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Metal terpyridine complexes have gained substantial interest in
many application fields, such as catalysis and supramolecular
chemistry. In recent years, the biological activity of terpyridine
and its metal complexes has aroused considerable regard. On
this basis, we synthesised new terpyridine derivatives of
trehalose and glucose to improve the water solubility of
terpyridine ligands and target them in cancer cells through

glucose transporters. Glucose derivative and its copper(II) and
iron(II) complexes showed antiproliferative activity. Interest-
ingly, trehalose residue reduced the cytotoxicity of terpyridine.
Moreover, we tested the ability of parent terpyridine ligands
and their copper complexes to inhibit proteasome activity as an
antineoplastic mechanism.

Introduction

Terpyridines are heterocyclic compounds comprising three
pyridine rings. Particularly 2,2’ : 6,2“-terpyridine (tpy) is the most
studied isomer.[1] Due to free-rotatable C� C-bonds between
pyridine rings, the tpy can serve as a tridentate pincer ligand
for a wide range of transition and lanthanide metals.[2] Tpy is a
strong σ-donor and a very good π-acceptor. Metal tpy
complexes have gained substantial interest in many application
fields such as catalysis, supramolecular and bioinorganic
chemistry.[3–10]

In recent years, tpy and its metal complexes have been
studied as potential metallodrugs.[8,11–15] It was shown that tpy
derivatives and their metal complexes have higher in vitro
antiproliferative activity in tumour cells than cisplatin.[16–21]

Despite the interest in tpy chemistry and its applications,
there are few examples of tpy conjugates with biomolecules.[22]

The functionalisation of the tpy-based systems may be

exploited to increase water solubility and drug selectivity in the
cancer environment. Only for some Pt tpy complexes, sugar
moieties have been explored as a targeting unit.[23]

Several examples of targeted ligands, such as hydroxyquino-
line, deferiprone, polypyridine, and cyclam ligands, have proved
the effectiveness of bioconjugation.[24] Their functionalisation
has produced systems that may be selectively recognised and
internalised in cells. This may produce a selective accumulation
in the tumour site, thus decreasing systemic side effects.

In many cases, conjugation with glycoside units has been
explored for enhancing selective cellular uptake.[25,26] Particu-
larly, glucose conjugates can exploit the Warburg effect of
cancer cells and cross the membrane through GLUT trans-
porters overexpressed in tumour cells.[25]

Glycoconjugates have been shown to be a successful
strategy for tuning the selectivity of the ligand and its metal
complexes.[27–29] On the other hand, functionalisation with
biomolecules has been used to reduce the cytotoxicity of metal
complexes.[30]

On this basis, we designed glucose (Glc) and trehalose (Tre)
conjugates and synthesised their Cu(II) and Fe(II) complexes
(Figure 1).

Copper(II) and iron(II) complexes of parent tpy ligands have
been characterised and the stability constants for ML2 species
are logβ=19.1 for M=Cu(II) and logβ=20.7 for M=Fe(II).[31]

Sugar moieties confer water solubility to the tpy ligands. In
this way, it is possible to exploit the coordination ability of tpy
in aqueous solutions. We compared glycoconjugates with 4’-
Chloro 2,2’ : 6’,2’’-terpyridine (TpyCl) and 3-([2,2’ : 6’,2’’-terpyri-
din]-4’-yloxy)propan-1-amine (TpyNH2) free ligand (Figure 1S)
and their Cu(II) and Fe(II) complexes.

