupled network of interactions (Figure 5a). These residues
include Tyr650, His651, Ala654, 11e657, and Tyr658. Their side
chains participate in formation of a shallow hydrophobic groove
on the surface of KIX, which is located between helices a; and
a3 and serves as docking interface for the hydrophobic face of
the amphipathic helix of the c-Myb activation domain (as well
as the activation domain of CREB, pKID).]&38 Others, such as
Phe612, are located distal to the c-Myb/pKID binding site, in
particular at the carboxy-terminal region of helix o, and the
short loop between helix o, and the 3;¢-helix G,. This specific
region of KIX has been shown to be critical for the interaction
with MLL: Upon MLL binding this loop and the 3;y-helix G,
are repositioned to allow the side chain of Phe612 to make close
hydrophobic contacts with the MLL amphipathic helix.'®
Further residues that display significant chemical shift changes
upon major/minor state transition and serve to bridge the two
binding sites are shown in Figure 5b. Ile611, located at the
carboxy terminus of helix o, is close to the MLL binding site
and has contacts with Phe612. Its side chain does not interact
with MLL but protrudes into the hydrophobic core of the KIX
domain, where it interacts with Ile657 through extensive
hydrophobic contacts, thereby interlinking the carboxy terminus
of helix a; with the remote c-Myb/pKID binding surface.
Likewise, 11e660 has contacts with residues in the N-terminal
region of the structured part of the MLL peptide and with Ile611.
To further explore the allosteric network we performed '3C
relaxation dispersion experiments on the side chains of isoleu-
cine residues (01 methyl groups), Figure 6a. The side chain
data can be fitted to the same conformational transition process

(38) Radhakrishnan, 1.; Perez-Alvarado, G. C.; Parker, D.; Dyson, H. J.;
Montminy, M. R.; Wright, P. E. Cell 1997, 91, 741-752.

as the backbone '’N and '*C* data with a time constant of 3 ms
and a population ratio of 93:7, suggesting that the conforma-
tional rearrangements within the isoleucine cluster formed by
Ile611, 11e657, and 11e660 and the protein backbone occur in a
collective manner. Again, the '*C°! relaxation dispersion Awgis,
values agree well with the chemical shift changes upon
formation of the ternary complex with c-Myb (Figure 6b). We
conclude that the side chains of these isoleucine residues
participate in formation of the allosteric network and constitute
the link through which allosteric information is transmitted.
Sequence comparison shows that these three residues are highly
conserved in KIX domains (Figure S6 in the Supporting
Information) in line with the notion that functional coupling
between residues in proteins represents an evolutionary
constraint. >4

Cooperativity has also been reported for binding of MLL to
KIX in complex with c-Myb or pKID.?' To study allosteric
communication in this direction we performed relaxation
dispersion experiments on a binary complex where the c-Myb/
pKID binding site was occupied by ligand (Figure S7 in the
Supporting Information). Flat dispersion profiles were obtained
so that the communication process cannot be monitored by this
technique either because the population of any higher energy
state(s) that might be present is too low and/or the time scale
of the process is outside the micro- to millisecond window. This
finding is in line with predictions from computer simulations,
which show that allosteric communication pathways are not
necessarily bidirectional *'*?

Transcription factors stimulate gene transcription by binding
to gene-specific DNA promoter sites and recruiting the basal

(39) Siiel, G. M.; Lockless, S. W.; Wall, M. A.; Ranganathan, R. Nat. Struct.
Biol. 2003, 10, 59-69.

(40) Lockless, S. W.; Ranganathan, R. Science 1999, 286, 295-299.

(41) Hilser, V. J.; Dowdy, D.; Oas, T. G.; Freire, E. Proc. Natl. Acad. Sci.
U.S.A. 1998, 95, 9903-9908.

(42) Chen, J.; Dima, R. L.; Thirumalai, D. J. Mol. Biol. 2007, 374, 250—
266.
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Figure 6. (a) Isoleucine *C°' relaxation dispersion profiles recorded at
500 (red), 600 (green), and 800 MHz (blue) at 27 °C along with best fits.
(b) Portions of ['H—'*C]-HSQC spectra of KIX bound to MLL showing
the positions of isoleucine side chain methyl (01) cross peaks at c-Myb
concentrations ranging from 0 (black) to saturating (cyan) corresponding
to KIX:MLL:c-Myb concentration ratios between 1:2.2:0 and 1:2.2:1.4. The
insert shows the correlation of absolute values of *C?! AW ermary-binary and
Awigp. A dashed line with a slope of 0.93 is drawn.

transcriptional complex through their activation domains.** CBP
plays a central role in this process because it functions as a
direct link between a variety of transcription factors and
components of the transcriptional machinery.'” Because it is
present at limiting concentrations in vivo, competition of

(43) Brivanlou, A. H.; Darnell, J. E., Jr. Science 2002, 295, 813-818.
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different transcription factors for CBP is believed to be crucial
for the regulation of gene transcription.** Moreover, since
specificity of transcription is achieved by unique combinations
of promoter-bound transcription factors, any (cooperative)
effects that enhance or decrease their affinities to CBP can
potentially promote specificity.*’ Our quantitative analysis of
the allosteric transition in the KIX domain of CBP provides an
atom-resolved description of the mechanism through which this
domain mediates pairwise cooperativity between transcription
factors. Binding of MLL induces a population shift of KIX
conformations by ~7% toward a higher affinity conformer,
which results in a ~2-fold increase of the affinities for c-Myb
and pKID.?' This population shift mechanism allows, in
principle, the modulation of binding affinities in a versatile
manner by the extent to which the higher affinity conformer is
populated. Such pairwise fine tuning of affinities may be critical
for regulation of the specificity of gene transcription, and several
lines of evidence indicate that cooperative interactions between
transcription factors (mediated by CBP) can promote synergism
in transcriptional activation.***’ Moreover, the rate at which
allosteric information is transmitted between binding sites might
pose an essential constraint for the flow of information through
the networks of proteins that regulate gene transcription in the
cell.*® Our results underline that knowledge of both structure
and dynamics are required to understand the intricate molecular
mechanisms by which proteins process information to fulfill their
biological tasks.
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