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Abstract

RBBP6 is a 250 kDa eukaryotic protein known to be a negative regulator of p53 and essen-
tial for embryonic development. Furthermore, RBBP6 is a critical element in carcinogenesis
and has been identified as a potential biomarker for certain cancers. RBBP6'’s ability to inter-
act with p53 and cause its degradation makes it a potential drug target in cancer therapy.
Therefore, a better understating of the p53 binding domain of RBBP6 is needed. This study
presents a three-part purification protocol for the polyhistidine-tagged p53 binding domain of
RBBP6, expressed in Escherichia colibacterial cells. The purified recombinant domain was
shown to have structure and is functional as it could bind endogenous p53. We character-
ized it using clear native PAGE and far-UV CD and found that it exists in a single form, most
likely monomer. We predict that its secondary structure is predominantly random coil with
19% alpha-helices, 9% beta-strand and 14% turns. When we exposed the recombinant
domain to increasing temperature or known denaturants, our investigation suggested that
the domain undergoes relatively small structural changes, especially with increased temper-
ature. Moreover, we notice a high percentage recovery after returning the domain close to
starting conditions. The outcome of this study is a pure, stable, and functional recombinant
RBBP6-p53BD that is primarily intrinsically disordered.

1. Introduction

Worldwide, cancer is a significant health issue. Cancer is caused by a cascade of events
that result in abnormal cell proliferation due to defective cell cycle progression [1, 2]. The
p53 gene is a crucial tumour suppressor gene that encodes the protein Tp53, which,
amongst other functions, initiates cell cycle arrest in response to DNA damage or apopto-
sis if DNA is beyond repair. MDM2 is a negative regulator of p53 that binds to p53 and
causes p53’s ubiquitination and, therefore proteasome degradation [3, 4]. The mouse
orthologue of RBBP6 interacts with p53, and this interaction appears to enhance
MDM2-mediated ubiquitination and proteasome degradation of p53 within the cells [3, 5,
6]. Levels of p53 are strictly controlled within the cell by an auto-regulatory feedback loop,
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as MDM2 is transcriptionally activated by p53, and MDM2 results in p53’s degradation
[7-9].

The Retinoblastoma binding protein 6 (RBBP6), a 250kDa eukaryotic protein, has been
linked to many biological processes, including transcription, nRNA metabolism, embryonic
development, and ubiquitination [6, 10-12]. RBBP6 consists of several highly conserved
domains, including an N-terminal ubiquitin-like domain (Domain with no name (DWNN)), a
CCHC zinc finger domain, a RING (Really Interesting New Gene) finger domain, a proline-
rich domain, a serine/arginine (S-R) domain, as well as p53 and pRB binding domains. RBBP6
is overexpressed in several cancers and has been identified as a potential cancer biomarker
[13-17]. This, therefore, makes RBBP6 a candidate protein for cancer therapy for cancers
where native p53 is maintained [18].

With RBBP6’s part in facilitating p53’s degradation within the cell, a need for understand-
ing its mechanism of interaction with p53 has arisen. Research has been conducted to define
the residues of RBBP6 which correspond to the p53 binding domain of RBBP6. Simons and
colleagues assigned the p53 binding domain in PACT to residues 1220-1562, corresponding
to residues 1428-1792 in full-length RBBP6 [10]. Later, Gao and Scott assigned it to 110 amino
acids, namely residues 1204-1314 of P2D-R, corresponding to residues 1380-1490 in RBBP6
[19].

In their post-graduate studies, Ndabambi and Faro independently investigated the p53
binding domain of RBBP6 by expressing different peptide fragments fused with GST and
GST-HA tags in bacterial cells [20, 21]. Ndabambi analysed the complete sequence predicted
by Simons and colleagues and found the domain unstable and prone to proteolysis [20]. Faro
found the residue sequence 1422-1668 of full-length RBBP6 could bind to p53, despite NMR
analysis suggesting it was completely unfolded [21]. Furthermore, this study found that these
residues are unstable and prone to proteolysis. Thus far, we are not aware of any successful
recombinant expression of a stable and functional RBBP6-p53BD.

Twala performed in silico analysis on residues 1433-1544 from the UniprotKB database
(Unique entry identifier: Q7Z6E9) entry of RBBP6 [22]. To predict the structure of the domain
from the amino acid sequence, two software programs were used, namely I-TASSER and eTh-
read-Modeller. It was found that the top predicted models from both programs contained pre-
dominantly alpha helices and some random coil. These models were further used to predict
potential drugs that could bind the domain, and NADH was identified. It is noteworthy that
Twala’s study did not include the entire RBBP6-p53BD as experimentally defined in various
studies.

To target the interaction between RBBP6 and p53, a better understanding is needed of the
p53 binding domain of RBBPS, its structure, and its ability to interact with p53. This present
study expressed and investigated an insert covering residues 1380-1726 of full-length human
RBBP6, named RBBP6-p53BD going forward in this article. The aim of this study was to deter-
mine if a stable and functional RBBP6-p53BD could be expressed in a bacterial cell system,
successfully purified and probed for structure and stability.

2. Methods and materials
2.1 Materials
See Table 1 for the antibodies used in the study.

2.2 Expression of the p53 binding domain of RBBP6

A pET28a plasmid was engineered to contain the cDNA sequence encoding the p53 binding
domain of RBBP6 and procured from GenScript™ (Shanghai, China). For the insert, residues
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Table 1. Antibodies used in the study.

Antigen Antibody Use Dilution Species Company Product code
P53 Monoclonal IgG2a WB 1:10000 Mouse Abcam ab1101
1P 1:500
Polyhistidine Monoclonal IgG WB 1:5000 Mouse Sigma H-1029
1P 1:250
Mouse Polyclonal WB 1:10000 Goat Abcam ab205719

https://doi.org/10.1371/journal.pone.0277478.t001

1380-1726 of full-length RBBP6 (NM_006910.4) were used. NiCo21 (DE3), BL21(DE3), and
Shuffle™ T7 express Escherichia coli cells were transformed, and single colonies were grown
for 16 hours in sterile fresh LB media inoculated with 30mg/ml kanamycin, before a 50 times
dilution (1:50 dilution) was prepared into fresh LB media containing kanamycin (30mg/ml).
The cell cultures were grown to mid-log (calculated using optical density) and induced with
between 0.1mM and 1.0mM IPTG and grown for 2-16 hours post-induction, at 37°C.

Samples were then centrifuged for 20 minutes at room temperature, suspended in buffer,
and sonicated, at 60 Amps for 6 cycles of 10 seconds (2 seconds on 1 second off), on ice. The
sonicated samples were then centrifuged for 20 minutes at 12,100 x g at 4°C to analyse soluble
and insoluble fractions. Samples collected were analysed using SDS-PAGE.

2.3 Western blot

Proteins were separated using SDS-PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes before being blocked with casein blocking buffer (Sigma, B6429). Mem-
branes were then incubated in primary antibodies overnight at 4°C, before being incubated
with secondary antibodies for 1 hour 30 minutes, at room temperature. Membranes were
washed with Tris-buffered saline with 0.1% Tween (TBST) after antibody incubations.

