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A B S T R A C T   

In recent years, 5-pyrazolyl-ureas have mostly been known for their attractive poly-pharmacological outline and, 
in particular, ethyl 1-(2-hydroxypentyl)-5-(3-(3-(trifluoromethyl) phenyl) ureido)-1H-pyrazole-4-carboxylate 
(named GeGe-3) has emerged as a capable anti-angiogenic compound. This paper examines its interactome by 
functional proteomics using a label-free mass spectrometry based platform, coupling Drug Affinity Responsive 
Target Stability and targeted Limited Proteolysis-Multiple Reaction Monitoring. Calreticulin has been recognized 
as the GeGe-3 principal target and this evidence has been supported by immunoblotting and in silico molecular 
docking. Furthermore, cell studies have shown that GeGe-3 lowers cell calcium mobilization, cytoskeleton or-
ganization and focal adhesion kinase expression, thus linking its biological potential to calreticulin binding and, 
ultimately, shedding light on the reasonable action mechanism of this molecule as an anti-angiogenic factor.   

1. Introduction 

Over the last twenty years, 5-pyrazolyl-ureas have been largely 
investigated for their striking poly-pharmacological outline ranging 
from their anti-pathogenic activities (versus bacteria, plasmodium, 
toxoplasma, and others) to their anti-inflammatory and antiepileptic 
potential [1,2]. At last, several compounds belonging to this family have 
emerged as potential therapeutic agents for cancer and autoimmune 
diseases [1]. Indeed, at an intracellular level, 5-pyrazolyl-ureas are able 
to perturb many kinase-related pathways such as those involving MAPK, 
Src, Bcr-Abl, Flt3, TrkA and others. It is clear that some of the afore- 
mentioned targets play an important role in immunological responses 
and in the alteration of inflammatory mediators production: therefore, 
5-pyrazolyl-ureas could play a potential role in modulating auto- 
immune diseases such as rheumatoid arthritis (RA), Crohn’s disease, 
inflammatory bowel disease and psoriasis as well as in cancer cell pro-
liferation, differentiation, and apoptosis [1]. For instance, 5-pyrazolyl- 
urea BIRB 796 (Dorapaminod) has been identified as a p38MAPK in-
hibitor, becoming an interesting clinical candidate for the treatment of 
RA and being exploited as a pharmacological tool in medicinal chem-
istry research [2]. 

In recent years, 5-pyrazolyl-ureas (1, Fig. 1) have been synthesized 
and proved to strongly inhibit both N-formyl-methionyl-leucyl-phenyl-
alanine (fMLP)- and IL-8-induced human neutrophil chemotaxis, a 
complex migration process that takes place both in inflammation and 
cancer progression, already at nanomolar concentration [3,4]. Addi-
tional studies of their action mechanism have revealed that such com-
pounds are able to modulate the activity of ERK1/2, p38MAPK and AKT 
in VEGF-stimulated human umbilical vein endothelial cells (HUVECs) 
[5]; in particular, ethyl 1-(2-hydroxypentyl)-5-(3-(3-(trifluoromethyl) 
phenyl) ureido)-1H-pyrazole-4-carboxylate (named GeGe-3, Fig. 1) has 
emerged as a promising anti-angiogenic compound, inhibiting HUVEC 
proliferation and endothelial tube formation, impairing inter-segmental 
angiogenesis during the development of zebrafish embryos and blocking 
angiogenesis in mice and tumor growth in transplanted subcutaneous 
Lewis Lung Carcinomas [6]. These gathered data confirmed GeGe-3 as 
an interesting potential anti-angiogenic drug, postulating that GeGe-3 
was able to interfere with the kinases pathway. Although different tar-
gets have been hypothesized for this compound (e.g., the kinases Aurora 
B and Aurora C, NEK 10, PLK2, PLK3 and DMPK1), regrettably, all the 
performed biochemical and biological tests gave negative results in 
terms of straight interactions (data not showed). In addition, it appears 
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that GeGe-3 alters angiogenesis mainly by indirectly acting on DMPK1 
which in turn controls the activation of MAPK signaling. DMPK1 is a 
serine/threonine kinase involved in cell contractility, probably through 
the regulation of cellular calcium homeostasis [6]. 

Therefore, the GeGe-3 interactome has been thoroughly examined 
through a combination of functional proteomic approaches in order to 
identify its most prominent protein partner(s) and shed light on its ac-
tion mechanism. Indeed, GeGe-3 has been submitted to label-free pro-
teomic experiments coupling Drug Affinity Responsive Target Stability 
(DARTS) and targeted Limited Proteolysis-Multiple Reaction Monitoring 
mass spectrometry (t-LiP-MRM) to disclose its most reliable interacting 
protein(s) and their interaction features. DARTS is based on the ability of 
the tested compound (i.e., GeGe-3) to protect the target protein(s) 
against enzymatic proteolysis, as revealed by gel electrophoresis anal-
ysis (SDS-PAGE). Later on, high-resolution MS can identify the targets 
[7–10]. Furthermore, a detailed depiction of the molecular mechanism 
of binding between the small molecule and its putative target(s) can be 
achieved by t-LiP-MRM, a gel-free DARTS-like strategy based on double- 
protease action and MRM-MS detection. T-LiP-MRM points to the dis-
covery of local protein structural alterations due to complex formation 
with the small molecule [11]. Proteomics analysis points towards the 
identification of several targets amongst which calreticulin is the key 
one. This evidence has been supported by immunoblotting and in silico 
molecular docking. Finally, cellular assays disclosed the GeGe-3 poten-
tial mechanism of action as an anti-angiogenic factor, linking its bio-
logical properties to calreticulin interaction. 

