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Peptides

Guanidinium-Stapled Helical Peptides for Targeting Protein-Protein
Interactions

Camille Perdriau, Anaïs Luton, Katharina Zimmeter, Maxime Neuville, Claire Saragaglia,
Carole Peluso-Iltis, Judit Osz, Brice Kauffmann, Gavin W. Collie, Natacha Rochel,
Gilles Guichard,* and Morgane Pasco*

Abstract: Peptide stapling has emerged as a versatile approach in drug discovery to reinforce secondary structure
elements especially α-helices and improve properties of linear bioactive peptides. Inspired by the prevalence of arginine
in protein-protein and protein-DNA interfaces, we investigated guanidinium-stapling as a means to constrain helical
peptides. Guanidinium stapling was readily achieved on solid support, utilizing two orthogonally protected lysine or
unatural α-amino acid residues with an amino function. This method allows for easy modulation of the nature and size of
the staple as well as helix propensity. Evaluating a set of guanidinium-stapled peptides for their interaction with different
protein targets identified several binders with increased target affinity. X-ray structure determination of four complexes
revealed that all stapled peptides adopt a helical conformation upon protein binding. Notably, the disubstituted
guanidinium generally exhibits a distinct cis/trans conformation and, in one instance, retains a conserved hydrogen bond
with the protein surface. By identifying, for the first time, the guanidinium moiety as an effective helical peptide stapling
group, this research significantly expands the repertoire of α-helix stapling techniques for the creation of useful protein
mimics.

Introduction

Macrocyclization stands out as one of the most advanced
contemporary strategies to enhance the potential of natural
α-peptides, overcome some of their limitations and convert
them into valuable pharmacological tools or drugs.[1] Macro-
cyclization allows the stabilization of peptide bioactive

conformation and to mimic structured regions of proteins[2]

– e.g. helices – involved in protein-protein interactions (PPI)
or recognition of nucleic acids, and doing so decrease the
entropic cost associated with peptide binding to the target of
interest. Moreover, cyclic peptides can display enhanced
properties such as selectivity for the target, improved
metabolic stability and prolonged duration of action com-
pared to the cognate linear peptides. Many methodologies
have been developed to generate cyclic peptides, by
connecting their backbone atoms and/or side chains either
directly or through the use of external multifunctional
crosslinks.[3] Notably, certain biorthogonal techniques within
this spectrum hold promise for the generation of genetically
encoded cyclic peptide libraries.[4]

Most popular side chain crosslinking – ‘stapling’ –
strategies such as those based on cysteine with the formation
of thioether and bisthioether bridges,[4a,b,5] lactamization,[6]

1,3-dipolar cycloaddition,[7] SNAr N-arylation,
[8] and olefin

ring closing metathesis[9] have found widespread applications
in the context of α-helix mimicry to rigidify the helical
peptide backbone (Figure 1a).[2] It is commonly accepted
that depending on the peptide sequence, the nature and the
position of the staple may directly and positively contribute
to the interaction with the protein surface.[10] It may also
influence other properties such as aqueous solubility and
cellular uptake,[11] the hydrophobic surface area of the staple
being an important parameter.[12] A substantial number of
bioactive, cell permeable stapled peptide inhibitors have
been reported, yet directing stapled peptides to the cytosol
or the nucleus remains a challenge when targeting intra-
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cellular proteins, and further charge optimization of the
peptide sequence is often required.[13,14]

In this work, we aimed to combine the stabilization of
secondary structure motifs with the introduction of a
positive charge through a guanidinium moiety directly
incorporated into the hydrocarbon staple (Figure 1b).

Our approach is further motivated by the abundance of
guanidinium side chains (Arg residues) in protein-protein
binding interfaces and their involvement in a broad
spectrum of interactions ranging from H-bonding, ion
pairing to cation-π interactions.[15] Thus, in addition of
adding a positive charge to the molecule, the guanidinium
staple could contribute favorably to specific interactions
with the protein surface via the intracyclic guanidinium as
well as through the adjacent methylene groups (via Van der
Waals contacts) and be used as a constrained Arg residue
mimic. The advantages of the approach are that guanidinium
crosslinks would be (i) synthetically accessible from Lys and
any other (un)natural α-amino acid residues with alkyl
amine side chains (ornithine (Orn), diaminobutyric acid
(Dab),…) to modulate the ring size, and (ii) formed
selectively on-resin using standard synthetic methods.[16]