We also studied the ability of parent tpy ligands to inhibit
the proteasome, a well-known target for many antineoplastic
therapeutic strategies.[32] Indeed, the proteasome has increased
activity in cancer cells, and many studies have addressed it as a
target for developing novel drugs.[33–35] The 26S proteasome is a
multi-subunit enzymatic assembly constituted of two main
subcomplexes: the 20S proteasome, also known as the catalytic

[a] R. Panebianco, Prof. G. Vecchio
Dipartimento di Scienze Chimiche
Università degli Studi di Catania,
Viale A. Doria 6, 95125, Catania (Italy)
E-mail: Gr.vecchio@unict.it

[b] Dr. M. Viale
U.O.C. Bioterapie
IRCCS Ospedale Policlinico San Martino
L.go R. Benzi 10, 16132, Genova (Italy)

[c] Dr. F. Loiacono
U.O.C. Immunologia
IRCCS Ospedale Policlinico San Martino
L.go R. Benzi 10, 16132, Genova (Italy)

[d] Dr. V. Lanza, Dr. D. Milardi
Istituto di Cristallografia
Consiglio Nazionale delle Ricerche, CNR
Via Paolo Gaifami 9, 95126, Catania (Italy)
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cmdc.202200701

© 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

ChemMedChem

www.chemmedchem.org

Research Article
doi.org/10.1002/cmdc.202200701

ChemMedChem 2023, 18, e202200701 (1 of 7) © 2023 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 30.03.2023

2307 / 290493 [S. 21/27] 1

http://orcid.org/0000-0002-0673-5951
http://orcid.org/0000-0001-9370-8910
http://orcid.org/0000-0002-4529-807X
http://orcid.org/0000-0003-3940-9439
http://orcid.org/0000-0001-8305-081X
https://doi.org/10.1002/cmdc.202200701


particle (CP) and the 19S assembly, a regulatory particle (RP)
that may bind to one or both sides of the 20S particle.[36,37] The
20S proteasome exhibits multiple peptidase activities (i. e.,
chymotrypsin (CT)-, trypsin (T)- and caspase (PGPH)-like).[38]

Several metal complexes with known cytotoxicity have been
proven to inhibit proteasome activity.[39–42] The proteasome
inhibition capacity of some Cu(II) complexes of 8-hydroxyquino-
lines have been recently reported.[29,43]

The inhibition of the proteasomal chymotrypsin-like activity
but not the trypsin-like activity is associated with the induction
of apoptosis in cancer cells.[34,41,44] Therefore, we addressed this
specific proteasome activity. Particularly, we studied the
proteasome inhibition ability of parent tpy ligands (Figure 1S)
and their copper(II) complexes.

Results and Discussion

Sugar conjugates of tpy were synthesised starting from
precursor sugar derivatives (Figure 2).

Acetylated glucose derivative was isolated and character-
ised after the hydrolysis of the acetyl groups.

Glctpy and Tretpy were also characterised by NMR in D2O
(Figure 3, 2S–12S).

In the 1H NMR spectrum of Tretpy, the signals of glucose
rings appear different due to functionalisation. The glucose

functionalised ring (A) signals are slightly downfield shifted
compared to the unfunctionalised ring protons, except for
diastereotopic H-6 protons at 2.73 and 2.88 ppm. The γ protons
of the propylenic linker resonate at 2.61 and 2.71 ppm, while
ten protons of the tpy unit are in the aromatic region.

1H NMR spectra of Glctpy and Tretpy iron(II) complexes have
also been recorded. Iron(II) complexes are low spin d6 and
diamagnetic. 1H NMR spectrum of [Fe(Glctpy)2]

2+ system is
reported in Figure 4. The complexation showed evident mod-
ifications of the chemical shifts. The ligand and the metal
complex signals can be distinguished in the spectra at a sub-
stoichiometric M/L ratio (Figure 15S). Because the complexation
stabilises the cis-cis conformation of the tpy ring, aromatic
protons are shifted upon complexation.

Metal coordination causes a significant downfield shift of
tpy moiety protons except for the H-6, H-6“, H-5 and H-5”. H-6
and H-6“ are upfield shifted compared to the free tpy ligand
and this suggests the formation of [Fe(Glctpy)2]

2+ species at M/
L 1/2 molar ratio. This trend is due to the disposition of the two
ligands perpendicular to each other, as reported for tpy and

Figure 1. Schematic structures of Tpy glycoconjugates.

Figure 2. Synthetic scheme of Glctpy and Tretpy.

Figure 3. 1H NMR spectra of Tretpy (top) and Glctpy (bottom) (500 MHz,
D2O).

