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Abstract p53 is a transcription factor involved in the expres-
sion of a number of downstream genes in response to
genotoxic stress. It is activated through post translation mod-
ifications in normal as well as cancerous cells. However, due
to mutations occurring in p53 in cancer cells it is not able to
perform its function of DNA binding which leads to cell
proliferation. It is found to be mutated in 50 % of the cancers.
These mutations occur at a high frequency in the DNA bind-
ing region of the p53. Among the known seven hot spot
cancer mutations G2458S, R249S, and R273C have been stud-
ied here using quantum mechanics and molecular mechanics
(QM-MM) simulations. These mutations along with their
experimentally proven rescue mutations have also been in-
cluded in the present work. A comparative study of these
cancer mutations along with wild type and their rescue muta-
tions has been performed. A computational measure based on
the free energy changes occurring in the binding of the p53 to
the DNA has been presented. A correlation between the DNA
binding property and important interaction between p53 and
DNA has been observed for all the mutants. The keys residues
which contribute to the binding of p53 to DNA by forming
crucial hydrogen bonds have also been discussed in detail. A
30 ns simulation study was analyzed to observe the local
structural changes and DNA binding property of p53 in case
of wild type, cancer and rescue mutants.
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Introduction

The transcription factor p5S3 is a tumor suppressor protein
which is involved in up-regulation of various genes under
stress conditions such as DNA damage and many others. It
normally functions in the cellular processes such as cell cycle
arrest, DNA repair and apoptosis [1, 2]. On the other hand
reduction or elimination of the p53 activity is characteristic of
more than half of all human cancers. One of the major causes
in reduction of p53 activity is associated with its mutations [3,
4]. Most of these mutations occur in the sequence-specific
DNA binding core domain [4—6]. In the recent past there has
been a lot of progress on cancer therapies that target p53
mutants for drug intervention of tumors [7].

p53 is a 393 residue long protein which functions as a
tetramer to perform DNA binding. Each monomer interacts
with the DNA through the zinc co-ordination complex. The
monomer consists of multiple domains performing different
roles in the cellular processes. The N-terminal and C-terminal
domains are the regulatory domains of p53 [8]. The core
domain of p53 is the largest domain consisting of approxi-
mately 200 residues and performs the function of DNA bind-
ing, therefore known as the DNA binding domain (DBD). p53
performs the DNA binding activity in association with zinc
ion which forms a tetrahedral co-ordination complex with
CYS 176, CYS 238, CYS 242, and HIS 179. The DBD
comprises two regions viz. minor and major groove binding
regions (Fig. 1a). The major groove binding region consists of
a loop-sheet-helix motif and the minor groove binding region
is comprised of two large loops and the zinc co-ordination
complex. This co-ordination complex is important in order to
maintain the integrity of DBD. The p53 is known to aggregate
in the absence of zinc ion. The zinc co-ordination complex
when assisted by the two large loops L2 and L3 (Fig. la)
strengthens the DNA binding interaction via the minor groove
of the DNA [9, 10]. The zinc ion plays a crucial role in
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providing stability to these loops as well as neighboring loops
and also has an effect on the DNA-binding specificity [9, 10].
This DBD is highly susceptible to mutations [11-13] which
cause key structural changes further leading to inactivation of
p53 in more than 50 % of all human cancers [13—15]. There
are seven hot spot residues which have been identified as the
sites where highest frequency of mutations occur [16]. All
these mutations are broadly classified as structural and contact
mutations depending on their physical locations within the
protein. The structural mutations cause structural perturba-
tions that destabilize the DBD surface which gives rise to loss
of DNA binding. The contact mutations are known to affect
DBD through loss of residues that are directly involved in
pS3-DNA interactions. Among the seven hot spot mutations
R175H, Y220C, G245S, R249S, and R282W are known as
structural mutations and the remaining two R248Q and
R273C come under the class of contacts mutations (Fig. 1b).

The effect of these cancerous or oncogenic mutations on
the DNA binding property and structural integrity has been of
major research interest in the last few years. The analysis and
understanding of mutation effects on p53 functioning may
help in designing of drug molecules that may restore the p53
activity. Use of such drugs in cancer therapy is of current
clinical research interest [17-19]. Cancerous mutations are
also known to destabilize the protein by inducing loss of local
structures, as the stability of p53 is governed by its DNA
binding domain. Experimental studies have reported analysis
of thermodynamic instability of wild type and mutant p53
[20-23]. However, the stability of the mutant p53 DNA bind-
ing domain can be regained by inducing certain mutations

Loop-sheet-helix motifl
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Minor
Groove

widely recognized as second site suppressors. In order to
confront the oncogenic mutations various reactivation strate-
gies have been designed. These strategies include exogenous
expression of p53 via adenovirus mediated gene transfer [24,
25], restoration of function by introducing second site sup-
pressor mutations [26—31]. However, intragenic second site
suppressors have been extensively studied through in vivo and
in silico experiments as these methods provide mechanistic
insights into possible ways of rescuing mutant p53. Experi-
ments like yeast genetic approach [27, 30], NMR spectrosco-
py [28] and X-ray crystallography [32-34] have given an
insight on reactivation mechanism using second site suppres-
sor mutations for pS3 mutants. Profound data has been made
available on diverse structural and functional consequence of
mutation to understand the structure-function-rescue mecha-
nism of p53 cancer mutant [35].

