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INTRODUCTION

Intrinsically unstructured proteins and protein domains (IUPs)

participate in many essential biological processes.1–10 Current efforts

directed at identifying general relationships between their dynamic

structure and molecular function are expanding and challenging the

study of protein structure–function relationships. IUPs are thought

to form a broad, heterogeneous ensemble of structures that undergo

conformational fluctuations on multiple time-scales, and it is

hypothesized that the molecular function of their dynamic structures

depends on flexibility in the same way the molecular function of

compact globular proteins depends on relative rigidity.11 IUPs form

linkers that regulate distances between structured domains, they

mediate the specificity of protein/protein and protein/DNA interac-

tions, and they can remodel their structures to interact with multiple

binding partners. Based on empirical studies and computational

analyses, it is now clear that proteins with intrinsically unstructured

regions longer than 50 amino acids are common and that IUPs form

a diverse set of protein families that can elicit biological function

using a variety of mechanisms. Indeed, some groups have even sug-

gested that IUPs represent the primordial or original structures in

protein evolution.12

Despite compelling evidence for the biological significance of IUPs

there are currently only a handful of three-dimensional models of

their structures and no published work that investigates the conser-

vation of dynamic structure for a homologous group of IUPs.13–17

This is because IUPs form a rapidly interconverting ensemble of

structures and they are resistant to crystallization as well as structure

determination using traditional NOE (nuclear Overhauser effect)

based NMR approaches.1,18 In the absence of reliable atomic models

for IUP structures, our ability to identify general relationships

between their dynamic structure and molecular function is hindered.

For instance, it is unclear whether the higher frequency of amino
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ABSTRACT

Internuclear distances derived from paramagnetic

relaxation enhancement (PRE) data were used to

restrain molecular dynamics simulations of the

intrinsically unstructured transactivation domain

of the tumor suppressor protein, p53. About 1000

structures were simulated using ensemble averag-

ing of replicate molecules to compensate for the

inherent bias in the PRE-derived distances. Gyra-

tion radii measurements on these structures show

that the p53 transactivation domain (p53TAD) is

statistically predominantly in a partially col-

lapsed state that is unlike the open structure that

is found for p53TAD bound to either the E3 ubiq-

uitin ligase, MDM2, or the 70 kDa subunit of

replication protein A, RPA70. Contact regions

that potentially mediate the collapse were identi-

fied and found to consist of mostly hydrophobic

residues. The identified contact regions preferen-

tially place the MDM2 and RPA70 binding

regions in close proximity. We show that our sim-

ulations thoroughly sample the available range of

conformations and that a fraction of the mole-

cules are in an open state that would be compe-

tent for binding either MDM2 or RPA70. We also

show that the Stokes radius estimated from the

average gyration radius of the ensemble is in

good agreement with the value determined using

size exclusion chromatography. Finally, the pres-

ence of a persistent loop localized to a PXP motif

was identified. Serine residues flanking the PXP

motif become phosphorylated in response to DNA

damage, and we postulate that this will perturb

the equilibrium population to more open confor-

mations.
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acid substitutions observed for some IUPs is correlated

with functional variation.19 In addition, we do not know

whether IUPs in the same functional families will adopt

similar dynamic structures. In the absence of this basic

information, it is impossible to predict the dynamic

structure and molecular function of IUPs based on

sequence data.

We have developed a project to investigate the struc-

ture and dynamics of the intrinsically unstructured trans-

activation domain of the human tumor suppressor pro-

tein, p53. The p53 protein regulates the cell cycle in

response to a variety of stress signals through direct tran-

scriptional activation or repression of specific target

genes.20–22 The specific stress signal as well as the cell

type and context will dictate whether p53 induces tran-

sient growth arrest, senescence, or apoptosis. It also

appears that p53 can play a direct role in DNA repair

and replication.23–25

p53 has five structurally distinct domains with differ-

ent functions (Fig. 1). From the N- to C-termini, these

domains are (1) the transactivation domain (TAD; resi-

dues 1–73), (2) the polyproline subdomain (PP; residues

62–91), (3) the sequence specific DNA binding domain

(DBD; residues 102–292), (4) the tetramerization domain

(TD; residue 320–356), and (5) the regulatory domain

(RD; residue 363–393). The TAD is responsible for regu-

lating the transcriptional activity and the cellular stability

of p53.26 The PP contains five partially conserved PXXP

repeats and is necessary for efficient growth suppres-

sion.27 The DBD is responsible for site-specific DNA

binding and is the domain where many cancer-associated

mutations are located.28,29 The TD appears to be neces-

sary for the phosphorylation of certain sites in the TAD,

but not for sequence-specific DNA binding.30 The RD is

thought to influence the function of the DBD.22

The molecular structures of the DBD and TD have

been determined using NMR spectroscopy and X-ray

crystallography.31–37 These structures have provided im-

portant insights into the function of p53. In particular,

the crystal structure of the DBD has provided a mecha-

nistic explanation of many cancer-associated mutations.

