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Introduction

Delivering aminopyridine ligands into cancer cells
through conjugation to the cell-penetrating
peptide BP16+

M. Soler,>® M. Gonzalez-Bartulos,®€ E. Figueras,® A. Massaguer,*© L. Feliu,*°
M. Planas,*® X. Ribas*® and M. Costas*®

Peptide conjugates incorporating the N-based ligands “®?PyTACN or (5,5)-BPBP at the N- or the
C-terminus of the cell-penetrating peptide BP16 were synthesized (PyTACN-BP16 (BP341), BP16-
PyTACN (BP342), BPBP-BP16 (BP343), and BP16-BPBP (BP344)). Metal binding peptides bearing at the
N-terminus the ligand, an additional Lys and a p-Ala were also prepared (PyTACN-BAK-BP16 (BP345) and
BPBP-BAK-BP16 (BP346)). Moreover, taking into account the clathrin-dependent endocytic mechanism
of BP16, the enzymatic cleavable tetrapeptide Gly-Phe-Leu-Gly was incorporated between the ligand
and the N- or C-terminus of BP16 (BPBP-GFLG-BP16 (BP347) and BP16-GLFG-BPBP (BP348)). Analysis
of the cytotoxicity of all the peptide conjugates showed that: (i) the position of the ligand influenced the
ICso values, (i) the incorporation of the pAla-Lys dipeptide rendered non active sequences, (iii) peptide
conjugates derived from the (S,5)-BPBP ligand were more active than those bearing M2PyTACN, and (iv)
the introduction of the cleavable tetrapeptide significantly enhanced the activity of the BPBP conjugates
(ICs0 of 4.3 to 11.7 pM (BP347 and BP348) compared to 26.0 to >50 uM (BP343, BP344 and BP346)). The
most active peptide was BPBP-GFLG-BP16 (BP347) (ICso of 4.3 to 5.0 uM). This high activity was attribu-
ted to its high internalization in MCF-7 cells, as shown by flow cytometry, and to the subsequent release
of the ligand by the intracellular cleavage of the enzyme-labile spacer, as observed in cathepsin B enzy-
matic assays. Therefore, these results pave the way for the design of novel peptide conjugates to be used
in pro-oxidant anticancer therapies.

delivery has emerged as a convenient strategy to overcome
these limitations.’ ® Peptide-mediated drug delivery constitu-

Great strides have been made in recent years in finding
effective cancer treatments. Despite the significant efforts
invested in this field, current anticancer therapies are hin-
dered by the poor solubility of drugs as well as their low cellu-
lar uptake and lack of selectivity. In this sense, targeted drug
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tes a powerful and versatile tool to enhance the uptake and
trigger the release of therapeutic agents into cancer cells.”” In
particular, one of the most common approaches to facilitate
the cellular uptake of anticancer drugs is based on their conju-
gation to a cell-penetrating peptide (CPP).'°>* On the other
hand, the efficacy of the drug can be further increased by its
conjugation to a CPP bearing an enzyme-cleavable moiety which
could allow its intracellular release.® Despite the exact mode of
action of CPPs is not well understood, it is generally accepted
that CPPs are mainly internalized by endocytosis.>* Following
this pathway, they will end up inside lysosomes where lysosomal
proteases are expected to hydrolytically cleave drugs from CPPs
incorporating specific cleavage sites recognized by these
enzymes.”®'® For example, cathepsin B is able to promote the
pH-sensitive release of therapeutic agents from CPPs holding
the tetrapeptide Gly-Phe-Leu-Gly.>® The resulting peptide conju-
gates have been successfully used in drug delivery strategies.>*>°

Recently, we have identified KKLFKKILKKL-NH, (BP16)
from a library of antimicrobial undecapeptides as a novel CPP.
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BP16 efficiently internalizes into cancer cells mainly through a
clathrin-dependent endocytic mechanism and is an excellent
vector for the intracellular delivery of the DNA-alkylating drug
chlorambucil (CLB).>' Besides, the incorporation of the cleav-
able spacer Gly-Phe-Leu-Gly in CLB-BP16 conjugates allows
the selective release of CLB, leading to a further increase of the
efficacy of this drug obtaining ICs, values in the very low
micromolar range.*°

Transition metal complexes can interfere in cellular redox
chemistry through metal or ligand based redox processes. Tar-
geting the redox balance in cancer cells might promote irre-
versible damage through reactive oxygen species (ROS)-
mediated mechanisms.*>*® In this context, nitrogen rich tetra-
dentate aminoyridine ligands 1,4-dimethyl-7-(2-pyridylmethyl)-
1,4,7-triazacyclononane  (M*PyTACN) and (25,25")-1,1"-bis
(pyrid-2-ylmethyl)-2,2"-bipyrrolidine ((S,S")-BPBP) and their
transition metal complexes have been described to form
powerful oxidation species upon reaction with peroxides.
These species resemble those operating in nonheme iron
dependent enzymes, and have found use in the catalytic oxi-
dation of organic substrates.>®*™** Interestingly, it has been
recently demonstrated that M**PyTACN and (S,5")-BPBP ligands
are able to chelate intracellular iron in cancer cells and that
the resulting redox-active moieties promote apoptosis via iron-
dependent pro-oxidant mechanisms.”> Therefore, we
envisioned that the intracellular delivery of M**PyTACN and
(S,8")-BPBP ligands into cancer cells could constitute an
effective approach to obtain promising redox-directed anti-
cancer agents.

On the other hand, complexes of these ligands and metal
ions, such as Cu(u) and Zn(u), have been successfully conju-
gated to a cationic tetrapeptide using a versatile stepwise
approach by means of solid-phase peptide synthesis (SPPS).*®
Moreover, it has been found that Cu metallopeptides show an
enhanced nuclease activity compared to the parent complexes
[Cu(PyTACN)J** and [Cu(BPBP)]*", leading to ~4-fold and ~23
rate accelerations, respectively. Furthermore, additional
mechanistic studies propose that an oxidative cleavage mech-
anism is operative, based on the generation of ROS species,
causing the DNA damage.

