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Abstract: Transition metal complexes are attracting attention because of their various chemical and
biological properties. In particular, the NHC-gold complexes represent a productive field of research
in medicinal chemistry, mostly as anticancer tools, displaying a broad range of targets. In addition to
the already known biological targets, recently, an important activity in the organization of the cell
cytoskeleton was discovered. In this paper, we demonstrated that two NHC-gold complexes (namely
AuL4 and AuL7) possessing good anticancer activity and multi-target properties, as stated in our
previous studies, play a major role in regulating the actin polymerization, by the means of in silico
and in vitro assays. Using immunofluorescence and direct enzymatic assays, we proved that both
the complexes inhibited the actin polymerization reaction without promoting the depolymerization
of actin filaments. Our outcomes may contribute toward deepening the knowledge of NHC-gold
complexes, with the objective of producing more effective and safer drugs for treating cancer diseases.

Keywords: NHC-gold complexes; actin; anticancer

1. Introduction

Transition metal complexes are considered candidates in medicinal chemistry be-
cause of their potential as new, diagnostic, and therapeutic agents. These complexes are
modular systems in which the metal centers are bound to different ligands, arranged in a
well-defined three-dimensional structure that determines the unique characteristics of the
complexes. Transition metal complexes possess different photophysical/photochemical
features, and numerous biological applications have been described [1–3]. Amongst the
plethora of transition metal complexes, gold-based complexes are attracting the attention
of many researchers, because of their possible oxidation states (e.g., Au(I) and Au(III)),
stability, easy ligand exchange reactions, effective cytotoxicity towards several in vitro
models of cancer, and the lack of negative effects on normal cell viability [4,5]. Gold has
historically been used to treat several diseases, albeit the first scientific evidences date
back to the 1920s, pertaining to the compound K[Au(CN)2] (potassium dicyanoaurate,
Figure 1), which was clinically tested for its anti-tuberculosis activity, and then dismissed

Appl. Sci. 2021, 11, 5626. https://doi.org/10.3390/app11125626 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5179-7118
https://orcid.org/0000-0002-1386-3601
https://orcid.org/0000-0002-7419-8780
https://orcid.org/0000-0002-7420-4706
https://orcid.org/0000-0003-2435-8931
https://doi.org/10.3390/app11125626
https://doi.org/10.3390/app11125626
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11125626
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11125626?type=check_update&version=1


Appl. Sci. 2021, 11, 5626 2 of 13

because of its toxicity [6]. Instead, the literature shows many in vitro and in vivo studies
conducted on the anticancer activities of another important gold-based complex, i.e., aura-
nofin [(tetra-O-acetyl-β-D-glucopyranosyl)-thio] (triethylphosphine)-gold(I) (Figure 1), a
second generation drug, which targets, in particular, the mitochondrial enzyme thioredoxin
reductase (TrxR) [7]. These studies paved the way to the design, synthesis, and biological
evaluation of many gold-based agents, mostly for the treatment of cancers. In this scenario,
the gold complexes with N-heterocyclic carbene (NHC) ligands represent a challenging
thread because of their ability to potently inhibit TrxR and decrease cancer cell prolifer-
ation [8,9]. However, TrxR is not the only target of anticancer gold complexes reported
on so far. Indeed, amongst the other important functions, DNA and related enzymatic
machinery interference [10], mitochondrial damage (mostly for cationic gold(I) biscarbene
complexes) [11,12], and the inhibition of protein tyrosine phosphatases (PTP) [13] should
also be noted. More recently, evidence indicated that NHC-gold complexes play an im-
portant role in regulating the cytoskeleton dynamics [14–18], interfering with the tubulin
and/or actin metabolism. In our previous studies, we individuated two lead molecules,
i.e., AuL4 and AuL7 (Figure 1) [15,18], demonstrating that they are good anticancer com-
pounds and possess different biological properties, including the ability to regulate the
tubulin polymerization reaction in two different ways. Indeed, AuL4 is able to stabilize
the tubulin filaments, behaving as one of the most well-known drug, paclitaxel, whereas
AuL7 hampers the tubulin polymerization reaction, such as the vinblastine, one of the most
used vinca alkaloids that induces the assembly of tubulin into non-microtubule polymers,
such as para-crystals or spiral proto-filamentous structures [19]. In this paper, another
important biological target of the above-mentioned NHC-gold complexes has been studied,
namely the actin, using as references the molecules latrunculin A (LA) and cytochalasin
B (CB) (Figure 2). By using in silico and in vitro assays, we proved that both leads are
able to inhibit the actin polymerization, with an efficacy similar to that of cytochalasin B
(Phomin), a well-established cell-permeable fungal inhibitor of the actin polymerization.
This evidence highlights, once again, the multi-target potential of the studied compounds,
and is seminal for the development of potent and selective anticancer drugs targeting the
actin, with negligible cytotoxic effects on the normal cells.
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2. Materials and Methods
2.1. Cell Culture

