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Abstract: In this work, we elucidated some key aspects of the mechanism of action of the cis-
platin anticancer drug, cis-[Pt(NH3)2Cl2], involving direct interactions with free nucleotides. A
comprehensive in silico molecular modeling analysis was conducted to compare the interactions of
Thermus aquaticus (Taq) DNA polymerase with three distinct N7-platinated deoxyguanosine triphos-
phates: [Pt(dien)(N7-dGTP)] (1), cis-[Pt(NH3)2Cl(N7-dGTP)] (2), and cis-[Pt(NH3)2(H2O)(N7-dGTP)]
(3) {dien = diethylenetriamine; dGTP = 5′-(2′-deoxy)-guanosine-triphosphate}, using canonical dGTP
as a reference, in the presence of DNA. The goal was to elucidate the binding site interactions between
Taq DNA polymerase and the tested nucleotide derivatives, providing valuable atomistic insights.
Unbiased molecular dynamics simulations (200 ns for each complex) with explicit water molecules
were performed on the four ternary complexes, yielding significant findings that contribute to a
better understanding of experimental results. The molecular modeling highlighted the crucial role of
a specific α-helix (O-helix) within the fingers subdomain, which facilitates the proper geometry for
functional contacts between the incoming nucleotide and the DNA template needed for incorporation
into the polymerase. The analysis revealed that complex 1 exhibits a much lower affinity for Taq DNA
polymerase than complexes 2–3. The affinities of cisplatin metabolites 2–3 for Taq DNA polymerase
were found to be quite similar to those of natural dGTP, resulting in a lower incorporation rate for
complex 1 compared to complexes 2–3. These findings could have significant implications for the
cisplatin mechanism of action, as the high intracellular availability of free nucleobases might promote
the competitive incorporation of platinated nucleotides over direct cisplatin attachment to DNA. The
study’s insights into the incorporation of platinated nucleotides into the Taq DNA polymerase active
site suggest that the role of platinated nucleotides in the cisplatin mechanism of action may have
been previously underestimated.

Keywords: nucleoside analogues; platinum compounds; coordination compounds; cisplatin;
antitumor drugs; antiviral drugs; antimetabolites; molecular dynamics

1. Introduction

Metal-based drugs offer a broad spectrum of therapeutic applications and are consid-
ered state-of-the-art treatments for numerous diseases [1]. Well-known examples include
platinum complexes widely used in cancer treatment [2,3] and gold complexes used for
rheumatoid arthritis [4,5]. It is also important to mention the important role of drugs based
on arsenic (for treating trypanosomiasis [6]), antimony (for addressing leishmaniasis [7,8]),
bismuth (for combating antibiotic-resistant bacteria [9]), and lithium compounds (for the
management of neurological and cardiovascular disorders [10]). The wide range of metals
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and relative compounds characterized by useful pharmacological activity suggests that
many other new and innovative applications of metal-based drugs are currently waiting to
be discovered [2,11–16].

Focusing our attention on platinum-based drugs, it can be noted that the spectrum
of coordination compounds, including organometallic species, designed to be studied for
antitumor activity has been strongly increased in the last decades [17–24]. Notwithstanding
this aspect, nowadays the most common platinum drugs remain cisplatin, carboplatin,
and oxaliplatin, which are utilized in about 50% of cancer chemotherapies. These drugs
are effective on a wide spectrum of tumor diseases because they are able to disrupt DNA
replication and transcription, giving rise to different types of platinum-DNA adducts and
crosslinks, which induce cell death through apoptosis [2,25–27]. It is noteworthy that
even for these successful drugs, there is a need for new active complexes to overcome
the intrinsic or acquired resistance of some tumors, while reducing the relevant side
effects [2,24]. Interestingly, some tested platinum compounds also show clear antiviral
activity [11].

To better contextualize this work, it is useful to focus our attention on another success-
ful class of antitumor/antiviral drugs, nucleos(t)ide analogs (NAs). Common nucleos(t)ide
antimetabolites are structurally similar to natural nucleos(t)ides and are widely used in
the treatment of cancer/viral diseases [28–36]. Developed over the past fifty years, NAs
can interfere with nucleic acid production and functionality, thereby impeding cancer
cells’/viruses’ growth and survival [37,38]. Novel NAs have been developed to target
specific biological processes through various structural and chemical modifications of the
natural nucleotides [39]. These compounds typically enter cells via plasma membrane
nucleoside transporters and undergo phosphorylation to generate the active triphosphate
forms [32,40,41]. In this case, competition with natural counterparts inhibits essential
enzymes and disrupts cancer cells’ growth and/or viral replication [32]. Resistance phe-
nomena to NAs drugs can arise from various factors, including inefficient uptake and
faulty apoptosis induction [42,43]. This drug family is now considered essential for creating
innovative drugs capable of combating new epidemic viruses [28,33,41,44–47]. The re-
lated research activities were boosted by the pandemic worldwide diffusion of pathogenic
viruses (HIV, hepatitis, SARS, etc.), producing the approval of many new protocols for the
treatment of viral diseases, including NAs [31,48].

We believe that the development of novel drug species based on NAs and other
chemotherapeutic agents could improve the treatment outcomes for many tumor/viral
pathologies [49,50]. Indeed, platinated nucleos(t)ides have the potential to combine in the
same molecule the pharmacological properties of both nucleos(t)ide analogs and platinum-
based drugs. In other words, these molecules hold the promise to be a new class of
antitumor/antiviral antimetabolites, products of the merging of the two classes of platinum-
based drugs and modified NAs. The suitability of this approach was confirmed by some
previously reported studies evaluating the antitumor/antiviral properties of platinum-
nucleos(t)ide compounds [11,51–62].

In our previous studies, we discovered that Thermus Aquaticus (Taq) and Mito-
chondrial γ DNA polymerases (see Figure 1) can recognize and incorporate the model
[Pt(dien)(N7-dGTP)], complex 1 {dien = diethylenetriamine; dGTP = 5′-(2′-deoxy)guanosine
triphosphate, see Scheme 1}, into synthesized DNA [59–61], as is generally the case
for nucleos(t)ide analogue-based drugs [48]. This enables site-specific metalation, in-
terference with the metabolism of nucleic acids, and the potential for pharmacological
effects [59,61,63].

In our previous studies, we also considered the interaction of the model [Pt(dien)(N7-
GTP)] (GTP = 5′-guanosine triphosphate) complex with the model T7 RNA polymerase.
However, it was more selective than the previously tested DNA polymerases and unable to
incorporate the platinated GTP [64]. This suggests that platinated deoxyribonucleotides
could be used to specifically target DNA without affecting RNA. This opportunity probably
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stems from the well-known higher activation energy and selectivity observed for NTPs
over dNTPs during insertion into their specific substrates [64].
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Scheme 1. Schematic representation of complexes: [Pt(dien)(N7-dGTP)] (1), cis-[Pt(NH3)2Cl(N7-
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They are generally indicated in short as [PtL3(N7-dGTP)] on the bottom, together with the relative
Pt-containing moieties under investigation, indicated on the top.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 18 
 

probably stems from the well-known higher activation energy and selectivity observed 

for NTPs over dNTPs during insertion into their specific substrates [64]. 

 

Figure 1. Structure of the Thermus Aquaticus DNA Polymerase enzyme in complex with DNA (PDB 

code 5YTD) [65]. 

This work aims to study the potential pharmacological applications of metalated nu-

cleos(t)ides. Generally, for nucleos(t)ide analogues, the mechanism of incorporation into 

DNA polymerases, which produces the observed final insertion into DNA, is investigated. 

[61,63,66–75] For this study, we employed Molecular Dynamics Simulations to gain atom-

istic insights into the mechanism of incorporation of N7-platinated guanines in complexes 

of the types [Pt(dien)(N7-dGTP)] (1), cis-[Pt(NH3)2Cl(N7-dGTP)] (2), and cis-

[Pt(NH3)2(H2O)(N7-dGTP)] (3) (see Scheme 1), into the model Taq DNA Polymerase. We 

choose to consider both Cl−- and H2O-containing species of the platinated base since no 

clear indications are available on the possible forms interacting with the nucleic acid tar-

gets. 

This investigation is worthwhile because the mechanism of incorporation is an essen-

tial step for the metabolic interactions determining the occurrence of antitumor/antiviral 

activity and needs further clarification. A more detailed understanding of the incorpora-

tion mechanism of metalated purines into DNA polymerases is crucial for the optimized 

design of new analogues that can effectively interfere with the activity of DNA polymer-

ases. Indeed, these latter constitute key targets as essential cellular and viral “machines”. 

Specific incorporation studies could also disclose alternative processes of DNA platination 

in cells treated with cisplatin, cis-[Pt(NH3)2Cl2], and related antitumor drugs involving 

previously platinated nucleotides and DNA polymerases. This may occur in parallel with 

direct DNA platination processes. Moreover, incorporation studies are also profitably 

linked to the optimization of the platinum-modified nucleotide structure, which could 

enhance the interactions with tumor cells and viral DNA polymerases, generating higher 

antitumor/antiviral activity. 

Figure 1. Structure of the Thermus Aquaticus DNA Polymerase enzyme in complex with DNA (PDB
code 5YTD) [65].

This work aims to study the potential pharmacological applications of metalated
nucleos(t)ides. Generally, for nucleos(t)ide analogues, the mechanism of incorporation
into DNA polymerases, which produces the observed final insertion into DNA, is inves-
tigated [61,63,66–75]. For this study, we employed Molecular Dynamics Simulations to
gain atomistic insights into the mechanism of incorporation of N7-platinated guanines
in complexes of the types [Pt(dien)(N7-dGTP)] (1), cis-[Pt(NH3)2Cl(N7-dGTP)] (2), and
cis-[Pt(NH3)2(H2O)(N7-dGTP)] (3) (see Scheme 1), into the model Taq DNA Polymerase.
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We choose to consider both Cl−- and H2O-containing species of the platinated base since no
clear indications are available on the possible forms interacting with the nucleic acid targets.