In-silico methods such as molecular dynamics (MD) sim-
ulations complements experimental understanding by provid-
ing local structural and dynamical insights of functioning of
wild type and mutant p53. MD simulations have been per-
formed to study structural and dynamic properties of the p53,
DNA binding domain [36-38]. Although, only few MD sim-
ulations on p53-DNA wild type complex and its mutational
effects have been reported till date [36, 39, 40]. Free energy
calculations through MD simulations are reported to identify
loss and rescue of DNA binding to p53 core domain by single
and double mutations [39, 40]. One of the recent MD simula-
tions on the p53 monomer, depicts a computational metric
which helps to determine the functionality of a particular p53
mutant [41]. The metric derived was based on the number of

Fig. 1 PDB ID: 1TSR chain B with double stranded DNA. Loop-sheet-helix region (blue) binds major groove. Large loop L2, L3 and the zinc ion(red)
binds minor groove (a) and position of the seven hot spot residues (red spheres(b))
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clusters (NOC) derived using RMSD cut-off which were
further correlated to the protein stability and functionality
[41]. This study also indicates that at least 30 ns simulation
is required to predict the functionality of the p53 mutants. The
loss or gain of functionality was based on NOC calculated for
each mutant. As NOC is dependent on the RMSD cut-off, it
attributes to the structural rearrangements occurring in the
protein overall. However, the effect on functionality of the
p53 molecule may be more effectively understood by com-
puting the binding property of p53 with DNA in addition to
measuring the stability of p53 alone. The reason being, most
of the experimental studies report loss of DNA binding in case
of the p53 mutants.

In the current study, the prime objective was to develop a
measure using the computed free energy of binding of p53
toward DNA and correlate it with crucial interactions formed
between the two. The higher value of free energy of binding
suggests unstability in DNA binding of p53 and vice versa. The
zinc co-ordination complex is very important for DNA binding
of p53 as explained earlier [9, 10]. Classical MD simulations
prove to be challenging in sustaining this complex. In the past,
different strategies like dummy atom, bonded and modified
force field approach have been used for maintaining the zinc
co-ordination complex in MD simulations of p53-DNA com-
plex [36, 40, 41]. Similarly, in the current study an attempt was
made to preserve this complex by treating it with quantum
mechanics (QM) and not applying any restraints. Performing
QM on such an important functional entity of the protein would
help in mimicking the actual biological behavior [42]. Hence,
maintaining the zinc co-ordination complex was the sole ob-
jective of introducing the quantum treatment. Quantum and
molecular mechanics (QM-MM) simulations were performed
on the DNA bound p53 complex for the wild type and three of
the hot spot mutations viz. G245S, R249S, and R273C. A
rescue mutant for each of these oncogenic mutations was also
studied. The detailed description of QM-MM simulations has
been discussed in methodology.

(G245S and R249S are the structural mutations of pS3 which
reside in the loop region of the p53 DBD. The G245S is known
to be rescued by the H178Y second site suppressor mutation
[43]. MD simulations on the p53 monomer with G245S muta-
tion have been reported in the past [41] but not for mutant
(2458 along with the H178Y rescue mutant. R249S is known
to be rescued by T123A in combination with H168R, a double
second site suppressor mutation [28—31]. This triple mutant has
been extensively studied through experimental techniques but
no MD simulation study has been performed till date. R273C
which comes under the class of contact mutations leads to major
loss in DNA binding activity of p53 with very little structural
changes. T284R is considered to rescue this oncogenic mutant
[8, 34, 35, 39, 40]. MD simulations on R273C alone have been
performed in the past but not in combination with this rescue
mutant [40]. All these mutations have been extensively studied

through experimental techniques but few MD simulation studies
have been performed. Performing MD simulations would give
an idea about the structural changes occurring in this mutant
leading to its rescue nature.

Overall seven QM-MM simulations have been performed
which comprised of DNA bound p53 wild type, three cancer
mutants (G245S, R249S, R273C) and three rescue mutants
(G245S _HI178Y, R249S T1234 HI68R, R273C_T284R)
for 30 ns each. The simulations have been categorized as
given in Table 1. The correlation between the free energy of
binding and crucial interactions between p53 and DNA was
obtained. The key residues involved in contributing toward
the DNA binding property of p53 have also been highlighted
in the present study. The measure proposed in the current
work may help to identify the cancerous or rescue nature of
any mutation in p53 that needs to be scrutinized.

Materials and methods
System preparation

The coordinates for the starting structure were obtained from
chain B and complete double stranded DNA of PDB ID 1TSR
[12]. Each cancer and rescue mutant was prepared from this
structure using the x/eap module of AmberTools 1.5 [44]. The
zinc ion was present in a tetrahedral coordination complex
with CYS 176, HIS 179, CYS 238, and CYS 242. The
distances and angles required for the formation of the tetrahe-
dral complex were obtained from the work reported by Lu
etal. in the year 2007 [36]. The entire p5S3-DNA-zinc complex
was initially neutralized by adding Na+ions followed by
explicit solvation using the TIP3P water model [44]. The
topology and coordinates were generated using the Amber
FFO03 force field [44]. The system size for the wild type and
other p53 variants was approximately 63300 atoms.

