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A variety of therapies are based on cytotoxicity induced via hampering the DNA and/or RNA homeostasis. The
metallodrugs’ forerunner, cisplatin, is exemplificative of the tremendous biological effects of nucleobase tar-
geting, and a large body of researches to discover novel metallodrugs. In this paper, DFT approaches were
employed to investigate the structure, stability and electronic properties of the complexes formed by the
[EtsPAu] " metal fragment generated by auranofin -or its derivatives- and the DNA/RNA nucleobases. Therefore,

TDDFT calculations were performed to assess the viability of the spectrophotometric quantification of the

[EtsPAu] -nucleobase adducts.

1. Introduction

The blockage or hampering of nucleic acids’ functions is a potent and
cross-genera strategy to induce cytotoxicity and is widely adopted for
pharmacological purposes. However, while most cytotoxic agents have
been recognized to target DNA or protein [1-3], RNA-specific drugs are
much less common [4,5].

The DNA and RNA nucleobases are characterized by a widespread
reactivity, and several ways to alter the bioinformation they deliver are
viable [6,7]. Amazingly, the chemical modification of nucleobases could
be operated either in vivo, when the reactive agent is administered and
its reaction with DNA or RNA nucleobases occurs in the cell, or in vitro by
producing a modified nucleobase that is subsequently delivered [8].
Thus, several nucleoside mimicking drugs have been developed for
anticancer, antibacterial, and antiviral therapy [9-12].

Among the many agents able to react with nucleotides, metal com-
pounds have attracted a notable attention since the discovery of the
anticancer activity of the prodrug cis-dichloro-diamino-platin, i.e.
cisplatin [13]. The high affinity of its [Pt(NHg,)g]2+ active metal frag-
ment for the purine nucleobases of DNA duplexes, is distinctive of the
cisplatin mechanism of action [14]. The widespread exploration of the
chemical space around this Pt(II) complex, in the attempt to identify
more potent and less toxic analogues, has been an invaluable stimulus to
the development of the “metals in medicine” discipline [15].

Concomitantly, other metal agents employed in therapy have been
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tested to evaluate their potential binding at DNA, and their possible
repurposing in the anticancer therapy [16]. Gold(IIl) [17,18] and,
mostly, gold(I) [19-21] complexes have been long recognized as ther-
apeutically active compounds. The well-known anti-arthritic complex
auranofin, (1-Thio-B-D-glucopyranosatotriethylphosphine gold-2,3,4,6-
tetraacetate, AF), as well as its halide derivatives (Fig. 1a), have been
recently considered in repurposing studies of its anticancer, antibacte-
rial, antiviral and antiparasitic potential [20,22-25]. On the other hand,
the possible targeting of RNA or DNA polynucleotides by gold(I) scaf-
folds remains largely unexplored [26].

AF has been found to cause oxidative DNA damages in cancer cells
[27] by raising the level of ROS well beyond their antioxidant and self-
repairing abilities [28]. An impact of AF on the viral DNA dynamics
through an antiproliferative effect has been also suggested [29].
Recently, it has been shown that while AF itself does not react with DNA
[30], its halide analogues, Et3PAuCl and EtgPAul, can bind at and
rigidify DNA duplexes [25].

The studies of the AF-RNA interaction are much scarcer. Recently, AF
was found to decrease the amount of mRNA coding the interleukin IL-1p
and tumor necrosis factor TNF-a [31]. The induction of pro-IL-1 and the
inflammasome receptor NLRP3 has been shown to be suppressed by AF
[32]. Therefore, the inhibition of several pro-inflammatory signaling
pathways mediated by cytokines has been ascribed to auranofin [33].

In this study, the binding at nucleobases of the [EtsPAu]™ metal
fragment -generated by auranofin or its analogues (Fig. 1)-, and its
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structural impact on the stability of polynucleotide structures was
investigated by using density functional theory approach. The binding of
the active gold(I) metal fragment [EtsPAu]™ on pyridyl nitrogens of A,
G, C, T, and U was found to only slightly modify the electronic structure
of each nucleobase and marginally affect their complementarity. On the
other hand, atomic charges and both shape and energy of frontier mo-
lecular orbitals were found to be modulated by leading to a different
UV-Vis absorption profile. The here reported computational results
represent a valuable basis of information for future experimental and/or
theoretical investigations specifically addressed to either AF-DNA or AF-
RNA binding, as well as the coordination of the [EtsPAu]™ metal frag-
ment at nucleotide cofactors, such as NAD, AMP, GMP. Hypotheses on
the potential implications in the development of therapeutic applica-
tions of the AF-nucleobase binding are eventually drawn and discussed.