Only a few attempts to incorporate a guanidinium moiety
into cyclic peptides have been reported,[17] and to our
knowledge, there is no information about the ability of these
staples to introduce helix-inducing constraints. Moreover,
guanidinium staples have not yet been applied to design
peptide inhibitors of protein-protein interactions and no
high-resolution structural information is currently available.
Here, we describe an optimized and robust solid-phase
synthesis (SPS) method to access i,i+4 and i,i+7 guanidi-
nium staples in good yield and purity, and its application to
helically constrain peptide sequences. We also report the
careful evaluation of the interactions between the resulting
cyclic peptides with three protein targets of interest (RNase
S-protein, ubiquitin ligase hDM2 and the retinoic acid
receptor-α (RARα)) including X-ray structure determina-
tion of several peptide-protein complexes.

Results and Discussion

The general SPS route to guanidinium stapled peptides is
shown in Figure 2a. It was first optimized for the formation
of a (i,i+4) staple using the sequence of the RNase S-
peptide (S-15) where the His12 and Met13 residues were
mutated to Ala for ease of synthesis and two suitably
protected lysyl residues introduced at positions 6 and 10 for
cyclization (1, Figure 2 and Table 1). The synthesis route
features a selective deprotection of the Alloc-protected
amine side chain and its thioacylation with Fmoc isothiocya-
nate (Fmoc-NCS) to form the corresponding Fmoc-activated
thiourea prior to selective removal of the Mtt group on the
second amine side chain. A number of reagents and
conditions were tested and compared to promote the on-
resin macrocyclization, via desulfurization and subsequent
guanidinylation of the in situ generated carbodiimide
intermediate.[16] These include mercury(II) chloride,[18] 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC),[19] diisopropylcarbodiimide (DIC),[20] 2-chloro-1-

Figure 1. (a) Some classical stapled peptides found in the literature. (b)
General Scheme of our guanidinium stapling strategy stabilizing
peptides in their bioactive conformation and yielding a positively
charged crosslink.

Figure 2. (a) General SPS route to guanidinium stapled peptides. TFE:
2,2,2-trifluoroethanol, HFIP: Hexafluoro-2-propanol, TES: Triethylsilane.
(b) Comparison of the HPLC profiles of crude SAA-[K6-K10]gua (1) after
final cleavage from the resin (10–100% MeCN in H2O with 0.1% TFA,
10 min, λ=214 nm). The macrocyclization step was performed using
1.2 eq. of the guanidinylating agent indicated in bold (reacting at r.t. for
3 h and repeated overnight). On the chromatograms, the blue star
shows the guanidine stapled compound and the grey dot the remaining
thiourea derivative.
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methylpyridinium iodide (Mukaiyama’s reagent),[21] N-iodo-
succinimide (NIS)[22] and iodine.[23] In each case, the reaction
was performed at r.t. for 3 h in the presence of 1.2 eq. of the
guanidinylating reagent and N,N-diisopropylethylamine
(DIEA) as a tertiary base in CH2Cl2, or in a mixture of
CH2Cl2 and N-methyl pyrrolidine (NMP) in the case of the
HgCl2 for solubility reason. DMF was generally avoided as
some partial deprotection of the Fmoc-thiourea leading to
incomplete conversion was observed during the macro-
cyclization step. The progress of the reaction was monitored
by reversed phase HPLC and LC–MS analysis, and the
guanidinylation step repeated overnight if the conversion
was not completed. In each case, the purity of the crude
compound was determined by HPLC after Fmoc deprotec-
tion and final cleavage of the peptide from the resin
(Figure 2b and S1). HgCl2 showed the highest efficiency in
terms of conversion (full conversion to the expected SAA-
[K6-K10]gua (1) was achieved in <3h) and crude purity
(reaching 88% purity based on HPLC). However, the high
toxicity of HgCl2, the formation of insoluble mercury sulfide
by-product and the need to wash the resin with thiophenol
or other mercaptan derivatives may limit the use of this
approach. An interesting alternative is EDC, which readily
promotes macrocyclization and leads to a clean reaction
profile with a purity of 72% after final peptide cleavage. In
contrast, reaction with DIC resulted in poor conversion to
the guanidinylated product, and prolonged reaction time led
mainly to the Fmoc deprotection of the thiourea, preventing
any further macrocyclization. Similarly, when using Mu-
kaiyama's reagent, the desired product did not form and

