
Impact of the K24N mutation on the transactivation domain of
p53 and its binding to MDM2

Yingqian A da Zhan1, Hongwei Wu2, Anne T. Powell2, Gary W. Daughdrill2, and F. Marty
Ytreberg1,*

1Department of Physics, University of Idaho, Moscow, Idaho, United States of America

2Department of Cell Biology, Microbiology, and Molecular Biology and the Center for Drug
Discovery and Innovation, University of South Florida, Tampa, Florida, United States of America

Abstract

The level of the p53 transcription factor is negatively regulated by the E3 ubiguitin ligase murine

double minute clone 2 (MDM2). The interaction between p53 and MDM2 is essential for the

maintenance of genomic integrity for most eukaryotes. Previous structural studies revealed that

MDM2 binds to p53 transactivation domain (p53TAD) from residues 17 to 29. The K24N

mutation of p53TAD changes a lysine at position 24 to an asparagine. This mutation occurs

naturally in the bovine family and is also found in a rare form of human gestational cancer called

choriocarcinoma. In this study we have investigated how the K24N mutation affects the affinity,

structure, and dynamics of p53TAD binding to MDM2. Nuclear magnetic resonance studies of

p53TAD show the K24N mutant is more flexible and has less transient helical secondary structure

than the wildtype. Isothermal titration calorimetry measurements demonstrate that these changes

in structure and dynamics do not significantly change the binding affinity for p53TAD-MDM2.

Finally, free energy perturbation and standard molecular dynamics simulations suggest the

negligible affinity change is due to a compensating interaction energy between the K24N mutant

and MDM2 when it is bound. Overall, the data suggests that the K24N-MDM2 complex is able to

at least partly compensate for an increase in the conformational entropy in unbound K24N with an

increase in the bound state electrostatic interaction energy.
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INTRODUCTION

The p53 protein is a transcription factor that regulates the cell cycle.1 P53 is essential for the

maintenance of genomic integrity. It is constitutively expressed but in the absence of cellular

stress the activity of p53 is suppressed and it is actively targeted for degradation by the

proteosome.2 It is stabilized and activated in response to a variety of cellular stresses, such
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as UV light, osmotic shock and hypoxia, leading to cell cycle arrest and the subsequent

transcription of target genes to revive the cell.3 If the damage is irreparable, p53 will initiate

apoptotic pathways. If p53 fails to respond to cellular stresses the damaged DNA will not be

repaired. This can lead to genome instability, uncontrolled proliferation, and tumorigenesis.

P53 is a gatekeeper of the cell cycle and a tumor suppressor and mutated forms of p53 are

found in 50% of solid tumors.4

The level of p53 is largely regulated by the E3 ubiquitin ligase, murine double minute clone

2 (MDM2). 3 Normally, MDM2 binds and ubiquinates p53 to trigger the degradation

process. 3 However, some p53 proteins escape, thereby enabling the transcription of the

MDM2 gene, which maintains the feedback loop. 3 Therefore, the levels of p53 are kept low

by the interaction with MDM2 in non-stressed cells. This low level of p53 is able to ensure a

rapid response to stresses. Under stressed conditions, the binding between p53 and MDM2 is

abrogated by phosphorylation, leading to the activation of p53.

Structural and biochemical studies of the p53-MDM2 complex have identified the regions

that are necessary for binding. An ordered N-terminal domain of MDM2 that is comprised

of residues 1 to 109 binds to a short, disordered segment of the p53 transactivation domain

(p53TAD). 5,6 Residues 15–30 make up the short, disordered segment of p53TAD that binds

to MDM2.5–9 This binding site is found within a larger region of disorder that extends from

residues 1 to 90.10 The disordered MDM2 binding region of p53TAD undergoes coupled

folding and binding with MDM2,8,9,11 that is, the disordered segment of p53TAD folds into

an ordered helical structure concomitant with binding to MDM2. There is an entropic cost to

fold a disordered protein that can be paid by an increase in the binding enthalpy during the

coupled folding and binding process.