2. Materials and methods

The Gaussian 16 quantum chemistry package was employed for all
computations [34]. DFT allows for accurate characterization of transi-
tion metal complexes with biomolecules [35], including coinage metals
[36-38]. All structures were optimized in water with the hybrid range-
corrected functional ®B97X-D [39] and the def2SVP basis set [40,41].
Such a computational approach had been found to yield reliable
geometrical structures and precise estimations of the electronic and
solvation energies of other metal-biomolecule adducts [42-44]. Fre-
quency computations verified the stationary nature of the minima and
produced the zero-point energy (ZPE) and vibrational corrections to the
thermodynamic properties. The harmonic approximation was adopted
to compute the zero-point energy, thermal, and entropy corrections and
yield the Gibbs free energy of each investigated system. The IEFPCM
formalism was employed to account for the solvation free energy in
water [45].

The calculation of the UV-Vis spectra was done on the structures
preoptimized with the hybrid functional B3LYP [46,47] and basis set
def2TZVP [40,41] in water with the ultrafine grid for numerical in-
tegrations and the fine grid for solving the CPHF equations. The TDDFT
calculations were done with the same parameters, solving for 12 states,
taking into account only singlet excited states.

The NBO analysis [48], performed in water at the level ®B97X-D/
def2SVP, allowed the assessment of the strength of the hydrogen bond
interactions in either free or metalated nucleobase pairs.

3. Results and discussion

The binding of the auranofin fragment [EtsPAu]™ at the pyridyl ni-
trogen atoms of both DNA and RNA nucleobases was investigated by
using density functional theory. The assumed nucleic targets of
[EtsPAu]™ included the native forms of A, C, and G, whereas both T and
U were assumed into two non-native protomeric forms, a and b, featured
by a pyridyl site on the N; atom (Fig. 2). Notably, by taking into account
all the pyridyl sites available on the nucleobase scaffolds, independently
on their involvement in the complementary hydrogen bonds duplex
DNA or RNA, we aimed at probing the coordination of the [EtsPAu]l™
metal fragment to either single stranded DNA or RNA fragments, as well
as the nucleobase scaffold of cellular nucleotide cofactors such as NAD,
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Fig. 2. The nucleobase structures potentially targeted by AF. The pyridyl ni-
trogen atoms, assumed as the metal binding sites on A, G, and C nucleobases
and the Ta/b and Ua/b tautomers of T and U, respectively, are indicated. GFE
energies for tautomers of T and U are indicated in kcal/mol.

AMP, and GMP.

All adducts between [EtsPAu]™ and the selected nucleobase scaffolds
were optimized at DFT level of theory as described in the Materials and
Methods section.

As expected, the binding of the auranofin fragment led to only slight
modifications of the nucleobase scaffolds with bond and angle de-
viations of < 0.01 A and < 2 degrees, respectively (Table S1). Therefore,
the calculated geometrical parameters describing the coordination of
the [EtsPAu]™ fragment at nucleobase scaffolds were found in good
agreement with the available literature data (Table S2), thus corrobo-
rating the reliability of the employed DFT approach.

The strength of the Au-N coordinative bond in the examined com-
plexes was investigated by the calculation of the corresponding disso-
ciation enthalpy (BDE) and free energy (BDFE). In this case, we assumed
to take apart and relax the auranofin and nucleobase fragments of each
complex, and to estimate the energy cost for this process occurring in
water. As expected, the BDFE values were on overall lower than BDE
values, because of the translational entropy increase in the dissociation
process (Table 1).