QM-MM simulations

In each of the solvated p53-DNA systems the zinc co-
ordination complex was treated using the quantum

Table 1 The table describes the mutants considered for the simulations

Simulation p53 variant Mutation type
WT Wild type -

CMl1 G245S Cancer

RM1 G2458 HI78Y Rescue

CM2 R249S Cancer

RM2 R249§ TI1234_HI68R Rescue

CM3 R273C Cancer

RM3 R273C_T284R Rescue
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mechanical (QM) method. The entire simulation system ex-
cept for the zinc co-ordination complex has been considered
for molecular mechanics (MM) simulations. Therefore, all the
minimization, temperature ramping, equilibration and produc-
tion run protocols follow a QM-MM method. The PM3 meth-
od [45] was employed for the QM region whereas, the Amber
FFO03 force field was applied to the MM region [44]. The
overall charge of the QM region was considered to be +2
attributing to the charge on the zinc ion. The bonds containing
hydrogen atoms in the QM and MM region were constrained
using the SHAKE algorithm [46]. The canonical ensemble,
NVT was applied, where the number of atoms, box volume,
and the temperature of each of the system were maintained
throughout the simulation [47]. The QM-MM interface was
treated according to the link atom approach as described by
Walker et al. [48—50]. The default parameters for the link atom
approach were used in the current study. The time step was
considered to be 2 fs with temperature maintained at 300 K
using Langevin dynamics and a collision frequency of 0.1 ps™
[47]. The periodic boundary conditions (PBC) were applied to
perform the constant volume dynamics. The particle mesh
Ewald (PME) method was employed with a non-bonded cut-
off of 12A4. The minimization was performed in two stages.
First, the solvent was minimized using the steepest descent
method for 20,000 steps. Next, the pS3-DNA-Zn complex
was released and the minimization was performed for 50,000
steps. The temperature was increased up to 300 K for the
solvent in 40 ps followed by the p5S3-DNA-Zn complex in the
next 40 ps. The equilibration was performed for 2 ns. The
production run was carried out till 30 ns. The Amber 10
simulation package was used for all the simulations. Overall
seven QM-MM simulations were performed comprising the
wild type p53, three cancer mutants and their corresponding
rescue mutations resulting in an overall simulation time of
210 ns. The cancer mutants included two structural mutations,
(G245S and R249S and one contact mutation, R273C (Table 1).
The rescue mutants for the same were G245S HI78Y,
R249S TI1234 HIG68R, and R273C _T284R respectively
(Table 1).

Analysis performed

The analysis was performed using AmberTools 1.5 [44] on
trajectories having snapshots at every 10 ps interval from a
simulation of 30 ns. Free energy values were calculated using
the mm-pbsa module of AmberTools 1.5. This module is
efficient in calculating the free energy for the entire system
as well as the contribution of free energy made by the indi-
vidual residues of the system. This module has both molecular
mechanics-generalized Born surface area (MM-GBSA) and
molecular mechanics-Poisson-Boltzmann surface area (MM-
PBSA) methods which calculate the binding free energies for
macromolecules by combining molecular mechanics
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calculations and continuum solvation models. The following
equation was used to calculate the change in free energy of
binding,

AAGping = AGcomplar(cnm)_(AGrecepmr(rec) + AGligand(lig)) (1)

AG('om/rec/lig =< AEgas(com/rec//ig) >+ < AGsal(com/rec/lig) > (2)
-T< ASCom/rec/lig >

>

where AE gu(com/reciiigy 13 @ molecular mechanics energy,
AG socomireciiigy 15 the solvation energy calculated either by
solving Poisson’s equation (PB) or by using generalized Born
(GB) solvation model. TAS' (comrecriig) 18 the entropy contri-
bution to the free energy AG (comyreciiig) Of the molecule [44]
[51].

The 3000 snapshots generated at every 10 ps from a 30 ns
trajectory were used to calculate the change in free energy of
binding (AAG p;,4) of the complexes using the MM-GBSA
method. The p53 molecule was considered as the receptor and
the double stranded DNA was considered as the ligand. Thus,
AAG ;4 depicts the change in free energy of binding be-
tween p53 and DNA. However, in this case only the terms
<AEgas(com/rec/lig)> and <AGsol(tom/rec/lig)> were calculated.
The reason being, calculating the term T <AS ., recriig™ for
3000 snapshots of seven simulations would prove to be com-
putationally very intensive. Although, in order to check the
effect of T <AS .omrecniic™, it Was calculated every nanosec-
ond (ns) resulting in 30 snapshots. All the plots of AAG ;4
shown in the results consider only <AFE g (comrecriiqy™ and
<AG soi(com/rectiiqy™- The results considering T <AS .o /e
1ig> have been reported in the Supplementary material. T
<AS comirecriig™ Was calculated using the normal mode analy-
sis program present in the mm-pbsa module [44]. The choice
of MM-GBSA method for free energy calculation proves to be
computationally more efficient as compared to other methods
such as free energy perturbation (FEP) and thermodynamic
integration (TI) [S1]. Owing to the large size of the data set
(3000 conformations) MM-GBSA proves to be the best option
for free energy calculation. The number of hydrogen bonds
were calculated using cpptraj [44]. The strength of any par-
ticular hydrogen bond was estimated by calculating the per-
centage occupancy of the same throughout the simulation.
The percentage occupancy refers to the percentage of number
of frames in which a particular hydrogen bond is formed out of
the total number of frames (3000). The free energy value for
residues was calculated using the residue-wise decomposition
method present in MMPBSA.py module of AmberTools 1.5
[44]. The free energy value for every residue was averaged
over the entire trajectory of 30 ns.

