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Herein we investigated the structural and cellular effects ensuing from the cycliza
hibitor of JAK2 as mimetic of SOCS1 protein, named PS5. The introduction of un-na
lactam internal bridge, within SOCS1-KIR motif, produced candidates that showed
JAK2 catalytic domain. By combining CD, NMR and computational studies, we obtai
of the interactions of two peptidomimetics of SOCS1 to deepen their functional beha
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assayed for their biological cell responses mimicking SOCS1 activity, the internal cyclic PS5 analogues
demonstrated able to inhibit JAK-mediated tyrosine phosphorylation of STAT1 and to reduce cytokine-
g (SOC
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lthough the biological roles of [11] and represses its phosphorylation unassisted by receptors [12].
Mimetic peptides
Cytokine signaling
JAK/STAT
SOCS1
Oxidative stress
Inflammation

1. Introduction

Suppressors of Cytokine Signalin
sists of eight proteins, namely, cytok
protein (CIS) and SOCS 1e7 [1e3]. A
od, CIS
induced proinflammatory gene expression, oxidative stress generation and cell migration. The present
study well inserts in the field of low-molecular-weight proteomimetics with improved longtime cellular
effects and adds a new piece to the puzzled way for the conversion of bioactive peptides into drugs.

S) proteins’ family con-
ducible SH2-containing

part, but they have different mechanisms of action. For instance,
SOCS3, besides interacting with JAK2, simultaneously interacts
with the cytokine receptor [10] without affecting JAK2 phosphor-
ylation. Conversely, SOCS1 binds JAK2 alsowhen unphosphorylated
and SOCS 1e3 are well SOCS1 regulates cellular pathways modulated by different cyto-
SOCS 4e7 are still not well understo
characterized as cytokine-inducible n
egative feedback regulators of
JAK/STAT signaling [4]. Besides this regulatory function, SOCSs have

kines as type I and II interferon (IFN) [13,14], interleukin (IL)-2 [15],
IL-12/23 [16], and IL-6 [17]. Indeed, its overexpression reduces the
other roles in immunologic cascades [5] as recently demonstrated
in bone resorption processes [6]. Noticeably SOCS proteins exert a
major role in innate immune responses caused by viral infections
and in assisting viruses to escape immunity [7,8].

All SOCS members present a modular organization: i) a variable
N-terminal region, ii) a central Src Homology 2 (SH2) domain, and
iii) a conserved C-terminal domain (SOCS box) [9]. Only SOCS1 and
3 bear the kinase inhibitory region (KIR) motif in the N-terminal

* Corresponding author.
E-mail address: daniela.marasco@unina.it (D. Marasco).
1

expression of pro-inflammatory genes such as the Intercellular Cell
Adhesion Molecule-1 (ICAM-1), the C-X-C motif chemokine ligands
(CXCL) 10 and 9, and the C-Cmotif chemokine ligands 2 and 5 (CCL2,
CCL5) [18], and enhances the deleterious effects of IFNs in experi-
mental autoimmune encephalitis, a model of Multiple Sclerosis
[19]. Deficiency in SOCS1 (SOCS1�/�) implies fatal inflammatory
diseases dependent on type II IFN [20,21], whereas SOCS1 hap-
loinsufficiency causes a dominantly inherited predisposition to
early onset autoimmune diseases related to cytokine hypersensi-
tivity of immune cells [22].

SOCS1 acts as a direct inhibitor of JAK1, JAK2, TYK2, but not of
JAK3. Structural studies confirmed that SOCS1 blocks the substrate
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binding groove on JAKs, acting as a pseudosubstrate. In the crystal
structure of the complex SOCS1 binds to JAK1 using both SH2 and
KIR domains and displays minor structural changes upon JAK1
binding, the main difference appears that KIR becomes ordered in
the JAK-bound state [11]. The recognition between SOCS1 and JAK1

the cycle [38] and to enhance proteolytic stability of peptide [33],
we also investigated the same compound bearing the non-natural
L-1-naphthylalanine in place of Phe58; this compound is herein
reported as internal cyclic PS5 Nal1. The chemical structures of
these two new PS5 analogues are reported in Fig. 1CeD.
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is mediated by a continuous six residues segment of KIR (His54 to
Arg59) where each amino acid is involved both in polar and/or
hydrophobic interaction: His54 is located between two planar side
chains (His885 and Pro1044) from JAK1, while Phe55 is the Pþ1 res-
idue of the pseudosubstrate of the kinase and both His54 and Phe55,
together with Phe58 form most of hydrophobic interactions that
wedge KIR between the activation loop and the aG helix of JAK1
[11].

The peptide covering the fragment 52e67 of SOCS1 KIR
demonstrated able to inhibit STAT activation by Th1 and Th17 cy-
tokines in leukocytes, to suppress the activation and migration of
vascular cells and macrophages in vitro [23], to reduce the
expression of pro-inflammatory cytokines in atherosclerotic pla-
ques [24], to improve diabetic kidney disease in mouse models of
type 1 and type 2 diabetes by reducing renal inflammation,
oxidative stress and fibrosis [25e27], to suppress chronic intraoc-
ular inflammatory disease (uveitis) [27e29] and, very recently, to
have protective effects in experimental abdominal aortic aneurysm
[30].