This investigation is worthwhile because the mechanism of incorporation is an essen-
tial step for the metabolic interactions determining the occurrence of antitumor/antiviral
activity and needs further clarification. A more detailed understanding of the incorporation
mechanism of metalated purines into DNA polymerases is crucial for the optimized design
of new analogues that can effectively interfere with the activity of DNA polymerases.
Indeed, these latter constitute key targets as essential cellular and viral “machines”. Spe-
cific incorporation studies could also disclose alternative processes of DNA platination
in cells treated with cisplatin, cis-[Pt(NH3)2Cl2], and related antitumor drugs involving
previously platinated nucleotides and DNA polymerases. This may occur in parallel with
direct DNA platination processes. Moreover, incorporation studies are also profitably
linked to the optimization of the platinum-modified nucleotide structure, which could
enhance the interactions with tumor cells and viral DNA polymerases, generating higher
antitumor/antiviral activity.

2. Results and Discussion

In this work, we studied model complexes based on purine nucleotides N7-coordinated
to a platinum center, working as modified nucleotides with unaltered sugar moieties and
the indicated electric charge calculated at physiological pH (7.4), depicted in Scheme 1.
Complex 1 was found to be a possible substrate for human cell membrane transporters
in the HeLa cervical cancer cell model [57] and rat liver mitochondrial membrane trans-
porters [58,59]. This was also found to be recognized by Taq and γ DNA polymerases, with
the consequent possibility of being incorporated into newly synthesized DNA [59,61,63].
Therefore, in this study, we focused on the structural behavior observed within the active
site cleft of Taq:DNA polymerase and its neighboring area when interacting with the consid-
ered 1–3 platinated nucleotides shown in Scheme 1. For comparison, MD simulations were
also extended to the Taq-DNA polymerase in the presence of the natural nucleotide dGTP.

In the starting structure, the dNTPs of all the ternary complexes (Figure 2) are similarly
oriented, featuring the triphosphate moiety towards Mg2+ ions, so that, in principle, the base
is prone to pair with the natural base cytosine of the template. Mg2+ ions are important due
to the stabilization of the negative charge concentrated in the active site during nucleotide
addition. Mg2+ occupying “site A” is involved in the coordination of the alpha phosphate
(Pα) of the dNTP and the hanging 3′-OH, while the other one occupying “site B” coordinates
with the Pβ and Pγ of the dNTP and two nearby aspartate residues of the Taq-DNA
polymerase. To evaluate the structural stability over the MD trajectories, we examined the
RMSDs of the Cα atoms of the protein backbone in all the investigated ternary complexes
using data arising from one MD trajectory per system (Figure 3a).

The RMSD analysis indicates that these systems are not fully equilibrated until ∼15 ns.
Thereafter, the RMSD fluctuations observed in the trajectory remain within 1.5 Å for dGTP,
2, and 3, indicating that these are reasonably stable structures. In the case of 1, however, the
RMSD values fluctuate within 2.5 Å, indicating a major variability during the simulation
time compared to the other systems. This behavior is not attributable specifically to the
platinated moiety, since Figure 3b also reports the RMSD values related to the dNTP
moiety for each investigated system. It is evident that a very similar trend characterizes
all three platinated nucleotides compared to the natural dGTP, with RMSD fluctuations
within the trajectory of each platinated nucleotide of about 0.7 Å with respect to dGTP
(0.2 Å). This result confirms that the presence of the platinated moiety does not lead to
any “extra” evident structural organization on the Taq-DNA polymerase, but just on the
nucleotide counterpart.

The root-mean-square fluctuation (RMSF) of the Cα atoms was calculated to locate the
more flexible regions of the three systems containing platinated nucleotides with respect
to those with the natural dGTP (see Figure 2c). It is clear that the most evident mobility
is found in the region, including the 294–394 residues very close to the thumb domain,



Int. J. Mol. Sci. 2023, 24, 9849 5 of 18

particularly for the Taq:DNA:dGTP ternary complex. This is mainly related to the solvent-
protein interactions of the terminal region of the Taq enzyme, as confirmed by visual
inspection of the principal component analysis (see Figure S1).
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Figure 2. The four considered different Taq:DNA:substrate systems: Taq:DNA:dGTP, Taq:DNA:1,
Taq:DNA:2 and Taq:DNA:3; {1 = [Pt(dien)(N7-dGTP)]; 2 = cis-[Pt(NH3)2Cl(N7-dGTP)]; 3 = cis-
[Pt(NH3)2(H2O)(N7-dGTP)]}.
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Figure 3. Root mean square deviation (RMSD) of (a) backbone atoms of the protein and (b) atoms
of deoxyribonucleotide triphosphate (dNTP) bases, and (c) root mean square fluctuation (RMSF)
calculated for backbone atoms of different Taq:DNA:substrate systems {1 = [Pt(dien)(N7-dGTP)];
2 = cis-[Pt(NH3)2Cl(N7-dGTP)]; 3 = cis-[Pt(NH3)2(H2O)(N7-dGTP)]}.

The analysis of the radius of gyration and of the superposition of the 10 representative
structures collected during the simulations further revealed a stable compactness reached
by the four systems (see Figure S2), while details on the hierarchical clustering are present
in Table S1. Analyzing the data on the H-bonds within 5 Å for the distances between
donor and acceptor and 20◦ for their angle (Figure 4a,b) reveals that 2 and 3 show more
similar behavior to that of dGTP compared to 1. This platinated species indeed exhibits a
different topological nature in the dNTP binding site, both regarding the H-bonds with the
protein counterpart (Figure 4a) and those with the solvent (Figure 4b). It is more involved
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in establishing H-bonds, with water molecules acting as both donor and acceptor, unlike
the other two platinated nucleotides.
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Figure 4. Number of hydrogen-bond interactions involving the dNTP species and (a) protein, (b) wa-
ter molecules, and (c) radial distribution functions calculated for the dNTP-H2O pair {1 = [Pt(dien)(N7-
dGTP)]; 2 = cis-[Pt(NH3)2Cl(N7-dGTP)]; 3 = cis-[Pt(NH3)2(H2O)(N7-dGTP)]}.

This finding is consistent with fewer H-bonds with the protein, indicating that 1 allows
access to a greater number of water molecules into the catalytic pocket compared to the
other two platinated nucleotides.

The water accessibility was also detected from the water radial distribution function
(RDF) analysis (see Figure 4c), which was obtained as a function of the distance between
the water oxygen and the platinated moiety of 1, 2, and 3 species. From Figure 4c, it can be
noted that a different water distribution is present since clear solvation shells are achievable
in the case of 1 starting from a distance of less than 2 Å, while in the cases of 2 and 3,
only solvent bulk is notable. A similar behavior is observed in the RDF as a function of
the distance between the water oxygen and each nitrogen atom of the platinated moiety
(Figure S3), which underlines a similar performance for the external nitrogen atoms (N6
and N8) compared to the central one (N7). The same analysis applied to 2 and 3 provides
a different impact of water, particularly in 3. The O-helix (including residues 656–672) is
a single α-helix located within the fingers subdomain and the active site (see Figure 1).
It is normally used to differentiate between closed and open conformations [76]. In our
simulations, important changes indeed take place in the finger domain of the enzyme,
mainly in the orientation of the O-helix near the primer terminus and the dNTP-binding
site. In particular, the closeup view of the O-helix and its superimposition of the most
representative structures of all the examined ternary complexes (Taq:DNA:dNTP) evidence
a better similarity in the cases of 2 and 3 with dGTP compared to 1 (Figure 5).

This behavior is a significant consequence of the presence of water molecules in the
cavity lodging the 1, causing a deviation of the O-helix (see Figure 4a) by about 35◦. The
structures of Taq:DNA:2 and Taq:DNA:3 show a similar orientation of the O-helix, as
indicated by the plot of distance during the simulation time between the centers of mass
of the O-helix and of the dNTP, which are similar to each other (around 6–7 Å), and with
dGTP, which reveals a more constant value between 6 and 7 Å. On the other hand, the
ternary complex Taq:DNA:1 moves away from this value, reaching 10 Å (Figure 4b).
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Figure 5. (a) Superposition of the four investigated systems, with focus on the α-helix dedicated
to recognition, and (b) distances between the centers of mass (COM) of the four different dNTP
and the α-helix (relative distribution of distances is also shown), {where: 1 = [Pt(dien)(N7-dGTP)];
2 = cis-[Pt(NH3)2Cl(N7-dGTP)]; 3 = cis-[Pt(NH3)2(H2O)(N7-dGTP)]}.

Another aspect strictly related to the O-helix behavior and corresponding to that of
the two aromatic residues therein placed, Y671 and F667, was carefully monitored in all
four simulations. By looking at Figure 6a, it is possible to note that, despite the similarity
of the side chain with Y671, the F667 in the case of 1 (cyan line of the figure) exhibits a
different orientation from the other dNTPs, pointing its aromatic ring parallel to that of 1
and establishing a stacking interaction. This behavior is once again a consequence of the
different platinated moiety, which, due to its bulky and rigid nature, forces the nucleobase
to orient in such a way as to interact with the closest aromatic amino acid (F667) that, along
with Y671, forms a cleft where the nucleobase of the incoming dNTP is positioned.
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function (RDF) for the center of mass of the guanine-dNTP-phenol ring-Y671 pair obtained for the
four different systems, {where: 1 = [Pt(dien)(N7-dGTP)]; 2 = cis-[Pt(NH3)2Cl(N7-dGTP)]; 3 = cis-
[Pt(NH3)2(H2O)(N7-dGTP)]}.
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A deeper analysis of the dynamic behavior of the residues belonging to the O-helix can
provide insights on the dNTPs incorporation that are useful for properly discriminating
between the three different platinated nucleotides. In Figure 6b, the dynamic behavior
of tyrosine 671 in all the four systems investigated is reported. This residue is highly
conserved throughout evolution in DNA polymerase family A from bacteria to humans
and plays a crucial role in bypassing non-instructive lesions by DNA polymerases [77];
furthermore, it is implicated in establishing hydrogen bond networks with the incoming
nucleotide residue.

