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Metallodrugs are widely used in the treatment of several diseases, including cancer. Many bloodstream proteins exhibit high afnities
for metals and metal-based compounds, and these interactions have been shown to impact metallodrug pharmacokinetics and
pharmacodynamics, ultimately infuencing their therapeutic performance. Several spectroscopic, spectrometric, and computational
techniques have been used to further understand drug–protein bindingmodes at themolecular level over the last few years. However,
there is still plenty of room to ascertain the full potential of integrated experimental–computational methodologies in the feld of
metallodrugs. Tese studies have mostly been limited to a few metal-containing systems, such as platinates and vanadium drugs. In
this work, we aim to expand and validate the use of combined experimental–theoretical approaches in studying copper (Cu)-based
drug interactions with proteins. To do so, a tetracoordinated Cu(II) complex has been employed as a practical case study, and its
interactions with several relevant proteins using diferent experimental and computational techniques have been evaluated, including
electron paramagnetic resonance spectroscopy, mass spectrometry, density functional theory, and protein–ligand docking calcu-
lations. Experimental data highlight interactions of the Cu(II) complex with albumin,myoglobin, and cytochromeC. Further insights
into the preferential modes of binding were evaluated by density functional theory and docking calculations, which revealed three
main outer surface binding sites for both albumin and myoglobin, as well as three preferential inner pockets in the case of albumin.
Te most relevant binding modes found for both proteins include noncoordinative interactions with the Cu(II) dimeric structure
intact upon binding, as well as metal–ligand exchange and direct metal–amino acid coordination, mainly to glutamate/aspartate
residues after cleavage of the dimer. Altogether, an example of the applicability of a mixed experimental–theoretical framework in the
study of Cu-based drug interactions with relevant proteins is shown.
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1. Introduction

Metal-based drugs are common in clinical treatments of
diseases such as cancer, arthritis, anemia, and mental dis-
orders [1, 2]. Compounds based on transition metals can
adopt a wide variety of geometries that, allied with versatile
electronic properties, types of metal–ligands, and oxidation
states, ofer a unique structural framework to design

bioactive agents [1, 2]. Tese features have motivated the
development of metal complexes based on platinum (Pt),
gold (Au), copper (Cu), and iron (Fe), which exhibit a broad
spectrum of therapeutic properties and mechanisms of
action.

Many metallodrugs, including those for cancer therapy,
are administered intravenously. As a result, their in vivo
stability, speciation, and performance are strongly
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infuenced by their interactions with blood components [3].
Te human serum proteome is composed of more than
10,000 proteins [3], of which a nonnegligible number is able
to bind metals and metal-based compounds. In particular,
highly abundant bloodstream proteins (e.g., human serum
albumin [HSA], human serum transferrin [Tf], and he-
moglobin), as well as others present in tissues and inside cells
(e.g., myoglobin [Myo] and cytochrome C [Cyt]) [4], are
prone to interact with metal-containing compounds [4, 5].
Such interactions depend on multiple factors, including the
nature of the metal, its oxidation state, the metal–ligand, and
the spatial rearrangement of atoms in the metal complex. In
general, these imply the substitution of one or several
metal–ligands of the frst coordination sphere with diferent
amino acid residues of the protein (i.e., direct metal co-
ordination) and/or diferent (polar/hydrophobic) in-
termolecular interactions such as hydrogen bonding and van
der Waals (vdW) forces [5–7].

Te nature of these interactions plays a critical role in
defning the pharmacological and toxicological profle of
metallodrugs, and these can result in side efects and the
development of resistance to treatments [8, 9]. Besides,
protecting drugs from rapid metabolization or albumin
binding has been shown to improve the biodistribution,
target site accumulation, and therapeutic profle of drugs in
some cases [2, 10–12]. Eventually, promoting interaction
with bloodstream proteins such as HSA can also result in
advantageous pharmacokinetic and pharmacodynamic
features [10–12]. Terefore, it is clear that elucidating the
modes of interaction of metallodrugs and metallodrug
candidates with proteins is critical to understanding and
potentially depicting their therapeutic profle. Yet, reaching
such knowledge at the molecular level remains challenging
with the currently available experimental methods. Well-
resolved X-ray difraction (XRD) structures of the metal-
lodrug bound to its target are scarce, and most of the
molecular and atomic interactions described for metal-
lodrug–protein adducts are indirectly concluded from
spectroscopic analysis. In recent years, eforts have been
made to bring computational methods to predict the spatial
layout of metallodrug–protein complexes with the emerging
role of molecular docking and binding site predictors [13].

Molecular docking is a computational method to de-
termine low-energy (stable) complexes between two mo-
lecular partners. One of its main goals in biochemistry and
medicine is protein–ligand docking, which serves to predict
the site and mode of binding of small molecules (ligand in
docking terminology), such as drugs and drug candidates
with a protein receptor [14]. Protein–ligand docking has
become a standard and valuable element in the medicinal
chemistry toolkit, particularly in drug discovery of small
organic molecules [15]. When it comes to metallodrugs,
though, like in many felds of molecular modeling, the
presence of the metal increases the complexity of simulation
and modeling. Tanks to diferent advances made in this
feld (including by our group), several studies based on
metal-compatible dockings have been recently reported;
many centered on Pt complexes and some on vanadium (V)
systems [16]. However, there are comparatively few

examples where experimental–theoretical methodologies
have been combined in the study of the biological in-
teractions of (therapeutic) Cu-based compounds [17, 18].

Taking the above concepts together, and given the high
chemical, biological, and medicinal values of elucidating the
interactions of metal-based compounds with biomolecules,
we here aim to fundamentally expand on the applicability of
integrated experimental–computational approaches for
metallodrug–protein binding, particularly for Cu-based
species. To do so, we used a previously Cu-based com-
pound reported by our group, whose structure has been
well-characterized and exhibited promising anticancer ac-
tivity, as a practical case study (complexC1) [19–21]. Besides
exhibiting biologically relevant redox activity and a re-
markable reactive oxygen species (ROS)–mediated cyto-
toxicity, the solid state of the complex C1 is constituted by
a dimeric [Cu(L1)]2 structure (C1-i), which equilibrates with
the corresponding monomeric form (C1-ii) when dissolved
in coordinating solvents such as dimethyl sulfoxide (DMSO)
and/or H2O (Scheme 1) [20]. L1 binds the Cu(II) in a tri-
dentated chelating fashion, whereas the fourth donor atom
coordinates the metal center of the second molecular entity
to form the dinuclear structure (dimerC1-i).Te cleavage of
the dimeric structure opens a coordination vacancy at the
equatorial plane that can be occupied by a solvent molecule
(C1-ii), thereby leading to a potentially more labile and
reactive site for competing metal-binding moieties with
higher afnity (e.g., amino acids of proteins).

