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Abstract

A series of hybrid thiosemicarbazone-alkylthiocarbamate copper complexes with similar
electronic environments but distinct physical structures have been prepared, characterized, and
evaluated for antiproliferation activity. The complexes include the constitutional isomers (1-
phenylpropane-1-imine-(O-ethylthiocarbamato)-2-one-(N-
methylthiosemicarbazonato))copper(Il) (CuLb and (1-phenylpropane-1-one-(N-
methylthiosemicarbazonato)-2-imine-(O-ethylthiocarbamato))copper(Il) (CuL?) along with (1-
propane-1-imine-(O-ethylthiocarbamato)-2-one-(N-methylthiosemicarbazonato))copper(Il)
(CuL?). Complexes CuL! and CuL? differ in the positions of the pendent thiosemicarbazone (TSC)
and alkylthiocarbamate (ATC) moieties on the 1-phenylpropane backbone. Complex CuL?
employs a propane backbone with the TSC in the 2-position as in CuL!. The isomer pair CuL' and
CuL? have equivalent electronic environments with indistinguishable Cu'"! potentials (£ = -0.86
V vs. ferrocenium/ferrocene) and electron paramagnetic resonance (EPR) spectra (g =2.26, g1 =
2.08). The electronic structure of CuL® has a similar £;> of -0.84 V and identical EPR parameters
to CuL!~. Single crystal X-ray diffraction studies confirm a consistent donor environment with no
substantial variation in the Cu-N or Cu-S bond distances and angles between the complexes. The
antiproliferation activities of the CuL!"® were evaluated against the lung adenocarcinoma cell line
(A549) and nonmalignant lung fibroblast cell line (IMR-90) using the MTT assay. CuL! had the
highest A549 activity (***ECso = 0.065 uM) and selectivity (MROECso/A**ECso = 20). The
constitutional isomer CuL? displayed decreased A549 activity (0.18 pM) and selectivity (10.6).
The complex CuL? displayed activity (0.009 uM) similar to CuL! but with a lack of selectivity
(1.0). Cellular copper loading determined by ICP-MS were consistent with the activity and

selectivity trends. The complexes CuL!" did not induce reactive oxygen species (ROS) generation.



Introduction

The development and evaluation of copper complexes for diagnostic and therapeutic
applications has attracted significant attention due to their promising efficacy and lower potential
toxicity than other metals such as platinum.! Copper is an essential metal with Cu(II) and Cu(I)
oxidation states common in biological systems. It is found in various redox active enzymes
including oxygenases and oxidases such as cytochrome C oxidase and Cu/Zn superoxide
dismutase.>* It also serves as a metal signaling agent in response to external stimuli leading to
copper-dependent cell growth and proliferation (cuprolasia) or cell death (cuproptosis).*® The
range of potential applications for small molecule Cu complexes is exemplified by the evaluation

of Cu(BTSC) (BTSC = bis(thiosemicarbazone) complexes) for the treatment of neurodegenerative
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diseases,”® imaging of hypoxia and oxidative stress,”!! and a wide range of pharmacological

activities including antitumor,'? antiviral,'® antibacterial,'* and antifungal properties.'> Cu(BTSCs)

are neutral Cu(N2S;) complexes with Cu'’!

reduction potentials that can be tuned by variation of
the ligand backbone (R!, R?) and pendent amine (R>, R*) substituents (Figure 1).!%!7 Recently, we
developed bis(alkylthiocarbamate) (BATC) and hybrid thiosemicarbazone-alkylthiocarbamate
(TSTC) N2S: ligand systems (Figure 1) to introduce additional variability of physical and

electronic structure.'®!?
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Figure 1. Structures of copper BTSC, TSTC, and BATC complexes.

