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A B S T R A C T

The homotetrameric form of p53 is critical for performing essential functions like maintaining genomic stability 
and preventing uncontrolled cell proliferation. In part, these crucial functions are mediated by the p53 C-ter
minal region (CTR) containing the tetramerization/oligomerization domain (TD/OD) and regulatory domain 
(RD), responsible for maintaining the protein’s oligomeric state and regulating its function. Mutations in the 
tetramerization domain reduce the transactivation potential and alter the transactivation specificity of p53. This 
study investigates the effect of high-frequency tetramerization missense mutation p53R337C on protein stability, 
oligomeric state, and its ability to bind the DNA response elements. For the first time using CD and FTIR 
spectroscopy, we have shown that the p53 regulatory domain (residues 363–393) and oligomerization domain 
(residues 327–355) possess a characteristic alpha helix secondary structure, which is enhanced upon binding to 
DNA, implicating stabilization of the domain. The mutation R337C in the OD impacts the secondary and tertiary 
structure of p53 CTR, leading to the loss of secondary structure and the formation of unstable tetramers, as 
shown by CD and DSC thermal studies. Surprisingly, the secondary structure of mutant p53 CTR partially sta
bilized upon binding to the DNA sequence. Our data suggests that the unstable p53R337C tetramer exhibits 
weaker binding to the DNA promoter sequence with decreased transcription activity, consistent with previous 
cell-based assays. Our study conclude that the loss of salt-bridge interactions between Arg337 and Asp352 in the 
intra-dimer of p53 leads to the formation of unstable tetramers, and the DNA-binding ability of the regulatory 
domain.

1. Introduction

The tumor suppressor p53 is one of the most essential cellular pro
teins that plays a vital role in preventing cancer [1,2]. The transcription 
factor p53 transactivates genes involved in DNA repair [3–6], cell cycle 
arrest [7–9], and apoptosis [10–12] under stress conditions such as DNA 
damage [13,14] and oxidative stress [15], thereby preventing uncon
trolled proliferation or tumor formation. It consists of 4 domains: the 
N-terminal transactivation domain (TAD), the central DNA binding 
domain (DBD), and the C-terminal region comprising the oligomeriza
tion domain (OD), and the regulatory domain (RD) [16]. The role of 
DBD is to bind specific promoters and regulate the expression of various 

downstream genes in response to cellular stresses [17,18]. Other do
mains assist the core DBD in carrying out the transactivation function 
[19–22]. The oligomerization domain is essential for forming a stable 
tetramer, crucial for p53 activity [23,24], while the regulatory domain is 
responsible for non-specific DNA binding and scanning for the specific 
response element [22,25,26].

However, p53 mutations contribute to >50 % of cancer cases, 
making it the top-most mutated gene causing cancer [27,28]. Interest
ingly, 72.87 % of these mutations belong to the missense mutations 
[29]. Approximately 20 % of germline mutations in OD were reported 
for Li-Fraumeni syndrome (LFS) and ~2 % as somatic p53 mutations 
[30–33]. Many OD mutations disrupt the ability of p53 to form a 
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functional tetramer, and most of them are associated with cancer [34]. 
Missense mutation in OD accounts for approximately 6 % of p53 related 
cancers, making OD the second most mutated domain of p53 after DBD 
(82 %) [29]. Without a functional OD, p53 cannot execute its tran
scription activity by forming a functional tetramer [35–37]. The degree 
of loss in transcription activity depends on the location and type of 
amino acid substitution.

The structure of the p53 OD consists of a β-strand (residue 327–333) 
and an α-helix (residue 335–355) connected by a single glycine residue 
at the 334th position. The β-strand of the two monomers interact to form 
a dimer, stabilized by a crucial salt bridge interaction between Arg337 
and Asp352 between monomers. The α-helices of the two dimers form 
hydrophobic interactions to form a tetramer [38–41]. One of the most 
frequent mutations affecting the tetramer stability, thereby leading to 
cancer, is substitution of Arg with Cys at the 337th position [41]. This 
p53R337C mutation disrupts the salt bridge interaction between Arg337 
and Asp352, destabilizing the tetramer. Among all the OD mutants, the 
p53R337C is reported in various cancers such as esophagus, breast, and 
kidney cancer (“The TP53 Database | ISB-CGC,” n.d.). It is thus essential 
to characterize the mutant to develop an effective therapy.