Based on the above considerations, we envisaged that the
conjugation of a M**PyTACN or a (S,S')-BPBP ligand to a CPP,
such as BP16, could enhance their cellular uptake improving
their biological activity. In this study, we report the solid-phase
synthesis of BP16 conjugates incorporating a **PyTACN or a
(S,S")-BPBP ligand at either the N- or the C-terminus. Consider-
ing the clathrin-dependent endocytic mechanism of BP16,
metal binding peptides bearing the ligand and the enzymatic
cleavable tetrapeptide Gly-Phe-Leu-Gly at both ends of BP16
were also prepared. The cytotoxicity of all these sequences was
evaluated in cancer and healthy cell lines. In addition, the
internalization of the corresponding 5(6)-carboxyfluorescein-
labeled metal binding peptides was examined by flow cytome-
try. Finally, ligand release from the metal binding peptides
incorporating the tetrapeptide Gly-Phe-Leu-Gly was demon-
strated by cathepsin B enzymatic digestion.
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Results and discussion
Design of metal binding peptides

We previously reported families of tetradentate ligands derived
from PyTACN and BPBP that formed iron and manganese com-
plexes with high catalytic activities in oxidation reactions.>*™**
Mechanistic studies in these reactions showed evidences in
favor of the implications of oxygenase-like metal based oxi-
dants, which in turn confer interesting selectivity properties.
Moreover, biological analysis of ™*’PyTACN and (S,S’)-BPBP
ligands have shown their ability to chelate intracellular labile
Fe(u) in cancer cells and that the resulting redox-active com-
plexes induce apoptosis through pro-oxidant mechanisms.*’
In this work we envisioned that the conjugation of these
ligands to a CPP could facilitate their uptake into cancer cells
increasing their activity. Recently, we described the undecapep-
tide BP16 as a CPP able to favor the translocation of biologi-
cally active compounds across the cell membrane.?**' Based
on this, herein we designed peptide conjugates resulting from
the combination of the M**PyTACN or the (S,S")-BPBP ligands
with BP16.

Previous studies revealed the importance of evaluating the
influence of the position of a drug in a peptide sequence on
its activity.>>*”~*° Thus, we first designed conjugates PyTACN-
BP16 [BP341), BP16-PyTACN (BP342), BPBP-BP16 [BP343) and
BP16-BPBP (BP344), incorporating the M**PyTACN or the (S,5")-
BPBP ligand at either the N- or the C-terminal end of BP16
(Fig. 1). Besides, we also included in this study metal binding
peptides PyTACN-BAK-BP16 (BP345) and BPBP-PAK-BP16
(BP346), bearing at the N-terminus an additional Lys, a f-Ala
and the corresponding ligand. The Lys serves as a site for
labeling and the p-Ala residue was introduced as a spacer
between the ligand and the peptide sequence. With the aim of
promoting the intracellular release of the ligand, the cathepsin
B cleavable sequence Gly-Phe-Leu-Gly was incorporated on the
sequences BPBP-BP16 (BP343) and BP16-BPBP (BP344), ren-
dering peptide conjugates BPBP-GFLG-BP16 (BP347) and
BP16-GLFG-BPBP (BP348), respectively. In addition, to study
the cellular uptake properties of the N-terminal metal binding
peptides BP346 and BP347, they were labeled with 5(6)-carboxy-
fluorescein (CF) leading to compounds BPBP-BAK(CF)-BP16
(BP349) and BPBP-GFLG-BP16-CF (BP350), respectively. In
derivatives BP342, BP344, BP348 and BP350 containing at the
C-terminus the ligands ™’PyTACN or (S,S')-BPBP, the
GLFG-BPBP or the CF moieties, respectively, these moieties
were attached to the Nf-amino group of an additional Lys
residue, which was introduced to maintain the cationic
charges of the parent sequence.

Synthesis of metal binding peptides

We first studied the synthesis of the metal binding peptides
BP341 and BP343 bearing the M**PyTACN or the (S,S)-BPBP
ligand at the N-terminus, respectively (Scheme 1). For this
purpose, the peptidyl resin H-Lys(Boc)-Lys(Boc)-Leu-Phe-Lys
(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-Rink-MBHA ~ was
prepared from a Fmoc-Rink-MBHA resin following a standard

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Structure of the metal binding peptides described in this work.

Fmoc/tBu strategy. The Fmoc group removal step was per-
formed by exposing the peptidyl resin to a piperidine/DMF
(3:7) solution. Couplings of the conveniently protected Fmoc
amino acids were mediated by ethyl 2-cyano-2-(hydroxyimino)
acetate (Oxyma) and N,N'-diisopropylcarbodiimide (DIPCDI) in
N,N-dimethylformamide (DMF). Peptide elongation proceeded
through sequential Fmoc removal and coupling of the corres-
ponding amino acid. Incorporation of the M**PyTACN or the
(S,8")-BPBP ligand was assayed following the protocol pre-
viously described for the preparation of metal binding tetra-
peptides.*® Thus, the peptidyl resin H-Lys(Boc)-Lys(Boc)-Leu-
Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-Rink-
MBHA was treated with 6-[(¢tert-butyldimethylsilyloxy)methyl]
nicotinic acid (1)*® in the presence of COMU, Oxyma and N,N'-
diisopropylethylamine (DIPEA) in N-methyl-2-pyrrolidinone
(NMP) at 80 °C for 36 h. The TBS group was removed by expos-
ing the resulting resin to a solution of tetrabutylammonium
fluoride (TBAF) and acetic acid (AcOH) in THF at room tem-
perature for 6 h. Chlorination of the hydroxymethyl group was
achieved by subjecting the resin to three treatments of 6 h
with LiCl, p-toluenesulfonyl chloride (TsCl) and DIPEA in THF.
Finally, alkylation with the secondary amine 1,4-dimethyl-
1,4,7-triazacyclononane (M*TACN) (2) or (25,28")-1-(pyrid-2-

This journal is © The Royal Society of Chemistry 2016

NH; NH; NH,
BP350

ylmethyl)-2,2"-bipyrrolidine (3) was performed in presence of
Nal (0.04 equiv.) and DIPEA (24 equiv.) in NMP under micro-
wave irradiation at 125 °C for 1 h. After acidolytic cleavage with
trifluoroacetic ~ acid  (TFA)/H,O/triisopropylsilane  (TIS)
(95:2.5:2.5), the crude reaction mixtures were dissolved in
water and washed with CH,Cl, to remove TsCl impurities. The
aqueous phases were lyophilized and conjugates BP341 and
BP343 were obtained in excellent purities (>99 and 94%,
respectively). Metal binding peptides BP345 and BP346,
bearing an additional Lys, a p-Ala and the *PyTACN or the
(S,8")-BPBP ligand at the N-terminus of BP16, were prepared
following the same strategy and were obtained in >99% purity.
Their identities were confirmed by ESI-MS and HRMS.

