
Direct observations of conformational distributions of
intrinsically disordered p53 peptides using UV Raman and
explicit solvent simulations

Kan Xiong, Matthew C. Zwier, Nataliya S. Myshakina, Virginia M. Burger, Sanford A. Asher*,
and Lillian T. Chong*

Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Abstract
We report the first experimental measurements of Ramachandran Ψ-angle distributions for
intrinsically disordered peptides: the N-terminal peptide fragment of tumor suppressor p53 and its
P27 mutant form. To provide atomically detailed views of the conformational distributions, we
performed classical, explicit-solvent molecular dynamics simulations on the microsecond
timescale. Upon binding its partner protein, MDM2, wild-type p53 peptide adopts an α-helical
conformation. Mutation of Pro27 to serine results in the highest affinity yet observed for MDM2-
binding of the p53 peptide. Both UV resonance Raman spectroscopy (UVRR) and simulations
reveal that the P27S mutation decreases the extent of PPII helical content and increases the
probability for conformations that are similar to the α-helical MDM2-bound conformation. In
addition, UVRR measurements were performed on peptides that were isotopically labeled at the
Leu26 residue preceding the Pro27 in order to determine the conformational distributions of
Leu26 in the wild-type and mutant peptides. The UVRR and simulation results are in quantitative
agreement in terms of the change in the population of non-PPII conformations involving Leu26
upon mutation of Pro27 to serine. Finally, our simulations reveal that the MDM2-bound
conformation of the peptide is significantly populated in both the wild-type and mutant isolated
peptide ensembles in their unbound states, suggesting that MDM2 binding of the p53 peptides
may involve conformational selection.

1. Introduction
Intrinsically disordered proteins, which adopt heterogeneous ensembles of conformations
under physiological conditions,1,2 comprise at least a third of some eukaryotic genomes.3
These proteins form a structural continuum that ranges from extended, unstructured states,
to molten globules (with secondary structure, but no specific tertiary structure), and finally,
to mostly folded proteins with flexible or disordered regions.4 Many of these proteins adopt
distinct conformations only upon binding to their partner proteins, suggesting a new
paradigm for protein-protein recognition.4 A classic example is the intrinsically disordered
N-terminal peptide fragment of tumor suppressor protein p53 (residues 17–29), which
adopts an α-helical conformation upon binding to the MDM2 oncoprotein.5 NMR studies
show that this peptide is at least partially preorganized in its unbound state for binding to
MDM2.6 In particular, mutation of Pro27 to a serine further preorganizes the peptide by
increasing its α-helical content; as a result, the mutant peptide has the highest MDM2
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affinity observed (Kd = 47 nM).6 Not surprisingly, this P27S mutation results in significant
conformational changes for the Leu26 peptide bond that precedes the proline.6

Although numerous NMR studies have provided high-resolution structural information
about the N-terminal domain of p53,6–11 a detailed view of its conformational diversity in
the unbound state has been lacking. An incisive approach for determining the
conformational diversity of the peptide is UV resonance Raman (UVRR) spectroscopy,
which can be used to determine the distributions of backbone torsional Ψ angles.12–15 In
addition, molecular dynamics (MD) simulations can be used to characterize the
conformational diversity of the peptide with atomistic detail. However, due to their large
computational expense, only short simulations (≤ 150 ns) have been conducted to explore
the dynamics of the unbound p53 peptide.16–20

In this work, we use UVRR spectroscopy and microsecond-timescale classical (i.e.
molecular mechanics) molecular dynamics (MD) simulations to examine the p53 N-terminal
peptide conformational dependence on the P27S mutation. Both UVRR measurements and
MD simulations show a decrease in the PPII content and an increase in the non-PPII content
upon P27S mutation. In addition, our simulations reveal that the α-helical conformations that
are characteristic of the MDM2-bound state are significantly populated in the unbound state
of both the wild-type and mutant p53 peptides, suggesting that MDM2 might bind the p53
peptide through conformational selection.

2. Experimental and Computational Methods
2.1. Experimental Methods

Samples—The wild-type p53 peptide fragment (residues 17–29) with the sequence Acetyl-
ETFSDLWKLLPEN-NH2 and the mutant P27S peptide with the sequence Acetyl-
ETFSDLWKLLSEN-NH2 were synthesized by CHI SCIENTIFIC (≥95% purity).
Isotopically labeled peptides with perdeuterated Leu26 were synthesized by AnaSpec (≥
95% purity). Peptide samples were prepared at 1 mg/ml concentrations (~ 0.6 mM) at pH 7.
Samples of Trp and Phe (≥ 95% purity) were purchased from Sigma and prepared at ~0.6
mM concentrations.