To monitor whether the simulated systems attained equi-
librium during the production runs, few essential parameters
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like total energy, temperature, root mean square deviation
(RMSD) and radius of gyration were plotted. The data for
the same have been provided in the Supplementary material
(Fig. S1 and S2).

Results and discussion

Free energy of binding and hydrogen bonding between p53
and DNA

In order to understand the DNA binding activity of p53
variants, the change in free energy of binding (AAG ;.0)
and the number of hydrogen bonds (NOH) formed between
p53 and DNA were calculated. The NOH formed was calcu-
lated using the cpptraj module of AmberTools 1.5 where, the
cut-off for donor-acceptor bond distance and angle were 34
and 135° respectively [44].

Linear regression analysis was performed by considering
NOH as the independent and AAG,,;,,; as the dependent
variable. The line of regression explains the trend followed
by the two, dependent and independent variables. The distri-
bution of each of the data set lies in the vicinity of the line of
regression. This linear regression analysis was performed on
all the p53 variants.

Figure 2a describes the linear regression analysis per-
formed on the wild type (WT in black), G245S (CMI1 in
red), and G245S HI178Y (RMI in green). The AAG ;4
and NOH were found to be negatively correlated. The line
of regression for WT shows that the major distribution lies in
the range of =70 to —50 kcal mol™' of AAG ,4 values which
indicates stable binding between p53 and DNA. However, the
major distribution for AAG;,; values of CM1 laid in the
range of —60 to —37 kcal mol™. This higher AAG ;4 range
implies unstable or weak binding of DNA in CM1 as com-
pared to WT. On the other hand, the major distribution for
AAG ping values of RM1 was observed in the range —75 to

—50 kcal mol™ which is comparatively lower than both WT
and CM1. This indicates that RM1 showed strong binding
activity as compared to CM1.

Figure 2b describes the linear regression analysis performed
on R249S (CM2 inred) and R249S _T1234 _HI68R (RM2 in
green). The major distribution for AAG ;,,; of CM2 laid in the
range of —55 to —35 kcal mol”" which was quite a bit higher
than that observed in WT. This infers that the DNA binding
activity had declined in CM2 as compared to WT. However, a
part of the distribution of AAG,;,,; for RM2 was observed in
the range of —75 to —60 kcal mol™ which is closer to WT. This
indicates that there was a gain in the DNA binding activity of
RM2 which was absent in the case of the CM2.

Figure 2c describes the linear regression analysis per-
formed of R273C (CM3 in red) and R273C_T284R (RM3
in green). The complete distribution of AAG ,,; for CM3 laid
in the range of —46 to —36 kcal mol™" which shows similar
behavior as CM2. This suggests that the DNA binding activity
was also hampered in CM3 as compared to WT. Whereas, for
RM3 the distribution of AAG ;,, spans a large range of —70
to —32 kcal mol™. This shows there was a gain in the DNA
binding activity of RM3 which was not observed in the case of
the CM3. Hence, the RM3 had better DNA binding activity as
compared to CM3.

This linear regression analysis states that in cancer mutants,
all the conformations in 30 ns long simulation lie in the region
of higher AAG ;4 values as compared to WT which affirms
lower stability in binding. However, in rescue mutants two
instances were observed. First, either all the conformations lie
in the region of lower AAG,;,; (Fig. 2a) and second they
partially lie in the region of higher and lower AAG ;4
(Fig. 2b and c) as compared to WT. In the second situation
the slope of the line of regression is higher as compared to that
of the wild type and cancer mutant. As discussed in the
methodology linear regression analysis was also performed
considering T AScom/rec/lig) for 30 snapshots (every nano-
second). It was observed that all the cancer mutants laid in the
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@ Springer



5550

J Mol Model (2013) 19:5545-5559

region of higher AAG,;,, values as compared to wild type
and their rescue mutants (Supplementary Data: Fig. S3) .
Although, the slopes of the lines differ attributing to the small
data set of just 30 snapshots. This indicates that in order to
transit from unstable to stable binding region the rescue mu-
tants undergo structural changes which help to strengthen the
DNA binding activity of the p53 variant. The convergence
was evaluated by observing the behavior of averaged binding
free energy of each complex with respect to time (Fig. S6).

Interface residues between p53 and DNA

The DNA binding activity of p53 involves different non-
bonded interactions between the p53 and DNA residues.
There are a few interface residues of p53 which participate
in hydrogen bonding with the DNA. A detailed study on
behavior of these interface residues was performed by calcu-
lating the hydrogen bonds formed between them and the
DNA.

