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ABSTRACT: The immunomodulatory effects of Suppressor of
Cytokine Signaling (SOCS) proteins, that control the JAK/STAT
pathway, indicate them as attractive candidates for immunotherapies.
Recombinant SOCS3 protein suppresses the effects of inflammation,
and its deletion in neurons or in immune cells increases pathological R3S rp_
blood vessels growth. Recently, on the basis of the structure of the & <L/ e
ternary complex among SOCS3, JAK2, and gp130, we focused on ) B ) )
SOCS3 interfacing regions and designed several interfering peptides T L T
(IPs) that were able to mimic SOCS3 biological role in triple ' ' SR 0 ‘
negative breast cancer (TNBC) models. Herein, to explore other ! restKIR _ [ CoNG |
protein regions involved in JAK2 recognition, several new chimeric KIRCONG chim

. . q g q q new SOCS3 mimetic
peptides connecting noncontiguous SOCS3 regions and including a
strongly aromatic fragment were investigated. Their ability to recognize the catalytic domain of JAK2 was evaluated through MST
(microscale thermophoresis), and the most promising compound, named KIRCONG chim, exhibited a low micromolar value for
dissociation constant. The conformational features of chimeric peptides were analyzed through circular dichroism and NMR
spectroscopies, and their anti-inflammatory effects were assessed in cell cultures. Overall data suggest the importance of aromatic
contribution in the recognition of JAK2 and that SOCS3 peptidomimetics could be endowed with a therapeutic potential in diseases
with activated inflammatory cytokines.
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Anti-inflammatory and anti-oxidant
effects

he ability of Suppressor of Cytokine Signaling (SOCS) expression.” This protein is a physiological regulator in

proteins to modulate Janus Kinases-Signal Transducer immune homeostasis, and its dysregulation can cause allergies,
and Activator of Transcription (JAK/STAT) pathway effects autoimmune diseases, inflammation, and cancer.*’ SOCS3
suggests them as attractive templates for immunotherapeutics suppression or epigenetic downregulation has been found in
design."”” Traditionally SOCS are considered as negative many types of solid tumors, and its functional deficiency is
feedback inhibitors of this pathway, but recent investigations implicated in tumor development and metastases.'”"'" Indeed,
pointed out a different regulation of their expression in SOCS3 overexpression in NSCLC (Nonsmall cell lung cancer)
dependence of transcriptional, translational, and post-transla- cell lines inhibited tumor cell functi(gl, indicating that loss of
tional conditions.” The SOCS family consists of eight proteins SOCS3 is critical for tumorigenesis. © SOCS3 acquired from
sharing similar organization of domains constituted by an N- alveolar macrophage-derived extracellular vesicles restrains
term region of variable length and sequence, a central SH2 epithelial turporigenesis,‘whi-le its deficiency aF the mucosal
domain, and a SOCS box in the C-term.* Particularly, SOCS1 surface contributes to epithelial cell transformation and allows

. 13
and 3 are the unique members presenting a kinase inhibitory growth and survival of mature tumor cells. ~ Furthermore,

region (KIR) and a small region called ESS (Extended SH2 SOC§3 regullates inﬂammatow cytokines in PTEN and 5512
inactivated triple negative breast cancer (TNBC) models.” ™

Subdomain) in the N-t ion of the SH2.” Th tei
ubdomain) in the N-term region of the ese protems A major role for SOCS3 has been outlined in spinal cord

regulate STAT signaling through different mechanisms: (a) the
direct inhibition of Janus kinases, (b) the competition with

STAT-SH2 domains for specific phosphotyrosine residues of Special Issue: In Memory of Maurizio Botta: His (ppednd IS
intracellular portion of the receptor, and (c) an initial SH2- Vision of Medicinal Chemistry

recruitment to the receptor cytoplasmic domain, followed by Received: December 30, 2019

the inhibition of JAK activity, as shown by SOCS3.” Diverse Accepted: March 19, 2020

stimuli, including cytokines, growth factors, and bacterial and Published: March 19, 2020

viral pathogen-associated molecular patterns, induce SOCS3’s
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Table 1. Sequences and Names of Sequences Investigated in This Study”

