W) Check for updates

Full Paper
doi.org/10.1002/chem.202100603

European Chemical
Societies Publishing

Chemistry—A European Journal

Copper(ll) Pyridyl Aminophenolates: Hypoxia-Selective,
Nucleus-Targeting Cytotoxins, and Magnetic Resonance

Probes

Kathleen E. Prosser,”" Da Xie,” Annica Chu,” Gregory A. MacNeil,” Bryton R. Varju,”
Rahul T. Kadakia,™ Emily L. Que,*®™ and Charles J. Walsby*®!

Abstract: Targeting the low-oxygen (hypoxic) environments
found in many tumours by using redox-active metal com-
plexes is a strategy that can enhance efficacy and reduce the
side effects of chemotherapies. We have developed a series
of Cu" complexes with tridentate pyridine aminophenolate-
based ligands for preferential activation in the reduction
window provided by hypoxic tissues. Furthermore, ligand
functionalization with a pendant CF; group provides a 'F
spectroscopic handle for magnetic-resonance studies of redox
processes at the metal centre and behaviour in cellular
environments. The phenol group in the ligand backbone was
substituted at the para position with H, Cl, and NO, to
modulate the reduction potential of the Cu" centre, giving a
range of values below the window expected for hypoxic

tissues. The NO,-substituted complex, which has the highest
reduction potential, showed enhanced cytotoxic selectivity
towards Hela cells grown under hypoxic conditions. Cell
death occurs by apoptosis, as determined by analysis of the
cell morphology. A combination of '"F NMR and ICP-OES
indicates localization of the NO, complex in Hela cell nuclei
and increased cellular accumulation under hypoxia. This
correlates with DNA nuclease activity being the likely origin
of cytotoxic activity, as demonstrated by cleavage of DNA
plasmids in the presence of the Cu" nitro complex and a
reducing agent. Selective detection of the paramagnetic Cu'"
complexes and their diamagnetic ligands by "’F MRI suggests
hypoxia-targeting theranostic applications by redox activa-

tion.
/

Introduction

Dose-limiting toxicity is a hurdle confronting the clinical
application of many chemotherapeutics. This typically arises
from insufficient discrimination in cytotoxicity between cancer-
ous and normal cells. A compelling example of this is cisplatin,
a platinum(ll)-based therapeutic employed in many chemo-
therapeutic regimes, which exhibits a variety of severe side
effects This off-target activity arises from the primary
mechanism of action of cisplatin involving binding to DNA.
Although this process leads to apoptosis, there is little
selectivity between the DNA of cancerous and healthy tissues.”

Several different strategies have been developed to endow
anticancer compounds with selectivity, such as the inclusion of
targeting groups that interact with specific cancer associated
biomolecules.”” A promising approach is to capitalize on the
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differences between the microenvironments of tumours and
healthy tissues. One such difference is lower oxygen concen-
trations (hypoxia) that arise from accelerated growth and lack
of vasculature in tumours associated with certain cancers.”

These reduced oxygen levels result in a lower overall
biological reduction potential, and can also lead to greater
acidity and altered cellular growth.™! Furthermore, hypoxic
tumours can be resistant to traditional treatments, including
radiation therapy and many chemotherapies.” As hypoxia is
not typically observed in healthy tissues, several organic and
metal-based redox-active therapies have been developed to
selectively exploit the difference in environments.” In the case
of platinum chemotherapeutic candidates, PtV prodrugs have
been employed, which upon reduction in hypoxic environ-
ments selectivley produce cytotoxic Pt" species.”

Research into copper anticancer compounds is one of the
most active areas currently in medicinal inorganic chemistry
and a wide array of copper complexes have been studied for
their chemotherapeutic potential.”! Prominent examples in-
clude complexes of: i) thiosemicarbazone,"” ii) Schiff base,"" iii)
imidazole, benzimidazole, triazole," and iv) bipyridine and
phenanthroline ligands.”®'¥ The anticancer activity of copper
complexes frequently has been linked to increased oxidative
stress, with Cu" complexes promoting generation of reactive
oxygen species (ROS) or depletion of glutathione (GSH)."* Other
mechanisms  include DNA  binding,"®"  proteasome
inhibition,"" and inhibition of topoisomerases."® Reduction of
Cu" complexes under biological conditions can initiate redox
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cycling to produce toxic ROS, through Fenton-like chemistry,
which can then damage biomolecules and cellular
components." This potentially enables targeting of the reduc-
tion window in hypoxic tumour tissues for selective activation.
Copper complexes are particularly suitable for this strategy
since the Cu"/Cu' couple can be tuned over a wide range of
potentials through ligand design. Consequently, ROS gener-
ation can be limited to tumour tissues in vivo.*®'”

Cu" complexes have also shown promise as imaging agents
for tracking redox processes in biological environments.7>'®
The ability to characterize the in vivo spatial distribution of Cu"
(d°, S="4), CU' (d", S=0) and released ligands can provide
information on the anticancer mechanisms of these compounds
and the reducing environments of tumour tissues. Changes in
the coordination sphere of paramagnetic Cu" centres in bio-
logically-relevant conditions are traditionally evaluated by
electron paramagnetic resonance (EPR) methods."” However,
EPR can only provide information on reduction processes
affecting Cu" centres by detecting loss of signal, and in vivo EPR
imaging is limited to radical species.?”