In this study, we assessed the stability of the Cu(II)
complex in a biologically relevant medium and evaluated
coordinative and noncoordinative interactions between the
metal complex and several relevant bloodstream and extra/
intracellular proteins using experimental (spectroscopic/
spectrometric) and computational methods (density func-
tional theory [DFT] and protein–ligand docking for met-
allodrug binding site prediction) (Figure 1).

2. Results and Discussion

2.1. Stabilityof theCu(II)Complex. Evaluation of the stability
of the Cu(II) complex in biologically relevant media was
carried out by electron paramagnetic resonance (EPR)
spectroscopy in Dulbecco’s modifed Eagle’s medium
(DMEM). DMEM is composed of several salts (e.g., chlo-
rides, sulfates, carbonates, and phosphates) and glucose, and
it is supplemented with at least 13 amino acids, 8 vitamins,
and phenol red for pH indication [22]. Terefore, it contains
multiple potential competitor ligands for metal-containing
species. Te Cu(II) complex C1 was dissolved in the media
and incubated at 37°C for 24 h. Te obtained EPR spectra at
corresponding times (t� 0 h and t� 24 h) were compared to
those obtained in DMSO solution as a reference (Figure 2
and Table 1).

Te analysis of the spectrum in DMEM at t� 0 h reveals
that there is a single Cu(II) center type, with g// >g⊥ >ge
and corresponding to an N2O2-donor square-planar or
square-pyramidal-derived geometry around the Cu(II)
[23–25]. Te g and A tensors of the main species identifed
(g// � 2.246, A// � 178·10−4 cm−1, g⊥ � 2.049) were not
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altered concerning the reference ones, i.e., those of C1 in
DMSO (Table 1). Considering that g and A parameters are
highly infuenced by the changes in the metal coordination
environment, especially on the frst coordination sphere,
these results indicate that C1 in DMEM maintains the same
(or analog) coordination core as in DMSO, which is assigned

to the monomeric C1-ii species (NB: Te dimeric structure
[C1-i] in equilibrium is EPR silent) [20].

Te lack of variation of the main g and A parameters
over time, together with the minimal decrease in the EPR
signal area for the main Cu(II) species, suggests that this
Cu(II) structure (ascribed to the Cu(II) monomeric species
C1-ii) is stable in the medium for at least 24 h, and it could
be therefore one of the potential (re)active Cu-containing
species of C1.

2.2. InteractionWith Proteins. Te interaction of the Cu(II)
complex toward proteins was then evaluated using diferent
experimental spectroscopic and spectrometric analytical
techniques. Four model proteins (two high-molecular-
weight [MW] proteins and two low-MW proteins) were
selected because of their abundance, known metal-binding
afnities, and biological relevance: HSA, Tf, Myo, and Cyt.
HSA and Tf are relevant high-MW bloodstream proteins
that any metallodrug will encounter upon intravenous ad-
ministration, with HSA being among the most abundant
ones [26, 27]. Myo is a low-MW heme protein found in
humans in the bloodstream after muscle injury, and it acts as
a model for hemoglobin, a highly present protein in red
blood cells [28, 29]. Cyt, in turn, is also a small (low-MW)
heme protein associated with the internal membrane of
mitochondria. Despite not being present in the bloodstream,
it was selected as a relevant model of intracellular proteins,

O
OCu

NN

O
O

NN
Cu

Coordinating
solvent
(Solv)

O
Cu

N N
O

Solv

C1–i C1–ii

Scheme 1: Equilibrium for complex C1 in coordinating solvents. Two species equilibrate, dimeric [Cu(L1)]2, structure (C1-i), and its
corresponding solvent-stabilized monomeric form (C1-ii) [20].

Proteins

Cu (II) complex (C1)

MS

EPR

DFT

Protein–ligand
docking

Spectroscopic and spectrometric
experimental methods

Quantum and molecular mechanics
simulation methods

Figure 1: Integrating experimental–computational approaches to study copper (Cu)-based drug–protein interactions. Cytotoxic Cu(II)
complex C1 [20] was incubated with several relevant bloodstream and extra/intracellular proteins. Diferent spectroscopic (electron
paramagnetic resonance [EPR]), spectrometric (mass spectrometry [MS]), and computational (density functional theory [DFT] and
protein–ligand docking) methods were complementarily employed to profle the interaction with proteins. Tis fgure has been designed
using BioRender software.

2500 2700 2900 3100 3300 3500 3700

C1 DMEM t = 0 h 

C1 DMEM t = 24 h 

C1 DMSO 

B (Gauss)

Figure 2: Stability assessment of the Cu(II) complex C1 by EPR
spectroscopy. X-EPR band (120 K) of C1 in DMEM at t� 0 and
after 24-h incubation at 37°C, compared to C1 in DMSO [20].
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with a largely conserved amino acid sequence between
diferent species and a crucial role in intracellular redox cell
respiratory processes [30].

Electrospray ionizationmass spectrometry (ESI-MS) was
used to identify protein–metallodrug adducts (Figure 3).
Before the incubation with the Cu(II) complex C1, the four
native proteins were characterized by MS to confrm the
absence of any interfering species and to fnd out their
experimental MW following previously reported conditions
[31, 32]. Within the explored m/z working range, several
ionization states were observed. Te experimental values
determined by ESI-MS were 66,558Da for HSA, 78,017 Da
for Tf, 17,567Da for Myo, and 12,360Da for Cyt (Figure S1
and Table S1). Several species were identifed in Tf and HSA
cases, including diferent glycosylated or acetylated forms
(frequently observed in purifed Tf [33]). A single species was
mainly detected in the ESI-MS spectra for the proteins with
the lowest MW (Myo and Cyt).