unwanted side reactions took place instead, the main by-
product being the pyridinium derivative resulting from the
reaction of the free amine with Mukaiyama’s reagent. The
soft Lewis acid NIS gave satisfactory results with a purity of
the crude product of 58%, but incomplete conversions were
observed even after repeating the guanidinylation reaction
once more. Macrocyclization was next performed on the
wild-type S-15 sequence (2, Table 1), resulting in similar
high crude purity. This indicates that no side-reaction
involving the His or Met side chain occurred during the
process.

Next, using EDC to promote the macrocyclization step,
we prepared a series of RNase S-peptide derived macro-
cycles by varying the size and position of the ring in the
sequence (Table 1). Both Lys and Orn side chains are
compatible with the (i,i+3/4) stapling (2–5), while the
macrocyclization in (i,i+7/8) is facilitated by inverting the
configuration of the residue i (6), or by extending the length
of one of the two side chains by coupling the Alloc-
deprotected amine to a Gly residue (7–8).

To evaluate the effect of the position and size of the
macrocycle on the α-helix stabilization, we next analyzed
this series of stapled peptides by circular dichroism (CD)
(Figure 3a). In the wild-type sequence, the salt bridge
formed between the Glu2 and Arg10 residues is known to
be a stabilizing interaction contributing to the partial helical

Table 1: List of stapled compounds from the RNase S-15, PMI and
NCOA1-2 peptide sequences.

Peptide sequences[a] Yield
S-15 Ac-KETAAAKFERQHMDS-NH2

1 SAA-[K6-K10]gua Ac-KETAAX2KFE X1QAADS-NH2 10%
2 S-[K6-K10]gua Ac-KETAAX2KFEX1QHMDS-NH2 10%
3 S-[O6-O10]gua Ac-KETAAX2KFEX1QHMDS-NH2 24%
4 S-[K7-K10]gua Ac-KETAAAX2FEX1QHMDS-NH2 16%
5 S-[K2-K6]gua Ac-KX2TAA X1KFERQHMDS-NH2 17%
6 S-[KD3-K10]gua Ac-KEX1AAAKFEX2QHMDS-NH2 16%
7 S-[K3-O*10]gua

[b] Ac-KEX2AAAKFEX1QHMDS-NH2 nd
8 S-[KD*2-O10]gua

[c] Ac-KX1TAAAKFEX2QHMDS-NH2 7%

PMI-N8A Ac-TSFAEYWALLSP-NH2

9 PMI-[K4-K8]gua Ac-TSFX2EYWX1LLSP-NH2 13%
10 PMI-[KD4-K11]gua Ac-TSFX1EYWALLX2P-NH2 12%
11 PMI-[K4-K11]gua Ac-TSFX2EYWALLX1P-NH2 5%

NCOA1-2 Ac-RHKILHRLLQEGS-NH2

12 NCOA-[K3-K7]gua Ac-RHX2ILHX1LLQEGS-NH2 13%
13 NCOA-[K4-K8]gua Ac-RHKX2LHRX1LQEGS-NH2 24%
14 NCOA-[K6-K10]gua Ac-RHKILX2RLLX1EGS-NH2 19%

[a] The names of the compounds specify the stapled sites between
squared brackets via the one-letter code of the amino acid side-chain
used for the macrocyclization. In the linear sequence of the peptide,
X1 indicates the Alloc-protected residue and X2 the Mtt-protected
residue. [b] O*=Orn side chain coupled to Gly residue. [c] K*=Lys
side chain coupled to Gly residue.