Proteins were visualised with SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(Thermo Scientific, Massachusetts, United States) and photographed using a BioRad, Univer-
sal Hood III (Hercules, USA) gel imaging system.

2.4 Purification of RBBP6-p53BD

For purification, the cell pellet from a larger volume of LB was sonicated for 16 cycles of 30 sec-
onds each (2 seconds on, 1 second off), at 80 Amps. A three-part purification protocol was
undertaken. All purifications were performed using a Biorad NGC™ Chromatography Quest
10 system (cat# 788-0001) and a PC with ChromLab software installed (Hercules, USA).

For part one, the supernatant of NiCo21 (DE3) cells was incubated with 1.0 M ammonium
sulphate for 30 minutes before being centrifuged at 4,400 rpm for 20 minutes and being loaded
onto a Cytiva, Phenyl high-performance 5ml column. The column was equilibrated with bind-
ing buffer (50 mM sodium phosphate with 1.0 M ammonium sulphate, pH 7). After the sample
was loaded, the column was washed with 10 column volumes of binding buffer, before the
sample was eluted off the column by decreasing the ammonium sulphate concentration in a
gradient from 1.0 M to 0 M. The flow-through and fractions that showed a high A280nm
absorbance was analysed using SDS-PAGE. The RBBP6-p53BD was found not to bind the col-
umn and instead was found in the flow-through.

For part two, the flow-through collected from part one was incubated with 1.4 M ammo-
nium sulphate for 30 minutes before being centrifuged at 4,400 rpm for 20 minutes and being
loaded onto a Cytiva, Phenyl high-performance 5ml column. The column was equilibrated
with binding buffer (50 mM sodium phosphate with 1.4 M ammonium sulphate, pH 7). After
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the sample was loaded, the column was washed with 10 column volumes of binding buffer,
before the sample was eluted off the column by decreasing ammonium sulphate concentration
in a gradient from 1.4 M to 0 M. The flow-through and fractions that showed a high A280 nm
absorbance was analysed using SDS-PAGE. The RBBP6-p53BD was found to bind the column
and be eluted off the column along with several non-specific bacterial proteins.

For part three, the fractions identified to contain the RBBP6-p53BD from part two were
combined and dialysed into 50 mM sodium phosphate with 500 mM sodium chloride and 40
mM imidazole, pH 7.4. Dialysis was performed with three buffer changes with a 4-18 hour
incubation for each change at 4°C, and a buffer volume 10 times the sample size. The dialysed
protein sample was then loaded onto a Cytiva Ni-Sepharose 5ml high-performance column
that had been equilibrated with binding buffer (50 mM sodium phosphate with 500 mM
sodium chloride and 40 mM imidazole, pH 7.4). Proteins were eluted off the column by
increasing imidazole concentration, in a gradient from 40 mM to 500 mM. The flow-through
and fractions that showed a high A280nm absorbance were analysed using SDS-PAGE.

2.5 Mass spectrometry

Partially purified recombinant RBBP6-p53BD with polyhistidine tag was analysed using
SDS-PAGE. The bands of interest were excised and sent to CSIR (Pretoria, South Africa) for
trypsin digested liquid chromatography-mass spectrometry (LC-MS) analysis [23, 24].

2.6 Native PAGE

Two types of clear native PAGEs were performed. Firstly, a continuous 8% Tris-HCI gel was
used, with a running buffer of 25 mM Tris with 192 mM glycine, pH 8.3. Secondly, an 8% con-
tinuous gel was used as described in [25], was performed using an imidazole-HEPES buffer
system at a pH of 7.4. The RBBP6-p53BD has a predicted plI of 9, by ProtParam tool on the
ExPASy proteomics server [26] (S1 Fig), which resulted in the electrodes needing to be
reversed. The gels were run at 140 volts for two hours before being stained with Coomassie
Brilliant blue stain and visualised using a Biorad Universal hood 1l (Hercules, USA).

2.7 Spectroscopy

Far-UV Circular Dichroism (CD) spectra measurements were performed between 250 nm
and 190 nm, depending on the sample. A 1 mm quartz cuvette was used. The step size between
measurements was 1nm, the bandwidth was 1 nm, and a scan speed of 2 nm/second was used.
Data obtained was converted to mean residue ellipticity. An Applied Photophysics Chirascan
Plus instrument (Leatherhead, England), equipped with a Peltier temperature controller was
used. Buffer contributions were subtracted for all measurements. Three repeats were made for
each sample and averaged. In addition, experimental conditions were repeated at least twice to
confirm reproducibility. The concentration of protein was determined using a fluorescent
Qubit®™ Protein Assay Kit and the Qubit®™ 2.0 Fluorometer (Thermo Scientific, Waltham,
Massachusetts, USA).

2.8 Thermal denaturation of RBBP6-p53BD

Far-UV CD measurements were collected as described in section 2.7, whilst heating the pro-
tein sample from 20°C to 90°C. A spectrum was recorded at two-degree increments and a final
spectrum once the protein was cooled back to 20°C.
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2.9 Chemical denaturation of RBBP6-p53BD

The stability of the RBBP6-p53BD was tested in the presence of urea of guanidinium chloride.
Guanidinium chloride and urea were prepared using the necessary buffer as the solvent and
the pH was adjusted as needed before being filtered. Stock solution concentrations were con-
firmed using an Atago R5000 Refractometer (Tokyo, Japan), using refractive indices described
by [27]. Samples were incubated in buffers containing the desired denaturant concentration
for 1 hour before measuring. Recovery studies were undertaken by diluting the protein back
down from 6 M to 1 M for guanidinium chloride and 8M to 0.5M for urea. Protein samples
were incubated for one hour at each diluted concentration before spectra were recorded. Spec-
tra were recorded at 22°C as described in section 2.7.

2.10 Co-immunoprecipitation

HEK293T cells were kindly donated from the National Institute for Occupational Health
(NIOH) by Dr Jitcy Joseph. HEK293 cells are human embryonic kidney cells which were
transfected with DNA from adenovirus 5. HEK293T cells are a clone derivative of HEK293,
which express the large T antigen of simian virus 40 (SV40). HEK293T cells were lysed by son-
ication for 5 cycles of 10 seconds at 60 Amps while cells were kept on ice. Lysed cells were then
centrifuged at 12,100 x g for 20 minutes at 4°C before 50ul/ml of protease inhibitor was added.
The purified, recombinant RBBP6-p53BD was added to the cell lysate and the mixture was
incubated at 4°C with rotation for 3 hours. Next, the primary antibody was added to the cell
lysate and the recombinant RBBP6-p53BD mixture and was incubated for 3 hours at 4°C with
rotation. Finally, protein A agarose was added to the cell lysate/antibody/recombinant protein
mixture and incubated for another 12-16 hours at 4°C with rotation.

