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Background:Mutationswithin the DNA binding domain (DBD) of the tumor suppressor p53 are found in N50% of
human cancers andmay significantlymodify p53 secondary structure impairing its function. p28, an amphipath-
ic cell-penetrating peptide, binds to theDBD through hydrophobic interaction and induces a posttranslational in-
crease inwildtype andmutant p53 restoring functionality.We usemutation analyses to explore which elements
of secondary structure may be critical to p28 binding.
Methods:Molecular modeling, Raman spectroscopy, Atomic Force Spectroscopy (AFS) and Surface Plasmon Res-
onance (SPR) were used to identify which secondary structure of site-directed and naturally occurring mutant
DBDs are potentially altered by discrete changes in hydrophobicity and the molecular interaction with p28.
Results: We show that specific point mutations that alter hydrophobicity within non-mutable and mutable re-
gions of the p53 DBD alter specific secondary structures. The affinity of p28 was positively correlated with the
β-sheet content of a mutant DBD, and reduced by an increase in unstructured or random coil that resulted
from a loss in hydrophobicity and redistribution of surface charge.
Conclusions: These results help refineour knowledge of howmutationswithin p53-DBD alter secondary structure
and provide insight on how potential structural alterations in p28 or similar molecules improve their ability to
restore p53 function.
General significance: Raman spectroscopy, AFS, SPR and computational modeling are useful approaches to char-
acterize how mutations within the p53DBD potentially affect secondary structure and identify those structural
elements prone to influence the binding affinity of agents designed to increase the functionality of p53.
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1. Introduction

Tumor suppressor protein p53 (TP53) is a homotetramer with each
monomer composed of anN-terminal transactivation domain (NTD, a.a.
residues 1–70), a folded DNA-binding (DBD, residues 94–293) that, in
reality, is substantially more flexible than apparent from crystal struc-
tures and a regulatory domain in the C-terminus (CTD, residues 324–
355) [1–3]. When unbounded, p53 populates an ensemble of diverse,
interconverting, and thermodynamic stable conformations that confer
significant inherent flexibility and allow this single protein to recognize
a large number of biological targets without sacrificing specificity [4,5].
Centre, Università della Tuscia,
The N- and C-terminal regions of p53 are intrinsically unfolded, but
can form a compact secondary structure when interacting with part-
ner proteins [2,3]. Although the DBD is intrinsically structured, at
physiological temperatures in the absence of modifications or stabi-
lizing partners, wild-type p53 is N50% unfolded correlating with a
75% loss in DNA-binding activity [2]. The overall NMR structure of
p53 core domain is a β-sandwich, composed of two antiparallel β-
sheets with a small β-hairpin (124–135) in contact with a second
β-sheet, closing the access to the hydrophobic core [2,3]. The β-sand-
wich serves as a scaffold for two large loops and a loop-sheet-helix
motif that form the DNA binding surface of p53. These latter motifs rep-
resent conserved regions of the core domain and containmutations that
potentially inactivate p53 in some 50% of human cancers [1,6,7]. A lim-
ited number of these localized mutations appear repeatedly as hotspots
and either affect residues directly in contact with DNA (R248 or R273)
or distort overall protein folding (R175, G245, R249 and R282) [8].
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Some mutations also produce oncogenic, gain-of-function, like proper-
ties as a result of constitutive stabilization that promotemalignant pro-
gression, invasion and metastases and chemoresistance [9–11] while
most apparently result in a protein that is unable to promote the tran-
scription of (all) the multiple genes regulated by wild type p53 [12,
13]. However, ~30% of recorded mutations among over 30,500 known
mutations in the p53 gene (www-p53.iarc.fr) retain at least some tran-
scriptional function including an altered transactivation specificity [14].
Structural studies on the p53 DBD are therefore currently focused on
whether and how native conformations are modified by mutations;
possibly in order to revert them and restore physiological activity to
transformed cells [15–17].

Several smallmolecules that either restore awild-type conformation
and transcriptional activity or induce synthetic lethality to mutant p53
have been synthesized. Only one, that binds to thiol groups within the
p53 core domain (DBD) to restore a wild-type conformation, currently
remains in clinical trial for advanced cancers [18]. All appear to have sig-
nificant clinical toxicity.

In contrast, we and others demonstrated that azurin [19–23] and
a nontoxic 28 amino acid fragment (aa 50–77), p28, of this copper
containing, redox protein bind with high affinity to the DBD of p53
[24] without altering its overall conformation [25,26]. The majority
of p28 binding sites are within the non-mutable L1 loop (aa 112–124)
[27–29] and a mutable region e.g. Y220C, P223L within the S7–8 loops
(aa 214–236) of the DBD [25]. Missense mutations that do not prevent
DNA contact or completely unfold themolecule generally do not inhibit
a p28 induced post-translational increase in wild type (p53wt) or mu-
tated (p53mut) p53 and accompanying decrease in the downstream
cell cycle inhibitor p21 [25,26,30] in a wide variety of cancer cells, nor
elicit a deleterious gain-of-function via either p63 or p73 [31]. We
have also shown that some hotspot missense mutations within the
p53 DBD that prevent contact with DNA do not necessarily inhibit the
post-translational increase in p53 induced by p28 [26], but the accom-
panying p28 induced decrease in the downstream cell cycle inhibitor
p21, is lost [25,26,30]. This suggests thatwhen secondary structure, sur-
face charge and conformational integrity is essentially maintained, p28
continues to induce an increase in the level of either p53wt or p53mut.

Protein structure and conformation are governed primarily by inter-
nal hydrophobic effects and by interactions between polar residues and
other types of bonds with the hydrophobic effect a major determinant
of original protein structure.

Molecular dynamics simulations, computational docking and
cluster analyses predict that hydrophobicity as well as secondary
structure may play a significant role in the binding of p28 to the L1
and S7–8 loops of the p53 DBD [26–32]. We have also shown that
the linear combination of signals for each structural conformation
of p28 by Raman spectroscopy provides an “instantaneous snapshot”
[33] of this anionic, amphipathic peptide during its transition through
the cancer cell membrane [34]. This suggested that dissection of the
Amide I Raman band to reveal the amount of α-helix, β-sheet and ran-
dom coil present in known structural mutations within the wild type
p53 DBD of cancer cells [35], coupled with an analysis of single point
mutations that produce hydrophobic to hydrophilic changes in normally
non-mutable motifs binding p28, would provide insight as to how mu-
tations in p53 might alter the binding of p28 or similar molecules [36].

Atomic Force Spectroscopy, an innovative nanotechnology able to
measure very low intermolecular forces between single biological
partner couples under physiological conditions and without any la-
beling [22,24], was applied to determine the binding of p28 to site-
specific and naturally occurring DBD mutants, and complement
Raman andmolecular docking results. Finally, data obtained at single
molecule level by AFS, were further assessed by Surface Plasmon
Resonance (SPR), a powerful approach providing the kinetic and
equilibrium characterization of binding processes occurring
between a sensor chip immobilized ligand and its partner free in
solution [37].
Overall, we found that mutation induced reductions in the β-sheet
content of specific motifs within the p53 DBD are associated with a
loss of secondary structure and conformation essential to the integrity
of p28 binding to the p53 DBD.