Additional attention was given to this residue by analyzing the distance between its
-OH moiety and the N3 of the incoming dNTP as a putative indicator of the presence of a
hydrogen bonding interaction in some cases [76,77]. For all the investigated ternary com-
plexes, the distance values during the MD simulations revealed that no H-bond interactions
took place since they were longer than 5 Å. In particular, for 1, the highest value of this
distance was observed. Taking into account the π stacking distance between the aromatic
ring of Y761 and that of dNTPs (Figure 6c), Y671 is positioned in a way that it nicely stacks
to the natural dGTP with a distance of 4 Å, as evidenced by a peak with a higher intensity
than the longer distances and lower peaks in the case of the platinated nucleotides.

Another important amino acid residue monitored was K663, which is believed to act
as a general acid during the catalysis of nucleotide bond formation and to facilitate the
formation of canonical WC base pairing. The distance of its -NH3 moiety from the oxygen
that bridges the α- and β-phosphate groups of the triphosphate moiety is 3–5 Å and shows
a common trend for all four ternary complexes (Figure S4). In the most representative
structure obtained by cluster analysis of each ternary complex, the ammonium moiety of
lysine is perfectly oriented towards the bridged oxygen between the Pα and Pβ atoms,
indicating their coherent location around the Mg2+ ions in all four ternary complexes.

For all the considered species, the interaction occurring between Taq:DNA systems
and the nucleotides was qualitatively analyzed in the mean of MMPBSA calculations,
and, for all the ternary systems, highly favorable thermodynamics were obtained, thus
highlighting the affinity of the Taq:DNA system to the substrates (see Table S2). In detail, the
best affinity was identified for the natural substrate dGTP, as expected, while comparable
values were obtained for species 1–3, making the identification of a better affinity for the
Pt-containing species difficult. Instead, a different energetic trend was observed, focusing
on the energetic examination of the interactions established between the amino acids of the
catalytic pocket and nucleotides. This was examined through calculations of per-residue
decomposition energies, which provided an estimation of the energetic impact of the
specific residues of the binding site implicated in the non-covalent interactions with the
dNTPs. It emerged that, during the molecular dynamics simulations, more stabilizing
protein-ligand interactions took place in the case of dGTP, species 3 and 4 (see Table S2 for
details), which was qualitatively in agreement with the above-mentioned results.

It is known that Taq-DNA polymerase is capable of inducing the formation of a Watson–
Crick-like pair in its incorporation site, even with an unnatural base [65]. Therefore, more
attention was focused on the Watson–Crick geometry essential to the recognition of the
“cognate” nucleotides in the active site of DNA polymerases [78–80].

From Figure S5, it is possible to see that 2 and 3 exhibit similar behavior to the natural
dGTP, remaining perfectly paired for the duration of the simulation except for the most
frequent deviations of HN- -O distance between 2 and 3. This does not take place in the
case of 1, where the presence of the very bulky group is detrimental to its cytotoxic potency
due to the loss of important stabilizing interactions.

The C1′–C1′ distance represents another important structural parameter that is strictly
related to the base pair. As widely reported in previous computational works [81–84], it
also accurately accounts for the adopted geometry between the template and the incoming
dNTP, in our case pyrimidine (dC) and purine (dGTP), respectively, indicating how the base
pair fits well within the active site. The behavior of this distance during MD simulation
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can become a determining factor for the evaluation of differences among the platinated
moiety-containing nucleotides (1, 2, and 3).

Observing Figure 7, the C1′–C1′ distance (10.5 ± 0.1 Å) for the dC:dGTP base pair
assumes values closer to the ideal C1′–C1′ distance in the canonical G:C base pair model
(10.8 Å) [84,85] while the same distance in the dC:2 and dC:3 base pairs was slightly shorter
(10.4± 0.2 Å). A very peculiar trend is observed in the case of dC:1, whose C1′–C1′ distance
starting from 10 Å in the second half of the simulation time arrives at a shorter distance
(9.2 ± 0.5 Å) than that observed in the canonical base pair. As confirmation of this, the
trend of the hydrogen bond pattern in the base pair during the simulation time (Figure S5)
emerges, showing that dC:dGTP, dC:2, and dC:3 base pairs adopt a planar Watson–Crick
(WC) geometry within the “duplex” DNA, except for some exceptions in the case of the
HN-O distance for both dC:2 and dC:3 systems. However, dC:1 shows a very dissimilar
trend from canonical WC geometry for all three H-bonds monitored during the whole
simulation since no base pair is evidenced (Figure S5).
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Figure 7. (a) RDF calculated for guanine-dNTP-cytosin-dC551 pair, and (b) C1′dNTP-C1′dC551 distance
observed in the MD simulations of the four investigated systems, {where: 1 = [Pt(dien)(N7-dGTP)];
2 = cis-[Pt(NH3)2Cl(N7-dGTP)]; 3 = cis-[Pt(NH3)2(H2O)(N7-dGTP)]}.

A geometrical contribution to the subsequent chemical reaction, consisting of a nucle-
ophilic attack from the primer base to the incoming nucleotide, arises from monitoring the
O3′−Pα distance and the O3′−Pα−Oα angle, depicted in Figure 8. This was obtained by
the scatter plot of the two geometric parameters, where correlations of each distance-angle
value were analyzed. This allowed the identification of aligned and unaligned conforma-
tions as a function of the O3′−Pα−Oα angle (chosen cut-off angle = 140◦, see Figure 8). It
turned out that the O3′ of the dC551 primer was optimally aligned for the nucleophilic
attack of the Pα atom of the incoming dNTP, owing to the O3′−Pα distance (O3′−Pα−Oα

angle): 3.3 ± 0.2 Å (163◦ ± 5) for dGTP, 5.3 ± 0.1 Å (106◦ ± 4) for 1, 3.8 ± 0.2 Å (165◦ ± 5)
for 2, and 4.4 ± 0.7 Å (163◦ ± 6) for 3. This finding suggests that dGTP, as well as 2 and 3,
did not flip out of the active site during the simulation, unlike 1 (Figure 8). This distance is
a reaction coordinate implicated in dNTP incorporation, which occurs via the nucleophilic
attack of the primer terminal 3′-OH on the α-phosphorus of the incoming dNTP, a reaction
catalyzed by the Taq DNA polymerase. Despite the good value of the O3′−Pα distance for
all the examined dNTPs, in the 1-containing ternary complex, the O3′dC551 in the 1 system
results unaligned with respect to other incoming dNTPs, as confirmed by the angle value
of 106◦, suggesting a very poor “reactive” orientation for its incorporation into the growing
primer strand, with the consequent release of the pyrophosphate (PPi). This positioning can
be linked to a less catalytic conformation and would require a higher amount of activation
energy for the reaction to occur.

Umbrella sampling simulations [86] on the O3′P:dC551-Pα dNTP distance corroborate
these outcomes (Figure S6). Since an energy penalty for the realignment is found, further
calculations at the QM or QM/MM level are required to quantify the real activation barrier
for this step, but this aspect is beyond the scope of the present study. Snapshots of each
trajectory are finally reported in the Supplementary Material file (see Figures S7–S10), while
the results on the replicas are shown in Figures S11 and S12.
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Implications for the Mechanism of Action of Cisplatin

It is well known that the major adducts formed by the interaction of cisplatin with
DNA are cis-GG (≈47–50%) and cis-AG (≈23–28%) 1,2-intrastrand cross-links, involving
adjacent nucleobases. In addition, cis-GNG 1,3-intrastrand cross-links are also formed
(8–10%), together with interstrand cross-links and monofunctional adducts with a single
guanine (2–3%) [87].

It is also known that free dPTP {5′-(2′-deoxy)-purine-triphosphate} normally occurs in
the cell cytoplasm and nucleus at relevant concentrations [58,59,61,63,64,88]. Therefore, we
assumed that cis-[Pt(NH3)2Cl(N7-dPTP)] and cis-[Pt(NH3)2(H2O)(N7-dPTP)] complexes
could be formed in the cell cytoplasm by direct interaction of free dPTP with cisplatin.
This aspect is even more clear when considering: (i) the higher steric accessibility and
reactivity of free purine nucleobases compared to those strictly stacked into DNA; (ii) the
higher concentration of free dNTPs generally found in cancer cells compared to healthy
cells [89]; and (iii) the much higher sensitivity of cancer cells to cisplatin when at the border
between G1 and S phases of the cell cycle, when intracellular concentration of free dNTPs
is maximized [88,90–92].

Indeed, if we do not consider the eventual formation of Pt-dATP complexes due to
the clear preference of cisplatin and platinum drugs for guanine residues, the previously
mentioned factors taken together concur to enhance the direct reactions between cisplatin,
its aquated species, and the free dGTP. This could occur directly in the cell cytoplasm
and nucleus, leading to the formation of cisplatin-dGTP mono-adducts of the types cis-
[Pt(NH3)2Cl(N7-dGTP)] (2) and cis-[Pt(NH3)2(H2O)(N7-dGTP)] (3), here considered. These
are interesting biomimetic substrates whose role in the mechanism of action of cisplatin
and their suitability to follow some of the metabolic pathways of endogenous nucleotides
need to be clarified [41,93].

In this work, we studied at the atomistic level, by unbiased MD simulations, the
incorporation mechanism into the model Taq DNA polymerase of previously considered
[Pt(dien)(N7-dGTP)] (1) [58,59,61,63,64], in comparison with the elusive reactive complexes
2–3. This approach permitted us to shed light on some key aspects of the role of direct
interactions occurring between cisplatin and free dGTPs in its mechanism of action. We
used complexes 1–3 as substrates for the Taq DNA polymerase, showing that complex 1 has
an affinity with the DNA polymerase much lower than that of complex 2 and related aquo
species 3. Interestingly, it resulted in the behavior of 2–3 for the Taq DNA polymerase strictly
resembling that of natural dGTP. Instead, complex 1 has some difficulties establishing
geometrically productive interactions inside the active site of the polymerase. This is
consistent with previous experimental findings demonstrating a much higher (15–20 times)
rate of incorporation for the natural dGTP if compared to complex 1 [61,63]. On the contrary,
complexes 2–3 can be easily recognized by Taq polymerase, producing Watson–Crick base
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pairings very similar to those occurring with the natural dGTP. This can be responsible for
the lower rate of incorporation of complex 1 compared to the metabolites 2–3.