Conversely, the molecular structures of the TAD and RD

are not known, which limits a detailed mechanistic expla-

nation of mutations identified in these domains. It is

known that �50% of full length p53 is intrinsically

unstructured.38,39 Two groups have previously shown

that p53TAD is one such unstructured region.40–42

The p53TAD contains 10 phosphorylation sites and

numerous protein interaction sites. The presence of multi-

ple sites for posttranslational modifications and protein

interactions in a small domain like p53TAD is a hallmark

of many IUPs.43 Two of the protein binding sites present in

p53TAD are for the E3 ubiquitin ligase, MDM2, and the 70

kDa subunit of replication protein A, RPA70. When bound

to MDM2, p53 becomes ubiquitinated and targeted for

proteosome-mediated degradation. When bound to

RPA70, p53 may be transiently stabilized and available to

amplify the cellular response to DNA damage.42 In contrast

to the important role p53TAD has in regulating p53 func-

tion, very little is know about its structure. As mentioned

earlier, this is because p53TAD is intrinsically unstructured.

In this report, we have estimated internuclear distances

for p53TAD based on paramagnetic relaxation enhance-

ment (PRE) data. These distances were used to restrain

torsion angle dynamics and calculate an ensemble of

structures that represent the accessible conformations of

p53TAD. Individual structures in the ensemble consis-

tently show preferential association of the MDM2 and

RPA70 binding regions. In addition, the ensemble of

p53TAD structures was used to calculate amide nitrogen

distance distributions over a six-residue length scale. All

distributions show a bimodal character that may be

unique to IUPs, and this analysis may be useful in future

studies of IUPs to identify family membership. The am-

ide nitrogen distance distributions also show the ensem-

ble of p53TAD structures recovers previously identified

features that are important for interactions with other

proteins and also points to new regions that appear to be

preferentially compact and are known to play a role in

regulating the activity of p53.

MATERIALS AND METHODS

Protein purification and NMR data collection

Expression and purification of wild type and the cyste-

ine mutants of p53TAD was previously described.42,44

Four mutant proteins were used to generate PRE data for

this study. Each mutant contained one cysteine substitu-

tion each at sites 7, 28, 39, and 61. All NMR experiments

were performed as previously described using a Varian

Inova spectrometer operating at a 1H resonance frequency

of 600 MHz and a sample temperature of 298 K.42,44

Resonance assignments and spectral
analysis

The backbone resonance assignments of wild type

p53TAD were reported previously.42 Only small chemical

Figure 1
Schematic showing the domain structure of p53. DBD stands for DNA binding

domain, TD is the tetramerization domain, RD is the regulatory domain, TAD

is the transactivation domain, and PP is the polyproline domain. Amino acid

numbering is relative to the human homologue.
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shift changes were observed for the resonances in the 15N

HSQC (heteronuclear single quantum coherence) spectra

of the D7C, A39C, and D61C variants of p53TAD when

compared with wild type. We have made the amide

nitrogen and proton resonance assignments for these

mutants based on the assumption of a minimal perturba-

tion in 15N HSQC spectrum. Whenever there is any am-

biguity in the assignment of resonances using this princi-

ple, as was the case for E28C, the resonance assignments

are made using the standard triple resonance methods

that were applied to wild type p53TAD.42 In the case of

E28C, analysis of Ca and Cb chemical shifts was used to

determine whether significant changes in the 15N HSQC

spectrum are accompanied by structural changes. This

was not the case for E28C.

MTSL labeling and NMR data analysis

To induce PRE, the spin label MTSL is covalently

attached to the free thiol of the cysteine residues in the

p53TAD mutants. The cysteines are maintained in their

reduced forms using a buffer containing dithiothreitol

(DTT). The DTT is rapidly exchanged using a gravity

flow-desalting column (PD10) and the MTSL is added

directly to the protein fractions and incubated at room

temperature for 1 h. Excess MTSL is removed using

another PD10 column and the MTSL-labeled protein is

concentrated for NMR analysis. For all the samples, the

extent of the MTSL labeling is verified to be greater than

95% using mass spectrometry.

Three 15N HSQC spectra are collected on each cyste-

ine mutant. One spectrum is collected on the MTSL-

labeled mutant, one spectrum is collected on the MTSL-

labeled mutant after the spin label is reduced with ascorbic

acid, and one spectrum is collected on a concentration-

matched sample of the cysteine mutant without the spin

label. The resonance intensity quotient is determined by

measuring the peak intensities from all the three experi-

ments and dividing the MTSL intensities by the reduced

and unlabeled resonance intensities. Comparison of the

resonance intensity quotients from the labeled and unla-

beled cysteine mutants verified that a sufficient amount of

ascorbic acid was added to reduce the spin label. Both res-

onance intensity quotients were identical to within �5%.

