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Abstract: The serine/threonine phosphatase PP2A and the cysteine protease Caspase 9 are two
proteins involved in physiological and pathological processes, including cancer and apoptosis. We
previously demonstrated the interaction between Caspase 9 and PP2A and identified the C9h peptide,
corresponding to the binding site of Caspase 9 to PP2A. This interfering peptide can modulate
Caspase 9/PP2A interaction leading to a strong therapeutic effect in vitro and in vivo in mouse
models of tumor progression. In this manuscript, we investigate (I) the peptide binding to PP2A
combining docking with molecular dynamics and (II) the secondary structure of the peptide using
CD spectroscopy. Additionally, we compare the binding affinity, using biolayer interferometry, of the
wild-type protein PP2A with Caspase 9 and vice versa to that observed between the PP2A protein and
the interfering peptide C9h. This result strongly encourages the use of peptides as new therapeutics
against cancer, as shown for the C9h peptide already in clinical trial.
Keywords: biolayer interferometry; PP2A; Caspase 9; circular dichroism; binding affinity; C9h
interfering peptide
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1. Introduction
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Targeting protein/protein interactions are considered a good therapeutic strategy
in several pathologies. Indeed, interfering peptides blocking a specific protein/protein
interaction are considered important tools to manipulate a given interaction. Moreover,
administration routes, stability, pharmacokinetic parameters, and safety of the peptides
have made these molecules an attractive new generation of drugs [1]. Several interfering
peptides have been identified and validated in vitro and in vivo [2–5] as new potential
medicaments, and some of them are in clinical development or already in the market
(PEP 010, clinical trial, NCT04733027, [6,7]).
Protein phosphatase 2A (PP2A), a serine/threonine phosphatase, has been shown
to have a pro-apoptotic, and also in some cases, an anti-apoptotic function [8,9]. PP2A is
deregulated in many types of cancers and a number of other human diseases, including
Alzheimer and cardiovascular diseases [10]. PP2A has been shown to be genetically altered
and functionally inactivated in many solid cancers and leukemias. Inhibition of PP2A
activity is critical to promote cell transformation, tumor progression, and angiogenesis,
which indicates that PP2A has a tumor suppressive role [11–13]. Recent reports show that
pharmacological restoration of PP2A tumor-suppressor activity effectively antagonizes
cancer development and progression.

Accepted: 23 September 2022
Published: 27 September 2022
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Pharmaceutics 2022, 14, 2055. https://doi.org/10.3390/pharmaceutics14102055