3. Methods
3.1. Preparation of the Model

The structures of all models of the dNTP-bound Taq DNA polymerase complexes
are based on the single X-ray crystal structure containing 5-methylcytosine (5mC) (PDB
5YTD, resolution of 2.0 Å) [65]. The structure of the enzyme consists of 539 amino acid
residues and includes two Mg2+ ions for the nucleotidyl transfer reaction, in addition to the
oligonucleotide UGCCCGGG, which represents both the DNA primer and DNA template,
as reported in detail in Figure 9. The guanine triphosphate already present in the structure
was modified only on the base component to obtain the three modified nucleotides to the
N7 of dGTP by adding the platinated moiety, as depicted in Scheme 1 and represented in
Figure 2.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 12 of 18 
 

 

Figure 9. Schematic representation of the DNA-dNTP model adduct adopted in the present study. 

Residue numbers are reported following the PDB numeration [65]. Star (*) indicates the point of 

DNA replication process where the insertion of dNTP takes place. 

3.2. MD Simulations 

Before MD simulations of the metal-containing Taq systems, it was necessary to ob-

tain parameters for all three platinated nucleotides (1–3). To do this, the Seminario 

Method was carried out as implemented in the MCPB module of the Amber16 software 

[95,96], starting from quantum mechanics calculations using the B3LYP functional cou-

pled to the 6-31G* basis set [97,98]. Atomic charges were derived by fitting the electrostatic 

potential according to the Merz–Singh–Kollman scheme [99] using the RESP procedure. 

The Antechamber and Parmchk modules of Amber16 were employed to generate prepar-

atory files to perform molecular mechanics (MM) relaxation of the complexes. 

Three molecular dynamics simulations were performed to compare the behavior of 

N7-platinated guanines 1–3, represented in Scheme 1, to the natural triphosphate nucleo-

tide (dGTP). Each simulation lasted 200 ns and was carried out using the AMBER16 code 

[99], coupled with the FF14SB and FF99bsc0 force fields for the treatment of the protein 

[100] and the DNA [101,102], respectively. Each system was inserted in an orthorhombic 

box (96 × 78 × 84Å3) with a buffer of 10 Å of TIP3P water molecules from the protein, and 

Na+ counter ions were added to neutralize the system (34 ions for Taq:DNA:dGTP, 

Taq:DNA:1, and Taq:DNA:2 and 35 ions for Taq:DNA:3). An additional replica of 100 ns 

has been preliminarily carried out on each complex to detect any relevant conformational 

changes. A comparative analysis of the results in more detail is reported in the Supple-

mentary Material file. 

The solvated structures were first minimized by applying harmonic restraints on all 

atoms of the enzyme (50 kcal mol−1 Å2) using 5000 steps of the steepest descent algorithm, 

followed by 5000 steps of the conjugate gradient algorithm. In the second minimization 

step, the restraints on hydrogen atoms were released, with the third and fourth minimi-

zations being conducted with and without protein backbone atom restraints, respectively. 

The same stepwise minimization procedure has been successfully applied to similar sys-

tems [81,103]. We then carried out a progressive heating phase from 0 to 310 K for 200 ps 

using the Langevin thermostat in the NVT ensemble, with a time step of 0.002 ps. The 

production phase was performed under the following conditions: integration step of the 

2 fs coupling SHAKE algorithm; NPT ensemble at 1 bar pressure using the Berendsen 

barostat [104] with a time constant τp = 2.0 ps. The particle mesh Ewald summation 

Figure 9. Schematic representation of the DNA-dNTP model adduct adopted in the present study.
Residue numbers are reported following the PDB numeration [65]. Star (*) indicates the point of
DNA replication process where the insertion of dNTP takes place.

The paired 5mC base was also modified to form its corresponding natural base (cy-
tosine) using Gauss View [94]. 5mC is characterized by naturally occurring chemical
modifications and is known as the fifth base in DNA. These modifications do not interfere
with base pairing, allowing the formation of a good starting Watson–Crick geometry based
almost exclusively on the available crystallographic data. Consequently, the four model
systems are “accommodated” at the site of the polymerase surface corresponding to the
insertion site where the recognition events take place, as can be seen in Figure 9.

3.2. MD Simulations

Before MD simulations of the metal-containing Taq systems, it was necessary to obtain
parameters for all three platinated nucleotides (1–3). To do this, the Seminario Method was
carried out as implemented in the MCPB module of the Amber16 software [95,96], starting
from quantum mechanics calculations using the B3LYP functional coupled to the 6-31G*
basis set [97,98]. Atomic charges were derived by fitting the electrostatic potential according
to the Merz–Singh–Kollman scheme [99] using the RESP procedure. The Antechamber and
Parmchk modules of Amber16 were employed to generate preparatory files to perform
molecular mechanics (MM) relaxation of the complexes.
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Three molecular dynamics simulations were performed to compare the behavior of
N7-platinated guanines 1–3, represented in Scheme 1, to the natural triphosphate nucleotide
(dGTP). Each simulation lasted 200 ns and was carried out using the AMBER16 code [99],
coupled with the FF14SB and FF99bsc0 force fields for the treatment of the protein [100]
and the DNA [101,102], respectively. Each system was inserted in an orthorhombic box
(96 × 78 × 84 Å3) with a buffer of 10 Å of TIP3P water molecules from the protein, and Na+

counter ions were added to neutralize the system (34 ions for Taq:DNA:dGTP, Taq:DNA:1,
and Taq:DNA:2 and 35 ions for Taq:DNA:3). An additional replica of 100 ns has been prelim-
inarily carried out on each complex to detect any relevant conformational changes. A compar-
ative analysis of the results in more detail is reported in the Supplementary Material file.

The solvated structures were first minimized by applying harmonic restraints on all
atoms of the enzyme (50 kcal mol−1 Å2) using 5000 steps of the steepest descent algorithm,
followed by 5000 steps of the conjugate gradient algorithm. In the second minimization step,
the restraints on hydrogen atoms were released, with the third and fourth minimizations
being conducted with and without protein backbone atom restraints, respectively. The same
stepwise minimization procedure has been successfully applied to similar systems [81,103].
We then carried out a progressive heating phase from 0 to 310 K for 200 ps using the
Langevin thermostat in the NVT ensemble, with a time step of 0.002 ps. The production
phase was performed under the following conditions: integration step of the 2 fs coupling
SHAKE algorithm; NPT ensemble at 1 bar pressure using the Berendsen barostat [104]
with a time constant τp = 2.0 ps. The particle mesh Ewald summation method [105] was
employed for the electrostatic potential long-range interactions with a 12 Å cut-off distance.
RMSD-based clustering of the entire trajectories was performed according to the relaxed
complex scheme (RCS) protocol implemented in Amber 16 to provide a sampled and
energetically accessible conformational ensemble. After removing the overall rotations
and translations by RMS fitting of the positions of the Cα atoms of the trajectory, the
average binding clustering algorithm implemented in cpptraj [106] was applied to identify
10 clusters of representative conformations of the protein. The resulting MD trajectories
were used to assess the magnitude of structural changes in terms of root mean square
deviation (RMSD), propensity of a given residue or region to shift, and root mean square
fluctuation (RMSF). The trajectories were saved every 0.1 ps and analyzed through the
PTRAJ module.

3.3. MMPBSA

The binding free energies between the examined ligands (see Scheme 1) and Taq-
DNA polymerase were calculated by solving the linearized Poisson–Boltzman equation
using the Molecular Mechanics-Poisson–Boltzmann Surface Area (MM-PBSA) method,
as implemented in Amber code 16 [99]. The igb flag value of five associated with a salt
concentration of 0.1 M was used. The binding energies for the individual residues at 3 Å
from the nucleotide triphosphate were decomposed to verify their individual contributions.
For the calculations, 100 frames of each molecular dynamics (MD) trajectory over the last
100 ns were analyzed.

3.4. PCA

Principal component analysis (PCA) was performed using the cpptraj module of
Ambertools 16 to extract the large-scale collective motions occurring in MD simulations of
Taq:DNA:dGTP, Taq:DNA:1, Taq:DNA:2, and Taq:DNA:3. This procedure typically extracts
information on the major conformational changes taking place along the MD trajectories.

3.5. PMF

Potential mean force (PMF) for the energy landscape based on the results of molecular
dynamics simulations was obtained by MolAICal software [107,108], which allowed for
the different behavior of the examined Pt-analogs inside the pocket of the Taq:DNA system
to be evidenced.
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3.6. Umbrella Sampling

In addition, considering the importance of the PαNTP-O3′DNA distance, umbrella
sampling simulations were performed to restrain a reaction window corresponding to the
transition slot from non-bonded-like to bonded-like conformations. The analysis of the
potential of mean force (PMF) was carried out using the WHAM method [107,108]. The free
energy difference is the driving force of the process of unbound/bound, which indicates
the possible incorporation of a new base into the DNA strand.

4. Conclusions

In conclusion, we studied the binding mechanisms of the model platinated nucleotides
[Pt(dien)(N7-dGTP)] (1), cis-[Pt(NH3)2Cl(N7-dGTP)] (2), and cis-[Pt(NH3)2(H2O)(N7-dGTP)]
(3) to the Taq DNA polymerase using unbiased MD simulations. We differentiated the
incoming platinated nucleotides during incorporation, observing that complex 1 had
difficulty adopting the correct geometric interactions inside the active site. In contrast, the
cisplatin metabolites 2–3 could be easily recognized, giving a Watson–Crick base pairing
that strictly resembled that of natural dGTP. This corresponded to a higher energy barrier
and lower rate of incorporation calculated for complex 1 compared to complexes 2–3. This
significant difference between complex 1 and complexes 2–3 suggests that the incorporation
of complex 1, observed in previous in vitro experiments, could be much less significant
than that occurring with the cisplatin metabolites 2–3 [61,63], with relevant implications
for the mechanism of action of cisplatin and analogue drugs.

These findings are important because they could lead to a better understanding of how
to improve the design of new antitumor/antiviral drugs based on platinated nucleos(t)ides
in order to optimize the interactions with DNA polymerases, favoring the appearance of
desired pharmacological effects with modulation of the metabolic pathways of nucleotides.
In this way, a parallel reduction of the side effects generally associated with the use of
platinum drugs could also be pursued.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24129849/s1.