The N»S; copper(Il) complexes in Figure 1 are neutral and rigidly planar making them suitable
for passive or active cellular uptake.'®!” It is widely accepted that the ligand acts as an
ionophore!!? to facilitate cellular uptake of the Cu(Il) complex, which may be reduced to Cu(I)
by cellular reductants, such as NADH or glutathione.?! The lowered oxidation state decreases the

binding affinity of the ligand, enabling transfer or release of Cu!, which is retained in the cell.*

The activity of the copper complexes depends on both the inherent Cu'™!

reduction potential, which
is influenced by the coordination environment, and the relative level of intracellular redox agents
(i.e. the redox status of the cell).’ For example, the structurally similar CuGTSM (R = H, R3* =
Me) and CuATSM (R!'** =Me) complexes display drastically different mechanisms of action due
to differences in their electronic structures.!®?* This may explain why we'® and others'® have seen
that CuGTSM has strong antiproliferative effects on both cancer cells and non-cancer cells (i.e.,

high potency but low cancer selectivity), whereas CuATSM has moderate selectivity and modest

potency. In addition to reduction potentials, other chemical and physical factors impact biological



activity. For example, lipophilicity influences activity and cellular uptake,'* although highly
lipophilic complexes can be trapped in the cell membrane, hindering their interaction with the
intracellular reductants.?*?

In the current manuscript, we report the influence of physical structure on the anti-proliferation
activity and selectivity of Cu(TSTC) complexes. In previous studies, we reported the synthesis,
characterization and biological activity of Cu(TSTC)! and Cu(BATC)'®?® complexes for
comparison with Cu(BSTCs). Those studies employed a series of complexes with varied electronic
structures that revealed differences in antiproliferation activity and selectivity that do not strictly

correlate with changes in the Cu'""!

potential. Interestingly, the hybrid Cu(TSTC) complexes have
both higher antiproliferation activity against the A549 lung adenocarcinoma cell line (ECso < 100
nM) and higher selectivity for A549 versus the nonmalignant IMR-90 lung fibroblast cell line
(selectivity = MROOEC5o/A9ECsy > 20) than their Cu(BTSC) and Cu(BATC) congeners. In order
to systematically evaluate the effect of changes in physical structure, we herein report the synthesis
and evaluation of a series of Cu(TSTC) complexes with nearly equivalent electronic environments
but different physical structures. Complexes CuL!' and CuL? are constitutional isomers with the
same chemical formula but different connectivity and CuL?® is a derivative with R' = H, which
results in a similar electronic environment as CuL'~. The results clearly show that the relative
arrangement of the thiosemicarbazone (TSC) and alkylthiocarbamate (ATC) functional groups
with respect to the backbone substituents substantially effects A549 antiproliferation activity and
IMRO90/A549 selectivity.

Experimental

Materials and Methods



All reagents were commercially available and used as received unless otherwise noted.
Hydrazinecarbothioic acid O-ethyl ester?’ and the CuL' complex!® were prepared by following
literature methods. The ligand precursors 1-phenyl-1-propanone-2-(ethylthiocarbamate) and 1-
propanone-2-(4-N-methyl-3-thiosemicarbazone) were prepared by modification of a related
literature procedure®® as detailed with characterization (Figures S1 — S6) in the supporting
information. Solvents were dried and purified using an MBraun solvent purification system. The
complexes in this study are air and water stable as solids and were handled on the benchtop with
no required protection from the atmosphere.

Synthetic Procedures
CuL’. 1-phenyl-1-propanone-2-(ethylthiocarbamate) (0.5 g, 1.99 mmol) and 4-N-methyl-3-
thiosemicarbazide (0.21 g, 1.99 mmol) were suspended in ethanol (25 mL) and the reaction
solution was stirred at room temperature for 48 h. Crude H,L? (0.45 g) was obtained as a white
solid by filtration, washed with ethanol, and used without further purification. A portion of the
white solid (0.10 g) was suspended in methanol (10 mL) and copper(Il) acetate monohydrate
(0.059 g, 0.30 mmol) was added producing a red-brown precipitate. The reaction mixture was
refluxed for 4 h. After cooling, the red-brown solid was filtered and washed with methanol. The
complex was crystallized by slow evaporation of an acetonitrile solution. (Yield = 0.55 g, 46%).
IR (cm™): 3328 and 1542 (NH), 2984 and 1438 (CH), 1383 and 1223 (CN), 1012 (CO), 975 (CS),
870 (CuS), 759 (CuN). UV—Vis spectrum in acetonitrile (nm) (M! cm™): 278 sh (23,000), 314
(19,000), 358 sh (12,000), 489 (5,300), 542 sh (2,700). Elemental analysis for C14H17N5O0S>Cu: C,
42.14; H, 4.29; N, 17.55. Found: C, 41.99; H, 4.24; N, 17.02. Mass spectrum for Cu(HL?)":

