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A B S T R A C T

Twist1 promote the bypass of p53 response by interacting with p53 and facilitating its MDM2-mediated 
degradation. We reasoned that reagents able to interfere with the p53:Twist1 complex might alleviate Twist1 
inhibitory effect over p53, thus representing potential therapeutic tools in p53 wild type tumors. From a pre- 
immune library of llama nanobodies (VHH), we isolated binders targeting the p53 C-terminal region (p53- 
CTD) involved in the interaction with Twist1 by using recombinant Twist1 as an epitope-specific competitor 
during elution. Positive hits were validated by proving their capacity to immunoprecipitate p53 and to inhibit 
Twist1:p53 binding in vitro. Molecular modeling confirmed a preferential docking of positive hits with p53-CTD. 
D11 VHH activity was validated in human cell models, succeeded in immunoprecipitating endogenous p53 and, 
similarly to Twist1 knock-down, interfered with p53 turnover, p53 phosphorylation at Serine 392 and affected 
cell viability. Despite the limited functional effect determined by D11 expression in target cells, our results 
provide the proof of principle that nanobodies ectopically expressed within a cell, have the capacity to target the 
assembly of the pro-tumorigenic Twist1:p53 complex. These results disclose novel tools for dissecting p53 
biology and lay down the grounds for the development of innovative targeted therapeutic approaches.   

1. Introduction

The p53 protein, encoded by the TP53 gene, is a transcription factor
involved in the control of key biological processes including cell cycle, 
apoptosis, senescence, DNA repair and response to various stresses. Due 
to its central role in cell survival and proliferation, p53 is one of the 
tumor suppressors mostly involved in the control of cancer progression. 
In the majority of tumors the TP53 gene is mutated, yielding a 
dysfunctional protein. In others, e.g. neuroblastomas, sarcomas or leu
kemias, although the TP53 gene retains a wild type status, the p53 
response appears attenuated, suggesting alternative inactivation mech
anisms [1]. A number of p53 interacting proteins have proven to 
contribute to p53 functional inhibition in TP53 wild type tumors. 
Among these, the ubiquitin ligase MDM2 that promotes p53 
proteasome-mediated degradation and is amplified in several cancers 
[2]. Intriguingly, a number of small molecules have been developed to 
target p53:MDM2 interaction and several of them are currently 

evaluated in clinical trials [3–5]. Such molecules have the capacity to 
shield p53 from MDM2 interaction and, by favoring p53 stabilization, 
trigger a p53-mediated tumor suppressive response (apoptosis, growth 
arrest, senescence). 

We recently demonstrated that the basic helix-loop-helix transcrip
tion factor Twist1 binds to the C-terminal domain of p53 (p53-CTD), 
corresponding to residues 340–393, and modulates p53 response in 
TP53 wild type tumors [6]. Specifically, we showed that Twist1, by 
interacting with p53, facilitates its MDM2-mediated turnover, thus 
alleviating cells from p53 tumor suppressive activity. On these grounds, 
it has been suggested that the inhibition of the p53:Twist1 interaction 
might represent a therapeutic strategy to reactivate p53 in TP53 wild 
type tumors (e.g. sarcomas and neuroblastomas), thus unleashing a 
physiological tumor suppressive effect [7]. 

To address this hypothesis, we exploited nanobodies as a means for 
challenging p53:Twist1 complexes. Nanobodies, also referred to as 
VHH, are single chain antibodies that correspond to the variable heavy 

* Corresponding author.
E-mail address: ario.demarco@ung.si (A. de Marco).

1 These authors contributed equally to this work. 

1

mailto:ario.demarco@ung.si
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2021.11.160
https://doi.org/10.1016/j.ijbiomac.2021.11.160
https://doi.org/10.1016/j.ijbiomac.2021.11.160
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2021.11.160&domain=pdf


chain domain of camelid IgG2 and IgG3. They represent promising re
agents because of their elevated stability and the capacity to enter also 
intracellular compartments (intrabody) [8]. Indeed, nanobodies have 
been successfully used to target intracellular antigens, including p53 
[8–12]. In particular, a VHH directed against the transactivation domain 
of p53 has been used to translocate this protein to the mitochondrial 
outer membrane [13] and a nanobody targeting the DNA binding 
domain has been proven to hinder the interaction between p53 and 
papillomavirus-encoded E6AP protein, thus preventing p53 ubiquiti
nation [12]. To the best of our knowledge, no VHH specifically targeting 
the p53-CTD has been reported so far, possibly due to the low antige
nicity of this region. 

The preferential recovery of binders specific for “difficult” epitopes 
can be improved by designing an ad hoc panning strategy. For instance, 
including a competitive elution step with FGF2, we were able to isolate 
VHHs specific for the epitope recognized by this growth factor on the 
receptor FGFR1 [14]. Here we sought to employ a similar competitive 
elution approach for the isolation of nanobodies targeting the p53-CTD 
region that binds toTwist1. Positive hits were then evaluated for their 
capacity to inhibit p53:Twist1 interaction and molecular modeling was 
performed to identify hypothetical contact surfaces, with the perspec
tive to use this information for mutagenesis-based optimization. 

2. Material and methods

2.1. Recombinant protein production 

Human full length Twist1 (hTwist1), human full length p53 (hp53) 
and GFP were cloned into a Strep-Tag pPSG105. Full length p53 and a 
p53 fragment encompassing the CTD (aa 340–393) were cloned into a 
GST-tag pGEX plasmid. 