Unbound protein was removed, and the beads were washed 5 times with PBS and centri-
fuged at 1000 x g for 5 minutes. As the antibody heavy chain is at a similar molecular weight as
P53, we performed two elution steps in series in samples from anti-p53 Co-IP assays. Firstly,
the beads were boiled in sample buffer without the presence of a reducing agent (f-mercap-
toethanol) to preserve the antibody structure. After centrifugation, the supernatant was
removed and the beads were next boiled in SDS-PAGE sample buffer with a reducing agent.
Both elution steps were analysed using SDS-PAGE and Western blot. For the anti-polyhisti-
dine Co-IP assays, a single elution step was performed where the beads were boiled in
SDS-PAGE sample with a reducing agent. Samples were then analysed using SDS-PAGE and
Western blot (section 2.3).

3. Results

3.1 Recombinant expression of the p53 binding domain RBBP6
(RBBP6-p53BD)

Mammalian proteins are notoriously different to express in bacterial cell lies. Therefore, the
expression of recombinant RBBP6-p53BD, was investigated in three Escherichia coli strains,
namely BL21 (DE3), NiCo21 (DE3), and Shuffle® T7 express, under varying conditions. To
determine the best expression system the three cell lines were BL21 (DE3), which is one of the
most commonly used E.coli cell lines, with minimal genetic manipulation. BL21 (DE3) and
NiCo21 (DE3) cells contain the ADE3 lysogen, in which theT7 RNA polymerase gene is con-
trolled by an IPTG inducible lac UVS promoter [28]. NiCo21 (DE3) cells were chosen as they
have been genetically modified to reduce non-specific protein binding during Nickel IMAC
purification [29]. SHuffle™ T7 Express cells are genetically engineered to have an altered
redox state that allows for the formation of stable disulphide bonds within the bacterial cell
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01 01 01 01

cytoplasm and express DsbC in the cytoplasm, which assists the cells to isomerise mis-oxidized
protein to their native states. This is because DsbC is an oxidoreductase chaperone capable of
assisting in the oxidative folding of proteins [30]. Even though RBBP6 p53BD does not contain
a disulphide bond (it only has a single cysteine residue), some proteins incorrectly folded or
expressed insolubly, fold correctly when expressed in SHuffle™ T7 Express cells [31].

In all cell lines, a post-induction time was evaluated between 2 and 16 hours, and three
inducer concentrations were evaluated, namely 0.1 mM, 0.5 mM, and 1.0 mM. All experiments
were conducted at 37°C. With SDS-PAGE analysis, two prominent protein bands were seen in
the soluble fraction with estimated molecular weights of 48kDa and 44kDa in all cell lines (Fig
1), which is not the anticipated 40kDa of the RBBP6-p53BD. However, there are several rea-
sons why a protein may migrate at an unexpected rate through SDS-PAGE, including the

o1 01 01 01 01 01 01 01 01 01 M 01 01 M 0505 p 10 10 |\
3h 3h  4h 4h  5h Sh 16h 16h Sup Pe Sup Pe Sup Pe
Sup Pe Sup Pe Sup Pe Pe Pe

01 01 01 01 01 01 01 01 01 M 01 01 N 05 05 M 10 1,0 M
2h 3h 3h 4h 4h Sh Sh 16h  16h Sup  Pe Sup  Pe Sup Pe
Pe Sup Pe Sup Pe Sup Pe Pe Pe

01 01 0l 01 M . " s
3h 3h 4h 4h Sh Sh 16h  16h M o1 01 M 05 05 M 51'0 %;0
Sup Pe Sup Pe Sup Pe Pe Pe Sup  Pe Sup  Pe up e

Fig 1. Recombinant expression of RBBP6 p53BD. SDS-PAGE analysis of expression of the RBBP6-p53BD showing soluble "sup" and
insoluble "Pe" fractions for (A): BL21 (DE3) cells over post-induction time of 2 to 16 hours, (B): BL21 (DE3) cells inducer concentrations
from 0.1 mM to 1.0 mM, (C): NiCo21 (DE3) cells over post-induction time of 2 to 16 hours, (D): NiCo21 (DE3) cells inducer
concentrations from 0.1mM to 1.0mM. (E): Shuffle® T7 express cells over post-induction time of 2 to 16 hours, (F): Shuffle® T7 express
inducer concentrations from 0.1 mM to 1.0 mM. The position of overexpressed protein bands is marked with pink arrows. The protein
molecular weight marker (Thermo Scientific, 26610) has sizes in kDa, marked on the gel.

https://doi.org/10.1371/journal.pone.0277478.9001
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content of the primary sequence, presence of hydrophobic regions, SDS interaction, and pro-
tein structure and stability [32-34].

Expression of the RBBP6-p53BD in BL21 (DE3) and NiCo21 (DE3) cells was found to be
similar, with noticeably less expression seen in Shuffle™ T7 express cells. In all three cell lines,
the RBBP6-p53BD appears to be predominantly in the soluble fraction, and there was an
increase in expression from 2 to 16 hours (Fig 1A, 1C and 1E). We noted that there was little
change in expression with an increase in inducer concentration in any of the cell lines (Fig 1B,
1D and 1F). Higher inducer concentrations are known to place increased stress on cells during
expression. NiCo21 (DE3) cells have been genetically engineered to express fewer proteins that
contain polyhistidine residues that can interact with IMAC columns [29]. This reduces the iso-
lation of non-recombinant proteins during the purification process. Therefore, expression
conditions chosen for future studies were NiCo21 (DE3) cells at 37°C, with 0.1 mM IPTG and

16 hours post-induction growth.

3.2 Protein confirmation

We needed to investigate whether both protein bands seen in SDS-PAGE analysis after purifi-
cation, contained RBBP6-p53BD. We achieved this by performing western blot analysis and
trypsin digested LC-MS analysis. Western blot analysis was undertaken using an anti-polyhis-
tidine antibody (Fig 2A) on the soluble fraction of cell lysates from Shuffle™ T7 express, BL21
(DE3), and NiCO21 (DE3) E.Coli cell lines. It showed that both overexpressed protein bands
contained polyhistidine residues. This suggests these bands are the RBBP6-p53BD with a poly-
histidine tag. This is significant as the protein contains a polyhistidine tag on its C-terminal
and therefore, only full length recombinant RBBP6-53BD would be able to bind the nickel
IMAC column [35]. However, naturally occurring proteins in bacteria cells can also contain
polyhistidine residues that anti-polyhistidine antibodies can detect. Therefore, the two protein
bands were further analysed using trypsin digested LC-MS analysis (Fig 2B). The bands were
confirmed to contain the RBBP6-p53BD. Thus, further investigation could be performed
using the purified sample containing both bands.

