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Proteins with intrinsically disordered domains are implicated in a
vast range of biological processes, especially in cell signaling and
regulation. Having solved the quaternary structure of the folded
domains in the tumor suppressor p53 by a multidisciplinary ap-
proach, we have now determined the average ensemble structure
of the intrinsically disordered N-terminal transactivation domain
(TAD) by using residual dipolar couplings (RDCs) from NMR spec-
troscopy and small-angle x-ray scattering (SAXS). Remarkably, not
only were we able to measure RDCs of the isolated TAD, but we
were also able to do so for the TAD in both the full-length
tetrameric p53 protein and in its complex with a specific DNA
response element. We determined the orientation of the TAD
ensemble relative to the core domain, found that the TAD was
stiffer in the proline-rich region (residues 64–92), which has a
tendency to adopt a polyproline II (PPII) structure, and projected
the TAD away from the core. We located the TAD in SAXS
experiments on a complex between tetrameric p53 and four Taz2
domains that bind tightly to the TAD (residues 1–57) and acted as
‘‘reporters.’’ The p53-Taz2 complex was an extended cross-shaped
structure. The quality of the SAXS data enabled us to model the
disordered termini and the folded domains in the complex with
DNA. The core domains enveloped the response element in the
center of the molecule, with the Taz2-bound TADs projecting
outward from the core.

hybrid methods � natively unfolded � protein � residual dipolar
coupling � small-angle x-ray scattering

The tumor suppressor p53 is a multifunctional protein that
plays vital roles in maintaining the integrity of the human

genome, controlling apoptosis, cell-cycle arrest, and DNA repair
(1). p53 is a homotetramer, with folded tetramerization and core
domains that are linked together and flanked by intrinsically
disordered (or natively unfolded) domains at the N and C
termini (1, 2). As such, with 37% of its structure intrinsically
disordered, p53 is typical of the structural content of the human
proteome. More than 30% of eukaryotic genomes encode
contiguous unfolded regions longer than 30 aa in length, and up
to 80% in cancer-associated proteins (3). This new class of
intrinsically disordered proteins (IDPs) is involved in a vast
range of cellular processes, including molecular recognition,
transcription and transposition, packaging, repair and replica-
tion, as well as signaling, cell cycle control, multiprotein complex
assembly, and endocytosis. Many partly or fully disordered
proteins undergo conformational transitions to folded forms
only on interaction with a target ligand (4). An intrinsically
disordered domain is possibly an essential structural feature that
facilitates promiscuous binding to many partner proteins and is
also readily accessible for posttranslational modification that
modulates binding.

Solving the structures of proteins with intrinsically disordered
domains now represents a major stumbling block in relating
structure and biological function. Classical x-ray crystallography

is difficult because such proteins usually do not crystallize, and
if they did, crystal packing forces might lead to unrepresentative
conformations of the disordered regions and, indeed, the whole
quaternary structure. The presence of conformational f lexibility
requires application of methods that probe the structure in
solution. To this end, we are employing a simple strategy to solve
the structure of p53 (5). The first step is to solve the structures
of individual core domains by using x-ray crystallography (6, 7)
and NMR (8–10). The second is to solve the quaternary struc-
ture of the protein. To do this, we employ NMR spectroscopy to
verify the tertiary structures of individual domains in the intact
protein and identify domain–domain interactions by comparing
spectra of the intact proteins with those of individual domains.
Then, small-angle x-ray scattering (SAXS) is used to compute
the most likely arrangement of folded domains in the full-length
protein. These data may be combined, if possible, with electron
microscopy on the immobilized protein. It is crucial to verify the
properties of a conformationally mobile protein in solution with
those of the immobilized protein (5).

Here, we proceed to the third stage of structural character-
ization: analyzing the ensemble of structures of the functionally
important intrinsically disordered domains, beginning with the
N-terminal domain of p53. This domain comprises residues 1–93,
and is made up of two distinct regions; a proline-rich region
(PRR, residues 64–92), attached directly to the core of the
protein, and the transactivation domain (TAD) comprising the
first 58 aa. The transcriptional coactivator p300 binds to p53, and
a complex between tetrameric p53 and p300 has recently been
proposed in which four domains of p300 wrap around the four
transactivation domains of p53 (11). We have been able to use
extensive measurement of residual dipolar couplings (RDCs)
(12) to characterize the local structure and dynamics of the
disordered domain N-terminal domain [p53(1–93)] as part of the
full-length 175-kDa protein (flp53) (13–16). We combine this
local conformational detail with the highly complementary
definition of overall dimensions available from SAXS to provide
a coherent picture of the entire protein.

