
NMR Relaxation Study of the Complex Formed Between CBP and the Activation
Domain of the Nuclear Hormone Receptor Coactivator ACTR†

Marc-Olivier Ebert,‡ Sung-Hun Bae, H. Jane Dyson, and Peter E. Wright*

Department of Molecular Biology and The Skaggs Institute for Chemical Biology, The Scripps Research Institute,
10550 North Torrey Pines Road, La Jolla, California 92037

ReceiVed August 29, 2007; ReVised Manuscript ReceiVed NoVember 21, 2007

ABSTRACT: Overexpression of the p160 steroid receptor coactivator ACTR is associated with breast and
ovarian cancers. Complex formation between ACTR and the general transcriptional coactivators CBP
and p300 plays a key role in the nuclear receptor-dependent regulation of gene transcription and was the
first reported example of mutual synergistic folding of two disordered polypeptide chains. In order to
investigate the structure and dynamics of the free domains and complex, we measured and analyzed15N
longitudinal and transverse relaxation rates and [1H]-15N heteronuclear Overhauser effects of the backbone
amides of the free and bound forms of human ACTR (residues 1041-1088) and mouse CBP (residues
2059-2117). Secondary chemical shifts for the free and bound forms were well correlated with the extent
of backbone flexibility. The free ACTR domain has no residual secondary structure and shows all of the
characteristics of a completely unfolded polypeptide chain. The free CBP domain retains most of the
R-helical content seen in the complex but is significantly more flexible. Despite the disordered nature of
the free individual domains, the complex has the motional characteristics of a completely folded protein
complex and has no significant residual backbone fluctuation that might compensate for the massive loss
of conformational entropy upon complex formation.

Hormone-regulated activation of gene transcription is a
complex process that starts with binding of the ligand-
activated receptor to the hormone response element in the
promoter region of the gene, involves interaction with
different coactivator complexes, and finally results in the
recruitment of the basal transcription machinery (1-4). The
p160 steroid receptor coactivator complex (SRC1) plays an
important role in this process by catalyzing the histone
acetylation and methylation that is required for remodeling
of chromatin structure. This complex includes the general
transcription activator CBP/p300 and one of three different
SRCs called NcoA-1 (SRC-1), GRIP1/TIF2/NcoA-2 (SRC-
2), and ACTR/AIB1/pCIP/RAC3/TRAM1 (SRC-3) which
interact directly with the hormone receptor through three
conserved LXXLL motifs (5-7). ACTR/AIB1 was initially
discovered as a protein that is overexpressed in a high
percentage of breast and ovarian cancers (8). Mice with a

null mutation for the mouse homologue of ACTR showed
abnormal development and function of the female reproduc-
tive system and reduced adult body size (9). Recent results
showed that ACTR/AIB1 is an oncogene and that its
overexpression leads to mammary carcinomas in transgenic
mice (10). ACTR is also involved in proliferation of cancer
(11, 12), and a high level of ACTR is associated with
tamoxifen resistance in patients (13). ACTR plays an
important role in the development and progression of breast
cancer and inhibition of ACTR function could result in an
effective treatment of mammary carcinomas (10).

The structure of the complex between the coactivator
binding domain of CBP and the transcriptional activation
domain (AD) 1 of ACTR was determined by NMR (14)
(Figure 1). In the free state, both domains are intrinsically
disordered but fold upon formation of the complex (14, 15).
This complex provided the first example of mutual syner-
gistic folding of two incompletely structured protein domains.
With a dissociation constant (Kd) of 34 nM andT∆Sof -21.3
kcal/mol, its formation is purely enthalpy driven. Since water
molecules on hydrophobic surfaces of the free domains are
released when the complex forms, the entropy change upon
complex formation is usually positive (16, 17). For the
ACTR/CBP complex, the negative entropy change is prob-
ably due to the loss of conformational freedom and compac-
tion of the peptide backbone upon binding and concomitant
folding; these negative contributions cannot be overcome by
the favorable entropic contribution of the solvent. The
mutation of Arg2105 to Leu in CBP results in a more
favorable entropy change upon complex formation (15),
which can be explained by the more compact structure of
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the free mutant CBP domain. An additional mutation,
Asp1068 of ACTR to Leu, even leads to a slightly positive
entropy change upon complex formation, presumably be-
cause of more favorable desolvation (15). TheKd for complex
formation of these two mutant proteins (20 nM) is compa-
rable to the wild type value, illustrating that the thermody-
namics of complex formation are affected by the free domain
structures.