2. Materials and methods

2.1. Sample selection and purification

The wild type-DBD fragment, a.a. 81–300 of p53 ~25 kDa was
constructed as described [25,26]. All site-directedmutants were con-
structed with QuikChange mutagenesis kits (Agilent Technology)
and purified as described in ref. [28]. Single point mutations included
L114D, A119D and C124D within the L1 loop and C229D in the S7–8
loop designed to produce hydrophobic to hydrophilic changes in
the normally non-mutable L1 motif and within the S7–8 loop. These
were compared with the wild type DBD (DBDwt) and those naturally
occurring single P223L/V274F, that all bind p28, to provide insight as
to how mutations that altered hydrophobicity might affect second-
ary structure and alter the binding of p28 or similar molecules.

2.2. Sample preparation

Methanol (MeOH, CH3OH) was purchased from Carlo Erba (Carlo
Erba Reagent, Milan, IT); 2,2,2 Trifluoroethanol (TFE, CF3CH2OH)was
obtained from Sigma-Aldrich, St. Louis, MO, USA. The dielectric con-
stant values for PBS, MeOH and TFE were taken to be 78.3, 33.1 and
27.7, respectively [38,39]. All samples were dissolved in phosphate-
buffered-saline (PBS, 95.3% H2O, 3.8% NaCl, 0.1% di KCl, 0.7%
Na2HPO4, 0.1% KH2PO4; pH = 7.5), MeOH (MeOH/PBS, 1:1) and
TFE (TFE/PBS, 1:1), reaching a final concentration of 60 μM.

2.3. AFS tip functionalization

The 28 amino acid azurin fragment p28 was bound to silicon nitride
AFS tips (Veeco Instruments, Plainview, NY, USA) through a cysteine
residue added to its NH2-terminus to create p29 (Cys-p28, 3.0 kDa) as
described [24]. Briefly, the tipswere cleaned in acetone at room temper-
ature for 10 min, dried under a stream of nitrogen, and then ultraviolet
(UV) irradiated for 30 min to expose hydroxyl groups. Later, they were
immersed in a solution of 2% (v/v) of 3-aminopropyl-triethoxysilane
(APTES) (Acros Organics, Geel, Belgium) in chloroform in order to
functionalize the tip surface with amino groups, incubated for 2 h
at room temperature, washed with chloroform and then dried
with nitrogen. Silanized tips were successively immersed in 1 mM
N-hydroxysuccinimide-polyethylene glycolmaleimide (NHS-PEG-MAL,
molecular weight, 1395 Da, 9.5 nm in length (Thermo Scientific Inc.,
Waltham, MA)) and dissolved in dimethylsulfoxide (DMSO) for 3 h at
room temperature. This allows the NHS-ester group at one end of
the PEG to react with an amino-silane to form an amide bond while
the\\MAL group reacts with the\\SH group of the cysteine residue
conjugated to the NH2-terminal of p28. After washing with DMSO
and Milli-Q® (Millipore, Billerica, MA, USA) water, the tips were in-
cubated with 10 μl of 10 μM p29 in 50 mM phosphate buffered saline
(PBS), pH 7.5, overnight at 4 °C. The tips were then gently rinsed and
stored in buffer at 4 °C.

2.3.1. AFS substrate
Glass slides were prepared to immobilize wild type and mutant p53

DBDs [24]. Glass substrates were cleaned in acetone for 5 min, dried
under a stream of nitrogen, and UV-irradiated for 30 min to expose
the\\OH groups on their surface. After immersion in 0.3 M APTES in
chloroform and incubation for 3 min at room temperature, they were
rinsed in three changes of chloroform and dried with nitrogen. Glass
slides were subsequently incubated with a solution of 1% glutaralde-
hyde (Sigma-Aldrich, St Louis, MO, USA) in Milli-Q water for 4 min at
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room temperature, rinsed with Milli-Q water, and dried with nitrogen.
50 μl of a 10 μM solution of wild type and mutants p53 DBD in 50 mM
PBS pH 7.5 were poured onto this amine-reactive surface, incubated
overnight at 4 °C, gently washed with PBS, and stored in buffer at 4 °C.

2.3.2. AFS measurements
Force measurements were carried out in PBS buffer (50 mM K3PO4,

150 mM NaCl, pH 7.5) using force calibration mode AFM. The cantile-
vers had a nominal spring constant, knom, of 0.02N/mwhile the effective
spring constant, keff, was determined as reported [40].

Each force experimentwas conducted by recording approaching and
retracting force-distance curves. The maximum force exerted by the tip
on the proteins substrate was limited to 0.5 nN by applying a relative
trigger of 50 nm. A ramp size of 150 nm was set, and an encounter
time of 100 ms was established. Tips and substrate were approached
at a constant velocity of 50 nm/s, while the retraction velocity was var-
ied from 50 to 4.200 nm/s according to the selected nominal loading
rates; these last, defined as the product of the nominal cantilever spring
constant (knom) by the tip pulling velocity (v), set in a nominal range of
1–84 nN/s. The effective loading rate was determined by replacing the
nominal cantilever constant with the effective one, ksyst, to take into ac-
count the change in the cantilever spring constants due to the anchoring
of molecules (e.g. proteins and/or linkers) to the AFS tip. The ksyst values
at various loading rates were obtained from the slope of the retraction
curve immediately prior to the unbinding event [41]. A thousand force
curves were recorded for each loading rate and analyzed as described
[24,42,43]. The specificity of each interactionwas assessed (blocking ex-
periments) by adding a 30 μM solution of free p28 to the DBD function-
alized substrates with a nominal loading rate of 7 nN/s for each
experiment. The unbinding force was determined as the product of
the cantilever deflection and its effective spring constant keff from each
of the force-curves corresponding to specific unbinding event for each
p28 interaction and plotted as a histogram for each loading rate. All his-
tograms showed a single mode distribution indicative of the existence
of a single unbinding process, similar to that observed in other systems
[44–46]. The most probable unbinding force was determined from the
maximum of the main peak of each histogram, 58–95 pN, well within
the range reported for other specific biological interactions at a similar
loading rate [18]. As the unbinding process measured by AFS takes
place under the application of an external force that alters the energy
profile of the interaction the kinetic parameters of the biorecognition
process at equilibrium were extracted by treating the data under the
Bell-Evans model [42,47,48]. To completely characterize the kinetic in-
teraction of p28 binding to the p53 DBD, the association rate constant
(kon) was also determined by following the procedure in ref. [49].
Once kon values were calculated, the dissociation equilibrium constant
(KD) for each of the analyzed binding interactions was extracted as
KD = koff / kon.