So far, there are no substantial studies on the oligomeric state of the 
mutant p53R337C, and the impact of the mutation on promoter binding 
is yet to be understood. Some study suggests that the mutant exists as a 
monomer [31,41,43–47] while others report different oligomeric states 
such as a dimers, trimers, and tetramers [34,48,49]. Similarly, studies 
have shown the mutant as partially functional at high concentrations 
[41,43,47,49–51], whereas others have demonstrated negligible 
[52–55] to complete loss of transactivation [45,46]. The reported 
studies have shown that the mutant p53R337C is less thermally stable 
[34,48], and its transcriptional function is temperature-dependent [51,
54]. These studies lack the understanding of how this mutation affects 
the function of p53. Therefore, we aim to determine the impact of R337C 
mutation on the secondary and tertiary structure of the oligomerization 
(OD) and regulatory domain (RD) of p53 in the presence and absence of 
a DNA promoter to understand whether the mutation affects the DNA 
binding ability of RD. Using biophysical techniques such as CD spec
troscopy, FTIR spectroscopy, and Differential Scanning Calorimetry, we 
tried to establish the effect of mutation on the p53-CTR.

2. Material and methods

2.1. Cloning, expression, and purification

The wild-type p53 oligomerization and regulatory domain (wtp53 
CTR) (residue 318–393) was PCR amplified using full-length wild-type 
p53 (synthesized by Biogene after codon optimization). The amplified 
gene was cloned in the pET28a(+) expression vector (Promega, USA) 
with a C-terminal His tag. The p53R337C CTR mutant was generated by 
site-directed mutagenesis using wtp53 CTR plasmid as a template, and 
the sequencing confirmed the mutation. Both recombinant plasmids 
were transformed in the E.coli BL21(DE-3) strain, and the cells were 
induced with 1 mM IPTG at OD600 0.4–0.6 in 1 L LB at 20 ◦C for 14 h. The 
cells were harvested by centrifugation at 5000 rpm for 20 min and stored 
at − 20 ◦C until use. The cell pellet was resuspended in lysis buffer (20 
mM Tris pH-8.0, 500 mM NaCl, 1 mM PMSF, 10 % glycerol), lysed by 
sonication (amplitude 30, 20 s on and 20 s off cycle for 30 min) using 
QSonica sonicator, and centrifuged at 13,000 rpm. A pre-equilibrated 1 
ml Ni2+-NTA resin was added to the lysate and incubated for batch 
binding at 4 ◦C for 1 h. The protein-bound beads were washed twice with 
lysis buffer and lower concentrations of imidazole buffer. The protein 
was eluted with 20 mM Tris, pH-8.0, 75 mM NaCl, and 300–500 mM 
imidazole and further purified using the size exclusion column (Super
dex 16/600 75 pg 120 mL) equilibrated with buffer 20 mM Tris, pH-8.0, 
75 mM NaCl at 0.5 mL/min flow rate at 4 ◦C. The purity of the sample 
was analyzed by 15 % SDS-PAGE and Western Blot using a primary anti- 
His-Tag Rabbit mAb (Cat no.AE086) and secondary anti-rabbit IgG HRP 

conjugated goat antibody (Cat no. AS014).

2.2. Effect of pH on CTR secondary structure and CTR secondary 
structure determination by CD spectroscopy

The CD spectra of wt and mutant-CTR were measured to determine 
the secondary structure content at different pH conditions using a 
JASCO J-1500 Spectrophotometer [56–59]. We measured the CD 
spectra of wtp53-CTR (0.12 mg/mL) and p53R337C-CTR (0.12 mg/mL) 
in different pH buffers: 10 mM sodium citrate buffer (pH 2–6), 10 mM 
Phosphate Buffer (pH 7), 10 mM Tris Buffer (pH 8–9), 10 mM Glycine 
buffer (pH 10–11). We monitored the spectra in the far UV region of 
210–250 nm with a 0.2 cm pathlength quartz cuvette with a scan rate of 
100 nm/min at 20 ◦C. For each sample, we measured an average of two 
spectral scans and the mean residue ellipticity of the spectra was 
calculated using the following formula: 