https://www.mdpi.com/journal/pharmaceutics

Pharmaceutics 2022, 14, 2055

2 of 12

Several partners of the PP2A have been identified, including the cysteine protease
Caspase 9 [14]. Caspase 9 is the initiator of intrinsic apoptosis regulating physiological
cell death and pathological tissue degeneration. Clinical reports suggest that alterations in
Caspase 9 expression or activation can be involved in several diseases, including cancer [15].
We previously described the interaction between the Caspase 9 and PP2A and identified the binding peptide, also called interfering peptide, able to block this interaction [14].
This peptide (C9h) derived from Caspase 9 sequence, which includes residues involved in
binding to PP2A, has been validated in vitro and shows an anti-tumoral effect in vivo on
xenograft models of breast cancer [14].
In this manuscript, we analyze and compare the affinity of PP2A to its protein partner,
Caspase 9 and to C9h, the interfering peptide from Caspase 9 sequence, as well as the
molecular dynamics and peptide structure.
2. Materials and Methods
2.1. Peptide Synthesis and Sequence
The C9h peptide was synthesized in an automated multiple peptide synthesizer with
solid-phase procedure and standard Fmoc chemistry by GL Biochem (Shanghai, China). The
purity and composition of the peptide were confirmed by reverse phase high-performance
liquid chromatography (HPLC) and by mass spectrometry (MS). The sequence of the
peptide, isolated from Caspase 9 protein, is:
YVETLDDIFEQWAHSEDL
2.2. Docking
To generate initial poses, we have used PEP-FOLD using the sOPEP2 force-field [16],
taking as constraints positions generated from the amino acids of PP2A identified by
PEPscan as being at the interface between catalytic subunits alpha of the PP2A (PP2Acα
and Caspase 9) similarly to the protocol previously described [17]. One hundred models
were generated and clustered using ligand RMSD as criterion. After the initial peptide
generation, a Monte-Carlo refinement was performed using 30,000 steps at 350 K. Since
previous studies have shown that PEPscan most overlapping fragments [18,19] usually
better correspond to the binding interface, and to accelerate calculations as well as conformational sampling during simulations, only the central part of the peptide, corresponding
to sequence LDDIFEQWAH, has been considered.
2.3. Molecular Dynamics (MD) Simulation
Structure preparation and protonation were conducted using the pdbfixer module
of OpenMM package. The complexes were solvated in truncated octahedron boxes with
a padding of 1.0 nm and the TIP3P water model, as the Amber14SB [20] forcefield was
used to model the protein atoms; 6 and 11 sodium ions were added to counter the charge
of the C9h in aqueous solvent and C9h-PP2A complex systems, respectively. Simulations
were computed using the OpenMM 7.6 package [21]. Systems were minimized up to
1000 steps and equilibrated for 10 ns in NPT ensemble, and temperature and pressure were
equilibrated using a Monte Carlo barostat at a temperature of 300 K and a 1 atmosphere
pressure. We used a 4 fs integration time step using heavy hydrogen assigned a mass of
3 atomic mass units.
Simulations were performed using the OpenMM library, with the original OpenMM
script for simulated tempering (ST) simulations [22] written by Peter Eastman, modified
to implement the weight calculation of Park and Pande [23] and an on-the-fly weight
calculation developed by Nguyen et al. [24]. During simulated tempering (ST) simulations,
21 and 32 temperature ladders were chosen spaced exponentially between 300 and 400 K,
for C9h in aqueous solvent and C9h-PP2A complex systems, respectively. Temperature
exchanges were attempted every 2 ps. During C9h-PP2A complex ST simulation, and to
avoid high deformation of the protein during ST, position restraints were applied on the
PP2A Cα atoms of 10.0 KJ/mol/nm2 , while the Caspase 9 fragment was free. However,
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to prevent the peptide from moving too far away from the initial position, some weak
distance restraints were applied on the peptide backbone atoms of 100.0 KJ/mol/nm2 , if
the peptide backbone centroid moves more than 15 Å away from its initial position. Two
PEPFOLD poses were simulated with ST during 4.4 and 4.6 µs. MD simulations analysis
were conducted using the MDAnalysis python library [25]. For simulation in isolation, the
complete C9h peptide was considered.
2.4. Circular Dichroism Analysis
Wild-type Caspase-9-derived synthetic peptide covering PP2Acα binding site (corresponding to residues 363–380) was synthesized. Circular dichroism was performed on a
Jasco J-010 spectropolarimeter to study the presence of α-helix.
The peptide was dissolved in 10mM sodium phosphate pH 7.5 prepared from 10 mL
solution A + 84 mL solution B in a final volume of 200 mL.
Solution A: 2.76 g NaH2PO4·3H2O. (0.0552 g/20 mL) (AppliChem, Darmstadt,
Germany).
Solution B: 5.365 g Na2HPO4·7H2O. (0.5365 g/100 mL) (Sigma, Darmstardt,
Germany).
Final pH of the mix was adjusted to 7.65.
To induce α-helix formation, a titration with trifluoroethanol (TFE) (Sigma) was performed. Samples were prepared with 50 µM of peptide dissolved in a final volume of
300 µL with increasing concentrations of TFE (20%, 40%, 60%, and 80% v/v). Samples
were introduced in the spectropolarimeter in a Quartz Suprasil Precision cell 0.1 cm cuvette (Hellma), using 300 µL of buffer solution as blank. Measurements were repeated
10 times at 20 ◦ C for each sample and 5 times for each blank. Data were processed with
spectropolarimeter software to subtract blank from sample spectra and millidegrees units
were further converted to molar ellipticity.
CD spectrum predictions from the MD simulations were performed using the
PDBMD2CD [26] web server. Conversion from delta ellipticity (DE) to molar ellipticity (ME) was performed using the rule: ME = 3298 × DE.
2.5. Characterization of PP2A and C9h Peptide Interaction by ELISA
A total of 100 µL of biotinylated peptides diluted at 100 µM in PBS was incubated for
2 h at room temperature in a 96-well Streptavidine-coated plate (Pierce, Illkirch, Strasbourg,
France). Wells were washed five times with PBS/0.05% Tween-20 (PBST) and filled with
100 µL of PP2A (Sigma) diluted in PBS/2.5% BSA (Sigma) at the indicated dilutions. The
plate was incubated over night at 4 ◦ C and washed five times with PBST. A total of 100 µL of
rabbit polyclonal IgG anti-human PP2Aα (Santa Cruz Biotechnology, Heidelberg, Germany)
was added at 5 µg/mL in PBS/BSA for 1 h at room temperature. Wells were washed 5 times
with PBST and filled with 100 µL of HRP conjugated anti-rabbit IgG (Sigma) diluted at
1:20,000 in PBS/BSA for 1 h at room temperature. Wells were washed 5 times with PBST,
and 100 µL of TMB substrate (Pierce) were added and incubated for 15–45 min. The
reaction was stopped with 50 µL of 2 N sulphuric acid, and the absorbance was measured
at 450 nm on a Multiskan EX plate reader (Thermo Scientific, Illkirch, Strasbourg, France).
The Caspase 9 peptide C9h was labelled with biotin at the N-terminal and C-terminal end
of the peptide.
2.6. Biolayer Interferometry and Kinetic Analysis
Kinetic analysis was performed based on biolayer interferometry (BLI) by using a
BLItz instrument (ForteBio, Bayonne, France) at room temperature. Prior to use, each
biosensor was hydrated in sample diluent (SD: PBS1X, pH 7.0, 0.02% Tween 20, 0.1% BSA)
for at least 10 min. Kinetic measurements of PP2A/Caspase 9 interactions were run with
Protein A biosensors (Fortebio) and consisted of seven steps, all performed in reaction
buffer, as follows: (i) initial baseline in 300 µL SD for 30 s was measured; (ii) 4 µL of
mouse anti-Caspase 9 or rabbit anti-PP2A were immobilized on the sensor for 150 s at
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133 nM; (iii) the immunosensor was washed with 300 µL SD for 120 s; (iv) 4 µL of purified
ligand Caspase 9 at 566 nM (Origen) or PP2A at 694 nM (LSBio) were loaded on the
immunosensor for 150 s; (v) the ligand-coated immunosensor was washed with 300 µL SD
for 120 s; (vi) association of purified analytes diluted in SD at the mentioned concentrations
was studied for 150 s in 4 µL; and (vii) dissociation step was then monitored in 300 µL SD
for 120 s.
Kinetic measurements of PP2A against biotinylated C9h-Cter peptide were run with
Streptavidin biosensors (Fortebio, #18-5019). The initial step consisted of coating the
biosensor with the peptide diluted in SD at 100 µM for 180 s in 4 µL (not shown) and was
followed by three steps for the kinetic study: (i) initial baseline in 300 µL SD for 30 s was
measured; (ii) association of PP2A at the indicated concentrations for 180 s in 4 µL was
used; and (iii) dissociation step was then monitored in 300 µL SD for 150 s.
Experiments using empty immunosensors (no ligand loaded) were run as control.
Sensorgrams were fit globally to a 1:1 binding model by BLItz Pro software, from which the
association (kon) and dissociation (koff) rate constants and apparent affinities (KD) were
calculated. X2 is the sum of squared deviations between the actual data point and the fitted
curve. Values close to zero indicate a good curve fit. The R2 coefficient of determination is
a statistical measure of how well the fitted curve approximate the real data points. Values
of R2 near 1 indicate a near-perfect fit.
3. Results
3.1. Dynamic Behavior of C9h Using ST Simulations
We first present the results of ST simulations of C9h in aqueous solvent for a 9.5 microseconds simulation. As can be seen from Figure 1A, the energy landscape at 300 K
is rather flat, the barriers between the different conformations being on the order of less
than 3 to 4 kJ/mol. One also observes a large variability in the conformations of the representative conformations (depicted for each of the 11 clusters identified using k-mean
clustering algorithm). Over all 300 K frames, the average helical content is of 36%. The most
populated one (cluster 5–13%) shows propensity for helical conformations at the N- and
C-terminus, whereas less populated ones (cluster 8–8% or cluster 6–7%) adopt alpha-helical
conformations in the middle of C9h. Other ones (such as cluster 4–9%) adopt a largely
unstructured conformation. Over all 300 K MD frames, as shown Figure 1B, the central
part of the peptide shows the largest propensity to adopt helical conformations but for no
more than 60% of the frames, meaning that coiled conformations occur at frequencies of
more than 40% over all positions—no beta conformation being observed. It has to be noted
that the force field used for the simulations (Amber14SB [20]) is not designed to simulate
disordered peptides and may favor helical structures. Overall, our simulation suggests that
C9h is rather flexible with a strong tendency toward helix.
3.2. Peptide Secondary Structure Evaluation by Circular Dichroism (CD)
The circular dichroism (CD) has been exploited for protein and peptide folding, conformational changes, intramolecular interactions, and ligand binding studies. We were
interested in analyzing whether the interfering peptide (IP) C9h, a fragment of the human Caspase 9 involved in binding to the phosphatase PP2A, can maintain the secondary
structure shown in the context of Caspase 9 protein. To this end, a CD analysis of the
peptide was performed. Figure 2 shows that a concentration of 50 µM C9h peptide behaves
as a random coil in 10 mM of sodium phosphate pH 7.5. In the presence of increasing
amounts of trifluoroethanol (TFE), the structure pattern was progressively adopting a
higher percentage of alpha helical structure as indicated by circular dichroism spectroscopy.
The percentage of helix deduced from the CD spectra are of 2.62, 7.72, 21.58, 24.34, and
31.01% for TFE concentrations of 0, 20, 40, 60, and 80% v/v, respectively.

