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Organometallic cobalamin anticancer derivatives
for targeted prodrug delivery via transcobalamin-

mediated uptakef
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and Fabio Zobi*?®

Herein we report the synthesis of new water-soluble vitamin By, prodrugs bearing metal complexes at the

B-upper side of the cobalt center. A total of three derivatives with the general design {Co—-C=C-bpy—-M},

where M represents a cytotoxic metal complex, were prepared and tested for their cytotoxicity against

MCF-7 breast cancer cells. The choice of the metal was oriented on the eminent Pt and promising Ru and

Re species to demonstrate the general applicability of the approach. The recognition of the derivatives by

transcobalamin was demonstrated by competitive displacement assays using rhodamine labeled Bi,.

This compound further served to prepare a dual luminescent probe by orthogonal synthesis with

M = ((HCCbpy)Ru(bpy),)Cl, and to perform in vitro assays. Cellular imaging experiments allowed us to

observe the different compartmentalization of both dyes and thus prove that the species follow the

natural cobalamin uptake as well as the self-triggered release of the p-upper complex.

Introduction

Chemotherapeutic agents are commonly used as drugs for
cancer therapy. Despite a large variety of structural motifs,
most compounds lack selectivity and thus are indiscriminate
between healthy and cancer tissues. As a consequence, besides
a reduced efficiency, the treatment comes with a long list of
unpleasant and deterring side effects. Strategies for the highly
selective delivery of drugs aim to decrease off-target effects
and thus ease the treatment burden for patients. To this end,
the high proliferative rate of cancer cells is favorable as they
overexpress numerous receptors on their surface.’ Exploiting
this characteristic by preferentially accumulating cytotoxic
compounds into malignant tissues is therefore a worthwhile
objective.

Vitamin By, (cobalamin, Cbl), which has a major role in the
metabolism of every cells in the human body, is a candidate
for this purpose as it offers a smooth and efficient Trojan
horse approach to deliver therapeutic agents.*® Cobalamin is
actively transported to the blood stream by three different
carrier proteins and ultimately taken up by the cells following
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a receptor-mediated endocytosis of transcobalamin-bound Cbl
(TCII-Cbl).” The TCII-Cbl complex is then degraded in lyso-
somes and Cbl discharged into the cytosol. Successively, the
Co undergoes an intracellular reduction which triggers the
release of the p-axial ligand.» By taking advantage of this
mechanism, vitamin B;, imposes itself as an ideal vector for
targeted drug delivery applications.

However, thus far, chemical modifications at the p-side of
the vitamin were greatly limited by technical difficulties
related to the synthesis of such analogues. In addition, the
poor photo- and thermal stability specific to organometallic
cobalamins possessing an alkyl, vinyl or aryl group bound to
the Co atom imposed another constraint.”'® Nevertheless,
metal species such as Pt, Re and Tc complexes could be
attached at this position by relying on the ability of Cbl
to form heterodinuclear complexes of the general motif
{Co-CN-M}.""* Although remarkable, these derivatives did
not release complexes of identical chemical compositions after
reduction of the Co center.'” Therefore, with this strategy,
assessing the efficacy of Cbl to deliver a cytotoxic compound is
somewhat biased. However, by applying recent advances in the
organometallic chemistry of Cbl described by the groups of
Kriutler and Gryko,""" we aim to propose a simple and adjus-
table structural model to overcome this difficulty and stimulate
the design of other motifs.

Herein we report the synthesis of new water-soluble vitamin
B,, prodrugs bearing metal complexes at the p-upper side of
the cobalt center. These species, which bear a common
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{Co-C=C-bpy-M} moiety, are active against MCF-7 breast
cancer cells and despite substantial structural modification are
still recognized by the transcobalamin (TCII) carrier protein.
Modification at the 5-OH ribose with a rhodamine label
allowed us to prepare a dual luminescent probe by orthogonal
synthesis with the [(HCCbpy)Ru(bpy),]Cl, complex and to
perform in vitro cellular imaging experiments. Our results indi-
cate that the molecules follow the natural cobalamin uptake
and the prodrug is activated intracellularly via a self-triggered
release of the f-upper complex.