Sample 1 (red)
Sample 2 (green)

M T7 Ex BL21NiCo21
Sup Sup Sup

Fig 2. Protein conformation of RBBP6-p53BD. (A): Shows western blot analysis of supernatant fractions of cell
lysate from transformed Shuffle™ T7 express, BL21 (DE3), and NiCo21 (DE3) E.coli cell lines using an anti-
polyhistidine antibody. The RBBP6-p53BD is shown with a pink box. (B): After SDS-PAGE the two protein bands
indicated (red and green boxes) were isolated for trypsin digested LC-MS analysis after partial purification of the
supernatant from NiCo21 (DE3) cells. The protein molecular weight marker (Thermo Scientific, 26610) has sizes in
kDa, marked on the gel.

https://doi.org/10.1371/journal.pone.0277478.9002
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3.3 Three-part purification protocol for RBBP6-p53BD
To isolate RBBP6-p53BD out of the bacterial cell lysate it was necessary to perform three pro-
tein purification protocols in series. In part one, the soluble fraction of NiCo21 (DE3) cells
were prepared in 1.0 M ammonium sulphate before being loaded onto an equilibrated Cytiva
HiTrap Phenyl high performance (Uppsala, Sweden) column. Proteins were eluted off the col-
umn through a 1 M to 0 M ammonium sulphate gradient (Fig 3A). Fractions with high A280
absorbance readings were analysed with SDS-PAGE (Fig 3D). The RBBP6-p53BD did not
bind to the column and was instead found in the flow-through (FT). However, multiple non-
A
:
B) g
2 =&
£ 3
£ g=
g 3
= g

«Ff & Volume =« Elution >

(ml)

Protein M FT F2 F3 F5 F6 F7 F8 F9 F10 F11
sample

@®
m

§ 700 9
o 600 200 g.
= IS
S 500 = X
< 150 <. %
£ a0 < &®
— ? o
E
£ 300 100 2 g
8 20 S
o 50 3—
< 100 =
o
0¢ [
50 100
Volume Elution
(ml)
M Pprotein FT F2 F3 F4 F5 F7
sample
C o g
o
o
—_ p |
) =1
) s
i ES
= F 2
N
< —
£ 3 3
st v ]
€ a 2
S 3
) —
[ I
< =
20 40 60 80 100
<L, F12, volume (ml) o FElution M Potein Er1 o FT2 P3R4 F5 F9

sample

Fig 3. Three-part purification of the RBBP6-p53BD. Chromatograph with A280 effluent (blue), elution gradient (green), conductivity (red) and
Flow-through (FT), elution and fractions collected (FX) depicted for (A): Part 1, hydrophobic interaction chromatography with 1 M ammonium
sulphate in binding buffer (B): Part 2 hydrophobic interaction chromatography with 1.4 M ammonium sulphate in binding buffer and (C): Part 3,
nickel IMAC chromatography. SDS-PAGE analysis of protein sample loaded onto the column, the Flow-through (FT), and certain fractions collected
"FX" where X represents the fraction number for (D): Part 1, (E): Part 2, and (F): Part 3. The RBBP6-p53BD is indicated in flow-through (FT) or
fractions (FX) with a pink box. The protein molecular weight marker (Thermo Scientific, 26610) has sizes in kDa, marked on the gel.

https://doi.org/10.1371/journal.pone.0277478.g003
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specific bacterial cellular proteins could bind the column and were eluted under these condi-
tions, thereby removing them from the protein sample.

In part two, the flow-through from part one was incubated in 1.4 M ammonium sulphate
before being loaded onto an equilibrated Cytiva HiTrap Phenyl high performance (Uppsala,
Sweden) column. Proteins were eluted off the column by decreasing the ammonium sulphate
concentration in a gradient from 1.4 M to 0 M (Fig 3B). The RBBP6-p53BD bound the column
and was eluted predominately in fractions 4 and 5, where the ammonium sulphate concentra-
tion had decreased to approximately 0.85 M (Fig 3E). Fractions with high A,g, absorbance
readings were again analysed by SDS-PAGE (Fig 3E).

Dialysis was performed with three buffer changes with a 4-18 hour incubation for each
change at 4°C, with buffer volume 10 times the sample size. Several bacterial cell proteins
bound the column and were eluted under the same conditions as the RBBP6-p53BD in part
two. Therefore, for part three the fractions 4 and 5 from part two were dialysed into 50 mM
sodium phosphate with 500 mM sodium chloride and 40 mM imidazole, pH 7.4. The dialysed
protein sample was then loaded onto Cytiva HisTrap high performance (Uppsala, Sweden)
column. Proteins were eluted off the column by increasing the imidazole concentration from
40 mM to 500 mM using a gradient (Fig 3C), and fractions with high A280 absorbance read-
ings were analysed with SDS-PAGE (Fig 3F). The RBBP6-p53BD was found to bind the
column and was eluted off in fractions 3, 4, and 5 (Fig 3F). The fractions containing the
RBBP6-p53BD were then pooled and concentrated. The RBBP6-p53BD was estimated to be
approximately 95% pure when using BioRad Image Lab™ software version 6.0.1 (Hercules,
USA) "Relative Quantity" tool.

3.4 Physicochemical and structural characterization

3.4.1 Clear native PAGE. Clear native PAGE separates proteins based on their size,
charge and 3-D structure, as it’s preformed under non-denaturing conditions. Clear native
PAGE is used to investigate the presence of multimeric forms of a protein. Although oligo-
merisation is frequently important for a protein’s structure and function it can complicate
the characterisation of a protein. Therefore, it is beneficial to determine if a protein is natu-
rally a monomer or oligomer before further characterisation. We investigated two buffer
systems for the RBBP6-p53BD. Firstly we used a Tris-HCI system with a pH of 8.3 (Fig 4A),
which showed that the RBBP6-p53BD appears in a single form both before (lane 1) and
after (lane 2) being heated to 90°C. Lastly, in lane 3 we showed a single form when the
domain was placed in 2 M urea. However, some protein appears to still be present in the gel
wells and as the pH of the Tris-HCI buffer was close to the pI of the RBBP6-p53BD (pI of 9)
there was little migration into the gel. Therefore, we performed a second clear native PAGE
using an imidazole-HEPES buffer system with a pH of 7.4 (Fig 4B), which showed that the
RBBP6-p53BD appears to be in a single form before (lane 1) and after being heated to 90°C
and cooled (lane 2). However, a greater migration into the gel is seen at the lower pH. We
could not demonstrate the precise oligomer state of the RBBP6-p53BD using this technique
as the molecular weight cannot be determined using a clear native PAGE. However, the
results suggest that the domain is in monomer form as even in 2 M urea or after being
heated, a single band is seen at the same distance migrated as the protein without
denaturants.

3.4.2 Secondary structure characterization. The spectrum produced by far-UV CD can
be used to access a protein’s secondary structure, as different protein conformations, such as
alpha helices and beta strands, produce characteristic features in the spectrum. Far-UV circu-
lar dichroism was utilised to investigate the secondary structure of the purified RBBP6-p53BD.
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Fig 4. Clear native PAGE analysis of the RBBP6-p53BD. Clear native PAGE analysis of purified RBBP6-p53BD. (A):
Tris-HCl buffer, with pH 8.3. Lane 1 is the RBBP6-p53BD in 50 mM sodium phosphate, pH 7. Lane 2 is the
RBBP6-p53BD in 50 mM sodium phosphate, pH 7 after being heated to and cooled from 90°C to 20°C, as described in
section 2.8. Lane 3 is the RBBP6-p53BD in 50 mM sodium phosphate, pH 7 with 2 M urea. (B): Imidazole-HEPES
buffer, pH7.4. Lane 1 is the RBBP6-p53BD in 50 mM sodium phosphate, pH 7, and Lane 2 is the RBBP6-p53BD in 50
mM sodium phosphate, pH 7 after being heated to and cooled from 90°C to 20°C, as described in section 2.8. Protein
samples were not equalised before loading onto the gels.

https://doi.org/10.1371/journal.pone.0277478.9004

The spectrum for the RBBP6-p53BD shown in Fig 5, was recorded from 250 nm to 195 nm as
the noise to signal ratio was too high below 195 nm, as detected by the dynode voltage.