2. Materials and methods 

2.1. Cell culture 

Human Umbilical Vein Endothelial Cells (HUVECs) were purchased 
from the American Type Culture Collection (ATCC, Manassas, VA, USA; 
ATCC® PCS-100-010™) and cultured in endothelial growth medium 
(EGM-2; serum free, growth-factor free). EGM-2 medium was supple-
mented with 2% fetal bovine serum (FBS), human fibroblast growth 
factor-B (hFGF-B), human epidermal growth factor (hEGF), human 
vascular endothelial cell growth factor (hVEGF), long R insulin-like 
growth factor-1 (R3-IGF-1), ascorbic acid, hydrocortisone and heparin 
(Lonza), as well as with antibiotics (10000 U/mL penicillin and 10 mg/ 
mL streptomycin). Cells were maintained at 37 ◦C in an incubator 
creating an atmosphere composed by CO2: humidified air in a ratio of 
5%:95% and were serially passed at 70–80% confluence. Cells were 
cultured until passage 10, all the experiments has been performed be-
tween the 7th and the 9th passage. 

2.2. GeGe-3 protein partners identification by DARTS 

HUVEC pellets were submitted to mechanical lysis in a Dounce ho-
mogenizer. Pellets were suspended in phosphate saline buffer (PBS: 137 
mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4) sup-
plemented with 0.1% (vol/vol) Igepal and a cocktail of endogenous 

proteases inhibitors (Sigma Aldrich-Merk). Lysis was accomplished 
carrying out alternate cycles of friction and rest (4 ◦C). The resulting 
suspension was submitted to centrifugation (5 min at 9391 rcf and 4 ◦C) 
to remove the protein solution from the pelleted debris. Protein con-
centration of the cleared lysate supernatant was determined by the 
spectrophotometric Bradford assay (Bio-Rad, Hercules, CA, USA). 

Protein aliquots (60 μg in 100 μL) were either treated with DMSO 
(vehicle control; 1% vol/vol) or increasing amounts of Gege-3 (final 
concentrations: 1 μM, 10 μM and 100 μM; 1% vol/vol DMSO) and 
incubated for 1 h at room temperature under rotary shaking (Mini-Ro-
tator, Biosan). Samples were then submitted to limited proteolysis 
(1:500 w/w subtilisin to proteins ratio) for 30 min at 25 ◦C under 
shaking (500 rpm, Thermomixer, Biosan). An aliquot of the DMSO- 
treated lysate was submitted to a mock proteolysis, adding H2O 
instead of the enzyme. Subtilisin was then quenched with 1 mM final 
concentration of phenylmetane-sulfonil-fluoride (PMSF, Sigma Aldrich- 
Merck), incubating the samples for 10 min at 25 ◦C (500 rpm, Ther-
momixer, Biosan). The DARTS experiment was performed in duplicate. 

To visualize GeGe-3 putative partners, 5 μg of each sample were 
treated with Laemmli buffer (60 mM Tris-HCl pH 6.8, 2% SDS, 0.001% 
bromophenol blue, 1% glycerol, 2% β-mercaptoethanol), heated at 95 ◦C 
for 5 min and submitted to 1D-SDS-PAGE on 4–12% polyacrilamide 
gradient gels (Criterion™ XT Precast Gel, 4–12% Bis-Tris, Bio-Rad, 
Hercules, CA, USA). The gels were then fixed, washed and Coomassie 
stained (Coomassie G-250, Bio-Rad, Hercules, CA, USA) and scan images 
were taken (LabScan) and submitted to a densitometric analysis through 
ImageJ (Supplementary Fig. 1). Subsequently, gel bands whose intensity 
increased with increasing GeGe-3 amounts were excised from the gels 
and submitted to an in situ tryptic digestion protocol [12]. Next, gel 
bands were washed by shrinking/swelling cycles in CH3CN and 
ammonium bicarbonate (AmBic, 50 mM, pH 8.5). Then, disulphide 
bonds were reduced by treating the gel pieces with 1,4-dithiothreitol 
(DTT, 6.5 mM in 50 mM AmBic, 1 h, 60 ◦C) and the formed thiols 
were carboxyamidomethylated with iodoacetamide (IAA, 54 mM in 50 
mM AmBic, 30 min, room temperature, in the dark). Residual reagents 
were removed by shrinking/swelling cycles and gel pieces were rehy-
drated in a 12 ng/µL trypsin/LysC solution (Promega, Madison, Wis-
consin) on ice for 1 h. The enzymes excess was then removed and 40 µL 
of 50 mM AmBic were added to allow protein digestion to proceed 
overnight at 37 ◦C. The supernatant was then collected and peptides 
were extracted from the gel slices shrinking them twice in 100% CH3CN. 
All of the supernatants were collected and combined to then be dried out 
by vacuum and solubilized in 20 µL of 10% Formic Acid (FA) for the 
subsequent nano-flow RP-UPLC MS/MS analysis. 