2.4. Raman spectroscopy

A Jobin-Yvon Super Labram confocal system equipped with a liquid
nitrogen-cooled CCD (EEV CCD10-11 back illuminated; pixel format:
1024 × 128 detector and a spectrograph with a 1800 g/mm grating
allowing a resolution of 5 cm−1) was used to acquire Raman spectra.
A filter to reject the elastic contribution and back-scattering geometry
for spectra collection was applied. The source was a diode-pumped
solid state laser emitting in the green region of the spectrum at
532 nm with a power of 10 mW (4.4 mW on the sample). Measure-
ments were collected using a 50× objective with a numerical aperture
NA= 0.6 (laser spot diameter reaching the sample was 1 μm). A confo-
cal diaphragmof 400 μmand a slit of 200 μmwere chosen as optimal ac-
quisition parameters. The typical acquisition timewas 3 min. Specimen
drops (20 μl) were deposited on optical glass for the acquisition. Raman
spectra were collected from different points of the drops at room tem-
perature. The whole spectral region (600–1750 cm−1) was normalized
through vector normalization in the spectral range of the Amide I band
(1525–1750 cm−1); this scaling all the spectra so that their vertical
minimum is at zero and the Amide I peak of all spectra match at the
sameheight. This pre-processingmethod attempts tominimize the var-
iability in the spectra caused by source/environment fluctuations that
are not related to the actual differences (chemical or structural) in the
samples. Further, all spectra were baseline corrected (70-data point
rubber band method) in order to remove the fluorescence background
[35].

2.5. Curve fitting

Band fitting of the Raman Amide I mode (1545–1725 cm−1) was
performed as previously reported [35]. Briefly, the spectral region
between 1620 and 1725 cm−1 was fitted with three curves associat-
ed with α-helical conformations (1655 cm−1), β-sheet structures
(1667 cm−1) and random coiled regions at 1680–1685 cm−1 [33,
35,50]. A further fitting curve was added at 1645 cm−1, due to a dis-
ordered/vibronic coupling band. Spectral peaks at 1550, 1580, 1604,
and 1615 cm−1 were included to account for Trp, Phe, Tyr and Tyr
residues, respectively, since they were not baseline separated from
Amide I features. Spectra were normalized with the baseline from
1525 to 1720 cm−1 assumed to be linear [35]. Curve-fitting was per-
formed using the Levenberg-Marquardt minimization algorithm
(LMA) and a mixture of Lorentzian/Gaussian pseudo-Voigt functions
to provide peak profiles. The curve-fitting procedure of the Amide I
band was repeated on five different spectra; standard deviations of
10% of the average value were obtained in all the cases. The goodness
of the fits was estimated from the reduced chi-square value. All data
processing and analysis, including the curve-fitting procedure, were
performed with OPUS software v. 6.5.

2.6. Molecular dynamics (MD)

Computer simulations were performed essentially as described
[20,21,25]. Conformations for azurin and the DNA-binding domain
(DBD) of p53 were taken from PDB files 1E5Z (chain B) and 1UTP
(chain A) at 2.0 Å and 2.2 Å resolution, respectively. The 28 aa se-
quence of p28 was cut from the overall crystallographic structure
for azurin and used to generate the configuration file subsequently
applied to MD simulations at 300 K and P = 1 bar. The Nose–Hoover
thermostat method was applied to control the system temperature,
with a coupling time constant t = 0.1 ps. Constant pressure was im-
posed using the Parrinello–Rahman extended-ensemble (P = 1.0 ps).
p28 was minimized with steepest descent and gradually heated from
50 to 300 K at increments of 50 K. The system was then equilibrated
by a 600 ps MD simulation under position restraints, prior to an unre-
strained MD run for 3 ns. The resulting structure file for p28 was used
for further analysis. Amino acid substitutions and internal deletions of
p53 DBD present in solid tumor cell lines were modeled using the
Schrödinger molecular modeling package [26].

2.7. Docking studies

ClusPro [51] was used to conduct automated docking as a six-
dimensional search within the rotational space between two mole-
cules. The docking algorithms of ClusPro evaluate 109 putative
complexes, retaining a preset number with favorable surface com-
plementarities, after filtering with electrostatic and desolvation
free energies for further clustering. The desolvation free energy
used the atomic contact potential [52], a statistical measure of the
desolvation free energy, with the electrostatic free energy calculated
using a Coulombic model with a distance-dependent dielectric of 4r
[53]. The top 2000 energetically favorable structures were clustered
on the basis of a pairwise binding site root mean squared deviation cri-
terion. Clusters were formed by selecting the ligand that had the most



Fig. 1. A. Predicted p28 binding sites within the p53 DNA-binding domain. The L1 loop (aa
112–124) and S7–S8 loop (aa 214–236) are underlined. Predicted p28-binding residues
including parts of L1 and S7–S8 loops and R282 and L289 are indicated (red) within the
p53 DBD (aa 81–300 of human p53). Site-directed mutations are indicated (blue box).
B. Hydrophobic Interactions between p53 DBD and p28. Amino acid residue numbers
(top) and substitutions within p53 (left) were modeled using the Schrödinger software
package. Docking analyses of potential alterations of p28 binding to p53mut sites relative
to p53wt were carried out using the ClusPro 2.0 server. Residues on p53wt binding p28
are gray. Residues on p53mut with N95% identity to p53wt are in blue. Predicted p28
binding sites significantly altered when hydrophobic aa of p53 were mutated to
hydrophilic aa are in (red). Substitution of A119 to D did not significantly alter p28
binding sites, suggesting that A119 is not critical to p28 binding.
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neighbors below a previously selected clustering radius. Each member
within the cluster was eliminated from thematrix to avoid overlaps be-
tween clusters that were repeated until at least 30 clusters formed, and
the cluster model with the best score was selected to further compare
the protein–protein interface using the ProtorP: Protein–Protein Inter-
face Analysis Server [54]. Molecular surfaces and electrostatic potentials
of wild type and mutated p53 were calculated by DeepView (Swiss
Institute of Bioinformatics) [82].
Fig. 2. (A) Ribbon-diagram of the wt p53 DBD. Arrows indicate the amino acid positions wher
Molecular surfaces and electrostatic potentials of wt (B, G) and mut (C–F, H–J) p53 BD were
Arg, Lys, Glu and Asp were used as charged amino acids. Cationic and anionic areas are represe
2.8. Surface plasmon resonance measurements

SPR experiments were carried out at 25 °C by using PBS (50 mM
K3PO4, 150mMNaCl, pH7.5, surfactant P20 0.005% fromGEHealthcare)
as running buffer. GST-taggedwild type p53 DBD, and physiological p53
DBD mutants, were alternatively coupled to a single channel of a CM5
sensor chip surface (GE Healthcare, Uppsala, Sweden) by following a
GST capture procedure. Briefly, anti-GST antibodies (immunosorbent-
purified polyclonal goat antibody, 0.6 mg/ml in 0.15 M NaCl, 100 μl)
were covalently coupled to both channel of a CM5 sensor chip surface
by using a standard amine coupling procedure as described [55]. The
carboxyl groups of the sensor chip dextran matrix were activated
by a mixture of N-hydroxyl-succinimide (NHS) and N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide (EDC). Anti-GST antibody
from the GST capture kit (GEHealthcare, Uppsala, Sweden)was thus di-
luted to 30 μg/ml in immobilization buffer and injected at 10 μl/min for
5 min on both the reference and experimental flow cells. Unreacted
NHS-esters were successively blocked by a 1 M ethanolamine-HCl,
(pH 8.5, GE Healthcare, Uppsala, Sweden) injection. Polyclonal anti-
GST antibody high affinity sites were thus blocked by running 3 cycles
of a 3-min injection of recombinantGST (Schistosoma japonicum, molec-
ularweight 26 kDa; 0.2mg/ml in HBS-EP buffer, 0.005% surfactant P20),
at 5 μg/ml in running buffer followed by regeneration, by following the
GST capture kit protocol. GST-tagged wild type, single point and
physiological p53 DBD mutants, diluted in running buffer at a final
concentration of 0.5 μM were successively coupled to a single chan-
nel of the CM5 sensor chip surface until an immobilization level of
about 700 Resonance Unit (RU) was reached. Both the reference
and the experimental flow cells were thus saturated by successive
injection of GST. The same anti-GST substrate was used for all the
binding kinetic experiments.