Alternatively, NMR and nuclear magnetic resonance-based
imaging methods are showing promise for characterizing the
effects of hypoxia and the behaviour of metal-based therapeu-
tic candidates in vivo.”" The proof-of-principle application of
these approaches has been demonstrated using copper thio-
semicarbazonate complexes such as diacetylbis(N(4)-meth-
ylthiosemicarbazonato) copper(ll); CuATSM (Figure ST in the
Supporting Information).'’>'%#22 |n these compounds, and the
complexes in this report (Figure 1a), functionalization with a
fluorinated tag enables NMR and imaging studies. Magnetic
resonance (MR) characterization of the spatial distribution of
these, and other fluorinated molecules is commonly referred to
as magnetic resonance imaging (MRI),"®?* and this terminology
is used here. However, in some fields, such measurements are
classified as magnetic resonance spectroscopy (MRS), with
“MRI” reserved for the proton resonance of water.*”

'%F is potentially an excellent nucleus for the development
of diagnostic agents due to the suitable NMR properties of '°F
nuclei (I="/, 100% abundance, receptivity vs. '"H=0.8328), and
the negligible concentration of fluorine in the human body.*”
As a complimentary technique to traditional '"H MRI, "F MRI
employing paramagnetic agents has been implemented to
probe hypoxia, pH, and ROS in biological
environments.[1P4221623526 | orine-decorated molecules have
also been used as theranostic (therapeutic + diagnostic) chemo-
therapeutic imaging agents, allowing for the study of the
distribution, metabolism, and mechanisms of these compounds
by MR methods.””

Herein, we demonstrate the potential of '°F-tagged metal
complexes to function both as hypoxia-selective cytotoxic
agents and '’F magnetic resonance probes. The reduction
potentials of the Cu'-based pyridine aminophenolate com-
plexes used in these studies (Figure 1) were tuned by para
substitution of the ligand phenol. This enabled targeting of the
hypoxic reduction window. A trifluoromethyl (CF;) group
attached to the ligand scaffold enabled the study of these
complexes through F NMR and MRI methods, providing

Chem. Eur. J. 2021,27,1-12 www.chemeurj.org

These are not the final page numbers! 77

a) CuLX (X = NO,, CI, H)

X X
RS N = N
U s (Y
O’\l/‘;u'lo ypoxia /Nﬁo?HuLO I::>ROS
Y

CF3)

O

7]/

0
S =0, Diamagnetic
Long °F T, T,

S =V, Paramagnetic
Short °F T,, T,

Figure 1. a) Fluorinated Cu" complexes CuL* and the turn-on of their
cytotoxic and MR imaging properties in hypoxic environments. Number of
protons, y, equals 1 or 2. b) X-ray crystal structure of CuL™®: with ellipsoids at
the 50% probability level.

insight into their mechanism of action. This combination of
therapeutic and diagnostic properties is a step towards
theranostic molecules that have the potential to both identify
and selectively activate in hypoxic tumour tissues.

Results and Discussion
Synthesis and characterization

Cu" complexes Cul* (X=NO,, Cl, H) were prepared in three
steps starting with reaction of 2-picolylamine with the appro-
priate salicylaldehyde to generate the imine in situ, followed by
reduction to the corresponding amine PAPX (Scheme S1). The
amine was alkylated to produce fluorinated ligands CF;PAPX in
moderate yields (36-73%). Metallation was carried out in MeOH
with Cu(OAc), with triethylamine as a base, giving the Cul*
complexes in good yields (83-89%) following recrystallization
in acetone.

Crystals of CulM® suitable for x-ray crystallography (Fig-
ure 1) were obtained from a concentrated solution in MeOH.
Cul™: crystallizes in the chiral Pca2, space group, and the
crystal structure consists of polymeric 1D chains made up of
two crystallographically distinct CuL™ units that are bridged
through acetate ligands (Figure S4). The Cu" centres have a
square pyramidal coordination geometry incorporating triden-
tate coordination from the CF,PAPNO, ligand and two mono-
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dentate acetate ligands; the equatorial and axial Cu—O acetate
bonds have lengths of 1.965 and 2.221 A respectively (see
Tables S2 and S3 for bond lengths and angles). The polymeric
structure is likely a consequence of crystal packing, with the
axial acetate dissociating in solution to give mononuclear Cu"
species. This was confirmed by frozen-solution EPR spectra of
the Cul* complexes, which are characteristic of mononuclear
S=1/2 Cu" species (Figure S28), with no indication of exchange
coupling between Cu centres. The average Cu—F distance is
9.1 A, which is close enough to observe paramagnetic relaxa-
tion enhancement effects® of the Cu" centre in "F NMR
spectra.””

Solution behaviour

Ligand-exchange reactions are important mechanistic features
of many metal-based therapeutics, with aquation or binding to
biomolecules often resulting in prodrug activity.”>*® This is
particularly significant for Cu" complexes since they are typically
labile and can exchange ligands under physiological
conditions.*" To characterize changes in the ligand environ-
ment of Cul* following aqueous dissolution, 50 uM solutions of
each complex in MES buffer (pH 6.5), were monitored by UV/Vis
spectroscopy over 12 hours at 37 °C. Under these conditions, no
changes in their absorption spectra were observed. However, 'H
NMR spectra of the complexes in D,O show a signal from free
acetate at 2.28 ppm (Figure S20). Thus, it can be concluded that
the complexes initially undergo rapid loss of acetate to give
aquo or hydroxo species but no subsequent ligand exchange
occurs.

UV/Vis spectra of CuL* were measured in DMSO at higher
concentrations to evaluate d-d transitions (Figure S25); these
measurements were not possible in aqueous solutions because
of limited solubility. The A, of the d-d transitions shifted to
lower wavelength across the series: Cul“%>Cul®>Cul"
corresponding to increasing d-orbital splitting (Table 1). This
trend shows that para substitution of the phenol functionality
of the CF;PAPX ligands has the desired effect of modulating the
electronic properties of the Cu" centre.