Both energy parameters were found in rather narrow ranges, i.e.
34-41 and 21-28 kcal/mol for BDE and BDFE, respectively, which in-
dicates quite similar strengths of the Au-N coordinative bonds. On the
other hand, both U and T complexes can be formed only if the nucleo-
base bears either the a or b protomeric form (Fig. 2), thus requiring extra
energy costs (Table 1). As a consequence, the relaxation of the U or T
fragment to the corresponding naive forms reduced the BDE and BDFE
by 13-18 kcal/mol, thus indicating a weaker coordination of the AF

Et
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Fig. 1. Chemical structure of Auranofin (a), its halide derivatives (b), and its pharmacophore part [EtsPAu]™ (c). Color scheme used here and below: Au (yellow), P

(burgundy), O (red), N (blue), C (grey), H (white).
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Table 1

The bond dissociation enthalpy (BDE) and bond dissociation free energy (BDFE)
values for the metalated bases in kcal/mol. In case of T and U, the BDE and BDFE
values including the relaxation to the naive form with protonated nitrogen are
indicated in parentheses.

Metalated base BDE BDFE
[EtsPAu(Ah)1* 36.2 26.5
[EtsPAu(A®)]* 36.3 25.5
[EtsPAu(A”)]* 37.4 27.0
[EtsPAu(CH]* 39.7 27.9
[EtsPAu(G®)1" 33.7 21.1
[EtsPAU(G")]* 41.2 28.3
[EtsPAu(Ta')]* 36.9 (18.5) 25.9 (7.4)
[EtsPAu(TbY)]" 35.8 (23.0) 24.5 (11.5)
[EtsPAu(Ual)]* 36.4 (17.5) 25.3 (6.4)
[EtsPAu(UbY)]* 36.2 (23.9) 22.9 (10.3)

fragment at these nucleobases. Interestingly, the stronger Au-N coor-
dination was detected in the [EtsPAu(G”)]*" complex, resembling the
well-known cisplatin preference for this nucleobase site [14]. On the
other hand, both C1 and A7 complexes presented BDE and BDFE values
only 1.5 kcal/mol lower compared to the G7 complex, thus, all these
sites must be assigned approximately the same affinity for the [EtsPAu] "
fragment.

The appreciably stronger binding of AF to purines, A and G, and to C,
compared to U and T led us to state that AF did not presumably present
any chemoselectivity for either DNA or RNA. On the other hand, DNA
and RNA nucleobases are characterized by different chemical environ-
ment that could significantly modulate their metallophilicities. For
example, while DNA mostly holds the double helix and the nucleobase
pairs’ stacking structure, RNA presents a wider variety of structural
motives, including monostrand segments. In this frame, for example, the
binding at C! in the DNA structure is expected to be hampered by the
involvement of the N1 site in the GC complementarity, while the binding
of G! on monostrand motives of RNA might still occur. Analogously,
while the N3 and Ny of adenine and guanine are the only coordinative
site available in duplex structures, the N; atom can be targeted by
[EtsPAul™ in either single stranded DNA/RNA or cellular nucleotide
cofactors.

The calculated BDE and BDFE values relative to [EtsPAu] "-nucleo-
base complexes clearly indicated that the AF fragment is able to form
highly stable complexes with either DNA or RNA, by binding to the
nucleobases with available pyridyl nitrogen atoms on their naive forms,
i.e. A, G and C.

To better assess the response of DNA or RNA duplex structure to the
binding of AF, the stability of the complementary nucleobase pairs of A,
G and C, i.e. AT/AU and GC, in their either metalated or free form was
computationally assayed. The detachment enthalpy (DE) and detach-
ment free energy (DFE) values for taking apart the two nucleobase
fragments were calculated and reported in Table 2. On overall, metal-
ation alter slightly the stability of the nucleobase complementarity. The
DE or DFE values for each free or metalated base pair ranged within 1-2
kcal/mol (Table 2), thus, close to the computational accuracy limit ex-
pected for these estimates. On the other hand, it is worth noticing the

Table 2

The DE and DFE values for the naive and metalated base pairs in kcal/mol.
base pair DE DFE
AT 13.9 4.3
[EtsPAU(AT)] 14.1 2.5
[EtzPAu(A’T)]* 14.5 4.2
AU 13.9 4.0
[EtsPAu(A®U)]* 14.1 2.1
[EtzPAu(A’U)]* 14.4 35
GC 21.8 9.7
[EtsPAu(G3C)]* 25.1 10.5

[EtsPAU(G’C)] " 22.3 11.5
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different response to the metalation disclosed by AT/AU and GC pairs.
The nucleobase pairs formed by A were characterized by DFE decreasing
upon metalation, whereas the GC pair was characterized by DFE
increasing (Table 2). Despite its low entity, such an AF-induced modu-
lation of the base pair complementarity may affect some of the DNA or
RNA functionalities, for instance, when mechanisms of controlled
unfolding and unpairing of the duplex structures must be operated.