The resonance intensity ratios for the four cysteine

mutants are presented in the supplementary materials.

Detecting interactions between free
MTSL and wt p53TAD

A number of tests were performed to ensure that label-

ing the cysteine mutants with a hydrophobic molecule

like MTSL did not induce or stabilize the long-range

contacts that were observed. Free MTSL was titrated with

a 15N-labeled sample of wt p53TAD. Following the addi-

tion of free MTSL, a 1H–15N HSQC spectrum was col-

lected to detect any chemical shift and resonance inten-

sity changes. The presence of free MTSL induced mostly

global and some local intensity changes. The free MTSL

was subsequently reduced using an excess of ascorbic

acid and another 1H–15N HSQC spectrum was collected.

In this HSQC, some local chemical shift changes were

observed. Most notably, combined 1H and 15N chemical

shift changes between 0.02 and 0.05 ppm were observed

for M1, V10, E11, W23-L26, L32, M44, L45, E51, Q52,

T55, and V73. This result suggests that free MTSL may

be binding to multiple sites on p53TAD. To ensure that

these potential interactions were not the result of tight

binding between MTSL and p53TAD, the sample was dia-

lyzed back into the original buffer and a final 1H–15N

HSQC spectrum was collected. In this spectrum, all chem-

ical shifts returned to their original positions. The data are

presented in the supplementary materials section.

Because some of the amide 1H and 15N chemical shift

changes observed for p53TAD in the presence of free

MTSL were similar to those observed in the MTSL-

labeled cysteine variants, an independent test of the effect

the MTSL has on the structure of p53TAD was devel-

oped. In this test, size exclusion chromatography (SEC)

was used to measure the Stokes radius (Rs) of E28C

before and after MTSL labeling. E28C was chosen for

this test, because it had the largest chemical shift changes

in the 1H–15N HSQC spectra for the MTSL labeled and

unlabeled samples, relative to wild type. Within the error

of the experiment (�0.02 nm), the Rs measurements for

E28C before and after MTSL labeling were identical

when compared with wt p53TAD.

Calculation of distances

To convert the PRE data into distances, the integrated

intensities of resolved HSQC resonances were measured.

The resonance intensity quotient for a particular residue

was calculated as Iox/Ired, where Iox is the resonance in-

tensity in the oxidized state and Ired is the resonance in-

tensity of either the MTSL-labeled protein following the

addition of ascorbic acid or the unlabeled protein. 15N

spin relaxation, longitudinal 1H relaxation, and the dif-

ference between in-phase and anti-phase transverse 1H

magnetization were ignored, because these effects con-

tribute only small corrections to the calculated electron–

proton target distances. These approximations, together

with a measurement of the intrinsic proton transverse

relaxation rate in the reduced state, allow a fit of the

contribution of the spin label to the proton transverse

relaxation rate.45 In our study, the intrinsic proton

transverse relaxation rate was measured by fitting the de-

tectable HSQC resonances to a Lorentzian function and

calculating the average value (the individual linewidths

are presented in the supplementary materials). In the

HSQC experiments, the proton was transverse during the

INEPT delays for a total of 9.8 ms.

Modeling the Dynamic Structure of p53
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Once the paramagnetic contribution to proton trans-

verse relaxation is determined, the electron–proton dis-

tance is calculated using standard relaxation theory,

assuming that the electron–proton correlation time is

similar to the average overall rotational correlation time

of the proton–nitrogen vectors obtained from reduced

spectral density mapping of the 15N relaxation data for

the WT protein.42 The overall correlation time for indi-

vidual residues varied from 3 to 5 ns. However, the cal-

culation of proton–electron distances is insensitive to

changes in correlation time of 50%.14 Based on our pre-

vious study, the average rotational correlation time from

the reduced spectral density mapping was 3.3 ns.42

PRE-derived distance restraints

Two hundred seven distance restraints for structure

calculations were generated as follows. Two classes of

restraints were used. For residues that were determined

to be less than 20 Å from the spin label, the restraint

was a square-well potential centered on the target dis-

tance and 10 Å in width. For residues greater than 20 Å,

a step potential was used with step at 20 Å and no

upper bound. The distance was restrained from the Ca

of the corresponding spin-labeled cysteine to the amide

proton of residues that experience PRE. A Ca–HN

restraint was used because a backbone model of the pro-

tein was used in the simulated annealing step of the

molecular dynamics.