Previous studies aimed at identifying new mimetics of SOCS1
KIR allowed us to identify a lead-compound, named PS5, able to
bind JAK2 more efficiently than KIR and to prevent cytokine-
induced activation of STAT and downstream inflammatory and
immune responses [31e33]. Very recently we have assessed the
antioxidant and atheroprotective properties of PS5 in a mouse
model of atherosclerosis, thus highlighting howmimetics of SOCS1
can be considered hopeful therapeutics [34].

Herein, we designed and tested new PS5 analogues containing a
lactam bridge between side chains (hence the name of internal
cycles PS5) as novel peptidomimetics of SOCS1. We investigated
their conformational properties through Circular Dichroism (CD)
and Nuclear Magnetic Resonance (NMR) and their affinities to JAK2
through microscale thermophoresis (MST). The anti-inflammatory
and antioxidant effects were assessed in vascular smooth muscle
cells (VSMCs) andmacrophages, two cell cultures critically involved
in cardiovascular diseases.

2. Results and discussion

2.1. Design of internal cyclic PS5 analogues

A few years ago, on the basis of studies carried out on KIR
peptide (SOCS1 52e67 fragment) (Table S1, Fig. 1A and Scheme S1)
we identified the linear PS5 sequence [32]. It was obtained by i)
restricting KIR to 52e61 fragment (named New KIR, Scheme S1)
upon Ala-scan of the entire 52e67 sequence, and ii) through the
screening of “combinatorial focused libraries” in Positional Scan-
ning format [35e37], carrying the mutations His54/Cys(Acm),
Phe55/Arg and Arg56/Gln (Table S1, Fig. 1B, and Scheme S1). No
structural details were obtained for linear PS5 peptide due to its
intrinsic flexibility. To overcome this problem, we firstly designed
cyclic compounds by introducing a disulfide bridge at the ex-
tremities, but they did not provide promising results and were no
further investigated [33]. Herein we conceived a novel 10 amino
acids cycle obtained through a lactam bridge between side chains
of aspartic acid, naturally found at position 52, and a lysine inserted
at position 60 in place of Ser, that, in turn, revealed not so crucial for
the affinity, in the Ala-scan analysis of the entire KIR peptide
(Scheme S1) [32]. The novel cyclic compound was named internal
cyclic PS5. Furthermore, with the aim to limit both the flexibility of
2.2. Binding affinities and conformational properties of internal
cyclic PS5 analogues

PS5 internal cyclic analogues were assayed for their ability to
bind to JAK2 catalytic domain through MST experiments
(Fig. 2AeB). For both cyclic peptides, a dose-response curve was
observed and the signal reach saturation (thermophoretic traces
and capillary shapes are reported in Fig. S1). The fitting of experi-
mental data provided similar KD values of 44 ± 6 mM for internal
cyclic PS5 (Figs. 2A) and 35 ± 1 mM for internal cyclic PS5 Nal1
(Fig. 2B).

To evaluate the conformational properties of designed pepti-
domimetics, CD and NMR spectroscopic studies were carried out
(Fig. 2CeD). Both analogues do not show canonical profiles with a
prevalent random contribution due to fact that absolute minima
are located at l � 200 nm. Moreover, in both cases “aromatic”
bands are present: a negative shoulder for PS5 internal cycle
(Fig. 2C) and a more pronounced positive band for internal cyclic
PS5 Nal1 (Fig. 2D), centered at 230 nm. For both compounds, the
evidence of aromatic contribution to the Cotton effect is likely due
to the presence of a cyclic structure, indeed these bands are absent
in the linear versions of these peptidomimetics [33]. In detail, in-
ternal cyclic PS5 Nal1 also presents a shoulder at 222 nm indicative
of a major helical content for Nal1 containing sequence. On the
other hand, the positive band at 232 nm for this compound is due to
an exciton effect [39] since it is lost upon temperature increase in
the range of 20e95 �C (Figure S2 A). By comparing CD spectra at
different temperatures, and after cooling back the sample to 20 �C,
this spectral change appeared reversible (Figure S2 B).

The conformational properties of internal cyclic PS5 and PS5
Nal1 compounds were investigated by means of NMR in H2O/D2O.
To this aim, different 2D [1H, 1H] NMR spectra were registered, and
the analysis of TOCSY [40] and ROESY [41] experiments allowed to
obtain complete peptide proton resonance assignments
(Tables S2eS3 and Fig. S3). Inspection of NOESY [42] and ROESY
spectra indicated that both peptides do not assume a rigid struc-
ture. In fact, analysis of ROEs patterns (Fig. S4) in which sequential
HN-HNiþ1 and Ha-HNiþ1 contacts prevail, pointed out the absence
of canonical secondary structure elements [43]. Complete 3D so-
lution structure calculations were conducted with the software
CYANA [44] and confirmed an intrinsic flexibility of both cycles.

NMR structures were next subjected to an unrestrained energy
minimization procedure (Fig. S5) after which only 9/20 conformers
of internal cyclic PS5 and Nal1 assumed distorted 310 helical turns.

A cluster analysis of minimized structures was carried out with
the software Chimera [45,46] (Fig. 3 and Table S4). Clusterization
stressed also out a certain conformational variability: indeed it
provided, for internal cyclic PS5, 12 clusters of conformational
related subfamilies (Fig. 3 A, B, C), the two most populated ones
containing 4 models (Fig. 3 B-C, and Table S3), while internal cyclic
PS5 Nal1 conformers can be grouped into 9 clusters, 5 of them
represented by only 1 model (Table S3), and the two most popu-
lated ones containing each 6 and 5 conformers, respectively
(Fig. 3DeF).