Nascent Local Structure in p53(1–93)
RDC analysis showed that the isolated domain p53(1–93) was an
IDP with two regions of nascent secondary structure. The TAD
was previously reported to be intrinsically disordered with a
tendency for helical structure in TAD1 (residues 18–25) (17),
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which becomes fully helical on binding to MDM2 (18). RDCs
measured in intrinsically unfolded proteins have been success-
fully modeled by using residue-specific �/� propensities from a
coil library consisting of nonsecondary structural elements of
folded proteins (19, 20). The flexible-meccano (FM) approach
samples these propensities, in combination with simple volume
exclusion, to generate a large number of conformers from which
ensemble average properties can be predicted (21–23).

1DNHN RDCs measured from p53(1–93) aligned in strained
polyacrylamide gel (PAGE) and pf1 bacteriophage had similar
distributions [supporting information (SI) Fig. S1], indicating
that at physiological ionic strength, alignment in bacteriophage
produced predominantly steric alignment of the unfolded do-
main. These couplings showed some similarities to values pre-
dicted by using FM (Fig. S2 A), in reasonable agreement with the
coil model over most of the transactivation domain (residues
1–57). The most significant deviation from prediction was found
at residues 21–25 and over the range 58–90. Deviation in these
regions was also found in other RDCs (2DC�HN, 1DC�C�, and
1DC�H�) measured in p53 aligned in PAGE (Fig. S3A). Positive
NHN RDCs were observed at residues 21–25, indicating the
presence of residual �-helical segments (15, 22, 24), consistent
with the known propensity of residues 18–25 to form an �-helix
on binding to MDM2 (18) and previous NMR studies (25). We
modeled the possible conformational propensities of these
amino acids by using a series of helical models, including 310 and
�-helical conformations, and incorporated these propensities
into the FM sampling. We thus identified a 4-aa section of helical
structure, populated at a level of �30% for residues 22–25. Using
the helical conformations from the x-ray crystal structure re-
sulted in good agreement with 1DNHN (Fig. 1) as well as 2DC�HN,
1DC�C�, and 1DC�H� experimental data (Fig. S3). This observa-
tion is in agreement with 3JHNH� couplings measured on the
73-aa N-terminal segment, which show more helical propensity
in the region 21–24 than for the remainder of the MDM2 binding
site (17).

High Stiffness of the PRR
An important finding is that the PRR exhibits an elevated degree
of stiffness. Measured NHN RDCs for residues 58–90 were more
negative than those expected from the standard FM simulation,
where average levels of polyproline II �/� angles of (66 � 5%
and 33 � 3%) for proline and preproline residues are present
(Fig. S2 and Fig. S3). Accelerated molecular dynamics (AMD)
simulations of the sequence 70–82 in the central part of the PRR
predicted an increased preference for polyproline II (PPII) of
(78 � 3% and 46 � 4% for proline and preproline, respectively)
(Fig. S4). Incorporating increasing levels of PPII population into

the FM ensembles for the PRR and comparing these with all
experimental RDCs resulted in the identification of optimal
propensities of (79 � 2% and 50 � 2% for proline and preproline
residues, respectively), corresponding closely to those predicted
from AMD. The reproduction of 1DNHN and 2DC�HN, 1DC�C�, and
1DC�H� are shown in Fig. 1 and Fig. S3, respectively. Repetition
of the FM calculations explicitly incorporating backbone dihe-
dral angles extracted from the AMD simulations for amino acids
70–82 resulted in similarly well reproduced RDCs from this
region (data not shown).

To overcome the spectral overlap in the PRR, we made a series
of synthetic peptides comprising residues 61–93 of p53 containing
15N at specific positions in the backbone. NHN RDCs from each
peptide were measured under matched alignment conditions, al-
lowing a more detailed analysis of the conformational properties of
this isolated region of the protein. The reproduction of RDCs by
using FM when sampling the increased levels of PPII identified
above, compared with the standard coil sampling (Fig. S5), strongly
substantiated the observation that the PPII conformations were
preferentially occupied in the PRR.

The polyproline II and extended �-basins of the Ramachan-
dran plot are distinguished almost entirely by their � backbone
dihedral angles, with ranges of �75 � 15° and �120 � 30°,
respectively (26, 27). 3JH�HN coupling constants were measured
for the p53(61–93) peptide series. Except for V73, all of the
coupling constants were in the range of 5.8–6.4 Hz, consistent
with ensemble average � angles within the PPII range.