Molecular dynamics simulations

The PRE-based distance measurements were used to

calculate an ensemble of p53TAD structures. Structures

were calculated with the program XPLOR-NIH 2.14 on a

cluster supercomputer running 24 900 MHz and 39 1.2

GHz AMD Athlon Thunderbird processors. About 1000

structures were calculated starting from random extended

structures. Torsion angle dynamics were initiated at 3500

oK and annealed to 100 oK in 15,000 steps. The energy

term during annealing consisted of bond lengths, bond

angles, impropers, steric repulsion, and PRE-derived dis-

tance restraints. The annealing is followed by 10,000 steps

of torsion angle minimization and all-atom Cartesian

minimization. There were no violations of the PRE-

derived distance restraints for the 1000 member ensem-

ble. However, three of the PRE-derived distance restraints

could not be satisfied with the backbone model that was

used during simulated annealing. These three restraints

were between the Ca of spin label sites 7, 28, and 61 and

the amide nitrogens at residues 9, 29, and 62, respec-

tively. These unsatisfied restraints between near neighbors

occur because the lower bound for the potential well is

longer than the actual distance. Rather than remove these

restraints from the simulations, these interatomic distan-

ces were restrained to be as long as the covalent bond

geometry would allow. An analysis of the Ramachandran

plots for all residues except glycines and prolines from

the 984 structures in the ensemble showed that 31% of

the dihedral angles were in the most favorable regions,

49% were in additionally allowed regions, 14.6% were in

generously allowed regions, and 5.4% were in disallowed

regions.

Statistical analyses of structures

GROMACS was used for clustering structures based on

backbone RMSD (root mean square distance) and the

distance between groups of residues, for measuring the

gyration radii of structures and for generating residue

contact maps that were averaged over the ensemble of

structures.46 Molecules were viewed and structure figures

were made using VMD 1.8.4.47

Stokes radii measurements

Stokes radii for p53TAD and E28C were determined

using SEC. A prepacked 16/60 Superdex 70 column with

a Vo of 39.81 mL was attached to an AKTA FPLC system

and equilibrated with five column volumes of 50 mM

Tris-HCl (pH 7.5) and 300 mM KCl. Molecular weight

standards were purchased from Sigma (MW-GF-70) and

included aprotinin, bovine serum albumin, carbonic

anhydrase, and cytochrome c. Ve was determined for

each of the standards at a flow rate of 0.14 mL/min. A

standard curve was generated by plotting log MW for the

standards versus Ve/Vo. Least squares fitting to the data

of a linear function gave a standard equation with a cor-

relation coefficient of 0.997. Ve was also determined for

p53TAD, E28C, and E28C labeled with MTSL. Three rep-

licate experiments were run for each sample and the

average Ve values were used to calculate an apparent

molecular weight and this was used to calculate the Stokes

radii (Rs) based on an empirical relationship between the

two quantities.48 Average Rs for all three proteins were

almost identical but did show a small trend toward

compactness going from p53TAD to E28C. The Rs values

in nanometer were 2.38 � 0.02 for p53TAD, 2.36 � 0.02

for E28C, and 2.36 � 0.02 for E28C labeled with MTSL.

RESULTS AND DISCUSSION

Ensemble refinement and total number
of structures

A major goal in the study of IUPs is to characterize

the range of conformations consistent with the experi-

mental data. To ensure that the distribution of conforma-

tions accurately reflects the experimental data, molecular

dynamics simulations must proceed with restraints

that are either time averaged over a single molecule or

averaged at an instant in time over an ensemble of non-

interacting molecules. Otherwise, the distribution of con-

formations tends to be shifted toward more compact

D.F. Lowry et al.
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structures.16 In this report, ensemble averaging of non-

interacting molecules was used based on a protocol

developed by Clore and Schwieters,49,50 with the excep-

tion that the torsion angle dynamics during the time-

consuming annealing steps were restricted to two degrees

of freedom per residue on the polypeptide backbone.

To obtain a faithful representation of the statistical dis-

tribution for a particular IUP, an appropriate size for the

ensemble of noninteracting molecules and the total num-

ber of structures must be determined. It is expected that

the ensemble size and total number of structures can be

minimized to save time, but their optimum values

depend on the size and sequence of the IUP and the

number and nature of the restraints used. A report on

the denatured state of bovine acyl-coenzyme A binding

protein, which is almost double the size of p53TAD,

showed that an ensemble size of 20 and 40,000 total

structures was sufficient to sample the available distribu-

tion of structures.16 In this report, optimal values for en-

semble size and total number of structures were deter-

mined by increasing these parameters until there was no

large change in the distribution of gyration radii (Rg).

This approach addresses the problem of over-restraining,

which would lead to an Rg distribution that is too nar-

row.51 To some extent, the problem of under-restraining

is addressed by the repulsive terms in the energy function

applied during simulated annealing, but this may not be

as effective as a full molecular dynamics force field that

includes electrostatics.

First, to determine an appropriate ensemble size for

the study of p53TAD, �1000 total structures each were

calculated with ensemble averaging using ensemble sizes

of 1, 2, 5, 10, and 20 noninteracting molecules.