Therefore, the binding of the cationic Au(I) fragment is expected to
affect the electron distribution within the bonded nucleobase or nucle-
obase pairs. In fact, our calculations revealed that the metalation of
single nucleobases led to a very small decrease of the HOMO-LUMO (HL)
gap compared to the relative free nucleobase, thus evidencing that the
coordination of the [EtsPAu] ™ fragment did not appreciably change the
electronic structure and, in turn, the reactivity of the nucleobases (Ta-
bles 3 and 4).

However, it is worth noticing that the variation of the HL gap for the
GC base pair was calculated to be about 0.4 eV, appreciably larger
compared to either AT or AU. A deeper analysis of the frontier molecular
orbitals was thus performed through the visualization and comparison
of the isodensity surfaces for the orbitals within the HOMO-5 and LUMO
+ 5 range for the GC and AU base pairs. The HOMO of both GC and AU
base pairs (in their naive form) bear a n character and are localized on
the purine fragment (Fig. 3). The binding of the [EtzPAu]™ fragment at
the N7 of either G or A caused, as expected, an appreciable HOMO sta-
bilization of —-0.48 and -0.64 eV in the GC and AU metal complexes,
respectively. Intriguingly, while the [EtsPAuG’C]" complex was
featured by a purine-localized HOMO resembling the HOMO of the
naive GC pair (Fig. 3), the HOMO of the [EtsPAuA’U]" adduct was
pyrimidine-localized and featured by an orbital energy that is about
0.17 eV higher than the purine-localized HOMO-1 (Fig. 3). Hence, the
larger HL gap variation detected for the GC compared to the AU base
pair is ascribable to the more pronounced stabilization of the n purine-
localized orbital that, in the metalated AU but not in the metalated GC
system, is shifted below the n pyrimidine-localized orbital (Fig. 3).

The response to the Au(I) moiety binding disclosed by the virtual
frontier orbitals also reflected their localization. Both GC and AU naive
base pairs are featured by two virtual n orbitals, lying at low energy, one
localized on the purine base - the lowest energy lying in both cases —,
and one localized on the pyrimidine base. The binding of the cationic
metal fragment, as expected, was found to induce a more pronounced
stabilization of the purine-localized virtual orbitals in both GC and AU
adducts (Fig. 3). It is also worth noticing how the either occupied or
virtual pyrimidine-localized & orbitals resulted instead destabilized by
the binding of the [EtsPAu] ™ fragment. These data is likely ascribable to
the charge redistribution occurring in force of the positive charge
delivered by the metal fragment, and causing a slight increase of the
electronic charge on the pyrimidine moiety.

Thus, the binding of the metallic cationic fragment was found to be
able to globally affect the charge distribution in nucleobase pairs even
though, as an effect of compensation, the nucleobase complementarity is
only negligibly affected, as already inferred by DE and DFE data. Indeed,
while the binding of [EtsPAu]™ at A or G in their respective comple-
mentary base pairs led to an increase of the positive charge on the
metalated nucleobase, the overall strength of the interbase hydrogen

Table 3

HL gap (in eV) for the naive and metalated nucleobases on the position 7 (A and
G) or 1(C, T and U). The HP gap values assigned to the U and T tautomers are
labelled by the a and b exponents.

nucleobase HL gap
naive metalated
A 9.285 9.151
C 9.481 9.210
G 9.381 9.074
T 9.363 9.504% 8.898"
U 9.559 9.634%, 9.163"
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Table 4
HL gap (in eV) for the naive and metalated (on the position 7 of the involved
purine) nucleobase pairs AT, AU, and GC.

nucleobase pair HL gap
naive metalated
AT 9.073 8.995
AU 8.977 9.132
GC 8.421 8.825

bonds remained almost unaffected (Table 2).

