Cobalt bis(dicarbollide) is a DNA-neutral pharmacophore
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Abstract

Cobalt bis(dicarbollide) (COSAN) is a metallacarborane used as a versatile pharmacophore to prepare
biologically active hybrid organic—-inorganic compounds or to improve the pharmacological properties
of nucleosides, antisense oligonucleotides, and DNA intercalators. Despite these applications, COSAN
interactions with nucleic acids remain unclear, limiting further advances in metallacarborane-based
drug development. Although COSAN intercalates into DNA, COSAN-containing intercalators do not,
and while COSAN shows low cytotoxicity, intercalators are often highly toxic. The present study aimed
at comprehensively characterizing interactions between COSAN and DNA using a wide range of
techniques, including UV-Vis absorption, circular (CD) and linear (LD) dichroism, nuclear magnetic
resonance (NMR) spectroscopy, thermal denaturation, viscosity, differential scanning calorimetry
(DSC), isothermal titration calorimetry (ITC), and equilibrium dialysis measurements. Our results
showed that COSAN has no effect on DNA structure, length, stability, or hybridization, with no or only
faint signs of COSAN binding to DNA. Moreover, DNA is not necessary for COSAN to induce cytotoxicity
at high concentrations, as shown by in vitro experiments. These findings demonstrate that COSAN is a
DNA-neutral pharmacophore, thus confirming the general safety and biocompatibility of
metallacarboranes and opening up new opportunities for further developing metallacarborane-based
drugs.

INTRODUCTION

Metallacarboranes are versatile platforms commonly used to develop bioactive compounds with
potential therapeutic applications. ¥? Their unusual cage-like structure enables us to arrange
substituents and tailor molecular targets. > Additionally, metallacarboranes can induce favorable
interactions with biomolecules through hydrogen and dihydrogen bonding, % ion-pairing, &°
hydrophobic interactions, *>’ and chaotropic effects. ¥ Among metallacarboranes, cobalt
bis(dicarbollide) (COSAN) stands out for its properties. 1!
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Amphiphilic COSAN self-assembles in aqueous solutions and interacts with lipid membranes
and hydrophobic cavities of cyclodextrins or proteins. 3>>1%23 COSAN can also cross cell membranes and
accumulate intracellularly, including in the cell nucleus. 2! Furthermore, 3D aromaticity?*?® and a
single negative charge delocalized over 23 atoms?® explain the exceptional thermal, chemical, and
biological stability of this abiotic compound. ¥’ Combined, these properties have prompted advances
in drug design and gene therapy, thus explaining the increasing popularity of COSAN in medicinal
chemistry. 12



As a pharmacophore, COSAN is commonly used to prepare biologically active hybrid organic—inorganic
derivatives. 2 These COSAN derivatives are applied as boron neutron capture therapy (BNCT) 1829,
radioimaging and magnetic resonance imaging®® probes, enzyme inhibitors*’, antimicrobial
agents'3132 and peptide modifiers3*3> They are also widely conjugated to nucleosides®**%, antisense
oligonucleotides®®*3%°, and DNA intercalators*® to improve their pharmacological properties. Given the
increasing number and variety of COSAN applications in biosciences, the biological properties of
COSAN derivatives must be judiciously characterized, particularly their interactions with
biomacromolecules, including proteins, lipid membranes, and nucleic acids such as DNA.

DNA-binding molecules, including intercalators and groove binders, are usually positively charged. The
main modes of reversible ligand binding to double-stranded DNA (dsDNA) are (i) intercalation between
DNA base pairs, (ii) interactions with the DNA minor groove, (iii) interactions with the DNA major
groove, and (iv) electrostatic interactions with the anionic sugar-phosphate backbone of DNA. %!
Classical intercalators have planar fused aromatic ring systems, which stack between base pairs in the
intercalation complex. # Groove binding compounds have unfused aromatic ring systems with the
conformation needed to fit into the helical curvature of DNA grooves.