Using DICHOWEB [36], the secondary structure of the RBBP6-p53BD was predicted using
the far-UV CD spectrum. Three programs within DICHOWEB, namely CONTIN, SELCON3,
and CDSSTR [36] were used. Several references sets were utilised to produce percentage pre-
dictions of alpha-helices, beta-strands, turns, and random coils (Table 2). Reference set 7
showed the lowest NRMSD score in all three programs. From the three programs, using refer-
ence set 7, we obtained an averaged prediction of 19% alpha-helical, 9% beta strands, 14%
turns, and 60% random coil. The NRMSD value indicates how accurate the prediction is, and
ordinarily, a score below 0.1 is considered a good fit. However, SELCON3 is known to have a
higher score on average and a score below 0.5 has been seen as acceptable. For the CDSSTR
program, reference sets sp175 and 4 had acceptable NRMSD scores and their predictions
showed higher structural content, particularly a much higher prediction of beta strands than
reference set 7.

3.4.3 Computational protein structure prediction. I-TASSER isa program that predicts
a protein’s structure by identifying structural templates from the PDB databank library using a
multiple threading alignment approach called LOMETS [37]. The top three, 3D models repre-
senting the RBBP6-p53BD’s structural conformation produced by LOMETS in I-TASSER
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Fig 5. Far-UV CD spectrum of the RBBP6-p53BD. Far UV CD spectra of the RBBP6-p53BD, showing 250 nm to 195
nm for 2.6 uM RBBP6-p53BD in 20 mM sodium phosphate, pH 7.

https://doi.org/10.1371/journal.pone.0277478.g005

software are shown in Fig 6. It was predicted that the RBBP6-p53BD consists predominantly
of random coil, with alpha-helical and beta-strand structures varying from model to model
(Fig 6). The confidence of each model is measured using the c-score and is shown on each
model in Fig 6. The c-score is generated based on the significance of the treading template
alignment and convergence of parameters of the structure assembly simulations. The accept-
able range for a c-score is -5 to 2, with a higher score signifying a model with higher confi-
dence; however, a score greater than -1.5 indicates a model of correct global topology [38].
Global accuracy prediction is done using c-score and protein length for model 1 by I-TASSER
and consists of a TM-Score and RMSD value. For model 1 the estimated TM-score was 0.65
+0.13, and the estimated RMSD was found to be 10.9+4.6A. A TM-score is found to be
between 0 and 1, with a TM greater than 0.5 indicating a model of correct topology. Models 2
and 3 generally have lower TM scores compared to model 1 and therefore aren’t reported by
I-TASSER. Therefore, based on I-TASSER’s parameters, Model 1, is the most likely model for
the RBBP6-p53BD.

A secondary structure server, namely 2Struc [39] predicted the percentage of alpha-helices
and beta-strands for the RBBP6-p53BD models generated by I-TASSER, using the protein data
bank files generated by I-TASSER (Table 3). Percentages of alpha-helices, beta-strands, and

Table 2. DICHROWEB secondary structure predictions.

Program Reference set used NRMSD % alpha helix % beta strands % turns % coil
CONTIN spl75 0,71 21 16 16 46
CONTIN 7 0,097 20 3 12 65
CONTIN 4 0,117 18 16 27 36
SELCON3 spl75 0,604 22 18 17 44
SELCON3 7 0,442 16 14 15 60
SELCON3 4 0,604 24 16 25 34
CDSSTR spl75 0,019 23 17 18 42
CDSSTR 7 0,014 21 10 14 55
CDSSTR 4 0,019 18 19 26 34

DICHROWEB [36] predicted secondary structure components using three different software server programs: CONTIN, SELCON3, and CDSSTR. The reference set

used in each prediction is indicated in the table. NRMSD is a score of how accurate the prediction is.

https://doi.org/10.1371/journal.pone.0277478.t1002
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Model 1 Model 2 Model 3

Fig 6. I-TASSER software prediction of secondary and tertiary structure. Top three 3D conformation models predicted by I-TASSER, with
predicted c-Score shown on each model. Alpha-helices are shown in red, beta-strands in yellow, and loops shown in green. The structure was obtained
from the protein data bank (PDB) files produced by I-TASSER and viewed with PyMOL Molecular Graphics System (2.5.2 Edu), Schrodinger, LLC.

https://doi.org/10.1371/journal.pone.0277478.g006

others (a mixture of turns and random coil) varied appreciably from model to model, with the
highest alpha-helical content found in model 3 and highest beta-strand prediction found in
model 1. Model 2 showed the highest random coil percentage prediction and three times the
alpha-helical content compared to its beta-strand content (Table 3). However, when compar-
ing the models to the prediction made by DichroWeb [36], it is seen that model 2 has a similar
ratio of alpha-helices to beta-strands as seen in predictions made from the far-UV CD spec-
trum. However, I-TASSER did predict a lower percentage of structure overall, with 14% alpha-
helices to 4% beta-strand for model 2 compared to an average of 19% alpha-helices to 9% beta-
strand from the far-UV CD spectrum using DichroWeb.

The amino acid composition of a protein can indicate the likelihood of intrinsic order or
disorder. Order-promoting amino acids (Trp, Met, Cys, Phe, Ile, Tyr, Val, Leu and Asn) are
frequently found in folded globular proteins. In contrast, a high percentage of polar and
charged amino acids (Gln, Ser, Pro, Glu, Lys, Gly, Ala and Arg), are known to indicate disor-
der and are overrepresented in unstructured proteins [40, 41]. RBBP6 p53BD sequence investi-
gated in this study comprises of 63.6% amino acid residues that promote disorder and only
19.8% amino acid residues that promote order (S1 Fig) [26].

3.5 Conformational stability

3.5.1 Thermal-induced unfolding. Protein stability studies are essential for several down-
stream experiments, including drug interaction studies and protein crystallography. We used

Table 3. Prediction of alpha-helical and beta-strand protein content for I-TASSER predicted structures of RBBP6

p53BD.