Hot spot residue: glycine 245

Figure 3a represents the number of hydrogen bonds (H-bonds)
formed between the interface residues of p53 and DNA of
WT, CM1, and RM1. These hydrogen bonds considered were
stable for at least 5 ns, which corresponds to 20 % occupancy.
It was observed that in the case of WT there were 11 such H-
bonds formed. These 11 H-bonds were considered as a refer-
ence for comparison with cancer and rescue mutants. Overall,
eight interface residues from the WT viz. SER 121, THR 123,
ASN 239, SER 241, ARG 248, ARG 273, ALA 276, and
ARG 280 were involved in hydrogen bond formation. Except
for ARG 248, ARG 273, and ARG 280 the rest of the five
residues formed single hydrogen bond whereas these three
formed two H-bonds each. ARG 248 forms one hydrogen
bond with thymidine (Thy) 35 (ARG 248") and another with
guanine (Gua) 34 (ARG 2487). ARG 273 forms one with O1P
atom of Thy 12 (ARG 273") and another with O5” atom (ARG
273%) of the same DNA residue. ARG 280 forms one with O6
atom of Gua 13 (ARG 280") and another with N7 atom (ARG
2807) of the same DNA residue. In the case of CM1 eight H-
bonds were formed out of which only three were identical to
those formed in WT. Whereas, in RM1 a total of 14 H-bonds
were formed out of which, eight were identical to those
formed in WT. This figure explains that, in case of RM1 there
were more number of H-bonds that matched with WT as
compared to that of CM1. The total number of interactions
between p53 and DNA with respect to hydrogen bonding was
highest in RM1 (G245S _H178Y) followed by WT (wild type)
and CM1 (G245S).

Figure 3b represents the comparison of the occupancy of
the matched H-bonds between WT, CM1, and RM1. In CM1,
two H-bonds (SER 241 and ARG 273") out of the three
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identical to WT showed occupancy less than WT. The remain-
ing one showed more occupancy than both WT and RM1. The
five H-bonds that are unmatched with WT have been listed in
Table 2. SER 121, ARG 273, and ARG 280 were involved in
formation of these H-bonds. On the other hand in RM1, out of
the eight matched H-bonds six (ASN 239, ARG 248! ARG
248% ALA 276, ARG 280", and ARG 2807) showed similar
occupancy levels to that of WT with range between 20 to
70 %. The remaining two (SER 241 and ARG 273") showed
occupancy levels less than WT. The six unmatched H-bonds
(Fig. 3a) have been listed in the Table 2. In RM1, other than
ARG280, two additional residues THR118 and ALA 119
were found to participate in the formation of hydrogen bond.

Figure 3¢ represents the contribution made by the interface
residues in binding in terms of free energy for WT, CM1, and
RMI1. In CM1, five residues (THR 123, SER 241, ARG 248,
ARG 273, and ALA 276) showed higher free energy as
compared to WT which infers that the binding activity was
reduced in these interface residues. Although, in CM1 it was
also observed that three residues (SER 121, ASN 239, and
ARG 280) showed better binding as compared to WT and
RMLI. This can be attributed to the fact that SER 121 formed
two (Table 2) and ASN 239 formed one (Fig. 3b) stronger H-
bond than WT and RM1. In the case of ARG 280, the average
bond distance of the H-bonds formed in WT and RM1 was 2.8
A whereas in CM1 it was 2.04. However in RM1, five
interface residues showed better binding as compared to
CM1. Apart from these five, the two interface residues THR
118 and ALA 119 which formed novel H-bonds showed better
binding than WT and CM 1. Thus, it can be inferred that more
stable binding is observed in the interface residues of RM1 as
compared to that of CM1 in terms of both hydrogen bond
occupancy and free energy contribution.

Hot spot residue: arginine 249

Figure 4a represents the number of H-bonds formed between
the interface residues of p53 and DNA with occupancy more
than 20 % for WT, CM2, and RM2. CM2 formed four such H-
bonds out of which only one was identical to WT. Whereas, in
the case of RM2 nine such H-bonds were formed with five
identical to WT. Thus the figure explains that RM2
(R249S Ti1234 HI68R) shows better hydrogen bonding
with DNA than CM2 (R249S), as a larger number of H-
bonds match with WT.

Figure 4b explains the comparison of % occupancy of the
matched H-bonds between WT, CM2, and RM2. The residue
at 123™ position is referred to as X, as it is threonine (THR) in
WT and CM2 and alanine (ALA) in the case of RM2. CM2
formed only a single hydrogen bond (ALA 276) identical to
WT which had occupancy less than both WT and RM2. The
remaining three unmatched H-bonds (Fig. 4a) listed in Table 3
belonged to the interface residues SER 121, ASN 239, and
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ARG 280. However, RM2 formed five H-bonds identical to
WT out of which two (ARG 280" and ARG 280%) showed
occupancy greater than WT within the range of 45—70 %. The
remaining three (SER 241, ARG273"' and ALA 276) had
occupancy lower than WT. The four unmatched H-bonds
(Fig. 4a) are listed in Table 3. In RM2, in addition to SER
121 two other residues LYS 120 and ARG 283 were involved
in hydrogen bond formation.

Figure 4c depicts the contribution made by the interface
residues in binding in terms of free energy for WT, CM2, and
RM2. In CM2, five interface residues (THR 123, SER 241,
ARG 273, ALA 276, and ARG 283) showed free energy higher
than WT which infers that the binding was affected in them.
Although, in CM2 there were few residues which showed better
binding stability. LY'S 120 showed the most stable binding in
CM2 followed by RM2 and WT. The difference between the

free energy values between CM2 and RM2 was less that 1 kcal
mol ™. However in RM2, LYS 120 formed a single hydrogen
bond with 23 % occupancy (Table 3). SER 121 had the most
stable binding activity in CM2 followed by WT and RM2. This
residue formed a single hydrogen bond in CM2 with occupancy
35 % which was greater than the one formed in WT and RM2
(28 %). ARG 248 had the most stable binding activity in CM2
followed by WT and RM2. As the hydrogen bonding was better
in WT as compared to CM2 other interactions of ARG 248
were observed. The number of contacts made by this residue
with the DNA within a cut-off of 3.54 were calculated. The
results showed that from the start of the simulation the CM2
had a larger number of contacts as compared to WT and RM2
(Supplementary data: Fig.S4). This property can be attributed to
the fact that when averaged over the entire simulation ARG 248
showed more stable binding in CM2 as compared to WT and
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Table2 The table describes the unique (unmatched) H-bonds (more than
20 % occupancy) formed by CM1 and RM1