These constructs, as well as empty vector plasmids, were expressed in 
BL21(DE3) pLysS E. coli. Bacteria were grown at 37 ◦C in LB broth until 
OD600 reached 0.6 and protein production was induced by isopropyl 
β-D-1-thiogalactopyranoside (IPTG) addition (1 mM for 4 h at 30 ◦C for 
Strep-tag proteins; 0.5 mM overnight at 25 ◦C for GST-tag proteins). 
Bacterial pellets were then lysed in the presence of protease inhibitors 
(1 mM PMSF; Complete protease inhibitor cocktail, Roche) and soni
cated. For Strep-tag constructs the lysis buffer was: 100 mM Tris-HCl, 
pH 8, 150 mM NaCl, 1 mM EDTA. For GST-tag constructs the lysis 
buffer was PBS, pH 8, 1% Triton X-100, 5 mM EDTA. Recombinant 
proteins were purified by affinity chromatography using either 
Glutathione-Sepharose resin (GE Healthcare) or Strep-Tactin Sepharose 
Resin (IBA). 

2.2. MicroScale Thermophoresis 

Affinity measurements were performed in solution by MicroScale 
Thermophoresis (MST) using the Monolith NT.115 Pico device (Nano
temper, München). P53 was covalently labeled by NHS coupling with 
the fluorescent red dye NT-647 (Nanotemper, München) and used at the 
fixed concentration of 5.8 nM whereas the concentration of non-labeled 
Twist1 varied in the range 250 nM–0.007 nM. Samples in PBS con
taining 0.05% Tween20 were centrifuged 5 min at 11300 ×g before 
being loaded into MST NT.115 premium glass capillaries and used for 
binding experiments. Data were performed in triplicate and analyzed by 
means of the dedicated NanoTemper software. 

2.3. p53, Twist1, and VHH modeling 

Sequences in FASTA format were fed to the I-TASSER server [15] 
without further constrains. Four possible models were obtained for both 
p53 and Twist. For each protein the first ranked predicted model un
derwent the MD protocol reported below. 

The frameworks of the experimentally determined VHH sequences 
were searched in the protein data bank with BLAST, E-Value Cutoff 10.0 

and Sequence Identity Cutoff 80%. Among the resulting sequences, 
those of matching length were further assessed. Sequences with the 
lowest number of substitutions and insertions were then chosen for 
homology modeling. We used the 4KSD [16] framework for the D11 
VHH and 4DK3 [17] for A5, B3, C9 VHHs. Sequences were aligned and 
mutated with Swiss-PdbViewer 4.1 [18]. The predicted models under
went the MD protocol reported below. 

2.4. MD protocol 

For all the systems, we minimized the free molecules, placed the 
molecules in a cubic box with a water layer of 0.7 nm and Na+ and Cl−

ions to neutralize the system, and performed a second minimization. We 
used AMBER99SB-ILDN [19] force field and Simple Point Charge water. 
We performed NVT and NPT equilibrations for 100 ps, followed by 250 
ns NPT production run at 300 K. The temperature was controlled with a 
modified Berendsen thermostat [20], the pressure with an isotropic 
Parrinello-Rahman at 1 bar. The iteration time step was set to 2 fs with 
the Verlet integrator and LINCS [21] constraint. We used periodic 
boundary conditions. All the simulations and their analysis were run as 
implemented in the GROMACS package [22]. RMSDs have been plotted 
as running averages over 100 sampled points. 250 ns of MD production 
run (200 ns for Twist) were sampled every 25 ns. The obtained config
urations were used for successive docking. Simulations were run on 
Marconi (CINECA, Italy). Complexes were simulated using the same 
protocol and their trajectories further scored with BLUUES [23]. 

2.5. Docking 

We used the web interface of HADDOCK [24] with its standard pa
rameters. System dependent active residues were defined for each VHH 
as their CDR, while for p53 and twist we used both the experimentally 
determined domain identified in Piccinin et al. [6] and CPORT predicted 
interface [25], while passive residues were automatically defined in all 
cases. The parameters set were then fed both to the “easy” interface and 
the “prediction” interface of HADDOCK. Among the docking results 
obtained, we chose the docking cluster with the lowest score. The pre
dicted models underwent the MD protocol reported above. 