Pharmaceutics 2022, 14, 2055
Pharmaceutics 2022, 14, x FOR PEER REVIEW

5 of 12
5 of 13

Figure
1. 1.
Structural
landscape
explored
during
STST
simulations
ofof
C9h
inin
aqueous
solvent:
(A)
Free
Figure
Structural
landscape
explored
during
simulations
C9h
aqueous
solvent:
(A)
Free
energy
landscape
at
300
K
frames
projected
on
principal
component
1
(36%
of
variance)
and
2
(10%
of
energy landscape at 300 K frames projected on principal component 1 (36% of variance) and 2 (10%
variance).
Principal
component
analysis
(PCA)
applied
to
the
300
K
frames
ST
simulation
dataset
of
of variance). Principal component analysis (PCA) applied to the 300 K frames ST simulation dataset
of Caspase
9 peptide.
Conformations
representative
the clusters
identified
using k-means
algoCaspase
9 peptide.
Conformations
representative
of theof
clusters
identified
using k-means
algorithm
rithm
with
k
=
11
clusters
(k
has
been
chosen
using
the
minimum
silhouette
score
value
for
k
values
with k = 11 clusters (k has been chosen using the minimum silhouette score value for k values between
Pharmaceutics 2022, 14, x FOR PEER REVIEW
6 (%).
of 13
between
2 and
20) arefor
depicted
for each
cluster
together
with the population
of each
(B)
2 and
20) are
depicted
each cluster
together
with
the population
of each cluster
(%).cluster
(B) Analysis
Analysis of the fraction of secondary structure adopted at each position of the peptide over all 300
of the fraction of secondary structure adopted at each position of the peptide over all 300 K frames.
K frames. Assignment of secondary structures was computed using DSSP [27].
Assignment of secondary structures was computed using DSSP [27].

3.2.25,000
Peptide Secondary Structure Evaluation by Circular Dichroism (CD)

Molar ellipticity

The circular dichroism (CD) has been exploited for protein and peptide folding, con20,000
formational
changes, intramolecular interactions, and ligand binding studies. We were
interested in analyzing whether the interfering peptide (IP) C9h, a fragment of the human
15,000 9 involved in binding to the phosphatase PP2A, can maintain the secondary
Caspase
structure shown in the context of Caspase 9 protein. To this end, a CD analysis of the
10,000 was performed. Figure 2 shows that a concentration of 50 μM C9h peptide bepeptide
haves as a random coil in 10 mM of sodium phosphate pH 7.5. In the presence of increas5,000
ing amounts
of trifluoroethanol (TFE), the structure pattern was progressively adopting a
higher percentage of alpha helical structure as indicated by circular dichroism spectros0
copy. The percentage of helix deduced from the CD spectra are of 2.62, 7.72, 21.58, 24.34,
and 31.01% for TFE concentrations of 0, 20, 40, 60, and 80% v/v, respectively.