Figure 1 presents the crystal structure of MDM2 from residues 25 to 109 in complex with a

p53 fragment from residues 17 to 29 from protein data bank (PDB) identifier 1YCR.7 For

the current study we will denote this protein fragment in complex as p53TADc. The PDB

structure shows that an amphipathic alpha helical structure of p53TADc fits into a

hydrophobic cleft on MDM2, 7 indicating MDM2 and p53TADc are held together largely by

hydrophobic forces. At the binding interface, residues F19, L22, W23, and P27 of p53 make

hydrophobic contacts with MDM2, among which W23 is deeply buried in the hydrophobic

cleft. 7 Several other studies also support the conclusion that residues F19, W23, and L26 of

p53 are the key residues responsible for the binding with MDM2, and to be functional F19

and W23 cannot be replaced with other amino acids.12–15 The alpha helix structure of p53 is

largely held by the hydrogen bonds between residues T18 and D21 7 and stabilized by a salt

bridge between two charged amino acids: D21 and K24.7,16

A comprehensive replacement analysis by A. Böttger et al. suggested that K24 of p53 can be

replaced by 15 other amino acids without a noticeable influence on binding affinity (less

than 3-fold).14 However, they did not mention which 15 amino acids can be substituted,

except that E should replace K24 in the best binding sequence.14 This is in contrast to the

three key residues F19, W23 and L26 that are highly conserved across a wide spectrum of

species.17–20
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The K24 to N (K24N) mutation on p53 is found to be prevalent in some organisms other

than homo sapiens, such as cow21, sheep22, dog23, and cat24. Interestingly, Y. Yaginuma et

al. identified the K24N mutation in a human NUC-1 choriocarcinoma cell line.25

Choriocarcinoma is a very malignant and metastatic form of gestational cancer.25 In spite of

the importance of the K24N mutation there have not been any studies mapping the K24N

mutation to its biological role.

For unbound p53TAD, structural studies confirmed a flexible conformation. According to

the nuclear magnetic resonance (NMR) on full length p53TAD, this protein is mostly

disordered in the unbound state. 16,26 Based on the sequential dNN NOEs and a helical

prediction algorithm AGADIR, p53TAD contains a so called “preformed” helix from

residues 18 to 26, and two nascent turns (residues 40–45 and residues 49–54) at 278 K.16,27

This “preformed” helical region is in the binding site for MDM2, and forms a stable helix

when bound to MDM2.16 Therefore people have yet to obtain a well-defined structure for

the unbound state. An NMR study at 275 K of a p53 fragment corresponding to residues 17

to 29 detected several weak NOEs between amide protons, indicating the presence of two

beta turn structures (residues 19 to 22 and residues 22 to 25).28 At room temperature, 300 K,

circular dichroism spectrum showed that the peptide p53TAD (residues 9 to 25) exhibits

features of random coil. 15

In this report, NMR spectroscopy, isothermal titration calorimetry (ITC) and, molecular

dynamics (MD) simulations were used to investigate how the K24N mutation in p53TAD

affects the structure and dynamics of p53TAD, MDM2 and the p53TAD-MDM2 complex. It

is currently not understood how the K24N mutation affects dynamics and binding with

MDM2. The NMR results show the K24N mutant is more flexible and has less transient

helical secondary structure than wild type. ITC measurements demonstrate that these

changes in structure and dynamics do not significantly change the binding affinity of

p53TAD-MDM2 complex. Finally, free energy perturbation (FEP) and standard MD

simulations suggest the small affinity change is due to a compensating interaction energy

between K24N and MDM2 when bound. Overall, the data suggests that the K24N-MDM2

complex is able to at least partly compensate for this increase in the conformational entropy

of unbound K24N with an increase in the bound state electrostatic interaction energy.