Complementary sources of experiment and simulation, there-
fore, independently indicated that the PRR had a consistent
propensity to populate elevated levels of PPII-type extended
structure. This level was higher than would be expected from
isolated amino acid-specific populations, suggesting the exis-
tence of some cooperative effects. The effect of this raised
population of PPII conformations on the properties of the
peptide chain is to stiffen the chain, as can be gauged by the
increased effective persistence length, compared with simula-
tions using the native propensities of the amino acid sequence or
the TAD domain (SI Text, Fig. S6). Further, the PPII-type
conformation might facilitate interaction of the TAD with SH3
domains, e.g., kinases.

SAXS Analysis of p53(1–93)
SAXS data were accurately reproduced by intensity curves
simulated from the ensemble of p53(1–93) conformers that
reproduced the RDC data (shown in the form of a semiloga-
rithmic and a Kratky-type plot in Fig. 2), demonstrating that the
overall shape of the predicted and measured ensembles was
consistent with the model of the unfolded chain described above.
The SAXS profile was not consistent with a collapsed structure
of the transactivation domain, reported from paramagnetic
relaxation enhancement experiments (Fig. S7) (28).

RDC of TAD in Full-Length p53
All experiments used a quadruple mutant flp53 that contains
stabilizing mutations in the core that do not perturb the structure
or impair activity (6). We were able to measure NHN RDCs for
both flp53 and its complex with a DNA target sequence,
p53(1–393)–DNA. The fine structure and sign of the measured
RDCs for both corresponded to those observed within p53(1–
93) (Fig. 3). There were, however, striking differences in the
relative size and distribution of the measured RDCs in the flp53
samples, even under conditions of similar overall alignment (as
gauged by the observed 2H quadrupolar splittings). In the
presence of DNA, the TAD of flp53 had smaller couplings than
those in p53(1–93), whereas the PRR had increased values. In
the absence of DNA, the RDCs were very similar to those
measured for p53(1–93), but RDCs from the PRR were smaller.
To understand the experimental results more quantitatively, we
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Fig. 1. NHN RDCs from p53(1–93) in phage measured at 800 MHz compared
with predicted values. NHN RDCs from p53(1–93) (blue) were compared with
predicted values (red) from amino acid-specific statistical coil predictions
including the presence of a single-turn helix at residues 22–24, populated at
a level of 30% and an increased level of polyproline II sampling for each amino
acid in the sequence 58–91. Helical values were centered on the conforma-
tions present in the x-ray crystal structure of the �-helix formed when p53(1–
93) binds to the ubiquitin ligase MDM2. All simulated values are scaled by the
same prefactor to best reproduce the experimental data.
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explicitly modeled the conformational ensemble representing
flp53–DNA.

Modeling Full-Length p53–DNA Complex
The structure of the p53(96–360) construct (comprising the core
domain, linker, and tetramerization domains) in complex with

DNA, determined by EM and SAXS (5) was used as the starting
point of this model. An ensemble of 50,000 tetramer structures
was generated, each with four independent N-terminal domain
chains built into the p53 tetramer, by using an conformational
sampling model identical to that used to reproduce RDCs from
the isolated N-terminal domain. Similarly, the 33 aa in the
C-terminal unfolded region were built onto each conformer by
using randomly sampled statistical coil sampling. RDCs were
predicted for each conformer on the basis of the molecular shape
and size. Simulated RDCs were averaged over all 200,000
N-terminal chains in the ensemble of tetramers. A subensemble
of full-length p53 conformers is represented in Fig. 4, where the
proline-rich region can be seen to preferentially project the chain
away from the core domain, thereby defining the volume space
occupied by the flexible TAD. The resulting RDC distributions
are compared with experimental values in Fig. 3B.

Although the absolute level of alignment is difficult to predict
from simulation, the model closely reproduced both the decrease
in the magnitude of RDC observed in the TAD and the increase
in the PRR. The reproduction of the experimental data also
demonstrated that, despite significant differences in measured
RDCs in the isolated and DNA-bound flp53, residues 1–93
retained the same conformational preferences in p53(1–393)–
DNA as they do in p53(1–93). This observation underlines the
importance of considering all components of the molecular
system when interpreting experimental RDCs.