Binding assayswere successively performed by a single-cycle kinetic
(SCK) approach [55]. Four increasing concentrations of p28 peptide
(analyte) in the range of 10–80 μM were sequentially injected over
both the functionalized and the reference flow cell surfaces at a
flow rate of 30 μl/min for 180 s followed by a 500 s dissociation time
without intermediate regeneration. Binding assays also included three
e mutations were introduced. The β-barrel structure of the p53 DBD orientated vertically.
calculated by DeepView (Swiss Institute of Bioinformatics). G, H: 180° rotated vertically.
nted in blue and red, respectively.



Fig. 3. (A) Schematic representation of a typical approach and retraction force-distance
curve displaying a specific unbinding event between p28 anchored to the AFS tip and
p53 DBD immobilized on a glass substrate. (B) Bell-Evans plot for the p28 interaction
with the p53 DBD mutant K164E.
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startup cycles using buffer to equilibrate the surface, as well a zero con-
centration cycle of analyte in order to have a blank response usable for
double reference subtraction [56]. Analytical cycles were programmed
by means of a wizard template and the entire analysis was completely
automated.

To extract kinetic parameters from SPR data, experimental curves
(sensorgrams) were double-reference subtracted. Specifically, the
response collected over the functionalized surface was subtracted
by the response from the reference surface to correct for bulk refrac-
tive index changes. Second, the response from running buffer injec-
tion was subtracted. Sensorgrams were then globally fitted using
BiaEvaluation software 2.1 (GE Healthcare, BIOSciences AB, Sweden)
to a 1:1 interaction model [56]. Goodness of the fit was evaluated
based on visual inspection, on the χ2 value (expected to be lower
than 10) and on the residual plots.

3. Results and discussion

3.1. Molecular dynamic analysis of protein structure

We first investigated whether the binding and subsequent post-
translation stabilization of p53mut by p28 are dependent on the type
of e.g. missense and location of the mutation within the p53 DBD.
Docking analyses suggest that a significant number (~54%) of those res-
idues on p53wt predicted to bind p28 are within the L1 and S7–8 loops of
p53. Fig. 1A illustrates the identity and location of the predicted binding
sites for p28 within the DBD of wild type p53 and the position of the
amino acids selected for computational and site directed mutation.
The amino-acids comprising the (28) predicted binding sites for p28
on p53wt are sequentially FLHSGTAVTCTYPALTPQWEGSDCTHRL. Sev-
enteen of the predicted amino acids are located in the non-mutable L1
loop (10 aa) and the mutable S7–S8 loops (7 aa). Non-polar, hydropho-
bic amino acids within and outside the non-mutable L1 loop as well as
within the S7 –S8 loops were uniformly replaced with onewith a strong
anionic side chain (pKa ~ 3.7), the hydrophilic aspartate (D), to deter-
mine whether alterations in hydrophobicity might alter the predicted
interaction between the p53 DBD and molecules such as p28. In addi-
tion, hydrophobic amino acids located within F113, G117 and outside
Table 1
Kinetic parameters obtained by AFS for the interaction of p28 with WT-p53 DBD and site-direc

AFS results

Complex koff (s−1) kon (M−1 s−1)

p29/WT-DBD (1.0 ± 2.1) · 10−5 1.4 · 104

p29/L114D-DBD (3.0 ± 4.0) · 10−6 4.8 · 103

p29/A119D-DBD (1.3 ± 3.3) · 10−3 1.8 · 104

p29/C124D-DBD No interaction No interaction
p29/C229D-DBD No interaction No interaction
P128, P142, the non-mutable L1 loop predicted to bind p28, were com-
putationally altered to aspartate for additional contrast. We generated
hydrophilic to hydrophobic and hydrophilic to hydrophilic alterations
at K120 within the L1 loop (Fig. 1B) that is not predicted to interact
with p28 and does not contact DNA [57] as a control for assessing the
whether a loss in hydrophobicity was predictive of an altered binding.
When a single hydrophobic to hydrophilic mutation was introduced
in the L1 or S7–S8 loops of the p53 DBD, the predicted p28-binding
sites on p53mut for F113D, L114D, G117D, V122D, C124D, P128D,
P142D and C229 was KQLARCPHHRCDMNSSCMGRRCACRDTE. None of
the predicted residues were located in the S7–S8 loops and only one
residue (Lys120) was located in the L1 loop. The amino acid composi-
tion of the predicted p28-binding sites on p53wt was 43% hydropho-
bic, 36% neutral and 21% hydrophilic, respectively. In contrast, those
predicted for the p53 mutations were 25% hydrophobic, 36% neutral
and 39% hydrophilic, a clear shift from hydrophobic to hydrophilic
sites.

Computationally generated predictions of p28 binding suggest
that 8/9 (~90%) p53 mutations that directly alter hydrophobicity
within the L1 and S7–S8 loops of the DBD of p53 or other motifs with-
in the DBD or indirectly e.g. by introducing a large hydrophobic side
chain (S241F) [26] can alter its ability to contact DNA [58]. Thesemu-
tations also appear to consistently alter the predicted binding of p28
for p53 to more hydrophilic amino acids than observed for wild type
p53. In contrast, the hydrophobic to hydrophilic substitution, A119D
and negative control(s) did not alter the pattern observed on wild
type p53. Fig. 2A presents a ribbon diagram illustrating the location
of actual and site directed mutations as a function of secondary
structure within the DBD of p53. Fig. 2B–J illustrates the contrast in
electrostatic potential from wild type (Fig. 2B, G) generated by hy-
drophobic to hydrophilic substitutions within predicted binding
sites for p28 (Fig. 2C–F) using the DeepView software package. Addi-
tional mutations within the DBD of solid tumor cells (Fig. 2H–J), pre-
viously modeled to assess potential binding, are also reanalyzed here
with the DeepView software. Substitution of non-polar hydrophobic
amino acids with the anionic (electrophilic) aspartic acid at positions
114 and 119 altered the surface charge from essentially neutral to
anionic, while substitution of the special case (polar, hydrophobic)
amino acid cysteine at positions 124 and 229 to aspartic acid slightly re-
duced the cationic (Fig. 2E) and increased the anionic surface charge
(Fig. 2F) of the p53DBD, respectively. The naturally occurringmutations
at positions 164 (positive to negative, hydrophilic, Fig. 2H) altered the
surrounding surface charge to anionic,whileminimal changes to hydro-
phobicity, at 223 and 274 (Fig. 2I) did not alter surface charge. A slight
reduction in positive charge and hydrophilicity in the naturally occur-
ring mutation R273H (Fig. 2J) produced the expected slight reduction
in surface charge.

