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Abstract

The drug cis-diamminedichloroplatinum(ll) (cisplatin) has revolutionized anticancer therapy
back in the late seventies. It triggers tumor-cell death by binding to DNA. Cisplatin treats
very successfully testicular and ovarian tumors, along with a variety of other cancers.
Unfortunately, cisplatin-based therapies are plagued by resistance mechanisms that cause
very severe side effects. Characterizing the interactions of cisplatin with its cellular partners
is of great importance to design new platinum-based anticancer drugs able to overcome
cisplatin's resistance issues. First principle studies have revealed themselves as powerful
tools for predictions of structural determinants and of the energetics of these systems. Here
will we review our recent work on hybrid Car-Parrinello Molecular Dynamics/Molecular
Mechanics (CPMD/MM) simulations along with molecular spectroscopy calculations. The
calculations uncover details of the molecular recognition process between platinated DNA
and a key cellular partner and provide an unprecedented view on the structural features of
platinated proteins involved in drug resistance.
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1. Introduction

Cisplatin (cis-diamminedichloridoplatinum(ll)) is one of the most widely used drugs in
anticancer chemotherapy.™® Its beneficial effect is mainly caused by the formation of
adducts with DNA. This causes DNA lesions, which in turn lead to tumor cell apoptosis.”®
However cisplatin's therapeutic efficacy is strongly limited by the appearance of resistance

1,3,4 . .
> " These stem from interactions of

mechanisms after repeated administrations of the drug.
the drug with unwanted cellular partners before its binding to DNA (pre-target resistance),
from alterations of DNA-cisplatin adducts (on-target resistance); from cellular responses to

cisplatin-mediated DNA damage (post-target resistance); from alteration of other cellular



pathways not directly linked with cisplatin-elicited signals (off-target resistance)’.
Understanding the molecular basis of cisplatin resistance is of paramount importance for
4,10

designing new Pt-based compounds able to circumvent drug resistance. A key step in
accomplishing this goal is to characterize structurally and energetically the adducts of
cisplatin with the cellular partners involved in drug resistance. Experimentally, this
characterization is partially lacking. Our group for the last year has then addressed the
problem using molecular simulations approaches.

In the platinated adducts, the stereochemistry of the transition metal coordination
polyhedron is dictated by quantum mechanical effects. Hence, this problem is amenable for
guantum mechanical/molecular mechanical (QM/MM) simulation, in which the platinated
region (where the electronic degrees of freedom are relevant) is described by a quantum
mechanical electronic structure method. Here we use Density Functional Theory (DFT)-
based hybrid Car and Parrinello molecular dynamics/Molecular Mechanics (CPMD/MM)

111213 The CPMD/MM scheme describes the relevant electronic degrees of

simulations
freedom along with extended environmental effects. DFT is very successful because of its
accuracy/computational-cost ratio for transition metal complexes."**” The QM region is
mechanically and electrostatically coupled with the rest of the system, which is treated using
empirical biomolecular force fields like, AMBER,”® GROMOS™ or CHARMM.?®") |n our
applications here, the MM part is described by AMBER force field using routines from
Gromos96 code. ™ The comparison between experimental and theoretical spectroscopy
(CD, EXAFS, and H, B¢, N, and Pt NMR chemical shifts), as well as thermodynamic data,

have established the accuracy of the structural predictions. 2%

2. Cisplatin resistance

In the following we will review some recent application of CPMD/MM MD simulations to
both structural predictions and free energy calculations in proteins and in protein complexes
involved in pre-target and on-target cisplatin resistance.

2. 1 Pre-target resistance

Cancer cells elude the cytotoxic potential of cisplatin before binding to DNA by a reduced
intra- cellular accumulation of cisplatin and by an increased sequestration/efflux of cisplatin
cytoplasmic ‘scavengers’ proteins with nucleophilic properties °.

Several proteins involved in the copper homeostasis, and able to bind cisplatin, play a major

4, 29-33

role for regulating the cellular accumulation of the drug. The high-affinity copper
transporter Ctrl drives cisplatin uptake via active transport.34 The ATPase copper pumps
ATP7A/ATP7B have been found to be responsible for sequestration and efflux of cisplatin.>>
% Atox1 proteins has been suggested to be involved in platinum delivery to the ATPases®”*®

and also in the influx of cisplatin, by controlling the cisplatin-induced down regulation of

"The reader may refer to a recent review for an extensive discussion of the method and of its practical
implementationn.