CD spectra—CD spectra were measured for the wild-type and P27S mutant peptides by
using a Jasco-715 spectropolarimeter with a 0.02 cm path length cuvette. We co-added ten
individual spectra.

UVRR spectra—UVRR spectra were measured for both the wild-type and P27S mutant
peptides using an spectrometer that was described in detail by Bykov et al.21 Briefly, 204
nm light was utilized to enhance the peptide bond vibrations by exciting within the π → π*
electronic transitions of the peptide bonds.22 The 204 nm UV light (2 mW average power,
100 μm diameter spot, 25–40 ns pulse width) was obtained by mixing the 3rd harmonic with
the 816 nm fundamental of a 1 kHz repetition rate tunable Ti:Sapphire laser system
(DM20-527 TU-L-FHG) from Photonics Industries. The 229 nm UV light (1 mW average
power, 100 μm diameter spot size), which was produced by an intracavity frequency
doubled Ar+ laser (Coherent, FReD 400) was utilized to enhance the Trp aromatic ring
vibrations.23

The sample was circulated in a free surface, temperature-controlled stream. A 165° sampling
backscattering geometry was used. The collected light was dispersed by a double
monochromator onto a back thinned CCD camera with a Lumogen E coating (Princeton
Instruments-Spec 10 System). We utilized 5 min accumulation times, and four
accumulations were co-added. Internal standard concentrations of 0.2 M NaClO4 were used
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for the Raman studies. Raman spectra were normalized to the peak height of the 932 cm−1

ClO4
− band.

Distributions of backbone torsional Ψ angles were calculated from 204 nm excited UVRR
spectra using the methodology of Mikhonin et al.13–15 (see Fig. S5–S7 and text Supporting
Information). Prior to these calculations, Raman bands due to Trp and Phe aromatic rings
(Fig. S1) were subtracted from the spectra. UVRR measurements excited by 229 nm light
were performed to determine the extent of solvent exposure of the Trp residues in the wild-
type and mutant peptides. The differences in solvent exposure between the wild-type and
mutant peptides were calculated based on differences in the Raman cross sections of the Trp
Raman bands.23

2.2. Computational Methods
MD simulations—To obtain extensive sampling of conformations of the wild-type and
P27S mutant p53 peptides, ten 1-μs simulations were performed for each peptide in explicit
solvent, with each simulation starting from a different conformation. One of the ten
simulations was started from the MDM2-bound conformation of the peptide; each of the
remaining nine simulations was started from a different random coil conformation. Heavy-
atom coordinates of the bound conformations were taken from the crystal structure of the
MDM2-p53 peptide complex;5 heavy-atom coordinates of the random coil conformations
were generated using the Sosnick group’s unfolded state web server
(http://godzilla.uchicago.edu/cgi-bin/unfolded.cgi)24 in conjunction with the SCWRL3.0
side-chain prediction program.25 Consistent with the peptides synthesized for the
experiments (see above), each random coil conformation was capped with acetyl and amino
groups at the N terminus and C terminus, respectively. Hydrogen atoms were added using
ionization states present in neutral solution. Each model was solvated in dodecahedral boxes
of TIP3P water26 (total of 3498 molecules) with a minimum solutewall distance of 12 Å,
then charge-neutralized by adding two Na+ counterions.

MD simulations were performed using the GROMACS 4.0 software package27 and the
OPLS-AA/L force field28 in the NPT ensemble (constant number of atoms, pressure, and
temperature). The temperature was maintained at 30 °C using the Nose Hoover
thermostat29,30 and the pressure was maintained at 1 atm using the Parrinello-Rahman
barostat31 with time constants for coupling set to 0.5 and 4 ps, respectively. Van der Waals
interactions were switched off smoothly between 8 and 9 Å; a long-range analytical
dispersion correction was applied to the energy and pressure to account for the truncation of
these interactions.32 Real-space electrostatic interactions were truncated at 10 Å while the
long-range components of these interactions were calculated using particle mesh Ewald
(PME)33 and periodic boundary conditions. To enable a 2-fs time step, bonds to hydrogen
were constrained to their equilibrium lengths with the LINCS algorithm.34