[θ]MRE = θ. MRW/c.d.10 

Where [θ]MRE = mean residue ellipticity, θ = measured ellipticity in 
millidegrees, MRW = mean residue weight of the protein in Da, c =
concentration in g/L, d = path length in cm. The MRE spectra were then 
plotted using SigmaPlot 14.0 and the online server BeStSel [60–63] was 
used to estimate the secondary structures (for protein spectra at pH-8). 
The scatter plots of mean residue ellipticity (degcm2dmol− 1) at 222 nm 
and 218 nm representing alpha helix and beta sheet peaks, respectively 
were generated using SigmaPlot 14.0 for both wt and mutant proteins 
[58,59].

2.3. Tertiary structure analysis of p53-CTR

The tertiary structure of wtp53 CTR and p53R337C CTR was studied 
using a fluorescent molecule 8-anilino-1-napthalenesulfonic acid (ANS) 
in different pH buffers: 10 mM glycine-HCl (pH 2–3), 10 mM acetate (pH 
4–5), 10 mM phosphate (pH 6–7), 10 mM tris (pH 8–9), 10 mM glycine- 
NaOH (pH 10–11). A 10 μM protein was incubated with 200 μM of ANS 
in the dark at room temperature for 5 min. Fluorescence emission 
spectra were monitored in triplicate between 400 and 650 nm by 
exciting the samples at 370 nm using Spectramaxi3x [56]. The fluores
cence intensity was plotted against the pH and a scatter diagram was 
generated with the error bars (n = 3) for pH vs λ max 480 nm using 
SigmaPlot 14.0.

2.4. Secondary structure analysis of p53 CTR with and without DNA by 
FTIR spectroscopy

The FTIR spectra of wtp53 CTR (5 mg/mL) and p53R337C CTR (4 
mg/mL) were measured in the presence and absence of DNA using a 
Cary 600 series FTIR spectrometer, Agilent Technologies. The spectra 
were collected in the wavenumber range of 4000 to 900 cm− 1 with a 
resolution of 4 cm− 1 at room temperature. The FTIR spectra of the p53- 
CTR in the presence of 26-mer DNA (5ʹ-CGGGCATGCCCTA
TAGGGCATGCCCG-3ʹ) in double-stranded form were recorded in the 
ratio of 1:1 (500 μM wtp53 CTR and 500 μM of DNA; 800 μM of 
p53R337C CTR and 800 μM of DNA) in buffer containing 20 mM Tris, 
pH-8.0 and 75 mM NaCl. We averaged each spectrum for 64 scans, and 
the secondary structure of the protein was determined by the curve 
fitting of the second derivative spectra in the amide I region (1700-1600 
cm− 1). The second derivative and Gaussian curve fitting were performed 
using the same methodology reported in our previous publication [59].

2.5. Thermal stability of p53-CTR

The thermal stability of both wild-type and mutant p53-CTR proteins 
was evaluated by circular dichroism (CD) and differential scanning 
calorimetry (DSC) [64,65]. The thermal denaturation study of wtp53 
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CTR (0.12 mg/mL) and p53R337C CTR (0.12 mg/mL) mutant was 
performed using JASCO J-1500 Spectrophotometer by measuring the 
ellipticity of proteins at 222 nm over the temperature range of 20–95 ◦C 
with the scan rate of 2 ◦C/min in 0.1 cm pathlength quartz cuvette. The 
renaturation or reversibility of the protein was determined by rescan
ning the same sample from 95 to 20 ◦C. The measured ellipticity was 
plotted as the function of temperature and the melting temperature (Tm) 
was calculated using SigmaPlot 14.0.