Table 3 The table describes the unique (unmatched) H-bonds (more than
20 % occupancy) formed by CM2 and RM2

DNA residue p53 residue Occupancy (%) DNA residue p53 residue Occupancy (%)
CM1 CcM2
DTI12@O2P ARG273@HH22 86 DTI12@O2P SER121@HG 35
DG28@02P SER121@H 85 DG13@O1P ASN239@HD22 23
DG28@O02P SER121@HG 81 DG13@02P ARG280@HH22 25
DG29@02P ARG280@HHI11 31 RM2
DG30@06 ARG280@HH22 21 DG28@02P LYS120@H 23
RM1 DG28@06 SER121@HG 28
DT26@O1P THR118@HG1 44 DGI13@O1P ASN239@HD22 46
DT26@O2P THR118@H 43 DG28@O1P ARG283@HH22 21
DT26@O2P ALA119@H 34
DT26@O1P THR118@H 26
DTI2@O1P ARG280@HH22 22 RM2. However, ARG 280 was an exception with most stable
DT26@02P THR118@HG1 21 binding in CM2 followed by WT and RM2. This residue
formed a single hydrogen bond in the case of CM2 and two
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Fig. 4 Number of H-bonds formed between p53-DNA (a), occupancy of the matched H-bonds (b) and free energy contribution made by interface
residues (c) for arginine 249 (X=THR in WT & CM2, X=ALA in RM2)
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in WT and RM2 each. On the other hand in RM2, four interface
residues (ALA 123, ASN 239, SER 241, ARG 273) showed
better binding as compared to CM2. Other than these four
residues, ARG 283 which formed a novel H-bond showed the
most stable binding in RM2 as compared to WT and CM2.

Thus, it was observed that RM2 showed better hydrogen
bonding and stability in binding as compared to CM2. The
contribution made by the interface residues in order to provide
stability in binding of p53 molecule was almost similar in both
cases. The reason for this can be explained by revisiting
Fig. 2b. It was observed that RM2 spanned a range of —75
to —60 kcal mol™' which suggests gradual improvement in the
stability of the pS3-DNA binding. Hence, the average free
energy values of the interface residues showed similar contri-
bution in providing stability to the binding property of p53.
However, the second site suppressor mutation RM2
(R249S T123A4 HI68R) proved to rescue the DNA binding
of CM2 (R249S) by increasing the number of hydrogen
bonding interactions.

Hot spot residue: arginine 273

Figure 5a describes the number of H-bonds formed between
p53 and DNA with occupancy more than 20 % in the case of
WT, CM3, and RM3. CM3 formed seven such H-bonds out of
which five were identical to WT. However, in RM3 nine such
hydrogen bonds were formed out of which four were identical
to WT. Although, CM3 (R273C) formed more H-bonds iden-
tical to WT than RM3, the total number of H-bonds formed
was more in RM3 (R273C_T284R).

Figure 5b explains the % occupancy of the matched H-
bonds formed by WT, CM3, and RM3. In WT the 2731
residue is expressed as X, because in WT it is arginine
(ARG) whereas in CM3 and RM3 it is cysteine (CYS). In
CM3, out of the five matched H-bonds two (SER 121 and
SER 241) showed occupancy lower than WT. The remaining
three H-bonds showed occupancy more than WT where dif-
ference laid within the range 10-20 %. The H-bonds that were
not identical to WT (Fig. 5a) have been listed in Table 4.
These H-bonds were formed by the SER 121, ASN 239, and
SER 241. In RM3, out of the four H-bonds identical to WT
one had (ARG 2807) occupancy greater than CM3. Two H-
bonds showed occupancy slightly lower than CM3 where the
difference was around 5 %. There were five H-bonds that were
not identical to WT (Fig. 5a) which have been given in Table 4.
These bonds were formed by SER 121, ASN 239, SER 241,
and ARG 248. ARG 248 is one of the contact residues and it
formed hydrogen bond in the case of RM3 and not in CM3.
This infers that RM3(R273C _T284R) showed better hydro-
gen bonding as compared to CM3 (R273C).

Figure 5c depicts the contribution made by the interface
residues in binding in terms of free energy for WT, CM3, and
RM3. It was observed that in CM3, five residues (THR 123,

SER 241, ARG 248, CYS 273, and ALA 276) showed higher
free energy than WT which indicated that the binding activity
of these residues was reduced. However, CM3 had two resi-
dues ASN 239 and ARG 280 which showed slightly better
binding than WT and RM3 within the range of 1 to 2 kcal mol
!, The reason being ASN 239 formed a single hydrogen bond
with occupancy 56 % which was greater than that of WT
(21 %, Fig. 5b) and RM3 (23-34 %, Table 4). ARG 280
formed the same number of H-bonds with occupancy varying
within 5 %. However in RM3, there were two residues (SER
241 and ARG 248) that showed better binding than CM3.
Thus, it could be seen that the interface residues of CM3
(R273C) showed loss in binding whereas the ones in RM3
(R273C _T284R) showed gain in binding.