The same conformational ensemble was used to predict the
recently measured SAXS data from flp53–DNA (5) (Fig. S8).
Beyond the initial angle region (q � 0.04), where experimental
values are higher than prediction, reproduction of the SAXS
curve was reasonable.

In the DNA-bound form, where the quaternary arrangement
of folded domains is rigid and well defined, the alignment of the
whole system was dominated by a single rigid body. The high
degree of order experienced by the folded tetramer is efficiently
propagated into the PRR, because of the relatively long persis-
tence length, or high rigidity, of this sequence, leading to higher
NHN RDCs. In the TAD the local orientational sampling
becomes less correlated to the alignment of the core domain
because of a shorter persistence length and a much weaker
propagated influence of the folded domain. The presence of the
large body still dominates the alignment of the entire molecule
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Fig. 2. Comparison of experimental and predicted SAXS data of p53(1–93).
(a) Experimental SAXS data from p53(1–93) (blue) compared with the average
simulated data using the FM ensemble calculated by using CRYSOL (red). (b)
Kratky plots of the experimental data (black) compared with Kratky plots of
the sampling by using enhanced PPII populations (red). The residuals between
experiment and simulation are shown at the bottom of the plot.
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Fig. 3. RDCs from the N-terminal domain of flp53 in free and DNA-bound
forms. (a) NHN RDCs from residues 1–93 of p53(1–393) (open circles), p53(1–
393)–DNA (blue circles), and p53(1–93) (red circles) aligned in phage at 800
MHz. (b) Comparison of experimental NHN RDCs from p53(1–393)–DNA (blue
circles) with predictions from model of DNA bound form (red circles).

Fig. 4. Modeling the N-terminal domain in the p53–DNA complex. Shown is
the N-terminal domain ensemble in our model with one representative full-
length p53 molecule included for illustration. p53CTetD (gray) and DNA
(magenta) are shown in space fill mode. The flexible C-terminal domain is not
shown for reasons of clarity. N-terminal domains forming the four difference
monomers are shown in different colors for clarity. Twenty copies are shown
for each monomer. Left contains the entire N-terminal domain (TAD�PRR);
Right shows only the PRR.
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and therefore the same conformational sampling in the TAD
leads to more efficient quenching of the RDCs.

In contrast, in the absence of a target DNA sequence, the
structure of the p53 tetramer was much more dynamic than
flp53–DNA, with two core-domain dimers attached to the
tetramerization domain by flexible linkers. The dynamic nature
of the quaternary arrangement of the component domains of
isolated p53 would be expected to reduce the average alignment
of the core domain of this form of the molecule. This may also
account for the apparent decoupling of the effective alignment
of the TAD, and the PRR experiencing more isotropic behavior
than in the DNA-bound form. Modeling the N terminus in the
context of flp53, which contains several rigid bodies in a highly
dynamic state is beyond the scope of the present study. As
discussed above, however, the RDCs from flp53 supported
identical conclusions about the behavior of the N terminus in this
context, and provided further evidence that the DNA free form
is significantly more flexible.

Structure of flp53–Taz2 Complex from SAXS
The Taz2 domain of the transcriptional coactivator p300 binds
tightly to the TAD of p53 (11). The processed SAXS patterns
from flp53–Taz2 complex [scattering intensity I vs. momentum
transfer s � 4�(sin �)/�, where 2� is the scattering angle and � �
1.5 Å is the wavelength] are displayed in Fig. 5a and the overall
parameters indicate monodisperse solutions with four Taz2
bound per flp53 tetramer. To generate a structural model for the
flp53–Taz2 complex, we performed rigid-body refinement by
using the SAXS models for free p53 as previously described (5)
and the high-resolution structure of Taz2 (PDB ID code 1F81)
(29) as starting points. The final model fits the scattering pattern

with discrepancy � � 1.19 (Fig. 5b). Four Taz2 domains bind to
the four N-terminal TADs that were shown to be extended and
flexible in unbound tetrameric p53 (5). The cross-shaped scaf-
fold consisting of a tetramerization domain in the middle with
two loosely coupled core domain dimers at either end is pre-
served in the flp53–Taz2 complex.