" Hybrid simulations are computationally costly and may cover currently a timescale of a ns or less.2.22 To
circumvent this problem, in some of the applications, we have applied the force matching procedure of refs.
23,24 to the CPMD/MM simulations, in order to derive AMBER-type force field parameters for the Pt
moieties. 2526 This allow to run longer classical MD simulations based on the new force field parameters.



2939 Eurthermore, Atox1 has been found to translocate to the

Ctrl through ubiquitination.
nucleus in the response to copper exposure® . This raises the question of whether it could
also be involved in the delivery of cisplatin to DNA.

Experimental investigations had provided qualitative information on these platinated
proteins in solution. Specifically, the met-rich N-terminal extracellular domain of Ctr1, which

41-43
M

is know to bind copper ions, had been identified as a putative cisplatin binding site. et

sulfur is indeed a good donor atom for platinum.*
spectrometry® on the model peptide MTGMKGMS (Mets7), mimicking one of the Met-rich

motifs of the N-terminal extracellular domain of yeast Ctrl, suggested that (i) Cisplatin loses

NMR and Electrospray Mass

all of its ligands upon reaction with Mets7 and the metal ion binds to the three Met residues
and completes its coordination shell with a fourth ligand that can be a chloride or a
water/hydroxyl oxygen. (ii) Transplatin (the inactive form of cisplatin) loses only the chlorido
ligands, which are replaced by Met residues.

The ATP7A/ATP7B copper pumps share homologous structures made of 8 transmembrane
domains and 6 soluble domains at the N-terminal cytosolic side containing six metal-binding
domains (MBDs)* “® with the same CxxC motif (C = cysteine, x = aminoacid other than C).
Binding of cisplatin to the CxxC motif of the copper transporter ATP7B had been reported by

37, 38, 47-50
several authors.””

In particular, EXAFS studies on platinum-bound second MBD of
ATP7B showed that Pt is cis-coordinated to the thiolate groups of the two cysteines®’ (the
other two ligands were phosphorus atoms of tris(2-carboxyethyl)phosphine (TCEP) used as
reducing agent). 'H, **C and 'H, ™" HSQC spectroscopy data along with Electrospray Mass
Spectrometry (ESI-MS) data on the first cytosolic domain of ATP7A>! (79 aminoacids, Mnk1
hereafter) showed that in solution, under anaerobic conditions and in the absence of a
reducing agent, the nearly exclusive adduct formed upon the interaction between cisplatin
and Mnk1 is a monomer in which the Pt ion binds to Cys19 and Cys22 sulphur atoms while
retaining the two cis ammine ligands.

Electrospray lonization Mass Spectrometry (ESI-MS) and NMR spectroscopy™> ** provided
information on cisplatin binding mode to Atox1 in water solution. Similarly to what happens
in the reaction with the structurally similar Mnk1 protein, the [Pt(NHs),]*" moiety binds to
Cys12 and Cy15 residues of Atoxl keeping the two ammines and that the adduct is

monomeric™> >

. Note that this binding mode is different from the one evidenced in
crystallographic structures,” where 1:1 and 1:2 complexes between human Atox1 and
cisplatin were observed with different coordination to that in solution.”

Hybrid CPMD/MM simulations were used to investigate the apo-proteins (I in Figures 1,2,
and 3) and in silico model adducts based on the qualitative binding modes of metal ion
inferred from experiments (C; and T; in Figurel, and Il in Figures 2 and 3, see section 3.1 for
computational details). Spectroscopic data were thus calculated as averages over the
configurations explored along the CPMD/MM trajectories and compared to the available
experimental counterparts (CD, EXAFS, and 4, B¢, N, and Pt NMR chemical shifts) in
order to validate or disprove the models (see section 3.2 for computational details). To test
the capability of our computational approach to unambiguously discriminate the correct
coordination and folding from incorrect ones, the same calculations were performed on
three alternative binding models of the first cytosolic domain of ATP7A, different from that

inferred from experiments, yet still plausible from a chemical point of view (A-C in Figure. 2).
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Figure 1. Panel (a): Readapted from ref.”. Structural models of platinated (C; and T;) and Apo (I) peptides
emerging from replica exchange with solute tempering (REST) > classical MD simulations and CPMD/MM
simulations. The backbone conformations of the last CPMD/MM snapshot (in red ribbons) and a representative
REST snapshot (in blue ribbons) are superimposed. The QM atoms are shown in stick-and-balls (CB = Cg, CG = Cy,
CE = Ce). Water is shown in lines. Counterions are not shown for the sake of clarity. Panel (b): Reprinted with
permission from ref.” Copyright 2012 American Chemical Society. Calculated and experimentally measured CD
spectra of cisplatin/Mets7 (left) and transplatin/Mets7 (right) adducts. Panel (c): 195 pt NMR Chemical Shifts (in
ppm) of the Cisplatin/Mets7 (C1- C3) and Transplatin/Mets7 (T1- T3) Adducts.

