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A B S T R A C T

Peptidomimetics of Suppressors of cytokine signaling 1 (SOCS1) protein demonstrated valid therapeutic po-
tentials as anti-inflammatory agents. Indeed, SOCS1 has a small kinase inhibitory region (KIR) primarily involved
in the inhibition of the JAnus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) pathway
Herein, on the basis of previous investigations on a potent mimetic of KIR-SOCS1, named PS5, we designed and
evaluated the SAR (Structure Activity Relationship) features of two xylene-based macrocycles analogues of PS5.
These novel compounds bear thiol-xylene linkages with mono- and bi-cyclic scaffolds: they were in vitro func-
tionally investigated toward JAK2 catalytic domain, as ligands with microscale thermophoresis (MST) and as
inhibitors through LC-MS analyses. To evaluate structural properties Circular Dichroism (CD) and Nuclear
Magnetic Resonance (NMR) spectroscopies were employed along with serum stability assays. Results indicated
that a monocycle scaffold is well-tolerated by PS5 sequence enhancing the affinity toward the kinase with a KD in
the low micromolar range and providing consistent inhibitory effects of the catalytic activity, which were
evaluated for the first time in the case of SOCS1 mimetics. Conformationally, the presence of xylene scaffold
affects the flexibility of the compounds and their stabilities to proteases degradation. This study contributes to
the understanding of the factors necessary for accurately mimicking the inhibitory mechanism of SOCS1 protein
towards JAK2 and to the translation of proteomimetics into drugs.

1. Introduction

Suppressor Of Cytokine Signaling (SOCS) 1 protein is a critical
negative regulator of cytokine signaling and required to protect against
an excessive inflammatory response [1]. Among SOCS family members,
SOCS1 exhibits the broadest spectrum of cytokines regulation [2]: its
expression is induced by many cytokines, through a classical negative
feedback loop mechanism [3]. Genetic deletion of SOCS1 results in
uncontrolled cytokine signaling and neonatal mortality [4], with in-
flammatory immune infiltrates in multiple organs [4]. SOCS1 exerts a
primary role in immune homeostasis in humans and its hap-
loinsufficiency causes a dominantly inherited predisposition to early
onset autoimmune diseases related to cytokine hypersensitivity of im-
mune cells [5]. This effect is associated with a series of in vitro and in vivo
immune abnormalities consistent with lymphocyte hyperactivity.
SOCS1 deficiency increases the expression of Nuclear factor erythroid
2-related factor 2 (NRF2) which is a tumor suppressor in normal cells but

becomes an oncoprotein in liver cancer cells and confers resistance to
oxidative stress. Hence, controlling the oxidative stress response, is an
important tumor suppression mechanism of SOCS1 [6]. Investigations
into the tumor suppressive mechanisms of SOCS1 expression highlighted
that this protein regulates antitumor immune responses also in a
cell-extrinsic manner via direct and indirect mechanisms [7].

SOCS1 over-expression and structural studies indicate that the kinase
inhibitory region (KIR) and Src homology 2 (SH2) domain are important
for the interaction and inhibition of JAK 1, 2 and TYK2 tyrosine kinases,
which are associated with cytokine receptor initiator of the downstream
signaling JAK/STAT (Janus kinase (JAK)-signal transducer and acti-
vator of transcription (STAT)) [8]. Recently, in vivo, the effects of in-
dependent mutations of key conserved residues in KIR and SH2 domains,
were investigated confirming previous in vitro studies: Phe58 within KIR
and the phosphotyrosine binding capacity of the SH2 domain are
essential for the endogenous SOCS1 functions [9]. Phe58 occupies a
hydrophobic pocket at the interface of the SH2(SOCS1)/JH1(JAK1) and
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its mutation suppresses the ability of SOCS1 to inhibit JAK2 [10] while
mutation within the phosphotyrosine binding pocket of SH2 domain
specifically disrupts SOCS1 interaction with phosphorylated JAK1
(pJAK1). The X-ray structure of JAK1/SOCS1 complex, captured KIR in
a “blocked form” where it protrudes toward the substrate-binding site
without involving the pTyr binding pocket on the SH2 domain [10].
Hence the confirmation of a critical and non-redundant role of the KIR
and SH2 domains in endogenous SOCS1 functions [11]. Indeed, the
ability of KIR to bind JAK is independent from the interaction SH2
domain/pTyr and fully consistent with the employment of KIR-mimetics
as inhibitors of JAK activity [12]: these compounds demonstrated
therapeutic effects in autoimmune and infectious disease models [13].
The immune responses contribute to autoimmunity/inflammation and
cancer progression; in particular, a SOCS1-KIR mimetic was recently
shown to reduce the pro-inflammatory phenotype in macrophages [14].
Following different medicinal chemistry approaches, in the past we
identified a lead peptidomimetic, named PS5 (Fig. 1A and Table S1)
[15–17], bearing several substitutions with respect to the wild-type
sequence: His54/Cys(Acm), Phe55/Arg and Arg56/Gln. PS5 demon-
strated more potent inhibition of JAK/STAT with respect to KIR peptide
in cellular and in vivo environments [18–22].