We previously demonstrated that contact mutations that prevent
p53 binding to DNA e.g. R273H (Fig. 2J) may, but do not necessarily,
alter the bindingmotif for p28 on p53 [25]. This also appears true for ei-
ther non-frameshift, internal deletions (Δ178–183, 25) ormultiplemis-
sense mutations (P223L, V274F) (Fig. 2I) in cancer cells that essentially
lie outside the L1 and S7–8 loops, the major p53 DBD binding motifs for
ted mutants of the p53 DBD.

KD (M)
Unbinding frequency
before blocking

Unbinding frequency
after blocking

0.7 · 10−9 16.2% 8.8%
0.6 · 10−9 11.2% 7.1%
0.7 · 10−7 11.5% 6.9%
No interaction 11.5% 10.6%
No interaction 12.7% 10.8%



Fig. 4. Surface plasmon resonance sensorgram for the association and dissociation of p28
on wild type p53 DBD modified sensor chip surface (black line). The superimposed red
line corresponds to the fit obtained by the 1:1 ligand model.
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p28. These types of alterations allowed us to evaluate whether changes
hydrophobicitywithin and outside the L1 and S7–8 loops of the p53 DBD
were responsible for or associated with potential changes in secondary
structure that would alter the binding affinity for p28 or similar
molecules.

3.2. AFS analyses of p28 binding to the p53 DBD

Force-distance curves were obtained by approaching/retracting, at a
constant speed, the AFM tip functionalized with p28 to/from the glass
substrate onto which p53wt DBD ormutated DBDmolecules were cova-
lently immobilized (Fig. 3A). At the beginning, the tip is far away from
the surface, so there is no interaction between the two partners, and
consequently no cantilever deflection is recorded (point 1). Successive-
ly, at the contact point (point 2), as due to the repulsive forces between
molecules the cantilever begins to deflect. In the proximity of this point,
a biorecognition process, eventually leading to the formation a specific
complex between the two partners, may start to take place. Further ap-
proach of the tip results in an increasing overlap of the partners molec-
ular orbitals whose repulsion produces a cantilever upward deflection.
The approaching is stopped when a preset maximum force value is
reached, to avoid damage of the proteins (point 3). The motion is then
reversed and the cantilever begins to bend downwards due to the at-
tractive force holding the complex (point 4). When the pulling force
overcomes the biomolecular interacting force, the complex breaks and
the cantilever jumps-off to a non-contact position (point 5), which is
preceded by a nonlinear stretching of the molecular bonds of the PEG
linker. Such a jump provides a measure of the unbinding force (called
also rupture force) between the biomolecular partners. However, the
approach of a functionalized tip toward a coated substrate, does not
necessarily result into the formation of a specific complex. The force
curves were thus analyzed by attributing a specific unbinding events
to only those curves starting and ending at the zero-deflection line,
and exhibiting a non-linear trendwith the features of the PEG stretching
[42,43].

The unbinding frequency (ratio between number of specific events
over the total recorded curves) was calculated over all force-curves
corresponding to specific unbinding events for each p29/DBD couple.
Table 1 contrasts the binding of p28 (p29) to the DBD of p53wt and
site directed mutants L114D, A119D, C124D and C229D. Although
DeepView analysis (Fig. 2C, D) suggested that the L114D and A119D
substitutions increased the anionic nature of the surface of the p53
DBD, docking analysis predicted that only the A119D substitution
would allow binding of p28 to the correct amino acids. This was not
the case. The unbinding frequency for the interaction of p28 with the
site direct p53 DBD mutants L114D, A119D, C124D and C229D was
~12% compared to unbinding frequencies of 6–11% for the interaction
between p28 and the naturally occurring p53 DBD mutants (K164E,
R273H, P223L/V274F). Although quite low, the unbinding frequencies
were consistent with the values found for other biological interactions
[24,32] and could be ascribed to the lack of interaction between part-
ners, presence of unfavorable binding geometries or steric hindrance.
There was a significant reduction in the unbinding frequency after
blocking only for the interaction between p28 and p53 DBD mutants
L114D, A119D, K164E and P223L/V274F (Table 2). This suggests that
p28 specifically interacts with these mutants even if steric hindrance
Table 2
Kinetic parameters obtained by AFS and SPR for the interaction of p28 with WT-p53 DBD and

AFS results

Complex koff (s−1) kon (M−1 s−1) KD (M)

p29/K164E-DBD (5.1 ± 0.2) · 10−6 6.1 · 103 0.8 · 10−

p29/R273H-DBD No interaction No interaction No intera
p29/P223L/V274F-DBD (4.3 ± 2.2) 3.2 · 103 1.3 · 10−
or random immobilization significantly reduces the unbinding frequen-
cy. As predicted, neither the C124D nor C229D mutants specifically
bound p28 as reflected by the absence of any reduction in the unbinding
frequency after blocking for the interaction between p28 and C124D,
C229D and R273H. (Table 1). Interestingly, a DBD with missense muta-
tions at either K164 or P223 and V274 bound p28. The data directly re-
flect the relative activity of p28 to inhibit the proliferation of cancer cell
lines bearing these mutations in vitro [25]. For each interaction, the
koff dissociation rates of the found specific interactions were then de-
termined by plotting the most probable unbinding force (see the
Materials and methods section for details) versus the natural loga-
rithm of the loading rate, and then fitting data according to the
Bell-Evans model [42,47,48] (see Fig. 3B); the obtained kinetic data
being reported in Tables 1 and 2.
3.3. Surface Plasmon Resonance results

The SCK approach introduced by Karlsson and co workers [59]
was used to study the interaction kinetics between wild type, single
point and physiological p53 DBD mutants immobilized on the SPR
sensor chip surface, and p28 in solution. Fig. 4 (black line) shows
the SPR signal (RU) as a function of time for successive injections of
increasing concentrations of p28 in the range of 10–80 μM on wild
type p53 DBD functionalized sensor chip surface. As far as increasing
concentrations of p28 are injected, a proportional increase of the SPR
signal is observed that results from the specific interaction of an increas-
ing amount of p28with the immobilized p53DBD. After 180 s of analyte
injection, runningbuffer isfluxed over both the ligand and the reference
surface and the SPR signal drops down as a consequence of the sponta-
neous dissociation of p28 and p53 DBD complexes. Similar trends were
observed when increasing concentrations of p28 were fluxed over the
K164E-DBD, or P223L/V274F-DBD functionalized sensor chip. No in-
crease in signal was observed when the p28 interacted with the
R273H-DBD functionalized sensor chip surface.
naturally occurring p53 DBD mutants.

SPR results

Unbinding frequency
before blocking

Unbinding frequency
after blocking KD (M)

9 10.5% 6.3% 7.3 · 10−8

ction 8% 6.5% No interaction
3 6% 3% 2.4 · 10−4
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Kinetic data provided by specific interactions, were analyzed in
the framework of the Langmuir 1:1 binding model, which assumes
a simple reversible bimolecular reaction between the ligand and
the analyte [60] as described by the following equation:

L þ A →
kon

←
koff LA

where L is the ligand (the immobilized molecule), A is the analyte
(molecule in solution); and kon and koff are the association and disso-
ciation rates of the complex respectively; the corresponding KD being
given by koff/kon. Fig. 4, red line, shows the best fit obtained by the 1:1
binding model for the p28 (analyte) interaction with immobilized p53
DBD (ligand). Such a fit provided a kon of 2.4 · 102 M−1 s−1, a koff of
2.0·10−5 s−1 and a KD value of 8.8·10−8 M, reported in Fig. 4, with a
χ2 value of 0.5. The KD values obtained for the p28 interaction with
physiological p53 DBD mutants, also reported in the last column of
Fig. 5. (A) Raman spectra ofWT-p53 DBD (magenta) and naturally occurring p53 DBDmutants
D, E). The corresponding Amide I Raman band (black circles) fitted using the three-component
conformations of the protein areα-helix (magenta), β-sheet (yellow), and random coil (blue), r
normalized to Amide I band.
Table 2, qualitatively confirm the binding properties detected by
AFS. The differences between the KDs values of about one-two orders
of magnitude, provided by AFS and SPR, were similar to what has
been previously obtained [61]. This can be certainly attributed to
the peculiarities of the two experimental techniques, operating at
level of single molecule in one case, AFS, and in bulk condition in
the other, SPR, as well as to the different substrates and immobiliza-
tion procedure used for p53 DBD immobilization.