The coordination spheres of the CuL* complexes in aqueous
buffer were also characterized by EPR. Measurements of 500 pM
Cul* frozen solutions (Figure S28) gave EPR spectra typical of
Cu" complexes, with g, < g, and a four-line hyperfine splitting
around g, characteristic of the copper nucleus (BCu, 69.17 %,
gn=1.484, 1=3/2, *Cu, 30.83%, I=3/2, gy=1.5877). The
spectral parameters of the complexes were determined by
simulation and found to be similar for all three complexes
(Table S5). A trend in g|| values was determined with Cul" <

CuL” < CuL™: (Table 1), which corresponds to a decrease in
splitting between the d,, and d,. ,. orbitals (A,) of the Cu"
centre,”? and is in agreement with the UV/Vis absorption data.
Partially resolved spectral features around g, indicate contribu-
tions from hyperfine interactions with both the Cu centre and N
atoms (“N, /=1, 99.63%) of the CF;PAPX ligands. Room-
temperature EPR measurements of the Cul* complexes also
were made, after 0 min and 24 hours of incubation at 37°C
(Figure S27). The resulting isotropic spectra were well simulated
using the average of the frozen-solution g values: g,,=(2 g, +
g,)/3; and copper hyperfine splitting of A% =66-77 G. This
demonstrates that there is no significant conformational differ-
ence of the Cul* complexes in liquid or frozen solutions.
Furthermore, the spectra were unchanged after 24 hours, both
in appearance and intensity, demonstrating that no additional
ligand exchange occurs."

As described above, the complexes Cul* are stable in
aqueous solution following initial acetate ligand loss. However,
in vitro and in vivo environments provide an array of nucleo-
philes that could potentially be competitor ligands for Cu"
complexes. This was assessed by evaluating the stability of
Cul™ in Dulbecco’s modified Eagle’s medium (DMEM), which
was used to culture Hela cervical adenocarcinoma cells in
experiments described below. Limits on the aqueous solubility
of CuL® prevented studies of speciation by UV/Vis via analysis
of d-d transitions. However, the CF; group of CF;PAPXNO,
enabled evaluation of coordination using F NMR. A 1:1
DMEM/DMSO solution was used in these studies to improve the
solubility of Cul™: and prevent precipitation of free
CF;PAPXNO,. Cul™®: exhibits a broad peak (FWHH=21Hz) at
—61.13 ppm, whereas the free ligand CF;PAPNO, was detected
at —61.06 ppm with a narrower linewidth (FWHH=6 Hz; Fig-
ure S21). The increased linewidth observed for the complex
reflects the paramagnetic relaxation enhancement effect of the
coordinated Cu" ion.”®**¥ Similar measurements in pure DMSO
for chemical reduction studies, confirm these assignments (see
below). CuLN® was incubated for up to 24 hours at 37°C in 1:1
DMEM:DMSO and no change in the signal from the complex
was observed, nor was any free ligand detected (Figure S21).
This demonstrates that CulL™® is stable towards exchange of
the tridentate CF;PAPNO, ligand in the growth medium,
indicating sufficient stability also in the biological studies
described in this work.

Electronic properties

The CF;PAPX ligands of the Cul* complexes were modified at
the para position of their phenol groups to both maximize the

Table 1. Summary of the electronic properties, cytotoxicity, and intracellular copper content of each CuL* complex under different experimental conditions.
Electronic properties 1Cso [WM] Intracellular Cu content [fmol/cell]

Complex Hammett parameter (o) d-d Ae [Nnm] DMSO g MES buffer  E,. [mV] Normoxia Hypoxia Normoxia Hypoxia

Cul” 0 663 2.253 —790 50£10 26+9 0.15£0.01 0.26£0.03

CuL® 0.23 665 2.255 —660 25+10 26+5 0.267 +0.007 0.53+0.04

CuLNo: 0.78 676 2.259 —560 25+£3 162 1.5+0.1 3.0£0.2
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range of their reduction potentials and to locate them in the
appropriate range for hypoxia selectivity. Cyclic voltammetry
was performed for each Cul® complex in MES buffer (Fig-
ure S30, Table 1) with 10% DMSO to improve aqueous
solubility. Each Cul* complex exhibited an irreversible wave
between —560 and —790 mV vs. NHE. The low solubility of the
ligands, along with the fast ligand exchange rate of Cu', are
likely contributors to the irreversibility of the reduction process.
The cathodic peak potentials (Ep.) decrease across the series,
with Cul™% > Cul” > CuL". This correlates with the Hammett
parameters (0,,)[3‘” of the para-position substituents (Table 1)
where the NO, derivative has the most electron-poor phenol
and the H derivative presents the most electron-rich phenol.

To put the reduction potentials of Cul* in context, the
benchmark Cu" hypoxia probe CuATSM has E,,=—555mV
versus Ag/AgCl" in a buffer/DMSO mixture at pH 6, which is
approximately —356 mV vs. NHE.®*) Due to the irreversibility of
our systems, the E,. of —590 mV (=391 mV vs. NHE) for CUATSM
is a more appropriate comparison. Each of the Cul* complexes
have lower reduction potentials than CuATSM, suggesting that
they could all be used as hypoxia-selective agents. The intra-
cellular reduction potential of healthy cells is typically between
—200 and —300 mV vs. NHE.B® Whereas, for example, in A549
non-small-cell lung cancer cells the intracellular redox status
changed from —320mV vs. NHE in normoxia to less than
—420mV in cells incubated in a hypoxic environment.”” In
general, the reduction potentials of Cul® are lower than
reported intracellular normoxia and hypoxia reduction poten-
tials in cancer cells®**” as well as those of common biological
reductants.®¥ Initially, this suggested that these compounds
could be challenging to reduce in biological hypoxic environ-

a) 1°F NMR b) 1F MRI

CuLN%2 4+ 0.5 eq. NaDT CulLNo

Ligand

ments. To further examine the reduction of these compounds
we thus undertook chemical reductions monitored by '°F NMR,
UV/Vis, and EPR spectroscopy.