Name Sequence pI Mw
KIRESS AcNH-*LKTFSSKSEYQLVVNAVRKLQESG*-CONH, 10.52 2753
ESSCONG AcNH-*VVNAVRKLQESGFYWSAVT*-CONH. 10.37 2198
restKIRESSCONG AcNH-*FSSKSEYQLVVNAVRKLQESGFYWSAVT*-CONH, 9.86 3265
KIRCONG chim AcNH-KBAIa*FSSKSEYQL*BAlaBAla*“FYWSAVT**-CONH, 9.86 2325
NC AcNH-AAARAAARAAARAAARAAARAAAA-CONH, 14 2148

“Residues belonging to different SOCS3 regions are colored in blue (restKIR), green(ESS), and orange (CONG) according to the color code of

Figure 2d (see below).

plasticity and mechanical allodynia associated with peripheral
nerve injury'® and in the regulation of chondrocyte responses
during inflammatory arthritis.'”” In human atherosclerotic
lesions, both vascular smooth muscle cells (VSMCs) and
macrophages express SOCS3, indicating its key regulatory
function in vascular cell responses.'®*° Importantly, SOCS3
regulates muscle homeostasis; indeed, muscle-specific deletion
of SOCS3 increases the early inflammatory response” and in
muscles from SOCS3-knockout mice the SOCS3 mRNA
response to lipopolysaccharide stimulation was significantly
blunted, while STAT3 p-Tyr705 was exacerbated, clearly
indicating that SOCS3 deficiency is tissue specific.””** SOCS3
protein acts as a feedback inhibitor of the JAK/STAT3
pathway”*~*° indeed both SOCS3 and STAT3 restrain
inflammation and induce the first level of protective immune
response in different mouse models.” In some cases, SOCS3
regulates the inflammatory responses positively through
inhibiting STAT3. Numerous studies evidence abnormal
expression levels of SOCS3/STAT3 in different myeloid and
lymphoid cells as well as in various nonhematopoietic cells,
due to its involvement in various infection and inflammatory
diseases.””*® Given the importance to maintain SOCS3
expression in opposing STAT-dependent responses, different
approaches to modulate the STAT-SOCS3 axis are employed:
(i) inhibitors of STAT activation (e.g, ruxolitinib); (ii)
exogenous expression of SOCS3 via viral vectors'>'%7202¢27
or recombinant methods;”® and (iii) very recently, the
administration of SOCS3 peptides.””"> On the basis of similar
studies carried out for SOCS1 protein®*~>” and following a
protein dissection structure-based approach® we identified, for
the first time to the best of our knowledge, a linear peptide
spanning 22—45 residues of the protein, called KIRESS,
endowed with a good helical content and able to bind to the
JAK2 catalytic domain. This peptide mimicking the action of
SOCS3 efficiently suppresses the IL(Interleukin)-22 molecular
signalin% in keratinocytes® and that of IL-6 in TNBC
models.” Herein, to unveil a cooperative mechanism of action
in the recognition of JAK2 among different protein fragments,
we designed and investigated several chimeric peptides
connecting noncontiguous SOCS3 regions and including a
strongly aromatic fragment. Their abilities to recognize the
catalytic domain of JAK2 were evaluated through MST
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(microscale thermophoresis), and the most promising
compound, named KIRCONG chim, was conformationally
investigated through CD (circular dichroism) and NMR
(nuclear magnetic resonance) spectroscopies. The function-
ality and anti-inflammatory effects of designed sequences were
evaluated in cells.

B RESULTS AND DISCUSSION

The crystal structure of the ternary complex among murine
SOCS3/JAK2 kinase domain/gp130 phosphotyrosine-peptide
was employed to design mimetics of SOCS3.** From its
inspection, SOCS3 appeared to interact with JAK2 and gp130
simultaneously through adjacent interfaces: KIR and ESS
domains appeared mainly involved in the recognition of
“GQM” and helix G motifs of JAK2 essentially through
hydrophobic interactions. These considerations were fully
confirmed by our previous investigations: peptides covering
KIR (22—33) and ESS (34—4S) domains separately and in
conjunction, in the peptide KIRESS (22—4S) (Table 1)
demonstrated both in vitro and in vivo, to act as inhibitors of
JAK2.”"® In that study, SPR binding assays provided Kp
values in the low micromolar range for the complex KIRESS/
biotin-JAK2. A deeper insight into the structure of SOCS3/
JAK2/gp130 indicates that other contacts involving some
residues in a “hinge” region between ESS and helix A (HA) of
the SOCS3-SH2 domain are crucial for the formation of the
complex. In particular, residues Tyr,"” Ser,” and Ala® of
SOCS3 appeared to be located closer to Asp'®®*, Lys'*®, Met
1073 (3.8 A from Tyr""), His'"”” (4.1 A from Ser™), and GIn'*"°
(<3.7 A from Ala>® and <3.4 A from Thr’” which is the first
residue of HA of SOCS3) of JAK2 (Figure 2A). Interestingly,
the region spanning 46—52 residues, hereafter named CONG,
contains three adjacent aromatic amino acids *EYW* out of
seven residues. To unveil a potential contribution of this region
on the ability of SOCS3 to recognize JAK2 we designed several
new chimeric peptides: (a) ESSCONG (34—52) connecting
contiguous ESS (34—45) and CONG (46—52) fragments, (b)
restKIRESSCONG (spanning 25—52 residues) constituted by
ESS (34—45), CONG (46—52) and a shorter version of KIR
sequence (named restricted KIR, deleted of three residues at
the N-termini) and (c) KIRCONG chim a chimeric peptide