The observed preorganization of KIR as pseudosubstrate of JAK1 in
the crystal structure [10], suggested the design of cyclic analogues for
the presence of several amino acid side chains facing towards the center
of the folded protein making them suitable for cyclization. Hence,
several analogues of PS5 were designed and analyzed [22–25] and one
of them, named icPS5(Nal1) (ic: internal cycle), has a lactam bridge
between side chains of Asp (naturally occurring at position 52) and Lys
(in replacement of Ser60) residues, along with the replacement of Phe58

with the non-natural L-1-naphthylalanine [Nal(1’)] (Fig. 1B and
Table S1). icPS5(Nal1) demonstrated to be a potent binder of JAK2 with
the longest lasting biological effects in cells, where it reduced STAT1
migration and NADPH oxidases genes and increased Sod1 and Cat
antioxidant genes [26].

With the aim of exploring novel chemical diversity, here we present
novel PS5 analogues exhibiting the exchange of the polar amide cycli-
zation strategy with hydrophobic aromatic linkers through mono- and
bi-cyclization, following the routes of Chemical Linkage of Peptides onto
Scaffolds (CLIPS) strategy [27]. Cyclic compounds (Fig. 1C and D and
Table S1) were obtained by combining solid phase peptide synthesis
(SPPS) and in solution thiol-linkages. They were characterized in their
ability to bind and inhibit JAK2 through MicroScale Thermophoresis
(MST) and LC-MS assays, and to resist to proteases degradation in serum
stability experiments. Circular Dichroism (CD), and Nuclear Magnetic
Resonance (NMR) studies provided conformational insights in their
structures. JAK2 was chosen as representative of JAK family to evaluate
the efficacy of the peptidomimetics of SOCS1 to recognize it, since the
high homology of sequences among the catalytic domains of JAK pro-
teins [28].

2. Results and discussion

2.1. Design of thio-PS5(Nal1) analogues

Previous studies led to the development of a cyclic deca-
peptidomimetic of KIR of SOCS1, icPS5(Nal1), bearing a lactam bridge
between the side chains of the Glu1 and Lys9 (linear PS5 numeration)
and un-natural building blocks, Cys(Acm) at position 3, and Nal1 in
position 7 [26] (Fig. 1B and Table S1), whose SAR features were recently
investigated [29]. Although lactam cyclization significantly increased
the KD values with respect to linear counterparts, the amide is positioned
above a hydrophobic patch, hence the idea to insert a xylene scaffold
linked to the peptide chain by using the same residue positions but
through a cysteine alkylation [30]. To this purpose, Glu1 and Lys9 were
replaced with cysteine and benzylic di- and tri-bromides were
cross-linked on the unprotected linear peptides [31]. Indeed, the mono-

and bi-cyclization were carried out through the reaction of linear
reduced peptide with α-α′-dibromo-m-xylene and 1,3,5-tribromomethyl-
benzene to obtain thio-monocycle (Fig. 1C) and thio-bicycle PS5(Nal1)
(Fig. 1D and Table S1), respectively. The correct linkages were assessed
through LC-MS and NMR experiments (see below).

2.2. Affinity toward JAK2 of thio-cyclic PS5(Nal1)

Thio-cyclic analogues of PS5(Nal1) were employed as ligands in MST
experiments, to evaluate their ability to recognize JAK2 catalytic
domain [32]. In general, JAK proteins share a high degree of sequence
homology, particularly in their catalytic domains [28]. MST technique
was reported to evaluate the affinity of two JAK2 inhibitors—ruxolitinib
and fedratinib. These inhibitors, both FDA-approved for the treatment of
adults with intermediate-2 or high-risk primary or secondary myelofi-
brosis (MF), exhibited KDs of 8.3 μM and 0.8 μM, respectively [33].

Both thio-compounds bound to JAK2, providing dose-response
curves of MST signals, reported in Fig. 2A and B, but with different KD
values.