Results and discussion
Synthesis and characterization

For the preparation of the three vitamin By, derivatives (B;,-1,
B2 and By,-3, Fig. 1), the initial approach consisted of
attaching a bipyridyl moiety at the cobalt center of Cbl
(B1o-bpy) in order to form the desired By, derivatives upon
reaction with metal precursors. Although successful, low yields
forced to revise the approach. Therefore, the synthetic scheme
was reconsidered and bipyridyl metal complexes bearing a
terminal alkyne were first prepared and then reacted with Cbl
(Fig. 1). The choice of the metal was oriented on platinum (1),
ruthenium (2) and rhenium (3) owing to the cytotoxicity of
several analogues readily adaptable to our needs.'®'”

To ensure that the Co-Cy, bond was cleaved and that the
complexes were entirely released under reducing conditions,
the three derivatives were individually reacted with Zn in
NH,Cl (1%). After reoxidation in air, the reaction mixtures
were analysed by HPLC and each fraction was identified by its
mass (Fig. 2). In each case, the presence of H,OCbl testified to
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Fig. 1 Synthetic scheme and the structures of vitamin By, derivatives.
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Fig. 2 Chemical reduction of the derivatives B;,-1 to -3 (from left to
right). HPLC chromatograms before the reduction (above) and after the
reduction (bellow). The reduction has triggered the release of complexes
1 (filtered prior to injection due to its insolubility), 2 and 3. The for-
mation of H,OCbl was observed in each case. HPLC conditions are
described in the Experimental part.

the successful metal complex release and the intact nature of
complexes 2 and 3 could be confirmed by HPLC-MS analysis.

However, due to its poor aqueous solubility, 1 precipitated
soon after the reduction step and its structure was confirmed
by NMR analysis. Interestingly, this observation further
emphasizes the ability of vitamin B, to greatly increase the
aqueous solubility of compounds that might otherwise have
little ability to be used as a drug."®

From a stability point of view, no proteolytic detachment of
the complexes was observed under mild acidic conditions
(pH 3 to 7) within 24 hours. The derivatives (B;,-1, B1,-2 and
B,,-3) were remarkably photostable even after several days
of daylight exposure, which is consistent with observations
reported for ethynylcobalamin'® and other acetylide
cobalamins.'*">2°

Plasma stability and transcobalamin binding

In order to assess their plasma stability, we evaluated the inter-
action of B;,-1, B;,-2 and B;,-3 with human serum albumin
under physiological conditions. The tests were performed over
a 24 h period and the mixtures were analysed by HPLC (Fig. 3).
The results indicate that respectively ca. 39% and 60% of By,-1
and Bj,-3 were bound to HSA after 1 day while B;,-2 showed
no interaction with the protein. For Bj,-1 the results were
somewhat expected, since the interaction of cisplatin ana-
logues with HSA has been extensively reported.”"** Similarly,
the behaviour of B;,-2 is in accordance with the free, electron-
rich analogues of 2.>* As for By,-3, the lack of such studies
involving equivalent rhenium carbonyl complexes prevents
this comparison. In general, we could reasonably argue that
the HSA interaction of our derivatives might be minimized
in vivo, since it was demonstrated that vitamin B;, is buried
deep inside the transcobalamin structure once bound.>*

To be actively carried, the derivatives must be recognized by
transcobalamin. Whereas three carrier proteins are involved in
the transport of Cbl, the transcobalamin-Cbl complex (TCII-Cbl)



//doc.rero.ch

http

2000+ — Bip-1-t0

- - Byp1-t24

-
L54]
(=
(=]
1

1000+

Absorbance (a.u.)
o
(=]
b

(=]
[]
'

!

)

2000+

— Byp-2-0
- - Byp-2-t24

Absorbance (a.u.)
a B @
8 8 8

2000+

Absorbance (a.u.)
a 2 @
(=] (=] (=]
S o @9

(=]
1

20

25
time (min)

Fig. 3 Human serum albumin (HSA) stability of the derivatives Bj>-1 to
-3. The overlap of HPLC chromatograms immediately after HSA-B12-#
derivative mixture preparation (t0) and after one day (t24).

is ultimately taken up by cells via receptor-mediated endo-
cytosis. Therefore, we focused on this interaction and a com-
petitive assay using rhodamine labelled By, (CBC, Fig. 1) was
performed as previously established.>® Indeed, since the CBC
interaction with TCII induces an enhancement of its lumine-
scence intensity, the binding of competitive Cbl derivatives
can be directly monitored. The addition of TCII-recognized B;,
analogues quenches the luminescence of the TCII-CBC
complex in proportion to the level of competition established.
The presence of Cbl showed the highest competition level,
while for our derivatives, various degrees of quenching (i.e.
binding) were observed, in the following order: B;,-3 > By,-2 >
Bi,-1 (Fig. 4).