Structure of an flp53–Taz2–DNA Complex from SAXS
We similarly generated a structural model for a ternary flp53–
Taz2-DNA complex. Both Taz2 and a 24-residue gadd45 re-
sponse element DNA bind p53 with Kd in the low nanomolar
range (11, 30, 31) and the complex was monodisperse (data not
shown). The processed experimental pattern and the fit of the
model are displayed in Fig. 5a. The structure has four core
domains bound to DNA as described by Kitayner et al. (32)
connected to the tetramerization domain by linkers. The N
termini with one Taz2 molecule bound to each TAD pointed
away from the core domain–DNA complex (Fig. 5c). These
models, which are probably representative of a dynamic ensem-
ble of conformations, agreed very well with the volume space
defined by the flp53–DNA model generated from RDC data
(Fig. 4).

It is notable that we could generate a model for the ternary
flp53–Taz2-DNA complex that fitted the experimental data well
(� � 2.0). Previously for the flp53–DNA complex, we could only
generate a model for the p53 CTetD–DNA parts of the complex
and attempts to add the termini by using a static model failed (5).
This indicates that the higher flexibility of the N terminus within
the flp53–DNA complex may be reduced when Taz2 is bound to
the N-terminal TAD.
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Fig. 5. SAXS models of p53–Taz2 complex and p53–Taz2–DNA complex. (a) SAXS analysis of p53–Taz2 complexes. Shown are the experimental intensities and
fits computed from the structural models by rigid body modeling: p53�Taz2 (blue) and p53�Taz2�DNA (red). The scattering profiles are displaced along the
ordinate for better visualization. (b) SAXS model of full-length p53–Taz2 complex in solution from rigid-body analysis and addition of missing fragments. Core
domains (green and cyan), tetramerization domain (red), and Taz2 (blue) are displayed in a cartoon representation, connecting linkers (gray), N termini (salmon),
and C termini (yellow) in semitransparent space fill mode. (c and d) Rigid-body model of a p53–Taz2–DNA complex from SAXS data. Core domains (green and
cyan), tetramerization domain (red), Taz2 (blue), and DNA (magenta) are shown in a cartoon representation, connecting linkers (gray) and N termini (salmon)
in semitransparent space fill mode. c and d represent two orthogonal views.
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Conclusions
The inherent flexibility of unfolded protein domains requires the
development of new approaches to characterize their behavior in
terms of rapidly interconverting conformational ensembles. By
using RDCs, in combination with SAXS and MD simulation, we
were able to identify differential f lexibility in the N-terminal
unfolded domain of p53. The PRR, attached to the folded core
domain, exhibits enhanced stiffness relative to the TAD, pro-
jecting the TAD away from the surface of the protein, and
supporting previous suggestions based on mutagenesis, that the
domain plays a predominantly structural role (33). In the TAD,
where chain flexibility is higher overall, we were able to identify
the presence of a single helix turn, populated to �30%, consis-
tent with earlier identification of a nascent helix that becomes
fully helical on interaction with MDM2 (17, 18). Finally, the
dynamic properties of the unfolded chain allow the measurement
of RDCs from this region in the free full-length protein and in
complex with DNA. In combination with previous SAXS and
EM data, these data allow us to propose a residue resolution
model of the full conformational sampling of flp53–DNA. The
results indicated that local conformational sampling of the
N-terminal domain is remarkably similar in both full-length p53
and in isolation, and substantiate previous suggestions that,
although flp53–DNA is more compact and relatively rigid, the
quaternary structure of the molecule is more flexible in the

absence of DNA. By using a protein domain, Taz2, that binds to
the TAD tightly, we could visualize the positions of the TAD-
bound domain relative to the folded domains of p53.

Methods
Full details are in the SI Text. Proteins were expressed as in refs. 11 and 34–36.
All protein samples were dialyzed into 25 mM Bis-Tris�HCl, pH 6.8, 150 mM
NaCl, pH 6.8, containing 10% 2H2O for NMR studies. Gels were used for RDC
measurements as in ref. 37, and spectra were recorded at 20°C by using
standard Bruker pulse sequences and methods described in refs. 38–42. The
SAXS data were collected at the X33 beamline at EMBL/DESY, Hamburg (43),
following standard procedures. The p53(1–93) ranged from 2 to 8.6 mg/ml in
25 mM phosphate, pH 7.2, 150 mM NaCl, 5 mM DTT, 5% (vol/vol) glycerol. Data
were processed by using PRIMUS (44). Further analysis and modeling were
performed by using the ATSAS package (45) with programs CRYSOL (46),
SASREF, and BUNCH (47). Side chains were added to the conformers generated
by the FM method in the unfolded domains by using the SCCOMP program
(48). Accelerated molecular dynamic (AMD) simulations (49, 50) used an
in-house modified version of the sander module in AMBER8 (51).
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