The preparation of metal binding peptide BP347, incorpor-
ating the tetrapeptide Gly-Phe-Leu-Gly and the (S,S’)-BPBP
ligand was accomplished by coupling the (S,S)-BPBP derivative
4 to the N-terminus of the corresponding peptidyl resin
(Scheme 2). Synthesis of 4 was achieved through N-alkylation
of the secondary amine 3 with methyl 6-(chloromethyl)nicoti-
nate hydrochloride, which was obtained following previously
described protocols (Scheme S11).*® Hydrolysis of the resulting
methyl ester provided the (S,S')-BPBP derivative 4 in 51%
overall yield. Coupling of 4 to the peptidyl resin H-Gly-Phe-

Org. Biomol. Chem., 2016, 14, 4061-4070 | 4063
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Scheme 1 Synthesis of metal binding peptides BP341 and BP343.
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Scheme 2 Synthesis of metal binding peptide BP347.
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Leu-Gly-Lys(Boc)-Lys(Boc)-Leu-Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys-
(Boc)-Lys(Boc)-Leu-Rink-MBHA mediated by COMU, Oxyma,
DIPEA in NMP at 80 °C for 36 h afforded metal binding peptide
BP347 in 95% purity, which was characterized by HRMS.

Metal binding peptides BP342 and BP344, containing the
Me2pyTACN and (S,S")-BPBP ligands, respectively, at the side-
chain of a C-terminal Lys residue were then prepared
(Scheme S27). For its selective derivatization, this Lys residue
was incorporated as Fmoc-Lys(Dde)-OH (Dde = N-[1-(4,4-
dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl]). Peptidyl resin
H-Lys(Boc)-Lys(Boc)-Leu-Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys
(Boc)-Lys(Boc)-Leu-Lys(Dde)-Rink-MBHA was synthesized and
then acetylated at the N-terminus. After Dde group removal by
treatment with hydrazine, the nicotinic acid derivative 1 was
coupled with COMU, Oxyma and DIPEA in NMP. Subsequent
TBS group removal, chlorination and alkylation with secondary
amines 2 and 3 were performed as described above for metal
binding peptides BP341 and BP343. Acidolytic cleavage of the
resulting resins afforded conjugates BP342 and BP344 in 98
and 90% purity, respectively, and were characterized by HRMS.

Synthesis of metal binding peptide BP348, incorporating
the GLFG-(S,S")-BPBP moiety at the side-chain of a C-terminal
Lys, also started from peptidyl resin H-Lys(Boc)-Lys(Boc)-Leu-
Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-Lys(Dde)-
Rink-MBHA (Scheme S37). After N-terminal acetylation, selec-
tive Dde group removal and subsequent coupling of the amino
acids of the GLFG moiety, the (S,S')-BPBP derivative 4 was
incorporated using COMU, Oxyma and DIPEA in NMP at 80 °C
for 36 h. Conjugate BP348 was obtained in 90% purity and was
characterized by HRMS.

For the preparation of the fluorescein-labeled BPBP conju-
gates  BP349 (BPBP-BAK(CF)-BP16) and  BP350
(BPBP-GFLG-BP16-CF), the Lys residue to be labeled was incor-
porated as Fmoc-Lys(Dde)-OH. Thus, BP349 and BP350 were
prepared from peptidyl resins H-p-Ala-Lys(Dde)-Lys(Boc)-Lys
(Boc)-Leu-Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-
Rink-MBHA and H-Gly-Phe-Leu-Gly-Lys(Boc)-Lys(Boc)-Leu-Phe-
Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-Lys(Dde)Rink-
MBHA, respectively (Scheme S47). These peptidyl resins were
treated with the (S,S")-BPBP derivative 4 and then subjected to
Dde group removal with hydrazine followed by 5(6)-carboxy-
fluorescein coupling in presence of DIPCDI, Oxyma in CH,Cl,/
NMP. The resulting resins were washed with piperidine/NMP
to remove overincorporated carboxyfluorescein moieties and
then treated with TFA/H,O/TIS (95:2.5:2.5) to afford BP349
and BP350 in >99 and 94% purity, respectively, which were
characterized by HRMS.

Cell cytotoxicity of BP16 conjugates incorporating a
Me2pyTACN or (S,S')-BPBP ligand

The cytotoxicity of the metal binding peptides was examined
in MCF-7 and CAPAN-1 tumour cells, and in 1BR3G non-malig-
nant cells. Our aim was to determine the influence on the
activity of incorporating: (i) the ligand at the N- or at the C-ter-
minus of BP16; (ii) the dipeptide p-Ala-Lys between the ligand
and the N-terminus of BP16; and (iii) the Gly-Phe-Leu-Gly enzy-

This journal is © The Royal Society of Chemistry 2016
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matic cleavable sequence between the ligand and the N- or
the C-terminal end of BP16. The IC5, values were determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay after 48 h of peptide exposure at concen-
trations ranging from 0 to 50 uM (Table 1).

The metal binding peptide BP341, incorporating the *Py-
TACN ligand at the N-terminus of BP16, was not active against
the cell lines tested, whereas the C-terminal derivative BP342
(BP16-PyTACN) showed IC5, values of 35.5 and 41.5 pM against
1BR3G and CAPAN-1 cells, respectively. The introduction of
the dipeptide pAla-Lys between the ligand and the N-terminus
of BP16 did not improve the results, the metal binding peptide
BP345 exhibited ICs5, values >50 pM against the three cell
lines.