Regardless of DNA-binding mode, strong interactions with DNA require an electrostatic component.
Electrostatic interactions are especially important for DNA-binding nuclear proteins or polyamines,
which bind to the major groove or sugar-phosphate backbone of DNA. But the structure of COSAN
markedly differs from the structure of known DNA-binding molecules. COSAN has a bulky, globular,
and rigid structure with delocalized negative charge. For comparison, Figure 1 shows the structures of
COSAN, the intercalator ethidium bromide (EB), the minor groove-binder 4’,6-diamidino-2-
phenylindole (DAPI), and the major grove/backbone-binder spermine, a polyamine.
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Figure 1. Structures of cobalt bis(dicarbollide), COSAN, and representative DNA-binding molecules: the
intercalator ethidium bromide, the minor groove-binder 4',6-diamidino-2-phenylindole (DAPI), and the
backbone-binder spermine, a polyamine.



Perhaps due to its unique structure, COSAN interactions with DNA remain, however, controversial. On
the one hand, studies on interactions between COSAN and DNA have reported that this
metallacarborane intercalates into DNA. 843 On the other hand, research on COSAN conjugated with
the intercalator naphthalimide or with oligonucleotides have failed to support these claims. 34944 |n
fact, COSAN conjugation to naphthalimide decreased its affinity to DNA and altered its binding mode
to groove binding, as shown by minor changes in the DNA melting temperature and circular dichroism
spectrum. * Furthermore, COSAN-containing oligonucleotides maintain their ability to hybridize with
complementary strands, forming duplexes with structures similar to those of the corresponding
COSAN-free duplexes. 383944 COSAN also shows low toxicity to mammalian cells, 184>% whereas

intercalators are often highly toxic. In short, the data on COSAN-DNA interactions are still inconclusive.

Considering the above, we aimed at investigating the interaction between COSAN and DNA using a
wide range of spectroscopic, calorimetric, and other physicochemical techniques, such as UV-Vis
absorption spectroscopy, circular (CD) and linear (LD) dichroism, and nuclear magnetic resonance
(NMR). In addition, we performed thermal denaturation, viscosity, differential scanning calorimetry
(DSC), isothermal titration calorimetry (ITC), and equilibrium dialysis measurements. Adequately
characterizing COSAN-DNA interactions is crucial for further advancing metallacarborane-based drug
development and for addressing safety concerns because DNA-binding molecules often have
associated mutagenic, cancerogenic, or teratogenic activity. This knowledge will facilitate the rational
design of metallacarborane-based drugs and unveil their molecular mechanism of action, thereby
overcoming current limitations to metallacarborane applications in medicinal chemistry. %

RESULTS
Spectral analysis of COSAN — DNA solutions

UV-Vis absorption spectroscopy is an effective method for studying small molecule interactions with
DNA, irrespective of binding mode. Whether through intercalation, groove binding or external binding
to the DNA backbone, these interactions with DNA should lead to changes in the absorption spectra
of both the small molecule and DNA. *®*° Figure 2A shows absorption spectra of free DNA from calf
thymus (ctDNA) and ctDNA at increasing concentrations of COSAN ([COSAN]/[ctDNA(per base, pb)]
ratios ranging from 0.125 to 1). Because the absorption band of COSAN overlaps with that of ctDNA,
all measured spectra were adjusted to the corresponding concentration of COSAN. ctDNA has a single,
broad absorption band, with an absorbance maximum at 258 nm. After adding COSAN, the absorption
spectra of ctDNA remained unchanged.

COSAN has a strong absorption band at 282 nm (e = 30,866 M* cm™, Figure S1A and B) and a weak
absorption band at 448 nm (e = 443.5 Mt cm?, Figure S1C and D). The strong absorption band overlaps
with the absorption band of DNA. Thus, to study the interaction between COSAN and DNA, we
measured the absorbance of COSAN with increasing concentrations of DNA in the wavelength range
of 380 — 600 nm. Figure 2B shows the absorption spectra of free COSAN and COSAN with increasing
concentrations of ctDNA ([ctDNA(pb)]/[COSAN] ratios ranging from 0.25 to 1.5). We observed no
changes in the absorption spectra of COSAN after adding DNA. Overall, these results indicate that no
or only a very weak complex is formed between COSAN and ctDNA.
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Figure 2. Absorption spectra of (A) ctDNA (0.4 mM (pb)) with increasing concentrations of COSAN (0
to 0.4 mM) and (B) COSAN (1.5 mM) with increasing concentrations of DNA (0 to 2.25 mM (pb)).
Circular dichroism (CD) spectra of (C) ctDNA (0.4 mM (pb)) with increasing concentrations of COSAN (0
to 0.4 mM). (D) CD spectra of COSAN (1.5 mM) with increasing concentrations of ctDNA (0 to 2.25 mM
(pb)). (E) Absorption and linear dichroism (LD) spectra of ctDNA (1.0 mM (pb)) with increasing
concentrations of COSAN (0 to 0.7 mM). All spectra were measured in 20 mM phosphate buffer with
150 mM NaCl and 1 mM EDTA, pH 7.4.