Proteins were frst incubated with complex C1 at 37°C
for 24 h, at a fxed (protein:C1) molar ratio of 1:2, and then
analyzed via ESI-MS. Te results showed that C1 interacted
with almost all the studied proteins (Figure 3). Interestingly,
a diferent behavior of C1 toward each of the highest MW
proteins (HSA and Tf) was observed (Figures 3(a) and 3(b)).
Although for Tf no interaction could be concluded from the
ESI-MS at the assayed (protein:C1) ratio, the analysis for
HSA indicated a clear interaction with the Cu(II) complex,
with several peaks at the diferent charge states that could be
attributed to adducts of the protein with diferentC1 species.
Te amplifcation of the m/z region corresponding to the
charge states +38 and + 39 of HSA showed that these adducts
were constituted by one and two entities of C1 per unit of
protein (or two and four, respectively, if considering
a nonsolvated tricoordinated monomeric form of C1
([Cu(L1)], C1-iii)). It is well known that Cu(II) strongly
interacts with albumin to form stable albumin–Cu(II) ad-
ducts, with the metal bound to diferent external and in-
ternal binding sites of HSA, such as the multimetal-binding
site (MBS) and the ATCUN motif [34, 35]. HSA could,
therefore, promote C1-i cleavage or C1-ii solvent exchange
and subsequent Cu(II) coordination by protein amino acids.
Yet, despite the high Cu(II)-binding afnity for HSA, MS
data show that C1 partially preserves its structural integrity
upon HSA binding.

Te MS analysis of the complex C1 with the smaller
proteins, Cyt and Myo, also revealed signifcant interaction
(Figures 3(c) and 3(d)). First, a substantial decrease in the
peak intensity corresponding to the native protein was

observed (both +6 and +7 charge states). In both cases, peaks
corresponding to adducts of the protein with a monomeric
form C1 were identifed. Both Myo and Cyt sequences have
several coordinating amino acids with afnity for Cu(II),
such as histidine (His) [36], which could promote the
cleavage of the dinuclear structure C1-i upon protein
binding. Te generated Cu(II) equatorial coordination va-
cancy in C1-iii could then be occupied by any of the binding
amino acids of the protein. Moreover, adducts corre-
sponding to the protein and (fragments of) L1 were also
observed, supporting a possible partial decoordination of L1
from the Cu(II) metal center due to competition with co-
ordinating amino acid residues of the proteins.

Overall, the data set obtained by MS confrmed the
binding of C1 to almost all tested proteins, except Tf. To
better understand both the mode of binding and the nature
of the diferent species formed, complementary EPR ex-
periments were performed. Te EPR technique has become
increasingly common in the characterization of interactions
between paramagnetic metal complexes and proteins as the
coordination of the Cu(II) at the equatorial plane by amino
acid side chains generally results in characteristic EPR
signals [24]. Given the impact of bloodstream proteins on
metallodrug biodistribution and eventual efcacy, the EPR
analyses were focused on the two bloodstream proteins that
showed positive interaction with C1 in previous MS ex-
periments, namely HSA and Myo (which also act as high-
and low-MW model proteins, respectively).

EPR analyses were carried out 24 h after incubating the
diferent proteins with C1 in PBS-containing media at
physiological pH and 37°C. For HSA, the study of the EPR
spectrum revealed two main Cu(II) center types in solution
(Figure 4(a)), both with g// >g⊥ >ge, and therefore assigned
to square-planar or square-pyramidal-derived geometries
(Table 2) [23–25]. Tese two Cu(II) species have rapid
formation kinetics as they are observed just after mixing the
protein with the complex (t� 0 h; Figure 4(a)) and remain
stable for at least 24 h (see t� 24 h; Figure 4(a)). One of the
EPR set of signals (Species 1; Figure 4(a) and Table 2)
corresponds to a Cu(II) center in square-planar or square-
pyramidal geometry with N2O2-donor coordination envi-
ronment, with EPR parameters highly similar to those found
for C1 dissolved in DMSO and in DMEM (namely
g// � 2.246, A// � 178·10−4 cm−1, and g⊥ � 2.049) (Table 2).
Consequently, Species 1 can be structurally related to mo-
nomeric C1. Te minor changes on the g and A parameters
compared to the features of C1 in DMSO suggest an N2O2
coordination sphere in Species 1, as in C1-ii. Te slight

Table 1: EPR parameters for the Cu(II) species identifed in cell culture media stability evaluation.

EPR incubations g// A// (cm
−1) g⊥ A⊥ (cm

−1) g///A// (cm) Proposed
coordinationa

C1 (DMEM) 2.246 178·10−4 2.049 < 30·10−4 126 N2O2
C1 (DMSO) [20] 2.244 183·10−4 2.043 < 30·10−4 122 N2O2

Note:Te values of the species observed from the dissolution of complex C1 in DMEM are compared to the corresponding values in DMSO (Figure 2). Te
ratio between g// and A// EPR parameters is indicative of the planarity of the structure (g///A// < 140 cm, for structures with no or little distortion from
planarity).
aTe Cu(II) coordination environment (donor atoms) was determined based on an established empirical correlation [23–25].
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modifcation could arise from the binding of either a solvent
molecule (DMSO or H2O from DMEM) or O-donor amino
acids as long as it does not cause a major structural change
around the Cu(II) center [37–40]. Te second Cu(II) center
identifed in the EPR spectral analysis (Species 2; Figure 4(a))
has a lower g// value (g// � 2.18; Table 2), which points to
a higher N-donor contribution in the Cu(II) coordination
sphere, i.e., leading to a Cu(II) N-donor-rich species (N3O-
or N4-donor atoms in the equatorial plane) (Table 2)
[23–25]. Te spectral features are consistent with those
found upon binding of HSA to Cu(II) ions (Figure 4(a)) and
could thereby be ascribed to the Cu(II) coordination by the
ATCUN motif of HSA [34, 35]. Altogether, EPR data

corroborate that although L1 can be partly dissociated from
the metal center, monomeric entities are preserved upon
protein binding and could interact with albumin on surface
binding sites and/or within the protein cavities.