− 5,000

−10,000
− 15,000

Figure 2.
2. CD
CDofofC9h
C9hpeptide.
peptide.
Data
of molar
ellipticity
versus
wavelength
in circular
dichroism
Figure
Data
of molar
ellipticity
versus
wavelength
in circular
dichroism
(CD). Data
Data obtained
obtainedwith
withpeptide
peptideC9h
C9hinin10mM
10mM
sodium
phosphate
pH
7.5
(Sky
blue
curve)
sodium phosphate pH 7.5 (Sky blue curve) are are
shown together
(orange),
and
80%
(brown)
v/vv/v
of
together with
withCD
CDdata
datausing
using20%
20%(purple),
(purple),40%
40%(red),
(red),60%
60%
(orange),
and
80%
(brown)
trifluoroethanol
(TFE)
in the
buffer.
C9h shows
a double
CD signal
at 208 and
222and
nm 222
pro-nm
of trifluoroethanol
(TFE)
in same
the same
buffer.
C9h shows
a double
CD signal
at 208
portional to increasing
amounts
of TFE
indicating
a-helix
secondary
structure
content.
proportional
to increasing
amounts
of TFE
indicating
a-helix
secondary
structure
content.

It is possible to compare the experimental spectrum with that inferred from the MD
(Figure3A),
3A),although
although
correspondence
between
experimental
and
simulations (Figure
thethe
correspondence
between
the the
experimental
and prepredicted
spectra
must
taken
withcaution.
caution.For
For208
208nm,
nm,the
theaverage
averagemolar
molar ellipticity
ellipticity
dicted CDCD
spectra
must
bebe
taken
with
of the predicted CD spectrum value is to −15028, i.e., clearly showing a propensity toward
helix.

(CD). Data obtained with peptide C9h in 10mM sodium phosphate pH 7.5 (Sky blue curve) ar
shown together with CD data using 20% (purple), 40% (red), 60% (orange), and 80% (brown)
trifluoroethanol (TFE) in the same buffer. C9h shows a double CD signal at 208 and 222 nm p
portional to increasing amounts of TFE indicating a-helix secondary structure content.
Pharmaceutics 2022, 14, 2055

It is possible to compare the experimental spectrum with that inferred
6 of 12 from the
simulations (Figure 3A), although the correspondence between the experimental and
dicted CD spectra must be taken with caution. For 208 nm, the average molar ellip
thespectrum
predictedvalue
CD spectrum
valuei.e.,
is to
−15028,
i.e., clearly
showingtoward
a propensity tow
of the predictedofCD
is to −15028,
clearly
showing
a propensity
helix.
helix.

Figure
3. Predicted
CD Data
of C9h
Data of molar
versus
wavelength
Figure 3. Predicted
CD of
C9h peptide.
ofpeptide.
molar ellipticity
versusellipticity
wavelength
predicted
frompredicted
the MD simulation: (A) Spectra predicted for 702 frames periodically taken from the MD traje
the MD simulation: (A) Spectra predicted for 702 frames periodically taken from the MD trajectory at
at 300 K (1 step out of 20). Color shades are attributed to the clusters as assigned in Figure 1A
300 K (1 step out of 20). Color shades are attributed to the clusters as assigned in Figure 1A. The dark
dark curve corresponds to the average over all conformations. (B) Average CD spectrum for C
curve corresponds
to the and
average
over all conformations.
(B) Average
CD spectrum
for C9h
in solvent
solvent
simulations
of C9h in interaction
with PP2A
starting from
different
positions. Clu
and simulations of
C9h2 in
interaction
PP2A starting
from
different
positions. Clusters 1 and 2
1 and
correspond
towith
the clusters
described
in Section
3.3.
correspond to the clusters described in Section 3.3.

3.3. Molecular Modeling of Peptide Interaction with PP2A
PEP-FOLD poses best target (i) the active site, (ii) a position between two helices at
positions 26–40 and 141–151 of PP2Aca, and (iii) a position on top of the loop encompassing
residues 175–193. The two latter positions in contact with the loop 175–193 have been
simulated using simulated tempering for 4.39 and 4.58 µs, respectively.
To obtain a better sampling of peptide position during MD simulations, we used the
simulated tempering method [22] starting from two different PEP-FOLD poses. During ST
simulation, starting on top of the loop encompassing residues 175–193, the peptide structure
moves rapidly after 300 ns and finds a stable position until the end of the simulation (for
4.2 µs). This position will be referred to as cluster 1 (Figure 4A). The RMSD of peptide
backbone atoms at 300 K frames, relative to the central structure of the cluster 1 after
300 ns, was 3.3 ± 1.2 Å. The low RMSD denotes a stable position of the peptide. To be
noted, the peptide was mainly structured in alpha helix, with the exception of the three
last residues. Concerning ST simulation starting from a position between two helices at
positions 26–40, the peptide position deviates slightly more, and a stable position could
be identified between 1.4 and 3.8 µs (for 2.4 µs). This position will be referred as cluster
2 (Figure 4A). The RMSD of peptide backbone atoms at 300 K frames, relative to the
central structure of the cluster 2 between 1.4 and 3.8 µs, was 4.3 ± 2.1 Å. The peptide
was also mainly structured as an alpha helix, with the exception of the three first residues.
The two ST simulations were aggregated and submitted to a PCA analysis (Figure 4B),
and frames from both simulations were then clustered using the HDBSCAN algorithm.
HDBSCAN identifies 11 clusters with 7.9% of frames not part of any cluster. The two main
clusters were cluster 1 (35.46% of all frames) and cluster 2 (26.93%), as the third biggest
cluster concerned only 8.4% of frames. For all clusters, the average structure of the peptide
was computed, the closest frame to this average structure was considered as the cluster
reference structure. Reference structures of clusters 1 and 2 are represented in Figure 4A.
In summary, the simulations strongly suggest the existence of stable poses of the peptide,
compatible with rather low affinity values. Both best poses are in the vicinity of the PP2A
loop identified by PEPscan as interacting with Caspase 9. However, even using advanced
sampling techniques, a unique binding site does not seem to emerge.
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in interaction with PP2A. As shown Figure 3B, the CD spectra predicted for clusters 1 and
2 clearly show that for cluster 2 the spectrum is similar to that of C9h in the solvent
whereas the helical signal is strengthened for cluster 1. This suggests that the cluster 1
pose might have a higher entropic cost upon binding to PP2A than the cluster 2 pose,
despite it being the pose that contacts directly the PP2A loop identified by PEPscan. The
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possible impact on the binding affinities of the two poses remains, however, largely speculative at this point.