2.3. Computational analysis of JAK2/internal cyclic PS5 complexes

To complete structural investigation on internal cyclic PS5 an-
alogues docking studies were carried out. To this purpose, a JAK2/



SOCS1model was built by homologymodelling to delineate the KIR
binding site on JAK2. The crystal structure of the complex JAK1/
SOCS1 (PDB: 6C7Y [47]) was employed as template since JAK1
covers the 94% of the JAK2 sequence with 56% identity and the
crystal structure of JAK2 was also available (PDB: 3FUP [48]). JAK2

explores lowest scoring poses among those obtained by docking
reaching�16.6 AutoDock Vina score for internal cyclic PS5 at 57.7ns
and �14.4 for internal cyclic PS5 Nal1 at 95.5ns (Fig. 4AeB). These
are metastable states and both systems relax towards binding
scores (�11.4 ± 1.7 and �10.6 ± 1.3 kcal/mol) once again compa-

Fig. 1. Chemical structures of A) KIR, B) PS5, C) Internal cyclic PS5, D) Internal cyclic PS5 Nal1. In red residues removed from KIR sequence to generate PS5; in blue the two non-
native residues (Cys(Acm) and Gln) deriving from combinatorial screening of PS-focused peptide libraries; in green the substitution Nal1/Phe58; in purple the substitution of Ser60/
Lys; in orange the lactam bridge between the side chains of aspartic acid and lysine.
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and JAK1 were then superposed to build JAK2/SOCS1 (Figure S6 A-
B), and then the JAK2/KIR complex was extracted (Fig. S6C),
allowing to identify the KIR-SOCS1 binding site on JAK2 that is fully
consistent with previous models [49]. Both cyclic peptides were
docked to the SOCS1 KIR binding site on JAK2. Internal cyclic PS5
Nal1 lowest docked configuration scored �5.0 kcal/mol with
AutoDock Vina (Fig. S6E) while internal cyclic PS5 scored �5.1 kcal/
mol (Fig. S6D). The docking data indicate that both compounds can
actually bind their target site on JAK2 with comparable strengths,
as already highlighted by MST. Docking results further suggest that
internal cyclic PS5 Nal1 (Fig. S7B) tends to explore different con-
figurations with root mean square deviation (RMSD) up to 0.44 nm
with respect to the optimumpose, while internal cyclic PS5 docking
poses are similarly oriented having RMSD below 0.16 nm (Fig. S7A).
The lowest docked configurations of Figs. S6DeE were used as
starting point for the subsequent molecular dynamics (MD)
simulations.

Due to the intrinsic flexibility of cyclic analogues, to explore
their conformational space we run 150ns of MD simulation on the
optimum internal cyclic PS5/JAK2 complexes. MD simulation
rable and indicate low mM range for dissociation constants.
The new poses are the result of minor peptide rearrangements

and larger protein backbone rearrangements as evident from RMSD
profiles in the simulation time (Fig. 4CeD). The protein rear-
rangement upon binding is particularly evident in the internal cy-
clic PS5/JAK2 complex with the RMSD reaching 2.0 nm; noticeably
JAK2 radius of gyration does not change upon binding (Fig. 4EeF).
The root mean squared fluctuation (RMSF) confirm this observation
as only the flexible loop interconnecting two helices (from amino
acid 100 to 125) of JAK2 reaches values above 0.5 nm over the last
100ns of the simulation (Fig. 4GeH).

For an accurate estimation of the binding energy, we performed
a molecular mechanics/Poisson-Boltzmann solvent-accessible sur-
face area (MM/PBSA) analysis on the last 100ns of each trajectory
(Fig. 4IeJ). The van der Waals contributions are equivalent for the
two cyclic analogues, but the favorable electrostatic interactions
appeared almost doubled for internal cyclic PS5, that presents an
opposing larger polar solvation energy contribution, that appears
reduced in cyclic PS5 Nal1. In the evaluation of the contribution of
single amino acid to the binding energy (Fig. 4 K, L), for both



analogues long range interactions are mainly responsible of the
bound state of ligands to the target (Fig. 4 K, N), but important
differences are observed at short range. For internal cyclic PS5
peptide, Phe7 strongly interacts with Glu50 and Glu51 of JAK2 and

forms H-bonds with the backbone oxygen of Leu187 and the back-
bone nitrogen of Lys172, respectively (Fig. 4 O). These attractive
interactions are counterbalanced by strong repulsive interactions
between the internal cyclic PS5 peptide and JAK2 through Arg54

Fig. 2. Binding isotherms for MST signals versus peptide concentrations. Cyclic PS5 analogues were employed with a serial dilution (1:1) by preparing 16 samples on average of the
following stock solutions 1 mM, in labeling buffer at pH 7.5 (A) internal cyclic PS5 and (B) internal cyclic PS5 Nal1. CD spectra of C) internal cyclic PS5 and D) internal cyclic PS5 Nal1.