Regarding Myo, incubation of C1 with the protein
revealed an analogous EPR spectrum to C1 in DMSO/
DMEM, with mainly one Cu(II) center type that was stable
also after 24 h in the presence of Myo (Table 1 and Figure 4).
Low-feld EPR spectrum showed the characteristic Myo
signal of the high-spin Fe(III) center (S� 5/2) of the heme
group in an axially symmetric environment characterized by
two resonances: the frst at geff

⊥ � 6 and a broader one at
geff
// � 2 (Figure 4(b)) [41]. Incubation of the protein with C1
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Figure 3: Evaluation of protein interactions by electrospray ionization mass spectrometry (ESI-MS). Protein–Cu(II) complex C1 (1:2molar
ratio) incubations for 24 h at 37°C studied by ESI-MS. (a) HSA–C1 interactions at the region m/z 1680–1800 (+39 and +38 charge states),
(b) Tf–C1 interactions at the region m/z 2100–2350 (+34 to +37 charge states), (c) Cyt–C1 interactions amplifed at the region m/z
2050–2170 (+6 charge state), and (d) Myo–C1 interactions amplifed at the region of 2500–2590 (+7 charge state). For the peak [Myo+A] in
(d) (m/z 2534.23), “A” could be related to N-(2-aminophenyl)acetamide (C8H10N2O), a fragment from L1. Note: “C1-iii” (in (c) and (d))
refers to the tricoordinated monomeric unit of the complex C1 (i.e., [Cu(L1)]), and every “C1-i” in the peak assignments for HSA (in (a))
would equally ft as “2(C1-iii).”
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did not induce any signifcant change on the Fe heme site of
the protein, thus pointing to the binding of C1 at a Myo site
not related to the heme active pocket. No signifcant changes
were observed in the EPR parameters of Cu(II), indicating
no substantial changes in the Cu(II) coordination sphere in
C1 between free and protein-bound forms. Several phe-
nomena could explain the EPR data. On the one hand, the
interaction of the metallodrug may occur in the form of
intermolecular interactions between C1 and the protein,

with the C1 structure intact upon binding. On the other
hand, and considering current knowledge on Cu–protein
interactions in the Protein Data Bank (PDB), the solvent in
C1-ii could be potentially exchanged by an O-donor co-
ordinating amino acid residue from the protein, possibly
glutamate (Glu) or aspartate (Asp) or even one oxygen atom
from a backbone amide group. As no major infuence is
observed on the EPR values as compared to C1 in DMSO, it
is reasonable to believe that the newly formed Cu-O bond

1 1 1

1

2

222

C1 DMSO

C1–HSA t = 0 h

C1–HSA t = 24 h

Cu (II)–HSA

2500 2700 2900 3100 3300 3500 3700
B (Gauss)

B (Gauss)B (Gauss)

C1–Myo t = 0 h

C1–Myo t = 24 h

C1 DMSO

2500 2800 3100 3400 3700650 1250 1850 2450 3050 3650

Myo
C1–Myo t = 24 h

(a)

(b) (c)

Figure 4: Evaluation of protein interactions by EPR spectroscopy. Electron paramagnetic resonance (EPR) band spectra (120K) of the
samples ofC1 incubated with (a) HSA (where signals assigned as (1) and (2) indicate the two identifed Cu(II) center types) (Species 1 and 2,
respectively); (b–c) incubated with Myo with (c) magnifcation on the region of the Cu(II) signal.
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would still be weak and that, in all cases, the protein binding
does not imply structural/geometric changes in the Cu(II)
compound.

Overall, EPR experimental data confrmed the in-
teraction of the Cu(II) complex with HSA and Myo, sup-
ported by the observation of several protein–metal complex
adducts by MS. Although EPR analyses, in the presence of
proteins, allowed the identifcation of diferent Cu(II)-
containing species and their possible coordination envi-
ronments (donor atoms), the intrinsic limitations of both
experimental methodologies (MS and EPR) required the use
of complementary computational methods to achieve the
molecular description of the binding modes and sites.

2.3. Computational Insights Into Protein Complex
Interactions. To further understand the nature of the in-
teractions of C1 with proteins, DFT calculations were frst
performed. HSA and Myo were again selected as the most
representative proteins to be computed. As for the experi-
mental section, the three main structural models forC1were
used for the calculations: (a) dimeric, C1-i; (b) monomeric
C1-ii, with a solvent molecule (DMSO/H2O) coordinated in
the equatorial plane; and (c) C1-iii, monomeric structure
with the Cu(II) tricoordinated center (Figure 5). From
a computational point of view, tetracoordinated Cu(II)
centers in C1-i and C1-ii cannot present further co-
ordination at the equatorial plane. Hence, only axial binding
and other weaker interactions at the level of the second
coordination sphere were considered, while structure C1-iii
can form direct metal coordination bonds with diferent
donor residues of the proteins. Besides, all three can also
physically interact with proteins via hydrophobic and polar
interactions.

DFT-based EPR simulations were performed and
compared with experimental EPR spectra to provide insights
into the nature of the frst metallic coordination sphere upon
protein binding. DFT calculations were initially performed
on small models (clusters) [42] surrounding the EPR-active
C1-ii andC1-iii forms.Tese consisted of monomericC1-iii
and His and Asp/Glu amino acids as coordinating models.
Te results found were compared to the data obtained with
solvent-coordinated C1-ii. Dimeric tetracoordinated Cu(II)
structure C1-i was not evaluated due to its reported EPR
silent nature [20]. To simulate the binding functional groups
for His and Asp/Glu, two simplifed models were frst as-
sembled by computing an imidazole (Cu-N) and acetate

(Cu-O) groups, respectively (Figure 6). Te systems were
optimized considering divalent Cu(II) with a d9 electronic
confguration with a single unpaired electron and a nuclear
spin of 3/2. After optimization of the structures, a square-
planar-derived geometry with a slight distortion from pla-
narity was obtained in all cases (Table 3), in accordance with
the previous experimental EPR values (Table 2). Addi-
tionally, square-pyramidal geometries were explored by
placing H2O and DMSO in the upper and lower axial po-
sitions of the imidazole and acetate C1-iii models, followed
by EPR calculations. Te results indicate that these pyra-
midal models difer from the experimentally obtained values
(see SI for details; Figure S4 and Table S6).

DFT-calculated EPR data showed no signifcant difer-
ences between the EPR parameters in the diferent C1
binding models, with one exception: through EPR simula-
tions, the only Cu(II) species that could be confdently
identifed by comparing the simulated-versus-experimental
EPR values was ascribed to the Cu(II)–ATCUN binding
(Table 3), namely Species 2 in the experimental EPR data of
C1-HSA (see Table 2). Tese fndings confrm the high
Cu(II) binding capacity of HSA, whose ATCUN binding site
competes with L1 to coordinate Cu(II) and promotes partial
decoordination from the metal complex.