Reductive reactivity

Initially, chemical reductions were studied by UV/Vis in DMSO
using the strong reducing agent sodium dithionite (Na,S,0,,
NaDT) to ensure complete reduction of the Cu" centre.*® The
addition of increasing equivalents of NaDT caused a corre-
sponding decrease in the d-d transition band of each com-
pound, as a result of reduction from Cu" to Cu' (Figure S24). The
CF; group of the CF;PAPX ligands allowed the redox processes
of CuL* to be studied through both 'F NMR and MRI (Figure 2).
Similar to the stability studies described above, in DMSO the
free CF;PAPNO, ligand has a sharp '°F resonance (FWHH=
28Hz) at —60.4 ppm, whereas the CulL“®: complex has a
resonance at —60.6 ppm that is much broader (FWHH =44 Hz)
due to the effect of paramagnetic relaxation enhancement from
the Cu" centre (Figure 2a).”***¥ Similar 'F NMR spectra were
observed for each CF;PAPX ligand and Cul* complex, with
coordination to the Cu" centre resulting in a shift of up to
—0.2 ppm, and an increase in linewidth of 38-41 Hz. Details of
relevant NMR properties for each CF;PAPX ligand and Cul®
complex are given in Table S4.

To examine species that could potentially be generated
under hypoxic conditions, a series of chemical reductions using
NaDT were performed and characterized by '°F NMR (Figures 2a,
S22, and S23). When reductions were carried out in aqueous
solution, a decrease in the '°F NMR signal intensity from the Cu"
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Figure 2. Left: a) '°F NMR spectra of CF;PAPNO, and CuL™® in [DgJDMSO, demonstrating the effect of coordination to the paramagnetic Cu" centre on the
appended fluorine atoms, and the spectra of the chemical reduction of CuL"® by NaDT in DMSO. Each sample was prepared separately in an anaerobic
chamber to prevent reoxidation. Right: Coronal MRI scans collected on each CF;PAPX ligand and Cul* complex demonstrating the suitability of these
compounds for study by '>F MR methods. b) Two 500 pL Eppendorf tubes containing 4 mM CF;PAPX in DMSO (right), and 4 mM CulL* in MES buffer (left). Cul®
was best imaged by using the FLASH pulse sequence; CF;PAPX was best imaged by using the RARE pulse sequence. c) The reduction of a 2 mM solution of
CuL® in MES buffer (pH 6.5) with addition of 0.5, 1, and 2 equiv. of NaDT, detected using FLASH. All experiments were conducted at room temperature.
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complexes was observed, but no new signals were detected.
This indicates generation of Cu' complexes, leading to rapid
release of the CF;PAPX ligands, which then immediately
precipitate. Similar behaviour has been reported for some
CuATSM complexes.”? To mitigate this solubility issue, chemical
reductions were carried out in DMSO. Anaerobic conditions
were also used, to prevent reoxidation. Taking CuL™® as an
example, addition of 0.25 equivalents of NaDT to the solution of
Cul™® caused partial attenuation of the signal from the Cu"
complex and generated a new peak at —60.4 ppm (Figure 2a).
Interestingly, the new signal has a different chemical shift and
linewidth from either the Cu" complex or the free ligand. Given
the lability of Cu' species,*” the new peak likely reflects a fast
exchange between the Cu' complex and uncoordinated ligand,
which is not resolved on the NMR timescale. Upon exposure to
air the 'F signal from the Cu"' complex was regenerated
(Figure 2a), demonstrating the reversibility of the reduction
when the solvent system is suitable to prevent ligand
precipitation. The 'F NMR studies thus demonstrate that MR
methods are sensitive probes of the copper oxidation states in
the CuL* therapeutic candidates.

Although NaDT was used in these studies and the MRI
experiments below to completely reduce the complexes, EPR
measurements reveal that the milder reducing agent sodium
ascorbate (NaAsc) can also reduce CulM%. Incubation of the
complex in MES buffer (pH 6.5) at room temperature with
NaAsc results in attenuation of the EPR signal from the complex,
demonstrating reduction of the paramagnetic Cu" species to
diamagnetic Cu' (Figure S29). Significantly, this shows that
Cul™®: can be reduced by biological reducing agents, and thus
can be activated in cells/in vivo.

“F MRI

Recent studies have demonstrated the use of 'F MRI-based
methods to study the reduction of Cu" complexes, allowing
differentiation of both oxidized and reduced forms."® In this
work, we applied "°F MRI to probe the CulL* complexes and their
corresponding ligands under reducing conditions. A series of
phantom images were acquired on a 7 T preclinical MRI.