Subsequently, we measured circular dichroism (CD) and linear dichroism (LD) spectra of DNA in the
presence of COSAN. Both techniques provide information about DNA structural changes induced by
ligand binding. >* Figure 2C shows the CD spectra of ctDNA with COSAN ([COSAN]/[ctDNA(pb)] ratios
ranging from 0 to 1).

The CD spectrum of ctDNA is characteristic of the right-handed B form and consists of a positive band
at 275 nm due to base stacking and a negative band at 245 nm due to helicity. >> Both bands are highly
sensitive to the intercalation of small molecules with DNA. However, CD spectra of DNA show no or
only very little alteration in electrostatic binding and minor groove binding. >* At [COSAN]/[ctDNA(pb)]
ratios ranging from 0.125 to 0.375, no changes were identified in the CD spectra. At a
[COSAN]/[ctDNA(pb)] ratio of 0.5, the intensity of the positive band at 275 nm decreased. At a
[COSAN]/[ctDNA(pb)] ratio of 1, the intensity of both the positive band at 275 nm and the negative
band at 245 nm further decreased. These changes in the DNA CD spectrum may be explained by at
least three reasons: (i) perturbation of the DNA structure, (ii) appearance of the induced CD (ICD) signal
of COSAN, and (iii) quenching of the DNA CD signal by light absorption by COSAN. The first explanation
is inconsistent with the results of UV-Vis absorption measurements because the perturbation of DNA
structure would also entail changes in the DNA absorption spectrum.

To test the second hypothesis, we measured CD spectra in the wavelength range from 380 to 600 nm,
where COSAN has a weak absorption band, which does not overlap with the DNA absorption band.
Figure 2D shows the CD spectra of COSAN with ctDNA ([ctDNA(pb)]/[COSAN] ratios ranging from 0 to
1.5). Achiral molecules, such as COSAN, lack a CD spectrum, but upon binding to DNA, either through
intercalation or minor-groove binding, they are in the chiral environment of DNA and thus acquire an
ICD signal. >* By contrast, in the presence of ctDNA, COSAN lacks an ICD signal. For this reason, we
rejected the second hypothesis.

To test the third hypothesis, we conducted measurements using a double-cuvette system in which one
cuvette (closer to the light source) contained various concentrations of free COSAN (0, 0.2, and 0.4
mM), and the second cuvette contained free ctDNA (0.4 mM (pb)) (Figure S2A and B). In that setup,



the light was first absorbed by the cuvette with COSAN and then passed through the cuvette with
ctDNA, which allowed us to assess the COSAN light absorption effect on the ctDNA CD spectrum. We
observed the same effect as in the original measurements, that is, a decreased intensity of the DNA
CD bands (Figure S2C—E). These changes in the DNA CD spectrum resulted from DNA CD signal
quenching caused by COSAN light absorption. Thus, our CD measurements show that COSAN does not
affect the secondary structure of DNA.

Bulky molecules, such as COSAN, may have slow DNA-binding kinetics because they must overcome
structural barriers and need extensive DNA unwinding. >> Accordingly, we repeated the UV-Vis and CD
measurements of ctDNA and ctDNA with COSAN ([COSAN]/[ctDNA(pb)] ratio from 0 to 0.5) after seven
days of incubation at room temperature (Figure S3 and S4). Nevertheless, we observed no differences
in either the UV-Vis or CD spectra of ctDNA after adding COSAN. These results indicate that COSAN
does not interact with ctDNA.

LD spectroscopy measures the difference between the absorption of linearly polarized light travelling
parallel and perpendicular to the orientation of a sample. CtDNA consists of dsDNA strands long
enough to be oriented in the Couette flow and has a negative LD band in its absorbance region. In
contrast, COSAN is a small molecule and is not oriented in the flow, thus lacking an LD signal. However,
COSAN may be oriented in the flow along with DNA and acquire an LD signal by interacting with DNA
either through intercalation or minor-grove binding. Although the absorbance spectra of COSAN and
DNA overlap, COSAN clearly contributed to the absorbance spectra (Figure 2E).