3.4. Raman analysis of protein structure

We established an approach and baseline for determining the po-
tential effect of mutations on secondary structure and their subse-
quent effects on p28 binding by analyzing the Raman spectra of the
p53wt DBD. We confirmed that the Raman spectra of p53wt DBD
identified the vibrational modes of the tyrosine (Tyr) aromatic ring
at frequencies 643, 830, 850, 1174 and 1615 cm−1, of phenylalanine
(Phe) residues, at 620, 1006, 1030 and ~1605 cm−1, tryptophan
(60 μM) in PBS in the 600–1725 cm−1 range. Principal vibrationalmodes aremarked. (B, C,
Voigt model (red line in each panels). The three bands associatedwith themain structural
espectively. Fitting results are summarized in Table 3 (excitation at 532 nm). Spectrawere



Table 3
Fitting parameters of the Amide I band of WT-p53 DBD, naturally occurring and site-
directed p53 DBD mutants in PBS. Standard deviations of the averaged area value are
about ±10%, with χ2 ≤ 0.002, for all curve fitting.

Sample

Secondary structure

α-Helix β-Sheet RC

WT-DBDa 1655 1669 1687 Frequency (cm−1)
27 50 23 Area %

K164E-DBD 1653 1668 1683 Frequency (cm−1)
18 59 23 Area %

R273H-DBD 1655 1669 1684 Frequency (cm−1)
20 42 38 Area %

P223L/V274F-DBD 1654 1668 1683 Frequency (cm−1)
16 59 25 Area %

L114D-DBD 1653 1668 1684 Frequency (cm−1)
27 48 25 Area %

A119D-DBD 1654 1669 1683 Frequency (cm−1)
30 43 27 Area %

C124D-DBD 1654 1669 1683 Frequency (cm−1)
46 22 32 Area %

C229D-DBD 1645 1660 1675 Frequency (cm−1)
11 24 65 Area %

a Ref. [35].

917S. Signorelli et al. / Biochimica et Biophysica Acta 1861 (2017) 910–921
(Trp), at 750, 1341, 1360 and 1550 cm−1, the peaks at 950 cm−1 at
~1250 cm−1 represented C\\C stretching and the Amide III band
arising from an in-phase combination of N\\H bending and C\\N
stretching with small contributions from the C_ O in-plane bending
and C\\C stretching with deformation of the CH2\\CH3 bond resulting
in a peak at 1447 cm−1. Finally, an Amide I band, located within the
spectral region 1620–1725 cm−1, arises mainly from the C = O
stretching vibration with minor contributions from out-of-phase C\\N
stretching, C\\C\\N deformation and an N\\H in-plane bend (Fig. 5A)
[62–65]. We focused our attention on the Amide I Raman band as it is
strongly dependent on the secondary structure of each protein to pro-
vide detailed information on the overall structural conformation and
distribution of multiple secondary structures following mutation of
the p53 DBD [33].

The Amide I band of the p53wt DBDwasfittedwith three curves cen-
tered at 1650–1656, 1664–1670 and ~1680 cm−1 representingα-helix,
β-sheet and randomcoil configurations, respectively [33,50,66]. Amide I
band intensities were correlated with the fraction of each secondary
structure, assuming that the Raman cross section of each conformation
was identical. This assumption was validated by determining the ratio
of the Amide I band with the tyrosine band at 1615 cm−1 an indepen-
dent secondary structure in all samples [67]. The integrated area of
the Amide I band relative to the Tyr ring band was similar (b20%
under all conditions) validating the assumption. Curve fits for the
p53wt DBD are shown in Fig. 5B with the corresponding fitting parame-
ters recorded in Table 3.

The secondary structure of the p53wt DBDwas 50% β-sheet, while
the α-helix and random coil conformations contribute 27 and 23%,
respectively to the total Amide I band area (Table 3) [35]. These
data reflect the well characterized β-sandwich of the core domain
and loop-sheet-helix nature of the DNA binding surface of p53.[1]
In sum, the structural features of the p53wt DBD remain essentially
constant or stable in the absence of the intrinsically disordered N-
and C-terminal regions providing a baseline for analyses of muta-
tional effects on secondary structure of the p53 DBD and their poten-
tial consequences on the binding of p28.

3.4.1. Effect of amino acid substitution on secondary structure
We compared the amount of α-helix, β-sheet and random coil of

DBDwt with those present in naturally occurring DBD mutants, K164E,
R273H (DNA contact residue), a double mutation at P223L/V274F and
directed single point mutations within the p53 DBD of cancer cells.
The latter were designed to produce hydrophobic to hydrophilic chang-
es in the normally non-mutable L1 motif and within the S7–8 loop that
bind p28, to provide insight as to howmutations that altered hydropho-
bicity might affect secondary structure and alter the binding of p28 or
similar molecules.

Fig. 5A compares the Raman spectra of the three naturally occurring
DBD mutants in PBS to the spectrum of wild-type DBD. Although the
Raman spectra of the three mutants generally exhibited the same
principal vibrational modes of DBDwt, some spectral differences
were observed. For example, the peak at 685 cm−1 was absent in
all mutants. The region over 1124–1167 cm−1, CH2\\CH3 and Tyr vi-
brational modes show an evident deformation. The Amide III band at
1220–1298 cm−1 was significantly increased in twowell defined and
sharp peaks at 1252 and 1310 cm−1 in all three mutations, with the
Amide I Raman band slightly narrower than in the DBDwt.

The fitting curves of the Amide I Raman bands of the three naturally
occurringmutant DBDs are shown in Fig. 5C–E, with the DBDwt curve
fit included for comparison (Fig. 5B); the corresponding fitting pa-
rameters are shown in Table 3. Deconvolution of the Amide I
Raman band revealed that a β-sheet structure predominates in all
the DBD mutants although the percentage appears to depend on
the position of the mutation in the amino acid sequence. The results
also suggest that mutations at K164E and P223L/V274F induce an in-
crease in β-sheet content (59%) and a decrease inα-helical structure.
The relative amount of random coil does not significantly change
(~23%) from wt across the K164E and P223L/V274F mutations. In
contrast, in PBS, the DNA-contact mutation (R273H) is associated
with a significantly lower β-sheet (~42%), lower α-helix (~20%)
and an increase in random coil content (~38%) suggesting an un-
winding of that portion of the protein.