To relieve unfavorable interactions, each model was subjected to energy minimization
followed by a two-stage equilibration with harmonic position restraints on all non-hydrogen
atoms of the peptide. During the first stage, the energy-minimized system was equilibrated
for 20 ps at constant temperature (30 °C) and volume. During the second stage, the system
was equilibrated for 2 ns at constant temperature (30 °C) and pressure (1 atm). After
equilibration, fully unrestrained production simulations were carried out for 1 μs at 30 °C
and 1 atm. Each 1-μs simulation required a month of calendar time using 16 CPUs in
parallel on two quad-core 2.66GHz Xeon nodes of a Linux cluster at the University of
Pittsburgh’s Center for Molecular and Materials Simulations. To avoid bias towards the
starting conformation, only the latter 900 ns of each simulation was used for subsequent
analysis, using conformations sampled every 100 ps. Based on the distribution of alternate
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conformations, the ensembles of simulations for each peptide are converged (see
Ramachandran plots in Fig. S2).

Kinetic clustering of peptide conformations—The conformations of the wild-type
peptide ensemble were clustered based on kinetic similarity using the MSMBuilder software
package.35 In short, conformations are grouped according to geometric (and assumed
kinetic) similarity into a large number of microstates, and these microstates are in turn
grouped by kinetic similarity into a small number of macrostates. The matrix of transition
probabilities between these macrostates is then capable of describing the long-timescale
kinetics of the system, assuming that the transitions between macrostates are Markovian on
some sufficiently long timescale (the Markov time of the system).36–38 In our case, all
90,000 conformations from the unbound wild-type peptide ensemble were clustered based
on backbone RMSD into 500 microstates (average microstate radius of 1.8 Å). These 500
microstates were then grouped into four macrostates which showed Markovian behavior on
timescales longer than 50 ns (see Fig. S3). The conformations from the P27S mutant peptide
ensemble were then assigned to these same macrostates by geometric similarity to the
microstates determined above. The resulting macrostate populations were then examined to
determine the population shift induced by mutation. Populations of each macrostate for the
wild-type and mutant peptides were determined by Monte Carlo sampling of the macrostate-
to-macrostate transition matrices for the wildtype and mutant peptide ensembles.37

Calculation of NMR chemical shifts and J-coupling constants—Chemical shifts
of α- and amide protons were computed for each conformation in the peptide ensemble
using the SHIFTX program,39 then averaged for comparison to the experimentally measured
values. J-coupling constants between α and amide protons (3JαN) were computed for each
conformation in the peptide ensemble, then averaged for comparison to the experimentally
measured values. These constants were computed using a version of the Karplus equation
that has been used for the analysis of peptides: 3JαN = A cos2 (θ − 60°) + B cos(θ − 60°) + C
where with A = 6.51, B = −1.76, C = 1.60,40 and θ is the dihedral angle between the protons
that are separated by three bonds. In this case, the dihedral angle is the backbone torsional
angle Φ.

Normal mode calculations—Normal mode calculations of various peptides in the gas
phase were carried out using the Gaussian’03 Suite of programs.41 We optimized the
geometry and calculated the vibrational frequencies of the peptides using density functional
theory (DFT)42–44 with the B3LYP functional45–47 and 6–311+G** basis set. (The same
level of theory and basis set was used in a previous study to calculate the dependence of the
AmII p band on peptide conformation.48) Normal mode composition analysis was done by
calculating the potential energy distribution using the GAR2PED Gaussian output
processing utility written by J.M.L. Martin and C. Van Alsenoy.49

3. Results and Discussion
3.1. Temperature dependence of peptide conformations

To examine the temperature dependence of secondary structure in the wild-type and mutant
p53 peptides, we performed both CD spectroscopy and UVRR measurements at
temperatures ranging from 10 to 50 °C. Fig. 1a shows the temperature dependence of the CD
spectra of the wild-type peptide. At 10 °C, the CD spectrum (red) shows a strong negative
band at 200 nm with a negative shoulder at ~220 nm. As the temperature increases, the 200
nm band slightly decreases in amplitude, while the ~220 nm band becomes slightly more
negative. These CD spectra indicate that the wild-type peptide mainly adopts extended
conformations.50–52 Fig. 1b shows the temperature dependence of the CD spectra of the

Xiong et al. Page 4

J Phys Chem A. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



P27S mutant peptide. At 10 °C, the CD spectrum (red) shows a trough at 203 nm, and a
more negative shoulder at ~220 nm than that of the wild-type peptide. This indicates an
increased α-helix content in the mutant peptide, consistent with a previous study.6 As the
temperature increases, the mutant peptide CD spectrum does not change, indicating that the
increased α-helix conformation does not melt below 50 °C.