MATERIALS AND METHODS

Protein purification

Samples of human p53TAD (residues 1–73) that were uniformly labeled with either 15N

or 15N and 13C, were prepared as previously described.26 Samples of the K24N mutant were

prepared using this same method.

NMR data collection and analysis

Resonance assignments for human p53TAD were previously reported.26 Experiments on

K24N were carried out at 298 K on a Varian VNMRS 600 MHz spectrometer equipped with

a triple resonance pulse field Z-axis gradient cold probe. To make the amide 1H and 15N as

well as 13Cα, 13Cβ and 13CO resonance assignments, sensitivity enhanced 1H-15N HSQC
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and three dimensional HNCACB experiments were performed on the uniformly 15N and 13C

labeled sample of K24N in 90%H2O/10% D2O, PBS buffer, at a pH of 6.8. For the

HNCACB experiment, data were acquired in 1H, 13C and 15N dimensions using 8012.8 (t3)

× 12000 (t2) × 2000 (t1) Hz sweep widths, and 512 (t3) × 128 (t2) × 32 (t1) complex data

points. The sweep widths and complex points of the HSQC were 8012.8 (t2) × 2000 (t1) Hz

and 512 (t2) × 128 (t1), respectively. For K24N, processing and analysis of the HNCACB

data resulted in 60 non-proline, amide 1H, 15N, 13Cα and 13Cb resonance assignments plus

12 proline 13Cα and 13Cβ resonance assignments.

All NMR spectra were processed with nmrPipe and analyzed using nmrView software. 29

Apodization was achieved in the 1H, 13C and 15N dimensions using a squared sine bell

function shifted by 70°. Apodization was followed by zero filling to twice the number of

real data points and linear prediction was used in the 15N dimension of the HNCACB and

HNCO.

1H-15N steady-state NOE experiments were recorded in the presence and absence of a 120°

off-resonance 1H saturation pulse every 5 ms for a total of 3 s. A total of 512 (t2) × 128 (t1)

complex points were recorded with 128 scans per increment. The NHNOE values were

determined by taking the quotient of the intensity for resolved resonances in the presence

and absence of proton saturation. Three measurements were made on each protein and the

values were averaged.

ITC data collection and analysis

ITC experiments were conducted using a GE Microcal VP-ITC. Samples were exchanged

into a buffer containing 50 mM Sodium Phosphate, 150 mM sodium chloride, 1 mM EDTA,

0.02% sodium azide, 8 mM beta-mercapto-ethanol at a pH of 6.8. Solutions of wildtype and

the K24N variant of p53TAD, at a concentration of 50 μM were loaded into the syringe and

injected into the sample cell containing MDM2 at a concentration of 5 μM. 38 7.5 ul

injections were used for MDM2 titrations. The sample cell was equilibrated at 298 K. All of

the data was analyzed using the Origin 7.0 ITC software (OriginLab, Northampton, MA).

The integrated ITC data was best fit with a single-site binding model and the binding

stoichiometries were between 0.8 and 1.0. The values listed in Table II are the averages and

standard deviations from multiple ITC measurements.

Simulation

The initial structure of the wildtype p53TADc-MDM2 complex was taken from the protein

databank (PDB ID: 1YCR)7, that includes residues 17–29 of p53 and residues 25–109 of

MDM2. The coordinates for missing light chain atoms in the crystal structure were guessed

by VMD psfgen package.30 The unbound fragment p53TADf was also initiated from 1YCR

with an absence of MDM2. Since it is known that unbound p53TADf is intrinsically

disordered we generated five plausible structures using our broad ensemble generator with

re-weighting (BEGR) method.31,32 By examining their local root mean square fluctuation

(RMSF) we chose the structure that has the most significant difference in flexibility

compared with the wildtype. The increased flexibility of the mutant is consistent with the

experimental observation. In this report, we denote p53TADf for unbound p53 fragment
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simulations initiated from the crystal structure, and p53BEGRf for unbound simulations

starting from BEGR structures. The initial structure for the bound/unbound mutant fragment

K24Nc/K24Nf was prepared by changing the residue 24 of p53TADc/p53TADf from K to N

using the mutator plugin of VMD.30 And similarly, K24Nf is the unbound mutant fragment

initiated from the crystal structure and K24NBEGRf represents the one started from BEGR

structures.