According to the calculated EPR parameters, the Cu(II)
in C1-ii and C1-iii could either (a) maintain a solvent
molecule (H2O or DMSO) as the fourth equatorial ligand
(Cu-O bond, i.e., C1-ii) and interact with the protein
through purely nonbonded intermolecular interactions or
(b) be coordinated by His (Cu-N bond) or Glu/Asp (Cu-O
bond) residues (i.e., C1-iii–imidazole or C1-iii–acetate)
together with hydrophobic interactions of the rest of the
complex with the protein. Te complexity of the system and
the similarities between all the computed values impair the
accurate determination of any other HSA/Myo-bound C1
species besides Cu(II)–ATCUN solely via EPR calculations,
and therefore, the exploration of protein receptor topology
becomes crucial.

Protein–ligand docking calculations were performed to
answer this question.Tis type of calculation is becoming an
asset for estimating the relevance of possible interactions of
metal-containing molecules (commonly referred to as
metalloligands in docking) with proteins. Tis has been
possible thanks to new scoring functions that allowed
considering both active (formation of coordination bonds
between the metal in the complex and the protein) and inert

Table 2: EPR parameters for the Cu(II) species identifed in the presence of HSA and Myo.

Sample g// A// (cm
−1) g⊥ A⊥ (cm

−1) g///A// (cm) Proposed coordination
(donor atoms)a

HSA–C1
Species 1 2.246 178·10−4 2.049 < 30·10−4 126 N2O2
Species 2 2.180 204·10−4 2.040 < 30·10−4 107 N3O/N4

Myo–C1 2.246 178·10−4 2.049 < 30·10−4 126 N2O2
C1-ii (DMSO) [20] 2.244 183·10−4 2.043 < 30·10−4 122 N2O2

Note: EPR parameters were obtained from the analysis of the HSA–C1 and Myo–C1 spectra shown in Figures 4(a) and 4(c) and compared with the
corresponding spectrum of C1 in DMSO, that is, C1-ii.
aTe Cu(II) coordination environment (donor atoms) was determined based on an established empirical correlation [23–25].

Bioinorganic Chemistry and Applications 7
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(no coordination bond formed between both species)
binding modes [43].

In this study, protein–ligand dockings were carried out
on Myo and HSA using the software Gold v5.2 [44] with the
scoring function GoldScore optimized for dealing with
metalloligands [45]. Because of the diferences in size and
topology between Myo and HSA, slightly diferent protocols
were applied to each system. Myo has a compact structure as
a globin, with only one cavity corresponding to the heme
binding site. In this case, blind docking was performed,
followed by more accurate calculations in the best binding
regions identifed. However, HSA is a large protein known to
present many internal cavities, which leads to blind docking

calculations providing a high number of solutions and
nonconverged results.

To help in fnding the valid cavities for the binding of C1
in both Myo and HSA, blind dockings were combined with
calculations of relative solvent-excluded surface area
(relSESA), which allows the identifcation of compatible
cavities (Tables S3 and S4). If found, dockings were repeated
specifcally in these spaces.

For Myo, docking calculations highlighted three po-
tential surface binding sites forC1:A, B, andC (Figure 7 and
Table S2). GoldScore max. ftness values at these sites vary
from ca. 35 to 55 units, showing a reasonable binding
propensity for the protein:C1 adducts (Table S2). In general,

[Cu(L1)]2 (C1–i) [Cu(L1)(solv)] (C1–ii) [Cu(L1)] (C1–iii)

(a) (b) (c)

Figure 5: Representation of the Cu(II) structural models used to perform DFT and docking calculations with the complex C1. Tree
structural forms of the Cu(II) complex C1 were considered for computation: (a) C1-i dimeric form, (b) C1-iimonomeric form coordinated
by a solvent molecule (water), and (c) C1-iii monomeric form with a coordination vacancy at the equatorial plane.

Table 3: Computational EPR data for the C1 complex.

Cu(II) structure Donor atoma Species g// A// (cm
−1) g⊥

A⊥ 10
4

(cm−1)

C1-ii Cu-O C1-ii (DMSO) 2.200 154·10−4 2.049/2.076 13/42
C1-ii (H2O) 2.178 199·10−4 2.052/2.058 7/10

C1-iii Cu-O C1-iii–acetate 2.177 189·10−4 2.050/2.053 4/9
Cu-N C1-iii–imidazole 2.186 188·10−4 2.050/2.067 7/11

Cu(II)–ATCUN Cu-N Cu(II)–ATCUN 2.135 204·10−4 2.041/2.042 15/20
Note: EPR parameters for monomeric C1-ii and C1-iii (see Figure 5) coordinated to solvent and to imidazole or acetate groups. Te dimeric structure C1-i is
EPR silent [20] and, therefore, not computed. Cu(II)–ATCUN is added for comparison.
aFor all C1-related structures, this refers to the fourth donor atom around the Cu(II) metal center. Te three other donor atoms to complete the tetra-
coordinated Cu(II) structure correspond toN,N, andO (provided by L1). For the Cu(II)–ATCUN, the four donor atoms areN, from the amino acid residues
of the ATCUN site [34, 35].

C1–iii–imidazole

C1–His
binding

(a)

C1–iii–acetate

C1–Glu/Asp
binding

(b)

Figure 6: Cu(II) coordination models used for the Cu(II) complex–amino acid DFT-based EPR simulations. (a) C1–His binding, simplifed
by a C1-iii–imidazole coordination model system. (b) C1–Glu/Asp binding, simplifed by a C1-iii–acetate coordination model system.