The cell lines used in this work (MDA-MB-231 and HeLa) were purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA). Human breast cancer
triple negative MDA-MB-231 were grown in DMEM-F12 medium containing 2 mmol/L
L-glutamine, 1 mg/mL penicillin-streptomycin, and 5% Fetal Bovine Serum (FBS) [20].
HeLa human epithelial cervix carcinoma cells, estrogen receptor (ER)-negative were main-
tained in Eagle’s minimum essential medium (MEM), supplemented with 10% FBS, 1%
l-glutamine, 100 U/mL penicillin/streptomycin, and 1% non-essential amino acids (NEAA).
All cell lines were maintained at 37 ◦C in a humidified atmosphere of 95% air and 5% CO2,
and periodically screened for contamination [21].

2.2. Docking Studies

The crystal structure of the complex formed between the beta/gamma-actin with
profilin and the acetyltransferase AnCoA-NAA80 [22] [PDB code 6nbw] was used as the
protein target for our docking simulations. All structures of the ligands tested in silico
were built, and energy was minimized using the program MarvinSketch (ChemAxon ltd,
Budapest, Hu). To shed light on the possible binding modes to the protein target and to
determine their binding energies, we used the AutoDock v.4.2.2 program suite [23]. We
performed a “blind docking” simulation: the docking of the small molecule to the targets
was done without a priori knowledge of the location of the binding site by the system. All
simulations were performed by adopting the program default values. The protein and
the ligands were prepared using the ADT graphical interface [24]. Polar hydrogens were
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added to each protein, Kollman charges assigned, and finally, the solvation parameters
were added. The protein was considered a rigid object and all the ligands as fully flexible.
A searching grid was extended all over the protein and affinity maps calculated. The search
was carried out with a Lamarckian genetic algorithm: a population of 100 individuals with
a mutation rate of 0.02 evolved for 100 generations. Evaluation of the results was performed
by listing the different ligand poses according to their predicted binding energy. A cluster
analysis based on root-mean-square-deviation (RMSD) values from the starting geometry
was performed. The lowest energetic conformation of the most populated cluster was
considered the best candidate. When clusters were almost equipopulated, and their energy
distribution spread, their corresponding molecules were considered as bad ligands [25,26].

The generated docking poses were ranked in order of increasing binding energy
values and clustered on the basis of a RMSD cut-off value of 2.0 Å. From the structural
analysis of the lowest energy solutions of each cluster, we could spot the protein binding
site. Figure 3 was drawn using the program Chimera [27].

2.3. Immunofluorescence Analysis

Cells were seeded in 48-well culture plates containing glass slides, serum-deprived for
24 h, and incubated with the most active compound for 24 h (concentration equal to its IC50
value). Then, the cells fixed with cold methanol were incubated with primary antibody,
diluted in bovine serum albumin (BSA) 2% overnight at 4 ◦C, as previously described [28].
The rabbit anti-β-actin was purchased from Santa Cruz Biotechnology and diluted 1:100
before use. Then the secondary antibody Alexa Fluor® 488 conjugate goat-anti-rabbit (1:500,
Thermo Fisher Scientific, MA, USA) was added and incubated for 2 h at 37 ◦C. Nuclei
were stained using DAPI (Sigma Aldrich, Mila, Italy) for 10 min at a concentration of
0.2 µg/mL. Fluorescence was detected using a fluorescence microscope (Leica DM 6000).
LAS-X software was used to acquire and process all images.