Structural changes in p53 mutants

The mutations in p53 not only affects the DNA binding
property but also induces some structural changes. The
DNA binding domain (DBD) of p53 is known to be a highly
unstable domain which attains stability on binding to DNA
and its other protein counterparts. The conformational chang-
es are more prominent in the class of structural mutations.
Various different parameters have been analyzed in order to
find out the different conformational changes occurred in p53
due to G245S, R249S, and R273C mutations.

(2458 mutation is known to bring structural changes in the
loop 2 region of the pS3 core domain [34]. This loop 2 region
is involved in the minor groove binding of the DNA along
with loop 3 and the zinc co-ordination complex. To investigate
the structural changes occurring in the loop 2 region of p53-
DBD, principal component analysis (PCA) was performed on
the entire trajectory of 30 ns. PCA was performed using the
ptraj module of Amber Tools 1.5 [44]. The co-ordinates of the
backbone atoms were considered as the reaction co-ordinates
for PCA. This technique helps to identify the local motions
that dominate a particular form of protein. Figure 6 shows the
snapshot from the PCA trajectory for the loop 2 conformation
of WT (Fig.6 a), CM1 (Fig. 6b), and RM1 (Fig. 6¢) obtained
at 0™ and 30™ ns superimposed on chain B of 1TSR. It was
observed that the loop 2 conformation is maintained in the
case of WT (blue). Loop 2 undergoes conformational change
due to elongation in the case of CM1 (red). However, in RM1
(green) loop 2 tries to regain its conformation like WT instead
of elongation.

To support this conformational change in loop 2 of p53, the
dihedral angles phi (&) and psi () for the residues of this
loop were calculated. As the loop 2 elongation was observed
by end of the simulation the last 10 ns were considered.
Figure 7 depicts the four residues in this loop region viz.
178 (HIS in WT and CM1, TYR in RM1), GLU 180, SER
183, and ASP 184 that showed drastic change in both the &
and ¢ values. It was observed that for all four residues WT
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and RM1 showed similar values of these dihedral angles
whereas it varied distinctly in CM1. However, the residue
178 showed & values (Fig. 7a) within the range of —150° to
—60 ° for WT and RM1 but in CM1 it increased to 150° after
25 ns. Similarly, this residue showed ¢/ values (Fig. 7b) within

Table 4 The table describes the unique (unmatched) H-bonds (more than
20 % occupancy) formed by CM3 and RM3

DNA residue P53 residue Occupancy (%)
CM3

DG28@N7 SER121@HG 24

DG13@O1P ASN239@HD22 56

DG12@03’ SER241@HG 26
RM3

DG28@O06 SERI121@HG 53

DG13@O1P ASN239@HD22 34

DG13@O2P ASN239@HD22 23

DG13@02P SER241@HG 26

DT12@O1P ARG243@HE 26

@ Springer

the range of —30° to 0° for WT and RM1 but in CM1 the
values raised to 150° after 25 ns. The 178™ residue was the site
of rescue mutation in RM1 (G245S H178Y) and helped to
revert back the changed conformation of loop 2. Loop elon-
gation was also quantified by calculating the number of H-
bonds formed within the loop and RMSD against chain B of
1 TSR for the same (Supplementary data: Fig. S5). The drop in
the number of H-bonds in CM1 (Fig. S5a) indicates elonga-
tion of loop 2 as observed in the PCA calculation. On the
contrary, RM1 shows gain in the number of H-bonds. RMSD
for loop 2 region increased in CM1 (Fig. S5 B) whereas it was
maintained in WT and RM1. These results are in terms with
the experimental findings which suggest structural loss in loop
2 region of p53-DBD in G245S [34]. The above results also
suggests that RM1 (G245S _HI178Y) being a rescue mutant
helps in rebuilding this structural damage caused by CM1
(G2458S).

The crystal structure for G245S mutation with PDB 1D:
2J1Y is available, which was derived from the superstable
quadruple mutant M133L/V203A/N239Y/N268D [34]. How-
ever, in the present study only G245S mutation is present.
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ARG 249 is replaced by SER which is unable to form salt
bridge with GLU 171. However, these simulations showed
that GLU 171 was not at all involved in any other salt bridge
formation in CM2. On the other hand in RM3, ARG 168
which is present in the vicinity of GLU 171 formed a salt
bridge with the same. This salt bridge was maintained for
more than 20 % of the trajectory. It suggests that the second
site suppressor mutation H168R tries to rescue R249S by
adding stability to the intra protein interactions. There are
studies which report that the free energy of the p53 molecule
increases in R249S which makes the molecule more unstable
[35]. Table 5 shows the difference in averaged free energy of
the p53 molecule for WT, CM2, and RM2. The values of free
energy obtained at every nanosecond were considered. The
values with and without entropy contribution showed that the
rescue mutant RM2 was closer to WT as compared to CM2.
R249S being a structural mutation destabilizes the p5S3-DBD
by affecting the loop conformations [31, 35]. The RMSD for
the p53-DBD, loop 1, loop 2, and loop 3 of WT, CM2, and
RM2 against the chain B of 1TSR has been plotted in Fig. 8. It
was observed that the RMSD for CM2 is greater than that of
WT and RM2 which shows that the loop conformations are
altered in CM2 as compared to WT and RM2. Thus, it can be
inferred that the rescue mutation R249S T1234 HI68R im-
parts stability to R249S.