For Mets7, the comparison between experimental and calculated CD spectra (Figurel)
shows that the C3 model in which the ligands of the Pt(ll) ion are three Met residues and a
hydroxyl group (Figure 1), gives the most important contribution to the total CD. C2
(Figurel) is also compatible with the measured CD while C1 model (Figure 1) shows much
worse correspondence. In the case of the transplatin/Mets7 CD spectrum, the T1 model
(coordination to platinum of Metl and Met4, Figure 1) is likely to give a much greater
contribution to the total CD than those of the other two models.

The comparison between calculated and experimental EXAFS spectra of the three C models
indicates that model C1 (chlorido species), which did not contribute appreciably to the CD
spectra, give instead a significant contribution to the EXAFS spectra (see ref. * for more
details). This is compatible with the fact that, differently from the CD spectra, the EXAFS
spectra were taken at considerably higher chloride concentration.

The calculated *H and *C NMR chemical shifts are in rather good agreement with the
experimental chemical shifts and indicate that platinum binding causes a downfield shift of
the NMR signals belonging to the Met residues bounded to the platinum, which is
compatible with the experiment (see ref. 2 for more details). The calculations also confirm a
contribution of models T2 and T3 to the overall spectra to account for the downfield shift
observed for y-CH, and &-CHs of all methionines of Mets7 (see ref. >* for more details). The



d Pt chemical shifts (Figurel) also show that model C1 can give a relevant

calculate
contribution to the experimental spectrum taken at a rather high chloride concentration. In
contrast, model C2, the computed spectrum of which significantly deviates from the
experimental one, contributes much less.

The self-consistency of the CPMD/MM structures is further supported by their compatibility
with the local structures obtained from replica exchange with solute tempering > classical
MD simulations based on the force field parameters of the Pt-moieties derived via force-

h. ¥ The new force field parameters have been estimated by averaging

matching approac
over 300 snapshots sampled along the CPMD/MM trajectories (See section 3.3 for

computational details).
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Figure 2. Panel (a): From ref. 27, Reproduced by permission of The Royal Society of Chemistry. Structural models
of apo-Mnk1 (1) and platinated model adducts (ll, A, B, and C) emerging from our CPMD/MM simulations based
on the NMR structure of the apo protein. Il is constructed based on the experimentally determined binding
mode. A-C show other binding modes explored to test the robustness of the computational approach. Red
ribbons represent the protein backbone; Cys19 and Cys22, along with the Pt-moiety, are shown in balls and
sticks. Water molecules are represented by lines. Counterions, which neutralize the system, are not shown for
sake of clarity. Panel (b): Readapted from ref. ¥ Calculated and experimentally measured CD spectra of the apo
protein and the Pt adducts. Panel (c): Iy, B¢, (Table 1) and W BN (Table 2) NMR chemical shifts (in ppm) of apo
Mnk1 and its Pt-adduct.

As for Mnk1 (first cytosolic domain of ATP7A), the calculated CD spectra of both apo protein
(1) and the platinated adduct Il (Figure2) qualitatively reproduce the main features of the
experimental counterparts, namely the shift of the maximum negative ellipticity toward
lower wavelengths upon platination, which indicates a loss of helical structure.

The calculated *H and *C chemical shifts of the apo protein (1) and model Il (Figure2) are
compatible with the experimental counterparts within the intrinsic errors of the

methodology (7.6 ppm for *C chemical shift®® and ~1 ppm for H chemical shifts™).



Moreover, the calculations on model Il reproduce the downfield shift observed
experimentally for Cys19 and Cys22 13CB—chemicaI shifts upon platination.