Thus, 1 μL of each digest was analyzed on an Orbitrap Q-Exactive 
Classic Mass Spectrometer (ThermoFisher Scientific, Bremen) coupled to 
an UltiMate 3000 Ultra-High Pressure Liquid Chromatography (UPLC) 
system (ThermoFisher Scientific, Bremen), equipped with an EASY- 
Spray PepMAPTM RSLC C18 column (3 μm, 100 Å, 75 μm × 50 cm, 
ThermoFisher Scientific, Bremen). Peptides elution was achieved at a 
flow rate of 300 nL/min with the following gradient: 1 min at 3% B, 1 
min to 40 min to 38% B, 40 min to 41 min to 70% B, 41 min to 50 min at 
70% B and 50 min to 60 min back to 3% B (A: 95% H2O, 5% CH3CN, 
0.1% AcOH; B: 95% CH3CN, 5% H2O, 0.1% AcOH). The mass spec-
trometer was operated in data-dependent acquisition mode. Full scan 
MS spectra were acquired with the following settings: scan range 
400–2000 m/z, full-scan automatic gain control (AGC) target 1e6 at 
70,000 resolution, maximum injection time 100 ms. MS2 spectra were 
generated for up to 10 precursors (normalized collision energy of 30%) 
and the fragment ions acquired at a resolution of 17,500 with an AGC 
target of 1e5 and a maximum injection time of 50 ms. 

The raw files obtained were converted into Mascot Generic Format 
data files (.mgf) through MSConvert and loaded onto the Mascot 
Daemon graphical user interface (MatrixScience, London, UK) to iden-
tify proteins. The SwissProt database (release February 2020, 562,253 
sequences, 202,348,262 residues) was employed to retrieve in silico 

Fig. 1. Chemical structures of previously reported 5-pyrazolyl-ureas 1 and of 
the compound GeGe-3. 
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proteins digestion and the following settings were used for the analysis: 
trypsin as the enzyme, two missed cleavages allowed; carbamidomethyl 
(C) as fixed modification; oxidation (M) and phosphorylation (ST) as 
variable modifications; 30 ppm as peptide tolerance; 0.8 Da as MS2 

tolerance. 
The data obtained were filtered by molecular weight ranges, with the 

appropriate gel cutting patterns, and a semi-quantitative analysis was 
then performed comparing MASCOT matches among the analyzed 
compounds. Protection percentages were thus calculated as follows: 
Protection (%) = [(MatchesGeGe-3 - MatchesControl)/MatchesLysate]*100. 

2.3. GeGe-3 protein partners validation through Western blotting 

The DARTS results obtained through nano-flow RP-UPLC MS/MS 
were validated through Western Blotting. 5 μg of the DARTS obtained 
protein mixtures were treated with Laemmli buffer, boiled at 95 ◦C for 5 
min, resolved on a 12% SDS-PAGE gel and transferred onto a nitrocel-
lulose membrane. The membrane was soaked for 1 h at room tempera-
ture in a 5% non-fat dried milk containing TBS-t solution (31 mM Tris 
pH 8, 170 mM NaCl, 3.35 mM KCl, 0.05% Tween 20) and then incubated 
overnight at 4 ◦C and whilst being continuously shaken with a rabbit 
primary polyclonal antibody raised against calreticulin (1:1000 vol/vol, 
GeneTex, Irvine, California, USA). The antibody excess was then 
removed, membranes were washed with TBS-t and incubated, for 1 h at 
room temperature, with a rabbit peroxidase-conjugated secondary 
antibody (1:2500 vol/vol; Thermo-Scientific). The signal was detected 
using an enhanced chemiluminescent substrate and LAS 4000 (GE 
Healthcare, Waukesha, WI, USA) digital imaging system. To prevent 
eventual loading issues, the membrane was also hybridized with an anti- 
Glyceraldehyde 3-Phosphate Dehydrogenase antibody (GAPDH, 1:2500 
vol/vol, mouse, Invitrogen) and the signal was detected as described 
above. The same samples were also analyzed with a mouse primary 
monoclonal antibody raised against BUB3 (1:250 vol/vol, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA). The signal was revealed, as 
described above, through a mouse peroxidase-conjugated secondary 
antibody (1:1000 vol/vol; Thermo-Scientific). GAPDH (1:2500 vol/vol, 
mouse, Invitrogen) was used as a loading normalizer. 