The thermal stability of wtp53 CTR (1 mg/mL) and p53 R337C CTR 
(1 mg/mL) was also measured by differential scanning calorimetry using 
Nano DSC, TA instruments. The change in heat capacity of the proteins 
was monitored over the temperature range of 20–95 ◦C with the scan 
rate of 1 ◦C/min using Tris buffer (20 mM Tris, pH-8.0, and 75 mM NaCl) 
as a reference. The molar heat capacity of the protein was calculated 
using TA NanoAnalyze software, and the baseline correction of the 
thermogram and the multi-peak Gaussian curve fitting was performed 
using OriginPro.

2.6. Molecular modeling and Molecular Dynamics(MD) simulation 
studies

As the crystal structure of p53-R337C OD is not available, the wild- 
type p53 OD structure (PDB ID: 1AIE, 1.50 Å resolution) was used as a 
template. Solvent molecules were removed, and Arg337 was substituted 

with Cys using PyMOL. The p53OD tetramers of both wild-type and 
mutant were generated and energy minimized using GROMACS- 2023.2. 
The MD simulations of wtp53 OD tetramer (PDB ID: 1AIE) and 
p53R337C OD mutant model were performed for 1 μs (3 runs) using 
GROMACS- 2023.2 using the protocol as described in the previous study 
[59,66]. The RMSD and RMSF of the MD simulation were calculated and 
plotted using SigmaPlot 14.0. The free energy landscape (FEL) was 
computed using the gmx_covar gromacs utility and gmx_anaeig gromacs 
utility for the generation of the C-alpha covariance matrix and eigen
vector, respectively, to generate the FEL plot [66–69].

3. Results

3.1. The mutant p53R337C CTR can form more compact tetramers than 
wtp53 CTR

A tetramer is the prerequisite form of functional p53; mutation 
makes the protein defective. By gel filtration chromatography, we 
observed different tetrameric states of wtp53 and mutant p53R337C 
CTR with elution volumes of 54.7 mL and 57.8 mL, respectively. A 3 mL 
difference suggests that the tetrameric state of mutant p53-CTR is more 
compact and unstable than the wild-type (Fig. 1A and S2A). A stable 
CTR is required for p53 to bind DNA non-specifically, followed by core 
domain binding to the specific promoter sequence before the 

Fig. 1. (A) Size exclusion chromatogram of wtp53 and p53R337C CTR using Superdex 16/600 75 pg column, 15 % SDS PAGE, and Western Blot of purified protein. 
(B) Far UV CD spectra of wtp53 CTR (0.12 mg/mL) and p53R337C CTR (0.12 mg/mL) show differences in mean residue ellipticity. FTIR spectra showing the peak 
deconvoluted amide I region (1600-1700 cm− 1) of (C) wtp53 CTR (5 mg/mL) and (D) p53R337C CTR (4 mg/mL). The fitted curve (blue) and the deconvoluted peaks 
(green). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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transcription initiation process is activated [52,70–74]. The loss of the 
salt bridge between R337 and D352 (Fig. S1) destabilizes the tetramer, 
reduces the ability and affinity to bind DNA.

3.2. The R337C mutation promotes loss of the secondary structure in p53- 
CTR

All the structural studies of p53-CTR reported so far lack secondary 
structure information on the regulatory domain region (residues 
363–393) [34,38,73,75,76]. In this study, we measured the CD spectra 
of p53-CTR (OD + RD) (residues 318–393) in the far UV region and 
observed a prominent negative peak at 208 nm (π →π* transition) and 

222 nm (n→π* transition) characteristic of α-helices (Fig. 1B). Previous 
reported structural and biophysical studies showed p53 tetramerization 
domain (residues 324–356) contains 27 % α-helix and 7 % β-sheet [38,
75,77–81]. Our CD spectra of wtp53 CTR shows 31 % α-helix, 12.9 % 
β-sheet (9.3 % antiparallel and 3.6 % parallel), 13.2 % turns and 42.9 % 
random coil estimated using the BeStSel server [62]. A 4 % increase in 
α-helix, ~6 % increase in β-sheet, and 10.7 % turns correspond to the 
regulatory domain region (residues 363–393) (Table 1). We report the 
secondary structure content for the entire CTR region (OD + RD) for the 
first time. However, in the p53R337C mutant, the prominent peak at 
208 nm is absent, and a weak negative band at 222 nm suggests an 
unstable alpha-helical region. Additionally, a distinct negative peak at 

Table 1 
Secondary structure content prediction of wtp53 CTR and p53R337C CTR based on CD spectrum data using online server BeStSel.