The N chemical shift is very sensitive to the nature of the donor atom in trans position, and
therefore may be very diagnostic of the presence of sulphur coordination.”*® Again model Il
proved to be compatible with the experimental data within the mean error intrinsic to the
employed level of theory (Figure2). As far as the proton chemical shifts are concerned, all
calculated values are essentially consistent with the experimental ones within the mean
error intrinsic to the method (Figure2).®

These findings support the reliability of the structural models I and Il in correctly
reproducing both the apo protein and the platinated adduct. This is further confirmed by the
comparison between the experimental data and models A-C (Figure2), which represent
binding modes qualitatively incompatible with the experiment. Several discrepancies,
beyond the calculation errors, are noted for CD spectra, Cg chemical shifts and Cs downfield
shift upon platination, which lead us to discard them by a progressive elimination procedure
(see ref.”’” for more details). This finding establishes the accuracy of the model and supports
the reliability of the 3D atomic structures derived from our simulations.
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Figure 3: Panel (a): Readapted from ref. % structural models of apo Atox1 (l) and its Pt-adduct (ll) in aqueous
solution as they emerge from CPMD/MM simulations (left: apo Atox1 backbone along with Cys12 and Cys15 side
chains; right: close up on the Cys12/Cys15 region in apo Atox1; bottom: close up on the Cys12/Cys15 region in
the Pt-adduct). The backbone of the protein is represented by a red ribbon. Cys12 and Cys15 residues, along with
the Pt moiety, are represented in balls and sticks (color code: platinum in brown, sulfur in yellow, carbon in cyan,
nitrogen in blue, and hydrogen in white). Water molecules are represented by lines (color code: oxygen in red
and hydrogen in white). Panel (b): Calculated (continuous lines) and experimental (dashed lines) CD spectra of
apo Atox1 (violet) and the Pt-adduct (green). Panel (c): "4 3% and >N NMR chemical shifts (in ppm) of apo Atox1
and the Pt-adduct compared with the experimental data.

For Atox1, the calculated CD spectra of both apo (l) and Pt-adduct (Il) (Figure3) are in good



agreement with the experimental ones, which supports the reliability of our models in
describing the global fold. The calculated **C chemical shifts (Figure3) of the B-methylene
groups of Cys12 and Cys15 side chains reproduce the experimental data within one standard
deviation, or, in the worst cases, within the typical error due to the employed level of theory
for both apo- and Pt-Atox1 (7.6 ppm for *C chemical shift®). In addition, our calculations
predict for the CP carbon of Cys12 and Cys15 a small downfield shift upon platination, which
is compatible with the downfield shift observed experimentally. The calculated °N chemical
shifts of the Pt-bound ammine ligands (Figure3) are compatible with the experimental data.
They deviate from the experimental values by ~9 ppm, which is well below the typical error
associated to this level of theory (13-16 ppm) *. These theoretical data thus correctly
reproduce one of the most important experimental findings in favor of the presence of ’NH,
groups trans to the S atoms of Cys 12 and Cys15. Also in the case of the chemical shifts of
the 'H (Figure 3), the calculated values are consistent with the experimental ones within one
standard deviation or, in the worst cases, within the mean error intrinsic to the employed
level of theory (~1 ppm for 'H chemical shifts'®). We therefore conclude that our 3D model,
which is fully consistent with all of the spectroscopic data so far available, confidently
represents the overall structure of the platinated Atox1 adduct in solution.

2.2 On-target resistance

Cisplatin exerts the cytotoxic activity by covalently binding DNA,* ® forming preferentially
288 that bend DNA. Nucleotide excision

repair (NER) enzymes are able to remove the platinum lesions from DNA, leading to drug
2,6,8

(>80%) 1,2-intrastrand cross-links with guanines
resistance. Such a repair may be inhibited by chromosomal high-mobility group proteins
(HMGB), HMGB1, HMGB2 and HMGB4 as shown by in vitro®®® and in cell experiments.®
Notably, the binding affinity of the reduced state of HMGB1 protein for platinated DNA (Pt-
DNA) is larger than that of the oxidized state, where two fully conserved cysteine residues
(Cys22 and Cys44®) form an S-S bridge.®® Both the reduced state and the Cys-Cys bridged
protein could be present in disease conditions. This has lead to the hypothesis that the high
activity of cisplatin towards testicular tumors could be due to the unique expression in the
testis® of HMGB4, which lacks one of the two cysteines and hence cannot form the S-S
bond.%