Author Contributions: G.C. and F.D.C. equally contributed; investigation, G.C.; formal analysis G.C.,
M.P. and T.M.; supervision, T.M. and M.B.; data curation G.C., M.P. and T.M.; writing—review and
editing, G.C., M.P., T.M., M.B., F.D.C. and F.P.F.; conceptualization, M.B. and T.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by PON “BIO-D” project “Sviluppo di Biomarcatori Diagnostici
per la medicina di precisione e la terapia personalizzata” (ARS01_00876).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or the Supplementary Material.

Acknowledgments: The authors are grateful to the Dipartimento di Chimica e Tecnologie Chimiche
(UNICAL) for its financial support. Computer simulations were carried out adopting resources of
supercomputer Marconi100 from ISCRA (Project name: IscrC_INSIMUTK, Project ID: HP10C0FNCQ).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Anthony, E.J.; Bolitho, E.M.; Bridgewater, H.E.; Carter, O.W.L.; Donnelly, J.M.; Imberti, C.; Lant, E.C.; Lermyte, F.; Needham, R.J.;

Palau, M.; et al. Metallodrugs Are Unique: Opportunities and Challenges of Discovery and Development. Chem. Sci. 2020, 11,
12888–12917. [CrossRef] [PubMed]

2. Johnstone, T.C.; Suntharalingam, K.; Lippard, S.J. The Next Generation of Platinum Drugs: Targeted Pt(II) Agents, Nanoparticle
Delivery, and Pt(IV) Prodrugs. Chem. Rev. 2016, 116, 3436–3486. [CrossRef]

3. Zhang, C.; Xu, C.; Gao, X.; Yao, Q. Platinum-Based Drugs for Cancer Therapy and Anti-Tumor Strategies. Theranostics 2022, 12,
2115–2132. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms24129849/s1
https://www.mdpi.com/article/10.3390/ijms24129849/s1
https://doi.org/10.1039/D0SC04082G
https://www.ncbi.nlm.nih.gov/pubmed/34123239
https://doi.org/10.1021/acs.chemrev.5b00597
https://doi.org/10.7150/thno.69424


Int. J. Mol. Sci. 2023, 24, 9849 14 of 18

4. Onodera, T.; Momose, I.; Kawada, M. Potential Anticancer Activity of Auranofin. Chem. Pharm. Bull. 2019, 67, 186–191. [CrossRef]
[PubMed]

5. Ghini, V.; Senzacqua, T.; Massai, L.; Gamberi, T.; Messori, L.; Turano, P. NMR Reveals the Metabolic Changes Induced by
Auranofin in A2780 Cancer Cells: Evidence for Glutathione Dysregulation. Dalton Trans. 2021, 50, 6349–6355. [CrossRef]
[PubMed]

6. Paul, N.P.; Galván, A.E.; Yoshinaga-Sakurai, K.; Rosen, B.P.; Yoshinaga, M. Arsenic in Medicine: Past, Present and Future.
Biometals 2022, 36, 283–301. [CrossRef] [PubMed]

7. Croft, S.L.; Olliaro, P. Leishmaniasis Chemotherapy—Challenges and Opportunities. Clin. Microbiol. Infect. 2011, 17, 1478–1483.
[CrossRef]

8. Sundar, S.; Singh, A. Recent Developments and Future Prospects in the Treatment of Visceral Leishmaniasis. Ther. Adv. Infect. Dis.
2016, 3, 98–109. [CrossRef]

9. Liu, J.; Li, X.; Zhu, Y.; Ge, R. Molecular Mechanisms of Bismuth-Containing Drugs Against Helicobacter Pylori: A Further Update.
Curr. Pharmacol. Rep. 2023, 9, 59–65. [CrossRef]

10. Haupt, M.; Bähr, M.; Doeppner, T.R. Lithium beyond Psychiatric Indications: The Reincarnation of a New Old Drug. Neural
Regen. Res. 2021, 16, 2383. [CrossRef]

11. De Castro, F.; De Luca, E.; Benedetti, M.; Fanizzi, F.P. Platinum Compounds as Potential Antiviral Agents. Coordin. Chem. Rev.
2022, 451, 214276. [CrossRef]

12. Giorgi, L.; Ambrosi, G.; Paderni, D.; Conti, L.; Amatori, S.; Romagnoli, F.; Rossi, P.; Formica, M.; Macedi, E.; Giorgi, C.; et al.
Bis-Maltol-Polyamine Family: Structural Modifications at Strategic Positions. Synthesis, Coordination and Antineoplastic Activity
of Two New Ligands. New J. Chem. 2021, 45, 2659–2669. [CrossRef]

13. Conti, L.; Bencini, A.; Ferrante, C.; Gellini, C.; Paoli, P.; Parri, M.; Pietraperzia, G.; Valtancoli, B.; Giorgi, C. Highly Charged
Ruthenium(II) Polypyridyl Complexes as Effective Photosensitizer in Photodynamic Therapy. Chem. Eur. J. 2019, 25, 10606–10615.
[CrossRef]

14. Banti, C.N.; Hatzidimitriou, A.G.; Kourkoumelis, N.; Hadjikakou, S.K. Diclofenac Conjugates with Biocides through Silver(I) Ions
(CoMeD’s); Development of a Reliable Model for the Prediction of Anti-Proliferation of NSAID’s-Silver Formulations. J. Inorg.
Biochem. 2019, 194, 7–18. [CrossRef]

15. Gabano, E.; Marengo, E.; Bobba, M.; Robotti, E.; Cassino, C.; Botta, M.; Osella, D. 195Pt NMR Spectroscopy: A Chemometric
Approach. Coordin. Chem. Rev. 2006, 250, 2158–2174. [CrossRef]

16. De Castro, F.; Vergaro, V.; Benedetti, M.; Baldassarre, F.; Del Coco, L.; Dell’Anna, M.M.; Mastrorilli, P.; Fanizzi, F.P.; Ciccarella, G.
Visible Light-Activated Water-Soluble Platicur Nanocolloids: Photocytotoxicity and Metabolomics Studies in Cancer Cells. ACS
Appl. Bio Mater. 2020, 3, 6836–6851. [CrossRef]

17. Benedetti, M.; Antonucci, D.; Migoni, D.; Vecchio, V.M.; Ducani, C.; Fanizzi, F.P. Water-Soluble Organometallic Analogues of
Oxaliplatin with Cytotoxic and Anticlonogenic Activity. ChemMedChem 2010, 5, 46–51. [CrossRef]

18. Benedetti, M.; Antonucci, D.; Girelli, C.R.; Capitelli, F.; Fanizzi, F.P. Reactivity of [PtCl(η2-C2H4)(N-N)]+, N-N = Diimine Ligand,
with Phenol Derivatives and First Comparison between Single Crystal X-Ray Structures of Syn- and Anti-[Pt(N-N)(Phenolate)2]
Rotamers in the Solid State. Inorg. Chim. Acta 2014, 409, 427–432. [CrossRef]

19. Benedetti, M.; Girelli, C.R.; Antonucci, D.; Fanizzi, F.P. [PtCl(η1-CH2–CH2OR)(NˆN)] and [PtCl(η2-CH2CH2)(NˆN)]+, NˆN = Dini-
trogen Ligand, Complexes. Sterical and Electronic Effects Evidenced by NMR Analysis. J. Organomet. Chem. 2014, 771, 40–46.
[CrossRef]

20. De Castro, F.; Stefàno, E.; Migoni, D.; Iaconisi, G.N.; Muscella, A.; Marsigliante, S.; Benedetti, M.; Fanizzi, F.P. Synthesis and Eval-
uation of the Cytotoxic Activity of Water-Soluble Cationic Organometallic Complexes of the Type [Pt(η1-C2H4OMe)(L)(Phen)]+

(L = NH3, DMSO; Phen = 1,10-Phenanthroline). Pharmaceutics 2021, 13, 642. [CrossRef]
21. Stefàno, E.; De Castro, F.; De Luca, E.; Muscella, A.; Marsigliante, S.; Benedetti, M.; Fanizzi, F.P. Synthesis and Comparative

Evaluation of the Cytotoxic Activity of Cationic Organometallic Complexes of the Type [Pt(η1-CH2-CH2-OR)(DMSO)(Phen)]+

(R = Me, Et, Pr, Bu). Inorg. Chim. Acta 2023, 546, 121321. [CrossRef]
22. Benedetti, M.; Barone, C.R.; Girelli, C.R.; Fanizzi, F.P.; Natile, G.; Maresca, L. H/D Exchange at Sp3 Carbons in the Coordination

Sphere of Platinum(II). Dalton Trans. 2014, 43, 3669–3675. [CrossRef]
23. Fuertes, M.A.; Castilla, J.; Alonso, C.; Perez, J.M. Novel Concepts in the Development of Platinum Antitumor Drugs. Curr. Med.