The fitting of experimental data for thio-monocycle PS5(Nal1)
allowed an estimation of KD in the low micromolar range (~7 μM)
(Fig. 2A) which resulted 5-fold lower than icPS5(Nal1) (KD ~36 μM)
[26], conversely, the thio-bicycle PS5(Nal1) exhibited a 4-fold higher
value (~130 μM) without reaching a complete saturation (Fig. 2B).
Clearly, the introduction of a bicyclic scaffold, decreased the ability to
recognize JAK2, likely for a partial masking of hot spots of interactions.

To corroborate the employment of MST technique to investigate the
ability of our SOCS1mimetics to act as binders of JAK2 we performed an
MST assay using curcumin, a well-known natural JAK2 inhibitor. The
results, shown in Fig. S1, provided a KD value of approximately 90 μM,
which is reasonably consistent with the reported IC50 value of 15 μM
[34].

2.3. Inhibition of JAK2 kinase activity

Both thio-cycles PS5(Nal1) were also investigated in their ability to
inhibit in vitro the phosphorylation activity of JAK2 toward a known
substrate, namely Srctide [35], through LC-MS experiments (Fig. S2
F-G). This is the first time, to the best of our knowledge, that relative IC50
values for inhibition of kinase activity of JAK2 by KIR-SOCS1 mimetics
are reported. The decrease of the area of the peak of phosphorylated (p-)
Srctide, at increasing amounts of thio-cycles as inhibitors (equivalents
0–2, 0–8 for mono-e bi-cycles, respectively), was evaluated, and LC-MS
profiles of thio-monocycle PS5(Nal1) are reported in Fig. S2A–E. The
variations of the area percentages of p-substrate as function of log (in-
hibitor) are reported in Fig. 3.

For thio-monocycle PS5(Nal1) the relative half-maximal inhibitory
concentration (IC50) was estimated in the low micromolar range, 2.2 ±

0.3 μM, which is quite close to KD obtained through MST. For the thio-
bicycle PS5(Nal1), the relative IC50 was (1.0 ± 0.5) •102 μM (Fig. 3B),
which indicated the lower ability of this compound to act as inhibitor
with respect to the monocycle analogue, confirming lower affinity
assessed inMST studies. Both relative IC50 profiles show steep Hill slopes
which may indicate a cooperative mechanism that cannot be excluded.

2.4. Conformational studies by CD and NMR spectroscopy of thio-cyclic
PS5(Nal1) analogues

To evaluate the conformational properties of thio-analogues, CD
studies were carried out [36] and spectra are reported in Fig. 4.

Thio-analogues of PS5(Nal1) exhibited quite different CD profiles:
the bicyclic compound presents the minimum at wavelength lower than
200 nm and a band centered at 230 nm (Fig. 4B): the latter is a peculiar
feature of other cyclic PS5 analogues and indicates an aromatic contri-
bution to the structure, enhanced by the naphthyl group, of Nal1, that is
absent in the spectrum of its linear counterpart [22,26]. Conversely,
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Fig. 1. Design of PS5(Nal1) analogues. Structures of (A) PS5, (B) icPS5(Nal1), (C) thio-monocycle PS5(Nal1) and (D) thio-bicycle PS5(Nal1). The substitution Phe58/
Nal1 is reported in magenta, lactam and xylene linkages in blue.
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thio-monocycle PS5(Nal1) does not present the aromatic band rather
two minima, at ~224–203 nm and a maximum at 190 nm, with a
θ224/203nm distinctly smaller than unity (0.38) (Fig. 4A). The addition of
TFE (2,2,2-trifluoroethanol) (50 % (v/v)) determines variations in the
CD spectrum without bringing an increase in the content of canonical
secondary structures with respect to the thio-monocycle PS5(Nal1).
Indeed, the shift of the above-mentioned minima towards lower wave-
lengths, ~218 and ~197 nm, respectively, with an θ218/197nm of 0.67

(Fig. 4A), suggests the absence of helical content in the structure, as
confirmed by the deconvolution of the CD spectra (Table S2).
Conversely, in the case of thio-bicycle PS5(Nal1), the presence of TFE
causes the disappearance of the aromatic band and the emergence of a
broad band centered at 210 nm, indicating a significant β-content in the
structure.

Thio-monocycle PS5(Nal1) was further characterized by 1D [1H] and
2D [1H, 1H] NMR spectroscopy in aqueous buffer and in the presence of

Fig. 2. MST binding assays. (left) thermophoretic traces of MST for the binding to JAK2 (right) binding isotherms for MST signals versus ligand concentrations of (A)
thio-monocycle PS5(Nal1) and (B) thio-bicycle PS5(Nal1). The data are the average of two experiments.