Cytotoxicity against MCF-7 breast cancer cells

We then considered whether the relative TCII binding of our
derivatives might be reflected in their biological activity. Thus,
the cytotoxicity of By,-1 to -3 was evaluated using the MCF-7
breast cancer cell line. It is worth noting that this cell line is
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Fig. 4 Fluorescence quenching of the TCII-CBC complex emission
induced by equimolar addition of derivatives B;,-1 to -3 and of natural
Cbl.

appropriate to evaluate the activity of Cbl derivatives since it
excretes a high level of TCII as well as the respective membrane
receptor.”® Table 1 shows the ICs, values of the free (unbound)
complexes 1-3 and of their corresponding B;, species. As can
be seen, the cytotoxicity of the derivatives is lower than one of
their free counterparts 1-3. The difference might be explained
by a different uptake mechanism. In the case of B;,-1 to -3, an
active transport suggests a transitory internalization into lyso-
somes (vide infra and ESIT). For such prodrugs, this stage
likely prevents their activation through the release of the
B-upper ligand until their lysosomal discharge. Taken separ-
ately, the cytotoxicity of the complexes shows that 1, 2 and 3
exhibit ICs, values below 10 pM. In interpreting the value of 1,
it must be considered that dissolving platinum complexes in
DMSO often results in ligand displacement and changes to the
structure of the complex.””*® However, due to its very low
aqueous solubility, a dissolution in DMSO (0.1% final concen-
tration) was necessary. The activity of 3 is remarkable since its
IC50 of 1.4 pM is lower than cisplatin. Except for this
latter complex, for which no example of similar analogues
exists, the ICs, values of 1 and 2 are consistent with the
reported values for similar species under comparable con-
ditions."®"” Interestingly, the order of magnitude that differen-
tiates the toxicity of the complexes compared to their respect-

Table 1 Cytotoxicity of complexes 1-3 and the corresponding Bi,
derivatives By»-1 to -3 toward MCF-7 cells

Free complexes Vitamin B, derivatives

Compound IC50[uM] Compound ICso [UM]
1 5.0+ 2.4 Byo-1 29.0+5.2
2 3.2+1.1 B2 10 + 3.3
3 1.4+0.3 By,3 6.3+0.4

Cisplatin (CDDP) 3.7 + 1.2 uM.
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ive Cbl derivatives is in accordance with TCII recognition of
the latter.

Cellular localization

In order to investigate the cellular internalization of the deriva-
tives, a dual luminescent compound (B;,-4-CBC, Fig. 1) was
prepared. Owing to its relative non-toxicity as well as for its
luminescence properties,’”” a ruthenium trisbipyridyl moiety
was attached on the CBC scaffold at the vitamin p-side. MCF-7
cells were incubated with the compound and laser scanning
microscopy was used to probe its localization. After one hour,
the compound accumulated inside round shaped vesicles
(Fig. 5). After 24 h of exposure, both signals could be detected
inside the cytosol as well. However, their respective localiz-
ation was offset suggesting different pathways of the fluoro-
phores (Fig. 6). These observations were supported by the use
of dyes for different cell compartments.

The signals corresponding to the ruthenium and rhoda-
mine moieties co-localized well with commercial LysoTracker
(Fig. 7A). Furthermore, the rhodamine signal overlapped with
MitoTracker to a higher degree than that of the ruthenium tris-
bipyridyl complex (Fig. 7B), which indicates reductive Co-Cs,
bond cleavage and that the p-bound complex was successfully
released in the cytoplasm. This constitutes a strong indication

Fig. 5 Left, rhodamine emission of compound B;,-4-CBC after 1 h of
incubation with MCF-7 cells, and right, the magnified area of the red
box showing the formation of round-shaped vesicles.