Fig. 3. NMR structures of cyclic PS5 analogues. Internal cyclic PS5: (A) twenty calculated conformers superimposed on the backbone atoms (ribbon representation,
RMSDbb ¼ 1.68 Å). (B, C) Representative models from most populated clusters. Internal cyclic PS5-Nal1: (D) 20 NMR minimized conformers superimposed on the backbone atoms in
ribbon representation (RMSDbb ¼ 1.77 Å). (E, F) Representative models from the most populated clusters. Peptide cyclization is highlighted in yellow.
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and Lys172 (15.3 and 18.6 kcal/mol respectively). For internal cyclic
PS5 Nal1 at short range Glu185 and Glu189 strongly contributes to
the binding which is further strengthened by a H-bond with Glu176

(Fig. 4 P).

To allow and evaluate cell penetration, PS5 analogues were
covalently attached to the cell-penetrating peptide covering the
fragment 48e60 of the HIV Tat and the fluorophore TAMRA. Their
cellular uptake was analyzed during time and related confocal
microscopy images were collected (Fig. S9) highlighting how both

Fig. 4. Molecular dynamic analysis. Internal cyclic PS5 (A, C, E, G) and internal cyclic PS5 Nal1 (B, D, F, H). (A-B) AutoDock Vina score along the MD trajectory (black solid line), and its
running average (red solid line) (C-D) peptides RMSD in the frame of the protein backbone (black) and its running average (green) and protein backbone RMSD together with its
running average (cyan); (E-F) backbone radius of gyration (black) and its running average (orange); (G-H) protein backbone RMSF calculated over the last 100 ns (black). MM/PBSA
analysis over the last 100ns of the molecular dynamics trajectory: amino acids contribution to the total binding energy for (I) internal cyclic PS5 and (J) internal cyclic PS5 Nal1;
details of the contributions of each amino acid for (K) internal cyclic PS5 and (L) internal cyclic PS5 Nal1; configurations with their lowest VINA scores (M) for internal cyclic PS5 at
57.7ns and (O) for internal cyclic PS5 Nal1 at 95.5ns; close ups on (N) internal cyclic PS5 and (P) internal cyclic PS5 Nal1 with highlighted amino acids with positive (shades of blue)
and negative (shades of red) contribution to the binding energy, hydrogen bonds and involved JAK2 amino acids are highlighted in green, Phe and Nal1, at position 7, are highlighted
with their van der Waals spheres.
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2.4. Characterization of the inhibitory effects of internal cyclic PS5
analogues on JAK/STAT pathway mediated responses in cultured
cells
Prior to evaluate the biological effects of PS5 analogues on cell-

5

based assays, we comparatively analyzed their stability against
enzymatic degradation in serum (Fig. S8). Interestingly, during the
first 24 h, the cyclic structure was able to stabilize both analogues
with respect to linear PS5, the latter showing a degradation level of
~50%. Then, as expected, the reduction of integrity of internal cyclic
PS5 Nal1 was significantly lower (~20%) with respect to internal
cyclic PS5 (~40%) for the presence of the non-natural Nal1 residue.
This tendency was confirmed at 42 h, when the residual concen-
tration of internal cyclic PS5 Nal1 was still at ~40%, while the other
peptides appeared almost completely degraded.
cyclic peptidomimetics showed an efficient and similar uptake and
a predominant cytoplasmic distribution. Internal cycle PS5 Nal1
demonstrated more stable over time with respect to internal cycle
PS5 also in a cellular context, thus confirming in vitro serum assays.

We next investigated whether PS5 analogues influence cell
viability, proliferation and migration. MTT colorimetric assays
revealed no cytotoxic activity of PS5 and its analogues in cultured
VSMCs under both basal (medium with FBS, 0.5%, 6e24 h) and
growing (medium with FBS, 10%, 24 h) conditions (Figs. S10AeB).
Furthermore, in the wound-healing assay cyclic PS5 analogues
significantly diminished the migration of VSMCs induced by a
combination of the inflammatory cytokines IFNg and IL6
(Figs. S10CeD). This ability was already demonstrated by KIR [27]
and PS5 [34] sequences. Both PS5 analogues exhibited an anti-
migratory activity over 45 h that derives from a combined



inhibitory effect on cell proliferation and migration. In line with
serum stability, at 45 h internal cyclic PS5 Nal1 appeared a more
potent inhibitor of wound repair compared to internal cyclic PS5
likely because of its greater intracellular stability.

Immunofluorescence and Western blot experiments were car-

confocal imaging data (Fig. 6AeB) clearly showed that pretreat-
ment with the peptidomimetics resulted in a significant decrease of
O2
�� production in both cell types. This antioxidant effect of PS5

analogues was corroborated by PCR expression analysis which
showed a strong reduction in the gene expression of NADPH oxi-
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ried out to check the ability of the new analogues to mimic the
biological activity of natural SOCS1 protein as JAK/STAT pathway
regulator. Confocal immunofluorescence in VSMC (Fig. 5AeE)
revealed that cytokine-induced STAT1 phosphorylation, and nu-
clear translocation was inhibited to a similar extent (~65%) by both
PS5 analogues.