We calculated the free energy difference for MDM2 binding to p53TAD and K24N

fragments by performing alchemical free energy perturbation. 33,34 We used the dual

topology approach implemented in NAMD35–37, where wildtype and mutant are present at

the same time but do not interact with each other. The wildtype protein was set as the initial

state (λ = 0), the final state (λ = 1) was the mutant. During the simulation, we calculated the

potential energy function for both solutes as weighted by λ and (1−λ) for the wildtype and

the mutant. For both simulations we used values of λ = 0, 0.0001, 0.01, 0.05 – 0.95 with

increment 0.05, 0.99, 0.9999, 1.0. FEP simulations starting at λ = 0 are denoted forward, and

simulations starting at λ = 1 are denoted backward. A soft-core potential was employed to

avoid the so-called “end-point catastrophes” 38 by scaling electrostatic and van der Waals

interactions as λ varies.39–41 For each λ window, 2 ps of energy minimization, 100 ps of

MD equilibration, and 2 ns of production were performed for the unbound p53 fragments; 2

ps minimization, 40 ps equilibration, 1 ns production were performed for the complexes.

The longer simulation times were performed for the unbound p53 fragments since it is

known that p53TAD is intrinsically disordered and thus the conformational space is larger

than for the complex. All parameters were the same as described above. To calculate the

corresponding entropic contribution, we performed FEP simulations at variable

temperatures, 270 K, 300 K and 330 K. The initial structures for the FEP simulations were

prepared using the mutator plugin of VMD,30 followed by minimization and equilibration

with FEP at λ = 0 or 1. In present study, we did FEP simulations on K24N mutation of

p53TADf, p53BERGRf and p53TADc-MDM2.

Each of the eight simulations systems (p53TADf, K24Nf, p53BEGRf, K24NBEGRf,

p53TADc-MDM2, and K24Nc-MDM2; FEP p53TADf and p53TADc-MDM2) was solvated

in a cubic TIP3P water box that extended 14 Å in each direction from the solute. 42 Each

system was given a neutral charge by adding 150 mM sodium chloride (NaCl) to achieve

neutralization. 30 Molecular dynamics simulations were carried out for 100 ns at 300 K

using the CHARMM22 force field 43 using the NAMD software version 2.7b4.37 The long

range electrostatic interactions were calculated using Particle Mesh Ewald (PME) 44, and the

short range van der Waals interactions were truncated at 12 Å. Periodic boundary conditions

were also applied. The vibration of the bonds involving hydrogen atoms were constrained

using SHAKE 45, and a time step of 2 fs was used for dynamics. Trajectory snapshots were

saved every 2 ps. Each system was initially minimized with the backbone atoms fixed and

then with all constraints removed. The minimized structures were gradually heated up to 300

K in 300 ps followed by equilibration at constant pressure and temperature for 100 ps. The

production run was performed for each system at constant pressure and temperature.

Simulations were repeated three times with independent minimization and equilibration

processes for each system. The trajectories were processed using VMD 30 to get an aligned

solute without explicit water and counter-ions. The RMSF of the last 50 ns simulation for
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each system was computed in VMD and plotted using GRACE-5.1.22. 46 Secondary

structures based on featured atomic coordinates of protein were computed for each residue

using STRIDE 47 and plotted as the evolution of simulation time using the timeline plugin of

VMD. 30

Thermodynamic cycle

Figure 2 shows the thermodynamic cycle used to estimate the difference between the mutant

and wildtype affinities. Since the free energy is a state function, the change from unbound to

bound state is independent of path.48 The quantities  and  were obtained

through two FEP simulations of the K24N mutation in p53TAD fragment, one for the

unbound p53TADf peptide and the other for the p53TADc-MDM2 complex. The horizontal

arrows correspond to the binding free energy of wiltype  and the mutant .