399.0243. Found: 399.0245.



Cul’. A catalytic amount of hydrochloric acid (6 drops) and hydrazinecarbothioic acid O-ethyl
ester (0.37 g, 3.14 mmol) were added to an ethanol (25 mL) suspension of 1-propanone-2-(4-N-
methyl-3-thiosemicarbazone) (0.5 g, 3.14 mmol), and the reaction solution was stirred at room
temperature overnight. Crude H,L3 (0.54 g) was obtained as a white solid by filtration, washed
with ethanol, and used without further purification. A portion of the white solid (0.10 g) was
suspended in methanol (10 mL) and copper(Il) acetate monohydrate (0.076 g, 0.38 mmol) was
added giving a red-brown precipitate. The reaction mixture was refluxed for 4 h. Upon cooling the
red-brown solid was filtered and washed with methanol. The product was recrystallized from a
1.5:1 mixture of ethanol and acetonitrile (Yield = 0.79 g, 64%). IR (cm™'): 3231 and 1547 (NH),
2950 and 1458 (CH), 1365 and 1219 (CN), 1026 (CO), 925 (CS), 890 (CuS), 805 (CuN). UV—Vis
spectrum in acetonitrile (nm) (M~ ecm™): 251 (10,000), 317 (12,000), 358 sh (6,900), 493 (4,100),
547 sh (2,100). Elemental analysis for CgHi13Ns50S2Cu: C, 29.76; H, 4.06; N, 21.69. Found: C,
29.60; H, 3.76; N, 21.33. Mass spectrum for Cu(HL?)": 322.9930. Found: 322.9932.

Physical methods

Elemental analyses were performed by Micro-analysis, Inc. (Wilmington, DE). The electronic
spectra were collected on acetonitrile solutions of the Cu complexes using 1 mm quartz cuvettes
and Agilent 8453 diode array spectrometer. The vibrational spectra were obtained as powders on
a Nicolet 360 FT-IR with a Smart iTR attachment. The NMR spectra were recorded on a Varian
700 MHz spectrometer at room temperature. Mass spectra were collected by the Mass
Spectrometry Facility at Indiana University (+ESI-MS). All EPR spectra were collected by the
Ohio Advanced EPR Laboratory at Miami University on frozen solutions in DMF at 77 K.

Electrochemical measurements



All electrochemical data were recorded using a Gamry 1000 Potentiostat/Galvanostat/ZRA. The
complexes were dissolved in acetonitrile (0.3 mM) under argon in a Gamry three electrode cell.
Tetrabutylammonium hexafluorophosphate (0.1 M) was used as a supporting electrolyte. Glassy
carbon was used as a working electrode, platinum as a counter electrode, and a silver wire
immersed in a glass tube with a Teflon frit containing 0.1 M tetrabutylammonium
hexafluorophosphate was used as quasi reference electrode. A small amount of ferrocene was
added as an internal standard and all potentials are referenced versus ferrocenium/ferrocene
(Fc/FcY).

Crystallographic Studies

Crystals of CuL? suitable for X-ray analysis were grown by slow evaporation of an acetonitrile
solution and mounted on a glass fiber for collection of X-ray data on an Agilent
Technologies/Oxford Diffraction Gemini CCD diffractometer. X-ray structural analysis was
performed on a 0.50 x 0.11 x 0.02 mm? orange plate using a 500 frame, twenty second frame o-
scan data collection strategy at 102 K to a 26max = 56.56°. CuL? crystallizes in the monoclinic
space group Ca/c with unit cell parameters: a =28.0911(9) A, b=6.8829(2) A, ¢ = 16.8291(6) A,
B=94.752(3)°, V=13242.70(19) A3, Dcaic = 1.635 Mg/m?, Z = 8 to produce raw hkl data that were
then corrected for absorption (transmission min./max. = 0.773 /1.000; u = 1.615 mm™). The
structure was solved by Patterson methods using SHELXS.? All non-hydrogen atoms were refined
with anisotropic atomic displacement parameters. Imine NH, methylene and phenyl hydrogen
atoms were located by difference maps and refined isotropically. Methyl hydrogen atoms were
placed in their geometrically generated positions and refined as a riding model and these atoms