Technique Protein α- helix (%) β-sheet (%) Turns (%) Random Coil (%)

Antiparallel Parallel

Crystal (8UQR) wtp53 OD (324–356) 27.5 7.5 2.5 3.75

CD Spectroscopy (BeStSel) wtp53 CTR (318–393) 31.0 9.3 3.6 13.2 42.9
p53R337C CTR (318–393) 23.1 15.6 0.0 14.3 47.0

Fig. 2. Scatter plot of wtp53 CTR (A, B) and p53R337C CTR (C, D) showing Mean Residue Ellipticity (MRE) at 222 nm and 218 nm at different pH conditions. 
Fluorescence emission spectra of ANS (λex 430 nm) binding at different pH along with scatter plots, (F) and (H) show scatter plots of fluorescence intensity changes at 
480 nm upon ANS binding to wtp53 CTR and p53R337C CTR, respectively (n = 3). (E) and (G) show data from a single replicate of wtp53 CTR and p53R337C CTR, 
respectively. The spectra indicate that the wt CTR and mutant protein hydrophobic core are intact except at pH 2 and 3.
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205 nm in the mutant indicates the presence of a disordered region 
(Fig. 1B). The secondary structure estimation shows a decrease in 
alpha-helical content to 23.1 %, an increase in anti-parallel β-sheet (15.6 
%), turns (14.3 %) and random coil (47 %). A definite shift of the 
alpha-helical peak at 208 nm to the random coil at 205 nm implies that 
the loss of salt bridge interactions between adjacent monomers de
stabilizes the helix. The destabilized helices significantly impact the 
regulatory domain’s conformation and make the protein unstable; 
hence, the mutant elutes at different elution volumes in the gel-filtration 
profile (Fig. 1A).

The change in secondary structure is also observed in the FTIR 
spectra measured in the mid-infrared region of 4000-900 cm− 1. In 
wtp53 CTR, a characteristic peak of α-helix at 1652 cm− 1, β-sheet at 
1635 cm− 1, β-turn at 1684 cm− 1, and random coil at 1673 cm− 1 along 
with a peak for the disordered region at 1618 cm− 1 is observed (Fig. 1C 
and S4A). In mutant p53R337C CTR, a considerable decrease in sec
ondary structure compared with the wild-type, with the α-helix and 
β-sheet/strand peaks is observed at 1649 cm− 1 and 1641 cm− 1, 
respectively. In mutant p53 CTR, a notable band for random coil at 1672 
cm− 1 and a large disordered peak at 1618 cm− 1 was observed (Fig. 1D 
and S4B). CD and FTIR data indicate a loss in the α-helical region and an 
increase in the unstructured region in the mutant leads to an unstable 
tetramer.

3.3. The p53R337C CTR is more susceptible to pH change

The change in the secondary structure at different pH monitored 
using the CD spectra shows that the wtp53 CTR is more stable in the pH 
range from 4 to 8, less stable at pH 9.0 close to isoelectric point (pI- 
9.69), and unstable below pH 4 (Fig. 2A and B). Meanwhile, the mutant 
is less stable at pH 8 and lacks wt-like conformation (Fig. 2C and D). 
Interestingly, the secondary structure signal of the mutant increases at 
pH 4 and 5, indicating that the protonated cysteine below pH 5.5 might 
form an H-bond with Asp352 (F ig. 2C and D, S2D and S2E). Similarly, 
we observe that the spectra of wtp53 CTR below pH 5.0 resemble mutant 
p53R337C-CTR, indicating that salt-bridge loss destabilizes the protein 
(Figs. S2B and S2C).