https://dx.doi.org/10.1021/acsmedchemlett.9b00664
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Figure 1. Upper panel: binding isotherms for MST signals versus peptide concentrations. SOCS3 derived peptides were used with a serial dilution
(1:1) by preparing 14—16 samples on average of the following stock solutions: ESSCONG 404 uM, KIRCONG chim 409 M, restKIRESSCONG
408 uM in labeling buffer at pH 7.5. Lower panel: overlay of CD spectra in TFE/H20 0—75% v/v. Spectra were acquired in 10 mM phosphate
buffer at pH 7.4, at 25 °C, in mixtures with TFE (2,2,2-trifluoroethanol) and peptides concentration was S0 uM.

including two noncontiguous fragments restKIR (25—33) and
CONG (46—52) connected by f-alanines as spacers (Table 1).

To evaluate the ability of newly derived SOCS3 peptides to
recognize the JAK2 catalytic domain, in vitro MST experiments
were carried out (Figure 1, upper panels). Microscale
thermophoresis is based on the detection of a temperature-
induced change in the fluorescence of a target as a function of
the concentration of a nonfluorescent ligand, allowing the
biophysical analysis of interactions between biomolecules.” Its
major advantages with respect to other in vitro binding assays
are very low sample requirement and a substantially low
maintenance for instrumentation. Signals exhibit a dose—
response curve for all three peptides (thermophoretic traces
are reported in Figure S1), but for ESSCONG signal variation
was too small to be meaningful and for restKIRESSCONG, the
signal did not reach saturation. The fitting of experimental data
for KIRCONG chim provided a Ky value of 11 + 3 uM
(Figure 1, upper panels) that is comparable with the previously
reported value for KIRESS."

The conformational preferences of SOCS3 designed
peptides were investigated through CD and NMR spectros-
copies. CD spectra were recorded in the far UV region in 10
mM phosphate buffer, pH 7 and in the presence of TFE (2,2,2-
trifluoroethanol), as structuring agent.sé’37 In Figure 1, lower
panels, the overlay of CD spectra, at different TFE percentages
for each peptide, are reported. For all sequences, spectra in
buffer present one minimum around 200 nm indicating a
prevalent random content even if the presence of a shoulder at
~215 nm suggests a small contribution of helical conforma-
tions and, in the case of KIRCONG chim, a positive slight
band at ~235 nm suggests a direct involvement of aromatic
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residues in the conformational features of the sequence.”® To
evaluate the effects of TFE addition on the conformational
features of designed sequences, we followed the variation of
O, value at increasing concentration of the cosolvent, as
reported as insets of Figure 1, lower panels. For ESSCONG
and restKIRESSCONG we evaluated the ratio between
ellipticity at 222 and 209 nm; and for KIRCONG chim, at
216 and 207 nm. The presence of TFE for all three sequences
allows us to reach more ordered helical conformations, as
expected. In detail, for restKIRESSCONG and KIRCONG
chim the lowest TFE concentration, 5%, tends to partially
induce coiled coil conformations, since the maximum value of
0,4, is observed (~1 for KIRCONG chim and 0.95 for
restKIRESSCONG  (Figure 1, lower panels). However, the
addition of higher amounts of TFE stabilizes single helices,
indeed ©,,, values decrease until 20% and then remain
constant. For ESSCONG the ©,, profile increases monotoni-
cally until 20%, when, similarly to other sequences, it reaches a
constant value of ~0.8 (Figure 1, lower panels).