Fig. 6 Left, co-localization images of Ru and Rho signals in MCF7 cells
after 24 h of incubation with B;,-4-CBC and right, the magnified area of
the red box. The Ru and Rho signals are partially offset, suggesting
different pathways of the fluorophores.
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Fig. 7 Co-localization images of B;,-4-CBC ruthenium (Ru) and rhoda-
mine (Rho) moieties emission with (A) lysosomal, (B) mitochondrial and
(C) nuclear dyes in live MCF-7 cells. In order to aid the interpretation of
the images, compartment stains are shown in green in (A) and (B),
Ru and Rho signals are split and are both shown in red. Overlapping
Ru and Rho fluorescence to dyes are yellow in magnified areas. Scale
bars = 20 pm.

that, despite substantial structural modifications, the vitamin
B, derivative follows a similar pathway to that of the natural
vitamin. Finally, none of the signals co-localized with the
nuclear tracker (Fig. 7C). Taken together the results indicate
an active transport of B;,-4-CBC, a fact that was re-emphasized
by low temperature incubation of the derivative, showing a sig-
nificantly lower uptake than under normal incubation con-
ditions (ESIY).

Conclusions

In summary, we have reported the synthesis of three vitamin
B,, derivatives (Bq,-1 to -3) designed as anticancer prodrugs.
An in vitro cytotoxicity assay against MCF-7 breast cancer cells
showed that the vitamins could be considered as valid vectors
for drug targeted delivery applications. Furthermore, despite
substantial structural modification at the f-upper side, the
derivatives were still recognized by the TCII carrier protein,
which is a determining step toward their active transport. Such
a mechanism was confirmed by fluorescent imaging experi-
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ments in live cells. The same further indicated that, after lyso-
somal discharge, a triggered release of the f-upper complex
occurs while H,OCbl preferentially accumulates into mito-
chondria. We believe this strategy could provide a concrete syn-
thetic option to the formulation of anticancer prodrugs.

Experimental
General experimental details

All chemicals were purchased from Sigma-Aldrich (St Louis,
MO) and used without further purification. The protein trans-
cobalamin (TCII) purchased from Bio-Techne AG
(Switzerland). The ligand 4-ethynyl-2,2"-bipyridine was syn-
thesized according to a published procedure®® as well as the
ruthenium complex [Ru(HCC-bpy)(bpy),](PFs),.>° MitoTracker
deep red FM, LysoTracker blue DND-22 and Hoechst 33342 were
bought from Life Technologies. Stock solutions of the B;,-1 to
-3 species were prepared in PBS and proved to be stable for at
least two days according to UV-VIS and MS spectroscopy. These
compounds were stored at —20 °C, thawed and diluted in RPMI
media prior to their use in biological experiments. Human
breast adenocarcinoma MCF-7 cells were obtained from the
Department of Medicine at the University of Fribourg
(Switzerland). The cells were maintained in Gibco’s RPMI
1640 medium supplemented with 10% FBS, 1% penicillin-
streptomycin, 10 pg mL™" bovine insulin at 37 °C with 5% CO..

HPLC analyses were performed on a Merck-Hitachi L7000.
The analytical separations were conducted on a Macherey-
Nagel Nucleodur PolarTec column (5 pm particle size, 110 A
pore size, 250 x 3 mm). The preparative separations were con-
ducted on a Macherey-Nagel Nucleodur C18 HTec column
(5 um particle size, 110 A pore size, 250 x 21 mm). HPLC solvents
were aqueous trifluoroacetic acid 0.1% (A) and methanol (B).
The compounds were separated using the following gradient:
0-5 min (75% solvent A), 5-35 (75% solvent A — 0%
solvent A), 35-45 min (100% solvent B). The flow rate was set
to 0.5 ml min™" for analytical separations and 5 ml min™" for
the preparative ones. The eluting bands were detected at
320 nm. High resolution ESI-MS was performed on a Bruker
FTMS 4.7-T Apex 1I and the measurements were recorded in
the positive mode while a Bruker UltrafleXtreme was used for
MALDI-TOF experiments. Elemental analyses were performed
on a LECO TruSpec CHNS(O)-micro analyser. NMR analyses
were recorded on a Bruker Avance III 500 MHz. The corres-
ponding 'H and '*C chemical shifts are reported relative to
residual solvent protons and carbons while '*>Pt was referred
to as Na,[PtClg]. The UV/Vis spectra were recorded on a Jasco
V-730 and the emission on a spectrofluorometer FS5
(Edinburgh Instruments Ltd). Measurements of the solubilized
formazan were performed using a microplate reader Hidex
425-301. Cell imaging was performed using a laser confocal
scanning microscope (LCSM 710, Carl Zeiss, Gottingen,
Germany) with a 63x oil-immersion objective lens and
equipped with an incubation chamber providing controlled
temperature, moisture and CO, atmosphere.