Adding these quantities in the directions of arrows, we will get zero and thus:

and,

where  is the binding affinity difference between the wildtype and the mutant. For

simplicity, we will ignore the superscript and subscript, and denote the binding affinity

difference as ΔΔG.

Uncertainties for the ΔG values were estimated by computing the standard deviation over at

least three independent pairs of forward and backward FEP simulations. Independent trials

were generated using different starting configurations. Then the uncertainties of ΔΔG were

calculated as , where σmt and σwt are standard deviations of ΔGmt and ΔGwt

separately.

Estimation of entropic and enthalpic contribution

The entropic contribution to the relative binding affinity ΔΔG was determined by the

derivative of the free energy with respect to the system temperature T using the following

relation, 49,50

The above derivative was estimated by computing ΔΔG at three temperatures 270 K, 300 K

and 330 K and then using a three-point finite difference approximation.

The enthalpic contribution ΔΔH was then estimated by,
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The uncertainties of TΔΔS and ΔΔH were derived from the standard deviations of ΔΔG

using the same method for computing the uncertainties of ΔΔG.

RESULTS AND DISCUSSION

For the current study, both experiments and molecular dynamics computer simulations were

used to determine the effects of the K24N mutation on the flexibility of p53TAD and the

thermodynamic properties of p53TAD binding to MDM2. The nomenclature and sequence

information for this study is shown in Table I.

I. Effects of K24N mutation on the structure and dynamics of p53TAD and MDM2

The K24N mutant has reduced helicity compared to wildtype—The NMR alpha

carbon secondary chemical shifts (CA Δδ) for p53TAD and K24N are shown in Figure 3(a)

and (b) with solid and clear bars, respectively. Backbone resonance assignments and

dynamics measurements on K24N were performed as previously described for p53TAD. 26

The CA Δδ values were calculated using the new neighbor corrected random coil chemical

shift library developed by Mulder and colleagues.51 The CA Δδ values provide a sensitive

measure of secondary structure at single residue resolution. For CA atoms, a positive value

indicates the presence of helical secondary structure and a negative value indicates the

presence of beta or extended structures.52–55 For IDPs it is typical to see Δδ values close to

zero in addition to adjacent values that switch between negative and positive over the length

of the protein. The CA Δδ values are plotted in parts per million on the y-axis and residue

position is plotted on the x-axis. The MDM2 binding region of p53TAD includes residues

17–29. Several groups have previously shown that this region contains transient helical

structure and this finding is confirmed in Figure 3(a). 16,26,56

Figure 3 indicates that changing a single amino acid from K to N reduces the fractional

helicity of the unbound p53 fragment by a factor of two. The fractional helicity was

calculated using a relationship developed by Wright and Dyson based on the secondary

chemical shifts. 57 When this calculation is performed on residues 17–29 of p53TAD a value

of 11.2% is obtained. By contrast, the fractional helicity of the K24N mutant is around

5.5%.

Figure 4 shows the secondary structure as a function of simulation time for p53TADf and

K24Nf using the timeline plugin in VMD.30 Standard MD simulations were performed on

unbound p53TADf using the bound structure from PDB ID: 1YCR as the starting

structure. 7 The K24Nf mutant was created using the VMD mutator plugin. 30 Three

independent simulations of 100 ns were performed for both p53TADf and K24Nf and used

to estimate the secondary structure for each residue as a function of simulation time.47 As

illustrated in Figure 4, from residues 18 to 24, the feature of alpha helix is mostly preserved

for both p53TADf and K24Nf in the initial ~20 ns simulation, but the longer simulation

times show larger turn and coil propensities. Consistent with experiment (Figure 3), this

result shows reduced helicity at L25 of K24Nf. The reduced helicity is like due to the loss of
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a salt bridge between residues D21 and K24 that is believed to stabilize the transient helical

structure of the unbound p53TADf.7,16

The K24N mutant is more flexible than wildtype when unbound but not when
bound—If the K24N mutant reduces the fractional helicity of p53TAD in the region of the