These results were confirmed byWestern blot analysis, showing
a significant decrease of STAT1 phosphorylation levels in cells
pretreated with PS5 compounds, but not the negative control (NC),
before cytokine stimulation (Fig. 5F). Interestingly, the ability of the
new analogues to mimic the biological activity of SOCS1 protein
was also confirmed by the significant inhibition (but not total) of
JAK2 phosphorylation levels, as shown in Fig. 5F. Furthermore, as
downstream effects of the specific inhibition of JAK/STAT signaling,
we observed a reduced mRNA expression of inflammatory genes
such as Ccl2, Ccl5 and Cxcl0 chemokines in VSMCs (Fig. 5GeI).
Similar inhibitory effects were also observed in macrophage cell
line RAW264.7 (Fig. S11). These results indicate that the fine-tuning
of JAK2's activity is essential for cell homeostasis and a partial
modulation of JAK/STAT pathway might be of potential value in the
treatment of vascular inflammatory diseases.

Finally, the effect of PS5 analogues on oxidative stress was
evaluated by measuring intracellular O2

�� levels in cytokine-
stimulated VSMCs and RAW264.7 cells. Dihydroethidium (DHE)
Fig. 5. Inhibitory effects of internal cyclic PS5 analogues on STAT1 activation and target gene
cells under basal conditions (A), stimulated with IFNgþIL6 (B), IFNgþIL6/Internal cyclic PS5 (
pSTAT1; blue, DAPI stained nuclei). (E) Quantification of pSTAT1 fluorescence percentages
(loading control) in mouse VSMCs stimulated with IFNgþIL-6 in absence or presence of bot
normalized densitometry data expressed as fold increases versus basal conditions (arbitrary
by real time PCR were normalized to 18S and expressed as fold increases over basal condition
vs basal; *P < 0.05, **P < 0.01, ***P < 0.001 vs cytokines).
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dases (Nox1 and Nox4) (Fig. 6D) and significant upregulation of
antioxidant genes superoxide dismutase 1 (Sod1) and catalase (Cat)
(Fig. 6C).

3. Conclusion

In recent decades, cyclic peptidomimetics attracted great
attention in drug discovery processes since they present more rigid
conformations in comparison with linear peptides and often pre-
sent more favorable pharmacological profiles. In addition, they
result the most suitable compounds for modulating
protein�protein interactions (PPIs), which often are considered as
“undruggable targets” in traditional drug screenings based on small
molecules [50,51].

This study confirmed the crucial role exerted by KIR-SOCS1 in
inhibitory functions of the entire protein on JAK/STAT pathway: it
presents results on the investigations of two novel constrained
proteomimetics bearing un-natural amino acids and a cyclic
structure, designed on the basis of the linear lead compound PS5
[31e33]. For both compounds docking and MD data indicate that
van der Waals and electrostatic interactions mainly drive the
recognition between JAK2 and internal PS5 cycles. Binding exper-
iments indicate that the substitution Phe/Nal1 slightly enhances
the affinity of PS5 internal cycles toward the catalytic domain of
expression. (A-D) Representative confocal images (n ¼ 3 independent experiments) of
5 mM) (C), and IFNgþIL6/Internal cyclic PS5 Nal1 (5 mM) (D) (red, PS5 analogues; green,
expressed as mean ± SEM. (F) Western blot analysis of pJAK2, pSTAT1 and a-tubulin
h internal cycles, PS5 and NC peptide. Shown are representative immunoblots (F) and
set as 1). (G-I) The mRNA expression levels of Ccl2 (G), Ccl5 (H) and Cxcl10 (I) analyzed
s (n ¼ 4e5 independent experiments). Mean ± SEM (#P < 0.05, ##P < 0.01, ###P < 0.001



JAK2 suggesting a major role exerted by aromatic moieties in the
formation of the complex. This feature was confirmed also by i) CD
studies that showed an aromatic effect in PS5 Nal1 internal cycle
not observable for Phe derivative and ii) computational analysis
where the opposing contribution to the interaction of polar solva-

peptide synthesis and HPLC analyses were from Romil (Dublin,
Ireland); reversed phase columns for peptide analysis and the LC-
MS was LTQ XL mass spectrometry system (Thermo Scientific,
Waltham, MA) equipped with a HESI source operating at a needle
voltage of 3.5 kV and at a temperature of 275 �C. The formation of

40% IR-laser power. Labeling of His-tagged Catalytic Domain of

Fig. 6. Effects of internal cyclic peptides on oxidative stress. (A) Representative confocal images of intracellular O2�� (red, DHE staining; blue, DAPI nuclear staining) in VSMCs and
RAW264.7 cells stimulated with cytokines in the presence or absence of PS5 analogues and NC. (B) Quantification of peptides activity based on DHE fluorescence intensity. Results
are presented as mean ± SEM of n ¼ 3 independent experiments. (C-D) Real time PCR analysis of the mRNA expression levels of antioxidant (C) and pro-oxidant (D) enzymes in
VSMCs pretreated with peptidomimetics before cytokine stimulation. Values were normalized to 18S and expressed as fold increases over basal condition. Results are presented as
mean ± SEM of n ¼ 5 experiments. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs basal; *P < 0.05, **P < 0.01 and ***P < 0.001 vs cytokines.