2.4. Actin Polymerization/Depolymerization Assay

The ability of the tested compounds to interfere with the actin polymerization and
depolymerization reaction was measured using an actin Polymerization/Depolymerization
Assay Kit purchased from Abcam, following the manufacturer’s instructions. Both poly-
merization and depolymerization reactions occur in a 100 µL final volume, by using
Labeled Rabbit Muscle actin reconstituted with the buffer G supplemented with 0.2 mM
ATP and 0.5 mM DTT (1,4-dithiothreitol). For the polymerization assay, reconstituted actin
was mixed with supplemented buffer G, and samples in a white 96-well plate, and then the
polymerization, the reaction, was induced with the addition of the buffer P supplemented
with 10 mM ATP. The solution was mixed and the data acquisition started. For the actin
depolymerization assay, supplemented buffers P and G were mixed and incubated in a
white 96-well plate at room temperature for one hour to polymerize the actin, protected
from light. Then samples were added and the data acquisition started. Latrunculin A and
cytochalasin B were use as control molecules at a concentration of 5 µM. For both assays,
the assembly of actin filaments was determined by measuring the fluorescence (Ex/Em:
365/410 nm) in kinetic mode for 1 h at room temperature using a microplate reader. Images
are representative of three independent experiments, each performed in triplicate.
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3. Results
3.1. AuL4 and AuL7 Induce Dramatic Cancer Cells Morphology Changes

Our previous studies demonstrated the anticancer activities of AuL4 and AuL7 against
different in vitro models, being particularly effective against HeLa and MDA-MB-231



Appl. Sci. 2021, 11, 5626 6 of 13

cancer cells, respectively, and triggering the ROS-mediated intrinsic apoptotic pathway.
Moreover, we proved that these complexes possessed a multi-target action, namely they
inhibited human topoisomerases I and II activities and interfered with the microtubules
dynamics. However, this latter feature resides in the ability of AuL7 to inhibit the tubulin
polymerization reaction, acting like the vinblastine, whereas AuL4 behaves as the paclitaxel,
thus stabilizing the microtubules, as demonstrated by immunofluorescence and direct
enzymatic assays. In both cases, the exposure of HeLa and MDA-MB-231 cancer cells to
AuL4 (at its IC50 = 1.63 ± 0.5 µM) and AuL7 (at its IC50 = 2.1 ± 0.7 µM), respectively, for
72 h, produced dramatic morphological changes, as visible by the observation of cancer
cells (Figure 2), using an inverted microscope (20× magnification). Indeed, AuL4-treated
HeLa cells appeared round and shrunk, and AuL7-treated MDA-MB-231 cells exhibited
both round and tread-like shapes, with respect to the vehicle-treated cells that have a
normal morphology. These changes were attributed to the already proved interference with
tubulin, but we wondered if our complexes could regulate the actin system, as well. This
hypothesis sounded very challenging for us, because this would mean that the complexes
possess another unexplored intracellular target, viz. the actin. In order to assess this
supposition, we performed in silico and in vitro studies.

3.2. Docking Studies

To first evaluate the binding poses and the calculated affinities between AuL4 and
AuL7 to the protein actin, we performed molecular docking simulations, using as a target
the three-dimensional structure of actin [22]. Affinities of the two compounds to the
protein were calculated by AutoDock, according to the expression Ki = exp (deltaG/(R*T)).
As discussed in our previous works [29–31], clusterization of the outcomes from our
simulation runs, together with the visual inspection of the ligand:protein binding sites,
were considered as markers of the quality of the interaction.

AuL4 and AuL7 share the same actin binding site with latrunculin B (Figure 3),
previously determined by X-ray crystallography [22]. Among the two compounds, AuL4
is positioned within the nucleotide binding site of actin, forming hydrogen bonds with
protein residues Asp211, Lys215, and Tyr306. Its chloride atoms are involved into halogen
bonds with Glu214, while the gold atom is coordinated by Lys336. The binding site is
stabilized by hydrophobic interactions with residues Met16, Met305, and Tyr306. On the
other hand, AuL7 is positioned with part of its structure exposed to the solvent. This
compound forms hydrogen bonds with actin residues Asp157, Thr303, and the peptidic
nitrogen atom of Gly182. Arg201 form a halogen bond with a chlorine atom of the ligand,
which is also stabilized by hydrophobic interactions with Met16, Met305, and Tyr306. The
Au atom is coordinated to Glu214.