The LD spectrum of free ctDNA shows a negative absorption band with a minimum at 258 nm, which
indicates that the average orientation of the DNA bases was nearly perpendicular to the direction of
flow (Figure 2E). The LD spectra of ctDNA with increasing concentrations of COSAN
([COSAN]/[ctDNA(pb)] = 0.1 to 0.7) show that the magnitude of the LD signal at 258 nm increases by
approximately 9% at [COSAN]/[ctDNA(pb)] = 0.7, so adding COSAN slightly increases the orientation of
DNA bases in the direction of flow. However, this effect is weak. To put this number into the context,
for ethidium bromide (EB), the magnitude of the LD signal between free DNA and DNA with EB at a
molar ratio of 0.1 increases by over 70%.%¢ Furthermore, no LD signal was detected at 282 nm (COSAN
absorbance region), which suggests that COSAN does not bind to ctDNA in a way that promotes its
orientation in the direction of flow along with ctDNA. Overall, these LD measurements show that
COSAN is not intercalated into DNA or bound to minor DNA grooves.

COSAN effect on DNA length, stability, and hybridization

The intercalation of small molecules into DNA separates DNA base pairs, lengthening the DNA, as
shown by the increased viscosity of the DNA solution. >” We measured the viscosity of a solution with
a constant concentration of ctDNA (0.24 mM (pb)) at increasing COSAN concentrations (from 0 to 0.12
mM). The data were plotted as the (n/no)“? function of the [COSAN]/[ctDNA(pb)] ratio, where n is the
intrinsic viscosity of the solution containing ctDNA and COSAN, and no is the intrinsic viscosity of the
solution containing free ctDNA (Figure 3A). At [COSAN]/[ctDNA(pb)] ratios ranging from 0.083 to 0.25,
(n/no)*? remained unchanged and close to 1. At [COSAN]/[ctDNA(pb)] ratios ranging from 0.25 to
0.417, (n/no)*? slightly decreased to 0.96, albeit nonsignificantly. At a [COSAN]/[ctDNA(pb)] ratio of
0.5, the trend reversed, and (n/no)** returned to approximately 1. Overall, we did not detect any
significant changes in DNA viscosity after adding COSAN. These findings also indicate that COSAN does
not intercalate into DNA.

The COSAN effect on the stability of the dsDNA helix was determined by thermal denaturation whereby
dsDNA separates into two single strands through DNA melting by increasing the temperature. The
temperature at which half of the DNA strands are separated is termed the melting temperature (Trm).



Intercalators stabilize the dsDNA helix, which increases T, whereas molecules that interact with DNA
in a non-intercalative mode usually do not change the T,, of DNA.%” . The intercalation of such a bulky
molecule as COSAN should cause structural changes in DNA, affecting its stability, through constructive
or destructive effects, and changing the DNA melting temperature.

By differential scanning calorimetry (DSC), we assessed COSAN effects on ctDNA melting transitions.
Figure 3B shows DSC thermograms of free ctDNA and ctDNA with COSAN at a [COSAN]/ctDNA(bp)]
ratio of 0.13. As expected for genomic DNA, ctDNA has a complex melting profile with several
transitions because ctDNA consists of long strands with many domains, which melt independently. 8
The thermogram of ctDNA with COSAN shows the same shape and position as the melting profile of
free ctDNA. The values of the maximum temperature of the molar heat capacity curve (Tmax) are the
same for both free ctDNA and ctDNA with COSAN (Figure 3B). Furthermore, by analyzing the
thermograms using Gaussian models in the NanoAnalyze program, we deconvoluted both melting
profiles into five separate transitions (Figure S6). With COSAN, the melting temperatures (Tr,) of each
transition showed no significant differences with free ctDNA (Table S1). Based on these results, COSAN
most likely does not affect the melting transitions of DNA and, thus, should not intercalate into DNA.

DNA thermal melting can also be analyzed by measuring absorbance at 260 nm in a temperature
gradient. In this study, we used a short oligonucleotide (oligoDNA) with a palindromic sequence of 5'-
CGCGAATTCGCG-3’, which forms B-form dsDNA, *° for two reasons. First, oligopDNA has a lower Ty,
than ctDNA, which enables measurements in a temperature gradient below the boiling temperature
of water. Second, in contrast to long ctDNA strands, short oligoDNA strands can reform the dsDNA
structure after heating and cooling to room temperature through a process known as DNA annealing.
This ability of short oligoDNA strands to anneal allowed us to assess COSAN effects not only on DNA
melting but also on the hybridization of two complementary ssDNA molecules into the dsDNA helix.