Consequently, we performed ANS binding to check the exposure of 
the hydrophobic core of p53-CTR tetramers at different pH levels. An 
increase in fluorescence of ANS at pH-2 and pH-3 indicates that the 
tertiary structure of both wt and R337C mutant CTR destabilized and 
exposed the protein’s hydrophobic core (Fig. 2E–H). Interestingly, both 
wtp53 and mutant CTR spectra show that the hydrophobic core is intact 
and not entirely exposed to ANS binding in the pH range of 4–11. 
However, at pH 4 and 5, the mutant protein exhibits a minor loss in the 
tertiary structure, indicating that the mutant tetramer is less stable 
(Fig. 2G and H). Additionally, p53R337C CTR exhibited higher 

Fig. 3. The MD simulations of wtp53 OD and mutant p53R337C OD. (A–C) Represent the 1 μs frame of wtp53 OD, (G–I) represents the 1 μs frame of p53R337C OD. 
The Free Energy Landscape is shown for each MD run of (D–F) wtp53 OD and (J–L) p53R337C OD.
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fluorescence intensity than wtp53 CTR across all pH levels, signifying 
greater exposure of hydrophobic core (Fig. 2F and H). Hence, the study 
shows that the mutant forms an unstable tetramer with an intact but 
more exposed hydrophobic core.

3.4. MD simulations confirm the destabilization of mutant p53 OD 
tetramers

To study the stability of the p53 OD of both wild-type and mutant, we 
performed MD simulation of wtp53 and p53R337C OD for 1 μs in trip
licate to analyze the impact of the mutation on the structure of the OD. 
The MD trajectories show that the wtp53 OD remains intact (Fig. 3A–C) 
throughout 1 μs simulation in all three runs. Structural analysis of salt- 
bridges formed by R337 in all three replicates of 1 μs MD run revealed 
that Arginine at position 337 engages in three different interactions: 
with D352 (~40 %) (intradimer), E349 (~10 %) (intradimer) and E343 
(~10 %) (interdimer). It emphasizes that Arginine at 337th position is 
essential to hold the p53 tetrameric domain (Table S1). In contrast, the 
α-helix in one of the monomers of p53R337C OD unwinds, thus indi
cating destabilization of the helix under the influence of this mutation 
(Fig. 3G–I). The RMSF plots of wild-type shows that the alpha-helical 
region (335–352) is stable and intact (Figs. S3D–F), whereas in the 
R337C mutant, destabilization is observed (Figs. S3G–I). Additionally, 

the RMSD of Cα backbone atoms of the p53R337C is higher than that of 
wtp53 (Figs. S3A–C). A single local minimum in the free energy land
scape plot of wtp53 OD indicates a stable tetrameric conformations 
(Fig. 3D–F).

In contrast, the mutant shows multiple local minima indicating 
different conformations due to reduced stabilty (Fig. 3J–L). Therefore, 
the mutation destabilizes and uncoils the of p53 OD α-helix, which 
forces the mutant protein to form unstable conformations. The MD data 
also show that the mutant forms an unstable tetramer with an intact 
hydrophobic core, as observed in the ANS binding study.

3.5. Mutant p53R337C CTR tetramer is thermally unstable compared 
with wtp53 CTR

To analyze the thermal stability of wtp53 CTR and mutant-CTR tet
ramers, we measured the CD spectra at 222 nm in the 20–95 ◦C tem
perature range. The wtp53 CTR shows a decrease in the negative 
ellipticity with the increase in temperature having a Tm of 76.12 ◦C, 
followed by complete reversibility of secondary structure upon rena
turation (Fig. 4A). For the first time, we have reported the thermal 
reversibility of wtp53 CTR (OD + RD), indicating that the hydrophobic 
core of tetramer can refold. In contrast, the mutant shows two different 
unfolding peaks with Tm of 30 ◦C and 63 ◦C, indicating that the unstable 

Fig. 4. Thermal stability of wt and mutant p53-CTR region. CD thermal denaturation and renaturation curves of (A) wt p53 CTR (0.12 mg/mL) and (B) mutant 
p53R337C CTR (0.12 mg/mL) at 222 nm. DSC thermogram of (C) wtp53 CTR (1 mg/mL) and (D) p53R337C CTR (1 mg/mL) over the temperature range of 20–95 ◦C. 
The DSC thermogram shows the non-fitted (black) and fitted (red) data curve of the wtp53 CTR. The red, green, blue and cyan show the fitted curve of the p53R337C 
CTR. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

A. Singh et al.                                                                                                                                                                                                                                   Archives of Biochemistry and Biophysics 768 (2025) 110381 

6 



mutant tetramer dissociates into dimers or monomers (Fig. 4B). 
Furthermore, the mutant exhibits only partial renaturation to its original 
conformation.