2.6. Library panning and VHH isolation 

VHH library was generated by cloning into the pHEN4 vector the 
PCR products of the cDNA of non-immunized llama lymphocytes using 
primer primers annealing to the common CH2 exon of the heavy chain 
llama immunoglobulins and to the leader sequence. Panning procedures 
were as previously detailed [26]. Epoxy magnetic beads (Invitrogen) 
were first washed in PBS using a magnetic trap to separate them from the 
supernatant and finally resuspended in 1 ml of the same buffer. An 
aliquot of 50 μl was then incubated with 100 μg of full-length p53-strep 
tag (target antigen) whereas 100 μl were incubated with 200 μg of GFP- 
strep tag to use as the depletion material. Both bead aliquots were 
incubated overnight at 4 ◦C under constant rotation, washed 3 times in 
PBS and resuspended in 1 ml of blocking solution (2% milk and 0.1% 
Tween20 in PBS). In parallel, 1011 phages from the pre-immune library 
were resuspended in 1 ml of blocking solution and incubated 30 min at 
21 ◦C under constant rotation. The depletion beads were recovered and 
split in two aliquots. The first aliquot was incubated 1 h at 21 ◦C with the 
saturated phage sample. The beads were discharged and the supernatant 
was then incubated with the second depletion sample. The finally 
recovered phage supernatant was added to the beads coated with p53 
and incubated 2 h at 21 ◦C under constant rotation. The beads were then 
recovered using the magnetic support, the supernatant was removed and 
10 ml of PBS + 1% milk were added and used to wash the beads. After 
ten washing cycles, phages were first eluted by competition by adding 
100 nmol of Twist1 and incubating the samples 30 min at room tem
perature. The remaining bound phages were eluted by rocking the beads 
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for 10 min at room temperature in 0.9 ml of 0.2 M glycine-HCl, pH 2.2, 
BSA 1 mg/ml. The elution fraction was then neutralized with 250 μl of 
borate buffer, pH 9.1, and glycerol was added to reach 10%. The elution 
fractions (competitive and non-competitive) were stored at − 80 ◦C, 
apart 750 μl that were used to infect 9.25 ml of TG1 cells (OD600 nm =
0.5). The cells were grown 30 min at 37 ◦C, then pelleted and resus
pended in 1.8 ml of 2xTY medium. Finally, bacteria were spread on large 
2xTY-1% glucose + ampicillin plates (600 μl/dish) and grown overnight 
at 30 ◦C. Grown bacteria were recovered and mixed with helper phages 
for amplifying the clones isolated by the first panning round. Phages 
were then precipitated on ice by adding PEG (30% w/v), pelleted (1800 
×g at 4 ◦C for 10 min) and finally resuspended in PBS, 10% glycerol, 
before being used for a second panning round. The screening of the 
clones recovered after the second panning was performed by ELISA 
using the supernatant fractions of the bacterial culture and 200 ng/well 
of GFP-strep tag as the negative control and p53-strep tag as the positive 
control. Putative positive clones were validated by repeating the ELISA 
in triplicate and finally sequenced to identify unique sequences. 

2.7. VHH production 

VHH sequences were subcloned into a modified pET-14b vector to 
produce recombinant GFP- or Fc-6xHis-fusion proteins [27,28] in E. coli 
BL21 (DE3) cells co-expressing DsbC and sulfhydryl oxidase and grown 
in LB media, shaking at 220 rpm and temperature at 37 ◦C. The tem
perature was lowered to 20 ◦C when the OD600 reached the value of 0.4 
and arabinose was added at the concentration of 5 mg/ml. IPTG (0.2 
mM) was provided after 30 min and bacteria were grown overnight 
before being pelleted and then resuspended in four volumes of lysis 
buffer (50 mM TrisHCl, pH 8, 500 mM NaCl, 10 mM imidazole, 0.25 mg/ 
ml lysozyme, 50 μg/ml DNAse, 5 mM MgCl2. Lysis was facilitated by 
sonication on ice, the supernatant was recovered after centrifugation 
(30 min at 30000 ×g) and then loaded on a 1 ml Hi-Trap NiNTA column 
(Qiagen). After washing, Fc- and GFP-VHHs were eluted in 50 mM 
TrisHCl, pH 8, 500 mM NaCl, 300 mM imidazole and buffer exchanged 
into 30 mM HEPES, pH 7.2, 100 mM NaCl, 1 mM DTT, 20% glycerol. 

Intrabodies were obtained applying the same protocol to VHHs 
expressed in wild type BL21 (DE3). 

2.8. Immunoprecipitation, epitope-specificity and competition assays 

Pull-down experiments were performed by incubating overnight 25 
μl of epoxy magnetic beads (Dynabeads, ThermoFisher) with 5 μg of 
purified GFP-VHHs in PBS pH 7.4 plus 2 mM EDTA. Beads incubated 
with 5 μg of a mouse monoclonal anti-p53 antibody were used as a 
positive control. Beads incubated with BSA or an irrelevant VHH [27] 
were used as a negative control (CTR). After 3 washing steps in PBS, 
GST-p53 (10 μg) was added to all samples and incubated for 2 h. After 3 
washing steps, beads were resuspended in SDS loading buffer. The 
bound proteins were separated by SDS-PAGE, blotted on nitrocellulose 
membrane and probed with anti-GFP (9F9.F9, AbCam) and anti-p53 
antibodies (DO1, Santa Cruz) to identify VHHs and p53. Anti-mouse 
secondary antibodies were ab6728 (AbCam). The same procedure was 
performed to identify the binding of the nanobodies to the C-terminal 
(aa 356–393) domain of p53 (p53-CTD). Since p53-CTD was fused to 
GST, VHHs and p53-CTD were identified by anti-GFP (9F9.F9, AbCam) 
and anti-GST (3G10/1B3, AbCam) antibodies, respectively. As a further 
control, 25 μl of glutathione agarose beads (Thermo Scientific) activated 
with 5 μg of recombinant GST were used to pull-down 10 μg of each of 
the GFP-VHHs. Both anti-GFP and anti-GST (3G10/1B3, AbCam) were 
used to identify VHHs and GST, respectively. 

The competition effect of VHHs on the binding between Twist1 and 
p53-CTD-GST was assayed essentially as in Piccinin et al., [6]. Briefly, 
GST-tagged recombinant p53-CTD (5 μg) was bound to glutathione 
agarose beads (Thermo Scientific) and then incubated 2 h in the pres
ence of STREP-tagged recombinant Twist1 (15 μg). To assess the 

capacity of VHH to compete with Twist1 for p53-CTD binding, each 
VHH (15 μg) was individually added to the p53:Twist1 mix and incu
bated for 1 h. Finally, GST (p53) pull-down, SDS-PAGE separation and 
blotting were performed as previously described [6]. Anti-Twist1 (2C1a, 
Santa Cruz), anti-GST (3G10/1B3, AbCam) and anti-GFP (9F9.F9, 
AbCam) antibodies were used to identify the target proteins. A reaction 
with GST-only was performed in parallel as a negative control. 