Figure 3C shows the normalized absorbance at 260 nm of free oligoDNA and oligoDNA with COSAN
([COSAN]/[oligoDNA (pb)] = 0.2) in a temperature range from 25 to 90 °C. The calculated T, of free
oligoDNA was 54.3 + 0.4 °C. Adding COSAN did not affect the Tn, of the oligoDNA (54.1 + 0.3 °C), which
indicates that COSAN does not intercalate into DNA. Figure 3D shows CD spectra of oligoDNA with
COSAN ([COSAN]/[oligoDNA (pb)] = 0.2) before and after heating and cooling back to 25 °C. The CD
spectra of oligoDNA and oligoDNA with COSAN, measured before heating, are similar and indicate that
COSAN does not affect the structure of DNA, in line with CD measurements of ctDNA with COSAN. No
differences were found between the CD spectra of free oligoDNA or oligoDNA with COSAN, measured
before and after heating. These results demonstrate that oligoDNA can return to the helical, ds B-form
after melting despite the presence of COSAN (Figure 3D and E).
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Figure 3. COSAN does not affect DNA length, melting, and rehybridization. (A) Relative intrinsic
viscosity (n/no)? of ctDNA (0.24 mM (pb)) at increasing concentrations of COSAN (ranging from 0 to
0.12 mM). (B) DSC thermograms with melting curves of free ctDNA (3.0 mM (pb)) and ctDNA with
COSAN (0.4 mM) at temperatures ranging from 20 to 120 °C, 1 °C/min heating rate, 3 atm pressure.
(C) Melting profiles of oligoDNA (5'-CGCGAATTCGCG-3’) (0.05 mM (pb)) with (oligoDNA + COSAN) and
without (oligoDNA) 0.01 mM COSAN in a temperature range from 25 to 90 °C. f(ss) = (A-Ao)/(At-Ao),
where A is the absorption at 260 nm at temperatures between 25 and 90 °C, Ao is the absorption at
260 nm at 25 °C, and A¢is the absorption at 260 nm at 90 °C. (D) Circular dichroism (CD) spectra of 0.05
mM (pb) oligoDNA (5’-CGCGAATTCGCG-3’) with (oligoDNA + COSAN) and without (oligoDNA) 0.01 mM
COSAN at 25 °C before and after heating to 90 °C and cooling back to 25 °C. (E) Schematic
representation of dsDNA melting into ssDNA and rehybridization of ssDNA into dsDNA in the presence
of COSAN. DSC and viscosity were measured in 20 mM phosphate buffer with 150 mM NaCl and 1 mM
EDTA, pH 7.4. Absorption and CD spectra of the oligoDNA were measured in 10 mM phosphate buffer
with 100 mM NaCl and 0.1 mM EDTA, pH 7.0.



COSAN-DNA binding

As shown above, COSAN cannot intercalate into DNA or bind to the DNA minor groove. However, other
modes of interaction remain possible. To detect the formation of COSAN-DNA complexes regardless
of their mode of interaction, we used three other methods, namely ITC, equilibrium dialysis, and NMR.

The thermodynamic profile of the interaction between COSAN and DNA was assessed by ITC. For ITC,
COSAN (5.0 mM) was titrated into 1.0 mM (pb) ctDNA solution. The resulting ITC profile was corrected
by subtracting the corresponding dilution heats derived from COSAN injections into the buffer (Figure
4A). The plot of the measured enthalpy values as a function of the [COSAN]/[ctDNA(pb)] ratio shows a
random distribution of enthalpy values around zero kJ/mol (Figure 4B). The mean enthalpy per
injection was -0.11315 + 0.18784 kJ/mol, which shows that COSAN titration into ctDNA shows no heat
effect, thus indicating that COSAN does not interact with DNA.