were assigned U(H) = 1.5 Ueq of the carbon atom they are attached to respectively. For all 20,920



unique reflections (R(int) 0.031) the final anisotropic full matrix least-squares refinement on F?
for 252 variables converged at R1 = 0.038 and wR2 = 0.079 with a GOF of 1.03.

Crystals of CuL?® suitable for X-ray analysis were grown by slow evaporation of a 1.5:1
acetonitrile/acetone solution. X-ray structural analysis for CuL® was performed on a 0.41 x 0.13 x
0.08 mm? purple prism using an identical data acquisition strategy described above for Cul? at
102 K to a 26nax = 62.54°. CuL? crystallizes in the monoclinic space group P2;/c with unit cell
parameters: a = 14.9123(4) A, b=20.8951(12) A, ¢ = 7.9465(4)A, B = 92.760(3)°, V = 2473.2(2)
A%, Z = 4 and Deac = 1.734 Mg/m®. Raw independent data were corrected for absorption
(transmission min./max. = 0.847 /1.000; p = 2.094 mm!). The structure was solved by Patterson
methods using SHELXTL. All non-hydrogen atoms were refined with anisotropic atomic
displacement parameters. All hydrogen atoms were located by difference maps and refined
isotropically. For all 8,066 unique reflections (R(int) 0.044) the final anisotropic full matrix least-
squares refinement on F? for 411variables converged at R1 = 0.045 and wR2 = 0.066 with a GOF
of 1.04.

Cell studies

A549 and IMR-90 cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA). Cells were grown in the appropriate medium supplemented with 10% fetal bovine
serum (FBS, Life Technologies, Grand Island, NY), 62.5 ug/mL penicillin and 100 pg/mL
streptomycin (Life Technologies) in a humidified incubator at 37 °C with 5% CO». The growth
media were as follows: Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies) for
AS549 cells, and Eagle’s minimal essential medium (EMEM) with Eagle’s balanced salt solution
(EBSS), 2 mM L-glutamine, 1500 mg/L sodium bicarbonate (Lonza, Walkersville, MD),

supplemented with 1 mM sodium pyruvate (Life Technologies) and non-essential amino acids



(Life Technologies) for IMR-90 cells. For treatment, metal complexes were dissolved first in 100%
DMSO and then diluted in aqueous medium. The final concentration of DMSO used in the assays
was always less than 0.5% v/v.

Antiproliferative activity of the metal complexes was evaluated using a previously published 3-
(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay protocol.!**? Cells were
seeded in quadruplicate wells in 96-well plates and allowed to adhere overnight. To account for
intrinsic differences in growth rates, cells were plated at the following densities to achieve
comparable MTT absorbance values (OD570 between 0.5 and 1) for untreated cells: A549, 1000
cells/well; IMR-90, 5000 cells/well. After 72 h of treatment with the various complexes or vehicle
control, MTT (Sigma/Millipore Sigma, St. Louis, MO) was added for 4 h prior to cell lysis. All
readings were normalized to the vehicle treatment. ECso values were determined from >3
independent replicates with each experiment having 4 technical replicates.

Copper uptake using ICP-MS

A549 and IMR-90 cells were plated on 10 cm dishes at a density of 1 X 10° cells in a volume of
10 mL using the same growth media as in the cell studies noted above. Both cell lines were placed
in a humidified incubator at 37 °C with 5% CO: and left in an incubator overnight to allow cells
to adhere. After the incubation, the cells were treated with the copper complex at a final
concentration of 500 nM for 4 hours. After 4 hours of treatment, the cells were trypsinized and
collected by centrifugation using standard methods. The cells were suspended in 1 mL 0.9% NaCl
solution for a final wash, transferred to 1.5 mL tubes, and centrifuged at 100Xg for 5 min at 4 °C
to obtain cell pellets. The pellets were stored on dry ice for transport. Further acid digestion and
Cu analysis was conducted by the Centre of Applied Isotope Studies, University of Georgia. Cu/Zn

loading data were determined from 2 technical replicates.
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Results and Discussion