Regarding the BPBP-metal binding peptides, the conjugate
BP343 (BPBP-BP16), bearing the ligand at the N-terminus, dis-
played ICs, of 36.8 and 45.8 uM against 1BR3G and CAPAN-1
cells, respectively, and the C-terminal BPBP derivative (BP344)
was active against 1BR3G and MCF-7 cells with IC;5, of 26.0
and 34.5 pM, respectively (Table 1). Similarly to the ™**PyTACN
derivatives, the incorporation of the dipeptide PAla-Lys also
rendered a non-active peptide (BP346).

The analysis of these results revealed that the activity of the
metal binding peptides was consistent with that observed for
the ligands alone.*” Thus, BP16 conjugates incorporating the
(S,8)-BPBP ligand were more active than the sequences
bearing the M“*PyTACN metal binding moiety. However, the
conjugation of these ligands to BP16 decreased their activity.
Moreover, contrary to our expectations, the incorporation of a
dipeptide spacer between the ligand and BP16 resulted in non-
active conjugates. These results suggest that the peptide
sequence adopts a conformation that could interfere with the
metal binding ability of the ligand. In addition and in agree-
ment with previous results, a different behaviour of the N- and
C-terminal derivatives was observed. This fact points out that
the position of a cargo in a peptide sequence influences the
biological activity of the resulting conjugate, constituting a
crucial factor in the design of biologically active peptide
conjugates.**47~
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The higher activity of the BPBP-metal binding peptides
compared to the M**PyTACN conjugates prompted us to focus
next studies on sequences bearing the former ligand. Remark-
ably, the incorporation of the cathepsin B cleavable sequence
Gly-Phe-Leu-Gly in conjugates BP343 and BP344 resulted in
metal binding peptides BP347 and BP348, respectively, with an
excellent activity (IC5o = 5.0-11.7 pM). The best derivative was
BP347, bearing the BPBP-GFLG moiety at the N-terminus of
BP16. This derivative displayed ICs, values ranging from 4.3 to
5.0 pM against the three cell lines, comparable to those of
widely used anticancer drugs such as cisplatin or doxo-
rubicin.’>*! Moreover, this metal binding conjugate showed
an enhanced cytotoxic activity compared to that determined
for the (S,5")-BPBP ligand alone against the same cell lines
(Table 1). These results can be reasoned taken into account
the uptake mechanism described for BP16, which internalizes
into cancer cells by clathrin-dependent endocytosis being
lysosomes the final stage of this pathway.*' Therefore, the high
activity observed for BP347 and BP348 could be attributed to
the selective release of the ligand in the lysosomal compart-
ment promoted by cathepsin B. A similar effect was previously
reported for conjugates incorporating the anticancer drug
chlorambucil (CLB) and the tetrapeptide Gly-Phe-Leu-Gly
linked to BP16.° Moreover, the behaviour of BP347 and BP348
compared to conjugates BP343 and BP344 reinforces our
previous hypothesis that the peptide sequence could hamper
the activity of the ligand. Concerning the possible mechanism
of action, on the basis of a previous study,” the selective
release of the (S,S')-BPBP ligand would facilitate the chelation
of intracellular labile Fe(u) inside the cell. Then, chemically
reminiscent to activated bleomycin, the cytotoxic activity of
this moiety would rely on the generation of ROS, DNA
fragmentation through oxidative mechanisms and further
induction of cell cycle arrest and apoptosis. Unfortunately, the
conjugation of the (S,S)-BPBP ligand to the cell-penetrating
peptide BP16 did not increase the selectivity of the ligand
towards tumour cells. However, BP347 and BP348 highlight
the benefit of designing conjugates that include peptide
systems able to deliver and release their cargo into the cells.

Table 1 Cytotoxicity of BP16 conjugates in 1BR3G, MCF-7 and CAPAN-1 cells

ICso” (hM)
Compound Sequence® Notation 1BR3G MCF-7 CAPAN-1
BP341 Me2pyTACN-KKLFKKILKKL PyTACN-BP16 >50 >50 >50
BP342 Ac-KKLFKKILKKLK(M**PyTACN) BP16-PyTACN 35.5+1.9 >50 41.5 0.7
BP343 (S,5)-BPBP-KKLFKKILKKL BPBP-BP16 36.8+7.2 >50 45.8 +1.1
BP344 Ac-KKLFKKILKKLK((S,S)-BPBP) BP16-BPBP 26.0 + 3.4 34.5+5.0 >50
BP345 Me2pyTACN-BAK-KKLFKKILKKL PyTACN-BAK-BP16 >50 >50 >50
BP346 (S,5)-BPBP-BAK-KKLFKKILKKL BPBP-BAK-BP16 >50 >50 >50
BP347 (S,5)-BPBP-GFLG-KKLFKKILKKL BPBP-GFLG-BP16 4.7 +1.4 5.0 0.2 4.3+0.8
BP348 Ac-KKLFKKILKKLK(GLFG-(S,S)-BPBP) BP16-GLFG-BPBP 9.5+0.8 11.7 £ 0.5 6.9+0.7
($,5")-BPBP (5,5")-BPBP 12.7 + 1.6 7.4+0.2 9.9+1.0
Me2pyTACN Me2pyTACN 78.0 + 8.5 88.5+ 0.7 32.0 +10.4

“ All sequences are C-terminal amides. ® The ICs, values were determined by the MTT assay after 48 h of peptide exposure. Data represents the

mean * SD of at least three independent experiments made in triplicates.

This journal is © The Royal Society of Chemistry 2016

Org. Biomol. Chem., 2016, 14, 4061-4070 | 4065


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ob00470a

Open Access Article. Published on 04 April 2016. Downloaded on 1/21/2026 7:49:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1500

1000 -

Mean Fluorescence Intensity
wn
(=3
(=]

0 .