Figure 4. 1H NMR spectra of [Fe(Glctpy)2]
2+ M/L 1 :2 (500 MHz, D2O,

pD=7.0).
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bipyridine complexes.[45,46] Interestingly, the complexation de-
termines an evident modification of the glucose proton
resonances.

UV-Vis spectra of ligands and their metal complexes were
carried out (Figure 5 and 16S). Ligands spectra show a band at
280 nm with a shoulder at 310 nm due to π-π* transitions, as
found for free tpy. UV-Vis spectra of Fe(II) or Cu(II) complexes
showed a band at 313 nm due to the conformational change
from the trans-trans to cis-cis conformation of tpy in the metal
complexes, as reported elsewhere.[47] Additionally, Fe(II) com-
plexes spectra show a characteristic band at about 560 nm due
to the metal-ligand charge transfer (MLCT).

Antiproliferative activity

The antiproliferative activity of Glctpy, Tretpy and their metal
complexes were studied in A2780, SKHep1, A549 and MDA-MB-
453 cancer cells (Table 1). TpyCl and its metal complexe
antiproliferative activities were also studied. TpyNH2 and its
metal complexes were previously studied[48] and are reported in
Table 1 for comparison. Glctpy shows a good antiproliferative

effect in all cell lines. As for [Fe(Glctpy)2]
2+or [Cu(Glctpy)2]

2+

systems, the antiproliferative activity decreased compared to
the free ligand in all cell lines. This behaviour is particularly
evident in the case of the Cu(II) complex. On the contrary,
Tretpy showed an IC50 value >30 μM in all cell lines. In the case
of Tretpy, metal complexes were more active than the ligand in
A2780 and SKHep1 cells. In this case, the copper complex had
higher antiproliferative activity in A2780 cells.

The comparison with TpyNH2 and TpyCl showed that the
sugar moiety did not increase the antiproliferative activity in all
cases.

We investigated GLUT involvement in the uptake of metal
complexes of sugar derivatives. Various studies suggested that
pre-treatment of cells with CoCl2 improves the expression of
GLUT1 in the cell membrane.[49,50] We pre-treated MDA-MB-
453 cells with 50 and 100 μM CoCl2 to study the sensitivity of
these cells to Glctpy and its metal complexes that may be
transported by GLUT1.

After many experiments, we did not observe any increase of
GLUT1 in the cell membrane, but rather we observed a decrease
of GLUT1 by measuring MFI (Mean Fluorescence Intensity) after
treatment with 100 μM CoCl2.

As shown in Table 2, after treatment with CoCl2, the cells
expressing GLUT1 decreased by about 8.6% (not significant)
and 35.6% (p=0.05) in terms of positive cells and by about
26.1% (not significant) and 43.5% (p=0.028) in terms of MFI.
Similarly, cells expressing GLUT2 did not show a significant
decrease of MFI after treatment with 100 μM CoCl2 (26.5%, p=

0.028) and an increase of GLUT2 in cells pre-treated with 50 μM
CoCl2 both in terms of frequency of positive cells (8.7%, p=

0.014) and MFI (37.1%, p=0.014).
We also analysed the antiproliferative activity of Glctpy,

[Fe(Glctpy)2]
2+ and [Cu(Glctpy)2]

2+ in MDA-MB-453 cells pre-
treated with CoCl2. We did not observe a general increase in the
antiproliferative activity of Glctpy compounds. In the case of
MDA-MB-453 pre-treated with 50 μM CoCl2 and treated with
[Fe(Glctpy)2]

2+ and [Cu(Glctpy)2]
2+, we observed a higher

antiproliferative activity. On the contrary, pre-treatment with
100 μM CoCl2 caused a significant decrease in the antiprolifer-
ative activity of Glctpy (Table 3). Values of antiproliferative
activity suggested that GLUT1 could be involved in the uptake
of Glctpy.

Figure 5. UV-Vis spectra of Glctpy and Fe(II) or Cu(II) complexes (M/L 1 :2
molar ratio).