VHH epitope binning was performed by competitive binding to p53 
essentially as above with the following modifications. STREP-tag full 
length p53 (10 μg), previously bound to Streptavidin coated magnetic 
beads (Dynabeads, ThermoFisher), was incubated with a D11 VHH (10 
μg) expressed as a fusion protein with the human Fc domain. After 
several washings, 10 μg of each GFP-fused VHH were individually added 
to the mix. After p53 pull down, co-precipitated proteins were analyzed 
by SDS-PAGE. Anti-GFP (9F9.F9, AbCam) was used to detect the VHH 
that were capable of competing with D11 for p53 binding. The DO1 
(Santa Cruz) antibody was used for p53 visualization. All results were 
confirmed on at least three independent experiments. 

2.9. VHH expression in human cell lines and co-immunoprecipitation 
experiments 

To generate mammalian expression vectors, the sequences of D11 
and of an irrelevant VHH (Cy1) directed against a Cyanobacteria epitope 
[29] were subcloned from pET vectors into pCS2 vector to obtain pCS2- 
myc-VHHs, with or without an ectopic nuclear localization signal (pCS2- 
myc-NLS). Finally, myc-NLS-D11 and myc-NLS-Cy1 were subcloned into 
the pLVX-IRES-ZsGreen1 (pLIZ) lentiviral vector. 

HEK293T and HT1080 human cell lines (ATCC) were maintained at 
5% CO2 in Dulbecco's Modified Eagle's medium (DMEM, Life- 
Technologies) supplemented with 10% heat-inactivated fetal bovine 
serum (Life-Technologies) and were transfected as previously described 
[6]. For lentiviral production, HEK293T were co-transfected with 
PMD2.G, psPAX2 together with myc-tag-D11, myc-tag-Cy1 VHH or pLIZ 
empty vector. Culture supernatants were harvested 48 hour post trans
fection and used to infect HT1080. Infected cells were selected by 
fluorescence-activated cell sorting (FACS) on the basis of ZsGreen pos
itivity. VHH-infected cells were compared to short hairpin silenced 
Twist1 (shTwist1)-infected HT1080 [6] to assess the effect of abrogation 
of Twist1:p53 interaction on p53. 

Immunofluorescence was essentially as described before [30]. 
Briefly, HT1080 cells engineered with pLIZ lentiviral vectors to express 
myc-tagged VHH were cultured on coverslips. After fixation (4% para
formaldehyde/PBS, 10 min at room temperature), cells were per
meabilized (0.25% TritonX-100 in 0.1% BSA/PBS, 10 min) and 
incubated in blocking buffer (0.05% TritonX-100 in 3% BSA/PBS, 30 
min). After repeated washings with PBS, slides were stained with an 
anti-myc antibody (9E10, Santa Cruz) at 4 ◦C overnight. Primary anti
bodies were visualized with goat anti-mouse Alexa Fluor 594 (Thermo 
Fisher Scientific). Nuclei were counterstained with DAPI. Images were 
recorded with a Nikon Eclipse-Ti fluorescence microscope. 

Co-immunoprecipitation (Co-IP) assays were performed to assess 
whether nanobodies bound endogenous wild-type p53. To this end, 
HEK293T cells were transfected with either pCS2-myc-NLS-D11 or 
pCS2-myc-NLS-Cy1. pCDNA3-myc-GFP and pCS3-myc-mouse Twist1 
were used as negative and positive control, respectively. Forty eight 
hours post-transfection cells were harvested and processed as previously 
described [6]. Anti-p53 (DO1, Santa Cruz) was used for immunopre
cipitation. Immunoprecipitates were separated by SDS-PAGE and 
transferred onto nitrocellulose membranes (Protran, Merck). After 1 
hour blocking in 5% milk in TBST (Tris-Buffered Saline Tween-20), 
membranes were incubated overnight at 4 ◦C with either anti-myc 
(9E10, Santa Cruz) or anti-p53 (DO1) primary antibodies. Immunore
activity was detected with appropriate HRP-labeled secondary anti
bodies (Perkin Elmer) and Western Lightning Chemiluminescence 
Reagent Plus (Perkin Elmer). 
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For standard immunoblot analysis, cells were scraped from plates 
and lysed in RIPA buffer (Santa Cruz Biotechnology) supplemented with 
complete protease inhibitor cocktail (Roche Diagnostics) and 1× Pefa
bloc SC (Sigma). After SDS-PAGE, membranes were incubated overnight 
at 4 ◦C with the primary antibody: anti-p53 (DO1, Santa Cruz), anti- 
phospho S392-p53 (ab59207, AbCam), anti-Twist1 (Twist2C1a, Santa 
Cruz) or anti-myc (9E10, Santa Cruz). Anti-GAPDH (6C5, Santa Cruz) 
was used for protein loading normalization. 

The chemidoc XRS+ system (Bio-Rad) and ImageLab imaging soft
ware (Bio-Rad) were used to record and analyze images, respectively. 
All results were confirmed on at least three independent experiments. 