Fig. 2 shows the temperature dependence of the 204 nm excited UVRR spectra of the wild-
type and mutant peptides. The AmI band (~1660 cm−1) arises from vibration consisting
mainly of C=O stretching. The AmII band (~1550 cm−1) derives from out-of-phase motion
involving C-N stretching and N-H bending. The AmII′p band (~1455 cm−1) results from the
C-N stretching mode of Pro27. The Cα-H bending band (~1390 cm−1) derives from a Cα-H
bending vibration that is resonance enhanced because of its coupling to N-H bending and C-
N stretching.12 The intensity of the Cα-H bending band will increase as the population of
non-helical conformations increases.14 The bands in the AmIII region arise from vibrations
which involve in-phase contributions of C-N stretching and N-H bending. The AmIII3 band
frequency depends upon the Ramachandran Ψ angle due to the Ψ-angle dependent coupling
between N-H bending and the (C)Cα-H bending motions.12,14

The AmIII3 region of the wild-type peptide shows bands at ~1250 cm−1 and ~1290 cm−1,
with a shoulder at ~1200 cm−1. Previous studies showed that an AmIII3 band at ~1248 cm−1

indicates a PPII-like conformation, while AmIII3 bands at ~1290 cm−1 and ~1200 cm−1

indicate different turn conformations.25 As the temperature increases, the ~1250 cm−1

AmIII3 band downshifts very slightly while its intensity slightly decreases; the Cα-H
bending band intensity also decreases with increasing temperature. Such temperature-
induced Raman spectral changes are not due to conformational changes; they result from the
temperature dependence of the hydrogen bonding between water and the peptide bond
amide nitrogen.13 The lack of additional temperature-induced spectral changes indicates a
temperature independent conformational distribution.

The bands in the AmIII3 region of the mutant peptide (~1255 cm−1 and ~1290 cm− 1, with a
shoulder at ~1200 cm−1) indicate that its conformational distribution is also temperature
independent. The AmIII3 and the Cα-H band intensities of the mutant peptide are slightly
decreased relative to that of the wild-type peptide. This Raman intensity hypochromism
indicates a greater population of α-helical conformations for the mutant peptide.22 We
calculated the non-PPII fractional increase of the mutant peptide by using the methodology
of Xiong et al.53,54 (see Supporting Information). The calculated increase in the non-PPII
content of the mutant peptide is 0.20 ± 0.02.

3.2. Conformational diversity of peptides
As shown by Ramanchandran plots that were computed from our simulations (Fig. 3), the
mutant P27S peptide ensemble has a decreased population of PPII-like conformations and
an increased population of non-PPII conformations (which would include the MDM2-bound
α-helical peptide conformation) relative to the wild-type peptide ensemble. Ψ-angle
distributions were computed from the UVRR spectra (Fig. 2), allowing direct comparison of
the UVRR and simulation results.

Based on the UVRR spectra, the wild-type peptide Ψ-distribution (Fig. 4a) shows a broad
PPII-like Ψ angle region with an average Ψ angle of ~145°. The PPII-like conformations
dominate, with a negligible α-helix contribution. The probability distribution also contains
Type I′ or Type III′ β turn regions with Ψ angles centered at ~30°, a γ-turn region with Ψ
angles centered at ~ −60°, and a Type V β turn region with Ψ angles centered at −80°. The
mutant peptide Ψ-angle distribution (Fig. 4b) shows a decreased PPII contribution and a
significantly increased α-helix-like conformation contribution. The contribution of Type I/I′
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or Type II/II′ β turn regions with Ψ angles centered at ~0° significantly increases. The Type
V β turn contribution also increases.