MDM2 binding site then one would expect an increase in the backbone flexibility of this

region. This is indeed what was observed when the heteronuclear 1H-15N NOE between the

amide nitrogen and proton (NHNOE) was compared for the mutant and wild type. The

NHNOE provides a residue specific measure of backbone rotational motions on the

nanosecond to picoseconds timescale.58,59 For IDPs, small positive NHNOE’s are often

observed in regions that contain transient secondary structure and negative NHNOE’s are

observed in more flexible regions. Figure 5(a) and (b) show the NHNOE values for p53TAD

and K24N, respectively. As predicted, the K24N mutation induces faster rotational motions

on the nanosecond timescale for the MDM2 binding region (residues 17–29) as indicated by

the reduction in positive NHNOE values for this region. Taken together the CA Δδ and

NHNOE values for K24N indicate the MDM2 binding region is more flexible than

p53TAD.

Figure 6 shows simulation results that also indicate unbound K24Nf is more flexible than

p53TADf. Three independent MD simulations for both unbound and bound p53TADf and

K24Nf were each run for 100 ns. Averages of root mean square fluctuations (RMSF) were

calculated for alpha carbons based on trajectories from the last 50 ns of the simulation.

RMSF is a metric for how much the position of an atom deviates from the averaged

coordinate during the molecular dynamics simulation and thus is a direct measure of

flexibility. The RMSF values computed for K24Nf were mostly larger than p53TADf when

the p53 fragment is not bound (Figure 6(a)). However, the bound fragment K24Nc has

slightly lower level of flexibility compared with p53TADc. The result indicates K24Nfis

more flexible than p53TADf in the unbound state but not in the bound state.

K24Nc exhibits stronger interaction with MDM2—To further understand the effect of

the K24N mutation, we compared the flexibility of MDM2 when bound to either K24Nc or

p53TADc using MD simulations. Figure 6(b) shows the comparison of RMSF curves for

MDM2 in the bound and unbound states. Both MDM2wt (bound with p53TADc) and

MDM2mt (bound with K24Nc) show reductions in RMSF for residues 50 to 65 (α2) and 95

to 104 (α2′) compared with MDM2f (unbound state). These two regions reside at the

binding interface with p53TAD. The major differences between MDM2wt and MDM2mt

comes from residues 69 and 85 in which the former is in the linker region between β3 and

β1′ of MDM2, and the latter is in the α1′ region. However taking the uncertainty into

account the difference between MDM2wt and MDM2mt is negligible. This indicates that the

K24N mutant has similar binding behavior with the wildtype.

Figure 7 shows the interaction energies between either p53TADc or K24Nc and MDM2

calculated from simulations. Each value is an average obtained from three independent

100ns molecular dynamics simulations. The last 50ns of each simulation was used in the

analysis. The errors were estimated as the standard deviation of the three independent

simulations. Van der Waals interaction shows negligible difference between the wildtype
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and the mutant. The primary difference is in the electrostatic interaction energy. This is

probably because the net charge of MDM2 is +5e, the charge of p53TADc is −2e, and the

charge of K24Nc is −3e. The increased electrostatic interaction between K24N and MDM2

probably accounts for the reduced flexibility of K24N in the bound state, as compared to

p53TAD.

II. Effects of K24N mutation on the thermodynamics of binding

The K24N mutant exhibits similar binding affinity, entropy and enthalpy with
wildtype—Our results show the binding free energy, entropy and enthalpy are statistically

indistinguishable between p53TAD and K24N from both experimental measurements using

isothermal titration calorimetry (ITC) and calculations from computer simulations.