We next analyzed whether site-directed mutations within the L1
and S7–8 loops of the p53 DBD (Fig. 1A, B) that resulted in a change in
hydrophobicity altered conformation and p28 binding. The Raman
spectra of the four site-directed mutations are shown in Fig. 6A. In
general, each mutant exhibited a principal vibrational mode similar
to the p53wt DBD. However, a slight shift in frequency of Tyr (830
and 850 cm−1) and C\\C stretching at 950 cm−1, togetherwith a defor-
mation in the region identifying CH2\\CH3 bonds (1400–1500 cm−1)
were observed in A119D and C124D spectra along with a narrowing
of thewidth of the Amide I peak compared to thewild typeDBD. In con-
trast, the Amide I was broader in the C229D substitution. Therewere no
apparent spectral differences with respect to DBDwt in the C124D spec-
trum. An analysis of the fitted Amide I region of the four site-directed
mutants is shown in Fig. 6B–E. In PBS, the L114D and A119D directed
mutations have a slightly elevated α-helix, a lower β-sheet and equal
or slightly higher random coil content to that of the DBDwt (Table 3).
Substitution of the hydrophobic Leu114 and Ala119 with a hydrophilic
(acidic) Asp residue within the highly conserved, non-mutable L1 loop
does not appear to significantly alter the secondary structure from the
DBDwt. However, when the slight shift in frequency of Tyr (830 and
850 cm−1) and C\\C stretching at 950 cm−1 and deformation in the re-
gion identifying CH2\\CH3 bonds (1400–1500 cm−1) observed in
A119D are coupled with predictions that substitution of non-polar hy-
drophobic amino acids with the anionic (electrophilic) aspartic acid al-
tered the surface charge from essentially neutral to anionic, it signals
that these local changes contribute to the similar and slight decrease
in affinity for p28 (Table 1) observed with these twomutations, respec-
tively. In PBS, the C124Dmutation (Fig. 6D) shows predominantα-helix
(46%) and random coil (32%) regions while a β-sheet structure repre-
sents only 22% of the total. This is in sharp contrast to the DBDwt pattern.
The C229D mutation (Fig. 5E) also displays a significantly higher
percentage of extended random coil conformation (65%) relative to
DBDwt (23%), with significantly less β-sheet (24%) and α-helix (11%)
content (Table 3). Neither of these two mutations bound p28 (Table 1).

3.4.2. Effect of environmental changes on secondary structure
Deconvolution and curve fitting revealed that β-sheet content in-

creased to 63% of the entire Amide I area of the DBDwt in MeOH/PBS
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solvent, significantly above the 50% content observed in PBS with a
corresponding reduction inα-helix andRC content (Table 4). The altered
polarity created by TFE/PBS increased α-helical content from 27% in
DBDwt in PBS to 51%, at the expense of β-sheet while the amount of ran-
dom coil decreased to 18% together with a narrowing of the correspond-
ing fit curve (data not shown) [35]. The observed substantial increase in
β-sheet andα-helical content inMeOH and TFE, respectively, is in agree-
ment with literature data on other proteins [33,35,68–73].

The results also suggest that the increase in α-helix essentially
derives from β-sheet with a marginal contribution from random
coil regions (Table 4). These observations generally confirm that en-
vironmental changes can modify secondary structure characterized
by a narrowing of the Amide I band [33].

Further analysis of the curve fit data from Raman spectra showed
only minimal changes in the main vibrational modes and spectral
changes in Amide I bands of L114D and A119D from the DBDwt in
MeOH/PBS and TFE/PBS with peak widths similar to that in PBS
(~47 cm−1 in both solvents). However, the width of the C124D
Fig. 6. (A) Raman spectra ofWT-p53DBD (magenta) and site-directed p53 DBDmutants (60 μM
The corresponding Amide I Raman band (black circles) fitted using the three-component Vo
conformations of the protein are α-helix (magenta), β-sheet (yellow), and random coil (blue
were normalized to Amide I band.
and C229D Amide I peaks was narrower ~60 cm−1 in PBS to
~45 cm−1 in MeOH/PBS and ~51 cm−1 in TFE/PBS and ~78 cm−1

in PBS to ~46 cm−1 and ~53 cm−1, in MeOH/PBS and TFE/PBS, re-
spectively. The Amide I curve fit parameters following exposure of
L114D to MeOH/PBS and TFE/PBS suggest that altering the hydro-
phobicity at L114 did not significantly reduce β-sheet content
below that of DBDwt (58 vs 63% [35]), but did increase the content
of RC, suggesting that environmental alterations did not significantly
alter the pattern of structural change from that of the DBDwt under sim-
ilar conditions. (Table 4). This observation supports the observation of a
similar binding affinity of L114D for p28 (Table 1). However, exposure
of A119D to MeOH reduced β-sheet content significantly below that
of DBDwt (49 vs 63%) that was accompanied by increases in α-helix
and RC content. Preferential solvation with TFE, significantly increased
β-sheet structure (52% vs 31%) from the DBDwt at the expense of α-
helix (39%) and RC (9%) content (Table 4). Overall, these results suggest
that this mutation produced only marginal changes in β-sheet content
and consequently, only a slight decrease in affinity for p28 (Table 1).
) in PBS in the 600–1725 cm−1 range. Principal vibrational modes aremarked. (B, C, D, E).
igt model (red line in each panels). The three bands associated with the main structural
), respectively. Fitting results are summarized in Table 3 (excitation at 532 nm). Spectra



Table 4
Fitting parameters of the Amide I band of WT-p53 DBD, naturally occurring and site-directed p53 DBD mutants in MeOH/PBS and TFE/PBS solvents. Standard deviations of the averaged
area value are about ±10%, with χ2 ≤ 0.002, for all curve fitting.

Solvent
MeOH/PBS TFE/PBS

Sample

Secondary structure Secondary structure

α-Helix β-Sheet RC α-Helix β-Sheet RC

WT-DBDa 1654 1670 1688 1655 1671 1687 Frequency (cm−1)
20 63 17 51 31 18 Area %

K164E-DBD 1654 1669 1688 1662 1672 1687 Frequency (cm−1)
17 65 18 45 35 20 Area %

R273H-DBD 1655 1669 1686 1661 1670 1687 Frequency (cm−1)
23 51 26 48 29 23 Area %

P223L/V274F-DBD 1654 1668 1684 1664 1671 1687 Frequency (cm−1)
19 57 24 49 36 15 Area %

L114D-DBD 1655 1668 1685 1649 1669 1688 Frequency (cm−1)
17 58 25 46 35 19 Area %

A119D-DBD 1656 1668 1682 1657 1671 1688 Frequency (cm−1)
26 49 25 39 52 9 Area %

C124D-DBD 1653 1668 1682 1657 1672 1689 Frequency (cm−1)
23 54 23 53 33 14 Area %

C229D-DBD 1653 1667 1683 1654 1667 1680 Frequency (cm−1)
17 53 30 46 37 17 Area %

a Ref. [35].
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In contrast to the significant reduction in β-sheet content from
DBDwt observed with C124D in PBS (22 vs 50%), exposure of C124D
to MeOH only decreased β-sheet content of about 14% accompanied
by slight increases in α-helix and random coil compared to DBDwt.
The marginal increases in α-helix and β-sheet content of C124D rel-
ative to DBDwt in the presence of TFE suggest that the loss of β-sheet
under physiologic conditions did not result in a loss of overall flexi-
bility in the mutant DBD, but did eliminate the ability to bind p28.
A similar solvent effect with C229D, loss of β-sheet (15%) and in-
crease in RC (43%) content with MeOH, reversed after exposure to
TFE (Table 4) suggests that the mutation results in a highly disor-
dered DBD with a significant increase in unstructured regions (RC),
that while incapable of binding p28, do remain able to respond to
changes in polarity. This in turn suggests that mutations within this
region of the p53 DBD are potentially pharmacologically resolvable.