A comparison of the Ψ-angle distributions from simulations with those calculated from the
UVRR spectra reveals that the relative populations of PPII and non-PPII conformations
(including α-helix and 310 helix conformations) in the wild-type and mutant peptide
ensembles are in excellent agreement (Fig 4). Integration of the Ψ-angle distributions in the
non-PPII region (between −140° and 84°) gives non-PPII populations of 0.38 and 0.46 for
the wild-type experimental and simulation Ψ-angle distributions, respectively. Conversely,
the non-PPII populations of the P27S peptide are 0.60 and 0.61 for Ψ-angle distributions
from experiment and simulation, respectively. In contrast to a recent simulation study, which
revealed little or no formation of 310 helices for helical peptides,55 the 310 helix was the
dominant non-PPII conformation in our simulations involving the p53 peptides. Given that
the dominant non-PPII conformation in the UVRR experiments is the α-helix, exhibiting i+4
→ i instead of the i+3 → i hydrogen bonding of a 310 helix, our simulation result may be an
artifact of the OPLS-AA/L force field.28

We also computed chemical shifts and J-coupling constants using our simulations and
compared these values to those measured by NMR experiments.6 The computed chemical
shifts were within experimental error. In particular, the relative RMS deviations between
computed and experimentally measured chemical shifts (in reference to the experimental
value) are 0.084 and 0.069 ppm for the α- and amide protons of the wild-type peptide and
0.086 and 0.070 ppm for the α- and amide protons of the mutant P27S peptide, respectively
(Tables S1 and S2). The J-coupling constants that were computed from our simulations are
those between the Cα and amide protons (3JαN). We were unable to compare our results for
the wild-type peptide to experimental results, because the 3JαN-coupling constants for most
of the residues in the wild-type p53 peptide have not been determined due to spectral
overlap (Table S3). For the mutant peptide, no significant correlation (R2 = 0.12) was found
between the computed and experimental6 J-couplings (Table S4). It is therefore likely that
our simulations do not provide sufficient conformational sampling to reproduce the
experimental J-couplings, which report on averages over timescales that may extend into the
millisecond range.56

3.3. Does binding occur by conformational selection?
A potential mechanism for the binding of the p53 peptide to the MDM2 oncoprotein is
conformational selection57, where the MDM2-bound conformation of the p53 peptide is
already significantly populated in the unbound state, interconverting with alternate
conformations; the presence of MDM2 then selects for the bound conformation by
stabilizing this conformation over all other conformations through binding.

To explore the potential for conformational selection, we determined the population of the
bound conformation in the unbound state of the p53 peptide from the kinetic clustering
model described above. In the wild-type peptide ensemble, the bound state has the highest
population (48 ± 15%) among the four kinetically distinct states (macrostates); as expected,
this population is even greater in the mutant peptide ensemble (89 ± 6%). This supports the
notion that the P27S mutation improves binding of p53 to MDM2 by allowing the unbound
peptide to access its bound conformation more readily. We note that the p53 peptide may
also bind MDM2 through the “fly-casting” mechanism, contacting its MDM2 partner at a
distance, then folding as it reels in its MDM2 partner; this mechanism has been proposed as
a general explanation for a kinetic advantage to being intrinsically disordered vs. folded.58

Our results do not rule out the possibility of fly casting; they simply provide support for
conformational selection as a viable mechanism of MDM2-p53 binding.
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3.4. Conformational diversity of a selected peptide residue: Leu26
As mentioned above, mutation of Pro27 to serine results in significant conformational
changes in the preceding residue, Leu26.6 The conformation of the Leu26 peptide bond can
be highlighted by perdeuterating the Leu26 of the p53 wild-type and mutant peptides and
then measuring UVRR spectra of the resulting isotope labeled peptides.59,60 Fig. 5 shows
the 204 nm excited UVRR spectra of the perdeuterated and non-deuterated Leu26 of the
wild-type and mutant p53 peptides and their difference spectra. The difference spectrum
(Fig. 5a) shows that perdeuterating the Leu residue preceding Pro27 significantly downshifts
the AmII′p band as shown by the ~1445 cm−1 trough and the ~1472 cm−1 peak. This 27
cm−1 AmII′p downshift must result from an AmII′p normal mode compositional change
since no conformational change will occur upon isotopic substitution.