Chem.—Anti Cancer Agents 2002, 2, 539–551. [CrossRef]
24. Almaqwashi, A.A.; Zhou, W.; Naufer, M.N.; Riddell, I.A.; Yilmaz, Ö.H.; Lippard, S.J.; Williams, M.C. DNA Intercalation Facilitates

Efficient DNA-Targeted Covalent Binding of Phenanthriplatin. J. Am. Chem. Soc. 2019, 141, 1537–1545. [CrossRef] [PubMed]
25. Arnesano, F.; Natile, G. Mechanistic Insight into the Cellular Uptake and Processing of Cisplatin 30 Years after Its Approval by

FDA. Coord. Chem. Rev. 2009, 253, 2070–2081. [CrossRef]
26. Rosenberg, B.; Charles, F. Kettring Prize. Fundamental Studies with Cisplatin. Cancer 1985, 55, 2303–2316. [CrossRef]
27. Rosenberg, B. Platinum Complexes for the Treatment of Cancer: Why the Search Goes On. In Cisplatin; John Wiley & Sons, Ltd.:

Hoboken, NJ, USA, 1999; pp. 1–27, ISBN 978-3-906390-42-0.

https://doi.org/10.1248/cpb.c18-00767
https://www.ncbi.nlm.nih.gov/pubmed/30827998
https://doi.org/10.1039/D1DT00750E
https://www.ncbi.nlm.nih.gov/pubmed/33885689
https://doi.org/10.1007/s10534-022-00371-y
https://www.ncbi.nlm.nih.gov/pubmed/35190937
https://doi.org/10.1111/j.1469-0691.2011.03630.x
https://doi.org/10.1177/2049936116646063
https://doi.org/10.1007/s40495-022-00305-9
https://doi.org/10.4103/1673-5374.313015
https://doi.org/10.1016/j.ccr.2021.214276
https://doi.org/10.1039/D0NJ05327A
https://doi.org/10.1002/chem.201901570
https://doi.org/10.1016/j.jinorgbio.2019.01.020
https://doi.org/10.1016/j.ccr.2006.02.011
https://doi.org/10.1021/acsabm.0c00766
https://doi.org/10.1002/cmdc.200900412
https://doi.org/10.1016/j.ica.2013.09.020
https://doi.org/10.1016/j.jorganchem.2014.05.014
https://doi.org/10.3390/pharmaceutics13050642
https://doi.org/10.1016/j.ica.2022.121321
https://doi.org/10.1039/c3dt53216j
https://doi.org/10.2174/1568011023353958
https://doi.org/10.1021/jacs.8b10252
https://www.ncbi.nlm.nih.gov/pubmed/30599508
https://doi.org/10.1016/j.ccr.2009.01.028
https://doi.org/10.1002/1097-0142(19850515)55:10&lt;2303::AID-CNCR2820551002&gt;3.0.CO;2-L


Int. J. Mol. Sci. 2023, 24, 9849 15 of 18

28. Seley-Radtke, K.L.; Yates, M.K. The Evolution of Nucleoside Analogue Antivirals: A Review for Chemists and Non-Chemists.
Part 1: Early Structural Modifications to the Nucleoside Scaffold. Antivir. Res. 2018, 154, 66–86. [CrossRef] [PubMed]

29. Yates, M.K.; Seley-Radtke, K.L. The Evolution of Antiviral Nucleoside Analogues: A Review for Chemists and Non-Chemists.
Part II: Complex Modifications to the Nucleoside Scaffold. Antivir. Res. 2019, 162, 5–21. [CrossRef]

30. Galmarini, C.M.; Mackey, J.R.; Dumontet, C. Nucleoside Analogues and Nucleobases in Cancer Treatment. Lancet Oncol. 2002, 3,
415–424. [CrossRef]

31. Kataev, V.E.; Garifullin, B.F. Antiviral Nucleoside Analogs. Chem. Heterocycl. Comp. 2021, 57, 326–341. [CrossRef]
32. Jordheim, L.P.; Durantel, D.; Zoulim, F.; Dumontet, C. Advances in the Development of Nucleoside and Nucleotide Analogues

for Cancer and Viral Diseases. Nat. Rev. Drug. Discov. 2013, 12, 447–464. [CrossRef]
33. Mahmoud, S.; Hasabelnaby, S.; Hammad, S.; Sakr, T. Antiviral Nucleoside and Nucleotide Analogs: A Review. J. Adv. Pharm. Res.

2018, 2, 73–88. [CrossRef]
34. Yao, J.; Zhang, Y.; Ramishetti, S.; Wang, Y.; Huang, L. Turning an Antiviral into an Anticancer Drug: Nanoparticle Delivery of

Acyclovir Monophosphate. J. Control. Release 2013, 170, 414–420. [CrossRef]
35. Mezencev, R. Interactions of Cisplatin with Non-DNA Targets and Their Influence on Anticancer Activity and Drug Toxicity: The

Complex World of the Platinum Complex. CCDT 2015, 14, 794–816. [CrossRef]
36. Florea, A.-M.; Büsselberg, D. Cisplatin as an Anti-Tumor Drug: Cellular Mechanisms of Activity, Drug Resistance and Induced

Side Effects. Cancers 2011, 3, 1351–1371. [CrossRef]
37. Mathews, C.K. Deoxyribonucleotide Metabolism, Mutagenesis and Cancer. Nat. Rev. Cancer 2015, 15, 528–539. [CrossRef]

[PubMed]
38. Chien, M.; Anderson, T.K.; Jockusch, S.; Tao, C.; Li, X.; Kumar, S.; Russo, J.J.; Kirchdoerfer, R.N.; Ju, J. Nucleotide Analogues as

Inhibitors of SARS-CoV-2 Polymerase, a Key Drug Target for COVID-19. J. Proteome Res. 2020, 19, 4690–4697. [CrossRef]
39. Wang, F.; Li, P.; Chu, H.C.; Lo, P.K. Nucleic Acids and Their Analogues for Biomedical Applications. Biosensors 2022, 12, 93.

[CrossRef] [PubMed]
40. Pastor-Anglada, M.; Pérez-Torras, S. Emerging Roles of Nucleoside Transporters. Front. Pharmacol. 2018, 9, 606. [CrossRef]
41. Van Rompay, A.R.; Johansson, M.; Karlsson, A. Substrate Specificity and Phosphorylation of Antiviral and Anticancer Nucleoside

Analogues by Human Deoxyribonucleoside Kinases and Ribonucleoside Kinases. Pharmacol. Ther. 2003, 100, 119–139. [CrossRef]
[PubMed]

42. Galmarini, C.M.; Mackey, J.R.; Dumontet, C. Nucleoside Analogues: Mechanisms of Drug Resistance and Reversal Strategies.
Leukemia 2001, 15, 875–890. [CrossRef]

43. Tsesmetzis, N.; Paulin, C.B.J.; Rudd, S.G.; Herold, N. Nucleobase and Nucleoside Analogues: Resistance and Re-Sensitisation at
the Level of Pharmacokinetics, Pharmacodynamics and Metabolism. Cancers 2018, 10, 240. [CrossRef]

44. Lapponi, M.J.; Rivero, C.W.; Zinni, M.A.; Britos, C.N.; Trelles, J.A. New Developments in Nucleoside Analogues Biosynthesis:
A Review. J. Mol. Catal. B Enzym. 2016, 133, 218–233. [CrossRef]

45. De Clercq, E. New Nucleoside Analogues for the Treatment of Hemorrhagic Fever Virus Infections. Chem. Asian J. 2019, 14,
3962–3968. [CrossRef]

46. Varga, A.; Lionne, C.; Roy, B. Intracellular Metabolism of Nucleoside/Nucleotide Analogues: A Bottleneck to Reach Active Drugs
on HIV Reverse Transcriptase. Curr. Drug Metab. 2016, 17, 237–252. [CrossRef] [PubMed]

47. Benedetti, M.; Antonucci, D.; De Castro, F.; Girelli, C.R.; Lelli, M.; Roveri, N.; Fanizzi, F.P. Metalated Nucleotide Chemisorption
on Hydroxyapatite. J. Inorg. Biochem. 2015, 153, 279–283. [CrossRef]

48. Geraghty, R.J.; Aliota, M.T.; Bonnac, L.F. Broad-Spectrum Antiviral Strategies and Nucleoside Analogues. Viruses 2021, 13, 667.
[CrossRef]

49. Yang, Q.; Nie, Y.H.; Cai, M.B.; Li, Z.M.; Zhu, H.B.; Tan, Y.R. Gemcitabine Combined with Cisplatin Has a Better Effect in the
Treatment of Recurrent/Metastatic Advanced Nasopharyngeal Carcinoma. DDDT 2022, 16, 1191–1198. [CrossRef] [PubMed]

50. Mosconi, A.M.; Crinò, L.; Tonato, M. Combination Therapy with Gemcitabine in Non-Small Cell Lung Cancer. Eur. J. Cancer 1997,
33, S14–S17. [CrossRef]

51. Nayak, K.K.; Bhattacharyya, R.; Maity, P. Synthesis, Characterization, and in Vitro Cytotoxic Effects of K4 [PtCl2ATP]. J. Inorg.
Biochem. 1991, 41, 293–298. [CrossRef]

52. Kirschner, S.; Wei, Y.-K.; Francis, D.; Bergman, J.G. Anticancer and Potential Antiviral Activity of Complex Inorganic Compounds.
J. Med. Chem. 1966, 9, 369–372. [CrossRef]

53. Ali, M.S.; Ali Khan, S.R.; Ojima, H.; Guzman, I.Y.; Whitmire, K.H.; Siddik, Z.H.; Khokhar, A.R. Model Platinum Nucleobase
and Nucleoside Complexes and Antitumor Activity: X-Ray Crystal Structure of [PtIV(Trans-1R,2R-Diaminocyclohexane)Trans-
(Acetate)2(9-Ethylguanine)Cl]NO3·H2O. J. Inorg. Biochem. 2005, 99, 795–804. [CrossRef]

54. Kuchta, R.D. Nucleotide Analogues as Probes for DNA and RNA Polymerases. Curr. Protoc. Chem. Biol. 2010, 2, 111–124.
[CrossRef]

55. Sartori, D.A.; Miller, B.; Bierbach, U.; Farrell, N. Modulation of the Chemical and Biological Properties of Trans Platinum
Complexes: Monofunctional Platinum Complexes Containing One Nucleobase as Potential Antiviral Chemotypes. J. Biol. Inorg.
Chem. 2000, 5, 575–583. [CrossRef]

https://doi.org/10.1016/j.antiviral.2018.04.004
https://www.ncbi.nlm.nih.gov/pubmed/29649496
https://doi.org/10.1016/j.antiviral.2018.11.016
https://doi.org/10.1016/S1470-2045(02)00788-X
https://doi.org/10.1007/s10593-021-02912-8
https://doi.org/10.1038/nrd4010
https://doi.org/10.21608/aprh.2018.5829
https://doi.org/10.1016/j.jconrel.2013.06.009
https://doi.org/10.2174/1568009614666141128105146
https://doi.org/10.3390/cancers3011351
https://doi.org/10.1038/nrc3981
https://www.ncbi.nlm.nih.gov/pubmed/26299592
https://doi.org/10.1021/acs.jproteome.0c00392
https://doi.org/10.3390/bios12020093
https://www.ncbi.nlm.nih.gov/pubmed/35200353
https://doi.org/10.3389/fphar.2018.00606
https://doi.org/10.1016/j.pharmthera.2003.07.001
https://www.ncbi.nlm.nih.gov/pubmed/14609716
https://doi.org/10.1038/sj.leu.2402114
https://doi.org/10.3390/cancers10070240
https://doi.org/10.1016/j.molcatb.2016.08.015
https://doi.org/10.1002/asia.201900841
https://doi.org/10.2174/1389200217666151210141903
https://www.ncbi.nlm.nih.gov/pubmed/26651972
https://doi.org/10.1016/j.jinorgbio.2015.04.006
https://doi.org/10.3390/v13040667
https://doi.org/10.2147/DDDT.S353898
https://www.ncbi.nlm.nih.gov/pubmed/35502425
https://doi.org/10.1016/S0959-8049(96)00326-7
https://doi.org/10.1016/0162-0134(91)80022-A
https://doi.org/10.1021/jm00321a026
https://doi.org/10.1016/j.jinorgbio.2004.12.015
https://doi.org/10.1002/9780470559277.ch090203
https://doi.org/10.1007/s007750000113