Model Program % Alpha helix % beta strands %Other

Model 1 DSSP 12,9 28,6 58,5
STRIDE 10,5 28,3 61,2

Model 2 DSSP 14,4 3,9 81,6
STRIDE 14,2 52 80,6

Model 3 DSSP 25,2 0 74,8
STRIDE 26,5 1,0 72,4

2Struc secondary structure server predicated alpha-helical and beta-strand content of RBBP6 p53BD for the three top
models predicted by I-TASSER software [39].

https://doi.org/10.1371/journal.pone.0277478.1003
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Fig 7. Far-UV circular dichroism monitoring of thermal unfolding of RBBP6 p53BD. (A): Far UV CD spectrum for the
RBBP6-p53BD from 20°C and 90°C (dark blue to dark red). (B): Spectrum for the RBBP6-p53BD in the native state (blue),
when heated to 90°C (red) and cooled back to 20°C (black). The heat unfolding curves for the RBBP6-p53BD at (C): 222nm,
(D): 215nm, and (E): 208nm between 20°C and 90°C.

https://doi.org/10.1371/journal.pone.0277478.g007

Far-UV CD to evaluate the thermal stability of the RBBP6-p53BD’s secondary structure. In Fig
7B we note that thermal unfolding is reversible for the RBBP6-p53BD. This is because the
recovery percentage is highest at 208 nm, at 99.6%, followed by 94% at 215 nm and 91% at 222
nm. This shows an over 90% recovery at all wavelengths investigated based on the native spec-
trum (blue) in comparison to the spectrum heated to 90°C (red) and cooled back down to
20°C (black). Structural change percentage was found to be highest at around 222 nm, at 29%,
followed by 215 nm at 19% and 208 nm with the least change of just 7%. As temperature
increases, an increase in ellipticity between 200nm and 210 nm is seen (Fig 7A). However, the
ellipticity between 210 nm and 250 nm decreased, showing structural changes upon heating
suggestive of the protein structure becoming more compact in parts (Fig 7A). An isodichroic
point is seen at 210 nm, where the signal is independent of temperature. Even at 90°C, the
spectrum has not yet reached a characteristic spectrum of an unfolded protein, suggesting
structure remains at 90°C [42].

Unfolding curves at 222nm (Fig 7C), 215nm (Fig 7D), and 208nm (Fig 7E), show a negative
linear relationship with temperature for 222nm and 215nm across 20 to 90°C, suggesting a
small consistent change in structure with an increase in temperature (Fig 7C and 7D). At
208nm (Fig 7E) the curve shows small structural changes between 20 and 50°C and more sub-
stantial changes after 50°C to 90°C.
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Fig 8. RBBP6 p53BD in the presence of denaturants. (A): Far-UV CD Spectra between 250 nm and 195 nm for the RBBP6-p53BD
from 0 to 8 M urea (B): Far UV-CD curves at 215 nm and 222 nm for 0 to 8 M urea. (C): Far-UV CD Spectra between 250 nm and 195
nm for the RBBP6-p53BD from 0 to 6M guanidinium chloride. (D): Far UV-CD curves at 215 nm and 22 2nm for 0 to 6 M guanidinium

chloride.

https://doi.org/10.1371/journal.pone.0277478.9008

3.5.2 Characterization of the RBBP6-p53BD in the presence of denaturants. A com-
monly used technique for investigating protein stability is to evaluate the structure of a protein
in the presence of denaturants. Denaturants are chemicals that are known to cause the unfold-
ing of protein molecules. Far-UV CD spectra were recorded for purified RBBP6-p53BD in the
presence of urea (Fig 8A) and guanidinium chloride (Fig 8C), two well-known denaturants.
The RBBP6-p53BD was independently placed into 8 M urea and then diluted down to 0.5 M
urea and 6 M guanidinium chloride and diluted down to 1 M respectively to investigate refold-
ing. The far-UV CD spectra could only be recorded to, at most, 210 nm in the presence of urea
and guanidinium chloride as the noise to signal ratio was too high below this wavelength, as
detected by turbidity (dynode voltage).

In urea, the spectrum showed structural loss for the domain in 8 M urea and recovery of
structure when diluted back to 0.5 M urea (Fig 8A). Structural change at 222 nm was found to
be 69% and at 215 nm is 64%, with recovery at 222 nm being 78%, at 215 nm being 93% and at
208 nm, 80%. In Fig 8B the increase in mean residue ellipticity at both 215 nm and 222 nm is
indicative of significant structural changes occurring consistently up to 8 M urea.

In guanidinium chloride structural loss was seen for the RBBP6-p53BD in 6 M guanidi-
nium chloride and recovery of structure when diluted back to 1 M (Fig 8C). Structural change
at 222 nm was found to be 74% and at 215 nm is 73%, with recovery at 22 2nm being 83%, at
215nm being 80% and at 208nm, 60%. In Fig 8D the increase in mean residue ellipticity at
both 215 nm and 222 nm is indicative of significant structural changes up to 3 M, and less sig-
nificant structural changes occurring from 3 M to 6 M.
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3.6 Recombinant RBBP6 p53BD interaction with endogenous p53

Two separate Co-IP assays were performed using anti-p53 and anti-polyhistidine as the prob-
ing antibody, respectively. HEK293T cell lysate was incubated with purified, recombinant
RBBP6-p53BD before incubation with antibodies. The subsequent immune-complexes formed
were isolated using Protein A agarose beads. Lastly, a Western blot was used to analyse the
results, as shown in Fig 9. When investigating the presence of p53 in the samples collected, we
found that p53 was present in the immuno-complexes isolated from both Co-IP assays (lanes 3
and 5). We expected the presence of p53 in the anti-p53 Co-IP assay’s immuno-complexes
(lane 3). Therefore, its appearance in the anti-polyhistidine Co-IP assay immuno-complexes
(lane 5) suggests that endogenous p53 and recombinant RBBP6-p53BD can bind and form a
complex in vitro. p53 was also seen in the cell lysate sample (lane 1) and the flow-through in
the anti-p53 Co-IP (lane 2) and anti-polyhistidine Co-IP (lane 4), this could be due to endoge-
nous RBBP6 being present in the HEK293T cell lysate and competing for p53 binding, result-
ing in not all p53 present being able to bind the recombinant RBBP6-p53BD.

The presence of the RBBP6-p53BD in the samples collected was investigated using an anti-
polyhistidine antibody during western blot (Fig 9). The recombinant protein was found in the
immuno-complexes isolated from both Co-IP assays (lanes 3 and 5), further supporting that
endogenous p53 can bind to and form a complex with the recombinant RBBP6-p53BD. The
RBBP6-p53BD was also found in the flow-through of both Co-IP assays (lanes 2 and 4), which
may be due to excess recombinant RBBP6-p53BD being present to cause a competitive advan-
tage to the domain over endogenous full-length RBBP6. As the RBBP6-p53BD was seen in
the flow-through, the PBS wash step was analysed (lane 6) to confirm that the presence of the

Lane 1 2 3 4 5 6 7
Co-IP Cell lysate + + - + - o -
RBBP6 p53BD + I + + + R P
Protein A - + + + + + -
1°Antibody = o = + + + =
polyhistidine
1° Antibody = + + - = + =
p53
WB | p53 N ‘ J 53kDa
"‘ ' 48kDa
Polyhistidine W = %
44kDa
Cell Flow  Elution Flow Elution  PBS Pure
Lysate + through through Wash RBBP6
RBBP6 p53BD
p53BD