The second order NBO analysis allowed us to quantify the strength of
the hydrogen bond interactions in either free or metalated nucleobase
pairs, and to evidence their metal-induced modulation (Fig. 4). On
overall, we found a weakening of the hydrogen bonds involving the
metalated nucleobase as HB acceptor, and a strengthening of the
hydrogen bonds involving the metalated nucleobase as HB donor. This
outcome is consistent with the increase of the positive charge in the
metalated nucleobase that is expected to exalt the HB donor character
and fade the HB acceptor character. Intriguingly, while the AT and AU
pairs present two hydrogen bonds, in which the metalated A is either
donor or acceptor, the GC pair presents three hydrogen bonds, two of
which see the guanine involved as the HB donor. This outcome explains
in detail the overall stabilizing effect of the metalation in GC compared
to the overall destabilizing effect on the AT or AU pairs, and provides for
a better understanding of the low structural impact of the AF binding at
nucleic biotargets (Table 5).

The low structural impact of AF coordination to either DNA or RNA,
emerging from our DFT calculations, highlights the importance of the
quantification of the amount of [EtsPAu]® bound per DNA or RNA
fragment. Indeed, we envision that only a large amount of AF-bound
units might be able to hamper or alter the functionality of DNA or
RNA. In this frame, TD-DFT calculations were performed with the aim of
paving the basis for the development of spectrophotometric methods for
the qualification and quantification of the binding of the [EtsPAu]l™

GC
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moiety at DNA or RNA. The calculated UV-vis spectra of non-activated
auranofin (AF), its derivative pharmacophore [EtsPAu]", single nucle-
obases A and G as well as their metalated forms are shown in Figs. 5, 6,
S1, and S2. The selection of the nucleobases for the TDFFT study is based
on the relatively strong bonds with Au of A and G. As shown, the free
nucleobase systems are characterized by quite similar profiles of
absorbance bands, in the region 175-275 nm (Fig. 5), which seemingly
preclude a spectrophotometric qualification of metalation, whereas the
metalated nucleobases shift the profile to the right, i.e. to the range
200-300 nm (Figs. 5 and 6). For instance, the calculated UV-vis spectra
of the metalated A” presents a wide band around 250 nm dominated by
the HOMO—LUMO transition at 257.1 nm; in fact the metalated G’ also
displays a wide band around 250 nm even though emerging from two
transitions, i.e. HOMO—LUMO+1 and HOMO—-LUMO at 242.3 and
267.4 nm, respectively. Such an example shows that the spectrophoto-
metric differentiation of the A or G metalation is probably unfeasible.

On the other hand, in all examined nucleobase complexes, we found
that metalation led to spectra with no absorbance in the region around
325 nm. This latter outcome indicated that the metalation process could
be spectroscopically followed up by the disappearance of the HOMO-
—LUMO band at 325.7 nm in the spectra of the unbound [EtsPAu]™
moiety (Fig. S1), with the caveat that such a metal-related band is
detectable in the examined experimental conditions. On this basis, we
envision that UV-vis spectrophotometric methods can be calibrated to
quantify the fraction of [EtsPAul™ moieties bound at DNA or RNA
fragments or coordinated by cellular nucleotide cofactors, especially
when in vitro experiments or assays are concerned.

Moreover, the band at 325.7 nm, which we found diagnostic of the
free [EtsPAu]™ complex, may serve as the indicator of activation of AF,
since the spectrum of AF is limited by the HOMO—LUMO band at 272.0
nm to the right (Fig. S1), the value corresponding well to the experi-
mental value of 280 nm [49].

[Et;PAUA7U]*

s \y"
T
LUMO+ (1.640)

LUMO+1 (1.134)

LUMO (0.830)

HOMO (-8.147)

HOMO (-8.614)

‘Ig’

Sl

. . i T
ghim T

¢ HOMO-1 (-8.783)

P

Fig. 3. Energy diagrams of the frontier n orbitals for naive and metalated GC (left) and AU (right) base pairs. The stabilization or destabilization of the molecular
orbitals due to the binding of the [EtsPAu]™ fragment at the N on the purine fragment is represented with blue connector lines. A rendition of the isodensity surfaces
for the sketched molecular orbitals is also provided (blue and red colors depict the sign of the represented orbital).
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AT

Fig. 4. Studied base pairs with indicated metal binding sites. Interbase
hydrogen bonds (distance between connected non-hydrogen atoms < 2.0 A) are
indicated by dashed lines.