S. La Manna, L. Lopez-Sanz, S. Bernal et al. European Journal of Medicinal Chemistry 221 (2021) 113547
tion energies is weaker for PS5 Nal1 internal cycle and appeared
counterbalanced by the attractive forces. These differences are
more evident in cellular contexts, where the cyclic structure along
with the un-natural Nal1 residue allow prolonged effects of the
compound for its greater resistance to proteases degradation.
However, both PS5 cyclic analogues demonstrated to mimic SOCS1
at a greater extend with respect to linear PS5in the reduction of
STAT1 phosphorylation as well as in the downstream suppression
of pro-inflammatory genes. In detail, in atherosclerosis relevant
cells, the Nal1 containing cycle exhibited longtime anti-migratory
effects that could be of great importance to limit plaque forma-
tion [52,53]. In addition, PS5 cyclic compounds showed indirect
antioxidant properties through the regulation of redox balance
genes, as already demonstrated recently for PS5 molecule [34], and
in line with the reported effects of SOCS1/3 proteins in the mod-
ulation of pro-oxidant and antioxidant pathways in different cells
[25,54,55]. Future studies in animal models are required to confirm
the encouraging beneficial effects of these novel agents in cardio-
vascular diseases. In conclusion, presented data provide invaluable
tools for the design of novel and specific JAKs’ inhibitors for ther-
apeutic applications in different inflammatory diseases.

4. Experimental

4.1. Peptide synthesis and cyclization
Peptides analyzed in this study were synthesized as already

7

reported [33]. Their sequences are listed in Table S1. Reagents for
peptide synthesis were from Iris Biotech (Germany), solvents for
lactam bridge was performed on solid support using super-acid
labile protecting group, Fmoc-Lys(Mtt)-OH and Fmoc-Asp(O-2-
PhiPr)-OH. These two protecting groups were removed selectively
by treatment with 1% TFA, 5% triisopropylsilane (TIS) in DCM at
room temperature. After the deprotection of the side chain of both
lysine and aspartic acid, the coupling reaction was performed
adding HATU and DIEA overnight. LC-MS analysis allowed
following cyclization: by comparing chromatographic profiles, a
shift in the retention times before and after cyclization of both
cycles is observable, due to an increment of hydrophobicity of the
cyclic forms. Peptides’ purity and identity were confirmed by LC-
MS (Fig. S12) and then they were lyophilized and stored
at �20 �C until use.

4.2. Microscale thermophoresis experiments

MST experiments were performed with a Monolith NT 115
system (Nano Temper Technologies) equipped with 60% LED and
JAK2 (residues 826e1132) (Carna Bioscences) was achieved with
the His-Tag labeling Kit RED-tris-NTA, as already reported [56].
Internal cyclic peptides were used starting from a stock solution of
1 mM in labeling buffer (Nano Temper Technologies); the dye
concentration was adjusted to 100 nM while the protein concen-
tration was 200 nM. Subsequently, 100 mL of protein and 100 mL of
dye were incubated in the dark for 30 min. To monitor binding of
cyclic analogues, a serial dilution (1:1) [57] was carried out by
preparing 16 samples on average. Standard capillaries were
employed for analysis, at 25 �C in 50 mM Tris-HCl, 150 mM NaCl,



0.05% Brij35, 1 mM DTT, 10% glycerol, at pH 7.5. An equation
implemented by the software MO-S002 MO Affinity Analysis, pro-
vided by the manufacturer, was used for fitting data at different
concentrations.

Chimera (version 1.10.1) [45]. Peptides minimizations were ach-
ieved through 1000 steps of steepest descent and 1000 steps of
conjugate gradients. Structures were finally inspected with the
programs MOLMOL [62] and PROCHECK NMR [63]. In Chimera the
structures were clusterized by matching in all residues of the 20
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4.3. Circular Dichroism (CD) spectroscopy

CD spectra were recorded on a Jasco J-810 spectropolarimeter
(JASCO Corp, Milan, Italy), at 25 �C in the far UV region from 190 to
260 nm. To each spectrum (averaged on three scans) related blanks
were subtracted, and the signal was reported as mean residue
ellipticity in units of deg* cm2*dmol�1*res�1. All peptides were
analyzed at 100 mM in 10mM phosphate buffer at pH 7.0 and with a
0.1 cm path-length quartz cuvette [58]. While CD signal variation
upon increasing temperature was evaluated at 400 mM in the same
solvent system.

4.4. NMR spectroscopy

A Varian Unity Inova 600 MHz spectrometer equipped with a
cold probe was implemented to acquire NMR experiments that
were all registered at 298 K.

To prepare the NMR samples, internal cyclic PS5 and internal
cyclic PS5 Nal1 peptides (1.2 mg each) were dissolved in 600 mL of a
mixture H2O/D2O (99.9% D, Sigma Aldrich, Milan, Italy) 90/10 v/v.
To achieve peptide conformational analyses the following NMR
spectra were recorded: 2D [1H, 1H] TOCSY (Total Correlation Spec-
troscopy) [40], NOESY (Nuclear Overhauser Enhancement Spec-
troscopy) [42], ROESY (Rotating frame Overhauser Enhancement
Spectroscopy) [41] and DQFCOSY (Double Quantum-Filtered
Correlated Spectroscopy) [59]. Typical acquisition parameters
were as follows: 16e64 scans, 128e256 FIDs in t1, 1024 or 2048
data points in t2. TOCSY experiments were recorded with 70 ms
mixing time, NOESY experiments with 300 ms mixing time, and
ROESY experiments with 250 ms time. Water suppression was
accomplished through Excitation Sculpting [60]. Proton resonance
assignments were obtained with a canonical strategy [43]. TSP
(Trimethylsilyl-3-propionic acid sodium salt-D4, 99% D, Armar
Scientific, Switzerland) was used as internal standard for chemical
shifts referencing (0.0 ppm).