Figure 3. (a) CD spectra of linear S-15 (grey), and staples 2 (yellow), 3
(light blue), 5 (red), 6 (dark blue) and 7 (teal) in water at 50 μM, 3 °C.
(b) ITC titrations of 2 (150 μM) into the S-protein (15 μM) in a Tris HCl
50 mM pH 8.0 buffer + 0.1 M NaCl + 3% glycerol. (c) CD spectra of
linear PMI (grey), and staples 9 (yellow), 10 (teal) and 11 (dark blue) in
water at 40 μM, 15 °C. (d) CD spectra of linear PMI (grey), and staples
12 (teal), 13 (dark blue) and 14 (yellow) in 15% TFE in water at 25 μM,
3 °C. The bar charts give percent helicity calculated from CD spectra
[θ]222.[27]
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folding of the peptide in solution.[24] The introduction of a
guanidinium staple between the positions 6 and 10 (2),
preserving the possibility for Glu2 to form a salt bridge with
the constrained guanidinium, results in a substantial increase
in α-helicity. Conversely, when Glu2 is mutated to form the
(i,i+4) guanidinium macrocycle between positions 2 and 6
(5), the CD spectrum shows an α-helicity comparable to that
of the linear peptide. The loss of the favorable salt bridge
and charge-dipole interaction[25] therefore appears to be
offset by the presence of the staple. Decreasing the size of
the macrocycle, using Orn side chains for the (i,i+4)
stapling, leads to reduced helicity (compare 2 and 3), while
for (i,i+7) stapling, extending the side chain by at least two
additional atoms in the linker is necessary to be compatible
with helical folding (compare 6 and 7). Given the crucial
role of Arg10 not only in mediating the intramolecular salt
bridge but also in the interaction of the S-15 peptide with its
partner S-protein to form the RNase-S complex,[26] we also
assessed the binding affinity of the stapled peptide 2 in
comparison to the unmodified native peptide using isother-
mal titration calorimetry (ITC). A strong interaction is still
observed with the macrocyclic peptide (Figure 3b, S2 and
Table S1), the constraint inducing a more favorable contri-
bution to the binding entropy, which is however compen-
sated by a reduced enthalpy.

To further expand our synthesis approach and inves-
tigate the influence of guanidinium stapling on the ability of
α-peptides to bind protein surfaces and inhibit protein-
protein interactions, we selected additional protein targets,
i.e. hDM2 and Nuclear Hormone Receptors (NHR) for
which peptide binders are known.

hDM2 is a ubiquitin ligase that prevents the action of the
tumor suppressor p53 by interacting with a short α-helix at
its N-terminal transactivation domain. The peptide PMI
(TSFAEYWNLLSP) which has been identified by phage
display as a potent inhibitor of this PPI,[28] able to bind to
the same hDM2 hydrophobic cleft as p53, was used as the
linear sequence of reference.[29] We introduced the guanidi-
nium staple at the solvent exposed face of the PMI α-helix
when bound to hDM2, to form either i,i+4 or i,i+7
macrocycles (Table 1, compounds 9–11). The CD spectra of
the three compounds show that only the short staple induces
a significant increase in helicity in water, reaching 60% of
helical content, compared to 22% for the linear sequence
(Figure 3c). Next, the inhibition of the interactions between
p53 and hDM2 and between p53 and hDMX (a closely-
related regulatory protein but with a smaller hydrophobic
pocket) was evaluated using a time resolved fluorescence
energy transfer (TR-FRET) assay. The stapled peptides
proved to be effective to disrupt the interaction of p53 with
both hDM2 and hDMX partners, reaching more than 90%
inhibition at 100 nM (Figure S3). This requires, however, in
the case of the (i,i+7) crosslink, that residue i be in the D-
configuration. Subsequently, the dose-response curves were
established for each compound (Figure 4a–b and S4–S7).
The peptide having the short (i,i+4) crosslink (9), gave the
best inhibition profile of the p53-hDM2 interaction (IC50=

4.7�0.2 nM), two-fold better than that obtained with PMI
(IC50=9.4�0.5 nM). This compound also showed high

affinity for hDMX with an IC50 of 20�0.9 nM, as does the
compound 10. The charged staple oriented toward the polar
interface of the helix is thus well suited to lock the helical
conformation while maintaining the main protein contacts
responsible for tight binding. These inhibition profiles are
similar or even slightly better compared to those reported
for PMI peptides with hydrocarbon crosslinks at the same
positions.[30]