Synthesis and Characterization

A series of hybrid thiosemicarbazone-alkylthiocarbamate copper complexes (Figure 1) were
synthesized and characterized. The complexes CuL' and CuL? are constitutional isomers that differ
in the positions of the pendent TSC and ATC moieties on the 1-phenylpropane backbone. In CuL!
the ATC is in the 1-position on the same side of the molecule as the backbone phenyl group and
the TSC is in the 2-position on the same side as the backbone methyl. For CuL?, the TSC is in the
1-position and the ATC is in the 2-position. Complex CuL? employs a propane backbone with the
ATC in the 1-position and the TSC in the 2-position as in CuL!. The copper complexes were
prepared by refluxing equimolar quantities of ligand and copper(Il) acetate monohydrate in
methanol for 4 h, as described previously for CuL!."” Complexes were obtained in moderate to
high yields as air and water stable red-brown solids. The absence of hydrazine N-H stretches near
3200 cm™! and shifts in the Cu—N and Cu-S stretching frequencies to lower energies in the FT-IR
spectra (Figures S7 — S9) confirms complexation of the ligand to Cu(Il) in the deprotonated,
anionic form (L!%)*,

A comparison of selected metric parameters for CuL!" is provided in Table 1. The structure of
CuL! was previously reported.!® Crystal structure data and structure refinement details for CuL?
and CuL? are provided in Table S1. For CuL' and CuL? metric parameters are for one of the two
equivalents found within the asymmetric unit. The second equivalent is statistically equivalent and
there are weak interactions between the two equivalents through long (> 2.7 A) Cu-S apical
interactions. ORTEP representations of CuL!? as mononuclear square planar complexes are
provided in Figure 2. The Cu atoms for the three complexes sit in a square planar N>S; coordination

environment with alternating single and double bonds within the ligand consistent with extended
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conjugation. Excluding the phenyl ring, CuL? is rigidly planar with an average deviation of 0.041
A for non-hydrogen atoms from the mean plane. The phenyl ring of CuL? is rotated with respect
to the metal-ligand plane with a N1-C1-C4—CS5 torsion angle of -113.92(19)° similar in magnitude
to the corresponding torsion angle of 121.4(2)° in CuL!. For CuL?, the Cu sits 0.1340(2) A above
the mean S1 S2 N1 N3 donor plane due to the long-range apical interaction in the solid-state, which
is similar to the corresponding deviation of 0.1654(2) A in CuL'. For CuL!?, there is no substantial
variation between the complexes in the Cu—N or Cu—S bond distances, which range from
1.9626(14) to 1.9831(15) A and 2.2239(5) to 2.2871(5) A, respectively. Likewise, the bond
distances within the ligand frameworks are statistically equivalent. Overall, the structural core is
conserved across the series with the only significant differences in the physical structure associated

with constitutional isomers (CuL!/CuL?) or substitution of H for Ph (CuL!/CuL?).
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Figure 2. ORTEP representations with thermal ellipsoids displayed at 50% probability level for

A) CuL! (from reference '°), B) CuL? and C) CuL’.
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Table 1: Selected bond distances (A) and angles (°) for CuL'=.?

CuL! CulL? CuL?
Bond distances
Cul-N1 1.9755(15) 1.9831(15) 1.9638(14)
Cul-N3 1.9591(13) 1.9509(15) 1.9626(14)
Cul-S1 2.2725(5) 2.2239(5) 2.2606(5)
Cul-S2 2.2871(5) 2.2651(5) 2.2548(5)
NI1-N2 1.3611(19) 1.368(2) 1.3586(19)
N1-Cl 1.298(2) 1.300(2) 1.306(2)
N2-CP 1.319(2) 1.330(2) 1.333(2)
N3-N4 1.366(2) 1.380(2) 1.3754(19)
N3-C2 1.294(2) 1.292(2) 1.289(2)
N4-C° 1.304(2) 1.304(2) 1.316(2)
S1-CP 1.7584(19) 1.7492(18) 1.7694(17)
S2-C°¢ 1.7377(16) 1.7438(19) 1.7342(17)
Bond angles
N1-Cul-N3 79.68(6) 80.16(6) 80.77(6)
N1-Cul-S1 83.31(4) 85.19(5) 85.62(4)
N3-Cul-S2 84.49(5) 85.21(5) 84.54(4)
S1-Cul-S2 111.36(2) 109.430(18) 108.211(17)
sum of four angles 358.85(9) 359.99(9) 359.14(8)