Quantum mechanical calculations were therefore performed to calculate the normal modes
of Acetyl-LP-NH2 and its perdeuterated leucine derivative. In the non-deuterated peptide the
AmII′p vibration arises mainly from C-N stretching (28%) coupled out-of-phase to Leu Cα-
H in-plane bending (22%) (Table 1); Cα-C stretching (10%) and C=O in-plane bending (7%)
contribute less. Perdeuteration of Leu26 eliminates the Cα-H bending contribution to the
AmII′p normal mode and increases the C-N stretching contribution to 46%. Additionally,
the perdeuterated Leu-Pro AmII′p vibration acquires small contributions from C-N
stretching (8%) and deformation (6%) of the proline ring. The Cα-C and C=O stretching
contributions are preserved. These AmII′p normal mode composition changes give rise to a
calculated 19 cm−1 downshift compared to that of the non-perdeuterated peptide. A similar
calculation for Acetyl-AP-NH2 and its perdeuterated Ala derivative shows similar normal
mode composition changes (Table 1) that result in a 17 cm−1 AmII′p frequency downshift.

The Cα-H bending band intensity of the perdeuterated Leu26 p53 mutant peptide slightly
decreases relative to that of the natural abundance mutant (Fig. 5b), indicating that the
Leu26-Ser27 mutant peptide bond possesses a weak Cα-H bending band intensity. By using
the same methodology for calculating the non-PPII fractional increases of the mutant
peptide above, we calculated the non-PPII content of this bond. The calculated non-PPII
content of Leu26 is 0.72 ± 0.11.

Based on our MD simulations, the calculated non-PPII content (including α-helical
conformations) of Leu26 is 0.63, which is in quantitative agreement with experiment. These
results are consistent with the expectation that the Leu26-Ser27 peptide bond becomes more
α-helical upon introducing the P27S mutation due to the fact that Pro is known to disrupt
formation of α helices.

The P27S difference spectrum also shows a negative band centered at 1320 cm−1 and only
small difference features between 1200 cm−1 and 1270 cm−1. Previous studies indicate that
the difference spectrum for the PPII conformation between hydrogenated (Cα-H) versus
deuterated (Cα-D) of a mainly polyalanine peptide shows a strong positive band at 1248
cm−1 and a strong negative band at 1326 cm−1. In contrast, the difference spectrum for the
α-helical conformation shows only a weak positive band at 1258 cm−1 and a weak negative
band at 1287 cm−1 (Fig. S2). The lack of a strong positive feature at 1248 cm−1 in the P27S
difference spectrum indicates little, if any PPII content. The relatively flat region between
1200 cm−1 and 1270 cm−1 in Fig. 5b might result from a broad distribution of
conformations with Ψ angles around the α-helix and turn peptide bond conformation that
would not show AmIII3 intensities between 1200–1250 cm−1. The 1320 cm−1 trough results
from the Cα-D deuterated species bands that show up in this region.12,61 It is important to
note that the Leu26-Ser27 mutant peptide bond, even if 100% α-helix will not show the Fig.
S4 difference spectrum (that derives from a long α-helical peptide with its intramolecular
hydrogen bonding).
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3.5. Solvent exposure of the Trp residue
We measured UVRR excited by 229 nm light to determine the difference in solvent
exposure of the Trp residue (Trp23) in the wild-type and mutant p53 peptides. The resulting
UVRR spectra (Fig. 6) are dominated by the in-plane Trp aromatic ring vibrations at 759
cm−1 (W18), 876 cm−1 (W17), 1008 cm−1 (W16), 1341 cm−1 (W7 2), 1361 cm−1 (W7 1) and
1555 cm−1 (W3). Previous studies showed that the 229 nm Trp band intensities increase as
the Trp residue becomes less exposed to solvent.23 The Trp band intensities of the wild-type
and mutant peptides are essentially temperature independent, indicating temperature
independent solvent exposure of the Trp in both peptides. The difference spectra (Fig. 6c)
between the wild-type and mutant peptides show that the peptides have similar Trp band
intensities [wild-type average intensities were only 10 ± 6% (deviation between intensities)
greater than the mutant intensities], suggesting that the Trp residue is similarly exposed to
solvent in both peptides. Consistent with experiment, our simulations resulted in an
insignificant difference (29 ± 64 Å2; uncertainty is one standard deviation) in the average
solvent accessible surface areas of the Trp residue in the wild-type and mutant peptides.