Int. J. Mol. Sci. 2023, 24, 9849 16 of 18

56. Margiotta, N.; Bergamo, A.; Sava, G.; Padovano, G.; de Clercq, E.; Natile, G. Antiviral Properties and Cytotoxic Activity of
Platinum(II) Complexes with 1,10-Phenanthrolines and Acyclovir or Penciclovir. J. Inorg. Biochem. 2004, 98, 1385–1390. [CrossRef]

57. De Castro, F.; De Luca, E.; Girelli, C.R.; Barca, A.; Romano, A.; Migoni, D.; Verri, T.; Benedetti, M.; Fanizzi, F.P. First Evidence for
N7-Platinated Guanosine Derivatives Cell Uptake Mediated by Plasma Membrane Transport Processes. J. Inorg. Biochem. 2022,
226, 111660. [CrossRef] [PubMed]

58. Carrisi, C.; Antonucci, D.; Lunetti, P.; Migoni, D.; Girelli, C.R.; Dolce, V.; Fanizzi, F.P.; Benedetti, M.; Capobianco, L. Transport
of Platinum Bonded Nucleotides into Proteoliposomes, Mediated by Drosophila melanogaster Thiamine Pyrophosphate Carrier
Protein (DmTpc1). J. Inorg. Biochem. 2014, 130, 28–31. [CrossRef] [PubMed]

59. Lunetti, P.; Romano, A.; Carrisi, C.; Antonucci, D.; Verri, T.; De Benedetto, G.E.; Dolce, V.; Fanizzi, F.P.; Benedetti, M.; Capobianco,
L. Platinated Nucleotides Are Substrates for the Human Mitochondrial Deoxynucleotide Carrier (DNC) and DNA Polymerase γ:
Relevance for the Development of New Platinum-Based Drugs. ChemistrySelect 2016, 1, 4633–4637. [CrossRef]

60. De Castro, F.; Stefàno, E.; Luca, E.D.; Benedetti, M.; Fanizzi, F.P. Platinum-Nucleos(t)Ide Compounds as Possible Antimetabolites
for Antitumor/Antiviral Therapy: Properties and Perspectives. Pharmaceutics 2023, 15, 941. [CrossRef]

61. Benedetti, M.; Ducani, C.; Migoni, D.; Antonucci, D.; Vecchio, V.M.; Ciccarese, A.; Romano, A.; Verri, T.; Ciccarella, G.; Fanizzi, F.P.
Experimental Evidence That a DNA Polymerase Can Incorporate N7-Platinated Guanines To Give Platinated DNA. Angew. Chem.
Int. Ed. 2008, 47, 507–510. [CrossRef] [PubMed]

62. Lippert, B.; Sanz Miguel, P.J. Beyond Sole Models for the First Steps of Pt-DNA Interactions: Fundamental Properties of
Mono(Nucleobase) Adducts of PtII Coordination Compounds. Coordin. Chem. Rev. 2022, 465, 214566. [CrossRef]

63. Benedetti, M.; Ducani, C.; Migoni, D.; Antonucci, D.; Vecchio, V.M.; Romano, A.; Verri, T.; Fanizzi, F.P. Possible Incorporation
of Free N7-Platinated Guanines in DNA by DNA Polymerases, Relevance for the Cisplatin Mechanism of Action. In Platinum
and Other Heavy Metal Compounds in Cancer Chemotherapy: Molecular Mechanisms and Clinical Applications; Bonetti, A., Leone, R.,
Muggia, F.M., Howell, S.B., Eds.; Cancer Drug Discovery and Development; Humana Press: Totowa, NJ, USA, 2009; pp. 125–132,
ISBN 978-1-60327-459-3.

64. Benedetti, M.; Romano, A.; De Castro, F.; Girelli, C.R.; Antonucci, D.; Migoni, D.; Verri, T.; Fanizzi, F.P. N7-Platinated Ribonu-
cleotides Are Not Incorporated by RNA Polymerases. New Perspectives for a Rational Design of Platinum Antitumor Drugs.
J. Inorg. Biochem. 2016, 163, 143–146. [CrossRef]

65. Zeng, H.; Mondal, M.; Song, R.; Zhang, J.; Xia, B.; Liu, M.; Zhu, C.; He, B.; Gao, Y.Q.; Yi, C. Unnatural Cytosine Bases Recognized
as Thymines by DNA Polymerases by the Formation of the Watson–Crick Geometry. Angew. Chem. Int. Ed. 2019, 58, 130–133.
[CrossRef] [PubMed]

66. Wolfe, J.L.; Kawate, T.; Belenky, A.; Jr, V.S. Synthesis and Polymerase Incorporation of 5′-Amino-2′,5′-Dideoxy-5′-N-Triphosphate
Nucleotides. Nucleic Acids Res. 2002, 30, 3739–3747. [CrossRef]

67. Zhu, Z.; Waggoner, A.S. Molecular Mechanism Controlling the Incorporation of Fluorescent Nucleotides into DNA by PCR.
Cytometry 1997, 28, 206–211. [CrossRef]

68. Sussman, H.E.; Olivero, O.A.; Meng, Q.; Pietras, S.M.; Poirier, M.C.; O’Neill, J.P.; Finette, B.A.; Bauer, M.J.; Walker, V.E.
Genotoxicity of 3′-Azido-3′-Deoxythymidine in the Human Lymphoblastoid Cell Line, TK6: Relationships between DNA
Incorporation, Mutant Frequency, and Spectrum of Deletion Mutations in HPRT. Mutat. Res. 1999, 429, 249–259. [CrossRef]
[PubMed]

69. Gourlain, T. Enhancing the Catalytic Repertoire of Nucleic Acids. II. Simultaneous Incorporation of Amino and Imidazolyl
Functionalities by Two Modified Triphosphates during PCR. Nucleic Acids Res. 2001, 29, 1898–1905. [CrossRef]

70. Giller, G. Incorporation of Reporter Molecule-Labeled Nucleotides by DNA Polymerases. I. Chemical Synthesis of Various
Reporter Group-Labeled 2′-Deoxyribonucleoside-5′-Triphosphates. Nucleic Acids Res. 2003, 31, 2630–2635. [CrossRef]

71. Tasara, T. Incorporation of Reporter Molecule-Labeled Nucleotides by DNA Polymerases. II. High-Density Labeling of Natural
DNA. Nucleic Acids Res. 2003, 31, 2636–2646. [CrossRef]

72. Hanes, J.W.; Johnson, K.A. Analysis of Single Nucleotide Incorporation Reactions by Capillary Electrophoresis. Anal. Biochem.
2005, 340, 35–40. [CrossRef] [PubMed]

73. Srivatsan, S.G.; Tor, Y. Enzymatic Incorporation of Emissive Pyrimidine Ribonucleotides. Chem. Asian J. 2009, 4, 419–427.
[CrossRef] [PubMed]

74. Prakasha Gowda, A.S.; Polizzi, J.M.; Eckert, K.A.; Spratt, T.E. Incorporation of Gemcitabine and Cytarabine into DNA by DNA
Polymerase β and Ligase III/XRCC1. Biochemistry 2010, 49, 4833–4840. [CrossRef] [PubMed]

75. Koag, M.-C.; Lai, L.; Lee, S. Structural Basis for the Inefficient Nucleotide Incorporation Opposite Cisplatin-DNA Lesion by
Human DNA Polymerase B*. J. Biol. Chem. 2014, 289, 31341–31348. [CrossRef]

76. Yeager, A.; Humphries, K.; Farmer, E.; Cline, G.; Miller, B.R.I. Investigation of Nascent Base Pair and Polymerase Behavior in the
Presence of Mismatches in DNA Polymerase I Using Molecular Dynamics. J. Chem. Inf. Model. 2018, 58, 338–349. [CrossRef]

77. Obeid, S.; Blatter, N.; Kranaster, R.; Schnur, A.; Diederichs, K.; Welte, W.; Marx, A. Replication through an Abasic DNA Lesion:
Structural Basis for Adenine Selectivity. EMBO J. 2010, 29, 1738–1747. [CrossRef]