a) Data for CuL! from reference 19. b) C = C10 for CuL'? and C4 for CuL?. ¢) C = C11 for CuL"
2 and C5 for CuL’.

The summary of the electronic properties of CuL!> provided in Table 2 shows a high degree of
similarity among the complexes. The electronic spectra of CuL? in acetonitrile (Figures S10 — S12)
displays a metal-to-ligand charge transfer band at 489 nm with a shoulder at 542 nm and an
ensemble of more intense peaks below 358 nm that is essentially indistinguishable from the spectra
of its constitutional isomer CuL'. The data indicates that changes in the relative position of the
backbone substituent with respect to the pendent groups do not substantially affect the overall
electronic structure. Notably, the electronic spectrum of CuL?® displays a metal-to-ligand charge
transfer band at 493 nm with a shoulder at 547 nm and peaks below 358 nm analogous to CuL !
suggesting that the backbone H in CuL® is electronically similar to the Ph in CuL'"%. This is

consistent with the observations in the solid state that the Ph of CuL!? is tilted with respect

14



Cu(N>S,) plane ligand core and not in conjugation with the TSTC n-system. The similarity of the
electronic structure is further demonstrated by the EPR spectra, recorded in frozen DMF solution
(Figures S16 — S18). Axial spectra consistent with Cu(Il) ions in a square planar coordination
environment is observed with identical g = 2.26 and g1 = 2.08 (gave = 2.14) values for CuL' and
CuL? and gy =2.25 and g1 = 2.08 (gave = 2.14) for CuL?. Overall, the spectroscopic results indicate
the electronic structure is conserved across the CuL!'” series.

The electronic environment at the copper center was also probed by cyclic voltammetry. In
acetonitrile, each of the CuL!? complexes display a single, reversible reduction assigned to the

Cu™ couple (Figure 3) and a single, reversible oxidation (Figure S19). The Cu™!

potentials for the
constitutional isomers CuL! and CuL? are indistinguishable with a value of -0.86 V (vs. Fc'/Fc)
for each complex. For CuL?, substitution of H for Ph in the ligand backbone results in a small
anodic shift to -0.84 V. Notably, an analog of CuL!® with Me in place of Ph/H in the backbone
displays a Cu'™ potential of -0.93 V,!” which is shifted cathodically by 90 mV relative to CuL?
due to increased electron donation by the Me group into the conjugated ligand system. The
oxidation potential for all three complexes is observed at +0.44 V. These results highlight the

similar donor ability of the Ph in CuL'* with the H in CuL? and the consistency of the electronic

structure for CuL!"3.
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Figure 3. Cyclic voltammograms in acetonitrile with 0.1 M NBu4PFs as supporting electrolyte at

a scan rate of 200 mV s™! for 0.3 mM CuL! (red), CuL? (purple), CuL? (green).

Table 2: Comparison of electronic properties of CuL.!-3,

Cu"! Potential® Electronic Spectra®® EPR¢
Complex Ei° Amax (e) gll, gL Aj, Al
V) (nm) (M em™) (8ave) (10 em™)
CuL! -0.86 263(sh) 26,000 2.26,2.08 495,70
310 27,000 (2.14)
358(sh) 16.000
490 6,500
547(sh) 3.500
Cul? -0.86 278(sh) 23,000 2.26,2.08 500, 60
314 19.000 (2.14)
358(sh) 12,000
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489 5,300

542(sh) 2,700
CuL? -0.84 251 10,000 2.25,2.08 500, 60
317 12,000 (2.14)
358(sh) 6,900
493 4,100
547(sh) 2,100

a) E; and electronic spectral data for CuL! from reference 19. b) Potentials versus Fc'/Fc in
acetonitrile. ¢) Data collected in acetonitrile at room temperature. d) Data collected in frozen DMF
at 77 K.