8 Bioinorganic Chemistry and Applications

 4036, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/bca/5551967 by C

ochrane France, W
iley O

nline L
ibrary on [13/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



solutions where amino acids coordinate Cu(II) present
better scoring values than any interactions of a non-
coordinative nature or at the level of the second co-
ordination sphere, such as for C1-i or C1-ii. Te general
tendency of predicted afnities is C1-iii>C1-i>C1-ii,
showing that the preferred binding mode is direct Cu(II)
coordination of the monomeric C1-iii with the protein.
However, nonnegligible contributions to noncoordinative
interactions between C1-i and Myo are present. Diferent
tendencies are observed between sites A, B, and C (Figure 7
and Table S2). Site C is the least discriminative regarding
interactions between C1 and Myo as ftness mean values do
not exceed seven units diference (between 41 and 48
GoldScore units). Tus, dockings suggest that any form of
the C1 could interact at this site. If the fourth position of the
coordination sphere becomes vacant, the protein could
coordinate the metal with one of three amino acids in the
preferential order His113>Glu105 ≈ Asp109 (Table S2). For
the other two sites, A and B, C1-ii appears to be the worst
binder concerning C1-i and C1-iii. Tis could be explained
in general by physicochemical terms as C1-i has a higher
MW that promotes higher scoring throughout hydrophobic
interactions, whereas C1-iii presents a direct coordination
with the metal that increases ftness. For site A, C1-iii
presents the best ftness with metal coordination with
His81 or Glu83, although the low diference in scoring (less
than 3 GoldScore units) does not allow to discriminate
between both binding modes. For site B, the same tendency

is observed. However, the best binding solution is observed
forC1-iiiwith the coordination of Glu41, and this solution is
suggested to be the preferential bindingmode forC1 toMyo.
Because previous experimental studies showed the presence
of the dimericC1-i form in solution [20], its interaction with
Myo cannot be discarded. It is essential to highlight that the
preferred predicted binding mode for C1-i is also site B (51
units). As a fnal remark on this system, it is interesting to
comment that none of the amino acids predicted to co-
ordinate the Cu(II) ion are anchored deeply inside the
protein scafold (Table S3). Altogether, this part of the study
suggests that all binding sites could contribute to the total
amount of interactions of the protein with C1.

Because of its size, blind protein–ligand dockings in HSA
are challenging, so the strategy to identify C1 binding modes
consisted of frst identifying binding sites and then per-
forming protein–C1 dockings on those sites. Te former was
done in two steps: (1) the search for accessible binding sites
on the protein surface using solvent-accessible descriptors
(USCF Chimera software [46] using the relSESA method
proposed by the Murgita group [47]; Table S4) and (2) the
search for small molecule internal binding sites using the
reported crystallographic structure of HSA containing
trapped octadecanoic acid (ODA) molecules as a reference
[48]. Seven distinct inner cavities (internal sites) were
identifed, each assigned to a numerical description from 1 to
7 (Figure S2). For subsequent dockings of C1 in HSA, ODA
molecules were removed from the X-ray structure.

SITE B SITE C

SITE AMyoglobin

Max. score: 57.48 Max. score: 48.70

Max. score: 47.39 (Glu83); 44.71 (His81)

Figure 7: Docking evaluation for C1 interactions with myoglobin. Myoglobin (Myo)–C1 docking calculations to predict protein binding
sites. Sites A, B, and C exhibit the best docking poses, and the protein environments and scoring (ftness) values where C1 binds through
direct metal coordination C1-iii are represented (zoomed-in). Te purple-colored surface displays the heme group.

Bioinorganic Chemistry and Applications 9
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Solutions of the docking experiments for C1 species to
HSA are illustrated in Figure S3, and the best poses are
summarized in Table S5 and depicted in Figure 8. All
docking solutions predicted binding values in a narrow
range of magnitudes, from 42 to 59 units (ftness max. values;
Table S5). Among the seven internal sites available in the
protein scafold, based on scoring, three sites are preferred,
namely 5, 6, and 7 (Figure 8(c) and Table S5). Te internal
cavities only allow good afnities for C1-ii and C1-iii as the
dimeric species C1-i is energetically unfavored because of
their larger size and steric impairments.

Regarding interactions with HSA at the protein surface
(external cavities), three sites with good predicted binding
afnities were identifed (namely A, B, and C; Figure 8(b)
and Table S5). Calculations pointed to an overall preferential
binding of Cu(II) in C1 to Glu or His residues, with scoring
values of 58.17 for Glu252 (site A) and 55.19 for Glu292 (site
B). Although the preference at sites A and B for Glu amino
acids may contrast with the higher afnity for His co-
ordination predicted at site C (His338), the latter showed
a lower scoring value (44.19). Despite the intensive work at
the frontline of the current framework in predicting the

ALBUMIN (back side)ALBUMIN (front side)

External binding sites

Internal binding sites

Max. score: 58.17 (Glu252) Max. score: 55.19 (Glu292) Max. score: 44.19 (His338)

Max. score: 49.30 (Glu518) Max. score: 56.43 (Glu354) Max. score: 49.18 (Glu292)

(a)

(b)

(c)

Figure 8: Docking evaluation for Cu(II) complex with albumin. Human serum albumin (HSA)–C1 docking calculations to predict protein-
binding sites. (a) Front and back side images of albumin are represented along the best docking positions. Te green-colored surfaces (Sites
A, B, andC) correspond to external coordination positions found by the relSESAmethod (Table S3).Te orange-colored surfaces (Sites 5, 6,
and 7) represent the inner cavity coordination sites found by the fatty-acid approach study. Zoom-in representation of the best docking
poses (and scoring values) of the binding of Cu(II) in C1 to HSA amino acid residues in (b) outer surface binding sites and (c) inner cavities.

10 Bioinorganic Chemistry and Applications
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interaction of metallic species with proteins by computa-
tional means, the fnal discrimination between these
remaining sites and the predominant form of interaction
cannot be reached.

Altogether, our computational study points to a good
afnity of C1 for proteins, mostly through direct Cu(II)–
protein binding of the monomeric species and preferentially
via Glu(/Asp) residues (Cu-O binding). Interactions with N-
donor amino acid residues (e.g., His) were also observed, but
with a lower probability. Overall, no single, specifc binding
mode or site can be univocally assigned, suggesting a non-
specifc interaction of the C1 compound with the proteins.
However, three main surface areas in both Myo and HSA, as
well as three internal cavities for HSA, were identifed to
more preferentially accommodate C1 (which could poten-
tially also host other metallodrugs, as we observed previously
for V drugs) [49, 50]. Importantly, although experimental
data showed that HSA can partly degrade the Cu(II)
complex and bind free Cu(II) ions due to the high metal-
binding afnity of the ATCUN motif, docking calculations
also showed that in line withMS and EPR experimental data,
the Cu(II) coordination structure remains partly preserved
after protein binding.