Figure 4. Structural landscape explored during ST simulations: (A) Central poses of clusters 1 and
2 are represented for the peptide as red cartoon and colored licorice, while the structure of PP2A
is represented as white cartoon (only the structure of cluster 1 is represented for clarity), and the
loop D172 to G190 is represented as an orange cartoon. (B) Free energy landscape projected on
principal components 1 and 2. Principal component analysis (PCA) applied to the whole 300 K frames
of ST MD simulation dataset of Caspase 9 peptide, after structural alignment on PP2A backbone
atoms. Projection of first (88% of variance, y-axis) and second (6% of variance, x-axis) PCA modes
computed on peptide backbone atoms. The white outline represents the contour of positions of
clusters 1 and 2 frames.

Finally, it is also interesting to compare the behavior of the peptide in isolation and in
interaction with PP2A. As shown Figure 3B, the CD spectra predicted for clusters 1 and 2
clearly show that for cluster 2 the spectrum is similar to that of C9h in the solvent whereas
the helical signal is strengthened for cluster 1. This suggests that the cluster 1 pose might
have a higher entropic cost upon binding to PP2A than the cluster 2 pose, despite it being
the pose that contacts directly the PP2A loop identified by PEPscan. The possible impact on
the binding affinities of the two poses remains, however, largely speculative at this point.
3.4. Qualitative Interaction between PP2A and the Biotinylated C9h Peptide
Biotinylation of peptides is an efficient method to specifically bind peptides to streptavidincoated surfaces. Nevertheless, the positioning of the biotin tag in a peptide sequence can
markedly influence binding interaction. In this regard, we tested whether the biotin label should
be added on the N- or C-terminus of the C9h peptide. To this end, we tested by ELISA the
binding of PP2A protein to the biotinylated C9h-Nter and C9h-Cter peptides, immobilized on
streptavidin-coated plate. Figure 5 shows that the biotinylated peptides C9h-Cter and C9h-Nter
peptides bind to the PP2A protein in a specific manner. However, the biotinylated C9h-Cter
peptide shows stronger signal recognition than that of C9h-Nter. An irrelevant biotinylated
peptide was used as a negative control. According to this result, we used for further experiments
the biotinylated C9h-Cter peptide.
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biotin label should be added on the N- or C-terminus of the C9h peptide. To this end, we
tested by ELISA the binding of PP2A protein to the biotinylated C9h-Nter and C9h-Cter
peptides, immobilized on streptavidin-coated plate. Figure 5 shows that the biotinylated
peptides C9h-Cter and C9h-Nter peptides bind to the PP2A protein in a specific manner.
However, the biotinylated C9h-Cter peptide shows stronger signal recognition than that
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to this result, we used for further experiments the biotinylated C9h-Cter peptide.
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jugated anti-Rabbit secondary antibody. Binding activity of PP2A is expressed as mean OD at 450
anti-Rabbit secondary antibody. Binding activity of PP2A is expressed as mean OD at 450 nm of
nm of duplicate wells, and bars indicate SD. These data are representative of two independent exduplicate wells, and bars indicate SD. These data are representative of two independent experiments.
periments.