78. Kool, E.T. Active Site Tightness and Substrate Fit in DNA Replication. Annu. Rev. Biochem. 2002, 71, 191–219. [CrossRef] [PubMed]
79. Kunkel, T.A.; Bebenek, K. DNA Replication Fidelity. Annu. Rev. Biochem. 2000, 69, 497–529. [CrossRef]

https://doi.org/10.1016/j.jinorgbio.2004.04.018
https://doi.org/10.1016/j.jinorgbio.2021.111660
https://www.ncbi.nlm.nih.gov/pubmed/34801970
https://doi.org/10.1016/j.jinorgbio.2013.09.012
https://www.ncbi.nlm.nih.gov/pubmed/24148759
https://doi.org/10.1002/slct.201600961
https://doi.org/10.3390/pharmaceutics15030941
https://doi.org/10.1002/anie.200703160
https://www.ncbi.nlm.nih.gov/pubmed/18058887
https://doi.org/10.1016/j.ccr.2022.214566
https://doi.org/10.1016/j.jinorgbio.2016.07.004
https://doi.org/10.1002/anie.201807845
https://www.ncbi.nlm.nih.gov/pubmed/30407705
https://doi.org/10.1093/nar/gkf502
https://doi.org/10.1002/(SICI)1097-0320(19970701)28:3&lt;206::AID-CYTO4&gt;3.0.CO;2-B
https://doi.org/10.1016/S0027-5107(99)00111-6
https://www.ncbi.nlm.nih.gov/pubmed/10526209
https://doi.org/10.1093/nar/29.9.1898
https://doi.org/10.1093/nar/gkg370
https://doi.org/10.1093/nar/gkg371
https://doi.org/10.1016/j.ab.2005.02.013
https://www.ncbi.nlm.nih.gov/pubmed/15802127
https://doi.org/10.1002/asia.200800370
https://www.ncbi.nlm.nih.gov/pubmed/19072942
https://doi.org/10.1021/bi100200c
https://www.ncbi.nlm.nih.gov/pubmed/20459144
https://doi.org/10.1074/jbc.M114.605451
https://doi.org/10.1021/acs.jcim.7b00516
https://doi.org/10.1038/emboj.2010.64
https://doi.org/10.1146/annurev.biochem.71.110601.135453
https://www.ncbi.nlm.nih.gov/pubmed/12045095
https://doi.org/10.1146/annurev.biochem.69.1.497


Int. J. Mol. Sci. 2023, 24, 9849 17 of 18

80. Rothwell, P.J.; Waksman, G. Structure and Mechanism of DNA Polymerases. In Advances in Protein Chemistry; Fibrous Proteins:
Muscle and Molecular Motors; Academic Press: Cambridge, MA, USA, 2005; Volume 71, pp. 401–440.

81. Prejanò, M.; Romeo, I.; Russo, N.; Marino, T. On the Catalytic Activity of the Engineered Coiled-Coil Heptamer Mimicking the
Hydrolase Enzymes: Insights from a Computational Study. Int. J. Mol. Sci. 2020, 21, 4551. [CrossRef]

82. Geronimo, I.; Vidossich, P.; Donati, E.; De Vivo, M. Computational Investigations of Polymerase Enzymes: Structure, Function,
Inhibition, and Biotechnology. WIREs Comput. Mol. Sci. 2021, 11, e1534. [CrossRef]

83. Genna, V.; Donati, E.; De Vivo, M. The Catalytic Mechanism of DNA and RNA Polymerases. ACS Catal. 2018, 8, 11103–11118.
[CrossRef]

84. Geronimo, I.; Vidossich, P.; De Vivo, M. Local Structural Dynamics at the Metal-Centered Catalytic Site of Polymerases Is Critical
for Fidelity. ACS Catal. 2021, 11, 14110–14121. [CrossRef]

85. Olson, W.K.; Bansal, M.; Burley, S.K.; Dickerson, R.E.; Gerstein, M.; Harvey, S.C.; Heinemann, U.; Lu, X.-J.; Neidle, S.; Shakked,
Z.; et al. A Standard Reference Frame for the Description of Nucleic Acid Base-Pair Geometry. J. Mol. Biol. 2001, 313, 229–237.
[CrossRef] [PubMed]

86. Hub, J.S.; de Groot, B.L.; van der Spoel, D. G_wham—A Free Weighted Histogram Analysis Implementation Including Robust
Error and Autocorrelation Estimates. J. Chem. Theory Comput. 2010, 6, 3713–3720. [CrossRef]

87. Fichtinger-Schepman, A.M.J.; Van der Veer, J.L.; Den Hartog, J.H.J.; Lohman, P.H.M.; Reedijk, J. Adducts of the Antitumor
Drug Cis-Diamminedichloroplatinum(II) with DNA: Formation, Identification, and Quantitation. Biochemistry 1985, 24, 707–713.
[CrossRef]

88. Bjursell, G.; Skoog, L. Control of Nucleotide Pools in Mammalian Cells. In Antibiotics and Chemotherapy; Mihich, E., Eckhardt, S.,
Eds.; S. Karger AG: Basel, Switzerland, 1980; Volume 28, pp. 78–85, ISBN 978-3-8055-0411-9.

89. Jackson, R.C.; Lui, M.S.; Boritzki, J.; Morris, H.P.; Weber, G. Purine and Pyrimidine Nucleotide Patterns of Normal, Differentiating,
and Regenerating Liver and of Hepatomas in Rats. Cancer Res. 1980, 40, 1286–1291. [PubMed]

90. Stillman, B. Deoxynucleoside Triphosphate (DNTP) Synthesis and Destruction Regulate the Replication of Both Cell and Virus
Genomes. Proc. Natl. Acad. Sci. USA 2013, 110, 14120–14121. [CrossRef]

91. Donaldson, K.L.; Goolsby, G.L.; Wahl, A.F. Cytotoxicity of the Anticancer Agents Cisplatin and Taxol during Cell Proliferation
and the Cell Cycle. Int. J. Cancer 1994, 57, 847–855. [CrossRef]

92. Shah, M.A.; Schwartz, G.K. Cell Cycle-Mediated Drug Resistance: An Emerging Concept in Cancer Therapy. Clin. Cancer Res.
2001, 7, 2168–2181.

93. Van Rompay, A.R.; Johansson, M.; Karlsson, A. Phosphorylation of Nucleosides and Nucleoside Analogs by Mammalian
Nucleoside Monophosphate Kinases. Pharmacol. Ther. 2000, 87, 189–198. [CrossRef]

94. Dennington, R.D.; Keith, T.A.; Millam, J.M. GaussView, version 6.1.1; Gaussian, Inc.: Wallingford, CT, USA, 2019. Available online:
www.gaussian.com (accessed on 27 April 2023).

95. Case, D.; Cerutti, D.; Cheatham III, T.; Darden, T.; Duke, R.; Giese, T.; Gohlke, H.; Goetz, A.; Greene, D.; Homeyer, N.; et al.
AMBER 2017; University of California: San Francisco, CA, USA, 2017.

96. Li, P.; Song, L.F.; Merz, K.M., Jr. Systematic Parameterization of Monovalent Ions Employing the Nonbonded Model. J. Chem.
Theory Comput. 2015, 11, 1645–1657. [CrossRef]

97. Becke, A.D. Density-functional Thermochemistry. III. The Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
98. Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti Correlation-Energy Formula into a Functional of the Electron

Density. Phys. Rev. B 1988, 37, 785–789. [CrossRef]
99. Bayly, C.I.; Cieplak, P.; Cornell, W.; Kollman, P.A. A Well-Behaved Electrostatic Potential Based Method Using Charge Restraints

for Deriving Atomic Charges: The RESP Model. J. Phys. Chem. 1993, 97, 10269–10280. [CrossRef]
100. Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. Ff14SB: Improving the Accuracy of Protein

Side Chain and Backbone Parameters from Ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713. [CrossRef]
101. Wang, J.; Cieplak, P.; Kollman, P.A. How well does a restrained electrostatic potential (RESP) model perform in calculating

conformational energies of organic and biological molecules? J. Comput. Chem. 2000, 21, 1049–1074. [CrossRef]
102. Pérez, A.; Marchán, I.; Svozil, D.; Sponer, J.; Cheatham, T.E.; Laughton, C.A.; Orozco, M. Refinement of the AMBER Force Field

for Nucleic Acids: Improving the Description of α/γ Conformers. Biophys. J. 2007, 92, 3817–3829. [CrossRef] [PubMed]
103. Parise, A.; Ciardullo, G.; Prejanò, M.; de la Lande, A.; Marino, T. On the Recognition of Natural Substrate CTP and Endogenous

Inhibitor DdhCTP of SARS-CoV-2 RNA-Dependent RNA Polymerase: A Molecular Dynamics Study. J. Chem. Inf. Model. 2022, 62,
4916–4927. [CrossRef]

104. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular Dynamics with Coupling to an External
Bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef]

105. Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N·log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98, 10089–10092. [CrossRef]

106. Roe, D.R.; Cheatham, T.E.I. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data.
J. Chem. Theory Comput. 2013, 9, 3084–3095. [CrossRef]

https://doi.org/10.3390/ijms21124551
https://doi.org/10.1002/wcms.1534
https://doi.org/10.1021/acscatal.8b03363
https://doi.org/10.1021/acscatal.1c03840
https://doi.org/10.1006/jmbi.2001.4987
https://www.ncbi.nlm.nih.gov/pubmed/11601858
https://doi.org/10.1021/ct100494z
https://doi.org/10.1021/bi00324a025
https://www.ncbi.nlm.nih.gov/pubmed/7053201
https://doi.org/10.1073/pnas.1312901110
https://doi.org/10.1002/ijc.2910570614
https://doi.org/10.1016/S0163-7258(00)00048-6
www.gaussian.com
https://doi.org/10.1021/ct500918t
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1021/j100142a004
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1002/1096-987X(200009)21:12&lt;1049::AID-JCC3&gt;3.0.CO;2-F
https://doi.org/10.1529/biophysj.106.097782
https://www.ncbi.nlm.nih.gov/pubmed/17351000
https://doi.org/10.1021/acs.jcim.2c01002
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.464397
https://doi.org/10.1021/ct400341p


Int. J. Mol. Sci. 2023, 24, 9849 18 of 18

107. Kumar, S.; Rosenberg, J.M.; Bouzida, D.; Swendsen, R.H.; Kollman, P.A. THE Weighted Histogram Analysis Method for
Free-Energy Calculations on Biomolecules. I. The Method. J. Comput. Chem. 1992, 13, 1011–1021. [CrossRef]

108. Bai, Q.; Tan, S.; Xu, T.; Liu, H.; Huang, J.; Yao, X. MolAICal: A Soft Tool for 3D Drug Design of Protein Targets by Artificial
Intelligence and Classical Algorithm. Brief. Bioinform. 2021, 22, bbaa161. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jcc.540130812
https://doi.org/10.1093/bib/bbaa161
https://www.ncbi.nlm.nih.gov/pubmed/32778891

	Introduction 
	Results and Discussion 
	Methods 
	Preparation of the Model 
	MD Simulations 
	MMPBSA 
	PCA 
	PMF 
	Umbrella Sampling 

	Conclusions 
	References