Table 5

NBO charge distribution (m = metal fragment), interbase H-bond lengths (in
Angstrom) for the naive and metalated base pairs, and estimates of H-bond
strength (in kcal/mol) via second order perturbation analysis (SOP) provided by
NBO calculations. The donating—accepting nucleobases are indicated.

nucleobase NBO charge H-bonds length SopP

pair

AT A(0.027) + T(-0.027) 1.88 AT 1,77 T-A 19.5, 37.0

[EtsPAu m(0.792) + A(0.221) +  1.85AT 1.79 T-A 21.7, 33.0
A*n]1’ T(-0.013)

[EtsPAu m(0.793) + A(0.222) +  1.84A°T 179 T4 22.2, 34.0
@AD" T(-0.015)

AU A(0.028) + U(-0.028) 1.88 47U, 1,77 V=4 19.5, 37.25

[EtsPAu m(0.792) + A(0.222) +  1.8547Y, 1,79 V=2 21.6, 33.3
@t U(-0.014)

[EtsPAu m(0.793) + A(0.223) +  1.854°Y, 1,79 V=4 21.85, 34.5
Aam* U(-0.016)

GC G(-0.061) + C(0.061) 1.81°76, 1.86 =€, 24.95, 29.3,

1.78 6=¢ 26.1

[EtsPAu m(0.780) + G(0.132) +  1.82°76,1.83 =€ 23.2, 33.1,
G*Q)1* C(0.088) 1.71 ¢ 33.75

[EtsPAu m(0.766) + G(0.159) +  1.82¢7C 1.83 ¢~¢€, 22.15, 32.0,
GO €(0.075) 1.76 6=¢ 28.1

Chemical Physics Letters 842 (2024) 141197

30000 T T T T T T T T T

- —_— A A
— G
25000 — — [Et;PAu(thiosugar)] (AF) 1
L — [Et,PAu) ,
20000 —_ [EISPAu(A7)]* |
[ELPAUGT))

w 15000 |~ ]
10000 — _
5000 — i

0 .

" |
200 250 300 350 400 450
wavelength [nm]

Fig. 5. Comparison of the calculated UV-vis spectra for [EtsPAul®, A, G,
[EtsPAu(A”)]" and [EtzPAu(G")]".
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Fig. 6. Comparison of the calculated spectra for [EtsPAu(A”)]™ and
[EtsPAu(GN]".

4. Conclusions

To resume, along the intensive efforts devoted to the repurposing of
AF and its halide-based analogues, the present computational investi-
gation aimed at assessing the possible targeting of either DNA or RNA.
Indeed, while the main targets for gold(I) drugs activity are reputed to
be some protein systems; the interactions with nucleic acids is still a
largely unexplored hypothesis, though the potential impact on the
overall pharmacological profile of AF and gold-based therapeutics [50].
We focused on the binding of the active scaffold [EtsPAu]™ at the nu-
cleosides A, C, G, T, and U on the structural effects of this nucleobase
metalation. We found that the coordination of the gold(I) pharmaco-
phore [EtsPAul® on pyridyl nitrogens of A, G, C, T, and U only
marginally altered the electronic structure of each nucleobase and thus
slightly changed their complementarity. Intriguingly, we detected a
weakening of the hydrogen bonds incorporating the metalated nucleo-
base as acceptor and a reinforcement of the hydrogen bonds involving
the metalated nucleobase as donor, ascribable to the increased positive
charge in the metalated nucleobase.

Also, the UV-vis spectra for the [EtsPAu] "-bound and unbound
nucleobases A and G, comparatively more favorable toward metalation,
were calculated by TDDFT approaches. We evidenced that, while the
metalation results in a slight ~ 25 nm right-shift in the nucleobase
spectra, the active pharmacophore fragment [EtsPAul™ possesses a very
characteristic UV-vis spectrum with a strong HOMO—LUMO band at
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325.7 nm, whose disappearance may be a robust indication of its co-
ordination (to the nucleobases) in in vitro assays.

We envision that the here presented computational results may lay
an important cornerstone for future experimental and theoretical studies
particularly focused on the interaction of AF and its analogues towards
DNA and RNA.
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