2.4. Calreticulin MRM method building 

Calreticulin (UniProt Accession: P27797) tryptic peptides previously 
detected by MS where selected through the proteomics data resource 
Peptide Atlas (https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas) 
on its Human build and queried into the complete Human SRM Atlas build 
(https://db.systemsbiology.net/sbeams/cgi/PeptideAtlas/GetTransit 
ions) to retrieve their best daughter ions. Thus, comprehensive methods 
listing calreticulin peptides and their three best transitions were ob-
tained and subsequently tested onto a HUVEC lysate tryptic digest. 
HUVEC cell lysate, obtained as described before, was submitted to an in 
solution digestion protocol: proteins were denatured using 8 M urea/50 
mM AmBic (4 M final urea concentration), disulphide bonds were 
reduced with 10 mM DTT for 1 h at 25 ◦C (800 rpm, Thermomixer, 
Biosan) and then alkylated with 20 mM iodoacetamide for 30 min, at 
25 ◦C and 800 rpm, in the dark. Iodoacetamide was then quenched with 
10 mM DTT (10 min, 25 ◦C, 800 rpm, Thermomixer, Biosan) and urea 
was diluted up to 1 M with 50 mM AmBic before adding the trypsin/ 
LysC solution (Promega, Madison, Wisconsin) at the enzyme to proteins 
ratio of 1:100 w/w. Digestion was allowed to proceed overnight at 37 ◦C 
under continuous shaking and then quenched adding FA to lower the pH 
to 3. The peptides mixture was then dried under vacuum, dissolved in 1 
mL 5% FA and desalted through a Sep-Pak C18 1 cc (50 mg) cartridge 
(Waters, Milford, MA, USA). The cartridge was activated flushing 3 mL 
of 100% CH3CN and then conditioned with 3 mL of 0.1% FA. The sample 
was then loaded, desalted flushing the cartridge with 3 mL of 0.1% FA 
and finally eluted flushing two times 500 μL of 80% CH3CN, 20% H2O, 
0,1% FA. For the subsequent MS analysis, the peptides mixture was 

dried under vacuum and re-dissolved in 10% FA. 
UPLC–ESI-MRM-MS analyses were performed on a 6500 Q-TRAP 

from AB Sciex equipped with Shimadzu LC-20A and Auto Sampler sys-
tems. UPLC separation was performed on a Kinetex PS C18 column (50 
× 2.1 mm, 2.6 μm, 100 Å, Phenomenex, Torrance, USA), using 0.1% FA 
in H2O (A) and 0.1% FA in CH3CN (B) as mobile phases, and a linear 
gradient from 5 to 95% of B over 20 min (flow rate: 300 μL/min). Q- 
TRAP 6500 was operated in positive MRM scanning mode, with 
declustering potential (DP) set at 80 V, entrance potential (EP) at 10 V 
and cell exit potential (CXP) at 22 V. Collision energy (CE) was calcu-
lated for each precursor as follows: CE = 0.044 × (Q1 m/z) + 5.5 
(precursor charge 2 + ) and CE = 0.051 × (Q1 m/z) + 0.5 (precursor 
charge > 2+) [13]. 

UPLC–ESI-MRM-MS runs were then performed: the XICs of all the 
transitions of each precursor were inspected to (1) identify tryptic 
peptides which could actually be experimentally observed, (2) assign the 
retention time to all of the peptides and (3) identify the best transition 
for each peptide as the one showing the most intense peak and the best 
signal to noise ratio. Thus, a global MRM method comprising 16 tran-
sitions was obtained, allowing a 58% calreticulin mapping (Supple-
mentary Fig. 2). 

2.5. GeGe-3/Calreticulin interaction features evaluation through t-LiP- 
MRM 

HUVEC cell proteome aliquots (135 μg in 45 μL), extracted as pre-
viously reported, were incubated with DMSO or GeGe-3 (100 μM final 
concentration), for 1 h at room temperature and under continuous ro-
tary shaking on Mini-Rotaor (Biosan) (the DMSO amount in all of the 
samples was 1% vol/vol). The samples were then submitted to limited 
proteolysis with 1:1500 (w/w) subtilisin to proteins ratios, leaving an 
aliquot of the DMSO treated one undigested to be kept as a positive 
control. Subtilisin was then quenched with PMSF (1 mM final concen-
tration) and the mixtures shifted to denaturing condition adding urea (4 
M final concentration) to perform in solution digestion and desalting, as 
previously reported. The samples were then injected in the UPLC-ESI- 
MRM-MS system and analyzed through the previously optimized cal-
reticulin MRM method. The area of each protein tryptic peptide peak 
was then measured using the Analyst Software from AB Sciex. Each 
sample was analyzed in duplicate. 

2.6. Docking simulations 

The molecular structures of compound (R)-GeGe-3 and its enan-
tiomer (S)-GeGe-3 were built by MOE2009.10 (builder module), 
parameterized by MMFF94x force field and their docking poses within 
calreticulin were calculated by Autodock 4.2 [14]. After the removal of 
water molecules from the crystal structure of calreticulin (PDB code 
3POW) [15], polar hydrogen and Gasteiger-Huckel charges were added. 
The missing residues in the pdb file (i.e., 10–15, 205–301 and 368) were 
not processed. The ligands root was defined automatically. A 60 × 60 ×
60 Å grid (grid spacing 0.375 Å) was centered on the binding site of the 
tetra saccharide binding site, as defined in the pdb file 3POW [16] and 
electrostatic and affinity maps for each atom type of the ligand were 
calculated. The docking search was performed over 100 conformers 
using the Genetic Algorithm Local Search protocol as implemented in 
Autodock (population size: 50; rate of gene mutation: 0.02; rate of 
crossover: 0.8). The docking poses were clustered (rmsd: 2.0 Å) and the 
best conformation of the low energy highest populated cluster was 
selected as the binding conformation. Models analysis was carried out 
using the CCP4 program suite [17]. The calculations were run on a Linux 
PC (Intel® processor Core™ i7-2600 CPU@3.40 GHz). 