Table 1. IC50 values (μM) of Glctpy, Tretpy, TpyCl and their Cu(II) and Fe(II) complexes M/L (1 :2). TpyNH2 systems were reported for comparison.[48]

A2780 SKHep1 A549 MDA-MB-453

Tretpy >30 >30 >30 >30
[Fe(Tretpy)2]

2+ 16.9�6.2 2.37�0.77 >30 >30
[Cu(Tretpy)2]

2+ 3.88�2.51 3.97�0.60 >30 >30
Glctpy 0.97�0.32 2.99�1.45 1.87�0.12 5.10�1.30
[Fe(Glctpy)2]

2+ 5.13�2.42 2.92�0.61 9.76�0.26 16.5�4.3
[Cu(Glctpy)2]

2+ 11.0�3.3 14.5�4.9 >30 >30
TpyNH2 0.51 0.50 0.18 0.72
[Fe(TpyNH2)2]

2+ 1.21 1.86 0.50 3.95
[Cu(TpyNH2)2]

2+ 0.29 1.42 0.41 5.62
TpyCl 0.31�0.08 0.64�0.26 0.42�0.19 1.40�0.58
[Fe(TpyCl)2]

2+ 0.26�0.011 0.32�0.14a p<0.05 0.28�0.02 1.33�0.33
[Cu(TpyCl)2]

2+ 0.22�0.04a p<0.05 0.45�0.14 0.26�0.05 1.47�0.70
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GLUTs did not seem to be involved in the uptake of metal
complexes containing sugar derivatives, as found for similar
systems.[23] For the complexes remain uncertain, the mechanism
of transport into the cells.

The uptake of Glctpy and Tretpy may be different. In
particular, the passive transport of Tretpy could be strongly
reduced because of the sugar unit hydrophilicity, thus reducing
its antiproliferative activity.

LogP values analysis can support this hypothesis: trehalose
derivative has the lowest calculated logP value � 1.18, while
Glctpy has logP 0.41, TpyNH2 logP 2.15, and TpyCl logP 3.20.

Proteasome inhibition assay

We evaluated the ability of TpyCl and TpyNH2 ligands to inhibit
the chymotrypsin-like activity of the purified 20S proteasome.
The purified 20S proteasome (1.5 nM) was incubated with
increasing concentrations (0.5 nM–5.0 μM) of TpyNH2 and TpyCl
and their copper (II) complexes in 50 mM TRIS buffer (pH=7.4).
The results indicated that TpyCl was ineffective in inhibiting the
chymotrypsin-like (ChT-L) activity of the proteasome, whereas
[Cu(TpyCl)2]

2+ was a mild 20S inhibitor (30% of inhibition at a
concentration of about 50 nM). As reported in Figure 6, the
Cu(II) complex exhibits an inhibition profile with a minimum of
50 nM, as observed for other proteasome inhibitors.[51–54] Based
on those early accounts, this behaviour suggests that the
modulatory effects may be due to the occurrence of two
different main mechanisms: i) at high concentration (micro-
molar range), the promotion of substrate entry into the catalytic
chamber by inducing the opening of the α-ring gate (gate
openers), and ii) at lower concentrations, the inhibition of
substrate binding to the catalytic pockets and degradation
induced by allosteric interactions.[54,55]

Indeed, this phenomenon is typically explained as a
mechanism where the inhibitor binds with high affinity to a first
allosteric site of the enzyme, recognising a second orthosteric/
allosteric site with a reduced affinity.[53,55–58] Conversely, [Cu-
(TpyNH2)2]

2+ does not affect the ChT-L activity. Intriguingly, the
ligand TpyNH2 significantly enhances the ChT-L activities of the
20S proteasome in the low micromolar range.

Of note, there is increasing interest in developing protea-
some enhancers due to their promising effect in treating
protein misfolding disorders. Although far from the purpose of
the present note, this molecule deserves future investigations
aimed at unveiling its potential use as a drug candidate for
treating diseases related to abnormal proteinopathies[58,59]

whereas the free ligand behaves as an activator of human 20S
proteasome (Figure 7).