Each of the ligands has a longitudinal relaxation time (T;) of
0.97-1.00 s and a transverse relaxation time (7T,) of 0.69-0.75 s,
consistent with a diamagnetic species. Complexation of the
paramagnetic Cu" ion decreased the T, and T, values to
between 9.3-10.4 and 6.6-7.6 ms, respectively. These differ-
ences in relaxation times enabled selective imaging of CF;PAPX
or CuL*. The fast low-angle shot (FLASH)*"! pulse sequence with
a short repetition time (TR, <6 ms) and short echo time (TE,
1.17 ms) was used to selectively image the fast-relaxing para-
magnetic Cu" complexes (Figure 2b); under this short TR setting,
the slow-relaxing CF;PAPX ligand signals are mostly saturated.
On the other hand, the rapid acquisition with relaxation
enhancement (RARE)*? pulse sequence with a long TE (100 ms)
and a moderate TR (1.55) was used to selectively image the
diamagnetic CF;PAPX ligands (Figure 2b). In this case the long
echo ensures the 'F nuclear spin polarization of the Cu'
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complexes return to thermal equilibrium prior to acquisition,
resulting in no detected signal. The shorter TR used for imaging
the Cu" complexes also allows more imaging replicates per unit
time, giving a higher imaging signal-to-noise ratio (SNR) than
the ligand measurements. As shown in Figure 2b and Table S6,
the Cu" complexes had a 2- to 3.8-fold higher SNR than that of
their corresponding ligands at the same concentration.

To demonstrate '°F MRI detection of Cul* reduction, we
imaged CulL® in MES buffer (pH6.5) in the presence of
increasing equivalents of NaDT (Figure 2c). As shown in Fig-
ure 2¢, by employing the FLASH sequence, which is specific for
the Cu" complexes, an intense signal was detected from CuL®.
Addition of NaDT leads to a decrease in signal intensity, with
essentially complete attenuation achieved with 2 equivalents of
the reducing agent. Similar behaviour was observed for all of
the Cul* complexes (Figure S31). These results demonstrate the
utility of the MRI method to study changes to the oxidation
state of the Cu species under physiological conditions. How-
ever, the low aqueous solubility of the free CF;PAPX ligands
meant they were not detected readily in MES buffer. In more
complex biological systems, such as invivo, biomolecule
interactions are expected to increase the solubility of the ligand,
potentially allowing RARE imaging of the reduced species.

Analysis of therapeutic potential

The cytotoxicity of the CuL* complexes was evaluated in Hela
cervical adenocarcinoma cancer cells using standard MTT
protocols (Table 1). ICs, values were determined after 24 hours
of exposure to the complexes under both normoxic (5% CO,,
20% O,) and hypoxic (5% CO,, 0.1% O,) conditions (Table 1,
Figure 3a). Under normoxic conditions, CuL™®: and CuL® have
the same ICs, values of 25 uM. Cul", the complex with the
lowest reduction potential, had the highest ICs, (50 pM). When
the complexes were assayed under hypoxic conditions, both
Cul" and Cul™: exhibited significantly enhanced cytotoxicity
with ICs, values of 26 and 16 uM respectively. CuL” had no
significant difference in cytotoxicity between the normoxic and
hypoxic assays. While these results do not show a direct
relationship to the reduction potentials of each of the
complexes, the enhanced activity of both Cul" and CuL™® in
hypoxia suggests the potential for selectivity towards hypoxic
environments. Furthermore, Cul®, which has the highest
reduction potential, exhibits the highest cytotoxicity in both
normoxic and hypoxic conditions, suggesting that the CuL" and
CuL” complexes may have reduction potentials too low for
optimal biological activity. The cytotoxicity of the ligands was
not determined due to their low aqueous solubility.

To gain deeper insight into the mechanisms of metabolic
inhibition, we performed fluorescence microscopy analysis of
Hela cells incubated with Cul™®: (20 pM), under both hypoxic
and normoxic conditions, using Hoechst 33342 stain (cell
membrane permeable, giving total cell count) and propidium
iodide (PI, cell membrane impermeable) nuclear stains (Figur-
es 4a and S32). Comparing the tested and control cells, higher
Cul™®: cytotoxicity was observed in hypoxia with a calculated
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Figure 3. Results of cytotoxicity studies of CuL* with Hela cells. a) ICs, values
for each Cul* complex as determined by MTT assay. b) Analysis of the effects
of 20 uM CuL"®: on Hela cells evaluated by using Hoechst and PI staining
and image analysis with ImagelJ. **p <0.005, ***p < 0.001.

93+14% fraction affected, while only a 294+7% fraction
affected was seen under normoxic conditions (Figure 3b).
Treatment with CuL™> under hypoxia also strongly affects cell
morphology, producing abnormally rounded cells, with many
cells exhibiting rounded and condensed nuclear matter (Fig-
ure 4a).

Incubation with CuL™® in hypoxic conditions resulted in
43+ 7% of cells co-stained by Pl and Hoechst dyes, indicating
either necrosis or late-stage apoptosis.”’ However, many cells
with abnormal whole-cell and nuclear morphology were stained
only by the Hoechst dye. This abnormal morphology and
absence of PI staining indicates apoptosis, suggesting that the
cells that have been co-stained are undergoing late-stage
apoptosis rather than necrosis.* In contrast, in normoxic
environments only 1+1% of cells were in late-stage apoptosis
(co-stained) following treatment with Cul"°:.