Hybrid CPMD/MM simulations were used to sample the configurational space of one of the
HMGB proteins (HMGB1A) in complex with the platinated oligonucleotide [Pt(NH3),]**-
d(CCUCTCTG*G*ACCTTCC)-d(GGAGAGACCTGGAAGG)®® (*G are platinated guanines) in both
the reduced and oxidized state (S-S bridge between Cys22 and Cys44) of the protein®® (see
ref % and Figure 4). Specifically we treated at the quantum mechanical level the cisplatin
moiety and the G8G9 bases while the rest was treated at the classical level (see section 3.1
for computational details). Using the force matching procedure of refs.”* ** over 200
snapshots sampled along the CPMD/MM trajectory, we derived AMBER-type force field
parameters for the Pt moieties (section 3.3 for computational details). The latter were used
to run well tempered Metadynamics®’ ”’° free energy calculations. This approach allowed the
identification of the molecular basis of the recognition process as well as of the decreased
affinity of oxidized HMGB1A for platinated DNA. The work by Lippard et al.®® showed how
the phenyl group of Phe37 in reduced HMGB1A inserts in between the cross-linked guanines



and the resulting stacking interaction contributes to the stabilization of the protein-DNA
complex (Figure 4). Our computational investigation has shown that, indeed, this interaction
locks the protein-DNA complex in the absolute free energy minimum (B in Figure 4) where,
our calculated free energy is fairly consistent with the experimental data®. Moreover, the
disruption of this interaction is the first step in the dissociation process, further supporting
its key role in the stabilization of the complex.

Concerning oxidized HMGB1, the experimentally observed decrease in affinity upon protein
oxidation and consequent formation of a Cys22-Cys44 disulfide bridge (5.5 ki/mol)®*, has
lead to the hypothesis that the high efficacy of cisplatin towards testicular tumors could be
due to the exclusive presence in the testis of a member of the HMGB superfamily (the
HMGB4 protein)®” ® that lacks one of the two cysteine residues. The latter protein cannot
form the S-S bridge upon oxidation. Our calculations suggest that the decrease in binding
free energy upon formation of the Cys22-Cys44 disulfide bridge is likely due to a structural
rearrangement of helices H1 and H2, which causes Phe37, located on top of helix H2, to
slightly withdraw from the hydrophobic notch formed by the cross-linked G8 and G9 bases
(Figure 4). The latter result is rather remarkable since it shows that computational methods
can correctly evaluate loss of stability consequent to small conformational changes.
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Figure 4. Reduced (green) and oxidized (red) HMGB1 in complex with platinated DNA (cyan) (Panel A) A close-up
of Phe37 is offered (Panel C). The Free energy profile (Panel B) is projected on d and n.g collective variables [d is
the distance between the centers of mass of Pt-DNA and HMGB1A and ny; is the number of hydrogen bonds at
the interface between the two moieties]. B denotes the bound state while U represents the unbound minimum
[Pt-DNA and HMGB1A protein ~4 nm apart]. M1-M5 are the local minima.

3. Computational Details



3.1 Hybrid CPMD/MM simulations

Hybrid CPMD/MM simulations were run with the BLYP recipe for the exchange-correlation
functional. ”* 7 The QM part includes the platinum coordination polyhedron of each system
along with the residues/bases of the binding site. The wave function was expanded in a
plane-wave basis set up to an energy cutoff of 70 Ry for Mets7 and DNA and 90 Ry for Mnk1
and Atox1. Only the valence electrons were treated explicitly (in the case of Pt, electrons in
the n = 5 shell were also included in the valence), while the core electrons were described
using norm-conserving pseudopotentials of the Martins-Troullier type.”® For Mets7 the QM
atoms linked to the classical part by covalent bonds were saturated by “capping” hydrogen
atoms, whilst for Mnk1 Atox1 and the DNA an adapted monovalent carbon pseudopotential
was employed to saturate the dangling bonds in between the QM and MM regions.”
Isolated system conditions were imposed in the QM part by employing the Martyna-
Tuckerman scheme.” The MM part includes the rest of the system. The latter was described
by the Amber99SB force field”® 77 for the protein frame of Mets7, Atox1, and Mnk1, the
Amber99SB-ILDN force field’®”® for HMGB1A and DNA and the TIP3P”® for water.
Counterions were modeled using the Smith&Dang force field® for platinated Mets7 and
Mnk1 systems and the Joung&Cheatham force field®! for Pt-DNA*HMGB1A. The QM and
MM parts were coupled using the fully Hamiltonian hierarchical approach.®® Hybrid
CPMD/MM simulations of the order of 10-20ps-long were carried out. For more details
about CPMD/MM simulations refer to refs. 22,