Table II shows that both p53TAD and K24N bind to MDM2 with very similar values for the

binding affinity (ΔG), enthalpy (ΔH), and entropy (TΔS). The data also suggest that the

binding affinities of p53TAD and K24N are almost exclusively determined by the value of

enthalpy. The binding process is mainly driven by enthalpy and thus the enthalpy is the

driving force for the coupled folding and binding reaction, and is also responsible for the

loss of system entropy.

Table III shows the computed binding free energy results from free energy perturbation

(FEP) simulations. The results show that at 300 K the relative affinity (ΔΔG) is about 1 kcal/

mol, suggesting that p53TADc binds slightly stronger with MDM2 than K24Nc at room

temperature. However, the ITC measurement gave a negligible decreased value, −0.19

(0.21) kcal/mol for ΔΔG. The discrepancy between the simulation and the experiment falls

within the expected accuracy of MD simulation (1–2 kcal/mol). 60 To test the effect of the

starting structure on the results we also used a p53 fragment (p53BEGRf) generated via

BEGR.31,32 BEGR structures are selected from a large pool of candidate structures such that

they best fit experimental chemical shift data from NMR. Although the affinity results are

very similar for p53BEGRf compared to p53TADf the entropic (TΔΔS) and enthalpic (ΔΔH)

contributions are quite different. The uncertainties for TΔΔS and ΔΔH are also quite large.

These results highlight the difficulty in estimating the entropic and enthalpic contributions

for binding of disordered proteins. The p53TADf simulations incorrectly estimate TΔΔS

because the simulations are trapped in a local minima corresponding to the helical structure.

Similarly, the p53BEGRf simulations also incorrectly estimate TΔΔS because the unfolded

conformational space is too large to thoroughly explore during the timescale of an ordinary

MD simulation. Thus, the correct TΔΔS value is expected to lie between the two values;

which is true for our results.

CONCLUSIONS

In conclusion, our findings show that the K24N mutation reduces the helicity and increases

the flexibility of p53TAD, but has no appreciable effect on the binding affinity, enthalpy,

and entropy changes for the binding process. Even though the K24N mutant is more flexible

than the wildtype while unbound, the K24N-MDM2 complex is able to at least partly

compensate for this increase in the conformational entropy with an increase in the bound

state electrostatic interaction energy, thus contributing to the similar binding affinity with
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the wildtype p53TAD-MDM2 complex. The similar affinity was probably necessary since

the mutation was selected by evolution. This is an important observation because it is known

that many IDPs, including p53TAD, have a higher rate of amino acid substitutions than

ordered proteins.17 Substitutions occurring at a protein-protein interface could be deleterious

unless the effect is offset by a mechanism like the one shown in this study. It will be

interesting to determine if other interactions between IDPs and their ordered binding

partners show a similar behavior.
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Figure 1.
Structure of the p53TADf-MDM2 complex from PDB ID: 1YCR 7 with three critical

residues, F19, W23, and L26 shown in sticks. The p53TADf peptide is presented as a ribbon

in yellow with the K24N mutation site colored in red, and MDM2 is shown as grey solid

surface.
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Figure 2.
Thermodynamic cycle used to estimate the relative binding affinity between wildtype and

mutant p53 for MDM2. The vertical arrows correspond to the K24N mutation in the p53

fragment and in the complex. The horizontal arrows correspond to the binding of p53

fragments to MDM2.
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Figure 3.
Alpha carbon secondary chemical shifts for (a) p53TAD and (b) K24N with the helicity

calculated on residues 17–29. The dashed lines indicate the MDM2 binding site.
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Figure 4.
Secondary structure of unbound p53 fragments from six independent 100 ns molecular

dynamics simulations as determined by STRIDE.47 Left column is for p53TADf and right

for K24Nf. Color key: alpha helix = purple; 3–10 helix = blue; pi-helix = red; turn = aqua;

extended configuration = yellow; isolated bridge = khaki; random coil = white.
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Figure 5.
1H-15N steady-state NOE values (NHNOE) for (a) p53TAD and (b) K24N
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Figure 6.
Alpha carbon root mean square fluctuations (RMSF) in units of Å for (a) p53 fragments and