Fig. 3. Area percentages of p-Srctide values at different concentrations of (A) thio-monocycle PS5(Nal1) (B) thio-bicycle PS5(Nal1), function log(inhibitor) vs
response - - Variable slope (four parameters). Data are the average of two distinct experiments. Mean ± SD. 100 % was assumed the area of p-Srctide in the absence of
the inhibitor.

Fig. 4. Overlay of CD spectra of (A) thio-monocycle PS5(Nal1); (B) thio-bicycle PS5(Nal1) compounds.
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TFE (Figs. S3 and S4). From the comparison of 1D [1H] spectra
(Fig. S3A), TFE co-solvent was unable to improve spectral dispersion
and increase the content of ordered secondary structures, in line with CD
data. In the HN/aromatic protons correlation region of 2D spectra, only a
reduced set of cross-peaks was observed (Fig. S3B and C) indicating the
solvent exposure of amide HN protons. The lack of a significant number
of NOE or ROE contacts and of relevant correlations in the TOCSY
spectra (Fig. S3B and C), hampered unambiguous resonance assign-
ments (Table S3) even if, in the presence of TFE, the correlations be-
tween cysteines and aromatic protons were evident and confirmed the
correct cyclic arrangement (Figs. S3C and S4).

2.5. Serum stability of thio-cyclic analogues

Serum stability assays were carried out to evaluate the proteolytic
stability of thio-cyclic analogues of ic PS5(Nal1). In Fig. 5, the degra-
dation profiles of the novel compounds are reported, in comparison with
icPS5(Nal1). Both thio-analogues appeared more prone to degradation
over time with respect to icPS5(Nal1) even if, after 30 h, both com-
pounds are still present with a percentage of 25 %.

3. Discussion

In general, JAK inhibitors may have therapeutic benefits in damp-
ening vascular inflammation and allogeneic leukocyte activation [37]
and even if, actually, several small JAK inhibitors are clinically
employed, they can display low selectivity [8]. Herein we followed a
different approach by designing mimetics of SOCS1: some of them,
recently, demonstrated protective roles against pathological glomerular
changes in mesangial proliferative glomerulonephritis (MsPGN), by
reducing macrophage infiltration and inhibiting macrophage polariza-
tion to the M1 phenotype [38]. This defensive function was also assessed
in the inhibition of the inflammatory signatures associated with
TLR7/IFNγ stimulation and IFNγ-induced endothelial cell (EC):
antigen-presenting capacity was prolonged after cytokine withdrawal.

In the context of KIR-SOCS1 analogues, in this study, we employed a
CLIPS-based medicinal chemistry approach to investigate the potential
of cyclic PS5(Nal1) analogues containing a xylene scaffold with di- and
ter-thio-links to the peptide. This led to the discovery of monocycle and
bicycle PS5(Nal1) analogues (Fig. 1). These two novel compounds were
then subjected to structural and functional characterization, and their
ability to inhibit JAK2 kinase was quantified in terms of relative IC50.
For these analogues, the type of cyclic arrangement has a significant
impact on the capacity to recognize the JAK2 protein. Indeed, MST as-
says demonstrated that the bicyclic scaffold reduces this ability by
approximately 20-fold, likely due to the masking or losing of crucial hot
spots for the interaction. Conversely, the monocyclic derivative
demonstrated enhanced affinity towards JAK2 with respect to icPS5

(Nal1) in the lowmicromolar range and exhibited a relative IC50 value in
the same range, indicating the specificity of the mechanism of action
(MOA). The presence of an unnatural xylene scaffold on a short and not
pre-organised peptide backbone strengthened the lack of canonical
secondary structures observed in CD studies, as is often reported,
determined an important loss in water solubility. In addition, the pres-
ence of the naphthyl group in the Nal1 building block can further reduce
water solubility and favour stacking interactions which hamper the
unambiguous assignment of NMR resonances.

The observed higher affinity of the thio-monocycle PS5(Nal1)
compared to the reference compound icPS5(Nal1) is likely due to
enhanced aromatic interactions provided by the xylene moiety in
addition to that coming from the naphthyl group of Nal1 [29]. This
beneficial effect is lost in the case thio-bicycle PS5(Nal1), where the
absence of the amide group of Gln at position 5, peptide numeration,
subtracts spots of interactions between thio-bicycle PS5(Nal1) and
JAK2, worsening the affinity. It is important to underline that additional
investigations through other binding techniques (as ITC) will be
required in the future to fully quantify any improvement in KD.