Nuclear condensation, characteristic of apoptosis, can be
quantified by the average size of all nuclei as visualized by the
Hoechst stain.*¥ In the absence of CulL";, the average nuclear
size was 270+70 um?, with no significant difference observed
between the nuclei in normoxic and hypoxic environments
(Figure 4b). When CulL"® was introduced under normoxic
conditions, an average nuclear size of 230440 um’> was
observed, indicating a slight, not statistically significant contrac-
tion. However, under hypoxic conditions, CuL™> caused the
average nuclear size to shrink to 150210 um? which is
significantly smaller than the nuclei of the control wells (p<
0.001), and is a characteristic morphological sign of apoptosis
(Figure 4b).* This quantifiable nuclear condensation further
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Figure 4. a) Hela cells incubated with and without CuL® under both
normoxic and hypoxic conditions. Cells were incubated with either a DMSO
vehicle control or with CuLN® for 24 h, and then stained with Hoechst 33342
(blue) as a cell membrane-permeable dye and propidium iodide (red) as a
cell membrane-impermeable stain. Imaged at 40 x magnification. b) Analysis
of the nuclear morphology indicates a significant contraction when cells are
incubated with CuL™* under hypoxic conditions. Nuclear size was
determined by using Hoechst staining, and analysed by determining particle
size in ImageJ with 10x images. Control: N= 2332 nuclei; normoxia CuLNo::
N=2010 nuclei; hypoxia CuL°> N=319 nuclei. *p <0.001.

supports the hypothesis that CuL™®: induces apoptosis, rather
than necrosis, and does so under hypoxic conditions but not
normoxic conditions.

Cell uptake

In addition to enhancement of cytotoxicity under hypoxic
conditions, another desirable property of selective anticancer
agents is increased uptake by cells under hypoxia. The cellular
uptake of the Cul* complexes was evaluated by determining
the intracellular copper content (Table 1) using inductively
coupled plasma optical-emission spectrometry (ICP-OES). Hela
cells were prepared for these measurements by incubation with
20 pM solutions of each complex for 4 hours under hypoxic and
normoxic conditions (Figure 5a, Table 1). The uptake in normox-
ia was low to moderate for each Cul* complex (0.15-1.5 fmol/
cell) compared, for example, to the uptake of fluorinated
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Figure 5. Cellular copper uptake, and subcellular fractionation studies of
Cul* with Hela cells. a) Cellular copper uptake of each of the compounds
incubated with HeLa cells at 20 uM for 4 h. b) Nuclear and cytoplasmic
copper concentrations in HeLa cells following incubation with 20 uM CuL"%.
**p <0.001, *p < 0.005.

CuATSM derivatives."®™ However, all of the compounds had
enhanced uptake under hypoxia, with intracellular copper
content ranging from 0.26 to 3.0 fmol/cell depending on the
complex (Table S8). Notably, the most active compound,
Cul™®:, also demonstrated the greatest uptake enhancement
under hypoxic conditions, with an increase of at least twofold
in the intracellular copper concentration (3.0 +0.2 fmol/cell).

Previous studies have correlated differences in cellular
uptake of metal-based anticancer compounds  with
lipophilicity.*® To establish if this was a factor in the relative
intracellular accumulation of the Cul* complexes, their lip-
ophilicities were evaluated using the shake-flask method.”” The
logp values of the complexes fell within a small range: —0.05 <
logp <0.37, (Table S9), thus indicating that this is not a major
factor in their cellular accumulation.

To gain more insight into the transport processes for CuL"®:
the complex was also incubated with Hela cells at 4°C for 4 h
(Figure S34, Table S8). At the lower temperature the cells
exhibited a small but significant (p<0.001) increase in Cu
content compared to 37°C (3.94+0.2 vs. 3.04+0.2 fmol/cell).
These data suggest an energy-independent uptake mechanism
such as passive or facilitated diffusion.*® Similar results of
increased uptake upon metabolic inhibition were observed for
a ruthenium(ll) polypyridyl compound, where the authors
suggest that this is likely the result of reduced efflux.”” Thus,
one possible interpretation of these data is that Cul“® is
imported passively but actively exported across the cellular
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membrane. However, the effects of chaperones and changes in
speciation equilibria with temperature might also be involved.

Taken together, these observations indicate the importance
of cell uptake studies to the cytotoxic mechanism of Cul*. The
intracellular Cu content increased according to Cul >Cul“ >
Cul", matching the ordering of the Hammett parameter values
of the functional groups. One possible explanation for this is
that the para-position substituents modulate the ligand affinity
for Cu?* as the acidity of the phenol increases. Thus, the CuL"®:
complex is more likely to remain intact following cellular uptake
through passive pathways, allowing for Cu accumulation with-
out ligand dissociation. Loss of CF;PAPX ligands from the
complexes will result in free Cu** ions, which are tightly
regulated by the cell and would be rapidly taken up by relevant
chaperones, before being effluxed through active pathways.””
Therefore, the CF;PAPNO, ligand of Cul™® likely is responsible
for a greater intracellular Cu concentration, which in turn
contributes in part to greater cytotoxic activity.

Subcellular localization

To gain additional insight into the mechanism of action of
Cul™®, subcellular fractionation was used to probe localization
of the complex in the cytoplasm or nuclei of Hela cells. The
cells were incubated with CuL"®: and fractionated into nuclear
and cytoplasmic fractions according to the “rapid, efficient and
practical” (REAP) protocol,®” with subsequent analysis by ICP-
OES (Figure 5b). Significantly, under both atmospheres the
intracellular copper was found to be almost exclusively located
in the nuclei and not in the cytoplasm. Furthermore, approx-
imately twice as much Cu was found in the nuclei under
hypoxic conditions. These results, combined with the nuclear
morphologies characterized by Hoechst staining (see above),
suggest that the cytotoxicity of these complexes is caused by
interactions with nuclear targets, such as DNA or nuclear
proteins, leading to apoptosis.