2.7. Measurement of intracellular Ca2+ signalling 

Intracellular Ca2+ concentrations [Ca2+] were measured using the 
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fluorescent Fluo-4 a.m. probe (Molecular Probes, Thermo Fisher Scien-
tific, Waltham, MA, USA), as previously described [18–20]. Briefly, 
HUVEC cells were trypsinized, washed and placed in 1.5 mL tubes at 5 ×
105/ml and then incubated with GeGe-3 (5, 10, 25, 40 and 50 μM final 
concentrations) in PBS 1x for 1 h at room temperature. Then, cells were 
washed by centrifugation (5 min at 300 g) and incubated with 2.5 μM of 
Fluo-4 a.m. in 3% DMSO (DMSO final concentration in each assay was 
0.06%) at 37 ◦C for 45 min in PBS 1x. Finally, cells were re-washed and 
the fluorescence in each sample was analyzed by a BD FACSCalibur 
cytometer using the 530/30 filter. Rapid kinetic measurement of fluo-
rescence was performed by flow cytometry using Ca2+-ionophore (ion-
omycin 1 mM; Sigma-Aldrich, St. Louis, MO, USA) and the chelating 
agent EDTA (15 mM, 15 min before; Sigma-Aldrich, St. Louis, MO, USA) 
as the positive and negative controls, respectively. 

2.8. Confocal microscopy 

HUVEC cells, treated or not with GeGe-3 (10 μM final concentration) 
and fixed on cover slips in p-formaldehyde (4% vol/vol in PBS; Lonza; 
Basilea, Switzerland), were permeabilized with Triton X-100 (0.2% vol/ 
vol in PBS; Lonza; Basilea, Switzerland), blocked with goat serum (20% 
vol/vol in PBS; Lonza; Basilea, Switzerland) and then incubated with 
anti-calreticulin (mouse monoclonal; 1:200 vol/vol; Thermo Fisher 
Scientific, Waltham, MA, USA) and anti-FAK (Focal Adhesion Kinase) 
(rabbit polyclonal; 1:200 vol/vol; Thermo Fisher Scientific, Waltham, 
MA, USA) antibodies overnight at 4 ◦C. After two washing steps per-
formed on the cover slips by ddH2O, cells were incubated with Alexa-
Fluor 488/550 anti-rabbit and anti-mouse antibodies (1:1000 vol/vol; 
Molecular Probes, Eugene, OR, USA) and with FITC-conjugated anti-F- 
actin (5 µg/ml; Phalloidin-FITC, Sigma-Aldrich, St. Louis, MO, USA) for 
2 h at room temperature in the dark. To detect nuclei, Hoechst 33342 
nucleic acid stain (1:5000 vol/vol; Molecular Probes, Thermo Fisher 
Scientific, Waltham, MA, USA) was used. Confocal analysis was per-
formed with Zeiss ZEN Confocal Software (Carl Zeiss MicroImaging 
GmbH, Jena, Germany) as previously reported [21]. 

3. Results 

Our combined multidisciplinary approach can be summarized in the 
following steps: (a) identification of GeGe-3 interactome by DARTS 
coupled to high resolution mass spectrometry, bioinformatics and 
western blotting analysis to validate the results; (b) t-LiP MRM analysis 
to look at the features of interaction between GeGe-3 and its main target; 
(c) molecular docking and (d) in cell assays, to evaluate its biological 
properties. 

3.1. Identification of GeGe-3 cellular target(s) through DARTS 

Usually, the interaction between a small molecule and its specific 
protein target produces a more compacted tridimensional structure of 
the target itself, with a resultant lower sensitivity to enzymatic prote-
olysis. A typical DARTS experiment begins with the controlled proteol-
ysis of a cellular lysate (pre-treated or not with the small molecule) with 
the low-specificity protease subtilisin under native conditions. The 
following SDS-PAGE of the samples makes it possible to monitor the 
proteins resistance to the enzymatic hydrolysis. The lane intensity cor-
responding to the putative protein target(s) will rise in the samples pre- 
treated with the small molecule, due to its protective effect, in a con-
centration dependent fashion. Thus, the target protein(s) can be iden-
tified through classical proteomic approaches by in situ digestion, nano- 
UPLC-MS/MS experiments and the use of bioinformatic tools. 