2.10. Cell viability assay 

HT1080 cells, engineered with pLIZ lentiviral vectors to express D11 
or Cy1 nanobodies, were seeded in 96-well plates (5–10 × 103 cells/ 
well). The following day, after PBS washing, serum-supplemented 
(control) or serum-free medium (serum starvation) was added to the 
cultures. After 24 or 48 h, cells were fixed in 7% trichloroacetic acid 
(TCA) overnight at 4 ◦C and then extensively washed in distilled water. 
After drying, cell plates were stained with 0.4% (w/v) sulforhodamine B 
(SRB) in 1% acetic acid (30 min), then washed with 1% glacial acetic 
acid to eliminate the unbound dye. The bound SRB was solubilized by 
adding 100 μl/well of 10 mM of unbuffered Tris base solution (10 min on 
shaker). The optical density of each well was determined at 550 nm by 
using an InfiniteM1000 PRO miniplate reader (TECAN Group LTD, 
Mannedorf, CH). The relative cell viability was calculated using the 
following formula: [(A550 of serum starved sample / A550 of control 
sample) × 100]. Three independent experiments done in sextuplicate 
were statistically evaluated by using the t-test. 

3. Results and discussion

As a first step towards the generation of Twist1:p53 competing VHH,
we measured the p53:Twist1 affinity in solution. Bacterially produced 
recombinant full length Strep-Twist 1 and GST-p53 proteins were used 
in thermophoresis assays to determine the stability of the binding under 
physiological conditions. As reported in Fig. 1a, the apparent binding 
affinity of Twist1 for p53 was surprisingly high (KD = 2.1E− 9 M) in 
comparison to that measured by Noguchi and coll. for MDM2 or MDMX 
(0.8E− 6 and 2.2E− 6 M, respectively, [31]). Noteworthy, in that work the 
affinity was measured by fluxing soluble analytes over immobilized li
gands [31], whereas we evaluated the interaction with both species in 
solution. Moreover, different from Noguchi and coworkers, who used 
monomeric peptides, we used full-length proteins, and both p53 and 
Twist1 can form homopolymers (tetramers and dimers, respectively) 
[32,33]. Thus, avidity could significantly contribute to the strength of 
the interaction observed in our experimental conditions. 

As a second step, to gain information about the surfaces involved in 
the interaction and their binding strength, we modeled the Twist:p53 
complex. Compared with our previous study [6], here we adopted a 
modeling strategy that takes into consideration multiple conformations 
for both binding partners. The models, built by iterative threading [15], 
underwent 250 ns molecular dynamics (MD) simulation to determine 
the individual thermodynamic stability of both p53 and Twist1 and their 
possible structural configurations. The root mean square deviation 
(RMSD), that measures how much a protein configuration deviates from 
its initial conformation, and its cluster analysis revealed that the p53 
trajectory relaxes to a first equilibrium configuration after 25 ns and to a 
novel configuration at 200 ns (Suppl. Fig. 1a, left). The latter configu
ration is less packed than the former, as shown by the radius of gyration 
(Rg). This results from the opening of the helical region of the protein, as 
indicated by spikes in the root mean square fluctuation (RMSF) (Insets in 
Suppl. Fig. 1b, left). p53 closed and open configurations resulting from 
cluster analysis were then considered for subsequent dockings. The 
Twist1 structure obtained by homology modeling is elongated and 

mainly composed by helices. Along the MD simulation, its structure 
changed conformation over 50 ns, as observed by following its RMSD. 
Then it settled to a collapsed conformation, a change indicated by its Rg 
which falls and converges to the value of 2 nm (Suppl. Fig. 1a, right). 
Here the structure remains highly flexible when compared to p53, as 
indicated by higher RMSF values (Suppl. Fig. 1b, right). As the protein is 
highly flexible throughout the whole trajectory, Twist1 configurations 
were sampled every 25 ns for subsequent docking. 

High Ambiguity Driven protein− protein Docking (HADDOCK) [24] 
was used to identify all possible p53:Twist1 complexes. Both the binding 
interface predicted by CPORT [25], corresponding to full length p53 
solvent-exposed residues, as well as the p53-CTD were considered. This 
analysis took into consideration multiple conformations for both bind
ing partners. Specifically, higher binding possibility (highest negative 
scores) for both open and closed p53 conformation were obtained for the 
complex formed by Twist1 and p53-CTD, namely the C-terminal Twist 
box region (Table 1, p53 open: full length − 78.5 vs CTD 115.6; p53 
closed full length − 106.3 vs CTD -114.9). CPORT predicted also an 
alternative binding site for Twist1 involving the N-terminus of p53 in 
closed conformation through an epitope formed by the residues 43–49, 
89–93, 171–181, and 241–248 (Suppl. Fig. 2a). The previously indicated 
interaction through direct H-bond between the Arg191 of Twist1 and the 
Ser392 of p53 [6] was not evident at the initial moment of the MD 
simulation since Arg191 appeared buried in all the predicted complexes. 
However, along the time Ser392 moved towards Arg191 burying itself in 
Twist1 and becoming inaccessible to the solvent in both open and close 
p53 configurations (Fig. 1b). It is interesting to note that the same 
Twist1 region around Arg191 (WR or Twist box domain) responsible for 
p53 binding is apparently involved in the binding of Twist1 to other 
transcription factors including RUNXs [34], SOX9 [35] and RELA 