Spectra were processed with VNMRJ 1.1D (Varian, Italy) and
analyzed with the software NEASY [61] contained in CARA (http://
www.nmr.ch/).

NMR structures of internal cyclic PS5 and internal cyclic PS5
Nal1 were calculated using CYANA 2.1 [44]. Distance constraints
were generated from 2D [1H, 1H] ROESY 250 spectra, and angular
constraints with the GRIDSEARCH module of CYANA. The non-
standard amino acids Cys(Acm) and Nal1 were added to the
CYANA standard residue library. Values of the atomic coordinates
were obtained from Chimera where the residues were built, and
energy minimized. Asp1 and Lys9 side chains in both peptides were
alsomodified in the CYANA library to allow the linkage between the
CG of Asp and the NZ of Lys. The distance between Asp1 CG and Lys9

NZ atoms was imposed equal to 1.33 Å during structure calcula-
tions. Internal cyclic PS5 structures were generated from 92 ROE
upper distance limits (67 intra-residues, 22 short-, 0 medium- and
3 long-range), including the distance constraint that was inserted
for Asp1-Lys9 linkage, and 39 angular constraints. Internal cyclic
PS5 Nal1 were generated from 146 NOE upper distance limits (117
intra-residues, 26 short-, 0 medium- and 3 long-range), including
the distance constraint that was inserted for Asp1-Lys9 linkage, and
32 angular constraints. Calculations started from 100 random
conformers, then 20 structures, provided with the lowest CYANA
target functions were subjected to further unrestrained energy
minimizations that were carried out with the software UCSF
NMR conformers, excluding N-terminal acetylation and C-terminal
amidation. For further detail about Chimera clusterization protocol
see Ref. [46].

4.5. Computational methods

Protein Preparation: JAK2 (PDB: 3FUP [48], chain A) missing
atoms and residues were reconstructed with Swiss Model [64], as
well as SOCS1 (PDB: 6C7Y [47], chain B). The complex JAK2/SOCS1
was constructed by aligning both the reconstructed JAK2 and
SOCS1 to the JAK1/SOCS1 complex (PDB: 6C7Y [47]) with Swiss PDB
Viewer [65]. JAK2/KIR was extracted from this complex. The JAK2/
KIR complex was then minimized by performing a steepest descent
minimization to be stopped either when the maximum force was
lower than 1000.0 kJ/mol/nm or when 50000 minimization steps
were performed with 0.005 kJ/mol energy step size, with Verlet
cutoff scheme, short-range electrostatic cut-off and van der Waals
cut-off of 1.0 nm. We used GROMOS 54a7 force field [66] and run
theminimization as implemented in the Gromacs package v. 2016.1
[67].

Peptides preparation and docking: Ligands structures obtained
by NMRwere first minimized with AM1method as implemented in
MOPAC [68]. The minimized peptides were docked to the KIR
binding site on JAK2 with AutoDock Vina [64]. The docking cubic
box was (22.5 � 19.5 � 22.5)Å side and centered on KIR in the
minimized JAK2/KIR complex (as identified by AutoDock tools). The
docking was performed with exhaustiveness 500 and energy range
50. Larger exhaustiveness ad energy ranges led to the same result.

Molecular Dynamics Simulations: We placed the complex in a
cubic box and minimized the complex by first minimizing protein
side chains, then the entire protein and finally the whole complex
by constraining selected portions of the system [69]. We then sol-
vated the system with a water layer of 0.7 nm and performed a
second minimization. We used GROMOS 54a7 force field [66] and
Simple Point Charge water. Ligand topologies were built with ATB
(Automated Topology Builder) [70]. We performed NVT and NPT
equilibrations for 100 ps, followed by 150 ns NPT production run at
300 K. The iteration time step was set to 2 fs with the Verlet inte-
grator and LINCS [71] constraint. We used periodic boundary con-
ditions. All the simulations and their analysis were run as
implemented in the Gromacs package v. 2016.1 [67]. RMSDs and
RMSF have been calculated from configurations sampled every
10ps and as running averages over 100 sampled points. AutoDock
Vina scorings were calculated over configurations sampled every
100 ps and as running averages over 10 points. Before running the
simulations, the missing force field parameters were built with ATB
[70]. Minimized molecular geometry led to a RMSD of 0.02896 nm
for internal cyclic PS5 and 0.02535 nm for PS5 Nal1 with respect to
the semi-empirical quantum chemistry minimization, thus vali-
dating the ATB-generated force field parameters. The binding free
energy was estimated with the MM/PBSA method, with the apolar
solvation energy calculated as solvent accessible surface area
(SASA) and default parameters, as implemented in the g_mmpbsa
tool [72]. Simulations were run on Marconi (CINECA, Italy).