In our experiments, HUVEC cell samples lysed in mild non- 
denaturing conditions were incubated with increasing concentration 
of GeGe-3, except for the one which acted as the negative control and 
they were later subjected to subtilisin-mediated limited proteolysis. An 
undigested lysate sample without GeGe-3 was kept as a positive control. 
Then, all of the samples were submitted to SDS-PAGE separation, 
revealed by Coomassie blue staining and all the gel lanes were carefully 
excised, as represented by the cutting pattern reported as red dotted 
lines in Fig. 2 Panel A,. Subsequently, the obtained bands were sub-
mitted to an in situ tryptic digestion [12]. A nano-UPLC-MS/MS analysis 
of the digested peptide samples, followed by a Mascot database search, 
helped to identify the proteins. 
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Fig. 2. (A) Coomassie stained SDS-PAGE of a DARTS experiment performed with increasing GeGe-3 amounts. The cut bands are shown by red dotted linesand 
indicated through progressive numbers. (B) Filtered list of GeGe-3 putative partners, shown with their protection (%) form proteolysis for both DARTS biological 
replicates. Western blotting analysis of a DARTS experiment showing increasing GeGe-3 amounts shelter calreticulin (C) and BUB3 (D) form proteolysis accordingly. 
GAPDH has been used as a loading normalizer. Densitometric analysis of the Western Blots in panels C (E) and D (F). Data are presented as means ± standard 
deviations of two replicated experiments. 
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All the experiments were carried out in duplicate: proteins identified 
in both of the DARTS were used (Supplementary Tables 1A and 1B) to 
identify GeGe-3 interacting proteins by comparing the Mascot matches 
with both the positive and negative control samples. Thus, GeGe-3 
protection levels (reported as percentages) were evaluated for each 
identified protein: the list of presumed GeGe-3 putative interactors was 
refined by including those partners whose protection was clearly 
dependent on the compound concentration in both experiments. Un-
fortunately, analysis of the proteomic was not able to trace the protec-
tion provided by GeGe-3 at 1 µM therefore the levels of protection for the 
putative GeGe-3 partners has been reported at 10 µM and 100 µM of the 
molecule (Fig. 2 Panel B). Of the supposed GeGe-3 targets, the mitotic 
checkpoint protein BUB3 and calreticulin resulted as the most protected 
from the proteolysis already at the lowest molecule amount (10 μM) in 
both of the DARTS biological replicates (Fig. 2 Panel B), but in a 
different way from the aryl hydrocarbon receptor nucelar translocation- 
like protein 1. Thus, the direct interaction between these proteins and 
the small molecule was confirmed using Western blotting analysis, 
submitting all DARTS samples to both an anti-calreticulin and an anti- 
BUB3 antibody reaction (Fig. 2 Panel C and D, respectively). The 
immunoblotting results made it possible to select calreticulin as the 
principal partner of GeGe-3: it is clear from a comparison of the signals 
corresponding to undigested calreticulin and BUB3 that GeGe-3 gives a 
better proteolysis protection of calreticulin, which shows a high degree 
of sheltering already at the molecule 1 μM amount (Fig. 2 Panel C). On 
the other hand, BUB3 protection is less pronounced Fig. 2 Panel D). In 
order to confirm this, an accurate densitometric analysis was carried out 
on full-length calreticulin and BUB3 signals, using GAPDH (Glyceral-
dehyde 3-phosphate dehydrogenase) as loading normalizer (Fig. 2 Panel 
E and F, respectively). 

Calreticulin is a major Ca2+ storage protein in the endoplasmatic 
reticulum (ER) lumen and its expression is upregulated by stress, Ca2+

depletion, and metabolic starvation; its exact role and function has been 
extensively investigated over time [22,23]. Numerous recent studies 
have evaluated calreticulin as a potential biomarker for the invasion of 
breast cancer and showed up-regulation of calreticulin expression in 
tumor tissues compared to normal tissues [24]. In addition, close 
interaction of the calreticulin with integrin/EGFR-ERK/MAPK signaling 
pathway has been clearly demonstrated in myeloproliferative neoplasm 
[25] and in pancreatic tumor cells [26], indicating that its silencing 
could be useful in the inhibition of tumor growth and metastasis 
formation. 

3.2. Analysis of the interaction features at the basis of GeGe-3-calreticulin 
binding by t-LiP MRM 

In order to explore further the interaction profile of the small 
molecule under investigation, we have employed our t-LiP MRM strat-
egy. T-LiP MRM enables the recognition of the target/ligand interface 
region(s) in a crude cell lysate, looking at the protein conformational 
alterations due to a ligand binding. Native proteins from HUVEC cells 
were treated (or not) with GeGe-3 and, then, a double-protease digestion 
was performed: first, subtilisin limited proteolysis step was carried out 
under native controlled conditions and, then, a full tryptic digestion was 
completed in a denaturing setting. This sequential treatment generates a 
combination of semi-tryptic and fully tryptic peptides, the latter suitable 
for targeted MRM-MS quantification analysis. Indeed, the area of fully 
tryptic peptide peaks can be considered indicative of the local target 
structural changes due to ligand binding: it will be higher when subtil-
isin limited proteolysis is less effective due to small molecule covering 
attackable protein regions. Initially, an in silico search using the bio- 
informatics devices PeptideAtlas and SRMAtlas set the more likely 
MRM transitions of calreticulin theoretical fully tryptic peptides to map 
the protein, then a cell lysate sample was denatured and extensively 
proteolysed by trypsin to clearly mark out the most reliable peptidic 
signals and their most intense daughter ions by LC-MRM-MS. Next, the 