3.3. AuL4 and AuL7 Interfere with the Normal Intracellular Actin Organization

The cell cytoskeleton is an important intracellular structure that is involved in several
physiological processes, and is implied, as well, in tumor progression, most importantly in
the epithelial–mesenchymal transition (EMT) process. The major components are tubulin
and actin, which are targets of effective anticancer drugs. Some metal complexes have been
proved to interfere with the cytoskeleton dynamics [15,32–36], particularly inhibiting the
tubulin polymerization but, more recently, they were discovered to play a different and
specific role in regulating the actin system [37]. Since we have already proved that the two
metal complexes exerted inhibitory activity against the tubulin polymerization [15], we
wondered whether they could also interfere directly with the other major component of the
cell cytoskeleton, viz. the actin, in the two cancer cell models used for the previous study.
With this in mind, HeLa and MDA-MB-231 cells were treated for 24 h with compounds
AuL4 (at its IC50 = 1.63 ± 0.5 µM) and AuL7 (at its IC50 = 2.1 ± 0.7 µM), respectively,
together with the only vehicle (DMSO, negative control). As a reference molecule, we
used latrunculin A (positive control), a well-known natural compound that targets the
actin cytoskeleton, at a concentration of 1 µM, under the same experimental conditions.
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After that, cancer cells were further processed and imaged under a fluorescent microscope,
as described in the Material and Methods section. As visible in Figures 4 and 5, in the
negative control (only DMSO), the actin filaments exhibited a normal organization in
the cell cytoplasm, with differences relative to the normal HeLa and MDA-MB-231 cell
morphology. Conversely, under LA exposure, both cancer cell lines showed a remarkable
disorganization of the actin system. Indeed, in Figure 4, the actin bundles are very thick
and bright, with respect to the vehicle-treated HeLa cells, and one can notice that the actin
system is more compact, not fairly distributed, and some dot-like structures appeared (see
white arrows). A similar arrangement was seen in AuL4-treated HeLa cells; indeed, the
cell size is reduced and the actin is thickened around the cell nuclei, with respect to the
vehicle-treated cells (negative control). The MDA-MB-231 cells under AuL7 treatment lost
their normal morphology, as well, but assumed different shapes; indeed, in Figure 5, some
cells appear round, others with a thread-like structure or abnormally enlarged cytoplasm
(see white arrows). Moreover, the actin filaments look very bright and arranged in dot-like
structures or unevenly distributed within the cell cytoplasm. To summarize, we can affirm
that both compounds interfere with the regular organization of the actin system in the
cancer cells under investigation.
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3.4. AuL4 and AuL7 Block the In Vitro Actin Polymerization Reaction but Do Not Accelerate the
Depolymerization Reaction