NHR family members, such as the vitamin D receptor
(VDR) or the retinoic acid receptor (RARα), are tran-
scription factors whose activation requires the binding of
their natural ligand as well as coactivators such as the
nuclear receptor coactivators (NCOAs). NHRs also repre-
sent an important class of drug targets and disrupting the
interaction between NHR and NCOA may be used to
regulate the activity of these receptors for therapeutic
applications.[31] This interaction is mediated by a consensus
LXXLL motif contained in the helical binding domain of
NCOA and we used the tridecapeptide NCOA1-2 as a basis
to design (i,i+4) stapled peptides (Table 1, compounds 12–
14). Here, the guanidinium crosslink was placed at different
positions to replace: either charged residues on the solvent-
exposed face of the peptide (12), hydrophobic residues on
the binding face (13) or polar residues at the edge of the
binding site (14). All three stapled-peptides induce greater
helicity than the linear sequence. Notably, the highest
stabilization is obtained when the stapling positions replace
polar residues, as seen with compounds 12 and 14, which
give 41% and 55% helix induction, respectively, compared
to only 10% for the linear sequence in 15% TFE in water
(Figure 3d). We performed then a probe-displacement assay

Figure 4. (a, b) Inhibition of the interaction between p53/hDM2 and
p53/hDMX respectively, by compounds 9–11 assed by a TR-FRET assay.
Data are presented as mean � SD (duplicates) and IC50 values given �
SEM. (c) Binding affinities of compounds 12–14 to hRARα determined
by a competitive fluorescence polarization assay. (d) Proteolytic
stability of the guanidinium-stapled peptide 14 treated with trypsin,
compared to the corresponding linear peptide NCOA1-2. The remain-
ing peptide was quantified by HPLC, and the half-life (t1/2) calculated
using a non-linear one-phase decay.
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using the fluorescence polarization (FP) technique to
measure the binding affinity of the compounds for hRARα
(Figures 4c and S9). As expected, the polar guanidinium
crosslink was poorly tolerated in a hydrophobic environment
(KD of 35�2.7 μM for compound 13 compared to 1.2�
0.1 μM for the linear counterpart). On the other hand,
compound 12 with the staple on the solvent-exposed face
(KD of 41�5.7 nM) showed 25-fold higher affinity for
RARα than NCOA1-2. The best result, however, was
obtained for compound 14 with the staple on the edge of the
binding site, which showed a 70-fold increase in binding
strength, with a KD of 17�3.5 nM, suggesting that the staple
itself may contribute to the interaction. Overall, the
guanidinium macrocycles 12 and 14 gave binding affinities
that were 5 to 15 times higher than their hydrocarbon
counterparts (KD of 654 nM and 75 nM respectively, as
reported in the literature).[10b,32] This highlights the advant-
age of providing a charge to a staple placed in a polar
environment. Compound 14 was further investigated in a
proteolytic stability assay using trypsin, an enzyme that
cleaves peptide bonds C-terminal to arginine or lysine
residues. The results revealed a 5-fold increase in overall
peptide stability compared to the linear sequence with half-
lives (t1/2) of 43.5 min vs 8.5 min respectively (Figure 4d and
S11). Importantly, MS analysis confirmed the absence of
cleavage at the guanidinium staple positions.

To gain precise insight into the conformation and the
mode of binding of the guanidinium stapled peptides, we
solved four representative co-crystal structures with each of

the protein targets by X-ray diffraction. These include
complexes between 4 and S-Protein (PDB ID: 9GF9, 1.8 Å
resolution, Figure 5a), 9 and human hDM2 (PDB ID: 9GFC,
2.5 Å resolution, Figure 5b), 12 and liganded RARα (PDB
ID: 9GFE, 1.6 Å resolution, Figure 5c), 14 and liganded
RARα (PDB ID: 9GFI, 2.1 Å resolution, Figure 5d). In all
four cases, the constrained peptide consistently adopts a
regular α-helical structure, which superimposes well with
that of the corresponding linear peptide, ensuring the
preservation of key hydrophobic contacts with the protein
surface. The electron density map of the guanidinium staples
is generally well defined and revealed that the planar
guanidinium moiety adopts a cis/trans conformation in most
cases (Figure S10). Computational studies have shown that
the N,N’-disubstituted guanidinium group can adopt two
low-energy conformations: a trans/trans and a cis/trans
conformation.[17a] Here, the constraint brought by the macro-
cycle with such a ring size (21 and 24 atoms) seems to favor
the cis/trans conformation, at least in the crystal state. Only
in the cocrystal of 4 and S-protein, which contains six
symmetry independent molecules, both the cis/trans and the
trans/trans conformations could be modelled in the electron
density. Several additional and more specific features can be
observed in the different structures. In the case of the
RNase S-protein complex, the guanidinium staple proves to
be an effective constrained mimic of the native Arg10
residue, preserving both the hydrogen bonding with the
carbonyl oxygen of the protein backbone and the salt bridge
with the Glu2 residue, further stabilizing the helical con-