native protein mixtures were incubated with GeGe-3 (100 μM) or the 
vehicle (negative control) and treated with subtilisin under restricted 
conditions of time and temperature and at an enzyme to proteins ratio of 
1:1500 (w/w). Subtilisin was then quenched and all of the samples were 
denaturated and fully digested by trypsin before running the mixtures on 
the LC-MRM-MS system in order to quantify the area of each calreticulin 
tryptic peptide. Then, peptides mapping for calreticulin regions sensitive 
to subtilisin (also called LiP peptides) were identified as the ones whose 
area was significantly inferior in the doubly digested sample (negative 
control) compared to the trypsin-only digested sample (positive con-
trol). Next, these peptides were examined in the controls and GeGe-3 
treated samples: LiP peptides with an increased intensity in the samples 
exposed to the small molecule were considered symptomatic of GeGe-3 
protection in specific calreticulin region(s) (Supplemantary Table 2). In 
particular, calreticulin conformational changes were identified in the 
amino acids 144–151, 210–222, 378–385 and 402–414 (Fig. 3, Panel A). 
The peptide 144–151 is located in a calreticulin N-terminal globular 
domain (N-domain in Fig. 3 Panel A) that is responsible for the inter-
action with α integrins and is involved in chaperone functions. More-
over, the region between the amino acids 210 and 222 covers a portion 
of the so-called central proline-rich domain (P-domain in Fig. 3 Panel A), 
with high-affinity for Ca2+ binding, that takes place in calreticulin 
chaperone activity. Furthermore, the peptides 378–385 and 402–414 
map for calreticulin C-terminal Ca2+ buffering domain (C-domain in 
Fig. 3 Panel A), which is responsible for the protein calcium storage 
capability. 

3.3. Molecular docking analysis of calreticulin/GeGe-3 complex 

In order to provide information about the molecular basis of the 
interaction between calreticulin andGeGe-3, a docking simulation has 
been carried out considering the two possible enantiomers of the ligand. 
As reported in Fig. 3 Panel B, both isomers would assume a similar 
orientation within the calreticulin binding site, with the pyrazole moiety 
inserted in the cavity and the urea substructure projecting towards the 
solvent. Both calreticulin/GeGe-3 docking complexes would be mainly 
stabilized by hydrogen-bond interactions involving urea NH groups and 
Asp125 side chain, ester carbonyl group and Asn154 and OH group with 
Asp317 and Tyr109 side chains. Additionally, the GeGe-3 pyrazole ring 
would be able to interact via a cation-π interaction with Lys111 terminal 
amino group (Fig. 3 panels C and D). The calculated Ki values for (R)- 
GeGe-3 and (S)-GeGe-3 were 510 μM and 533 μM, respectively, thus 
highlighting similar binding affinities of the two enantiomers towards 
calreticulin. Based on this latter result, the following biological assays 
were performed on the racemic mixture, since no advantage seems to be 
provided by their separation. 

Althought the simulations did not predict any direct interaction, 
GeGe-3 docking poses would possibly be located in proximity of the 
calreticulin 144–151 region identified by t-LiP MRM analysis as a target/ 
ligand interface. This observation is completely in line with the prote-
omics data. 

3.4. GeGe-3 negatively affected calcium mobilitation and cysoskeletal 
organization in HUVEC cells 

To evaluate the biological consequences of GeGe-3 interaction with 
calreticulin, the regulation of Ca2+ homoeostasis by this protein has 
been investigated in depth in HUVEC cells [27]. In particular, through 
the Fluo-4 a.m. cytofluorimetric assay, we showed that, upon adminis-
tration of GeGe-3, Ca2+ intracellular transition appeared inhibited in a 
concentration-dependent manner (Fig. 4A). Ionomycin and EDTA have 
been used as technical controls. Furthermore, as assessed by confocal 
microscopy, the presence of GeGe-3 did not induce any kind of modi-
fication on both the expression and localization of calreticulin (Fig. 4B, 
Panel a and b). Since Ca2+ mobilization represents a crucial moment for 
cytoskeletal organization [28], we performed further 
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immunofluorescence assays selecting 10 µM GeGe-3 as the concentra-
tion to be tested, based on a previously performed MTT assay (Supple-
mentary Fig. 3). As shown in Fig. 4B Panel c, phalloidin staining on the 
untreated cells revealed a well-organized F-actin cytoskeleton with 
pronounced protein filaments. Conversely, in the presence of GeGe-3, F- 
actin acquired a notable cortical localization, suggesting a less motile 
phenotype (Fig. 4B, panel d). Our confocal analysis also focused on Focal 
Adhesion Kinase (FAK) expression, since these kinases are known to be 
closely linked to F-actin and to have an important role in angiogenesis 
[29]. The moderate FAK signal in untreated HUVEC cells (white arrows 
in Fig. 4B panel e) appeared strongly decreased in the presence of GeGe- 
3 (Fig. 4B, panel f). The results of FAK expression and F-actin organi-
zation notably reinforce our results from GeGe-3 inhibitory action on the 
events in which calreticulin is known to participate. 

4. Discussion 

It is worth exploring the interactions that occur between bioactive 
compounds both from natural or synthetic routes and their cellular 

targets. The main aim is to discover the direct interactors of such com-
pounds to link their bioactivity to a defined biological pathway alter-
ation [8–10,30]. Here, some potential targets of GeGe-3, a 5-pyrazolyl- 
urea derivative already known for altering the migration process 
involved both in inflammation and cancer progression, have been 
investigated using a combination of proteomic strategies. Firstly, Drug 
Affinity Responsive Target Stability and targeted Limited Proteolysis 
combined to mass spectrometry were employed and the obtained data 
were validated by immunoblotting as a bio-orthogonal mass-spectrom-
etry free technique. The results pointed towards calreticulin as a novel 
GeGe-3 partner showing that it is protected by the small molecule 
mainly in three areas, pointed by limited proteolysis, as peptides 
141–155, 210–222, and the C-terminal region around aminoacids 
378–414. 