Fig. 1. p53:Twist1 interaction. 
a) Thermophoresis experimental data relative to the p53/Twist1 interaction in
solution. b) Detail of p53/Twist1 interaction, with p53 in open and closed 
configuration. The cartoon represents p53 (blue) and Twist (red) at time 0 (light 
colors) and after 110 ns of MD simulation (dark colors). Van der Waals spheres 
(oxygen red, carbon cyan, nitrogen blue, hydrogen white) are shown for p53 
residues Ser392 and Arg191. Initial (light color) and final (dark colors) Arg191 
configurations overlap, while Ser392 moves towards Twist1. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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[36,37]. 
The analysis essentially substantiated our previous results [6] ob

tained with a different docking strategy that indicated p53-CTD as the 
major epitope bound by Twist1. Next we set out to identify competitor 
nanobodies capable of specifically interfering with this interaction. In 
vitro panning of pre-immune phage display libraries is a very flexible 
technology to isolate binders for potentially any antigen and with spe
cific biophysical features [14,38,39]. We therefore designed a protocol 
to recover VHH specific for p53-CTD with the long-term purpose to use 
them in vivo for preventing the p53:Twist1 interaction. The library was 
first depleted against GST and the unbound fraction challenged with 
GST-p53 (full length). Competitive elution of the bound phages was 
performed by adding a molar excess of Strep-Twist1. Four different 
clones (A5, B3, C9, D11) were selected after panning, screening and 
sequencing (Suppl. Fig. 3 and Suppl. Table 1). 

The selected VHHs were sub-cloned to be produced as GFP-fusion 
reagents and tested in pull-down experiments for their capacity to 
immune-purify GST-p53 from a solution. All four VHH succeeded in 
capturing full-length p53 as efficiently as a p53-specific mouse mono
clonal antibody directed against the N-terminus of p53 (DO1) (Fig. 2a). 
When the VHH were probed against recombinant p53-CTD, two VHH, 
A5 and in particular D11, demonstrated higher recovery capacity 
(Fig. 2b). Despite the apparent variable binding capacity, all VHH 
seemed to be able to compete with Twist1 for p53-CTD binding since the 
formation of the p53:Twist1 complex was inhibited by the addition of 
any of the GFP-VHH (Fig. 3). Moreover, competitive pull-down, per
formed to assess whether the different VHHs recognized a (partially) 
overlapping epitope on p53-CTD, indicated that in the presence of D11 
the capture of p53 by A5 and C9 was somehow prevented, suggesting 
steric hindrance (Suppl. Fig. 4). 

Next we tried to model the molecular mechanisms by which the 
VHHs interfered with the p53:Twist1 interaction. To this aim, the VHH 
built by homology modeling followed by 250 ns MD was docked to the 
corresponding interfaces of p53 in both closed and open conformations. 
The HADDOCK scores, especially those for p53 open conformation, 
confirmed the suitability of VHH to bind to p53-CTD (Table 1), in line 
with in vitro pull-down results (Fig. 2). The simulations showed a clear 
steric overlap between Twist1 and the two clones with highest p53-CTD 
binding capacity, namely A5 and D11 (Fig. 4 and Suppl. Fig. 5). MD 
simulations revealed that the A5:p53 and D11:p53 complexes do not 
change their backbone, as their RMSD did not exceed 0.2 nm. This 
despite the fact that VHH are highly mobile on their binding sites, as 
indicated by their backbone RMSD with respect to the backbone of the 
target p53 as high as 1.5 nm (Suppl. Fig. 6). Interestingly, A5 and Twist1 
were predicted by CPORT to share also the alternative N-term epitope on 
p53 discussed above (Suppl. Fig. 2b–c). 

The nature of the binding can be assessed by counting the number of 

contacts and hydrogen bonds between each VHH paratope, formed 
mainly by the complementarity determining regions (CDR), and p53 
(Fig. 5). Qualitatively, all CDRs in A5 contributed to the paratope, which 
was instead mostly limited to CDR3 in D11. This may be due to the 
different CDR3 length in the two VHH (18 residues in D11, 9 in A5) and 
their consequent alternative conformation arrangement. When p53 was 
in the open configuration, the CDR3 of A5 contributed mostly, with up to 
1500 contacts, while CDR1 contacts were limited to 250. For the same 
configuration, in the first 100 ns D11 bound p53 mainly thanks to its 
CDR1, whereas later CDR3 built the majority of the contacts with the 
antigen and CDR2 never contributed to the binding. When p53 was in its 
closed conformation, all CDRs of A5 participated, while D11 CDR3 
contributed with up to 2000 contacts. Both A5 and D11 formed up to 12 
hydrogen bonds. Each A5 CDR contributed with up to 4 hydrogen bonds 
in all the explored complexes, while the CDR3 of D11 participated with 
up to 3 (p53 open) and 6 (p53 closed) hydrogen bonds (Fig. 5). 

Both the in silico and biochemical results converged to the conclusion 

Table 1 
Docking scores for the complexes formed between p53, either full length or p53- 
CTD, and the isolated VHHs (D11, A5, B3, C9). Docking scores for Twist1 are 
shown as a reference. Each score is averaged over the most favorable cluster 
identified by HADDOCK. The number of configurations of each cluster is shown 
between brackets.  