Once established that the two metal complexes provoked a dramatic change of the
cytoskeleton actin structure, we wondered whether the observed effect was due to a di-
rect action toward the actin or through indirect effects, given that these compounds have
already been proved as tubulin polymerization inhibitors. Thus, we adopted an in vitro
actin assay that exploits a fluorescent-labeled purified rabbit actin, which polymeriza-
tion/depolymerization reactions can be easily followed using a fluorimeter, in order to
confirm the immunofluorescence results, and establish if AuL4 and AuL7 could act as actin
polymerization inhibitors and/or accelerate the filamentous actin depolymerization. In
this assay, we employed two reference molecules, namely the LA and CB. Particularly, LA
can bind and sequester G-actin monomers, hampering the actin polymerization and, at
the same time, accelerate the rate of the actin subunits dissociation from the assembled
filaments. As a result, LA is able to block the F-actin formation, one way or another.
Conversely, CB inhibits the actin polymerization, avoiding the monomers addition to the
“barbed” end of the actin filaments, but it cannot increase the depolymerization reaction.
The results from this assay were plotted and, as visible in Figure 6, in the control reaction
(DMSO), the G-actin polymerizes very fast; indeed, the reaction curve reached a value
of about 37,000 RFU (see experimental section for details), and kept the plateau until the
end of the experiment. Conversely, the two reference molecules, LA and CB, used at a
concentration of 5 µM, blocked the actin polymerization; indeed, the initial rapid curve
growth, seen in the control reaction, was absent. In more detail, the LA curve decreased
until a value of about 12,000 RFU after 13–15 min and reached a value of about 10,000 RFU
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at the end of the experiment. The exposure of actin monomers to CB produced a curve
with a little increase (about 22,000 RFU) in the first 4–5 min, then decreased, and ended
at an RFU value of 22,000, which is equal to the initial value. Finally, AuL4 and AuL7,
at a concentration equal to 5 µM, exhibited both an inhibiting activity similar to that of
CB, and to a lesser extent, with respect to LA. Specifically, the AuL4 curve was lower than
that of CB in the first 5 min and then rose, maintaining RFU values ranging from 24,000 to
26,000, and ended at a final value of about 27,000 RFU. The AuL7 curve trend was similar
to that of AuL4, with the exception of the first 5 min, when it decreased to values lesser
than LA, ending with a final value of 24,000 RFU. Overall, the inhibitory activity of AuL7
seems better than AuL4 but, in both cases, this assay demonstrates a direct effect on actin
polymerization reaction, supporting the immunofluorescence assays.
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Figure 6. In vitro actin polymerization assay. The effect of compounds AuL4 and AuL7 (5 µM) on in vitro actin polymer-
ization was examined. DMSO was used as a negative control (CTRL). Latrunculin A (LA) and cytochalasin B (CB), were
employed as reference molecules and used at the concentration of 5 µM. AuL4 and AuL7, incubated with the labeled
rabbit muscle actin, demonstrate a direct effect on actin polymerization reaction. The graphic was obtained measuring the
fluorescence (Ex/Em: 365/410 nm) given by actin filaments assembly in a kinetic mode for 1 h at room temperature. Data
are representative of three independent experiments; standard deviations (SDs) are shown.

Considering that LA can trigger the F-actin disassembly, we performed a depoly-
merization assay, in order to determine whether our compounds could act as actin de-
polymerizing agents. Actin polymerization was allowed for one hour, under the same
experimental conditions used in the previous assay, then AuL4 or AuL7 were added, at
the concentration of 5 µM, and the reactions were monitored for one more hour. Negative
(only vehicle and CB, 5 µM) and positive (LA, 5 µM) control reactions were performed, as
well. Our results showed that the LA curve sensibly decreased until a value of 16,800 RFU
in the first 8–9 min, meaning that the actin depolymerization was occurring (Figure 7).
The initial value was around 28,000 RFU and after 9 min, the curve decreased slowly until
the final value of 14,000 RFU. The negative control reactions (only vehicle and CB, 5 µM)
showed no relevant changes, maintaining the same initial value and indicating that the
F-actin did not depolymerizes. The curves relative to AuL4 and AuL7 showed significant
reduction in RFU values with respect to the control reactions, suggesting that they did not
accelerate the depolymerization reaction. To summarize, these data proved that both AuL4
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and AuL7 are actin polymerization inhibitors with an efficacy similar to CB, used at the
same concentrations and under the adopted experimental conditions, and do not accelerate
actin depolymerization, contrarily to LA.
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Figure 7. In vitro actin depolymerization assay. The effect of compounds AuL4 and AuL7 (5 µM) on in vitro actin
depolymerization was examined. DMSO was used as a negative control (CTRL). Latrunculin A (LA) and cytochalasin
B (CB), were employed as reference molecules and used at the concentration of 5 µM. AuL4 and AuL7, added to the
polymerized actin, do not accelerate the depolymerization reaction. The graphic was obtained measuring the fluorescence
(Ex/Em: 365/410 nm) given by actin filaments disassembly in a kinetic mode for 1 h at room temperature. Data are
representative of three independent experiments; standard deviations (SDs) are shown.