Simple calorimetric measurements alone cannot provide
us with information about the relative entropic contributions
of solvent effects and the loss of conformational freedom to
the free energy of folding. NMR relaxation measurements
(18-20) allow us to directly probe the dynamics of proteins
in their free and bound forms and draw conclusions about
the redistribution of conformational entropy upon folding (21,
22). For the ACTR/CBP complex, it is especially interesting
to know whether the dynamic behavior is the same as that
of an ordinary globular protein complex or if aspects of the
dynamic behavior of the free domain are retained in the
complex in order to compensate for the entropy loss. Since
the free ACTR and CBP domains differ in their secondary
structural contents (14), we also attempted to correlate this
difference with a difference in internal motion. Further, since
denaturants influence the conformational ensemble of un-
folded states, this complex provided us with an excellent
opportunity to study the dynamics of folded and unfolded
protein domains under the same, nondenaturing conditions.

MATERIALS AND METHODS

Protein Expression and Sample Preparation. The ACTR
domain from human p160 (hACTR(1018-1088) or hACTR-
(1041-1088)) and the nuclear coactivator domain of mouse

CREB-binding protein (mCBP(2059-2117)) were coex-
pressed inE. coli as described previously (14). The harvested
cells were lysed by sonication, and the proteins were purified
separately using reverse phase HPLC. The lyophilized
proteins were dissolved in 0.5 mL of phosphate buffer (50
mM, pH 8.0, 50 mM NaCl) and dialyzed against the NMR
buffer (10 mM phosphate pH 6.7, 50 mM NaCl). For
relaxation experiments on the complex,15N-labeled and
unlabeled binding partners were mixed in 1:2 molar ratio.
Unless otherwise indicated, the concentration of the labeled
domain was 0.5 mM. Experiments using hACTR(1018-
1088) were performed in Tris buffer (pH 6.7, 50 mM NaCl).
Double-labeled protein samples were prepared for the
backbone assignment of the free domains (1 mM protein
concentration, 10 mM phosphate or Tris buffer pH 6.7, 50
mM NaCl). Diffusion experiments were performed in D2O
with a small amount of dioxane added as internal reference.
All other spectra were recorded in 90% H2O/D2O.

NMR Spectroscopy.NMR experiments were performed on
Bruker DRX 500 and 600 spectrometers equipped with 5
mm triple-resonance cryogenic probe heads withz-gradients,
and on a Bruker DRX 750 spectrometer equipped with a
regular 5 mm triple-resonance probe head withz-gradients.
The sample temperature was 31°C.

Resonance Assignments.Backbone resonance assignment
was accomplished by using HNCACB, CBCA(CO)NH,
(HCA)CO(CA)NH, and HNCO experiments for hACTR-
(1018-1088), and HNCA, HN(CO)CA, HNCACB, (HCA)-
CO(CA)NH, and HNCO experiments for mCBP(2059-
2117) (23, 24). Transfer of the assignments to hACTR(1041-
1088) was confirmed using1H-15N-TOCSY-HSQC and1H-
15N-NOESY-HSQC.

T1, T2, and [1H]-15N NOE Measurements.Published pulse
sequences forT1, T2, and [1H]-15N steady-state nuclear
Overhauser effect (NOE) experiments were used (25, 26).
Saturated and unsaturated spectra for the determination of
the [1H]-15N NOE were recorded in an interleaved manner.
The spectral width in the direct dimension was 16 ppm. The
indirect dimension was centered around 117 ppm with a
spectral width of about 22 ppm. For the complex containing
hACTR(1018-1088), 2048 complex data points with 128
complex increments were collected. For all relaxation
experiments using the hACTR(1041-1088), spectra with 64
complex increments were recorded. Typically, 8 scans per
increment were collected forT1 andT2 experiments and 16
scans for [1H]-15N NOE experiments. The minimal recycle
delay was 3.5 s. For saturation of the1H nuclei in the [1H]-
15N NOE experiments, 120° pulses separated by 18 ms were
applied for 3 s. In order to estimate the error in the [1H]-
15N NOE, a minimum of three sets of spectra were recorded.
The 180° pulses in the CPMG pulse train of theT2

experiment were separated by 1 ms. For mostT1 experiments,
the relaxation delays were set to 10*, 150, 300*, 450, 600*,
750, and 1000 ms. For typicalT2 experiments, the delays
were set to 4, 40*, 80*, 120, 160*, and 200 ms (the asterisks
denote duplicate measurements). A minimum of seven time
points and three duplicates were used for the determination
of all T1 relaxation times and at least six time points and
three duplicates were measured to determine theT2 relaxation
rates. Spectra were processed using nmrPipe2.1 (27). The
number of complex increments in the indirect dimension was
doubled by linear prediction. Zero filling to twice the data