Although the ICP-OES measurements demonstrate that
exposure to CulL™® generates elevated Cu concentrations in
Hela-cell nuclei, the status of the CF;PAPX ligands is also
extremely important. The presence or absence of functional
ligands is central to the mechanism of many metal-based
anticancer compounds since they modulate transport proc-
esses, biomolecule interactions, and reduction
potentials.”™'?*'7*52 These considerations are particularly impor-
tant for Cu-based metallodrugs given the sensitivity of the
reduction potential of the metal centre to the ligand environ-
ment, and the lability of Cu'" and Cu' species. Previous
approaches to this problem have included XAS measurements
of iodine-labelled Ru" anticancer complexes,®¥ the study of
photoactive compounds in cells**** and the application of
imaging mass spectrometry.”® The CF, spectroscopic handle of
Cul™: enabled the use of 'F NMR to assess intracellular
localization. To our knowledge this is the first example of this
approach to chemotherapeutics. HelLa cells were prepared for
these studies by incubating with 20 uM Cul™®: for 4 hours
under normoxic conditions and fractionated. The compounds
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were then extracted with DMSO for "F NMR analysis (Figure 6).
The whole-cell fraction and the nuclear fraction gave a single
'9F resonance at —60.4 ppm, whereas the cytoplasmic fraction
had no signals. The linewidth and peak shape of the signal from
the nuclear fraction and whole cells match with that of the
CF,PAPNO, ligand in [Dg]DMSO. To confirm the identity of this
species, an aliquot of CF;PAPNO, in DMSO was added to the
whole-cell fraction, and the signal intensity at —60.4 ppm
increased (Figure 6).

These experiments demonstrate the utility of 'F NMR for
detecting CF;-modified ligands in cells. In this case, the
fractionation workup likely causes dissociation of the
CF;PAPNO, ligand and so this method does not directly
characterize the complete CuL"®: complex. However, combining
these observations with the ICP-OES data demonstrates that
the copper ion and CF;PAPNO, ligand are co-localized in the
nucleus. This is indirect evidence for CuL"® being transported
intact but is consistent with the solution stability studies
described above.

DNA interactions and reactions

To probe the interactions of CuL"®: with nucleic acids, UV/Vis
studies with calf-thymus DNA (ctDNA) were performed in MES
buffer (pH6.5). A 50 uM solution of Cul gave a A, at
378 nm with an absorbance of 0.665 AU. When 10 equiv. of
ctDNA was added to this solution, there was a small reduction
in the absorbance intensity (0.650 AU, ~2% change) and no
change in the 4., wavelength (Figure $26). This contrasts with

cutre: N
Ligand 1

Whole cell, No complex

Whole cell + CulNoz

heo .

Whole cell + CuLN®2 + | ijgand l

Cytoplasm + CulLNe:

" P s A A —— A p Y
Nuclear fraction + CulLNO2 ﬁ
T T T T T
-57 -58 -59 -60 -61
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Figure 6. "°F NMR spectra of CuL"® cellular localization. From top to bottom:
reference spectra of CuLN and CF;PAPNO, ligand in DMSO; whole Hela
cells without complex added; whole Hela cells after incubation with CuLN®
for 4 h; whole Hela cells incubated with CuL®: and subsequently spiked
with CF;PAPNO, ligand; cytoplasmic and nuclear fractions from Hela cells
incubated with CuL%:.
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known Cu" complex-based DNA intercalators’<**<*® that exhibit
significantly stronger hypochromism (9-20%) in addition to
shifts in Ay by 1-3 nm in their UV absorption band when
incubated with ctDNA. Furthermore, addition of a stronger-field
ligand, such as nitrogen from a nucleotide, in place of water or
hydroxide in the fourth equatorial-coordination site of CuL"%, is
predicted to give a blue shift."” Thus, these data suggest that
the complex does not interact strongly with DNA by either
intercalation or coordination.

The potential effect of CuL"® on DNA was also charac-
terized using agarose gel electrophoresis studies of pet22b
plasmids. Incubation of the compound alone (1-100 equiv.,
Figure 7a) in MES buffer (pH 6.5) with the DNA had no effect on
plasmid migration through the gel. This confirms that neither
intercalation nor copper-DNA coordination are likely to be
significant factors in the activity of the compound. Cu"
complexes are established chemical nucleases capable of
cleaving DNA, particularly in the presence of reducing
agents.”*® To determine if Cul“®could generate redox-
dependent DNA damage, the complex was incubated with the
plasmid and increasing equivalents of NaAsc (0-50 equiv.,
Figure 7b). This led to a transformation of the DNA from the
native supercoiled form (SC) to the linear form (L) and was
dependent on the concentration of the reducing agent.
Observation of the linear form of the plasmid demonstrates
double-strand breaks, as opposed to single-strand breaks
leading to the open-circular (OC) form, and is consistent with
the possible effects of ROS generation by Cul™: following
reduction.!'**? This shows that CuL™: can be activated by
biological reducing agents to cleave DNA, which could then
lead to apoptosis. The requirement for a reducing agent to
initiate this process also suggests the origin of the selective
activation of in vitro cytotoxicity under hypoxic conditions.

Conclusions
We have developed a series of '°F-tagged copper pyridine

aminophenolate-based complexes (Cul*) that function both as
hypoxia-activated cytotoxins and MR probes. Although the

a) 0 — 100 eq. CuLNo:z

[Cu] gl

b) CuLNOz with 0 — 50 eq. NaAsc

[NaAsc] _

1 2 3 4 5 12 3 4 5 6 7 89

SC st 8 s SC e, S - - - - .-

L L - o ———
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Figure 7. Electrophoresis studies of pet22b DNA plasmid and CuL"°. Each
lane contains 10 uM DNA; samples were incubated for 1 h at 37°C in MES
buffer (pH 6.5). a) Lane 1: DNA only; lanes 2-5: 10, 100, 500 and 1000 uM
CuL"®:, b) Lane 1: DNA only; lane 2: 125 uM sodium ascorbate; lanes 3-9:
2.5 uM Cul"® and 0, 1.25, 2.5, 5, 12.5, 25, and 125 pM sodium ascorbate.
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potential for Cu" complexes to selectively target hypoxia for
cytotoxic activation has been widely discussed, it has only rarely
been demonstrated.® In addition, we present one of the first
reports of Cu'-based hypoxia-activated imaging not based on
the Cu" ATSM scaffold.”*”