4. Conclusions

The p53 DNA binding or core domain of p53 folds into an
immunoglobulin-like β-sandwich (two anti-parallel β-sheets) with
a DNA binding surface that binds to themajor andminor grooves of se-
quence-specific (target) DNA at promoter regions and initiates gene
transcription. The major groove binding surface is formed by the L1
loop and a short helix H2 (residues P278–E287). The minor groove
binding surface is formed by two loops, L2 (residues K164–C176,
C182–L194) and L3 (residues M237–P250, 57). L1 is the most dynamic
loop among L1, L2 and L3. The high flexibility of L1 arises because resi-
dues H115, S116, and G117 of L1 have very little interaction with the
bulk protein except for a hydrogen bond between S116 and C124 of
L1, and S2 interface [74].

Intrinsically disordered regions, terminal tails, and flexible linkers
are abundant in DNA-binding proteins and play a crucial role by increas-
ing the affinity and specificity of DNAbinding [75]. Themodular domain
structure of p53 consists of foldedDNA-binding and tetramerization do-
mains, flanked by intrinsically disordered regions at both the amino-
and carboxy-termini. The concerted action of folded and intrinsically
disordered domains of the highly dynamic p53protein provides binding
promiscuity and specificity, allowing p53 to process amyriad of cellular
signals tomaintain the integrity of the human genome [76]. The second-
ary structural characteristics between a full-length p53 and its DBD
identified by Raman spectroscopy differ significantly only in the in-
crease of random coil relative to β-sheet, respectively [48], suggesting
that any mutations within the DBD that alter its secondary structure
and affect binding to DNA are likely to be causal and essentially not sub-
ject to significant modification by its intrinsically disordered regions. A
similar argument would appear to be valid for the binding of p28 to
its predicted motifs within the DBD.

p28, a linear, 28 amino acid, amphipathic peptide derived from
the copper containing redox protein azurin, binds with high affinity
to the DBD of p53 [24] without altering its conformation and post-
translationally activates p53 [25,26]. Molecular dynamic analyses
predict that themajority of p28 binding sites arewithin the non-mutated
L1 loop (a.a 112–124) [29] and a mutable region e.g. (Y220C, P223L)
within the S7–8 loops (aa 214–236) of theDBD [23] andbind p28 through
hydrophobic interaction. We speculated that mutations in the L1 and
S7–S8 loops directed at amino acids predicted to bind p28 might
compromise local secondary structure sufficiently to alter the affini-
ty for p28 and confirm the predicted regional binding motifs. The
hotspot Y220C mutation in the latter loop unfolds p53 N 80% [77].
We show here that the effect of altering side chain charge and hydro-
phobicity on p28 binding is due to local changes in secondary
structure within the L1 and S7–8 loops of the p53 DBD, rather than ex-
tensive unfolding of the molecule.

Molecular dynamic simulations and docking analyses predict that
altering the hydrophobicity of selected amino acids within the L1 and
S7–S8 loops can potentially alter, and even increase the number of
sites binding p53, while maintaining or reversing the hydrophilicity
of the nonbinding K120 does not (Fig. 1). However, the L114Dmutation
in L1, predicted to alter the binding site of p28, did not significantly alter
the affinity (KD) of the mutant for p28, while the A119D mutation
lowered it (Table 1) in the presence of significant local changes in elec-
trostatic potential (Fig. 2C, D). This suggests that a mutation at L114 is
either not critical to p28 binding or that p28 binds to an alternative
motif within the DBD, at a similar affinity suggesting some degree in
the flexibility of p28 binding within. Our prediction suggests the latter.
As Leu is the most hydrophobic residue in the series L114, A119, C124
and C229 [78] a significant reduction in hydrophobicity at position
114 does not appear critical for p28 binding. However, if binding is to
an alternative site, it may be reflected by the increase in random coil
content of this mutant relative to the wt DBD in the presence of
MeOH. As predicted the A119D mutation continued to bind p28, albeit
at a slightly lower affinity (Table 1). Here again, the loss of β-sheet con-
tent in MeOH and increase in RC relative to DBDwt and L114D are ob-
served (Tables 3, 4). The relative content of α-helix and β-sheet of
these directed L1 mutations mirrors that of the natural mutations
K164E and P223L/V274F across solvents (Table 4) suggesting that
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missense mutations cause similar types of local disruptions in sec-
ondary structure across the DBD, irrespective of whether the muta-
tion produces a change in hydrophobicity. The significant decrease
in β-sheet and increase in random coil associated with the R273H
mutation (Table 4) and inability to respond to MeOH with an in-
crease in β-sheet are reflected in the absence of predicted and actual
(Table 2) binding of p28 to p53.

The significant loss of β-sheet in C124D and C229Dmutations and
higher content of an extended random coil conformation relative to
DBDwt provide further evidence that local changes in hydrophobicity
can significantly alter DBD scaffold organization. Modeling substitu-
tion of the special case (polar, hydrophobic) amino acid cysteine [79]
at positions 124 and 229 to aspartic acid showed a reduced cationic
(Fig. 2E) and increased anionic surface charge (Fig. 2F) of the p53
DBD, respectively. The C124D mutation is at the C-terminus of the L1
loop at the initiation of a β-sheet (S2) (Fig. 1), while C229D is central
within the S7–8 loop. This may provide an explanation of why we ob-
served a significant reduction in β-sheet content relative to DBDwt

and L1 mutations. As the overall NMR structure of p53 core domain is
a β-sandwich, composed of two antiparallel β-sheets with a small β-
hairpin (124–135) in contact with the second β-sheet, closing the ac-
cess to the hydrophobic core, altering hydrophobicity and charge of
the C-terminus of the L1 loop or the β-hairpin would appear to strongly
reduce p28 binding (Table 1). A similar case could be made for the S7–8
loop.

Raman spectroscopy coupled with AFS and SPR analyses, provided
an alternative approach to define how local alterations in secondary
structure affected the binding of p28 to the DBD of p53. The combina-
tion of molecular dynamic modeling with docking analysis, atomic
force and Raman spectroscopy and a suitable fitting procedure allowed
us to conclusively demonstrate that p28 does bind to the DBD of p53
and confirm predictions of those bindingmotifs. A solvent perturbation
strategy detailed the ensemble of conformations adopting different sec-
ondary structures within the DBD in response to missense mutations
and showed how they are dependent on the position of the mutation
along the protein chain. These observations provide additional evidence
on how p28 is active in initial clinical trials in patients with a variety of
advanced, p53wt,mut positive tumors [80,81]. Additional efforts to define
how p28 and similar peptides/proteins stabilize wt and mutated p53
will no doubt improve the performance of this type of agent.
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