FIGURE 1: Solution structure of the complex between the segment
including residues 2059-2117 of CBP (blue) and the activation
domain, residues 1041-1088 of the nuclear hormone receptor
coactivator ACTR (red) (14) (pdb accession code 1kbh). R2105 of
CBP and D1068 of ACTR form a buried salt bridge.
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size was applied in both dimensions. The spectra were
apodized using a shifted sine-bell function. Cross-peak
intensities were measured as the average of the peak
maximum and the two adjacent points in each dimension.
This was done with the program peakfit (Jonathan C.
Lansing, unpublished) using the nmrPipe spectrum files. An
exponential function of the formI t ) I0 exp(-tRn), where
Rn is the R1 or R2 relaxation rate, was fitted to the decay
curves of theT1 andT2 peak intensities using the program
CURVEFIT (A. Palmer, Columbia University). A uniform
error for the intensity of a cross-peak was estimated by
calculating the square root of the average of the squared
uncertainties (standard deviation or difference) of the re-
peated time points. The [1H]-15N NOE was calculated from
the ratio of the peak intensities in the saturated and
unsaturated spectra. The standard deviation for every cross-
peak was calculated directly from the repeated measurements.

TransVerse Cross-Correlation.Published pulse sequences
were used for the determination of transverse cross-relaxation
rates (28). The spectral width in the direct dimension was
16 ppm. The indirect dimension was centered at 117.5 ppm
with a spectral width of 22 ppm for the sample containing
15N-labeled ACTR and 19 ppm for the sample containing
15N-labeled CBP. The data matrix consisted of 32 (t1) and
2048 (t2) complex points. For experiment B (reference
spectrum) 64 scans per complex increment were collected,
while 256 scans were acquired for experiment A (28).
Durations of the dephasing delay 2∆ were 32*, 53.4, 74.8,
and 96.1* ms (time points denoted with an asterisk were
measured three times). The recycle delay was set to 1.2 s.
The cross-correlation rate was calculated by fitting the
function tanh(2∆η) to the ratioIA/IB of the peak intensities
in the cross-correlation spectra A and B. This ratio was
corrected for the different number of scans in the two
experiments. A uniform variance for the intensities of a cross-
peak in one kind of spectrum was estimated by taking the
average of the variances of the repeated time points. The
fitting was done using the program CURVEFIT.

Translational Diffusion and Hydrodynamic Radius.Rela-
tive diffusion coefficients were measured using the PG-SLED
(pulse gradient stimulated echo longitudinal encode-decode)
sequence (29). A series of 18 1D spectra with varying
strength of the diffusion gradients (5-100%) was recorded
as a pseudo 2D spectrum (for the free CBP domain each of
the 1D spectra was repeated three times). The spectral width
was 16 ppm, and 128 scans were acquired per spectrum.
The diffusion delay was set to 58 ms. The length of the
diffusion gradients was 6.5 ms. The length of the crush
gradient pulses was 1 ms at a strength of 50%. The relative
diffusion coefficient,d, was obtained by fitting the function
Aexp(-dG2) to the signal intensityI(G) in the aromatic region
of the PG-SLED spectrum (G being the relative gradient
strength). Using the dioxane signal, a reference valuedref

was calculated. Assuming that the hydrodynamic radiusRH(ref)

of the reference molecule is known and not strongly
dependent on solution conditions and temperature, we can
calculate RH of the protein using the formula:RH ) (RH(ref))-
(dref/d). The hydrodynamic radius of dioxane was assumed
to be 2.12 Å (30) and temperature independent in the range
between 20 and 31°C.

Reduced Spectral Density Functions and Model-Free
Analysis.Reduced spectral density mapping was carried out

using an in-house program assuming thatJ(ω) is proportional
to 1/ω2 at high frequency aroundωH. Chemical exchange
effects onT2 relaxation will contribute toJ(0)eff (31, 32).
For model-free analysis, R1, R2, and [1H]-15N NOE data
collected at both 500 and 600 MHz were analyzed by the
extended Lipari-Szabo formalism (33) using an in-house
program which implements five models (model 1: S2; model
2: S2,τe; model 3: S2,Rex; model 4: S2,τe,Rex; model 5:
S2

f,S2
s,τe) and model selection using a Bayesian information

criterion (34, 35) after excluding unrealistic models (i.e., any
model containing S2>1 or τe > 50 ns, orRex < 0) (36) (Bae,
S. H., manuscript in preparation). Minimum relative errors
for R1 andR2 were set to 5% of the measured rates and the
minimum absolute error for [1H]-15N NOE was set to 0.05.
Chemical shift anisotropy and amide NH bond length were
assumed to be-170 ppm and 1.02 Å respectively for all
residues. Internal motional parameters (S2

f, S2
s, τe, Rex) and

axially symmetric rotational diffusion tensor parameters (Dzz,
Dxx() Dyy), φ, θ) were optimized iteratively. Only residues
within R helices (1044-1055, 1064-1070, 1073-1079 in
ACTR; 2067-2076, 2086-2091, 2095-2110 in CBP) were
used for optimizing the rotational diffusion tensor. Since the
relaxation data sets of ACTR and CBP were obtained from
two protein complexes with different combinations of15N
labeling, the model-free analysis was performed separately
for each data set.