The crystal structure for R249S with PDB ID 3DO05 is
available [29]. Backbone RMSD of the 30" ns snapshot with
that of 3D05 was 1.1644, whereas for loops 1, 2, and 3 it was
0.2284, 1.137A4, and 1.8394 respectively. The crystal struc-
ture for the rescue mutant R249S 71234 HI68R with PDB
ID 3D09 is also available [29]. Backbone RMSD of the entire
protein at 30" * ns snapshot against 3D09 was 1.2924, whereas
for loops 1, 2, and 3 it was 1.5394, 0.807A4, and 1.066A
respectively. These RMSD values infer that the conformation
of R249S and R249S T1234 HI68R obtained through simu-
lations was close to the one obtained from experiments.

R273C is one of the contact mutations of the pS3 molecule.
It majorly leads to the loss of DNA binding activity of p53
without much involvement in structural changes [39]. In p53,
ARG 273 forms a salt bridge with ASP 281 which is one of
the important interactions to maintain the stability of the
protein [34]. In CM3, this ARG 273 is replaced by CYS which
is not capable of forming a salt bridge interaction with other

Table 5 The free energy difference between wild type (WT) and CM2,
RM2

p53 variant A(AG+T AYS) A (A G)
(kcal mol™) (keal mol™)

Wild type(WT) 0 0

R249S (CM2) 1125 137.73

R249S TI234_HI68R (RM2) 25.95 -24.03
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residues. Hence, in CM3 ASP 281 does not form any salt
bridge with any of the other residues of p53. However, in
RM3 ASP 281 forms a salt bridge with ARG 284 which was
maintained for more than 40 % of the entire trajectory. These
results conclude that the rescue mutation T284R helps to add
stability to the p53-DBD by introducing favorable intra-
protein interactions. The crystal structure for R273C mutation
with PDB ID 2 J20 is available. It was also derived from the
superstable quadruple mutant M133L/V203A/N239Y/
N268D [34]. In the present study only R273C mutation occurs
in the cancer mutant. Backbone RMSD of the entire protein at
30™ ns snapshot against 2 120 was 0.945 A4, whereas for loops
1,2, and 3 it was 1.0654, 0.5194, and 1.1834 respectively.
These RMSD values may suggest that the conformation of
R273C obtained through simulations was similar to the ex-
perimentally derived structure.

Temperature sensitive nature of R249S

The hot-spot mutants being explored in the current paper
includes R249S, which is known to be a temperature sensitive
mutant [52]. The work reported by Friedlander et al. states that
R249S (referred to as CM2) shows weak binding to the DNA
at 25 °C which futher gets completely abolished at 37 °C [52].
It also includes that in the temperature range of 25-33 °C,
CM2 binds weakly to the DNA as compared to WT. Similarly,
in the present work the simulations performed at 27 °C
showed that DNA binding was weakened in CM2 as com-
pared to WT (Fig. 2b). In order to further investigate the
binding at 37 °C, simulations were performed at this temper-
ature for both WT and CM2 for 15 ns each. The last 10 ns were
considered for analysis. The comparison of results between
27 °C and 37 °C was done based on the snapshots from 5 to
15 ns. Linear regression analysis similar to that described in
the section “Free energy of binding and hydrogen bonding
between p53 and DNA” was performed on WT and CM2 at
37 °C. Figure 9a shows the comparison in DNA binding
between WT at 27 °C and 37 °C. It was observed that binding
occured at both temperatures for WT, which was in acceptance
with the work reported by Friedlander et al. [52]. Figure 9b
shows the comparison in DNA binding between CM2 at
27 °C and 37 °C. CM2 at 37 °C shows more deterioration in
binding as compared to that at 27 °C, which was exactly as
reported by Friedlander and coworkers [52]. Figure 9c and d
depict the comparison of DNA binding between WT and
CM2 at 27 °C and 37 °C respectively. In both cases, CM2
showed loss of binding as compared to WT. Hence, it may be
inferred that this correlation works at diffrent temperatures.
This can be attributed to the fact, that proper treatment of Zn
ion in the QM-MM simulations may have helped to reflect the
temperature sensitivity of the p53 mutant. The simulations
performed at low and physiological temperatures reflected
the temperature sensitive nature of R249S mutant and the
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obtained results were in very good agreement with the find-
ings reported by Friedlander et al. [52].

Conclusions

It is prominent that the QM-MM simulations performed on
different variants of pS3-DNA complex helped to develop an
insight into the crucial p53 and DNA interactions, essential to
maintain the functional form of p53. The correlation between
free energy of binding and hydrogen bonding pattern may
prove to be a strong tool to test the DNA binding property of
different p53 variants. This correlation could be compared
with that seen in the wild type and help to decide whether
the p53 variant can be considered as a cancer or a rescue
mutant. Although, the experimental efforts play an important
role in studying the DNA binding activity of p53. The corre-
lation between AAG ,;,; and NOH obtained through these
simulations also prove to be an efficient computational
measure to differentiate between the DNA binding prop-
erty of p53 in the form of cancer and rescue mutations.
This measure may also help to capture the temperature
sensitive nature of p53 mutants.
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