Table 2. Immunofluorescence experiments. Percentage of MDA-MB-453 expressing GLUT1 and GLUT2 after the treatment for 72 hours with CoCl2.

Frequency of positive cells

Glucose Transporter Control 50 μM CoCl2 100 μM CoCl2
GLUT1 45.2�8.2 41.3�10.7 29.1�1.9[a]

GLUT2 88.3�3.7 96.0�0.2 88.1�1.5
MFI[b]

Glucose Transporter Control 50 μM CoCl2 100 μM CoCl2
GLUT1 4.6�1.1 3.4�1.6 2.6�0.5c

GLUT2 11.3�1.0 15.5�1.1 8.3�0.4c

[a] p=0.05, as calculated by the Mann-Whitney test (n=3–4). [b] MFI was calculated as MFI treated/MFI blank (only 2° antibody). [c] p=0.028, as calculated
by the Mann-Whitney test (n=3–4).

Table 3. IC50 values (μM) of Glctpy and its Cu(II) and Fe(II) complexes with or without previous treatment for 72 h with different concentrations of CoCl2.

Cell line/pre-treatment Glctpy [Fe(Glctpy)2]
2+ [Cu(Glctpy)2]

2+

MDA-MB-453 5.10�1.30 16.5�4.3 >30
MDA-MB-453+50 μM CoCl2 5.42�0.70 10.7�0.3[a] 18.4�1.6[a]

MDA-MB-453+100 μM CoCl2 9.22�0.63[b] 18.0�1.3 >30

[a] p=0.001, values evaluated versus the not pre-treated MDA-MB-453 by the Mann-Whitney test (n=3–9). [b] p=0.006, values evaluated versus the not
pre-treated MDA-MB-453 by the Mann-Whitney test (n=3–8).

Figure 6. Residual ChT-L activity of TpyCl and its (1 : 2) copper (II) complex
Left) Normalised percentages of residual activity ChT-L activity vs ligand
concentration (0–150 nM); Right) Normalised ChT-L activity vs ligand
concentration (150 nM–10 μM). Three replicates were run for each data
point. According to the Dunnett’s multiple comparison test, ChT-L activity at
50 nM and 10 μM was significantly different to the control (**p>0,05).
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Conclusion

We synthesised new glycoconjugates of tpy ligand to exploit
the role of the sugar unit in the improvement of water solubility
and targeting of cancer cells. We found that the Cu(II) and Fe(II)
ternary complexes of tpy derivatives showed antiproliferative
activity (μM range). We found that the sugar units did not
improve the cytotoxicity of the ligands or their metal complexes
compared to parent tpy ligands.

Immunofluorescence experiments showed that the glucose
conjugate could pass through GLUT1, although data suggest
that its complexes cannot. Interestingly, the functionalisation
with trehalose significantly reduced the toxicity of tpy, and this
may suggest a strategy to exploit tpy properties in cells. We
assumed that the polarity of the disaccharide might affect
cellular uptake.

Finally, we investigated the proteasome inhibition ability of
parent terpyridine as an antineoplastic mechanism. To the best
of our knowledge, this is the first study of terpyridine
derivatives as proteasome modulators.

Our results demonstrated that [Cu(TpyCl)2]
2+ exhibits an

inhibition profile with a minimum value of 50 nM. Remarkably,
the TpyNH2 compound shows the opposite effect. Indeed, it
enhances the chymotrypsin-like activities of the 20S protea-
some in the low micromolar range.