Smoothed histograms of the Rg distributions for the

structures from these calculations are shown in Figure 2.

As expected, the mean Rg shifts to higher values as en-

semble size is increased, but averaging over more than

five molecules does not significantly change the average

Rg value. Based on this comparison an ensemble size of

five was chosen for this study.

Second, a determination of an appropriate total num-

ber of structures was made. An ensemble size of five was

used and the total number of structures was increased

from 1000 to 10,000 (final total numbers are different

because some nodes on the cluster crashed during the

structure calculations). The Rg distribution of the 1000

structures calculation was compared with that of the

10,000 structures calculation. It was found that the only

difference between these two distributions was that for

10,000 structures, the distribution was smoother, with a

slightly better defined tail at high Rg values. Lower

moments of the distributions were nearly identical since

the curves nearly superimpose on each other (Fig. 3).

Consequently, for this study, 1000 total structures were

sufficient to characterize the statistical distribution of

structures for p53TAD.

Cluster analysis

There is currently no consensus on how to proceed

with the analysis of an ensemble of structures that are

likely to have limited structural similarity to one

another. Clustering of structures in the ensemble based

on the RMSD of backbone atoms is one procedure that

a previous group performed to identify persistent struc-

tural features in the ensemble.17 Cluster analysis was

performed on the 1000 structures that were calculated

by averaging the PRE distance restraints over five mem-

ber ensembles. The resulting number of clusters and the

number of structures per cluster was sensitive to the

value chosen for the backbone RMSD cutoff. A cutoff of

0.88 nm resulted in a large number of sparsely popu-

lated clusters. A cutoff 0.90 nm resulted in a few heavily

Figure 2
Smoothed histograms showing the distribution of Rg values for 1000 structures

calculated using torsion angle dynamics restrained by PRE based distances and

averaged over ensemble sizes (Ne) of 1, 2, 5, 10, and 20. The inset shows the

average Rg values for each distribution.

Figure 3
Overlay of smoothed histograms showing the distribution of Rg values for either

1000 (gray) or 10,000 (black) structures calculated using torsion angle dynamics

restrained by PRE based distances that were averaged over an ensemble size of

five. The final total number of structures differs because some nodes on the

cluster failed during the calculations.

Modeling the Dynamic Structure of p53
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populated clusters and a remainder of sparsely populated

clusters. A cutoff of 0.89 nm resulted in five clusters

with more than 10 members. The cluster sizes were 148,

34, 26, 20, and 20 structures of 1000 structures, which

represent 25% of the total. The small number of clusters

with more than 10 members indicates that the ensemble

is rather broad and heterogeneous. Later in the manu-

script, we will show that most of the heterogeneity

appears to be localized to short segments of the protein.

Gyration radii for p53TAD structures

The radius of gyration (Rg) was calculated for the

structures from the major cluster, the entire ensemble,

and 1000 structures that represent a random coil model

of p53TAD. The random coil model was generated by

repeating the structure calculations without the PRE

restraints. Smoothed histograms of these three Rg distri-

butions are shown in Figure 4. A comparison of the

restrained and unrestrained distribution shows that the

range of Rg values is shifted from 1.41–3.72 nm to 1.59–

6.42 nm and the average Rg is shifted from 2.0 to 4.1

nm. Similar structure calculations were performed on the

IUP, alpha-synuclein.13 In the alpha-synuclein study,

average Rg values of 2.5 and 4.2 nm were observed for

the restrained and unrestrained ensembles, respectively.

This is interesting because alpha-synuclein is almost twice

as long as p53TAD. Later, we describe some of the special

sequence characteristics of p53TAD that may explain the

larger than expected Rg values (even for an IUP). Figure

4 also shows that the major cluster is populated by more

collapsed structures since its average Rg is shifted to 1.79

nm but that this cluster does not include the most col-

lapsed structures since the range of Rg values in the clus-

ter is 1.54–2.22 nm.

Stokes radii measurements

Recent studies on the Stokes radii (Rs) of native and

denatured proteins permits the calculation of Rs based

on the number of amino acids in the polypeptide

chain.52 Using the native state approximation, p53TAD

is predicted to have an Rs value of 1.65 nm versus 2.55

nm in the denatured state. Rs can also be estimated using

Rg based on a phenomenological relationship between

the two quantities.16 The estimated Rs values for

p53TAD based on the average Rg values presented in Fig-

ure 4 are 2.35 nm for the PRE structures and 3.16 nm

for the RC structures. The estimated Rs value of 2.35 nm

for the PRE structures is in-between the predicted Rs val-

ues for p53TAD in the native and denatured states (see

Fig. 4). This is the expected result for an IUP and allevi-

ates some of our concerns about generating anomalously

compact structures because of the inherent bias in the

weighting function used to restrain the distances.15,16 To

partially validate the ensemble of structures calculated

using PRE data, Rs was measured directly using SEC. The

value for Rs obtained using this technique was 2.38 nm,

which is in good agreement with the value estimated

from the average Rg (see Fig. 4).