RESULTS AND DISCUSSION

Resonance Assignment of the Free ACTR and CBP
Domains.Poor chemical shift dispersion causes difficulty
in the sequence-specific resonance assignment for unstruc-
tured proteins (37). For the resonances of completely
unfolded proteins, this disadvantage is alleviated by narrower
line widths, due to longerT2 relaxation times, and since
individual 15N and13CO chemical shifts in the unfolded state
are influenced both by residue type and local sequence (38),
these nuclei can be used as a basis for backbone assignments
in unfolded proteins. For free hACTR(1018-1088) and
mCBP(2059-2117), information from HNCACB and CB-
CANH spectra was augmented with13CO correlations from
(HCA)CO(CA)NH and HNCO experiments, allowing as-
signment of most of the backbone1H(N), 15N, and 13CO
resonances as well as the CR and Câ resonances (BMRB
entries: 15397 and 15398 for the free hACTR(1018-1088)
and the free mCBP(2059-2117), respectively. Câ resonances
only for free ACTR). Resonance assignments of the free
hACTR(1041-1088) were transferred from hACTR(1018-
1088). Assignments for the complex of hACTR(1041-1088)
and mCBP(2059-2117) have been reported previously (39)
(BMRB entry: 5228).

Secondary Chemical Shifts of Free and Complex Forms.
Circular dichroism (CD) data of the two free domains
(hACTR(1018-1088) and mCBP(2059-2117)) showed that
unbound CBP contains more residual helical structure than
unbound ACTR (14). In agreement with this finding, the CR
and CO secondary chemical shifts show that unbound ACTR
is devoid of any secondary structure whereas the first two
helices observed in the ACTR complex of CBP (CR1 and
CR2) are fully formed in the free protein (Figure 2); indeed,
CR2 in the free CBP domain even appears to be extended at
its N-terminus to incorporate the glutamine-rich region into
the helical structure. The N-terminal half of CR3 in the free
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protein shows high levels ofR-helical content, but it becomes
increasingly unstructured toward the C-terminus. This lack
of secondary structure at the C-terminal part of CR3 in the
free form is partly explained by the positive charge of the
R2105 which appears to inhibit favorable packing of CR3
against the other two helices of the free CBP domain.
Calorimetric studies showed that a mutation R2105L of CBP
leads to a stabilization of the free domain and an increase in
helix content as measured by CD (15). In the complex, CR3
of the CBP domain is stabilized by interaction with three
R-helices of the ACTR domain (AR1, AR2, and AR3). In
particular, R2105 of CBP and D1068 of ACTR form a buried
salt bridge, and K2108 forms intermolecular hydrogen bonds
with T1059 of ACTR, contributing to the specificity of
binding (14).

The binding interface between hACTR(1018-1086) and
mCBP(2059-2117) is mostly hydrophobic and covers about
1500 Å2 (14). The enthalpy change (∆H) upon complex
formation is estimated as-31.5 kcal/mol based on the
correlation between buried nonpolar surface area (∆A) and
decrease in binding free energy (correlation coefficient)
21 cal/mol/A2) (40). This estimated∆H is very close to the
experimental∆H (-31.7 ( 1.5 kcal/mol), indicating that
most of the enthalpy change comes from formation of the
binding interface. Similarly, the entropy change (∆S) is
estimated by the hydrophobic effect (HE, 0.32∆A ln(T/386)
) +114.6 cal/mol/K), rotation-translation (rt,-50 cal/mol/
K), and other effects (e.g., change of conformational flex-
ibility) ( 41). Since the experimentally determined∆S is -70
cal/mol/K (T∆S) -21.3( 1.5 kcal/mol,T ) 304 K) (14),
the contribution from conformational flexibility will be
-134.6 cal/mol/K (∆S(conformation)) ∆S - ∆S(HE) -
∆S(rt)). Since the average entropy cost per residue for a
folding transition is∼5.6 cal/mol/K (41), the estimated∆S
arising from changes in conformational flexibility corre-
sponds to the entropic cost of folding 24 residues. The
changes in secondary chemical shifts between free and bound
hACTR(1018-1088) (Figure 2) show that approximately 26
residues fold into helical structure upon binding to the CBP
domain. These thermodynamic considerations suggest that
the dominant contribution to∆Supon complex formation is
from folding of the unstructured hACTR activation domain.

The CBP domain retains a considerable amount of residual
secondary structure even in the free form; folding transitions
are largely restricted to a small number of residues near the
C-terminus of helix CR3 and appear to contribute relatively
little to the overall entropic cost of complex formation.