Antiproliferation Activity and Cu Uptake

The antiproliferation activities of CuL!? were screened against lung adenocarcinoma (A549)
and nonmalignant lung fibroblast (IMR-90) cell lines using an MTT assay to determine the half
maximal effective concentration (ECso) for each complex (Figure 4). Selectivity is defined as the
ratio of ECso values for IMR-90/A549, with higher selectivity values indicative of enhanced
activity against cancerous A549 cells relative to nonmalignant IMR-90 cells. The data summarized
in Table 3 show that CuL' and CuL? exhibit similar activity against IMR-90 ECso values of 1.3
and 1.9 uM, respectively, but CuL' is three times more active against A549 (0.065 uM) than CuL?
(0.18 uM). The statistically different activity and selectivity of the constitutional isomers must
arise from the change in the relative position of the backbone Ph substituent, as the complexes are
electronically equivalent. Interestingly, substitution of the Ph group with H leads to an
enhancement of activity for CuL? against both A549 (0.009 pM) and IMR-90 (0.009 uM) and a
complete loss of selectivity. The activity and selectivity of CuL? is comparable to CuGTSM, which
also contains H substituents in the ligand backbone. As the Ei» of CuL?® and CuGTSM differ by
109 mV, the high activity/poor selectivity is attributed to the backbone H substituent. The similar

electronic environment of CuL® with CuL!? strongly suggests this is associated with a change in
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the physical structure. All the copper complexes are 60 to 1000 times more potent against A549
than cisplatin with similar or much improved selectivity relative to IMR-90.

Cellular copper loading by A549 and IMR-90 cells after treatment with CuL'"> or CuGTSM was
quantified by ICP-MS (Table 3). In all cases, copper treatment increased Cu loading in A549 cells
to a greater amount than in IMR-90 cells. Copper loading in A549 cells follows the same trend as
antiproliferation activity with CuL? > CuGTSM > CuL! > CuL?. The data for IMR-90 shows the
highest Cu loading for CuGTSM followed by CuL?, CuL? and CuL!, which is also consistent with
the observed antiproliferation activity with this cell line. As an internal control, cellular zinc
loading was also measured. In all cases, treatment with the copper complexes had little to no effect
on Zn loading. Overall, Cu loading correlates with antiproliferation activity and selectivity. These
results clearly show that changes in the physical structure of the complex significantly influence

cellular uptake and retention even in cases where electronic structure are similar.
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Figure 4. Cell proliferation results for A) A549 and B) IMR-90 cell lines treated with CuL'-. The

dashed lines represent 50% cell proliferation (ECso).
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Table 3: Reduction potentials, ECso (uM) values, and Cu/Zn loading for CuL!3, CuGTSM,

cisplatin.?

E,  ASPEC,  MROOECS, Cu loading Zn loading

Complex V) (M) (M) Selectivity® A54(9£gl>/;1){-90 A54(9£gl>§){_90
CuL'! -0.856 0.065 1.3 20 8.46/0.24 4.95/0.94
CuL? -0.863 0.180 1.9 10.6 4.24/0.40 4.25/0.92
Cul’ -0.841 0.009 0.009 1.0 12.97/1.00 4.16/0.53

CuGTSM  -0.950 0.020 0.015 0.75 8.89/1.52 4.10/0.83

cisplatin 10.9 13.9 1.3 N.A. N.A.

Vehicle - 0.10/0.02 4.07/0.99

(DMSO)

a) ECso values were determined from >3 independent replicates with each experiment having 4
technical replicates. Cu/Zn loading data were determined from 2 technical replicates. b) Cu'"!
potential versus Fc*/Fc in acetonitrile. ¢) Selectivity = MR2OECso/A3*9ECs.