3. Conclusions

Here, we report a combined experimental–theoretical
study of the interaction of a Cu-based metallodrug with
several model proteins that could be relevant to un-
derstanding its biological performance. To do so, the
systems selected were, on the one hand, a Cu(II)
N,N,O-chelated salphen-like metal complex and, on the
other hand, several relevant bloodstream and intracellular
proteins, including HSA, Myo (as a model of hemoglobin),
Tf, and Cyt. MS and EPR spectroscopy were used to identify
C1–protein species. MS data showed that the metal
complex C1 interacts with HSA, Myo, and Cyt, based on
the presence of several peaks corresponding to adducts of
C1-related species with the diferent proteins. Experi-
mental EPR data of the Cu(II) complex with HSA and Myo
pointed to structural preservation of the metallic sur-
rounding upon protein binding and a preferential
N2O2-donor coordination environment around the Cu(II).
Further insights into the protein-binding modes and sites
were obtained frst by DFT calculations. For this, small
cluster models where the metal could be bound to pro-
totypical Cu-binding amino acids (e.g., His and Glu) were
employed. Tese calculations were used to simulate EPR
data and compare them with the experimental EPR results.
Only the Cu(II)–ATCUN adduct could be identifed at this
stage, and no other EPR signals were univocally attributed.
Terefore, protein docking methods were applied to ac-
count for the full dimensions of both Myo and HSA, and
surface and inner cavities were scanned. Te best scoring
values were primarily obtained for direct coordination of
the metal of C1 to O-donor amino acid residues of the
proteins (mostly Glu). However, noncoordinative in-
teractions between dimeric C1 and the proteins were also
observed to be relevant and worth considering.

Tis study highlights how the development of modeling
frameworks for bioinorganic systems in combination with
experimental techniques allows further characterization of
metallodrug–protein interactions and can contribute to the
understanding of metallodrug speciation and its targets in
biological systems.Tis can eventually help in the prediction
of therapeutic performance and assist in the design of more
efective metallodrugs.

4. Experimental and Computational Section

4.1. Materials and Reagents. Proteins (HSA, Tf, Myo, and
Cyt C) were purchased in lyophilized (powder) form from
commercial suppliers. NH4HCO3, DMEM (cell culture
medium), glycerol, and DMSO were also obtained from
commercial sources and used as received. Complex C1 was
resynthesized following previous protocols [20]. C1 char-
acterization fts well with previously reported data.

4.2. Experimental Methods

4.2.1. EPR Spectroscopy. EPR measurements were carried
out on a Bruker ELEXSYS 500 X-band CW-ESR spec-
trometer, with an ELEXSYS Bruker instrument equipped
with a BVT 3000 digital temperature controller. Te spectra
were recorded at 120K in frozen DMSO or DMEM solutions
(containing 5%–10% DMSO to solubilize C1), otherwise
noticed. Typical acquisition parameters were as follows:
microwave power of 10–20mW, modulation frequency of
100 kHz, and modulation gain of 3G. Simulations were
performed using the EasySpin toolbox developed for
MATLAB (Stoll & Schweiger, 2006).

To study Cu(II) speciation of C1 in DMEM by EPR,
stock solutions of C1 in DMSO were diluted in DMEM
(containing a maximum of 5% DMSO in the fnal solution).
Te samples were incubated for 24 h at 37°C, then 50%
diluted with Milli-Q water containing 33% glycerol, and
frozen using liquid nitrogen before EPR measurements.
Protein–C1 complex EPR measurements were performed
after incubating the corresponding complex C1 with the
protein at a 1:1molar ratio for 24 h at 37°C in a physiological
medium (DMEM containing a maximum of 5% of DMSO to
solubilize complex C1). Similar to before, incubated
C1–protein samples were then diluted with Milli-Q water
containing 33% glycerol and frozen in liquid nitrogen before
EPR measurements. For the t� 0 h samples, aliquots of the
C1–protein solutions were diluted with 33% glycerol in
water and frozen immediately after preparation.

4.2.2. Mass Spectrometry. Protein complex interactions by
ESI-MS spectrometry were carried out at the Servei d’Anàlisi
Quı́mica (UAB) in positive mode and following a reported
procedure in our group [31, 32]. Ten, 20mL of each sample
was injected at 40mL·min−1; the capillary counter electrode
voltage was 4.5 kV; the desolvation temperature was 100°C;
dry gas was supplied at 6 L·min−1. Spectra were collected
throughout an m/z range from 800 to 3500. Te liquid
carrier was an ammonium acetate solution at pH 7 in water/

Bioinorganic Chemistry and Applications 11
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acetonitrile (85:15). Stock solutions of the proteins were
freshly prepared for each experiment. C1–protein samples
were prepared by incubating the corresponding complex
with the protein at the specifc molar ratio for 24 h and 37°C
in 25mMNH4HCO3 (pH 7.2), containing amaximum of 5%
of DMSO to solubilize the complex C1.

4.3. Computational Methods

4.3.1. System Setup. For all the analyzed coordination com-
pounds, GaussView 5.0 [51] was used to manually create and
modify structures due to the lack of available crystallographic
adducts of these small protein–ligands. Subsequently, geom-
etry optimizations and harmonic frequency calculations were
conducted using Gaussian 16 [52] at the DFT level. Te hybrid
Becke three-parameter B3LYP functional [53, 54] coupled with
Grimme’s D3 dispersion correction [55] was applied, com-
plemented by the split-valence Pople basis set 6–31g(d,p) for
the primary group elements [56]. For Cu, the Stuttgart–
Dresden (SDD) basis set [57], incorporating f functions and
pseudopotentials, was employed. It is worth noting that these
computational settings have previously proven their efcacy
and applicability in predicting the geometries of frst-row
transition metal complexes, as documented in the literature
[58, 59]. An in-depth benchmarking was performed com-
paring the B3LYP and WB97XD functionals, with no signif-
icant diferences observed in the geometries (see SI, Figure S5,
and Table S7). Te resulting structures of complexes C1-i, C1-
ii, and C1-iii, including their respective atomic coordinates,
were stored in .mol2 fles, along with their molecular charge
distribution data for the ongoing method implementations.
For the calculations involving protein–ligand interactions,
XRD structures ofMyo (code: 4DC8) [60] and albumin (codes:
1AO6 [61] and 1E7I [48]) were taken from the PDB. Tese
protein structures underwent preliminary processing, in-
volving the removal of unwanted small molecules and crys-
tallographic waters. Hydrogen atoms were subsequently added
to the structures using USCF Chimera software [46], whereas
the protonation states of amino acid side chains were de-
termined through the PROPKA algorithm [62].