Experimental Section

Chemicals

Commercially available reagents were used directly unless other-
wise noted. 4’-Chloro 2,2’ : 6’,2’’-terpyridine (TpyCl) was purchased
from TCI (TOKYO CHEMICAL INDUSTRY CO., Tokyo, Japan). 3-
([2,2’ : 6’,2’’-terpyridin]-4’-yloxy)propan-1-amine (TpyNH2), bromoeth-
yl-per-O-acetyl-β-glucoside (AcGlcBr) and 6-deoxy-6-bromo-α,α’-

trehalose (TreBr) were synthesised as reported elsewhere.[48,60] TLC
(Thin layer chromatography) was carried out on silica gel plates
(Merck 60-F254). Carbohydrate derivatives were detected on TLC
with the anisaldehyde test. LogP values were calculated with
ChemDraw. Human 20S proteasome purified from erythrocytes was
purchased from Boston Biochem, Inc. (Cambridge, MA). Multiple
batches of proteasomes were used and performed reproducibly.
The model peptide substrate releasing fluorescent 7-amino-4-
methylcoumarin (AMC) reporter group for the ChT-L peptidase was
succinyl-LeuLeuValTyr-AMC SucLLVY-AMC (Bachem Bioscience Inc.).
The purity of Glctpy and Tretpy (>97%) was checked by HPLC
using a reversed-phase C18 column and a linear gradient H2O!
CH3CN as the eluent.

NMR spectroscopy
1H and 13C NMR spectra were recorded at 25 °C with a Varian UNITY
PLUS-500 spectrometer at 499.9 and 125.7 MHz, respectively, using
standard pulse programs from the Varian library. 2D experiments
(COSY, TOCSY, HSQC, and NOESY) were acquired using 1 K data
points, 256 increments. The functionalised ring in Tretpy was
labelled A.

UV-Vis spectroscopy

UV-Vis spectra were recorded with a VersaWave microvolume UV/
Vis spectrophotometer. The metal complexes were prepared by
mixing a metal ion solution with the ligand in a 1 :2 M/L molar
ratio. Freshly prepared FeSO4 solution in 2 mM H2SO4 was used.

Synthesis of Glctpy

TpyNH2 (357 mg, 1.16 mmol) and AcGlcBr (256 mg, 0.56 mmol)
were dissolved in dry DMF (4 ml). The reaction mixture was stirred
at 90 °C for 48 h. DMF was evaporated under a vacuum at 40 °C.
NH3 solution (37%, 1 ml) was added to the solid reaction mixture
under stirring for 4 h to hydrolyse the acetyl groups. The final
product was isolated by CM Sephadex C-25 (NH4

+ form) column
eluted with a linear gradient H2O-NH4HCO3 (0!0.2 M).

ESI MS m/z 513.238 [M+H]+, m/z 513.213
1H NMR (500 MHz, D2O) δ (ppm)=8.50 (2H, d, H-6, H-6’’ tpy); 8.11
(2H, d, H-3, H-3’’ tpy); 7.87 (2H, t, H-4, H-4’’ tpy); 7.46 (2H, s, H-3’, H-
5’ tpy): 7.41 (2H, t, H-5 and H-5’’ tpy); 4.35 (1H, d, H-1 Glc); 4.18 (2H,
t, α); 4.04 (1H, m, δ); 3.87 (1H, m, δ’); 3.73 (1H, d, H-6 Glc); 3.46 (1H,
q, H-6’ Glc); 3.31 (H, m, H-5 Glc); 3.23 (2H, m, ɛ), 3.20 (2H, m, γ); 3.10
(1H, t, J=9.3 Hz, H-2 Glc), 3.07 (1H, t, J=8.2 Hz, H-4 Glc); 2.11 (2H,
p, J=6.0 Hz, β).
13C{1H} NMR (125 MHz, D2O) δ(ppm)=166.9 (C4’); 156.0 (C-2 and C-
2“) 154.0 (C-2’ and C-6’), 149.2 (C-6, C-6”), 138.3 (C-4, C-4“), 125.2 (C-
5, C-5”) 122.2 (C-5’ C-3’ tpy), 108.0 (C-3, C-3“ tpy), 102.3 (C-1 Glc)
76.4 (C-5 Glc), 73.0 (C-2 Glc), 69.2 (C-4 Glc), 65.9 (α), 65.5 (δ), 61.0 (C-
6 Glc), 48.3 (ɛ), 45.8 (γ) 26.1 (β).