4.6. Serum stability of peptides

These assays were performed in triplicate. 25% fetal calf serum
was incubated at 37 �C for at least 15 min, then peptides were
added to the serum at a concentration of 80 mM. 50 mL aliquots of

http://www.nmr.ch/
http://www.nmr.ch/


the incubating mixtures were recovered at different times: 0, 3, 17,
20, 23 and 42 h. Samples were treated with 50 mL of 15% tri-
chloroacetic acid (TCA) and incubated at 2 �C for at least 15 min to
precipitate serum proteins. The samples were subsequently
centrifuged to remove serum proteins. Reverse phase high perfor-

4.11. Protein expression analysis

Cells were lysed in ice-cold buffer (150 mM NaCl containing 1%
Triton X-100, 10 mM Tris pH 7.4, 0.5% NP-40, 1 mM EDTA, 1 mM
EGTA, 0.2 mM Na3VO4, 0.2 mM PMSF, 10 mM NaF, and protease
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mance liquid chromatography (RP-HPLC) was performed on a HPLC
1200 series (Agilent Technologies) with UV detector using a C18
column from ThermoFisher (Milan, Italy). Gradient elution was
performed at 25 �C (monitoring at 215 nm) in a gradient starting
with buffer A (0.1% TFA in water) and applying buffer B (0.1% TFA in
acetonitrile) from 5 to 70% in 20 min.

4.7. Cell cultures

The isolation of primary VSMCs from mouse aorta were ob-
tained following an enzymatic digestion with collagenase type II.
Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, and
2 mM L-glutamine (Sigma-Aldrich) and used between the 3rd and
8th passages. Mouse macrophage cell line RAW264.7 (ATCC) was
maintained in DMEM supplemented with 10% FBS, 100 U/mL
penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine (Sigma-
Aldrich). VSMC and RAW264.7 cells were rendered quiescent by
incubation inmediumwith 0.5% FBS and 0% FBS, respectively. Then,
cells were pre-treated for 90 min with 25 mM of peptides conju-
gated to Tat-derived cell-penetrating sequence, before stimulation
with recombinant cytokines (IFNg 103 U/mL plus IL-6 102 U/mL;
PeproTech) for different time periods.

4.8. Viability and proliferation assays

The cell viability and proliferation were determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide tetrazo-
lium (MTT) assay. In the cell viability assay, VSMCs were seeded in
96-well plates (1 � 104 cells/well) and allowed to attach overnight
at 37 �C, then incubated overnight in medium with 0.5% FBS. Pep-
tides (25 mM) were added to the plate and incubated for additional
6 or 24 h in DMEM containing 0.5% FBS. MTT solution was then
added for 2 h, and the absorbance of the metabolized MTT was
measured at l ¼ 600 nm in a plate reader. In the cell proliferation
assay, VSMCs (5 � 103 cells/well) were treated similarly except that
peptides were incubated for 24 h in medium containing 10% FBS.

4.9. Wound healing assay

VSMCs were plated in 12-well plates (3 � 105 cells/well),
cultured until 90e95% confluence and then depleted overnight in
medium with 0.5% FBS. Scratches were then made using a sterile
200-ml pipette tip, and cells were incubated with cytokines in the
presence or absence of peptides. To determine the closing speed of
the wound, two images of each well were captured at different
stimulation times (0, 3, 19, 26 and 45 h), the cell-free area was
quantified (Image Pro-Plus; Media Cybernetics) and normalized
with respect to the initial time. These assays were performed in
triplicate.

4.10. Real time PCR analysis

TRI reagent (Molecular Research Center) was used to extract
total RNA from cultured cells, and then complementary DNA was
produced via reverse transcription. Gene expressions of Ccl2, Ccl5,
Cxcl10,Nox1,Nox4, Sod1 and Catwere analyzed by quantitative real-
time polymerase chain reaction (PCR; Applied Biosystem) and
mRNA values were normalized to housekeeping gene 18S
expression.
inhibitor cocktail). Total proteins (25 mg) were electrophoresed,
transferred onto polyvinylidene fluoride membranes, and immu-
noblotted for phosphorylated STAT1 (pSTAT1; Invitrogen), phos-
phorylated JAK2 (pJAK; Invitrogen) and a-tubulin (loading control;
Sigma-Aldrich) using appropriate peroxidase-conjugated second-
ary antibodies and chemiluminescent substrate.

4.12. Immunofluorescence studies

The VSMCs were plated on slides with 4 cameras treated for cell
growth. Cells were treated for 90min with TAMRA-conjugated
peptides before 1 h-stimulation, then fixed (4% para-
formaldehyde), permeabilized (0.5% Triton X-100) and incubated
overnight with pSTAT1 primary antibody, followed by FITC-
secondary antibody (Sigma-Aldrich) and nuclear counterstaining
with diamidino-2-phenylindole (DAPI). The samples weremounted
using FluorSave and a confocal fluorescent microscope (Leica) was
used to capture images.

4.13. DHE assay

VSMCs and RAW264.7 cells were plated on coverslips and then
incubated with the fluorescent dye dihydroethidium (DHE) at 2.5
mM in KRB-HEPES buffer, for 30 min at 37 �C. After several washes
to remove excess of fluorescent probe, cells were stimulated and
then fixed with 1.5% paraformaldehyde, contrasted with DAPI and
mounted. Fluorescence microscopy (lexc ¼ 488 nm and
lem ¼ 585 nm) was used to analyze the samples. Intracellular O2��

levels were expressed as number of DHE positive cells vs total cells
(nuclear staining with DAPI).

4.14. Statistical analysis

Results are presented as individual data, mean ± standard error
of the mean (SEM) of determinations from at least 3 independent
experiments. Statistical analysis was performed using Prism 5
(GraphPad Software Inc) and differences between groups were
considered significant at p < 0.05 (two-tailed Student's t-test or
one-way ANOVA with Bonferroni's post-hoc test).
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