(b) MDM2 at both bound and unbound states. Each curve is an average obtained from three

independent 100ns molecular dynamics simulations. The last 50ns of each simulation was

used in the analysis. p53TADf and K24Nf are unbound wildtype and mutant p53 fragments;

p53TADc and K24Nc are p53 fragments in complexes; MDM2f is at unbound state;

MDM2wt and MDM2mt are MDM2 bound to p53TADc and K24Nc respectively.
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Figure 7.
Interaction energy between p53TADc/K24Nc and MDM2. Each bar is an average obtained

from three independent 100ns molecular dynamics simulations. The last 50ns of each

simulation was used in the analysis. The error bars are the standard deviation of the three

independent simulations. Note that the net charge of MDM2 is +5e, the charge of p53TADc

is −2e, and the charge of K24Nc is −3e. VDW: Van der Waals interaction; ELECT:

Electrostatic interaction; WT: interaction with wildtype (p53TADc); MT: interaction with

mutant (K24Nc).
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Table I

Protein sequences derived from the transactivation domain of human p53 (p53TAD) used in this study.

Peptide name Derived from Others

p53TAD Human p53 residues 1 to 73

K24N K24N mutant of human p53 residues 1 to 73 Prepared by gene expression 26

p53TADf Human p53 residues 17 to 29 at unbound state From crystal structure PDB ID: 1YCR 7

p53TADc Human p53 residues 17 to 29 bound with MDM2 From crystal structure PDB ID: 1YCR 7

K24Nf K24N mutant of human p53 residues 17 to 29 at
unbound state

Mutate K24 to N24 in p53TADf using the
Mutator plugin of VMD 30

K24Nc K24N mutant of human p53 residues 17 to 29
bound with MDM2

Mutate K24 to N24 in p53TADf using the
Mutator plugin of VMD 30

p53BEGRf Human p53 residues 17 to 29 Generated by the software BEGR 31,32

K24NBEGRf K24N mutant of human p53 residues 17 to 29 Mutate K24 to N24 in p53BEGRf using the
Mutator plugin of VMD 30

Primary sequence of p53TAD (GenBank accession no. BAC16799.1)

MEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMDDLMLSPDDIEQWFTEDPGPDEAPRMPEAAPRV

The names, sequences, and other information of proteins used in this study are shown in the upper panel. The primary sequence of p53TAD is
shown in the lower panel. The underlined segment was used for simulations and the bold residue is the site of the K24N mutation.
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Table II

Isothermal titration calorimetry (ITC) results for wildtype and K24N mutant.

p53TAD K24N

ΔG −8.93 (0.17) −9.12 (0.13)

ΔH −10.90 (0.83) −10.50 (0.29)

TΔS −1.96 (0.77) −1.38 (0.37)

Values are in kcal/mol. The values for p53TAD are the averages and standard deviations (in parentheses) from two separate protein preparations
with three repeats each. The averages and standard deviations (in parentheses) for K24N are based on three ITC measurements performed on the
same protein preparations.
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Table III

Thermodynamic properties of p53 binding with MDM2 upon K24N mutation.

Temperature FEP (p53TADf) FEP (p53BEGRf) ITC

ΔΔG
270 K 1.03 (0.71) 0.54 (0.65) -

300 K 0.98 (0.56) 0.93 (0.58) −0.19 (0.21)

330 K 0.39 (0.67) 1.01 (0.68) -

TΔΔS 300 K 3.23 (4.60) −2.32 (4.45) 0.58 (0.86)

ΔΔH 300 K 4.21 (4.63) −1.39 (4.49) 0.40 (0.88)

All energy values are evaluated computationally (FEP) and experimentally (ITC), and shown in units of kcal/mol. Errors are in parentheses. The
details of the calculation of ΔΔG, ΔΔH, and TΔΔS, and corresponding uncertainties are described in the main text.
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