4. Conclusions
To our knowledge, we have reported the first experimentally measured distributions of
Ramachandran Ψ angles for intrinsically disordered peptides. These measurements were
performed on an N-terminal p53 peptide and its P27S mutant form using UVRR. To provide
atomically detailed views of these conformational distributions, we also performed explicit
solvent MD simulations on the microsecond timescale. Based on the Ψ-angle distributions
determined from both UVRR and simulations, PPII-like conformations were found to
dominate the wild-type peptide ensemble and to significantly decrease in population in the
mutant peptide ensemble. For each peptide, the relative populations of PPII-like
conformations to non-PPII conformations from experiment and simulations are in excellent
agreement. We also determined the Ψ-angle distributions for the residue preceding the
proline residue in both peptides (Leu26) using isotopically labeled UVRR spectroscopy and
simulations. Results from experiment and simulation are in quantitative agreement in terms
of the non-PPII content of the Leu26- serine peptide bond. Even though the mutant peptide
is more preorganized for MDM2 binding, no significant differences in solvent exposure of
the Trp residue was found between the wild-type and mutant peptides using either 229 nm
excited UVRR measurements or simulations. Finally, our simulations reveal that the
MDM2-bound conformation of the peptide is significantly populated in both the wild-type
and mutant P27S peptide ensembles and that this population is significantly greater in the
mutant peptide ensemble. Thus, mutation of Pro27 to serine preorganizes the peptide for
binding, supporting the notion that MDM2 binding of the peptide might involve
conformational selection.
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Figure 1.
Temperature dependence of the CD spectra of a) the p53 wild-type peptide, and b) the
mutant peptide.
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Figure 2.
Temperature dependence of the 204 nm excited UVRR spectra of the p53 wild-type peptide
(top) and the mutant peptide (bottom); contributions from Trp and Phe aromatic rings (Fig.
S1) have been removed.
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Figure 3.
Ramachandran plots computed from explicit solvent MD simulations for a) the wild-type
p53 peptide ensemble and b) the P27S mutant p53 peptide ensemble. A difference plot of
the b) relative to a) is presented in c).
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Figure 4.
Distributions of backbone Ψ angles for the a) wild-type and b) P27S mutant peptides at 30
°C determined from explicit solvent MD simulations (blue) and UVRR spectroscopy
(green). Source data for these plots are provided in Supporting Information (Data S1–S4).
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Figure 5.
204 nm excited UVRR spectra of Leu26 perdeuterated and non-deuterated p53 a) wild-type
peptide, and b) P27S mutant peptide, and their difference spectra (red) at 30 °C. All spectra
were normalized to the intensity of the AmI band.
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Figure 6.
229 nm excited UVRR spectra of the p53 wild-type and mutant peptides. a) 10 °C spectra of
the wild-type peptide and difference spectra between the 10 °C spectrum and that at higher
temperature, b) temperature difference spectra of the mutant peptide; c) difference spectra
between wild-type and mutant peptide. All spectra were normalized to the peak height of the
932 cm−1 ClO4

− band.
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Table 1

Calculated amide II′p frequencies and potential energy distributions for Acetyl-L-P-NH2 and its perdeuterated
lecucine isotopomer; Acetyl-A-P-NH2 and its perdeuterated alanine isotopomer.

Freq. (cm−1)* Potential energy distributions (>5%)

Acetyl-L-P-NH2 1444 C-N s (28) -Cα-H inp b (22) -Cα-C s (10) -C=O inp b (7)

Acetyl-L(D)-P-NH2 1425 C-N s (46) -Cα-C s (9) -C=O inp b (9) –C-N s (in Pro ring) (8) Pro ring def (6)

Acetyl-A-P-NH2 1445 C-N s (31) -Cα-H inp b (18) –Cα-C s (11) -C=O inp b (7) - C=O inp b (6)

Acetyl-A(D)-P-NH2 1428 C-N s (41) -Cα-C s (10) -C=O inp b (8) C-H inp b (Pro) (7) -C-N s (Pro ring) (7) Pro ring def (5)

*
Our calculated AmII′p frequencies are about 15 cm−1 lower than the Fig. 1 measured values because we did not consider the effect of hydrogen

bonding or the impact of the solvent dielectric constant; we previously showed that a 25 cm−1 upshift in the AmII′p frequency will occur due to

hydrogen bonding.48
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