Rg distribution for the random coil model of
p53TAD

The Rg distribution for the unrestrained structures

shown in Figure 4 is broader and has a larger average

value than expected for a random coil based on theoreti-

cal considerations.53,54 The value of Rs calculated from

the mean Rg value of the unrestrained structures is also

greater than the value expected for a 73 residue polypep-

tide using the empirical relationship that was recently

developed to estimate Rs for denatured proteins.52 This

appears to be because p53TAD is a 73 residue polypep-

tide that contains 13 prolines. It has two PXP motifs,

one PXXP motif, one PP, and five single prolines. Pro-

lines reduce flexibility and extend the polypeptide chain

because of the ring structure formed between the side

chain and backbone. To test how the presence of prolines

influenced the distribution of Rg values for the random

coil model of p53TAD, we performed unrestrained tor-

sion angle dynamics on a sequence identical to p53TAD

except all of the prolines were changed to alanines. The

distribution of Rg values for the random coil model of

p53TAD without prolines has an average value of 2.44

nm, which is much closer to the expected value for a

theoretical random coil the size of p53TAD.

Representative structures from the
ensemble

Space filling backbone models of representative struc-

tures taken from the restrained ensemble shown in Figure 4

Figure 4
Smoothed histograms showing the distribution of Rg values for 1000 structures

resulting from restrained dynamics simulations using the PRE based distances

(restrained), a model for the random coil structure based on 1000 structures

calculated without the PRE based distance (unrestrained) and the major cluster

of PRE restrained molecules using a backbone RMSD cutoff of 0.889 nm

(cluster). For all calculations, PRE restraints were averaged over five member

ensembles.
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are presented in Figure 5. These structures were chosen

to span the observed range of Rg values. Shown above

each structure is the Rg value for that structure as well as

the number of structures that are present in the bin from

which the structure was taken. Taken together, the 10

structures shown in Figure 5 are representative of 85% of

the Rg values measured for the ensemble. For each struc-

ture shown in Figure 5, the binding regions for MDM2

(residues 17–26) and RPA70 (residues 40–54) are colored

green. These two binding sites appear to maintain a close

spatial proximity for structures with Rg values ranging

from 1.54 to 2.22 nm. These data confirm an earlier

report from our group on the presence of long-range

structure in p53TAD.44

Contact maps as a function of Rg

To examine the predominant contacts in the p53TAD

ensemble, contact maps were generated for structures in

the different bins from the Rg distribution shown in

Figure 4. The contact maps were based on the smallest

distances between any two residue atoms for all residue

pairs, and contacts were averaged over all structures in a

particular bin. Contacts identified in the most collapsed

structures (Rg 5 1.6 nm) clearly persist in the ensemble

up to an Rg of 2.0 nm. An average contact map was

made using the 709 structures that span Rg values of

1.5–2.1 nm. A large cutoff for contacts of 1.86 nm was

used since averaging over many structures shifts the

threshold for off-diagonal patterns in the contact map.

In this contact map, it is found that the PRE structures

contain five predominant regions of contacts. These

regions are between residues 16–23:37–41, 22–31:59–66,

25–31:50–55, 37–42:52–58, and 37–42:60–66. In addi-

tion, an average contact map was made using the 1000

structures from the unrestrained simulations. This con-

tact map demonstrated that no long-range contacts form

in the random coil model of p53TAD (data not shown).

Each of the regions that form the predominant con-

tacts in the p53TAD ensemble contains one of three

spin-labeled residues: residues 28, 39, and 61. The spin

label at residue 7 did not generate any long-range

restraints that might lead to a contact. This result pro-

vides an important internal control that ensures the

spin label is not driving the formation of long range

contacts. To ensure that the spin label did not stabilize

the formation of existing long range contacts a number

of tests were performed, including titrating free MTSL

into an 15N-labeled sample of wt p53TAD. A description

of these additional tests is provided in the Materials and

methods section. Based on the D7C result and the

results from the additional tests it appears that

the placement of the spin-labels was sufficient to detect

the predominant long-range contacts, but their presence

did not induce these contacts and only had minor

effects on their stability.

Using the contact map to refine
the cluster analysis

The regions containing the predominant contacts illus-

trated in Figure 6(a) were used to generate a new set of

clusters. Clustering was performed using residues 16–31,

37–42, 50–66 and a backbone RMSD of 0.625 nm. Using

these parameters, eight clusters were identified that con-

tained 10 or more structures and the most popular clus-

ter contained 62 structures. The eight clusters identified

by excluding regions that do not give rise to the contacts

shown in Figure 6 have a better convergence than the

previous clusters, as evidenced by the lower RMSD

between backbone atoms.