3.5. Affinity of PP2A Protein to Caspase 9 Protein and C9h Peptide
3.5. Affinity of PP2A Protein to Caspase 9 Protein and C9h Peptide
Kinetic parameters of protein/protein (Caspase 9/PP2A or vice versa) or protein/peptide
Kinetic parameters
protein/protein
or vice (BLI).
versa)BLI
or protein/pep(PP2A/C9h)
interaction of
were
measured by(Caspase
biolayer 9/PP2A
interferometry
is an optical
tide
(PP2A/C9h)
interaction
were
measured
by
biolayer
interferometry
(BLI).
BLIinisreal
an
characterization method used to monitor interactions between label-free molecules
optical
characterization
method
used
to
monitor
interactions
between
label-free
molecules
time. It is based on the wavelength shift reflecting the change in thickness of the biological
in
realcaused
time. by
It is
on of
the
wavelength
reflecting
the change
in thickness
of the
layer
thebased
binding
molecules
to theshift
probe.
After ensuring
the absence
of unspecific
biological
layer
caused
by
the
binding
of
molecules
to
the
probe.
After
ensuring
the
ab-9
binding of Caspase 9 and PP2A to the protein-A biosensor, specific antibodies for Caspase
sence
of
unspecific
binding
of
Caspase
9
and
PP2A
to
the
protein-A
biosensor,
specific
and PP2A were immobilized onto the probes. After a washing step, Caspase 9 and PP2A were
antibodies
Caspase
and
PP2Atowere
immobilized
ontobiosensors
the probes.
After a washing
respectivelyfor
loaded
onto9the
probes
constitute
the working
of interest.
First, the
step,
Caspase
9
and
PP2A
were
respectively
loaded
onto
the
probes
to
constitute
the workrelative PP2A interaction to the immobilized Caspase 9 molecule was studied (Figure
6A).
ing
biosensors
of interest.
the relative
PP2A interaction
to the
Caspase
Affinity
measurements
wereFirst,
conducted
with varying
concentrations
of immobilized
PP2A to determine
the
8 M). conducted
9range
molecule
was studied
(Figure
6A). Affinity
measurements
with
varying
of equilibrium
binding
constant
values (KD
= 8.94 × 10−were
In a vice versa
procedure,
PP2A was immobilized onto the probe (Figure 6B) and different concentrations of Caspase 9
protein were used to determine the constant at equilibrium (KD = 2.28 × 10−7 M). Overall, in
both models, PP2A and Caspase 9 proteins were observed to bind with relatively good affinity
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Kinetic measurements of PP2A against biotinylated C9h-Cter peptide were run by
using streptavidin biosensors (Figure 6D). Different concentrations of PP2A protein were
loaded onto the immobilized C9h-Cter peptide to determine the constant at equilibrium
(KD = 7.8 × 10−7 M). Unspecific binding of PP2A to the sensor tip in absence of peptide
was checked using PP2A at the same working concentrations. It is of note that the abrupt
increase in signal looks like a bump artifact occurring when the streptavidin biosensor
moves during the transition from the association to the dissociation step. In this conformation, the dissociation rate of PP2A was approximatively one log higher than those observed
with the immobilized Caspase 9 protein resulting to a slightly lower affinity. Figure 6E
summarize the values of constants of association, dissociation, and affinity.
In conclusion, these results demonstrate an effective interaction between PP2A and
Caspase 9 proteins, as well as a good affinity between PP2A and the interfering peptide
corresponding to the sequence of Caspase 9 involved in binding to PP2A. Therefore, C9h
peptide can be used as a tool to manipulate this interaction.
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is regarded. The isolated C9h peptide does not seem to show its natural helical structure,
which was, however, achieved easily in the presence of an alpha helical inductor, such as
TFE. This result suggests that, despite being isolated from its natural environment within
Caspase, C9h still has the ability to maintain its helical character, which may be important
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predict the secondary structure content [29,30]. In the absence of high-resolution structures,
CD is regarded. The isolated C9h peptide does not seem to show its natural helical structure,
which was, however, achieved easily in the presence of an alpha helical inductor, such as
TFE. This result suggests that, despite being isolated from its natural environment within
Caspase, C9h still has the ability to maintain its helical character, which may be important
to exerting biological and biochemical actions. MD simulations suggest for their part a
much stronger helical content although associated with a large conformational diversity.
The direct comparison between the two approaches is, however, complex, because the
impact of the force field used for simulations is not well quantified, and CD prediction
from structure also comes with uncertainty. These predictions have, however, interest as a
means to compare the conformation ensembles of the peptide in isolation or interacting
with PP2A.
In a second part, we have turned to the interaction of the peptide with PP2A. Two
poses compatible with low affinity values were identified. Compared to classical MD,
the ST approach we have used has improved sampling ability, but no convergence of
the two MD simulations starting from two different poses could be observed. Longer
simulations might be needed to conclude more strongly on the putative peptide affinities,
and in parallel, using higher maximum temperature during the ST simulations could also
allow a better sampling of the peptide structure. It is also possible that the peptide might
interact with different patches on PP2A surface. However, the conversion of the time
they bind to a patch in terms of affinity remains presently out of reach. Of note, however,
both poses identified are close to the PP2A loop identified, and none really explored the
region of the catalytic site of PP2A. Interestingly, also in the two proposed poses, a helical
conformation is observed in different regions of the sequence suggesting that the peptide
could be rather flexible. Indeed, additional clusters identified during ST simulations show
intermediary non-structured forms of the peptide, which is consistent with the results of
the CD experiment and suggest that the peptide could adopt a helical conformation only
when binding to PP2A.
Finally, we have measured the affinity of two interacting proteins, Caspase 9 and
PP2A, as well as the interaction between PP2A and the interfering peptide C9h, which has
been previously identified as Caspase 9 binding site to PP2A using PEPscan approach [14],
This interfering peptide was used to measure the affinity for its partner, the PP2A protein,
showing a similar affinity to that obtained using the whole protein Caspase 9. To our
knowledge, this is the first affinity binding constant reported between PP2A and Caspase 9.
Biolayer interferometry approach has proven effective in measuring the binding affinity of different partners, such as protein/protein or protein/peptide molecules [31–33].
Studying the interaction between proteins and their ligand partners using conventional
methods often requires large amounts of substrates and multistep experimental methods.
These concerns prevent the easy and accurate quantification of the strength of an interaction [34,35]. BLI is an optical technique for real-time measurement of macromolecular
interactions. The objective is achieved through the analysis of interference with the white
light, reflected by the biosensor surface. In a typical BLI experiment, the ligand is immobilized on the biosensor tip and then allowed to interact with the analyte [36]. Using
BLI, a quantitative set of equilibrium binding affinities (KD) and rate of association and
dissociation (Kon, Koff) can be measured in minutes using nanomolar quantities of sample.
Thereby, in this work, PP2A/Caspase 9 interaction studies were conducted in the range
of 173 to 694 nM and 283 to 1133 nM for PP2A and Caspase 9 proteins, respectively. The
results showed that the binding affinity of PP2A to Caspase 9 is in the range of 150 nM,
which can be considered as a good affinity between two protein partners. Moreover, PP2A
binds to the C9h peptide with a slightly lower affinity, around 800 nM, i.e., slightly worse,
which might possibly be related to C9h helical structuration upon binding.
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5. Conclusions
In conclusion, our work suggests that the interfering peptide C9h, isolated from its
molecular environment into the Caspase 9 protein, remains able to associate with PP2A in
a manner relatively comparable to that observed when using the whole Caspase 9 protein.
This is the first time that the interaction affinity between two proteins involved in tumoral
transformation, PP2A and Caspase 9, has been measured. Overall, these results may explain
the efficacy observed in vitro and in vivo of the use of C9h peptide to block PP2A/Caspase
9 interaction. Finally, our result opens the possibility to the use of peptides as tools to
manipulate protein/protein interaction and its use of therapeutic peptides, as it is the case
for C9h peptide.
Author Contributions: K.D., S.M., J.B. and E.S. performed the experiments and provided samples.
P.T. analyzed the data. A.R., P.T. and S.M. wrote, reviewed, and edited the manuscript. All authors
have read and agreed to the published version of the manuscript.
Funding: This work was supported by Inserm. JB work was funded by the Spanish Ministry of
Science and Innovation PID 2020-120243RB-100.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.