All of the available data on mCBP(2059-2117) indicates
that, while helical structure is present, there is no coopera-
tively folded structure in the free state. Nevertheless, an NMR
structure of a similar CBP construct (mCBP(2067-2112))
in its free form has been reported (42). The helical regions
of this free CBP structure match well with the helical regions
inferred in this work from the secondary chemical shifts of
the free protein, but the calculated structure shows a very
different topology from that of mCBP(2067-2112) in the
ACTR complex (14) or the analogous complex with SRC-1
(43). This discrepancy probably reflects the high degree of
disorder and conformational averaging in the free CBP
domain.

NMR Relaxation of the Free Domains.The secondary
chemical shifts (Figure 2) and R1 and R2 relaxation rates
and [1H]-15N NOEs of the hACTR(1018-1088) in the
complex (data not shown) suggest that more than 20 residues
at the N-terminus are unstructured. Because of known
difficulties in the treatment of relaxation data from proteins
with long unstructured regions (44), the N-terminal 23
residues of the hACTR(1018-1088) were truncated to make
a shorter construct, hACTR(1041-1088) for further analysis;
the mCBP(2059-2117) domain was left unchanged.

The limited chemical shift dispersion and the lack of
cooperative unfolding upon temperature or urea denaturation
suggest that both ACTR and CBP domains are disordered
in their free states. In fact,R1 and R2 relaxation rates and
[1H]-15N NOEs strongly support this notion (Figure 3). For
the free ACTR domain, all [1H]-15N NOE values are
negative and all R2 values lie in a narrow range below 5
s-1. Interestingly, the [1H]-15N NOE values show a marked
dip for residues belonging to the loop region between helices
AR1 and AR2 of the bound state, even thoughR2 and [1H]-
15N NOE as well as secondary chemical shifts show that the
free ACTR domain is overall fully unfolded.

For the free CBP domain, the differences in the relaxation
rates between the free and bound states are much smaller

FIGURE 2: CR and CO secondary chemical shifts of bound (black bars) and free (red lines) forms of hACTR(1018-1088) and mCBP-
(2059-2117). The shifts are sequence-corrected (56), using random coil shifts (57, 58). The horizontal bars indicate the location of helices
AR1-3 of ACTR and CR1-3 of CBP in the complex.
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than those of the ACTR domain. This is consistent with the
CBP domain forming a compact molten globule state in its
free form (14, 15). We performed pulsed field gradient
diffusion experiments to rule out the possibility that dimer-
ization might contribute to the relaxation properties of the
free CBP domain. An effective hydrodynamic radiusRH of
17.4 Å was obtained for a 1 mM solution at 31°C. Using
empirical relationships betweenRH and the number of amino
acids (30), we expectRH to be 15.5 Å for a fully globular
CBP monomer and 18.5 Å for a homodimer. Since CBP is
a molten globule, the actualRH will be slightly larger than
15.5 Å, in accord with experimental observation. Indeed, the
radius of molten globule states is typically increased by 10-
20% relative to the native state (45, 46), so that the expected
RH of the free molten globular CBP domain is between 17
and 19 Å for a monomer and 21-23 Å for a dimer. We
thus conclude that the free CBP behaves as a monomer under
the conditions of our experiments.

The [1H]-15N NOEs of the free CBP domain at both 500
and 600 MHz are uniformly smaller than those of the bound
form, indicative of significant backbone motion in the free
form; these motions become restricted upon formation of
the complex with CBP. However, about 10 residues at the
C-terminus of the CR3 helix show a significant increase in
the [1H]-15N NOE in the complex compared to the free form,
which is consistent with the secondary chemical shift data
which show an increase in helical structure in CR3 upon
complex formation. In contrast to the free ACTR domain,
theR2 rates are almost identical for most residues in the free
and bound states within experimental uncertainties. However,
several residues in the C-terminus of CR1 (T2074, K2076),
in the linker between CR1 and CR2 (Q2083), and in the
N-terminus of CR3 (M2098) have significantly largerR2

relaxation rates in the free protein compared to the bound
form. EnhancedR2 relaxation in these regions is likely due
to µs-ms time scale fluctuations in the uncomplexed CBP
domain, consistent with its molten globule character.

The internal mobility of the free ACTR and CBP domains
was characterized with reduced spectral density functions
of the NH vectors (26, 31, 32, 47, 48) (Figure 4).J(0)eff,
which is an indicator for both fast sub-nanosecond motions
and exchange processes on theµs-ms time scale, is
uniformly low (<1 ns/rad) in free ACTR and clearly differs
greatly from that of the bound form. In addition, the free
ACTR domain showed highJ(0.87ωΗ) values, which to-
gether with the lowJ(0)eff values, indicate significant internal
mobility and very fast local tumbling of the free ACTR,
supporting the absence of fixed structure in the free form.
In the complex, however, the ACTR and CBP domains have
almost identicalJ(0)eff values, which confirms the formation
of a globular structure in which backbone motions are highly
restricted. In contrast to the ACTR domain, the differences
in J(0)eff between the free and bound CBP forms are small
implying that overall molecular tumbling of the free and
bound forms are similar. However, as observed fromR2

relaxation rates, several residues (T2074, K2076, Q2083, and
M2098) in the free CBP domain have significantly elevated
J(0)eff values, indicative ofµs-ms chemical exchange
processes in the uncomplexed state.