The results of the equilibrium dialysis experiments are shown in Figure 4C, where the percentage of
COSAN (0.05 mM) bound (%bound) to ctDNA is plotted as a function of the [ctDNA(pb)]/[COSAN] ratio
(0-20). At [ctDNA(pb)]/[COSAN] ratios of 0.2, 1, and 4, approximately 0% of COSAN is bound to ctDNA.
At a [ctDNA(pb)]/[COSAN] ratio of 20, the amount of bound COSAN increased to 12.8%, but this result
was not significant (one-way ANOVA, p-value = 0.1228). Nevertheless, this small fraction of COSAN
bound to DNA suggests a weak interaction between COSAN and DNA. But COSAN may alternatively
interact with residual proteins remaining in solution after ctDNA purification. The certificate of ctDNA
analysis used in this study states that the product contains 1% of proteins (Figure $19). Since COSAN
and its derivatives showed a high affinity to proteins, COSAN might have bound to proteins in the DNA
sample, thereby explaining its retention in the DNA-containing chamber. As a positive control, we
conducted equilibrium dialysis of COSAN with human serum albumin (HSA). COSAN has a high affinity
to serum albumin, 2 as confirmed in the equilibrium dialysis experiment, where the percentage of
COSAN bound to HSA was 100%.
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Figure 4. (A) Thermograms of COSAN titrations (5.0 mM) into ctDNA (1.0 mM (pb)) (COSAN into ctDNA)
or the buffer (COSAN into buffer). (B) Enthalpograms of titrations of COSAN (5.0 mM) into ctDNA (1.0
mM (pb)) after subtracting the blank titration. (C) Plot of the percentage of COSAN (0.05 mM) bound
to ctDNA as a function of [ctDNA(pb)]/[COSAN] ratio (0, 0.2, 1.0, and 20) based on equilibrium dialysis.
The percentage of COSAN (0.05 mM) bound to human serum albumin (HSA, 0.05 mM) served as a
positive control. All measurements were conducted in 20 mM phosphate buffer with 150 mM NacCl
and 1 mM EDTA, pH 7.4. (D) Graphical representation of DOSY decay of COSAN (0.6 mM) and EB (0.6
mM), with and without DNA (3.0 mM (pb)). The results were calculated from the Stejskal-Tannor
equation. (E) H NMR spectra of COSAN (0.6 mM) and EB (0.6 mM) with (bottom) and without (top)
ctDNA (3.0 mM (pb)). Peaks representing COSAN and EB are marked on the spectra. The remaining
peaks belong to residual water, EDTA, and DSS. Detailed spectra are available in Figures S20-36.

Lastly, we used NMR-based methods to study interactions between DNA and COSAN, i.e., diffusion-
ordered spectroscopy (DOSY) and *H NMR. ® Ethidium bromide (EB), a model intercalator, was used
as a control. Either COSAN or EB binding to ctDNA should decrease the diffusion rate of the ligand
because ctDNA is significantly larger and slower. The measurements were conducted at concentration
ratios of COSAN/ctDNA(pb) spanning from 1:1 to 1:15. The DOSY results show that the diffusion
coefficients (D) of COSAN remained virtually unchanged in all samples with and without ctDNA, but
the diffusion coefficient of EB was an order of magnitude smaller with DNA than without DNA,
indicating that EB bound to ctDNA (Table 1, Figure 4D).



Table 1. Diffusion coefficients and integrations of H' NMR signals of COSAN and ethidium bromide
(EB) measured with and without ctDNA

Sample ¢, [mM] ¢, [mM]® D[10719 m?s71]
0.2 0.22 4.92
COSAN 0.6 0.59 4.95
3 2.90 5.05
0.2 0.20 5.21
COSAN+ctDNA? 0.6 0.65 5.31
3 2.97 5.18
EB 0.6 0.61 4.38
EB+ctDNA® 0.6 0.29 <01

2 The concentration of ctDNA was kept constant at 3 mM (pb). ® The COSAN data were calculated from
CH protons, and the EB data were calculated from CH3 signals. Abbreviations: D — absolute diffusion
coefficient, c, — theoretical concentration of either COSAN or EB, c,, — concentration of either COSAN
or EB measured by HYNMR.

DOSY experiments cannot completely rule out binding because the lack of differences in COSAN
diffusion coefficients might have resulted from the rapid exchange between bound and unbound
fractions of COSAN. To exclude this possibility, 'H NMR spectra were investigated using an internal
standard. COSAN signals and their integrations in samples with and without DNA remained within the
experimental error, with no significant shifts (Table 1 and Figure 4E). Conversely, EB samples showed
clear differences between spectra with and without DNA. In the presence of DNA, most EB signals
disappeared, except for the signal of the very mobile CH3 group, which was weaker and shifted. These
results confirm the lack of binding between COSAN and DNA.