The origin of the cytotoxicity exhibited by many Cu"
complexes has been linked to an initial reduction step to give
Cu' species, which then generate ROS by redox cycling of the
metal centre through Fenton-like chemistry."?*'7%** With this in
mind, substitution at the para position of the phenol in the
CF,PAPX ligand backbone was used to tune the reduction
potential of the Cu"/Cu' couple of the CuL* compounds. These
modifications varied the potentials over a range of 200 mV,
with a trend that was in accordance with the corresponding
Hammett parameters. The reduction potentials of all three Cul*
complexes are below the anticipated window for hypoxic
tissues, and thus well below that found in normoxic environ-
ments. Consequently, these compounds have the potential to
demonstrate selective hypoxic activation. Based on the 1Cs,
values determined against Hela cells in both hypoxic and
normoxic environments, the reduction potentials of the H- and
Cl-substituted complexes were too low to exhibit cytotoxicity
selectivity. However, the NO,-substituted complex, with E,.=
—560 mV, had a reduction potential both high enough to
potentially undergo reduction by biological systems and low
enough that its activity was selective for hypoxic cells.

Enhancement of copper accumulation is another property
of the CuL* complexes that promotes hypoxia selectivity. ICP-
OES studies of Hela cells following exposure to Cul* show a
twofold increase in copper concentration under hypoxic versus
normoxic conditions. Significantly, CuL™® shows much greater
overall accumulation than the other complexes, likely contribu-
ting to the higher general cytotoxicity and particularly the
hypoxia-selective cytotoxicity of this compound. In cellular
environments copper homeostasis is tightly regulated,”® with
excess copper exported by transport proteins such as Atox1.°"
Copper transporters contribute to cisplatin resistance in several
cancers and they present an on-going challenge to the
application of metal-based therapeutics.®? Retention of ligands
by copper complexes following transport into cells could play a
role in reducing export by copper-transport proteins leading to
higher intracellular Cu concentrations. The electron-withdraw-
ing NO, group is expected to increase the acidity of the
CF;PAPNO, phenol, potentially stabilizing coordination to Cu',
and thus promoting retention of CuLN® following transport into
Hela cells.

Subcellular fractionation analyses by ICP-OES, following
incubation of Hela cells with Cul* show elevated copper
concentrations in cell nuclei, but no significant accumulation in
the cytoplasm. Observation of nuclear targeting suggests a role
for the CF;PAPX ligands in both the transport and localization
of copper ions. This hypothesis is supported by '°F NMR studies
of CuLN®, which show that the CF,PAPNO, ligand also localizes
in the nucleus. This is encouraging, but indirect, evidence for
the complex being transported with the ligand bound within
cells. Furthermore, "F NMR studies of Cul"% in cell growth
medium (DMEM) show that the tridentate CF;PAPNO, ligand
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remains coordinated to the Cu'" ion even after 24 hours of
incubation at 37°C. Consequently, we anticipate that CulL": is
sufficiently stable to act concertedly in a biological environ-
ment.

Hypoxia-selective nuclear localization is consistent with a
cytotoxicity mechanism involving ROS-dependent DNA dam-
age. DNA nuclease activity of CulL™> was demonstrated by
plasmid cleavage in the presence of the biologically-relevant
reducing agent sodium ascorbate. Such activity in Hela cells is
expected to promote cell death according to an apoptosis
pathway, and this was confirmed for Cul™® by fluorescence
imaging studies.

In addition to hypoxia-selective transport and cytotoxicity,
we demonstrate that, by including a CF;-functionalized pendant
arm as part of the CF;PAPX ligand scaffold, the CuL* complexes
can function as '°F NMR and MRI probes. The proof-of-principle
'F MRI studies show that the different relaxation times of the
diamagnetic ligands and paramagnetic complexes can be used
to characterize reduction processes through the application of
two different MRI pulse sequences. These experiments show
that this approach can differentiate the free ligand, and
potentially also Cu' systems, from paramagnetic Cu" species.
Exploitation of this '°F MRI method, when applied in con-
junction with traditional 'H MRI, could provide in vivo spatial
evaluation of the tumour localization of these types of
compounds. Simultaneously, redox status could be determined,
providing analysis of the pharmacological behaviour of the
complexes in real time.*"

Overall, we have shown that the properties of Cu"
complexes can be tuned through ligand design for hypoxia-
selective cytotoxicity and MR imaging. In this case, selection of
a ligand scaffold, CF;PAPX, that can be constructed by modular
synthesis, readily accessed a range of reduction potentials while
also providing a '°F spectroscopic handle. Furthermore, the lead
compound, Cul™:, shows both hypoxia-selective cytotoxicity
and cellular accumulation. This demonstrates an additional
dimension for the optimization of redox-active metal-based
anticancer cytotoxins with reduced side effects.
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Fluorine-labelled Cu" complexes
have been developed as hypoxia-
targeting chemotherapeutics and MRI
agents. Tuning the electronic proper-
ties identified a nitro-substituted
complex as having hypoxia-selective
cytotoxicity driven by nuclear accu-
mulation and DNA cleavage. "°F
magnetic resonance experiments dis-
criminate between Cu" and reduced
complexes, thus demonstrating a bi-
functional role for Cu" complexes as
both hypoxia probes and chemother-
apeutic agents.
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