Synthesis of Tretpy

TpyNH2 (121 mg, 0.4 mmol) and TreBr (160 mg, 0.4 mmol) were
dissolved in dry DMF (1.5 ml). The reaction mixture was stirred at
100 °C. After 48 h, DMF was evaporated under a vacuum at 40 °C.
The product was isolated by CM Sephadex C-25 (NH4+ form)
column eluted with a linear gradient H2O-NH4HCO3 (0!0.2 M).

Figure 7. Normalised percentages of residual 20S ChT-L activity vs ligand
TpyNH2 and its (1 :2) copper (II) complex [Cu(TpyNH2)2]

2+, in the concen-
tration range 0–500 nM. According to Dunnett’s multiple comparison test,
residual ChT-L activity at 1 μM was significantly different to the control
(**p>0,05).
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ESI MS m/z 631.257 [M+H]+, m/z 631.243
1H NMR (500 MHz, D2O) δ(ppm)=8,.42 (2H, d, H-6, H-6’’ tpy); 8.00
(2H, d, H-3, H-3’’ tpy); 7.80 (2H, t, H-4, H-4’’ tpy); 7.35 (2H, t, H-5 and
H-5’’ tpy); 7.27 (2H, s, H-3’, H-5’ tpy); 4.96 (1H, d, J=3.9 Hz, H-1 Tre
A ring); 4.87 (1H, d, J=3.9 Hz, H-1 Tre); 3,97 (2H, m, α CH2), 3.79
(1H, t, J=8.0 Hz, H-5 Tre A ring) 3.71 (1H, t, J=9.5 Hz, H-3 Tre A
ring) 3.65 (1H, t, J=9.6 Hz, H-3 Tre) 3.59–3.52 (2H, m, H-5 and H-6
Tre), 3.49 (1H, dd, J=9.9, 3.9 Hz, H-2 Tre A ring) 3.38 (dd, J=12.5,
5.8 Hz, H-6 Tre) (3.34 (1H, dd, J=10.0, 3.8 Hz, H-2 Tre); 3.18 (1H, t,
J=9.5 Hz, H-4 Tre A ring) 3.08 (1H, t, J=9.4 Hz, H-4 Tre) 2.89 (1H, d,
J=11.4 Hz, H-6’ Tre A), 2.65 (3H, m, H-6 Tre A, γ CH2); 1,82 (2H, t, β
CH2).
13C{1H} NMR (125 MHz, D2O) δ(ppm)=166.7 (C4’), 156.7 (C-2 and C-
2’’), 154,5 (C-2’ and C-6’), 148.7 (C-6, C-6’’), 138.3 (C-4, C-4’’), 125.0
(C-5, C-5’’) 122.2 (C-3, C-3’’ tpy), 108.7 (C-3’, C-5’ tpy), 93.8 (C-1 Tre A
ring), 93.0 (C-1 Tre), 72.6 (C-3 Tre A ring), 72.4 (C-3 Tre), 71.5 (C-2 tre
A ring), 71.3 (C-2 Tre), 71.9 (C-4 Tre A ring) 69.7 (C-5 Tre A ring), 69.6
(C-4 Tre), 67.3 (α CH2),, 60.6 (C-6 Tre), 49.4 (C-6 Tre A ring) 45.9 (γ
CH2) 27.3 (β CH2).

Synthesis of Glctpy and Tretpy metal complexes

Cu(II) and Fe(II) complexes were synthesised by adding Cu(NO3)2 or
FeSO4 water solution to the ligand water solution (20% DMSO) in a
1 :2 M/L molar ratio. Stock solutions (1 mM) were diluted in
phosphate buffer pH 7.4.