6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Bruzzoni-Giovanelli, H.; Alezra, V.; Wolff, N.; Dong, C.Z.; Tuffery, P.; Rebollo, A. Interfering peptides targeting protein-protein
interactions: The next generation of drugs? Drug Discov. Today 2018, 23, 272–285. [CrossRef] [PubMed]
Dong, C.Z.; Bruzzoni-Giovanelli, H.; Yu, Y.; Dorgham, K.; Parizot, C.; Zini, J.M.; Brossas, J.Y.; Tuffery, P.; Rebollo, A. Identification
of peptides interfering with the LRRK2/PP1 interaction. PLoS ONE 2020, 15, e0237110. [CrossRef] [PubMed]
Savier, E.; Simon-Gracia, L.; Charlotte, F.; Tuffery, P.; Teesalu, T.; Scatton, O.; Rebollo, A. Bi-Functional Peptides as a New
Therapeutic Tool for Hepatocellular Carcinoma. Pharmaceutics 2021, 13, 1631. [CrossRef] [PubMed]
Savier, E.; Tuffery, P.; Bruzzoni-Giovanelli, H.; Rebollo, A. Isolation of Primary Hepatocytes for Testing Tumor Penetrating
Peptides. Methods Mol. Biol. 2022, 2383, 413–427. [CrossRef]
Simon-Gracia, L.; Loisel, S.; Sidorenko, V.; Scodeller, P.; Parizot, C.; Savier, E.; Haute, T.; Teesalu, T.; Rebollo, A. Preclinical
Validation of Tumor-Penetrating and Interfering Peptides against Chronic Lymphocytic Leukemia. Mol. Pharm. 2022, 19, 895–903.
[CrossRef] [PubMed]
Wang, L.; Wang, N.; Zhang, W.; Cheng, X.; Yan, Z.; Shao, G.; Wang, X.; Wang, R.; Fu, C. Therapeutic peptides: Current applications
and future directions. Signal Transduct. Target. Ther. 2022, 7, 48. [CrossRef]
Rafferty, J.; Nagaraj, H.; McCloskey, A.P.; Huwaitat, R.; Porter, S.; Albadr, A.; Laverty, G. Peptide Therapeutics and the
Pharmaceutical Industry: Barriers Encountered Translating from the Laboratory to Patients. Curr. Med. Chem. 2016, 23, 4231–4259.
[CrossRef]
Ayllon, V.; Martinez, A.C.; Garcia, A.; Cayla, X.; Rebollo, A. Protein phosphatase 1alpha is a Ras-activated Bad phosphatase that
regulates interleukin-2 deprivation-induced apoptosis. EMBO J. 2000, 19, 2237–2246. [CrossRef]
Kang, H.S.; Choi, I. Protein phosphatase 2A modulates the proliferation of human multiple myeloma cells via regulation of the
production of reactive oxygen intermediates and anti-apoptotic factors. Cell Immunol. 2001, 213, 34–44. [CrossRef]
Brautigan, D.L.; Farrington, C.; Narla, G. Targeting protein phosphatase PP2A for cancer therapy: Development of allosteric
pharmaceutical agents. Clin. Sci. 2021, 135, 1545–1556. [CrossRef]
Chen, W.; Possemato, R.; Campbell, K.T.; Plattner, C.A.; Pallas, D.C.; Hahn, W.C. Identification of specific PP2A complexes
involved in human cell transformation. Cancer Cell 2004, 5, 127–136. [CrossRef]
Janssens, V.; Goris, J.; Van Hoof, C. PP2A: The expected tumor suppressor. Curr. Opin. Genet. Dev. 2005, 15, 34–41. [CrossRef]
Perrotti, D.; Neviani, P. Protein phosphatase 2A: A target for anticancer therapy. Lancet Oncol. 2013, 14, e229–e238. [CrossRef]
Arrouss, I.; Nemati, F.; Roncal, F.; Wislez, M.; Dorgham, K.; Vallerand, D.; Rabbe, N.; Karboul, N.; Carlotti, F.; Bravo, J.; et al.
Specific targeting of caspase-9/PP2A interaction as potential new anti-cancer therapy. PLoS ONE 2013, 8, e60816. [CrossRef]
Avrutsky, M.I.; Troy, C.M. Caspase-9: A Multimodal Therapeutic Target with Diverse Cellular Expression in Human Disease.
Front. Pharmacol. 2021, 12, 701301. [CrossRef]
Binette, V.; Mousseau, N.; Tuffery, P. A Generalized Attraction-Repulsion Potential and Revisited Fragment Library Improves
PEP-FOLD Peptide Structure Prediction. J. Chem. Theory Comput. 2022, 18, 2720–2736. [CrossRef]
Lamiable, A.; Thevenet, P.; Rey, J.; Vavrusa, M.; Derreumaux, P.; Tuffery, P. PEP-FOLD3: Faster de novo structure prediction for
linear peptides in solution and in complex. Nucleic Acids Res. 2016, 44, W449–W454. [CrossRef]