Binder p53 open p53 closed 

Full length p53-CTD Full length p53-CTD 

D11 − 75.2 ± 4.8 
(6) 

− 79.6 ± 3.7 (9) − 79.4 ± 10.9 
(11) 

− 64.7 ± 5.9 
(166) 

A5 − 101.0 ± 4.3 
(57) 

− 100.1 ± 20.8 
(6) 

− 87.2 ± 4.4 
(19) 

− 73.8 ± 3.7 
(57) 

B3 − 66.3 ± 6.6 
(13) 

− 72.1 ± 6.5 (9) − 64.6 ± 18.7 
(4) 

− 91.7 ± 8.4 
(12) 

C9 − 52.2 ± 18.2 
(4) 

− 69.0 ± 9.1 (4) − 87.9 ± 24.3 
(15) 

− 75.7 ± 3.6 
(31) 

Twist1 − 78.5 ± 6.3 
(391) 

− 115.6 ± 7.5 
(112) 

− 106.3 ± 14.1 
(15) 

− 114.9 ± 9.4 
(43)  

Fig. 2. Selected VHHs specifically immunocapture p53. 
The indicated GFP-tagged VHHs (A5, B3, C9, D11), previously immobilized on 
magnetic beads, were incubated with either GST-tagged p53 full length (a) or 
p53-CTD (b) and used as preys in pull-down experiments. For positive and 
negative control (CTR), beads functionalized with a mouse monoclonal anti-p53 
antibody (DO1 MoAb) or with BSA were used instead of VHH. VHH (preys) 
were detected with anti-GFP antibodies. Co-immunopurified (Co-IP) p53 and 
p53-CTD were detected with an anti-p53 monoclonal antibody (DO1 MoAb). 

Fig. 3. VHH directed against p53-CTD compete with Twist1 for p53 binding. 
Recombinant GST-tagged p53-CTD was incubated with STREP-tagged Twist1. 
After incubation, the indicated VHH were individually added to the mix. No 
VHH was added to the control reaction (CTR). GST pull down (PD) for p53-CTD 
resulted in co-pull down (Co–P) of VHH and Twist1 (left panel). The amount of 
co-purified Twist1 was significantly reduced in the presence of VHH. Twist1 
and VHH inputs are reported in the right panel. 
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that we successfully selected some VHH specific for the CTD region of 
p53 bound by Twist1. This achievement demonstrated the effectiveness 
of our panning strategy to selectively isolate binders for epitopes that are 
scarcely immunogenic. Nanobodies directed against such “difficult” 
epitopes would be usually lost in standard selection conditions because 
disadvantaged with respect to antibodies binding to epitopes that are 
better structured and therefore offer stronger interaction surfaces. In our 
approach we forced the in vitro selection towards an acceptable 
compromise: the isolation of VHHs specific for a predetermined epitope 
even at the cost of below-average biophysical characteristics. In 
particular, only D11 could be produced effectively as a soluble immuno- 
reagent under both oxidizing and reducing conditions (Suppl. Table 1), 
namely it was the optimal candidate not only for folding correctly in 
oxidative cell compartments (prokaryotic periplasm and eukaryotic ER/ 
Golgi) but also as an intrabody in the reducing conditions of cellular 
cytosol. This was confirmed by the immunofluorescence experiments. 
D11 displayed a diffuse nucleocytoplasmic staining pattern when 
expressed in mammalian cells (Suppl. Fig. 7), confirming its character
istics of soluble and monodispersed intrabody. Thus, D11 was selected 

for further validation experiments. To address its capacity to biologi
cally interfere with a nuclear protein such as p53, the sequences of D11 
and of an irrelevant VHH (Cy1) directed against cyanobacteria proteins 
were subcloned in frame with an N-terminus nuclear localization signal 
(NLS) to drive them into the nucleus. The resulting constructs were 
expressed in p53 wild type cell lines (HT1080 and HEK293T). Immu
nofluorescence confirmed a predominant nuclear accumulation with a 
diffuse and uniform staining (Suppl. Fig. 7). Immunoprecipitation of p53 
in HEK293T cells transfected with myc-tagged constructs indicated that 
D11 bound endogenous p53 as efficiently as Twist1 (Fig. 6a). We then 
assessed the biological effect of D11 delivery. Similar to Twist1 silencing 
(shTwist1) in HT1080 cells, multiple independent experiments indicted 
that the ectopic expression of D11 induced a slight but reproducible 
increase (20–30%) in the levels of the endogenous p53 protein (Fig. 6b 
and Suppl. Fig. 8a), when compared to both Cy1 VHH engineered cells 
and empty vector infected cells (CTR). Furthermore, similar to what 
previously reported for Twist1 silencing [6] (Suppl. Fig. 8b), D11 
expression correlated with an augment of the fraction of p53 phos
phorylated at Serine 392 (S392) (Fig. 6c), a residue that is involved in 
the control of p53 stability and functions [40]. Of course, quantitatively 
higher p53 increases would enable more reliable measures of the bio
logical effects of the D11 ectopic expression. Nevertheless, we observed 
that under stress conditions (serum starvation) cell viability was reduced 
in D11 engineered cells (Fig. 6d), once again similar to what observed 
after Twist1 knock down [6]. Although not reaching statistical signifi
cance (p = 0.20 and p = 0.29 at 24 and 48 h, respectively), the trend was 
confirmed in multiple independent repeats. Overall, the finding that 
D11 delivery mimics the previously reported biological effects of Twist1 
silencing in the same cell model [6] supports the notion that the 