was

General procedure for the synthesis of the vitamin B12
derivatives

The following procedure was adapted from the literature to
achieve the synthesis of the By, derivatives."> A mixture of
cyanocobalamin (60 mg, 0.04 mmol, 1 eq.), CuAcO (7 mg,
0.004 mmol, 0.1 eq.) and the respective alkynes (0.2 mmol,
5 eq.) in DMA (10 ml) was stirred until dissolution. DBU
(0.03 ml, 0.21 mmol, 5 eq.) was added and the solution was
allowed to react at room temperature for 4 h. The respective
crudes were precipitated by dropwise addition to the stirred
solutions of diethyl ether/CH,Cl, (150 ml, 1:1). With the
exception of B,,-2 (vide infra), after filtration, the residue was
dissolved in a mixture of CH;OH and water (2 ml, 1:1),
filtered again and purified by preparative HPLC. The eluting
bands containing the desired products were isolated and
lyophilized.

Cellular localization assay

MCF-7 cells were incubated in cell chamber slides (1.7 cm® per
well) with B;,-4-CBC (12.5 uM) at 37 °C for 1 or 24 h and then
co-incubated with MitoTracker deep red FM (150 nM, MTDR),
LysoTracker blue DND-22 (150 nM, LTB) or Hoechst 33342
(2 drops per ml) at 37 °C for 0.5 h. Successively, the cells were
washed three times with PBS and immediately visualized by
laser confocal scanning microscopy (LSCM 710, Carl Zeiss,
Gottingen, Germany) with a 63x oil-immersion objective lens.
The excitation wavelengths of B;,-4-CBC were 458 nm for the
ruthenium moiety (Ru) and 488 nm for the rhodamine moiety
(Rho), while the excitation wavelength of Hoechst 33342 and
LTB was 405 nm (in separated chambers) and 633 nm
for MTDR. Emission filters for the trackers were set to:
450 + 30 nm for Hoechst 33342 and LTB, 700 + 30 nm for
MTDR. Emission filters for B;,-4-CBC were set to: 540 + 25 nm
for the Rho and 660 + 30 nm for the Ru moiety.

Cytotoxicity assay

The IC5, values were determined using the breast cancer cell
line MCF-7. The cells were cultured using Gibco’s RPMI
1640 medium supplemented with 10% FBS, 1% penicillin-
streptomycin, 10 pg mL™" bovine insulin at 37 °C with 5%
CO,, seeded in 96-well plates at a density of 2 x 10° cells per
well and allowed to settle for 24 h. After removal of the growth
medium, the cells were treated with B;,-1 to -3 (0 to 50 pM) for
72 h. Subsequently, the cells were washed three times with PBS
and fresh media were added. Each well was then completed
with 20 pl of MTT solution (5 mg ml™') and the plates were
incubated for 3-4 h at 37 °C. After removal of the media,
100 pl of DMSO were added as the MTT solvent and the plates
were re-incubated at 37 °C for another 2 h. The solubilized for-
mazan was quantified at 570 nm using a microplate reader.

Stability in human serum albumin

To a solution of human serum albumin (150 uM) in phosphate
buffer (0.1 M at pH 7.5) and 0.9% NaCl, the derivatives (1 eq.)
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were added and the solutions were gently shaken over
24 hours. Fractions were collected and analyzed via HPLC.

Drug release

The derivatives (B;,-1 to -3, 200 pmol) were reacted in a NH,Cl
(1% solution) with Zn dust (0.5 g) under a N, atmosphere for a
period of 30 min. Methanol was added (25% of the total final
volume) and the crude solution mixtures were then analyzed
via HPLC and the peaks were identified using electrospray
ionization mass spectrometry (ESI-MS).
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