Distance distributions for
the p53TAD ensemble

PRE analysis is not expected to restrain the molecule

in a way that forms secondary structure, because at

1.0 nm the minimum length scale for the PRE interac-

tion is too long. However, it is possible that long-range

restraints might define collapsed or extended regions

over a six-residue length scale. For typical secondary

structure, turns and helices result in the amide nitrogen

of residues 1 and 6 of a six-residue segment being

between 0.5 and 1.0 nm apart. Extended regions or beta

strands result in residues 1 and 6 being about 1.5 nm

apart. Histograms showing the distribution of amide

nitrogen distances for all amino acid pairs that are four

residues apart were constructed for the 1000 member

ensemble of p53TAD structures. Interestingly, all distri-

butions of amide nitrogen distances between residues

i:i 1 5 were bimodal, with the lobes centered at �1.1

and 1.4 nm. Thus, all six residue segments had some

probability of being both collapsed and extended but the

observed distances did not match the values expected for

canonical secondary structures and different regions

clearly had a higher probability of being either collapsed

or extended. Figure 7(a) shows the extreme cases as well

as the middle case, for all of the i:i 1 5 amide nitrogen

distance distributions. All other segments fit somewhere

between these extremes. Figure 7(b) shows the results of

the same analysis performed for these same residues in the

random coil model of p53TAD. This comparison shows

that the PRE restraints are responsible for inducing bimo-

dality in these distance distributions because the random

coil model yields nearly identical unimodal distributions.

Comparison of structures with previously
identified nascent secondary structure

The propensity of different regions to be more col-

lapsed or extended was examined by taking the ratio of

the peak heights at 1.1 and 1.4 nm from the amide nitro-

gen distance distributions [like those shown in Fig. 7(a)]

and plotting these ratios as a function of residue i. In
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Figure 5
Space filling backbone models for structures in representative bins from the 1000 member ensemble shown in Figure 4. Rg and bin numbers are shown below each

structure. The structures from these bins represent the Rg values for 85% of the structures in the ensemble. The MDM2 and RPA70 binding regions are colored green.

These two binding regions maintain a close proximity in structures with Rg values � 2.22 nm.

Figure 6
Contact maps showing the mean smallest distance between residues for structures from the bins in the Rg distribution shown in Figure 4. The distance scale is shown at

the top of the figure and residue numbers are plotted for the first contact map. The Rg values shown represent the upper limit on the bin range.
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this analysis, a value of 1 means there is an equal proba-

bility of collapsed versus extended structures in the dis-

tribution. Values that are greater and less than 1 corre-

spond to a probability of more collapsed and extended

structures, respectively. The results of this analysis are

shown in Figure 8(a) and allow a straightforward detec-

tion of regions that have a higher propensity for col-

lapsed conformations. Using this approach, we are able

to identify collapsed regions that overlap with the nascent

helix that forms the primary MDM2 binding site and the

two nascent turns that form the primary RPA70 binding

site, which overlaps with two secondary MDM2 binding

sites.40,42,55–57 The region with the highest probability

for collapse includes a PXP motif at residues 34–36. For

comparison, Figure 8(b) shows the probabilities from

two of the common disorder predictors, PONDR and

IUPRED.58,59 Both predictors show a weak tendency for

order over the range of residues that have the greatest

tendency for collapse (i.e., 16–55).

CONCLUSIONS

Identifying general relationships between the dynamic

structure and molecular function of IUPs is hindered by

a dearth of atomic models of their structural ensembles.

In this report, we present the second ensemble of struc-

tures for an IUP based on PRE derived distance

restraints. The first IUP structural ensemble was solved

for a putative etiological agent of Parkinson’s disease,

alpha-synuclein.13,17 Significant long-range interactions

were observed for the structural ensembles of alpha-synu-

clein, and in one of the studies, the release of these inter-

actions was shown to promote alpha-synuclein aggrega-

tion.17 In the current study, a structural ensemble repre-

senting the native state of p53TAD was determined.

Contrary to our expectation, biologically meaningful

conclusions could be drawn from examining both indi-

vidual structures from the ensemble as well as the entire

ensemble.

Because the PRE based distances used to calculate the

structures represent an average value from a dynamic

and heterogeneous ensemble, there are a number of out-

standing problems in their application to structure deter-

mination. For instance, the magnitude of the PRE effect

varies as the inverse of the average sixth power of the

distance between the unpaired electron and a nearby pro-

ton. This means that small populations in the ensemble

Figure 7
Smoothed histograms showing the amide nitrogen distance distributions for pairs

of residues that are four amino acids apart in the sequence. (a) The three

histograms represent the two extremes and one middle cases of the bimodal

distributions found for all residue pairs in the PRE-restrained p53TAD

structures. (b) These three distributions were calculated for the same i:i 1 5

pairs shown in (a) using the random-coil model of p53TAD.