NMR Relaxation in the Complex.The15N-relaxation data
for the backbone amides in the complex are also shown in
Figure 3. To ensure the complete binding of the15N-labeled
hACTR(1041-1088) or15N-labeled mCBP(2059-2117) to
the unlabeled binding partner, a 2-fold excess of unlabeled
protein was added to the15N-labeled protein for the relaxation
measurements. The [1H]-15N NOE provides information

FIGURE 3: 15N R1, R2, [1H]-15N NOE of the backbone amides of hACTR(1041-1088) and mCBP(2059-2117) in their free and complex
forms. The horizontal bars indicate the helices AR1-3 of ACTR and CR1-3 of CBP in the complex. For the free forms, relaxation data
were collected at 500 (yellow) and 600 (blue) MHz with15N-labeled proteins (0.5 mM for ACTR and 1.0 mM for CBP domains) in 10 mM
phosphate buffer pH 6.7, 50 mM NaCl at 31°C. For the complex, relaxation data were collected at 500 (red) and 600 (black) MHz with
15N-labeled proteins (0.5 mM) and unlabeled binding partner (1.0 mM) in 10 mM phosphate buffer (pH 6.7) and 50 mM NaCl at 31°C.
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about the mobility of the backbone NH bond on a ps-ns
time scale, decreasing with increasing flexibility of the
backbone. The residues in the turn between helices AR1 and
AR2 showed a slight but significant [1H]-15N NOE decrease,
indicating increased mobility of this region in the complex.
R2 shows sequence dependent variations that parallel the
[1H]-15N NOE, with smallR2 values in the flexible tails.
R1 exhibits less pronounced changes along the sequence. The
[1H]-15N NOEs and relaxation rates for the amide groups
of the CBP domain show little variation over the entire
domain except for the C-terminal residues following helix
CR3, which are unstructured in the complex.

The spectral densities for the complex were calculated
using reduced spectral density mapping (26, 31, 32, 47, 48)
(Figure 4).J(0)eff andJ(0.87ωΗ) are important indicators for
the presence of exchange processes and motion in the
subnanosecond regime (49). For a completely rigid molecule,
J(0)eff ) J(0) is 2/5τc. Exchange processes on the time-scale
of µs to ms increaseJ(0)eff whereas fast internal motions in
the picosecond regime have the opposite effect.J(0.87ωH)
is derived directly fromR1 and the [1H]-15N heteronuclear
NOE without making use ofR2 relaxation rates and is
therefore unaffected by exchange processes. Fast motions
on the picosecond time scale result in an increase of
J(0.87ωH).

The smallJ(0)eff values for the terminal residues of the
ACTR and CBP domains point to a larger flexibility of these
regions, which is also consistent with the [1H]-15N NOE
data and increasedJ(0.87ωH) values. Besides the terminal
regions, higher values forJ(0.87ωH) are observed at the turn
between AR1 and AR2, implying significant internal motions
in this region. The structured parts of the CBP domain exhibit
only minor fluctuations inJ(0.87ωH).

OVerall Molecular Tumbling of the Complex.Lipari and
Szabo introduced a parametrization of the spectral density
function based on the assumption that the correlation function
of a bond vector can be described as the product of two
independent correlation functions for molecular tumbling and
internal motion (50). The internal correlation function is then
represented as a function of so-called ‘model-free’ parameters
which describe internal dynamics in a general, model-
independent way (33, 50). The use of this model-free
formalism for the analysis of relaxation data allows the
determination of amplitudes and correlation times of local
motions.

A good initial estimate of the molecular tumbling time or
rotational correlation timeτc of the molecule is important
for accurate analysis using the model-free approach. In most
cases it is possible to obtain a fairly accurate estimate ofτc

from R2/R1 ratios of residues which neither take part in
extended sub-nanosecond motion nor undergoµs-ms chemi-
cal exchange processes. According to the model-free theory,
the local correlation timeτc,i can then be described (51) as:

The rotational correlation time calculated from the trimmed
average of theR2/R1 ratio is 6.8 ns for the complex. In order
to rule out the formation of concentration-dependent ag-
gregates, we determined the trimmed average ofR2 of the
hACTR(1041-1088) in the complex at different total protein
concentrations and molar ratios (Table 1). The averageR2

values were essentially unchanged over the range of condi-
tions tested except for the complex with a total protein
concentration of 3 mM, for which the higher viscosity of
the protein solution is likely to affect molecular tumbling
significantly.