Fig 9. Western blot analysis of Co-IP assays performed using anti-p53 and anti-polyhistidine on HEK293 T cells.
Two separate Western blots were performed to investigate the presence of endogenous p53 and recombinant
polyhistidine-tagged RBBP6 p53BD in Co-IP assays performed using protein A agarose with anti-p53 (lanes 2 and 3)
and anti-polyhistidine (lanes 4 and 5) as probes. Lane 1 contains the HEK293 T cells cell lysate with purified
RBBP6-p53BD which was used in Co-IP assays. Lanes 2 contains the flow-through from the anti-p53 Co-IP assay
which consists of the proteins in the cell lysate that did not bind with the p53 antibody. Lanes 3 contains the immuno-
complexes isolated during the anti-p53 Co-IP assays. Lanes 4 contains the flow-through from the anti-polyhistidine
Co-IP assay which consists of the proteins in the cell lysate that did not bind with the polyhistidine antibody. Lane 3
contains the immuno-complexes isolated during the anti-polyhistidine Co-IP assay. Lane 6 contains the PBS collected
from washing the agarose beads before elution for both Co-IP assays combined. Lane 7 contains purified
RBBP6-p53BD as a control. Lane 3 in both blots was overexposed, and therefore a shorter exposure time was used for
this lane and overlaid on top.

https://doi.org/10.1371/journal.pone.0277478.9009
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RBBP6-p53BD in the immuno-complexes samples was not just due to excess being present.
Purified recombinant RBBP6-p53BD was analysed in lane 7, as a positive control for anti-poly-
histidine Western blot and as a negative control to show that anti-p53 antibodies do not inter-
act directly with the recombinant RBBP6-p53BD. The ability of the purified RBBP6-p53BD to
bind to endogenous p53 suggests that the domain is folded and functional.

4. Discussion

In this paper, we present an expression and purification protocol for the RBBP6-p53BD with a
polyhistidine tag. Furthermore, we report the spectroscopic characterisation of the bacterially
expressed RBBP6-p53BD. We also report stability studies of the domain when exposed to an
increase in temperature or in the presence of denaturants, which show relatively little struc-
tural change in the recombinant domain and a high percentage recovery when returned close
to starting condition. Lastly, we showed that the purified RBBP6-p53BD has structure and is
functional as it binds endogenous p53.

We evaluated three cell lines for the efficient expression of the recombinant RBBP6-p53BD.
Expression levels were found to be similar for NiCo21 (DE3) cells and BL21 (DE3) cells
but visibly lower in Shuffle™ T7 express (Fig 1). The conditions chosen for future studies
were NiCo21 (DE3) cells, at 37°C, 0.1 mM IPTG, and 16 hours post-induction time. The
RBBP6-p53BD was found to be expressed in a soluble form under all conditions tested and in
all cell lines investigated and produced two protein bands on SDS-PAGE, both at a higher
molecular weight than the anticipated 40 KDa. However, a protein migrating to an unexpected
distance is not an uncommon phenomenon in SDS-PAGE. This can be due to several factors,
including the amino acid residues present in the primary sequence, hydrophobic regions, SDS
interaction, and protein structure and stability [32-34, 43]. Protein mobility in an SDS-PAGE
relies on the net charge produced by the number of SDS molecules bound to each protein.
SDS denatures proteins via its interaction with the protein’s hydrophobic tail and side chains.
For highly hydrophilic proteins, SDS is less able to interact and bind to the protein, resulting
in aberrant mobility in the gel. ExXPASy predicts RBBP6 p53BD to be highly hydrophilic, with a
grand average of hydropathicity (GRAVY) of -1.645 [26]. GRAVY values range from 2 to -2,
where positive values indicate a protein that is hydrophobic and negative values indicate a
hydrophilic protein (S1 Fig). This is further supported by the ExPASy predicted aliphatic
index (the relative volume occupied by aliphatic side chains) for the RBBP6 p53BD, which
is low at 41.3 [44] (S1 Fig). Aliphatic amino acids are hydrophobic, and therefore proteins
that lack them are generally hydrophilic. Interestingly, retarded migration of proteins in
SDS-PAGE has been seen for intrinsically disordered proteins. Intrinsically disordered pro-
teins (IDPs) are either unstructured along their entire length or contain significant portions of
amino acids that lack structure within the protein [45, 46]. In both predictions using the
amino acid sequence (Table 3) and the far-UV CD spectrum (Table 2), we predicted that the
RBBP6-p53BD has a large percentage of random coil, suggesting it may be an IDP, or more
specifically an intrinsically disordered region (IDR) as it is just a domain found within full
length RBBP6.

Looking at the primary amino acid sequence for RBBP6 p53BD, ExPASy calculated RBBP6
p53BD to contain 63.6% amino acid residues promoting disorder and only 19.8% amino acid
residues promoting order. This suggests that the domain’s disorder is an intrinsic property
derived from its primary amino acid sequence [40, 41]. The UniProtKB database (RBBP6
Unique identifier: Q7Z6E9) predicts high compositional amino acid bias for the residues
investigated as the RBBP6 p53BD. Additionally, as mentioned before, the GRAVY score and
aliphatic index show that RBBP6 p53BD is highly hydrophilic. This further suggests that
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RBBP6 p53BD is an intrinsically disordered region, as intrinsically disordered proteins fre-
quently contain biased amino acids, lack hydrophobic amino acid residues and contain a
larger portion of disorder promoting amino acid residues [47].

The RBBP6-p53BD was purified out of the soluble fraction of NiCo21 (DE3) cells, to an
estimated purity of 95%, in a three-step protocol utilizing hydrophobic interaction chromatog-
raphy and nickel IMAC chromatography (Fig 3). Two prominent protein bands were present
regardless of the chromatography technique used. Often the cause of two or more bands of the
same protein appearing in an SDS-PAGE gel is the result of degradation of the protein of inter-
est, which is also a common characteristic of an intrinsically disordered protein (IDP) [45, 46].
However, for the RBBP6-p53BD, the polyhistidine tag was added on the C-terminal end of the
recombinant protein, ensuring that only full length recombinant protein would bind the nickel
IMAC column [35]. In addition, it was seen in further experiments that when interacting with
endogenous p53 (Fig 9) or when run on a native PAGE gel (Fig 4), only a single band could be
seen. This suggests that the two protein bands seen in SDS-PAGE are full length, recombinant
RBBP6-p53BD and are caused by a reaction in the SDS-PAGE, as on clear native PAGE the
protein appears in a single band in the absence of SDS. The clear native PAGE also shows that
the RBBP6-p53BD appears in a single form, presumably monomer.

Next, we investigated if the recombinant protein was natively folded and functional. To do
this, we performed co-immunoprecipitation assays using endogenous p53 from and purified
recombinant RBBP6-p53BD (Fig 9). We found that when antibodies that recognize p53 were
used, the RBBP6-p53BD 6 was found in the immuno-complexes eluted, and when an antibody
that can bind to the RBBP6-p53BD was used, endogenous p53 was found in the immuno-com-
plexes eluted. This suggests that the recombinant RBBP6-p53BD is folded and functional as it
is able to bind to and form a complex with endogenous p53 in vitro.