The thermal studies of the wtp53-CTR region by gold-standard dif
ferential scanning calorimetry (DSC) also show a single peak at 84.55 ±
0.02 ◦C (Fig. 4C) with no saturation up to 95 ◦C, indicating that the 
protein is highly stable. On the other hand, the mutant shows four 
different melting peaks at 28.43 ± 0.05 ◦C, 42 ± 0.12 ◦C, 59.56 ±
0.25 ◦C and 81.31 ± 0.28 ◦C with thermogram approaching to satura
tion at 95 ◦C, suggesting complete denaturation of an unstable tetramer 
of mutant p53R337C CTR (Fig. 4D). Multiple peaks indicate stepwise 
dissociation of the tetramer into dimer at 42 ± 0.12 ◦C, and monomer at 
59.56 ± 0.25 ◦C, with final monomer denaturation at 81.31 ± 0.28 ◦C. 
Thus, the DSC data further substantiates that the loss of the salt bridge in 
the mutant leads to a thermally unstable tetramer.

3.6. FTIR spectra of p53-CTR in the presence of DNA

The FTIR spectra of native wtp53 CTR and mutant CTR shows that 
the wild-type has a characteristic peak of α-helix at 1652 cm− 1 and 
β-sheet at 1636, while the mutant exhibits less prominent peaks for 
α-helix and β-sheet/strand at 1651 cm− 1 and 1636 cm− 1, respectively 

(Fig. 1C–D). In the presence of DNA, the wtp53 CTR spectra shows an 
increase in the alpha-helical content with a peak at 1652 cm− 1 and a 
decrease in the unstructured region peak at 1616 cm− 1, indicating that 
wild-type binds to the DNA with stable tetramer (Fig. 5A and C, S4A). 
Surprisingly, the mutant shows a slight increase in the alpha-helical and 
β-sheet peaks at 1652 cm− 1 and 1637 cm-1, respectively, along with a 
decrease in the unstructured region at 1618 cm− 1 (Fig. 5B and C, S4B). 
The increase in the secondary structure content of both wtp53 CTR and 
p53R337C CTR shows that the regulatory region (363–393) stabilizes 
upon DNA binding.

4. Discussion

During cell stress and DNA damage, over 90 % of p53 forms tetra
mers [24,82,83]. These tetrameric p53 are activated by 
post-translational modifications (PTMs), particularly in the C-terminal 
region [84,85]. These PTMs serve as signals for cellular localization and 
modulate interdomain and intermolecular interactions of p53 with other 
pathway proteins [86–89]. Many studies have shown that PTMs in 
oligomerization and regulatory domain residues act as molecular 
switches in transforming p53-dependent cellular pathways like 
apoptosis or cell cycle arrest, thereby regulating cellular outcomes 