To get further structural insights on the most potent ligand,
KIRCONG chim, NMR studies were carried out in H,O and
H,O/TEE mixtures (15% and 40% v/v).*

Initial studies performed in H,O revealed a flexible
conformation lacking regular secondary structure elements.
Comparison of 2D ['H, 'H] TOCSY" and 2D ['H, 'H]
ROESY"' spectra (Figure S2) allowed us to get almost
complete proton resonance assignments*” (Table S1). The
ROE pattern (Figure S3, blue panel) was dominated by strong
Ha;-Hy;,; peaks in between sequential residues (i and i+1)
which are canonical of extended and random coil species.*” A
complete structure calculation further reinforced the coex-

https://dx.doi.org/10.1021/acsmedchemlett.9b00664
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Figure 2. Structural features of KIRCONG fragment in complex with JAK2. (a) SOCS3/JAK2 (PDB: 4GL9 41, chains A and E) where the
fragment restKIRESSCONG and residues described in the text are highlighted; (b, c) NMR structure of the KIRCONG chim peptide calculated in
H,O/TFE (60/40, v/v). (b) The first conformer of the NMR ensemble and (c) the best 20 conformers superimposed on the N, C, O, CA
backbone atoms of residues 3—20 and CB atoms of residues 12—13 (RMSD = 0.59 A). The NMR structure was generated from 204 upper distance
limits (59 intraresidue, 85 short-range, and 60 medium-range) and 86 angular constraints (KIRCONG chim residues are numbered as reported in
Figure S3). (d) Putative pose of KIRCONG chim peptide docked to JAK2: KIRCONG chim interacting residues are highlighted with their van der
Waals sphere, while those on JAK2 are reported in pink. Thr1026 and Leul027 forming a hydrogen bond with Lysl are also highlighted (dark
green). Color code: JAK2 (white), SOCS3 (gray), restKIR (blue), ESS (green), CONG (orange).

istence of multiple conformations (Figures S4, SS and Table
S2); even if in the C-terminal peptide region, encompassing
residues Tyr'S-Ala,'® a tendency to form a bend is observed
(Figure S4).

A similar investigation at 15% TFE demonstrated a slight
decrease of the conformational freedom of the peptide. Proton
resonance assignments were obtained from combined analysis
of TOCSY* and NOESY* spectra (Figure S6 and Table S3).
A complete 3D structure calculation indicated that conformers
remain prevalently disordered (Table S4 and Figure S7):
indeed the NOESY spectrum still contains mostly strong
sequential contacts characteristic of a random coil status
(Figure S3, red panel),42 although a few NOE correlations of
the type HN;-HN,,, point out a certain helical conformation
even if distorted (Figure S3, red panel).*

Coherently, the inspection of calculated conformers (Table
S4) with the software MOLMOL™ reveals the presence of a
3.10 helix at the C-terminus between residues Tyr'S-Ser'” in 4
over 20 structures (Figures SS and S7).
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By increasing TFE from 15% to 40%, NMR spectra (Figure
S8), in agreement with CD studies, indicate an increase of
order. The NOE pattern (Figure S3, green panel) shows many
inter-residue correlations indicative of @ and 3.10 helices
including Ha;-HN,,,, Ha-Hyy,s, Hai-Hp,,;, and Ha-Hy, ™
(Figure S3, green panel). The analysis with MOLMOL"* of the
structure (Table S6), identified, in most conformers, a a-helix
encompassing two f-Ala residues 12 and 13, within the
segment Gln'®-Ser'” and extending in a few members of the
NMR structure bundle from Gln®/Tyr’ until Val'” while, the
N-terminal segment still lacks canonical secondary structure
elements (Figures 2b, c and S3). Nevertheless, the presence of
two f-alanines likely perturbs a regular a-helical organization
since not all the backbone CO;-NH,,, H-bonds are observed in
NMR conformers as required in a stable a-helical organization
(Table S7). Noticeably the CO and NH backbone atoms of -
Ala at position 13 are involved in a-helical H-bonds different
from those of -Ala in position 12 (Table S7).