BP349

BP350

Fig. 2 Uptake of 5(6)-carboxyfluorescein (CF) labeled conjugates
BP349 (BPBP-BAK(CF)-BP16) and BP350 (BPBP-GFLG-BP16-CF) in
MCEF-7 cells. Cells were exposed to the peptide conjugate at 25 pM for
6 h at 37 °C. Each column in the graph represents the mean fluor-
escence intensity of the cells determined in three independent experi-
ments + SD.
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Cellular uptake of BPBP peptide conjugates

To analyze if the cytotoxic activity observed for these metal
binding peptides correlated with their cell internalization, we
studied the cellular uptake properties of the most active conju-
gate BP347 and of the non-active sequence BP346. For
this purpose, the internalization ability of the corresponding
5(6)-carboxyfluorescein ~ (CF)-labeled  conjugates = BP350
(BPBP-GFLG-BP16-CF) and BP349 (BPBP-PAK(CF)-BP16) was
examined by flow cytometry (Fig. 2). These experiments were
performed by incubating MCF-7 cells with the corresponding
CF-labeled peptide conjugate at 25 pM for 6 h at 37 °C.

As represented in Fig. 2, important differences between the
cellular uptake of labeled conjugates BP349 and BP350 were
observed. Remarkably, the internalization ability of conjugate
BP350 was about 5-fold higher than that of BP349 (1427.20 =
72 vs. 310.31 + 0.1). This result correlated with the cytotoxic
activity exhibited by the corresponding non-labeled sequences
BP346 and BP347, respectively. Therefore, the high activity of
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Fig. 3 Enzymatic digestion of BP347 (BPBP-GFLG-BP16) and BP348 (BP16-GLFG-BPBP) by cathepsin B. (A) Extracted ion chromatogram resulting
from the enzymatic digestion of BP347 after 0, 10, 30, 60, 90 and 120 min of exposure to the enzyme; ESI-MS spectrum of the peaks at tg = 2.6 and
3.4 min after 90 min. (B) Extracted ion chromatogram resulting from the enzymatic digestion of BP348 after 0, 10, 30, 60, 90 and 120 min of
exposure to the enzyme; ESI-MS spectrum of the peaks at tg = 2.6 and 3.4 min after 90 min.
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the metal binding peptide BP347 could be attributed to its
high cellular uptake and to the subsequent release of the
(S,S")-BPBP ligand by the intracellular cleavage of the enzyme-
labile spacer Gly-Phe-Leu-Gly.

Cathepsin B enzymatic assays

To determine the intracellular release of the ligand, enzymatic
digestions with the lysosomal enzyme cathepsin B were carried
out with conjugates BP347 (BPBP-GFLG-BP16) and BP348
(BP16-GLFG-BPBP) (Fig. 3). Conditions for digestion were
chosen to mimic the lysosomal medium (pH 4.5-5.5) and fol-
lowed a previously reported method.”” Experiments were per-
formed by exposure of BP347 and BP348 to a solution of
cathepsin B in phosphate buffer (pH 5) containing 25 mM
L-Cys and 1 mM EDTA. Enzymatic digestions were monitored
by HPLC-MS after 10, 30, 60, 90 and 120 min. In the case of
the N-terminal binding peptide BP347 (BPBP-GFLG-BP16), the
main fragments split by cathepsin B were (S,S)-BPBP-Gly-OH
(M + H]" = 424.2) and (S,S")-BPBP-Gly-Phe-OH ([M + H]" =
571.3) (Fig. 3A). These fragments eluted at a retention time of
2.6 and 3.4 min, respectively, and increased over time, remain-
ing stable after 90 min of digestion. Our results suggested that
the main cleavage sites were between the Gly and the Phe resi-
dues, and between the Phe and the Leu amino acids in the
tetrapeptide sequence.

The digestion of the C-terminal binding peptide BP348 also
revealed the release of the fragments (S,S')-BPBP-Gly-OH ([M +
H]" = 424.2) and (S,5)-BPBP-Gly-Phe-OH ([M + H]' = 571.3) in a
time-dependent manner (Fig. 3B). The intensity of the peaks
corresponding to these fragments pointed out that the hydro-
lysis of the amide bond between the Gly and the Phe residues
occurred faster than that of the Phe-Leu bond.

These findings confirm that the release of the ligand could
occur in the lysosomes under enzymatic conditions and corre-
late with the high cytotoxicity observed for these conjugates.
These data are in agreement with previous studies based on
conjugates bearing chlorambucil attached to BP16 through the
cathepsin B-cleavable tetrapeptide Gly-Phe-Leu-Gly.*°

Conclusions

In summary, we have shown that conjugation of the (S,5)-
BPBP ligand to the enzymatic cleavable tetrapeptide Gly-Phe-
Leu-Gly at the N- or the C-terminus of the cell-penetrating
peptide BP16 renders peptide conjugates with high cytotoxic
activity against cancer cells. The role of BP16 in these
sequences is to deliver the ligand into the cancer cells while
the presence of the tetrapeptide allows a very efficient enzyme-
triggered release of the ligand inside the cells. These findings
confirm the usefulness of BP16 as cell-penetrating peptide
and, at the same time, suggest that (S,S")-BPBP represents a
promising pro-oxidant therapeutic strategy in the search for
novel redox-directed anticancer treatments.

This journal is © The Royal Society of Chemistry 2016
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Experimental section

Synthesis of methyl (25,25')-6-[1"-( pyrid-2-ylmethyl)-
[2,2"-bipyrrolidin]-1-ylmethyl] nicotinate