3.2 Computational spectroscopy

CD and EXAFS spectra were calculated using respectively the web interface DichroCalc

developed by J. D. Hirst et al. and the FEFF approach of ref %

. As for NMR spectroscopy,
the 'H and *C chemical shielding constants were calculated from the snapshots of the
CPMD/MM trajectories by employing the approach of refs # ¢ which is based on the BLYP
gradient corrected functional combined with the norm-conserving pseudopotentials of the
Martins—Troullier type for the representation of the electronic structure. This approach
provides very good estimations for the 'H chemical shifts (the typical error with respect to
the experimental values ranges from 0.5 to 1.0 ppm,” while for *C chemical shifts the
estimations are less satisfactory but still good (the mean error is ~7.6 ppm’®. The N
chemical shielding constants were instead computed as in ref *°, namely using ADF code®®°
with the hybrid functional PBE0® and the triple- & singly polarized basis set TZP. This
approach has been proved to provide more reliable estimations than BLYP gradient
corrected functional combined with the norm-conserving pseudopotentials of the
Martins—Troullier type, especially in the case of transition-metal-bounded N atoms trans to S
and Cl atoms (mean error ~13-16 ppm,* versus ~21 ppm °°. For the calculation of ***Pt NMR
87-89

shielding constants we used the ADF code with the quadruple- { quadruply polarized
basis set QZ4P for Pt, the triple- { singly polarized basis set TZP for the other QM atoms and
the PBE functional.”® This choice of basis sets and functional was shown to give reliable
results for the calculation of **°Pt chemical shifts.®®> For both N and '**Pt NMR chemical
shifts calculations, scalar relativistic effects were taken into account with the zero-order

regular approximation (ZORA) approach,”” * and the MM atoms were included as point



charges. The chemical shielding constants were then converted to NMR chemical shifts
relative to tetramethylsilane (TMS) in the case of 'H and **C nuclei, liquid ammonia in the

f °Pt. To reduce

case of N nuclei and Sodium hexachloroplatinate (Na,PtCl) in the case o
systematic errors in calculating the chemical shifts of *C and N nuclei, we introduced

secondary references, namely C,Hg for 3¢ % and cisplatin, Pt(NH3),Cl, in water, for By,

3.3 Force matching.

The force matching procedure of references ** ** was applied to the snapshots sampled

along the CPMD/MM simulations of Mets7-Pt and Pt-DNA*HMGBI1A adducts. The atomic
partial charges were obtained through a fit to the electrostatic potential and the electric
field. These, along with van der Waals parameters taken from the used Amber force field
were subtracted from the total forces acting on the QM atoms to yield the bonded forces. A
least-squares fit of the latter allowed us to obtain the AMBER-type bond, angle, and dihedral
angle force field parameters. Equilibrium bond lengths and bond angles were taken from the
CPMD/MM averaged values.”*

4. Conclusions

Hybrid CPMD/MM simulations provided the first quantitative molecular view of the 3D
structures of the platinated adducts in solution involved in the pre-target resistance.” 2" %
The comparison between experimental and theoretical spectroscopy data has proved the
accuracy of the predicted models, as well as the robustness of the methodology in
discriminating the correct binding modes from false positives (i.e. binding modes chemically
plausible yet different from the one inferred from the experiments).

Hybrid CPMD/MM simulations were also successfully used to derive amber-like™®
parameters for the Pt-moieties bound to DNA?® by using the force matching method. This is
a key step in the study of the molecular recognition process between Pt-DNA and the High
Mobility Group Box proteins 1A (HMGB1A). The process appears to be enthalpy driven, as

found in other DNA/protein complexes,®?’

and our calculated free energy is fairly
consistent with the experimental data.®® Our calculations also provide a structural basis for
the experimentally observed decrease in affinity upon protein oxidation of HMGB1A and
consequent formation of a Cys22-Cys44 disulfide bridge (5.5 klJ/mol).®® This is consistent
with the hypothesis that the high efficacy of cisplatin towards testicular tumors could be due
to the exclusive presence in the testis of a member of the HMGB superfamily (the HMGB4

- 164,65
protein)™”

that lacks one of the two cysteine residues, and therefore, cannot form the S-S
bridge upon oxidation. The latter result is rather remarkable since it shows that
computational methods can correctly evaluate loss of stability consequent to small

conformational changes.
In conclusion, first principle simulations have shed a light on structural and energetic

determinants of biomolecules involved in cisplatin-resistance. This type of approach could
be extended to the very large variety of transition-metal based anticancer drugs.
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