Fig. 4. End-simulation configurations of the VHHs/p53 complexes. 
a) Snapshots at 250 ns of Twist1 (red), A5 (yellow) and D11 (orange) on p53
(blue; light blue, docking site) in open and closed configurations. b) Overlap of 
the open configurations. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Modeling of the molecular interactions established by p53 with A5 and 
D11 VHH. 
The upper panels report the number of contacts at a distance <0.6 nm, estab
lished by p53 with each CDR of A5 and D11, as a function of time, p53 is 
represented in closed and open configuration. Color code: CDR1, black; CDR2, 
blue; CDR3, green. The red line indicates the total number of hydrogen bonds 
(H-bonds total) established by the p53 protein with A5 and D11. The lower 
panels report the number of hydrogen bonds between p53 and each CDR of A5 
and D11. Running averages over 50 datapoints are reported. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 6. D11 binds to endogenous p53 and mimics the effect of Twist1 silencing 
on p53. 
a) D11 binds to endogenous p53. Endogenous p53 was immunoprecipitated (IP)
from cells engineered with myc-tagged GFP, Twist1, D11 or an irrelevant VHH 
(Cy1). Immunoprecipitation with pre-immune IgG2A antibodies was carried 
out in parallel as a control (C). Co-precipitated proteins were detected with 
anti-myc antibodies. The asterisk indicates the antibody heavy chains. 
b) Total p53 and c) S392-phosphorylated p53 levels increase in D11 expressing
cells. Protein lysates from HT1080 cells engineered to stably express myc- 
tagged D11, an irrelevant VHH (Cy1) or the empty lentiviral vector (CTR) 
were separated by SDS-PAGE and probed with the indicated antibodies. GAPDH 
was used for protein normalization. p53/GAPDH and S392 p53/total p53 signal 
ratios are indicated. 
d) D11 affects cell viability under serum starvation. HT1080 cells engineered to
express D11 were serum starved for 24 or 48 h and cell viability was assessed by 
SRB assay. After serum starvation, viability of D11 engineered cells, which 
express higher p53 levels (b), was tendentially reduced compared to Cy1 con
trol cells (data confirmed in four independent experiments). Error bars indicate 
mean ± SEM. 
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nanobody competes with Twist1 for p53 binding also within a cell. This 
discloses the possibility of using nanobody-based approaches to reac
tivate p53 in those tumors that retain a wild type TP53 gene but rely on 
alternative mechanisms, such as Twist1 overexpression, to inhibit the 
p53 response, such as sarcomas and neuroblastomas [6,7]. 

4. Conclusions

In this work we provided the proof of principle that nanobodies
targeting the unstructured C-terminal region of p53 can be efficiently 
isolated by combining the screening of a pre-immune library with a 
panning strategy aimed at identifying, among the different binders, only 
those binding to such epitope. Specifically, we isolated VHHs targeting 
the p53-CTD by competitive elution with Twist1, known to bind to this 
domain. The method is suitable to isolate selectively reagents that have 
the potential to interfere with only one function of hub proteins. Despite 
the fact that they can have worse binding affinities than binders specific 
for other antigen epitopes, they can still prevent substantially and spe
cifically the targeted function [14]. The recovered VHH displayed 
intrabody features and were able to interact with p53, both in 
biochemical assays and within a cell, as well as to affect p53 interaction 
with Twist1, indicating that nanobodies may be adopted to tune bio
logical phenomena regulated by reversible protein complexes. In this 
perspective, they might become precious reagents for elucidating mo
lecular mechanism independently on their therapeutic suitability. In our 
case, one selected VHH (D11) mimicked the effect of Twist1 silencing in 
terms of relief of p53 turnover, p53 phosphorylation at Serine 392 and 
sensitivity to stress conditions, corroborating the notion of the potential 
use of such reagents as a mean to antagonize Twist1:p53 interplay in 
tumors. Importantly, p53-CTD, which is target of extensive post- 
translational modifications and protein-protein interactions, plays a 
key role in regulating p53 tumor suppressive functions and is required 
for optimal MDM2-mediated degradation [41]. Thus, D11 might reveal 
an important tool to interfere in a wider manner with p53 biological 
activities. Of course, D11 is to be considered a hit molecule that needs 
further improvements to impact more substantially on p53 biological 
readouts. The modeling data collected in this work are functional to this 
development since provide detailed structural information about the 
modality of interaction between VHH, p53 and Twist1, thus paving the 
ground for second generation VHH, optimized for their binding/inhib
itory characteristics. The power of our combined method, which in
tegrates the rapid panning allowed by pre-immune libraries with in silico 
clone optimization, has been recently confirmed by other groups 
[42,43] that underlined its flexibility and effectiveness also for the 
isolation of mutation-specific nanobodies. 

Therapeutic applications based on circulating nanobodies present a 
number of limitations, among which the short half-life in biological 
fluids and the fast renal clearance. Nevertheless, the promising advan
tages of nanobody-based technology (e.g. strong antigen-binding affin
ity, low intrinsic immunogenicity [44], simple engineering and scalable 
dimension, hydro solubility) have prompted a large number of clinical 
trials (over 40 trials registered in the https://clinicaltrials.gov database 
for nanobodies and nanobody-based constructs such as bivalent, bispe
cific or derivatized molecules) and recently both the US Food and Drug 
Administration (FDA) and the European Medicines Agency (EMA) have 
approved the first nanobody (caplacizumab) for treatment of a blood 
clotting disorder [45]. Nanobody-based intrabodies, in contrast, have 
not yet proposed for clinical applications but it is tempting to speculate 
that the mRNA technology, successfully used for anti-COVID19 vacci
nation [46], might be employed for further improving intracellular 
transfer of interfering nanobody-intrabodies with therapeutic potential. 
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