4. Discussion

Microtubules and actin filaments are cytoskeletal components that play pivotal roles
in cell signaling, division, and motility, and regulate tumor relevant processes, for instance,
morphological changes or cell migration [38]. For these reasons, they are interesting targets
of an even higher number of anticancer drugs, such as the clinically used vinca alkaloids
or taxanes that target microtubules, whereas compounds directed toward the actin have
relatively lesser therapeutic applications, probably because of poor knowledge on their
underlying mechanisms of action [39]. Under physiological conditions, the monomeric
form of actin, called G-actin, polymerizes in a head-to-tail manner and constitutes the fila-
mentous F-actin. The turnover of these forms is ensured by a tightly regulated equilibrium
between G- and F-actin, but is substantially modified in cancer cells, together with changes
in the filament-associated regulatory proteins, and is involved in the uncontrolled growth
of tumor cells and, ultimately, in the increased ability to metastasize [40,41]. Generally, the
migrating cancer cells undergo to shape rearrangements that depend on the formation of
actin-based protrusions, cellular contractility, and new adhesions to surfaces [42]. For exam-
ple, actin participates in the formation of specialized invasive and adhesive structures with
proteolytic activity, called invadosomes [41]. Since we have already proved that the two
NHC-gold complexes exerted inhibitory activity against the tubulin polymerization, we
wondered whether they could also interfere directly with the other major component of the
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cell cytoskeleton, viz. the actin. Indeed, some literature data reported that the actin system
disorganization can be a consequence of the inhibition of the tubulin polymerization and
not a direct regulation of the actin system [39,43]. Amongst the most well-known molecules
able to interfere directly with the intracellular actin, different types of cytochalasin and
latrunculin were employed in many research studies, because of their easy membrane
permeation and different types of behavior against the actin polymerization and depoly-
merization processes. In our assays, we used, as references molecules, cytochalasin B (CB),
which inhibits the addition of monomers to the “barbed” end of the actin filaments [44],
and latrunculin A (LA), which blocks the actin polymerization, and increases its depoly-
merization by trapping the actin monomers [45]. In our previous studies, we studied the
anticancer properties of AuL4 and AuL7, individuating some intracellular targets, as the
human topoisomerases I and II, and the cytoskeleton tubulin, which decreased cancer
cell growth by inducing the ROS-depending intrinsic apoptotic pathway. Encouraged by
the outcomes, we continued studying other interactions of our compounds with other
key-points belonging to the cell cytoskeleton. In particular, we investigated the possible
implication of our complexes in regulating the actin dynamics in a direct way, and not
as a consequence of the already observed interference with the tubulin polymerization
reaction. Indeed, some microtubule poisons may promote the reorganization of the actin
system, which is a consequent effect rather than a direct interaction. In other words, the
microtubule metabolism can influence the organization, spatial distribution, and function
of the nearby actin filaments [46]. With this in mind, we started with in silico studies that
allowed us to assume that both complexes may bind the actin, sharing the same binding
site of LA, used as the reference molecule. In particular, AuL4 is positioned inside the
nucleotide-binding site of actin, whereas AuL7 exposes part of its structure to the solvent.

Next, we performed immunofluorescence assays in the two cancer cell models above-
mentioned. The outcomes suggest that both complexes induced dramatic changes in actin
organization; indeed, the filaments appeared thicker and with an abnormal spatial distri-
bution, with respect to the control-treated cells, and in a similar rearrangement produced
by LA treatment. In order to fully understand if these changes were due to a direct effect
rather than the already studied interference with the tubulin polymerization reaction, we
carried out some direct enzymatic assays on the purified rabbit actin, so that any other
possible secondary effect could be excluded. Effectively, both complexes inhibited the actin
polymerization in a similar extent to the CB, but lesser than LA, used as reference molecules.
Conversely to LA, AuL4 and AuL7 were not able to promote the F-actin depolymerization.
In conclusion, both the complexes inhibited the actin polymerization directly, but not the
inverse reaction, and induced dramatic change in the organization and function of the actin
system; this is a feature that discloses another—and not foreseen—important anticancer
target of our NHC-gold complexes.

5. Conclusions

Herein, we reported evidence that the NHC-gold complexes AuL4 and AuL7 are
inhibitors of the actin polymerization reaction with similar efficacy of CB, but do not
accelerate the rate of F-actin depolymerization, as it happens for the LA. These complexes
induce dramatic changes in cell morphology, triggering the formation of abnormal actin
structures. We strongly believe that this evidence contributes to better knowledge of the
variety of intracellular targets in the cancer fight.
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