4.3.2. EPR Parameter Calculations. Te g and A tensors for
the Cu center in each complex were computed using the
ORCA 5.0 software [63, 64], employing amethod specifcally
developed and integrated into the software package for this
purpose. Te A tensor was obtained as a sum of the three
contributions: the isotropic Fermi contact (AFC), the an-
isotropic dipolar (AD

x,y,z), and the spin–orbit (SO) coupling
term (ASO

x,y,z). To ensure precise estimations of AFC, the
calculations incorporated the unrestricted Kohn–Sham
(UKS) formalism, considering the appropriate spin polari-
zation. For the computation of EPR parameters, two distinct
exchange and correlation functional combinations were
employed: the generalized gradient approximation (GGA)
PBE0 functional [65] and the B3LYP hybrid density func-
tional [53, 54]. Tis protocol has consistently delivered the
most accurate results in predicting electron paramagnetic

spectra for Cu(II) coordination complexes [42]. In partic-
ular, g tensors were computed using the PBE0 functional,
whereas Az values were obtained with the B3LYP functional.
Both functional calculations used the identical Pople basis
set, 6–31g(d,p), employed in the preceding geometry opti-
mization step. Cu atoms were also treated with the same
basis set to better capture core–valence interactions and spin
density. Te calculations of EPR parameters incorporated
the complete mean-feld SO operator for the Coulomb term.
Te resolution of identity (RI) [66, 67] approximation was
integrated with the SO operator to enhance computational
efciency. Additionally, the calculation convergence toler-
ances and integration accuracies were heightened from the
default settings, facilitated by the TightSCF and Grid5 op-
tions available within the software.

4.3.3. Docking Protocol. Docking calculations were executed
using Gold 5.2 software, and the GoldScore function [44, 45]
was employed as the scoring metric. As the protein–ligand
adducts under study lacked X-ray crystallographic struc-
tures, both components were individually prepared. Tis
process involved the use of previously DFT-optimized
metallic compounds, saved as mol2 fles, and the pre-
processing of PDB protein structures to facilitate interaction
between the metal complex and the protein. Vacant co-
ordination sites were virtually activated by introducing
a dummy hydrogen atom positioned at a 0.75Å distance
from the Cu center while preserving the coordination di-
rectionality. Tis approach aligns with the methodology
employed in earlier studies [68, 69]. According to Lewis acid
and base theory, the role of the acid acceptor transitions
from the metal to the fctitious proton within the vacant site.
As a result, the software interprets the metal as a hydrogen
bond donor, rendering it capable of interacting with the
hydrogen bond acceptors present in the protein. Te genetic
algorithm (GA) parameters were confgured for 50 runs,
with a minimum of 100,000 operations, whereas the
remaining parameters were maintained at their default
settings [68, 69]. We created evaluation spheres with radii of
8 and 12Å to identify potential binding sites. Tese spheres
were centered on specifc areas of interest, which comprised
solvent-exposed amino acids, selected as they are the most
likely to participate in coordination interactions with Cu.
We used the “relSESA” calculation method, originally
proposed by the Murgita group [47], to identify these
binding sites. Tis calculation involves determining the
solvent-accessible surface (SAS) value using UCSF Chimera
[46]. Te SAS value is then divided by individual area values
imported as attributes and derived from the standard
Gly–X–Gly areas calculated by the same research group.Te
outcome of this calculation provides a normalized “buri-
edness” value for each residue, indicating its degree of burial
within the entire protein structure. Tese calculations were
preliminarily performed in Myo and albumin systems, fo-
cusing on His, Glu, Gln, Asp, Asn, and Cys residue acces-
sibility. In the case of albumin, inner cavity pockets were also
considered as binding regions of interest, for which a crys-
tallographic structure containing HSA complexed with
ODA was taken as a reference (code: 1E7I [48]), removing
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the buried fatty acids and exploring the empty moieties. Te
protein side-chain fexibility was considered during the
calculations using the Gold rotamer libraries [70], while the
backbone was kept fxed. Finally, the analysis of the results
was facilitated using GaudiView, a user-friendly, in-house
interface readily accessible from the InsiliChem webpage
[71, 72]. Te evaluation of the best solutions was based on
two primary criteria: (i) the mean (Fmean) and the highest
value (Fmax) of the scoring, measured by the ftness of
GoldScore (equation (2)) associated with each pose; (ii) the
consideration of the percent population of the cluster in-
cluding the best pose. Tese criteria were fundamental in
identifying and selecting the most promising binding poses
among the generated docking results.

Fitness (F) � α · S
ext
hbond + β · S

ext
vdW + c · S

int
dvW

+ δ · S
int
dvW − Stors􏼐 􏼑.

(1)

Fitness (F) � α · S
ext
hbond + β · S

ext
vdW + c · S

int
hbond

+ δ · S
int
vdW − Stors􏼐 􏼑.

(2)

Te ftness value associated with the GoldScore scoring
function had previously undergone validation in other pub-
lications [54], afrming its reliability. Within GoldScore, two
integral scoring terms to consider are Sexthbond and SextvdW, which
pertain to the evaluation of hydrogen (hbond) and vdW in-
termolecular interactions, respectively. Sinthbond is indicative of
intramolecular hydrogen bond interactions, whereas Stors plays
a pivotal role in assessing the change in stability resulting from
molecular torsions. Te coefcients α, β, c, and δ represent
empirical constants that have been meticulously optimized to
assign appropriate weights to these diverse interactions, en-
suring a balanced and precise evaluation.
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[71] J. Rodŕıguez-Guerra Pedregal, Insilichem/Gaudiview: Pre-
Alpha Public Release (Zenodo, 2017).

[72] J. Rodŕıguez-Guerra Pedregal, G. Sciortino, J. Guasp,
M. Municoy, and J. D. Maréchal, “GaudiMM: A Modular
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