COSAN toxicity to anuclear and nuclear cells

Previous studies have shown that COSAN has moderate to low toxicity toward eukaryotic cells, 184546
However, the mechanism of this toxicity is still obscure. To assess whether COSAN toxicity depends on
its interaction with DNA, we conducted in vitro experiments on six cell lines and red blood cells (RBCs)
because mature RBCs lack a nucleus (anuclear) and DNA but are packed with hemoglobin. By in vitro
hemolysis, we determined COSAN toxicity to RBCs by measuring hemoglobin release due to RBC
membrane disruption. COSAN showed moderate hemolytic activity, with a concentration at 50%
hemolysis (ECso) of 100.5 uM (Table 2). Accordingly, COSAN may have a purely membranolytic activity
towards cells without interacting with DNA.

COSAN toxicity to nuclear cells matched its hemolytic toxicity, with COSAN inhibiting 50% of cell
proliferation (ICso) in the concentration range from 29.3 to 106.6 uM depending on the cell line (Table
2, Figure S38). In other words, COSAN affects nuclear cell viability at concentrations similar to those
that induce RBC membrane disruption. Although these results suggest that COSAN toxicity to nuclear
cells also involves cell membrane disruption, further studies must be conducted to confirm this
hypothesis.



Table 2. Hemolytic and cytotoxic activity of COSAN

Compound Hemolysis Cytotoxicity ICso (1LM)
P ECso (M) MCF10A BALB/3T3  A549  MV-4-11 PC3  UM-UC3
100.5 67.0 31.1 44.9 37.7 29.3 106.6
COSAN (95.5-105)  (61.4-74.4) (25.6-37.1) (36.3-55.4) (29.3-49.6) (16.4-202)  (97.2-117)

Abbreviations: ECso — half maximal effective concentration of hemolysis, ICso — half maximal inhibitory
concentration of proliferation; the values of the 95% confidence interval (95% Cl) are presented in brackets.

DISCUSSION

The bulky structure of COSAN contrast with the structures of classical intercalators or groove binders.
COSAN has a peanut-shaped, 11-A-long, and 6-A-wide structure®!, whereas the distance between
adjacent base pairs in the B-form DNA helix is 3.6 A and the minor groove of DNA is 4.8 A wide.
Although, DNA is flexible enough to accommodate bulky molecules (e.g., DNA can unwind to enable
steroids to intercalate) %2, the DNA structure shows no changes in UV-Vis, CD, LD, and viscosity
measurements suggesting COSAN binding.

In addition to the discordant structure, COSAN provides almost no opportunities for the formation of
new bonds with DNA. Classical intercalators interact with DNA base pairs through their mt-electron
systems, forming new -1t stacking bonds. These bonds stabilize the dsDNA structure and increase the
DNA melting temperature (Tm). But while COSAN is an aromatic molecule, its 3D aromaticity is
delocalized over o-bonds. 2 As such, COSAN lacks the m-electron system of classical intercalators and
cannot form new stacking bonds with adjacent DNA base pairs.

Minor and major groove binders interact with DNA through hydrogen bonds and van der Waals
interactions.® COSAN has C—H groups, which can form hydrogen bonds with N and O H-bond acceptors
in DNA bases in minor and major grooves. 8 However, these hydrogen bonds are much weaker than
classical hydrogen bonds. Additionally, B—H groups in COSAN can participate in dihydrogen bonds with
proton donors, such as the N-H groups of DNA bases. ® Dihydrogen bonds are also weaker than classical
hydrogen bonds, and DNA grooves have fewer partners for dihydrogen bonding than for classical
hydrogen bonding: the minor groove has only one N—-H group (guanine), whereas the major groove
has two N-H groups (adenine and cytosine) available for dihydrogen bonding.

Lastly, external binding involves electrostatic interactions between DNA anionic sugar-phosphate
backbone and positively charged compounds. COSAN is an anion with a single delocalized charge.
Therefore, COSAN is unlikely to interact with the DNA backbone due to electrostatic repulsion.