Figure 8
(a) Ratio of collapsed versus extended structures for p53TAD based on distance

distributions like those shown in Figure 6(a). The location of transient

secondary structure elements that were previously identified using chemical shifts

and J-coupling are shown with the parentheses. These regions overlap with the

MDM2 (17–26) and RPA70 (40–54) binding sites. (b) Probabilities for two

disorder predictors showing a weak tendency for order in the central region of

p53TAD.
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with short distances will have a larger effect than large

populations with long distances. We addressed this bias

toward compact structures by using ensemble averaging.

By varying the ensemble size between 1 and 20, we found

that a modest ensemble size of five was sufficient to relax

the Rg distribution to its equilibrium value. We also

showed that when the average Rg value for the ensemble

of structures was used to estimate the Stokes radius (Rs)

it was in good agreement with Rs measurements (made

using SEC) of wt p53TAD and E28C, with and without

the MTSL.

Comparing calculated and measured Rs values does

not generate a lot of confidence in the biological signifi-

cance of individual structures in the ensemble. We exam-

ined individual structures from representative Rg bins in

the ensemble and observed a striking correspondence in

the spatial proximity of the MDM2 and RPA70 binding

sites for structures with Rg values ranging from 1.54 to

2.22 nm. This result suggests that many of the p53TAD

structures in the distribution would not be competent

for binding to either MDM2 or RPA70 because of steric

occlusion of the binding sites and that one of the more

open conformations with Rg values in the range of 2.53–

3.06 nm must be populated before binding.

An analysis of the entire ensemble of structures sup-

ports the contention that more extended structures must

be populated for p53TAD to become competent for

binding to MDM2 or RPA70. For instance, contact maps

averaged over 709 structures in the ensemble that span

Rg values of 1.5–2.1 nm showed predominant contacts

occur between residues in the MDM2 and RPA70 bind-

ing sites. In addition, an analysis of the amide nitrogen

distance distributions for the entire ensemble of struc-

tures revealed a preference for collapsed regions of

p53TAD that overlap with the MDM2 and RPA70 bind-

ing sites. Although there is no direct evidence to support

the contention that steric occlusion plays a roles in

p53TAD binding to MDM2 and/or RPA70, it is not sur-

prising that IUPs could regulate their function through

the spatial organization of different binding sites.11 In

addition, there is some indirect evidence that steric

occlusion plays a role in p53TAD binding to MDM2

and/or RPA70.42,60–63

Previous deletion and mutagenesis studies of binding

between p53TAD and RPA70 identified p53TAD residues

40–60 as the most important for binding.60–63 In these

studies, a significant reduction in binding was also

observed when p53TAD residues 20–40 were deleted and

when p53TAD residues 22 and 23 were mutated. Consist-

ent with these results, our recent study of the changes in

the structure and dynamics of p53TAD when it binds to

RPA70 showed significant chemical shift perturbations

for p53TAD residues 20–40.42 Our recent work also

demonstrated that residues 40–60 of p53TAD are directly

interacting with RPA70. Taken together, the deletion

studies and our structural studies suggest that the bind-

ing of p53TAD to RPA70 is influenced by the presence of

a compact dynamic structure.

The analysis of amide nitrogen distance distributions

also provided evidence for a collapsed region between res-

idues 28 and 38. In particular, there is a persistent loop

centered on a PXP motif at residues 34–36. Interestingly,

this PXP motif is flanked by two phosphorylation sites,

S33 and S37. Both serines are phosphorylated in response

to DNA damage, making p53 competent to activate apo-

ptotic genes.64 S33 is phosphorylated by the p38 kinase

and S37 is phosphorylated by the ataxia telangiectasia

mutated and homologous ATR proteins.64 It is reasonable

to suspect that phosphorylation at one or both of these

serines will perturb the structure of the persistent loop we

observe, which could increase the population of open

conformations and promote the binding of MDM2 and

RPA70. Whether this putative structural mechanism influ-

ences the apoptotic activity of p53 is unclear.

The structural biology of IUPs is at about the same

point that the structural biology of compact globular

proteins was 50 years ago. At that time there were a cou-

ple of low resolution protein structures available for

identifying relationships between protein structure and

function.65,66 The highly dynamic nature of IUPs con-

founds the application of traditional methods for struc-

ture determination and new methods need to be devel-

oped. We hope this work will prompt other structural

biologists to start solving the structural ensembles of

their favorite IUP using internuclear distance constraints

derived from PRE data. This will be necessary for a com-

plete description of protein structure and function since

IUPs are widespread in all organisms. More attempts at

structure determination of IUPs will also prompt the de-

velopment of new methods. Although the distance con-

straints provided by PRE data are not ideal, in the case

of p53TAD, the ensemble of structures based on these

restraints recovered a number of biologically important

features as well as revealing new structural features that

may impact function.
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