Nevertheless, the insertion of the xylene scaffold did not significantly
enhance the structural rigidity, as the novel compounds exhibited a
slight decrease in stability to proteases when compared with the rigidity
conferred by the lactam bridge in icPS5(Nal1).

In conclusion, despite its limitations due to poor water solubility, the
results demonstrated that the PS5 peptide is a bioactive compound with
significant potential and versatility for targeted chemical modifications.
This opens the path for developing KIR-SOCS1 peptidomimetics into
JAK2 inhibitors.

4. Experimental

4.1. Peptide synthesis

Reagents for peptide synthesis were from Iris Biotech (Germany),
solvents for peptide synthesis and HPLC analyses were from Romil
(Dublin, Ireland); reversed phase columns for peptide analysis and the
LC-MS system were from ThermoFisher (Waltham, MA). Linear peptides
were prepared by the SPPS on a 25 μmol scale following the fluo-
renylmethoxycarbonyl (Fmoc) strategy as previously reported [22].
RINK AMIDE resin (substitution 0.57 mmol/g) was used as solid support
[39]. The cyclization was performed by mixing crude linear peptido-
mimetics (1 mM) with 1.1 equivalents of α,α′-dibromo-xylene (for
thio-monocycle PS5(Nal1)) or 1.1 equivalents of 1,3,5-tribromomethyl-
benzene (TMBM) (for thio-bicycle PS5(Nal1)) in 50 % CH3CN and 50 %
K2HPO4 buffer 0.1 M pH 7.6, under stirring overnight at room temper-
ature (RT). LC-MS analysis allowed to follow cyclization: by comparing
chromatographic profiles, a shift in the retention times, before and after
cyclization is observable, as well as an increment of hydrophobicity of

Fig. 5. Serum stability profiles of thio-cyclic analogues of icPS5(Nal1). The area of chromatographic peak at t = 0 min was assumed as 100 % and residual areas at
other time points were calculated as the percentage with respect to the area at t = 0 min.
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the cyclic compounds and a variation in MWs (Figs. S5 and S6). In detail,
the MW of the linear of bis-thio-PS5(Nal1) (MH+ = 1416.61 a.m.u.) was
increased by 102.13 a.m.u., corresponding to alkylated α,α′-xylene
(Fig. S5 B, D), and that of the ter-thio-PS5(Nal1) (MH+ = 1391.62 a.m.
u.) increased by+114.14 a.m.u. corresponding to alkylated 1,3,5-trime-
thylbenzene (Fig. S6 B, D). The correct thiol-xylene linkage was also
confirmed by NMR studies. Compounds were purified through RP-HPLC
and then they were lyophilized and stored at − 20 ◦C until use.

4.2. Microscale thermophoresis

MST experiments were performed with a Monolith NT 115 system
(Nano Temper Technologies) equipped with 60 % LED and 40% IR-laser
power. Labeling of His-tagged Catalytic Domain of JAK2 (residues
826–1132) (Carna Bioscences) was achieved with the His-Tag labeling
Kit RED-tris-NTA, as already reported [40]. Thio-PS5(Nal1) analogues
were used starting from a stock solution of 500 μM in labeling buffer
(Nano Temper Technologies); the dye concentration was adjusted to
100 nM while the protein concentration was 200 nM. Subsequently, 100
μL of protein and 100 μL of dye were incubated in the dark for 30min. To
monitor binding of cyclic analogues, a serial dilution (1:1) [41] was
carried out by preparing 12–14 samples on average. Standard capillaries
were employed for analysis, at 25 ◦C in 50 mM Tris-HCl, 150 mM NaCl,
0.05 %, Triton X-100, 1 mM dithiothreitol (DTT), 10 % glycerol, at pH
7.5. An equation implemented by the software MO-S002 MO Affinity
Analysis, provided by the manufacturer, was used for fitting data at
different concentrations. The equation used, is implemented by the
software MO-S002 MO Affinity Analysis [42], used for fitting data at
different concentrations, is:

The equation is based on Langmuir binding isotherm. In the equation
“f(c)” is the fraction bound at a defined peptide concentration (“c”).
“Unbound” is the Fnorm (normalized fluorescence) signal or raw fluo-
rescence counts (initial fluorescence mode) of the target alone (JAK2).
“Bound” refers to the JAK2/peptide complex. The dissociation constant
is named “KD” and the final target concentration in the assay is indicated
as “c(target)”.