Comments and Conclusions

The anti-proliferation activity and selectivity of the Cu(TSTC) complexes CuL!" have been
shown to be dependent on both the physical and electronic structure of the complex with improved
selectivity for the constitutional isomers CuL'* relative to CuL® and the Cu(BTSC) complex
CuGTSM. Structure—activity relationships of various Cu(BTSC) complexes have been evaluated
in prior studies and their mechanisms of action are dependent on their physicochemical properties.
For example, more lipophilic complexes are trapped in the cellular membrane making them more
difficult to reduce and release Cu ions intracellularly®® leading to lower activity.*!*> As mentioned

T reduction potentials by changing the backbone substituents and

earlier, modulation of the Cu
pendent groups influences both complex electronic properties and their potential applications. As

noted above, CuGTSM, and CuATSM display drastically different mechanisms of action in

relation to differences in their electronic structures.!®* The more cathodic reduction potential of
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CuATSM compared to CuGTSM leads to greater resistance to intracellular reduction and
dissociation of Cu(l) for CuATSM. This observation was further supported using a metal
responsive element (MRE)-luciferase construct from transfected neuroblastoma SH-SYSY cells,
which responded with an increase in luminescence as bioavailable Cu levels increased.?> When
CuATSM and CuGTSM are added to MRE-luciferase-transfected cells, only CuGTSM
demonstrated significant changes in bioluminescence, which correlated with greater intracellular
release of bioavailable Cu for CuGTSM.? CuATSM on the other hand is readily effluxed from
normoxic cells containing normal oxygen levels. Whereas under hypoxic conditions, CuATSM
was shown to release bioavailable Cu likely due to selective Cu'/Cu' reduction at lower pH* and

),2* which results in the decrease

impairment of the mitochondrial electron transfer complex (ETC
in reoxidation and efflux of the Cu complex.

The presence and redox cycling of copper can be toxic to cells by multiple mechanisms. The
released Cu(I) can activate hydrogen peroxide (H20:) to generate hydroxide (OH") and hydroxyl

).>* However, CuL'?

radical (OHe) via Fenton reaction to produce reactive oxygen species (ROS
showed no significant ROS activity at concentrations of 1 — 10 pM (see Supplementary
Information). Other mechanisms that may contribute include inactivation of proteasomal activity,
topoisomerase inhibition, protein transmetalation, and damage to proteins, membranes,
mitochondria, or DNA.!*35-40 In a few cases, specific molecular targets of CuBTSCs or related
complexes have been identified, including NPL4*'| FDX1 mitochondrial reductase** and more
recently, a specific copper-mediated cell death mechanism known as “cuproptosis”—distinct from

other forms of cell death such as apoptosis or ferroptosis.* In cuproptosis induced by copper (II)

elesclomol (a BSTC-like bis(thiohydrazide) amide ionophore)** FDX1 mediates reduction of the
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complex and release of Cu'. Subsequent binding of Cu to lipoylated mitochondrial enzymes causes
them to aggregate, triggering proteotoxic stress and cell death.*

The Cu(TSTC) complexes CuL'* in the current study have similar electronic structures, but
different physical structures that result in different activity and selectivity. A survey of the
antiproliferation activity and physical structures suggests the identity of the ligand backbone
substituents and the orientation with respect to the various pendent groups influence activity and
selectivity. Specifically, the presence of a small (Me, H) backbone substituent on the same side of
the molecule as a TSC moiety (-NHMe) improves activity relative to CuL?® in comparison with a
bulkier (Ph) group on the TSC side. This is clearly demonstrated by the increased A549 activity
of CuL! relative to its constitutional isomer CuL? and is also consistent with the higher A549
activities of CuL? and CuGTSM. However, complexes with a backbone H group show no
selectivity between A549 and IMR-90 cells as observed for CuL? and CuGTSM. This may be due
to decreased kinetic stability of the aldimine (RCH=NR) backbones in CuL® and CuGTSM
complexes relative to the ketimine (R2C=R) backbones in CuL!. Overall, these results provide
guiding principles for the further design of biologically active copper complexes.

Supporting Information

The following files are available free of charge: experimental details; crystallographic data and
refinement parameters; NMR, FT-IR, UV-vis, EPR spectra, and ROS assays (PDF). CCDC
2194389-2194390 contain the supplementary crystallographic data for this paper. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/data request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12
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