Pharmaceutics 2022, 14, 2055

18.
19.
20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

12 of 12

Rebollo, A.; Fliedel, L.; Tuffery, P. PEPscan: A Broad Spectrum Approach for the Characterization of Protein-Binder Interactions?
Biomolecules 2022, 12, 178. [CrossRef]
Rebollo, A.; Savier, E.; Tuffery, P. Pepscan Approach for the Identification of Protein-Protein Interfaces: Lessons from Experiment.
Biomolecules 2021, 11, 772. [CrossRef]
Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving the Accuracy of Protein
Side Chain and Backbone Parameters from ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713. [CrossRef]
Eastman, P.; Swails, J.; Chodera, J.D.; McGibbon, R.T.; Zhao, Y.; Beauchamp, K.A.; Wang, L.P.; Simmonett, A.C.; Harrigan, M.P.;
Stern, C.D.; et al. OpenMM 7: Rapid development of high performance algorithms for molecular dynamics. PLoS Comput. Biol.
2017, 13, e1005659. [CrossRef] [PubMed]
Marinari, E.; Parisi, G. Simulated tempering: A new Monte Carlo scheme. Europhys. Lett. 1992, 19, 451. [CrossRef]
Park, S.; Pande, V.S. Choosing weights for simulated tempering. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 2007, 76, 016703.
[CrossRef] [PubMed]
Nguyen, P.H.; Okamoto, Y.; Derreumaux, P. Communication: Simulated tempering with fast on-the-fly weight determination. J.
Chem. Phys. 2013, 138, 061102. [CrossRef]
Michaud-Agrawal, N.; Denning, E.J.; Woolf, T.B.; Beckstein, O. MDAnalysis: A toolkit for the analysis of molecular dynamics
simulations. J. Comput. Chem. 2011, 32, 2319–2327. [CrossRef]
Drew, E.D.; Janes, R.W. PDBMD2CD: Providing predicted protein circular dichroism spectra from multiple molecular dynamicsgenerated protein structures. Nucleic Acids Res. 2020, 48, W17–W24. [CrossRef]
Kabsch, W.; Sander, C. Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded and geometrical
features. Biopolymers 1983, 22, 2577–2637. [CrossRef]
Micsonai, A.; Wien, F.; Kernya, L.; Lee, Y.H.; Goto, Y.; Refregiers, M.; Kardos, J. Accurate secondary structure prediction and fold
recognition for circular dichroism spectroscopy. Proc. Natl. Acad. Sci. USA 2015, 112, E3095–E3103. [CrossRef]
Greenfield, N.J. Using circular dichroism collected as a function of temperature to determine the thermodynamics of protein
unfolding and binding interactions. Nat. Protoc. 2006, 1, 2527–2535. [CrossRef]
Woollett, B.; Whitmore, L.; Janes, R.W.; Wallace, B.A. ValiDichro: A website for validating and quality control of protein circular
dichroism spectra. Nucleic Acids Res. 2013, 41, W417–W421. [CrossRef]
Ren, B.; Sayed, A.M.M.; Tan, H.L.; Mok, Y.K.; Chen, E.S. Identifying Protein Interactions with Histone Peptides Using Bio-layer
Interferometry. Bio. Protoc. 2018, 8, e3012. [CrossRef] [PubMed]
Groner, M.; Ng, T.; Wang, W.; Udit, A.K. Bio-layer interferometry of a multivalent sulfated virus nanoparticle with heparin-like
anticoagulant activity. Anal. Bioanal. Chem. 2015, 407, 5843–5847. [CrossRef]
Sieker, F.; May, A.; Zacharias, M. Predicting affinity and specificity of antigenic peptide binding to major histocompatibility class I
molecules. Curr. Protein Pept. Sci. 2009, 10, 286–296. [CrossRef] [PubMed]
Berggard, T.; Linse, S.; James, P. Methods for the detection and analysis of protein-protein interactions. Proteomics 2007, 7,
2833–2842. [CrossRef] [PubMed]
Wierer, M.; Mann, M. Proteomics to study DNA-bound and chromatin-associated gene regulatory complexes. Hum. Mol. Genet.
2016, 25, R106–R114. [CrossRef]
Sultana, A.; Lee, J.E. Measuring protein-protein and protein-nucleic Acid interactions by biolayer interferometry. Curr. Protoc.
Protein Sci. 2015, 79, 19.25.1–19.25.26. [CrossRef]