4.3. Inhibition of phosphorylation assay

Based on the KD values obtained from the MST experiments, the
concentrations used for the phosphorylation assay were: 1) 0, 1, 10, 25,
50 μM for thio-monocycle PS5(Nal1), corresponding to range 0–2 eq and
2) 0, 1, 25, 50, 100, 150, 200 μM for thio-bicycle PS5(Nal1), corre-
sponding, respectively, to range 0–2 and 0–8 eq with respect to the
substrate Srctide (25 μM), 6,4 × 10− 3 eq of JAK2 (160 nM) and 64 eq of
ATP (1.6 mM). Srctide peptide is a C-terminal part fragment of Src
proteins, which are natural substrates of the JAK proteins [35], and its
sequence is H-Gly-Glu-Glu-Pro-Leu-Tyr-Trp-Ser-Phe-Pro-Ala--
Lys-Lys-Lys-NH2. The thio-cycles and JAK2 were pre-incubated in 10
mM MgCl2, 2 mM DTT 50 mM Tris-HCl pH 7.5 buffer for 1 h under
stirring, at RT. Subsequently, ATP and Srctide were added to the re-
actions, which proceeded for 15 min. The reactions were then stopped
with a 0.2 % solution of TFA in H2O Milli-Q. The solutions were then
analyzed by LC-MS and the percentages of p-Srctide were derived as a
function of MS. Percentages were calculated from the area under the
curve (AUC) of the non-phosphorylated Srctide peak versus the AUC of

the p-Srctide peak. The relative IC50 was calculated for all concentra-
tions using the function log(inhibitor) vs response -Variable slope (four
parameters) by using GraphPad Prism software.

4.4. 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. Both peptides were analyzed at 200 μM
in 10 mM phosphate buffer at pH 7.4 and with a 0.1 cm path-length
quartz cuvette. Deconvolutions of CD spectra were obtained by BEST-
SEL software (http://bestsel.elte.hu/).

4.5. NMR

NMR spectra were registered on a Bruker AVANCE 500 MHz spec-
trometer endowed with a Prodigy cold probe at 298 K. Peptide samples
(600 μL total volumes) were prepared in 10 mM sodium phosphate
buffer (NaP) with 10 % (v/v) D2O (98 % D, Merck group/Sigma-Aldrich,
Milan, Italy), and in a mixture 2,2,2-trifluoroethanol-d3 (TFE, 99.5 %
isotopic purity, Merck group/Sigma-Aldrich, Milan, Italy)/NaP (50/50
v/v). Spectra recorded for both experimental conditions were: 2D [1H,
1H] TOCSY (Total Correlation Spectroscopy) [43], NOESY (Nuclear
Overhauser Enhancement Spectroscopy) [44], ROESY (Rotating frame
Overhauser Enhancement Spectroscopy) [45] and DQFCOSY [46]
(Double Quantum-Filtered Correlation Spectroscopy). Typical acquisi-
tion parameters were: 32–64 scans, 256 FIDs in t1, 2048 data points in
t2, mixing times corresponding to 70 ms in TOCSY, 200 and 300 ms in

NOESY, and 250 ms in ROESY. The Excitation Sculpting [47] sequence
was exploited to get the water signal suppression. The internal TSP
(Trimethylsilyl-3-propionic acid sodium salt-D4, 98 % D, Merck
group/Sigma-Aldrich, Milan, Italy) (0.0 ppm) was used for the chemical
shift referencing. The processing of spectra was achieved by TopSpin 4.2
(Bruker, Milan, Italy) and the analysis by the software NEASY [48]
included in CARA (Computer Aided Resonance Assignments).

4.6. Serum stability

This assay was performed in triplicate. 25 % fetal bovine serum (FBS)
was incubated at 37 ◦C for at least 15 min, then compounds were added
to the serum at a concentration of 80 μM. 50 μL aliquots of the incu-
bating mixtures were recovered at different times: 0, 3, 7, 24, 27 and 30
h, treated with 50 μL of 30 % trichloroacetic 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. RP-HPLC was per-
formed on a HPLC LC-4000 series (Jasco) with UV detector using a C18-
Kinetek column from Phenomenex (Milan, Italy). Gradient elution was
performed at 25 ◦C (monitoring at 210 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.
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STAT Signal transducer and activator of transcription
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TMBM 1,3,5-tribromomethylbenzene
TOCSY Total Correlation Spectroscopy
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