Fig. 5. FTIR spectra of wt and R337C p53-CTR region. The peak deconvoluted amide I region (1600-1700 cm− 1) of (A) wtp53 CTR (500 μM) in the presence of 26 
mer p53 consensus sequence DNA (500 μM) and (B) p53R337C CTR (800 μM) in the presence of 26 mer p53 consensus sequence DNA (800 μM). The red line 
represents the original data, the blue line represents the fitted curve and the green lines represent the deconvoluted peaks. (C) The overlay of FTIR spectra of wtp53 
CTR and p53R337C CTR in the presence of DNA. (D) Diagrammatic representation of the quaternary state model of full-length wtp53 and p53R337C upon binding to 
the DNA response element. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[89–91]. The oligomeric state is essential for the p53 transactivation 
function, and mutation inactivates oligomer formation, leading to the 
non-functional protein [92]. Clinical reports have shown that the olig
omeric status impacts clinical outcomes in Li-Fraumeni Syndrome (LFS) 
patients [31], as the mutations in the oligomeric domain impair the 
ability to form a tetrameric state or stable tetramers [93]. The crystal 
structure of OD from the region 324–356 provides insight into the 
impact of the mutations on the structure of this domain [38,72,78,78,80,
94]. Yet, its influence on the regulatory domain (residues 360–393) is 
poorly understood, as this region is not well characterized due to its 
intrinsic disorderedness [95,96]. However, the RD domain is essential 
for the p53 function, as many PTMs are reported in this intrinsically 
disordered region (IDR) [86,89,97–99]. A recent study by Di Ianni et al. 
[70] predicted a structural model using mass spectrometry-guided 
computational modeling, stating that the RD forms a stable structure 
upon binding to a DNA sequence [70]. Using CD and FTIR, we show that 
part of the regulatory domain possesses an alpha-helical structure in 
wtp53 CTR, and it stabilizes upon binding to DNA, as demonstrated by 
Di Ianni et al. [70]. A small region of stable secondary structure in the 
RD is required for the post-translation modifications like acetylation, 
methylation, and phosphorylation to stabilize and form active tetra
meric conformation [84,100,101]. We did not observe this stable region 
in mutant R337C, which might have influenced the functional role of 
p53.

In vitro studies have found that the mutant R337C was inactive at 
lower concentrations and partially active at higher concentrations in the 
reporter gene assay with no activation of downstream target genes [51]. 
Our thermal studies show that the R337C mutant tetramers are unstable 
and can dissociate easily into dimer at 42 ◦C and into monomer at 
59.56 ◦C. At low temperatures, the mutant p53R337C forms tetramer, 
whereas at around 28.43 ◦C, the tetramer begins to dissociate; therefore, 
most of the mutant tetramer dissociates at the physiological temperature 
of 37 ◦C. However, at 37 ◦C, the tetramer is not entirely dissociated, 
which explains the low transcriptional activity. Hence, a fraction of 
mutant protein exists in the tetrameric form, enabling it to transactivate 
the downstream genes. Therefore, mutants mostly form dimers or un
stable tetramers with low transcription activity at physiological tem
peratures. The dimeric or unstable tetrameric mutants exhibit ~80 % 
cancer penetrance with median survival [35,102]. The study demon
strates that the p53R337C forms an unstable tetramer that can bind the 
DNA and is partially functional. Therefore, it can be concluded that both 
wild-type and mutant protein suggest the substitution of Arg to Cys at 
the 337th position does not prevent the interaction of RD with DNA. 
However, our experimental data could not establish that the ion pairing 
between R337 and D352 is critical for the structural stability of p53. 
Hence, to understand the role of ion pair R337-D352, we analyzed the 
IARC p53 database (https://tp53.cancer.gov/) [42] for the functional 
status of p53D352 mutants and found D352 mutants to be functional. 
Similarly, the study conducted by Kato et al. [40] using yeast-based 
functional assay also showed that p53D352 mutants (His/Tyr/
Ala/Gly/Val/Glu/Asn) are in active form. Their study showed that the 
mutation of Arg337 to His was partially functional, while R337L and 
R337P were non-functional. Hence, the positive charge and length of the 
side chain of Arg at the 337th position are essential for the structural 
integrity of p53 to form a full-functional tetramer. We did not observe 
any Arg to Lys mutation reported in the database to confirm our pre
diction. However, our 1 μs MD simulations studies showed that in wtp53 
OD, the residue Arg337 forms three salt bridges with D352 (~40 %) 
(intradimer), E349 (~10 %) (intradimer), and E343 (~10 %) (inter
dimer) to stabilize the tetrameric state indicating the importance of Arg 
at 337th position (Table S1). Hence, a more profound structural and 
functional understanding of the p53 OD is required to develop thera
peutic drugs against these mutants.

Abbreviations: FTIR- Fourier Transform Infrared Spectroscopy, CD- 
Circular Dichroism, CTR- C-terminal region, OD-oligomerization domain, 
RD-regulatory domain, wt-wild type.
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