(25,28")-1-(Pyrid-2-ylmethyl)-2,2-bipyrrolidine  (3)*® (0.79 g,
3.41 mmol) was dissolved in H,O (5.80 mL) and CH,Cl,
(5.80 mL). NaOH pellets (0.31 g, 7.84 mmol) and methyl
6-(chloromethyl)  nicotinate  hydrochloride  (0.63 g,
3.41 mmol)*® were added. The mixture was stirred during 24 h
at room temperature and the reaction was monitored by TLC.
After consumption of the starting material, 1 M NaOH (35 mL)
was added and the aqueous layer was extracted with CH,Cl, (2
x 25 mL). The combined organic layers were dried with anhy-
drous MgSO, and the solvent was evaporated under reduced
pressure yielding the expected nicotinate derivative as an
orange oil (0.70 g, 54% yield). "H NMR (400 MHz, CDCl,): § =
1.69-1.82 (m, 8 H, 2 x Hy, 2 x Hy, 2 x Hy, 2 x H,), 2.18-2.26
(m, 2 H, H,, H,), 2.75-2.83 (m, 2 H, 2 x Hy), 2.94-3.02 (m, 2
H, 2 x H;), 3.52 (d, J = 14.3 Hz, 1 H, NCH,Pyr), 3.57 (d, J = 15.2
Hz, 1 H, NCH,Pyr), 3.92 (s, 3 H, OCH;), 4.18 (d, J = 14.3 Hz, 1
H, NCH,Pyr), 4.26 (d, J = 15.2 Hz, 1 H, NCH,Pyr), 7.07-7.09 (m,
1 H, pyr-5"), 7.36 (d, J = 8.2 Hz, 1 H, pyr-3'), 7.49 (d, J = 8.2 Hz,
1 H, pyr-5), 7.57 (td, J = 2.0 Hz and 8.2 Hz, 1 H, pyr-4'), 8.17
(dd, J = 1.6 Hz and 8.2 Hz, 1 H, pyr-4), 8.46-8.47 (m, 1 H, pyr-
6", 9.07 (d, J = 1.6 Hz, 1 H, pyr-2). ">*C NMR (100 MHz, CDCl;)
5 = 23.61, 23.68 (C,, Cy), 26.25, 26.31 (Cs, Cy), 52.25 (CH,),
55.28, 55.32 (Cs, Cy), 61.15, 61.20 (C,, Cy), 65.82 (NCH,pyr),
121.72 (pyr-5), 122.07, 122.82, 124.10 (pyr-3, pyr-5, pyr-3"),
136.34, 137.39 (pyr-4, pyr-4'), 148.82 (pyr-6), 150.10 (pyr-2),
160.03 (pyr-2'), 165.27 (pyr-6), 165.95 (CO,CH;) ppm. MS (ESI):
m/z=381.2 [M +H]".

Synthesis of (25,25")-6-[1"-( pyrid-2-ylmethyl)-[2,2"-bipyrrolidin]-
1-ylmethyl] nicotinic acid (4)

An aqueous solution of LiOH (1.6 M, 5.55 mmol, 3.55 mL) was
added dropwise to a solution of methyl (25,25")-6-[1"-( pyrid-2-
ylmethyl)-[2,2"-bipyrrolidin]-1-ylmethyl]  nicotinate (1 g,
1.85 mmol) in THF/CH;OH (1:1, 7.2 mL) at 0 °C. The reaction
mixture was stirred at 0 °C for 30 min and at room temperature
for 4 h. After this time, the solvent was evaporated under
reduced pressure to provide compound 4 as a white solid
(0.65 g, 95% yield). "H NMR (400 MHz, CD;0D): § = 1.68-1.74
(m, 8 H, 2 x Hy, 2 X Hj, 2 X Hy, 2 X Hy), 2.20-2.30 (m, 2 H, H,,
H,), 2.76-2.82 (m, 2 H, 2 x Hs), 2.94-2.98 (m, 2 H, 2 x Hj),
3.53 (d, J = 19.4 Hz, 2 H, NCH,Pyr), 4.21 (d, J = 19.4 Hz, 1 H,
NCH,Pyr), 4.25 (d, J = 19.4 Hz, 1 H, NCH,Pyr), 7.22-7.30 (m,
1 H, pyr-5'), 7.48 (d, J = 10.6 Hz, 2 H, pyr-5, pyr-3'), 7.75 (td, J =
2.4 and 7.2 Hz, 1 H, pyr-4'), 8.21 (dd, J = 2.7 and 10.6 Hz, 1 H,
pyr-4), 8.39-8.40 (m, 1 H, pyr-6'), 8.94 (d, J = 2.7 Hz, 1 H, pyr-
2). MS (ESI): m/z = 367.2 [M + H]'. HRMS (ESI): caled for
CyH,,N,0, [M + H]' 367.2129; found 367.2119; caled for
Cy1H,6N,0,Na [M + Na]+ 389.1948; found 389.1934.

Synthesis of the metal binding peptides

General method for the synthesis of the peptidyl resins.
Peptidyl resins were synthesized manually by the solid-phase
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method following Fmoc-type chemistry. A Fmoc-Rink-MBHA
resin (0.56 mmol g~') was used as solid support and tert-butyl-
oxycarbonyl (Boc) or N-[1-(4,4-dimethyl-2,6-dioxocyclohex-1-
ylidene)ethyl] (Dde) as side-chain protecting groups for Lys.
Couplings of the Fmoc-aminoacids (4 equiv.) were performed
by treatment with DIPCDI (4 equiv.) and Oxyma (4 equiv.) in
DMF under stirring at room temperature for 2 h, and moni-
tored by the Kaiser test.’> For sequences containing up to
eleven residues, the Fmoc group was removed by treating the
resin with a mixture of piperidine/DMF (3:7, 2 + 10 min). For
longer sequences, Fmoc group removal was carried out with
piperidine/NMP (3:7, 1 x 3 min + 3 x 10 min). After each coup-
ling and deprotection step, the resin was washed with DMF (6
% 1 min) and CH,Cl, (6 x 1 min), and air dried. After the coup-
ling of the eleventh residue, NMP was used instead of DMF.
Peptide elongation was performed by repeated cycles of Fmoc
group removal, coupling and washings.