https://dx.doi.org/10.1021/acsmedchemlett.9b00664
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Figure 3. Effects of SOCS3 derived peptides on the JAK/STAT pathway. Serum stability (A) and confocal images of cellular internalization (B) of
peptides at different times, in VSMCs. (C) Quantification of peptides internalization on the basis of TAMRA (tetramethylrhodamine) fluorescence
intensity. (D—G) Representative confocal images (n = 3 independent experiments) of cells under basal conditions (D), stimulated with IFNy+IL-6
(E), stimulated with IFNy+IL-6 in the presence of TAMRA-KIRESS (5 uM) (F), and stimulated with IFNy+IL-6 in the presence of TAMRA-
KIRCONG chim (S M) (G). (red, SOCS3 derived peptides; green, P-STAT3; blue, DAPI stained nuclei). (H) P-STAT3 fluorescence intensity
percentages expressed as Mean & SEM (###P < 0.001 vs basal; **P < 0.01 vs cytokines).

NMR results (Figure 2c) were used to model the peptide/
JAK2 complex. Each NMR conformation of KIRCONG chim
was docked to the SOCS3 binding site on JAK2 PDB: 4GL9,"
chain A, (Figure S9a). One pose was selected for each NMR
conformation, and among the 20 identified poses, seven
presented the root mean squared deviation (RMSD) of heavy
atoms of KIRCONG chim peptide with respect to the same
atoms of SOCS3 below 1.30 nm (Figure S9b,c). In particular,
the closest pose (Figure S9d) had RMSD 0.88 nm for restKIR,
0.69 nm for CONG, and 0.80 nm for both fragments. In this
pose some peptide contacts are maintained with respect to
SOCS3 protein (Figure S10ab and 2d): Phe, Lys,*® and
Thr’" (Phe®, Lys®, and Thr’ in the peptide numeration). Novel
interactions are also formed: the residue Lys' forms H-bonds
with both Thr'®” and Leu'*?® and the $-Ala" interacts with
JAK2 through van der Waals contacts. In comparison with the
structure, JAK2 in complex with KIRCONG chim maintains
contacts with both the restKIR fragment through Leu'®*® and
Thr'®”” and with the CONG fragment through GIn'%7°,
Phe'%”%, and Glu!'®®, while new contacts involve GIn'®”%, Met
1973 and Lys 198,

To get insights on potential cellular effects of SOCS3
derived peptides, on the basis of the primary role exerted by
both SOCS1 and SOCS3 proteins in the formation of
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atherosclerotic plaque,’””” we checked the activity of

KIRCONG chim peptide in VSMC and macrophages, two
major cellular constituents of atheroma plaques with an active
role in atherogenesis. In these cellular assays with murine
primary VSMC and macrophage-like cell line (RAW264.7), we
also employed KIRESS peptide that, although demonstrated to
mimic SOCS3’s cellular effects, was never tested in these cells.
As negative control (NC) a peptide with the same length of
KIRESS, bearing only alanines to avoid side chain interactions
and five arginines to help aqueous solubility, was employed
(Table 1).

To check the stability of designed sequences during cellular
experiments, the decrease of chromatographic peaks of pure
SOCS3 derived peptides was followed during time. In Figure
3A, the area percentages of peptides versus time of analysis is
reported. After 2 h of incubation in FBS (fetal bovine serum),
restKIRESSCONG peptide appeared completely degraded
while KIRESS and importantly KIRCONG chim peptides
present a residual concentration of 40% and 70%, respectively.
The greater stability shown by KIRCONG chim is likely due to
the presence of three f-alanines as “non native” amino acid.
On this basis, we analyzed only KIRESS and KIRCONG chim,
excluding restKIRESSCONG that appeared too -easily
degraded in cellular media and ESSCONG that did not
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Figure 4. Real-time PCR analysis of STAT-dependent genes in macrophages. RAW264.7 cells were stimulated with IFNy+IL-6 for 1 h in the
absence or presence of 12.5 uM of SOCS3 peptidomimetics and NC peptide. The mRNA expression levels of Cxcl10 (A), CclS (B), and Nox2 (C)
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provide a significant binding in MST experiments (Figure 1,
upper panel).