I-TASSER software promotes Model 1 as the most likely conformation. However, Model 2
better matched the DichroWeb predictions made from the far- UV CD spectrum produced
from the purified recombinant domain [36]. This is because Model 1 has a much higher beta-
strand content than seen present in the far-UV CD spectrum (28% in Model 1 compared to an
averaged 9% predicted by DichroWeb). Model 2 shows slightly less structure overall than pre-
dicted by DichroWeb but has a similar ratio of alpha-helices to beta-strands (14% alpha helices
to 4% beta-strand for Model 2 compared to averaged 19% alpha helices to 9% beta-strand for
DichroWeb). The predictions made by Twala investigated a smaller section of full-length
RBBP6 as the p53 binding domain, specifically residues 1433-1544 [22]. This is in comparison
to residues 1380-1726 investigated in this study. Twala [22] predicted significantly more
alpha-helical content than what was predicted across the longer residue sequence in this study
by both I-TASSER and DichroWeb. Further studies will be needed to obtain further informa-
tion on the structure of the domain.

Assessing the stability of a protein is important for evaluating the feasibility of a protein to
undergo further testing such as drug interaction studies and structural characterization
through X-ray crystallography. Different unfolding methods can result in other unfolding
states due to different methods impacting on intra- and intermolecular forces differently. We
evaluated the stability of the RBBP6-p53BD using far-UV CD when subjecting the protein to
an increase in temperature (Fig 7) and the presence of denaturants (Fig 8).

Thermal unfolding results from the increased energy applied to the protein solution
disrupting the stabilising interactions within the protein molecule [48, 49]. When the
RBBP6-p53BD was heated to 90°C, the ellipticity became more positive between 200nm and
210nm. However, from 210nm to 250nm, the ellipticity became more negative at higher
temperatures, suggesting structural changes depicting a more compact form in parts of
the protein (Fig 7A). With thermal unfolding, some native and non-native hydrophobic
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interactions have been found to be maintained or even strengthened with the increased tem-
peratures [48, 49].

The protein heated to 90°C showed a reasonably small percentage change in structure,
ranging between 10 and 30% when different wavelengths were investigated, and significant
protein structure remained at 90°C (Fig 7E). Moreover, when the protein was cooled back to
20°C, a good recovery was noted. Approximately 91 to 99.6% recovery was calculated for the
different wavelengths for the protein, showing substantial stability when subjected to up to
90°C despite the protein having a predicted high percentage of disorder. This is further seen in
the clear native PAGE (Fig 4) as it shows the RBBP6-p53BD, which had been heated to 90°C
and cooled back to 20°C was found to migrate the same distance as the sample which was not
subjected to the heating process. This suggests similar protein conformations as migration in
native PAGE is dependent on the protein’s size, intrinsic charge, and shape [50].

In the presence of urea or guanidinium chloride (Fig 8), the ellipticity of the RBBP6-p53BD
increased with an increase in denaturant concentration across the recorded wavelengths. This
suggests loss of secondary structure (Fig 8A and 8C). Furthermore, the ellipticity decreased
when the denaturant concentration was diluted, suggesting a good recovery of the native struc-
ture (Fig 8A and 8C). Exposing the protein to denaturants resulted in substantially more struc-
tural change compared to thermal unfolding as above 65-70% structural change was seen in
both denaturants compared with a maximum structural change of 30% in thermal unfolding.
Also with thermal unfolding, structural changes were seen that suggested the protein became
more compact in some parts rather than the structural loss seen in the presence of denaturants.
Recovery was also lower in the presence of denaturants compared to thermal unfolding. How-
ever, this may be due to the presence of low concentrations of denaturant still being present in
the protein sample at the lowest dilution evaluated, and therefore it could not be fully returned
to the starting condition like it was in thermal unfolding. It should also be noted that some
structure remained even in the presence of 8 M urea or 6 M guanidinium chloride, as the spec-
trum produced was not completely characteristic of a random coil.

RBBP6-p53BD’s behaviour in response to exposure to denaturants and high temperatures
turther supports that it is intrinsically disordered. Intrinsically disordered proteins are com-
monly found to have high resilience to denaturing conditions such as a change in temperature.
It has even been seen that some intrinsically disordered proteins appear to gain structure upon
exposure to a denaturant, particularly an increase in temperature. This is because intrinsically
disordered proteins are often highly hydrophilic. Therefore, when exposed to increasing tem-
peratures, there is an increase in hydrophobic attraction, which is a key force in protein folding
[47]. As indicated before, the RBBP6 p53BD is highly hydrophilic; therefore, this could explain
why RBBP6 p53BD shows a gain of structure when exposed to increasing temperature. In
addition, IDPs can rapidly return to their native state after conditions are reversed. After
decreasing the temperature or removing the denaturants, the relatively good structural recov-
ery is another feature consistent with an IDP/IDR. IDPs are frequently found to be resilient
under harsh conditions and quickly recover when conditions are reversed.

Additionally, the percentage structural loss is higher and recovery lower for guanidinium
chloride compared to urea, suggesting it has a stronger denaturing effect on the
RBBP6-p53BD. However, the exact molecular mechanism of denaturation for either guanidi-
nium chloride or urea is still not fully known. There are several reasons why one denaturant
may be more effective than another on a specific protein. The two leading ideas are the actual
interaction of the denaturant with the protein and the modification of the protein’s environ-
ment, which then disrupts hydrophobic interactions within the protein [51, 52]. Urea is
known to form hydrogen bonds with the peptide backbone, disrupting the stabilizing interac-
tions within the protein [53]. Guanidinium chloride disrupts hydrophobic interactions in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0277478  February 10, 2023 18/22


https://doi.org/10.1371/journal.pone.0277478

PLOS ONE

Expression, purification, and characterisation of the p53 binding domain of RBBP6

peptide backbone and aromatic side chains [54]. Another noteworthy difference seen is that
urea seems to first destabilize beta-strands, and guanidinium chloride seems to first destabilize
alpha-helices [52]. Therefore, proteins with a higher alpha-helical content are more readily
unfolded by guanidinium chloride than urea. This is significant as using the far-UV CD spec-
trum, DICHROWERB [36] predicted that the RBBP6-p53BD has more than double the alpha-
helical content than beta-strand content (Table 2) and further supports I-TASSER model 2 as
the better prediction.

5. Conclusion

We have successfully expressed a functional RBBP6-p53BD and characterized its secondary
structure. The recombinant protein was successfully purified to approximately 95% homoge-
neity, using a novel three-step purification protocol. The recombinant protein can bind
endogenous p53 indicating an essential property for downstream uses to describe the mecha-
nism of action of p53 and RBBP6. It is critical to understand the essential features of the
p53-Mdm2-RBBP6 interactions. Since this domain is potentially druggable, the recombinant
protein is vital for drug discovery and development.

Supporting information

S1 Fig. ExPASy results for RBBP6 p53BD sequence. Results produced by ExPASy using the
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and GRAVY scores.
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