FIGURE 4: Reduced spectral densities calculated from the15N backbone relaxation data of hACTR(1041-1088) and mCBP(2059-2117)
in the free and complex forms. 500 and 600 MHz data were shown in yellow and blue for the free forms and red and black for the complex,
respectively. The horizontal bars indicate the helices AR1-3 of ACTR and CR1-3 of CBP in the complex.

τc,i ) (2ωN)-1(6(R2/R1)i - 7)1/2
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For an independent estimate ofτc, we determined the
effective hydrodynamic radius (RH) of the 1:1 complex of
hACTR(1041-1088)/mCBP(2059-2117) in a 1 mMsample
by using the Stokes-Einstein equation and pulse field
gradient translational diffusion measurements (29). RH is
defined as the radius of a sphere with the same translational
self-diffusion constant as the molecule under investigation.
The RH of the ACTR/CBP complex was determined to be
18.1 ( 0.1 Å, based on theRH of dioxane (2.12 Å) which
was used as an internal reference (30). Assuming that the
ACTR/CBP complex is spherical in shape, and that the
viscosity of the protein solution is the same as for pure H2O
at 31°C (0.008 poise) (Handbook of Chemistry and Physics,
63rd ed.), a rotational correlation timeτc of 4.7( 0.8 ns (at
304 K) can be derived using:τc ) 4πηRH

3/(3kT) in which
T is the temperature in Kelvin,k is the Boltzmann constant,
andη is the viscosity of the solution.

We attempted to reproduce thisRH value by hydrodynamic
simulation using HYDRONMR (52) and the atomic coor-
dinates of the hACTR(1040-1086)/mCBP(2059-2117)
complex (pdb id: 1kbh) (14). The experimentalRH that is
derived from the translational diffusion measurement was
reproduced when the atomic element radius (AER) in the
simulation was set to 2.5 Å if the solution viscosity is 0.008
poise at 304 K. It has been argued that deviations from the
consensus AER value of 3.3 Å should be considered as an
indicator for the deviation of the assumed molecular structure
from the true structure in solution (53). For example, for a
protein sample with partial aggregation, the AER needs to
be much larger than 3.3 Å, and for molecules containing
flexible regions the AER needs to be substantially smaller
than 3.3 Å in order to reproduce the experimental data. By
removing all the terminal residues from the coordinate file
that have negative [1H]-15N NOE, we could exactly
reproduce the measuredRH with the consensus AER of 3.3
Å.

The rotational correlation time derived from the transla-
tional diffusion coefficient is about 2 ns shorter than that
derived from R2/R1 ratio. Derivation of the rotational
correlation time from the translational diffusion coefficient
is based on the assumption that ratio of translational and
rotational coefficients is constant. This assumption would
be valid for a rigid protein but not for a flexible protein.
Relaxation data and spectral density analyses show that about
20% of the residues of the hACTR(1041-1088)/mCBP-
(2059-2117) complex are highly flexible. Thus, the trans-
lational diffusion measurements imply that the hACTR-
(1041-1088)/mCBP(2059-2117) complex has significant
flexibility such that translational and rotational diffusion
coefficients are not linearly correlated.

In order to ensure that the discrepancy in the rotational
correlation time derived from theR2/R1 ratio and from the

diffusion coefficient is not caused by a uniform increase in
R2, which might be attributed by pervasive chemical ex-
change contributions, we determined the transverse cross-
correlation rateηxy between1H-15N dipole-dipole interac-
tion and 15N chemical shift anisotropy (CSA) from the
intensity ratio of cross and auto relaxation experiments (28,
54). R2

0, theR2 relaxation rate devoid of chemical exchange
contributions, was estimated by (55):

in which c ) (ωN/x3)∆σ, d ) [µ0hγNγH/(8π2)](1/r3
NH), P2-

(x) ) (3x2 - 1)/2 is the second rank Legendre polynomial,
h is Planck’s constant,µ0 is the permeability of free space,
∆σ is the15N CSA, andâ is the angle between the15N-1H
vector and the principal axis of the15N chemical shift tensor.

Comparison ofR2 and R2
0 showed significant chemical

exchanges at the terminal residues and the turn regions
between the AR1 and AR2 and between CR1 and CR2
(Figure 5); however, it ruled out a uniform increase ofR2

by pervasive exchange processes.
Model-Free Analysis of the Complex.The model-free

analysis was performed using an axially symmetric diffusion
tensor. The parameterDratio () Dpar/Dperp) was estimated
during the analysis (mean value 1.25). The rotational
correlation timesτc () 1/6D) of 15N-ACTR/unlabeled CBP
and unlabeled ACTR/15N-CBP complexes were estimated
as 6.86 and 6.56 ns from theR2/R1 ratio and after cycles of
model selection and optimization, they converged to 6.97
and 6.73 ns, respectively. Fits for 72 out of 85 residues were
acceptable at the 95% confidence level.