These considerations agree with our experimental findings. The melting temperature of DNA does not
change in the presence of COSAN, showing that COSAN has no significant effect on the stability of DNA
strands. Furthermore, ITC, equilibrium dialysis and NMR measurements showed no binding between
COSAN and DNA. In equilibrium dialysis, only at a high [ctDNA(pb)]/[COSAN] ratio of 20 did a small
fraction of COSAN bind to DNA, which might have even been an artifact of interactions between COSAN
and residual proteins present in the DNA sample. And intercalation or minor groove binding would
have placed COSAN in the chiral environment of DNA and align this molecule with DNA in the Couette
flow, which we did not observe in CD and LD measurements, respectively.

In the absence of any evidence of COSAN binding to dsDNA, we assessed COSAN effects on ssDNA
hybridization. COSAN should more easily form complexes with ssDNA than with dsDNA because 1)
ssDNA has a lower surface charge density than dsDNA, weakening the repulsive Coulombic forces
between COSAN and DNA, 2) ssDNA is more flexible than dsDNA, facilitating the conformational



adaptation of DNA to COSAN, and 3) ssDNA has exposed nucleobases, providing additional potential
partners for COSAN binding. Our CD measurements of oligoDNA before and after its thermal melting
showed that COSAN does not interfere with the annealing of two complementary DNA single strands.
Therefore, COSAN does not significantly interact with ssDNA, in line with previous studies on
metallacarborane-modified oligonucleotides, which formed complexes with complementary nucleic
acid strands, 3638394465

Our findings indicate that COSAN and, most likely, other metallacarboranes are poor pharmacophores
for nucleic acid-binding drugs. Instead, COSAN should be used to target nucleic acid-binding proteins
— such as transcription factors, histones, topoisomerases, polymerases, or DNA methyltransferases —
which are components of biomolecular condensates and participate in many vital cellular processes. 5
Because the dysfunction of these proteins has been implicated in many diseases, including cancer, ¢
small molecules capable of modulating their activity have a high therapeutic potential.

The obstacle to developing such therapeutics is the unconventional structure of nucleic acid-binding
domains in these proteins. Unlike the enclosed binding pockets of enzymes or receptor active sites,
nucleic acid-binding domains have convex, exposed, and highly positively charged interfaces. % These
properties complicate the development of small-molecule inhibitors of nucleic acid-binding proteins.
For this reason, these proteins have long been deemed ‘undruggable’.

Considering the nonplanar structure of metallacarboranes, which enables the 3D arrangement of
substituents, as well as their high interaction capacity and their affinity to large, flexible, and open
3528 metallacarborane-based compounds may be well suited to target nucleic acid-
binding proteins. Furthermore, in contrast to other bulky scaffolds, such as C60 fullerenes or carbon
nanotubes, ® metallacarboranes are indifferent to DNA, enabling selective protein binding. No such
metallacarborane-based compounds are known yet, so further studies must be conducted to test this
hypothesis.

enzyme active sites,

In addition to our physicochemical results, we showed that COSAN cytotoxicity is independent of DNA.
COSAN was as toxic to nuclear cells as to red blood cells (RBCs) without a cell nucleus or organelles.
The membranolytic effect of COSAN on RBCs suggests that COSAN cytotoxicity is more likely explained
by its interactions with cell membranes than by interactions with nucleic acids. Given the affinity of
COSAN and its derivatives to proteins, its interactions with vital cellular proteins should also be
analyzed in depth to better understand its cytotoxic effects.

CONCLUSIONS

DNA is a highly flexible molecule with the ability to accommodate molecules with various shapes and
sizes. From a purely spatial point of view, COSAN could form complexes with DNA either through
intercalation or groove binding, albeit requiring major structural changes in DNA. However, COSAN is
unable to offset such structural changes by forming new bonds. Additionally, regardless of DNA-
binding mode, ligand interactions with DNA usually include an electrostatic component between the
cationic ligand and anionic DNA, which anionic COSAN cannot provide. COSAN has no effect on DNA
structure, length, stability, or hybridization, and DNA, in turn, does not affect the absorption spectrum
or diffusion coefficient of COSAN or induce CD or LD signals. COSAN titration into DNA has no heat
effects. Based on theoretical considerations and on our experimental results, COSAN cannot form
complexes with DNA, and DNA is not necessary for COSAN to induce toxicity, which is most likely
protein- or cell membrane-dependent. In conclusion, COSAN is DNA-neutral pharmacophore without
significant interactions with DNA, thus confirming the general safety and biocompatibility of
metallacarboranes.
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