At the same time, molecular docking analysis was carried out on the 
GeGe-3/calreticulin complex revealing that both the molecule enantio-
mers were able to equally contact the same binding site of the protein, 
showing comparable docking poses and the same affinity in the micro-
molar range. Interestingly, GeGe-3 seems to be stabilized into 

A

B C D

Signal peptide N-domain P-domain C-domain

Chaperone acvitity domain Calcium buffering domain

414-204583-873222-012151-441

Fig. 3. (A) T-LiP-MRM results. Calreticulin domains are depicted in different colors and GeGe-3 protected LiP peptides are reported as gray stripes. (B) Docking poses 
of (R)-GeGe-3 (cyan) and (S)-GeGe-3 (orange) within the calreticulin binding site. (C) Ligplot of calreticulin~(R)-GeGe-3. (D) Ligplot of calreticulin~(S)-GeGe-3. 
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Fig. 4. (A) Effects of ionomycin (1 mM), 
EDTA (15 mM), GeGe-3 (from 5 to 50 µM) on 
rise in intracellular Ca2+ in HUVEC cells. The 
histogram shows the fluorescence increment 
related to the amount of calcium intracel-
lular. Data are reported as means ± SD of n 
= 2 experiments with similar results. *p <
0.05; **p < 0.01; ***p < 0.001 versus not 
treated control. (B) Confocal analysis of cells 
treated or untreated for 24 h with 10 µM 
GeGe-3 for calreticulin (panels a, b), F-actin 
(panels c, d) and FAK (panels e, f). Magnifi-
cation 63× 1.4NA. Bar = 10 μm.   
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calreticulin hole by hydrogen-bond interactions involving urea NH 
groups and Asp125 side chain, ester carbonyl group and Asn154 and OH 
group with Asp317 and Tyr109 side chains, in line with the protection of 
the peptide 141–155 disclosed by t-LiP-MRM data. 

Calreticulin is a calcium-binding protein with multiple cellular 
functions: it is involved in intracellular Ca2+ homeostasis, oxidative 
stress reactions and lectin binding. Furthermore, calreticulin also in-
fluences Ca2+ uptake and release within the ER and mitochondria, since 
it is present in ER and in cytoplasm. Structurally, this protein contains 
three different domains and, more specifically, its C-terminal region 
distresses calcium storage capability since it binds Ca2+ with high af-
finity [31]. As a consequence of its multiple functions, it is involved in 
distinct cellular phenomena as cell adhesion, cell–cell interactions, 
migration, phagocytosis, immune responses, cell proliferation, differ-
entiation and apoptosis [32–34]. Further participations of calreticulin in 
the extracellular space such as in cutaneous wound healing have also 
emerged [35]. Finally, calreticulin dysfunction takes part in the process 
of cancer, mainly in formation and progression of tumors, depending on 
the type of cell and clinical stage of the disease [36,37]. 

Our results clearly indicate that GeGe-3 alters the Ca2+ intracellular 
shift in HUVEC cells in a concentration dependent fashion, most likely 
due to its binding to calreticulin. This effect, in turn, alters the organi-
zation of the cytoskeletal proteins, with F-actin moving to the cortical 
cell region, as far as expected when calcium mobilization is affected. 
Moreover, focal adhesion kinase (FAK) expression seems to be nega-
tively modulated by the treatment of HUVEC cells with GeGe-3. As re-
ported by Peng et al. in 2004, FAK expression in vascular endothelial 
cells strictly correlates with angiogenesis: indeed, FAK expression is 
necessary for the functioning of normal cells and is reported to be over- 
expressed in later stages of cancer [38,39]. FAK expression is enhanced 
in several tumors, such as breast cancer, neuroblastoma, pancreatic 
cancer, ovarian and cervical cancer, osteosarcoma, kidney cancer, lung 
cancer, lung, neck and oral cancer, hepatocellular carcinoma, colon 
cancer, prostate cancer, brain cancer, melanoma, thyroid cancer and 
acute myeloid leukaemia [40]. For these reasons, it is possible that the 
GeGe-3 anti-angiogenetic activity [6] could be mediated by its binding 
to calreticulin, which acts on calcium mobilization, F-actin localization 
and FAK down-expression. 

5. Conclusions 

During our studies of the target discovery of bioactive molecules, 
GeGe3 (a 5-pyrazolyl-urea derivative already known for altering 
migration process involved both in inflammation and cancer progres-
sion) has been selected and submitted to a combined proteomics strategy 
consisting of MS-based DARTS and t-LiP-MRM. This procedure led to the 
identification of calreticulin as the main specific GeGe-3 cellular part-
ner, giving also insights on their putative site of interaction. Molecular 
docking analysis pointed towards the same conclusion, suggesting a 
picture in which GeGe-3 interacts with the N-terminal region of the 
protein. Subsequently, cellular assays revealed that GeGe-3 is able to 
negatively affect calcium mobilitation and cysoskeletal organization in 
HUVEC cells, lowering the expression of FAK protein. The latteris 
strictly related to angiogenesis, since a lower concentration of this 
protein seems to inhibit angiogenesis. Thus, in our opinion, the already 
reported anti-angiogenetic properties of GeGe-3 can be ascribed, at least 
in part, to its disclosed interaction with calreticulin. 
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