Most residues have order parameters (S2) between 0.8 and
0.9 (Figure 6), which is typical for residues in the structured
core of a globular protein. Despite the remarkable dynamic
differences between the free domains, the averageS2 of the
ACTR and CBP domains in the complex are overall quite
similar.

The linker region between AR1 and AR2 has slightly lower
S2 and slower internal correlation times (τe, ∼0.9 ns). This
same region also has small chemical exchange terms (Rex,
∼1 s-1) extending into the C-terminus of the AR1 helix,
which is consistent with the (R2 - R2

0) values obtained from
the cross-correlation rates (Figure 5). Taken together, these
data indicate that this region is highly dynamic and could
serve as a hinge between AR1 and AR2-3. Flexibility in
this hinge region might facilitate binding to CBP; helices
AR1 and AR2 dock on opposite faces of the CBP domain
and flexibility in the intervening linker may facilitate the
search for optimal intermolecular contacts. In accordance
with this notion, this linker region has significantly lower
[1H]-15N NOE than nearby residues even in the free state
(Figure 3), suggesting that its flexibility arises from the nature
of the amino acid sequence (-L1056SNTDATG1063-) and might
play an important role in the coupled folding and binding
process. Residues E1075, and V1077 showedRex values
larger than 1.5 s-1, which is also supported by the increased
R2 and J(0)eff values and by (R2 - R2

0) relaxation rates
(Figures 3, 4, and 5). These exchange terms probably reflect
fluctuating contacts between the AR3 helix and the C-
terminal end of CR3 (Figure 7).

The S2 values are relatively uniform in the structured
regions of the CBP domain (Figure 6), with increased

Table 1: AverageR2 of the 15N-Labeled hACTR(1041-1088) in the
Complex with Unlabeled mCBP(2059-2117) in Different Molar
Ratios and Concentrations

ACTR
(mM)

CBP
(mM)

total protein
(mM)

molar ratio
(ACTR:CBP)

average
R2 (s-1)

0.35 0.42 0.77 1:1.2 9.7( 1.9
0.5 1.0 1.5 1:2 9.6( 0.8
0.25 1.25 1.5 1:6 9.7( 1.1
0.5 2.5 3.0 1.5 11.1( 1.1

R2
0 ) -ηxyx3(4c2 + 3d2)/12cdP2(cosâ)
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flexibility evident at the N- and C-termini and, to a more
limited extent, in the linkers between CR1 and CR2 and
between CR2 and CR3. Several residues in the CR1 helix,
poly-Q stretch (residues 2082-2086), and CR2 helix show
either slow internal correlation times orRex around 1 s-1.
Overall, however, the dynamics of the CBP is as expected
for a globular protein domain.

CONCLUSION

The structure and dynamics of the free and bound forms
of the ACTR and CBP domains are distinctively different.
The secondary chemical shifts and NMR relaxation data

reveal that the free ACTR domain is completely unstructured
while the free CBP domain has similar helical secondary
structure as in the complex. However, [1H]-15N NOEs are
increased by about 0.2 on average, and chemical exchange
processes on theµs-ms time scale are remarkably reduced
in the complex compared to the free CBP form, consistent
with previous data that show that the free CBP domain is in
a molten globule state (14). In the complex,R-helical regions
of both ACTR and CBP domains show [1H]-15N NOEs that
are typical of folded globular proteins; the spectral densities
andR2

0 also support our conclusion that there is no extensive
µs-ms time scale chemical exchange process. Model-free

FIGURE 5: R2 (black) andR2
0 (red), theR2 relaxation rate devoid of chemical exchange contributions, of hACTR(1041-1088)/mCBP-

(2059-2117) at 500 MHz. ForR2
0 calculations,â ) 20° and∆σ ) -170 ppm and were assumed for all residues (54).

FIGURE 6: Model-free parameters of the hACTR(1041-1088)/mCBP(2059-2117) complex. NMR relaxation data collected at 500 and
600 MHz were analyzed by extended Lipari-Szabo formalism (33, 50). The horizontal bars indicate the helices AR1-3 of ACTR and
CR1-3 of CBP in the complex.
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analysis of the ACTR/CBP complex showed that most
residues are highly ordered, except for the linker between
AR1 and AR2 of ACTR which is flexible in both free and
bound forms. By comparing the structure and dynamics
between the free and bound forms of ACTR and CBP
domains, we have confirmed that ACTR/CBP complex
formation involves a synergistic mutual folding process, in
which the large conformational entropy cost is not compen-
sated by increased mobility of the backbone in the complex.
The partially folded molten globule state of the free CBP
appears to be important for controlling the thermodynamics
and affinity of complex formation.
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