Synthesis of M**PyTACN-Lys-Lys-Leu-Phe-Lys-Lys-Ile-Leu-Lys-
Lys-Leu-NH, (PyTACN-BP16) (BP341). This metal binding
peptide was synthesized from the peptidyl resin H-Lys(Boc)-Lys
(Boc)-Leu-Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-
Rink-MBHA (50 mg) which was placed in a 5 mL round-bot-
tomed flask. Freshly prepared 6-[(tert-butyldimethylsilyloxy)
methyl]nicotinic acid (1)*® (10 equiv.), COMU (10 equiv.),
Oxyma (10 equiv.) and DIPEA (20 equiv.) were dissolved in
NMP (1 mL) by sonication and allowed to react for 10 min.
This solution was then added to the resin and the mixture was
heated at 80 °C for 36 h under stirring. After this time, the
resin was washed with NMP (6 x 1 min), CH;OH (6 x 1 min)
and CH,Cl, (1 x 1 min). The completion of the reaction was
checked by the Kaiser test.>> The resulting peptidyl resin was
placed in a syringe and was treated with TBAF (1 M, 664 puL)
and AcOH (1 M, 20 pL) in THF (500 pL) under stirring at room
temperature for 6 h. Then, the resin was washed with THF (3 x
1 min), CH;0H (3 x 1 min), NMP (3 x 1 min), CH,Cl, (3 x
1 min) and THF (1 x 1 min). The resulting resin was treated
with a solution of LiCl (10 equiv.), TsCl (2 equiv.), and DIPEA
(3 equiv.) in THF (1 mL). The reaction mixture was shaken for
6 h at room temperature. This treatment was repeated three
times. Between treatments and at the end of the reaction, the
resin was washed with THF (3 x 1 min), CH;0H (3 x 1 min),
H,0 (6 x 1 min) and CH,Cl, (3 x 1 min). To perform the
N-alkylation, the peptidyl resin was placed in a 15 mL quartz
vial containing a magnetic stir bar and treated with a solution
of M*TACN-3HBr (2)*° (3 equiv.), Nal (0.04 equiv.) and DIPEA
(24 equiv.) in NMP. The sealed vial was heated at 125 °C under
MW irradiation for 1 h. After the reaction time, upon cooling,
the resulting resin was placed in a syringe and the solvent was
removed. The resin was washed with NMP (6 x 1 min), CH;OH
(6 x 1 min) and CH,Cl, (1 x 1 min), and then cleaved with
TFA/H,O/TIS (95 : 2.5 : 2.5) for 3 h at room temperature. Follow-
ing TFA evaporation and cold Et,O extraction, the crude was
dissolved in H,O (5 mL) and extracted with CH,Cl, (6 x 3 mL).
The aqueous phase was lyophilized and the residue was dis-
solved in H,O/CH3;CN (1:1) affording the conjugate peptide
BP341. To remove trifluoroacetate counterions, a Strato-
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Spheres™ SPE device containing a PL-HCO; MP resin was
used. This resin was initially pre-conditioned with CH;OH
(1 mL). Then, an aqueous solution of BP341 was treated with
the SPE device, which was washed with H,O. The aqueous
solution was lyophilized affording the desired TFA-free amine
conjugate, which was tested for purity by HPLC. Detection was
performed at 220 nm. Solvent A was 0.1% aq. TFA and solvent
B was 0.1% TFA in CH;CN. Analysis was carried out with a Kro-
masil 100 Cig (4.6 mm x 40 mm, 3.5 pm) column with a
2-100% B linear gradient over 7 min at a flow rate of 1.0 mL
min~'. ESI-MS and HRMS (ESI) were used to confirm peptide
identity. BP341 was obtained in >99% purity. ¢tz = 6.85 min.
MS (ESI): m/z = 554.4 [M + 3H]*", 831.1 [M + 2H]*", 1661.1 [M +
HJ". HRMS (ESI): m/z caled for CgyH;54N»,01, [M + 4H]™
415.8024; found 415.8037; calcd for CgqH;53N2,015 [M + 3H]3+
554.0674; found 554.0696; caled for CgqH;5,N»,04, [M + 2H]*
830.5975; found 830.5994.

Synthesis of Ac-Lys-Lys-Leu-Phe-Lys-Lys-Ile-Leu-Lys-Lys-Leu-
Lys(™“’PyTACN)-NH, (BP16-PyTACN) (BP342). This metal
binding peptide was synthesized from the peptidyl resin H-Lys
(Boc)-Lys(Boc)-Leu-Phe-Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys
(Boc)-Leu-Lys(Dde)-Rink-MBHA. This peptidyl resin (50 mg)
was acetylated with acetic anhydride/pyridine/CH,Cl, (1:1:1
v/v, 2 x 30 min) under stirring. The resin was then washed
with NMP (6 x 1 min) and CH,Cl, (6 x 1 min), and the Kaiser
test was used to test the completion of the reaction.’* The
resulting peptidyl resin was treated with hydrazine/NMP
(2:98, 5 x 20 min). After these treatments the resin was
washed with NMP (6 x 1 min) and CH,Cl, (1 x 1 min). Conju-
gation of the M**PyTACN ligand at the free amino group, acido-
Iytic cleavage, removal of trifluoroacetate counterions and
characterization were carried out following the procedure
described for BP341. The metal binding peptide BP342 was
obtained in 98% purity. ¢tz = 7.23 min. MS (ESI): m/z = 1831.2
[M + H]". HRMS (ESI): m/z caled for CoyHgoNp,Oq4 [M + 5H
366.8645; found 366.8653; calcd for CopH;6sN24014 [M + 4H]4+
458.3287; found 458.3293; caled for CoyHy67N24014 [M + 3H]*
610.7692; found 610.7719.

Synthesis of (S,S)-BPBP-Gly-Phe-Leu-Gly-Lys-Lys-Leu-Phe-
Lys-Lys-Ile-Leu-Lys-Lys-Leu-NH,, (BPBP-GFLG-BP16)
(BP347). This metal binding peptide was synthesized from the
peptidyl resin H-Gly-Phe-Leu-Gly-Lys(Boc)-Lys(Boc)-Leu-Phe-
Lys(Boc)-Lys(Boc)-Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-Rink-MBHA
(50 mg). Nicotinic acid derivative 4 (10 equiv.) was preactivated
with COMU (5 equiv.), Oxyma (5 equiv.) and DIPEA (10 equiv.)
in NMP for 5 min. This solution was added to the peptidyl
resin and the mixture was heated at 80 °C for 36 h under stir-
ring. The resin was washed with NMP (6 x 1 min), CH30H (6 x
1 min) and CH,Cl, (1 x 1 min). Completion of the reaction was
confirmed using the Kaiser test.”> The resulting peptidyl resin
was cleaved with TFA/H,O/TIS (95:2.5:2.5) for 3 h at room
temperature. Following TFA evaporation and cold Et,O extrac-
tion, the crude was dissolved in H,O (5 mL) and lyophilized.
Removal of trifluoroacetate counterions and characterization
was carried out following the procedure described for BP341,
leading to the metal binding peptide BP347 in >99% purity.