Figure 5. X-ray co-crystal structures of guanidinium stapled peptides in complex with proteins of interest. (a) On the left, crystal structure of 4
(wheat) in complex with the RNase S-protein. On the right, comparison of the H-bond interaction of the Arg10 residue in the native S-15 peptide
sequence (pink, PDB ID: 2RNS) with the constrained guanidinium of the stapled peptide 4 in complex with the S-protein. (b) Crystal structure of 9
(green) in complex with human hDM2 (Views from the side and along the helical axis). (c) and (d) Crystal structures of respectively 12 (salmon)
and 14 (teal) in complex with hRARα LBD-AM580 (Views from the side and along the helical axis). Both stapled peptides maintain the H-bond
interactions with the charge clamp K244 and E412. Water molecules are represented as red spheres and H-bond as yellow dashes. Peptide residues
located in protein hydrophobic pockets are colored in dark grey and the guanidinium staple in blue spheres in all structures.
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formation of the peptide (Figure 5a). In the co-crystal
structure involving the PMI-derived stapled peptide 9 and
hDM2, the staple also contributes to the binding interaction
through hydrogen bonding between the intracyclic guanidi-
nium moiety and the Gln59 amide group, as well as through
van der Waals contacts of the methylene groups of the
staple with the Met62 side chain (Figure 5b). The proximity
between the stapled guanidinium and the Phe51 aromatic
ring makes a cation-pi interaction possible as well, even if
the relative orientation of the two groups in the structure is
not optimal. For the RARα LBD complexes, the key
interactions of the LXXLL helix with the coactivator bind-
ing groove of RARα, including interactions with the charged
clamp, are preserved (Figure 5c and 5d). Notably, the
hydrogen bonds with Lys244 in helix 3 and with Glu412 in
helix 12 of RARα are formed. It is noteworthy that in the
12-RARα co-crystal structure where the guanidinium staple
is solvent exposed, two well-defined H-bonded water
molecules actually connect the peptide main chain to the
guanidinium moiety and stabilize the macrocycle (Fig-
ure 5c). In the 14-RARα complex, the guanidinium ring is
oriented towards helix 4, and potentially exhibits increased
flexibility as indicated by the less defined electronic density
of the methylene groups (Figure 5d and S10). However, the
guanidinium moiety is strategically positioned in close
proximity to the side chain of Ile254, contributing to
additional stabilization of the complex. Thus, an entropy
gain and additional interactions may explain the significantly
increased affinity of the stapled peptide 14 for RARα (vs
NCOA1-2).

Conclusions

In conclusion, we have successfully developed a robust
synthesis approach for the rapid generation of diverse arrays
of guanidinium-stapled peptides on resin. This method relies
on amino acids with orthogonally protected amino-function-
alized side chains in the sequence, and benefits from their
availability and diversity from commercial sources. Notably,
it enables facile tuning of the staple properties (size, shape,
and position of the guanidinium moiety in the ring) and of
the secondary structure of the peptide. In several cases, the
stapling strategy reported here led to peptides with tight –
and in some cases significantly improved – binding to their
respective protein target, confirming the potential of this
approach. Structural studies of co-crystals with the proteins
revealed that the stapled peptides studied consistently adopt
a helical conformation upon protein binding with the
disubstituted guanidinium displaying a defined and distinc-
tive cis/trans geometry. Furthermore, our findings suggest
that guanidinium staples can effectively mimic and constrain
key arginine side chains engaged in specific interactions with
the surface of a protein of interest. While our findings are
promising, further studies are needed to globally assess the
impact of guanidinium stapling on peptide resistance to
degradation and cell permeability. Additionally, the versa-
tility of our synthetic route suggests that it could be
extended to prepare more intricate and diverse constrained

peptides, such as sequences containing multiple guanidinium
staples in a row or staples containing several intracyclic
guanidinium moieties. Our ongoing efforts in these direc-
tions will be reported in due course.
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The data that support the findings of this study are available
in the supplementary material of this article.
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