[Cu(Glctpy)2]
2+ : UV-Vis spectrum λ nm (ɛ, L M� 1 cm� 1): 249 (sh,

19073), 257 (sh, 18049), 275 (18806), 302 (sh, 6848), 315 (9667), 328
(8942)

[Fe(Glctpy)2]
2+ : UV-Vis spectrum λ nm (ɛ, L M� 1 cm� 1): 241 (sh,

21230), 272 (19939), 281 (sh), 312 (12348), 363 (1725), 510 (2433),
557 (3340)

[Cu(Tretpy)2]
2+ : UV-Vis spectrum λ nm (ɛ, L M� 1 cm� 1): 249 (sh,

20973), 257 (sh, 19072), 275 (18332), 302 (sh, 6232), 315 (8715), 328
(7969)

[Fe(Tretpy)2]
2+ : UV-Vis spectrum λ nm (ɛ, L M� 1 cm� 1): 243 (sh,

17130), 272 (15917), 281 (sh), 313 (12204), 362 (2764), 505 (2865),
556 (3618).

Proteasome activities assays

ChT-L proteasome activities were assayed in 50 μL of 25 mM TRIS
buffer (pH 7.4) at 37 °C in the presence of the fluorogenic substrate
(50 μM). Human 20S (2 nM) was incubated with Tpy compounds or
its copper (II) complexes 1 :2 (M/L ratio) for 45 min before
enzymatic assays.[51] The compounds were tested at concentrations
ranging from 0.5 nM to 5000 nM. The fluorescence signal activated
by peptide cleavage was recorded at 440 nm (excitation at 360 nm)
for 45 min by a Varioskan (Thermo©) plate reader in 384 multiwell
plates. Three replicates were performed for each data point. Data
were reported as normalised percentages of residual ChT-L activity.

Evaluation of the antiproliferative activity of ligands and
complexes

Human cell lines A2780 (ovary, adenocarcinoma), A549 (lung,
carcinoma), MDA-MB-453 (breast, carcinoma), and SKHep1 (liver,
carcinoma) were plated in 180 μl into flat-bottomed 96-well micro-
liter plates at the opportune concentration in complete media
(RPMI 1640 or DMEM) added with 10% fetal calf serum (FCS). After
6–8 h, cells were administered with 20 μl containing five concen-

trations of tpy derivatives or their complexes with Cu(II) or Fe(II)
diluted in water plus 0.75% DMSO. Plates were then processed as
described elsewhere.[13] The compound concentrations inhibiting
50% cell growth (IC50) were calculated based on the analysis of the
concentration-response curves. Each experiment was repeated 3–
11 times. In another series of experiments, MDA-MB-453 cells were
pre-treated with 100 and 50 μM CoCl2 to let cells overexpress
GLUT1.[61,62] Once treated, cells were washed with fresh culture
medium, resuspended in a complete medium, counted, and
administered with our complexes as described before. Each experi-
ment was repeated 4 times.

Immunofluorescence study of GLUT1 and GLUT2 expression

MDA-MB-453 cells were treated for 72 hours with 100 and 50 μM
CoCl2 for 24 h. Part of the cells was harvested and washed twice
with PBS plus 2% fetal calf serum. We then pelleted 2.0×105 cells
that were incubated at 22 °C for 30 min with 50 μl (1 : 1000) of either
anti-GLUT1 monoclonal antibody (SPM498, (Ab40084) Abcam, Cam-
bridge, UK), previous fixation with methanol (10 min) and incuba-
tion in PBS plus 10% normal goat serum and 0.3 M glycine, or anti-
GLUT2 monoclonal antibody (5D1 (Ab85715), Abcam), previous
fixation with 3.7% paraformaldehyde (10 min) and permeabilisation
of membranes with PBS plus 0.1% Tween 20 for 10 min followed
by incubation in PBS plus 10% normal goat serum and 0.3 M
glycine. Then cells were washed two times with PBS plus 2% fetal
calf serum and incubated again with 50 μl PE-labelled goat anti-
mouse IgG2a (Southern Biotech, Birmingham, AL, USA). After being
washed two times, cells were evaluated by flow cytometry
(Cytoflex-S, Beckman Coulter, Milano, Italy) and analysed by FlowJo
software v10.8 (BD Biosciences, Ashland, OR, USA). Results were
expressed as the frequency of positive cells and MFI calculated as
MFI treated/MFI negative control (only PE-labelled goat anti-mouse
IgG2a).

Statistical analysis

The Mann-Whitney test for non-parametric data was used for
statistical analysis.
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