This journal is © The Royal Society of Chemistry 2016
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tr = 7.24 min. HRMS (ESI): m/z caled for CiooH1g3N26016
[M + 5H]”" 422.4856; found 422.4859; caled for CqgoH15N26016
[M + 4H]*" 527.8551; found 527.8563; caled for CqgoH151N26016
[M + 3HJ" 703.4711; found 703.4738.

Synthesis of Ac-Lys-Lys-Leu-Phe-Lys-Lys-Ile-Leu-Lys-Lys-Leu-
Lys(Gly-Leu-Phe-Gly-(S,S')-BPBP)-NH, (BP16-GLFG-BPBP)
(BP348). This metal binding peptide was synthesized from the
peptidyl resin H-Lys(Boc)-Lys(Boc)-Leu-Phe-Lys(Boc)-Lys(Boc)-
Ile-Leu-Lys(Boc)-Lys(Boc)-Leu-Lys(Dde)-Rink-MBHA. This pepti-
dyl resin (50 mg) was acetylated with acetic anhydride/pyri-
dine/CH,Cl, (1:1:1 v/v, 2 x 30 min) under stirring. The resin
was then washed with NMP (6 x 1 min) and CH,Cl, (6 X
1 min), and the Kaiser test was used to test the completion of
the reaction.”® The resulting peptidyl resin was treated with
hydrazine/NMP (2:98, 5 x 20 min). After these treatments the
resin was washed with NMP (6 x 1 min) and CH,Cl, (1 x
1 min). The amino acids Fmoc-Gly-OH, Fmoc-Leu-OH, Fmoc-
Phe-OH and Fmoc-Gly-OH were sequentially coupled following
the protocol described above for the synthesis of peptidyl
resins. After Fmoc group removal, coupling of the nicotinic
acid derivative 4 was performed as described for BP347. The
resulting peptidyl resin was cleaved with TFA/H,O/TIS
(95:2.5:2.5) for 3 h at room temperature. Following TFA
evaporation and cold Et,O extraction, the crude was dissolved
in H,O (5 mL) and lyophilized. Removal of trifluoroacetate
counterions and characterization were carried out following the
procedure described for BP341, leading to the metal binding
peptide BP348 in 97% purity. tg = 7.89 min. HRMS (ESI): m/z
caled for Cq17H;05N»5015 [M + 6H]* 380.5901; found 380.5931;
C117H107N,5015 [M + 5H]>" 456.5067; found 456.5078; calcd for
C117H106N,5015 [M + 4H]** 570.3815; found 570.3816; caled for
C117H105N5015 [M + 3HJ** 760.1729; found 760.1737.

Cytotoxicity assays

Cytotoxicity of peptides conjugates BP341-BP348 in CAPAN-1,
and MCF-7 tumour cells, and in 1BR3G non-malignant cells
was determined by the MTT assay. Appropriate aliquots of
these solutions were diluted in the cell culture medium to
obtain the final working concentrations. Aliquots of 10 000
CAPAN-1 cells, 6000 MCF-7 cells and 5000 1BR3G cells were
seeded on 96-well plates 24 h prior to the treatments. Then,
cells were treated for 48 h with the corresponding compound
at concentrations ranging from 0 to 50 uM. After removal of
the treatment, cells were washed with PBS and incubated for
additional 2 h in the darkness with fresh culture medium
(100 pL) with MTT (10 pL). The medium was discarded and
DMSO (100 pL) was added to each well to dissolve the purple
formazan crystals. Plates were agitated at room temperature
for 10 min and the absorbance of each well was determined
with an absorbance microplate reader (ELx800, BioTek,
Winooski, USA) at a wavelength of 570 nm. Three replicates for
each compound were used, and all treatments were tested at
least in three independent experiments. For each treatment,
the cell viability was determined as a percentage of the control
untreated cells, by dividing the mean absorbance of each treat-
ment by the mean absorbance of the untreated cells. The ICs,
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was established for each compound by standard non-linear
regression and curve fitting using GraphPad Prism (Graph Pad
software Inc., La Jolla, CA).

Flow cytometry

The uptake efficiency of BP349 (BPBP-BAK(CF)-BP16) and
BP350 (BPBP-GFLG-BP16-CF) by MCF-7 cells was quantified by
flow cytometry. Aliquots of 50 000 cells were seeded in 24 well-
plates and allowed to attach for 24 h. Next, cells were treated
with BP349 and BP350 at 25 pM for 6 h at 37 °C. The cells were
harvested by trypsinization and gently washed with 2% FBS in
cold PBS. The fluorescence of the cells, corresponding to the
cellular uptake of the carboxyfluorescein labeled peptides,
was analyzed using FACSCalibur (Becton Dickinson Immuno-
cytometry Systems, San Jose, CA) equipped with the Cell-
Quest™ software (Becton Dickinson). The mean fluorescence
intensity was represented on a four orders of magnitude log
scale (1-10000). Ten thousand cells were analyzed in each
experiment.

Cathepsin B enzymatic assays

The enzymatic digestion of metal binding peptides BP347
(BPBP-GFLG-BP16) and BP348 (BP16-GLFG-BPBP) was evalu-
ated using a previously reported method with minor modifi-
cations.”” A cathepsin B stock solution (1 x 10* U L™, 10 pL)
was added to phosphate buffer (pH 5.0, 25 mM 1-Cys, 1 mM
EDTA; 940 pL) and preactivated for 10 min at 37 °C. Next,
BP347 and BP348 (1.8 mM, 50 pL) were added to the mixture.
Aliquots of this mixture (110 pL) were sampled at 0, 10, 30, 60,
90 and 120 min, flash frozen in liquid nitrogen and analyzed
by HPLC-MS. The analytical HPLC conditions used for these
analyses were the same as described above for BP341.
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