To perform cellular experiments, KIRESS, KIRCONG chim
and NC were conjugated with the fragment 48—60 of the HIV
Tat protein that allows cell penetration. Confocal microscopy
images of mouse VSMCs treated with fluorescent-SOCS3
peptides*® are reported in Figure 3B—C: they indicated an
efficient and similar uptake of KIRESS and KIRCONG chim
peptides after 2 h, exhibiting a prevalent cytoplasmic
distribution. Subsequently, immunofluorescence experiments
in VSMCs revealed that both KIRESS and KIRCONG chim
inhibited cytokine-induced STAT3 activation, as evidenced by
a 65% reduction of STAT3 phosphorylation (P-STAT3) and
nuclear translocation (Figure 3D—H). The effects of SOCS3
peptides were also investigated in RAW264.7 macrophages.
Pretreatment of cells with KIRESS and KIRCONG chim
peptides significantly reduced the mRNA expression of STAT-
regulated pro-inflammatory genes such as Cxc/10 and CclS
chemokines*’ (Figure 4A—B). Moreover, as reported in Figure
4C, both peptides inhibited the gene expression of NADPH
oxidase 2 (Nox2), a superoxide-generating enzyme that can be
modulated by SOCS3 expression.*® As expected, NC peptide
was inactive in cellular assays. Overall data indicated anti-
inflammatory and antioxidant effects of SOCS3 peptides and
support further investigations of their potential in inflamma-
tory diseases, including atherosclerosis.

B CONCLUSION

To investigate the molecular mechanisms of protein—protein
interactions involved in the JAK/STAT pathway and to
identify new interfering compounds of this signaling, we have
already carried out several studies by assuming SOCS proteins
as structural and functional templates.”'>*°~*>*" SOCSs are
natural inhibitors of JAK/STAT, and the effects of their
overexpression or exogenous administration suggested them as
crucial pharmaceutical targets in several inflammation-related
diseases such as rheumatoid arthritis,”® severe acute
pancreatitis (SAP),”" and metabolic dysfunction induced by
obesity.”” In particular, mimetics of SOCS1 and SOCS3
proteins have been demonstrated to be endowed with potential
therapeutical applications.”>>*'*>>™>® On the basis of our
recent study focused on the design of SOCS3 mimetics and
their potential application in TNBC disease, here we presented
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structural and functional investigations of another series of
peptidomimetics of SOCS3 that include protein fragments
neglected in the previous design. In detail, we engineered
sequences spanning several SOCS3 fragments, contiguous and
not, including the so-called CONG motif that in the protein
architecture acts as a hinge between the KIR region and SH2
domain and appears to have hot spots of interaction with the
JAK2 catalytic domain. All designed sequences were analyzed
for their recognition ability to bind to JAK2 through MST
assay. Indeed, here we preferred to employ a completely in
solution binding assay since previous SPR experiments had
highlighted unspecific signals on the chip, likely due to a
limited water solubility of sequences containing the KIR motif.
A chimeric peptide including noncontiguous protein fragments
named KIRCONG chim was able to recognize JAK2 exhibiting
a low micromolar dissociation constant value. This sequence
demonstrated a good propensity to assume prevalent a-helical
conformations, as outlined by NMR investigations and docking
experiments. This observation further indicated that it is able
to maintain several interactions with JAK2 with respect to
SOCS3/JAK2 crystal structure and to create new points of
connections.

To deepen the functional aspects of KIRCONG chim to
mimic SOCS3, its anti-inflammatory properties were inves-
tigated in VSMC and RAW264.7 macrophages. The presence
of KIRCONG chim as well as of KIRESS reduced the
phosphorylation and nuclear translocation of STAT3, and in
parallel, several dependent genes were repressed.

Reported data suggest the importance of helical content and
aromatic contribution in the recognition of SOCS3 toward
JAK2. In this interaction the KIR domain exerts the major role,
but in the current study the importance of neighboring regions
close to KIR has been outlined. These regions aid recognition
in a helical context and both KIRESS and KIRCONG chim
peptides exhibited low micromolar values of K and similar
anti-inflammatory properties inhibiting different cytokines (IL-
6, IL-22, and INFy) pathways. The limited water solubility and
high molecular weights of KIRCONG chim, as well as of
KIRESS sequences, make these compounds unsuitable to be
used as they are as drugs. Their study however can pave the
way for the design of new molecules, preferably macrocycles,”
through their structural and chemical modifications. Indeed,
future structure—activity relationship (SAR) investigations will
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be done by reducing the conformational flexibility of these
linear peptides through introduction of constraints at various
positions and simultaneously, by enhancement in their water
solubility. In this direction, different strategies can be followed
combining iterative in silico and experimental optimization
cycles through the appropriate introduction of small ionizable
functional groups.
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