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teins with a few organopalladium
compounds of medicinal interest†
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Pd compounds form a promising class of experimental anticancer drug candidates whose mechanism of

action is still largely unknown; in particular, a few organopalladium compounds seem very attractive. To

gain mechanistic insight into medicinal palladium compounds, we have explored here – through ESI MS

analysis – the interactions of four organopalladium agents (1–4) – showing remarkable in vitro

antiproliferative properties – with a few representative model proteins, i.e., lysozyme (HEWL),

ribonuclease A (RNase), and carbonic anhydrase (hCAI). The tested panel included three Pd allyl

compounds with one or two carbene ligands and a palladacyclopentadienyl complex. Notably, the Pd

allyl compounds turned out to manifest, on the whole, a modest tendency to react with the above

proteins. Only complex 3 produced small amounts of characteristic adducts with hCAI bearing either

one or two Pd allyl groups. In contrast, the palladacyclopentadienyl complex 4 manifested a greater and

peculiar reactivity with all the above proteins generating invariably protein adducts with a mass increase

of +256 Da where a butadienyl group – with no associated Pd – is attached to the proteins. Afterwards,

we extended our investigations to the C-terminal dodecapeptide of thioredoxin reductase bearing the

–Cys–Sec– reactive motif. In this latter case adducts were formed with all tested Pd compounds;

however, complex 4 manifested towards this dodecapeptide a type of reactivity deeply different from

that observed with HEWL, RNase A and hCAI. The mechanistic implications of these findings are discussed.
Introduction

Nowadays, palladium compounds are being considered with
great attention in the eld of medicinal inorganic chemistry as
they might represent a valuable alternative to clinically estab-
lished anticancer platinum drugs.1 Indeed, a number of palla-
dium complexes with innovative features and encouraging
anticancer properties were recently prepared, characterized and
tested by Visentin and co-workers.2 In particular, the most
interesting compounds contain the palladium-h3-allyl and pal-
ladacyclopentadienyl fragments.

Palladium allyl complexes are particularly promising since
they generally exhibit good to excellent antiproliferative activi-
ties towards different cancer cell lines and, in some cases, a far
lower cytotoxicity towards normal cells.2b–e In-depth immuno-
uorescence studies suggested that primary damage occurs at
the level of mitochondria rather than on DNA as typically found
in the case of cisplatin and its second- and third-generation
derivatives.2b Interestingly, an excellent antitumor activity was
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observed for almost all the investigated Pd-allyl compounds,
regardless of the ancillary ligand used. This evidence suggests
that the Pd-allyl fragment, with its well-known reactivity
towards nucleophiles,3 might represent the key factor in the
biological activity of this fascinating family of compounds.
Another possibility is offered by the nucleophilic attack on the
metal center and the consequent formation of biotarget-Pd-allyl
adducts.

Palladacyclopentadienyl complexes exhibit a remarkable
anticancer activity when strong ancillary ligands (e.g. N-
heterocyclic carbenes, phosphines and isocyanides) are
present in the coordination sphere of palladium.2f,g Their anti-
cancer activity seems to involve a strong non-covalent interac-
tion with DNA, similarly to many organic anticancer drugs (i.e.
doxorubicin).2g The palladacyclopentadienyl fragment under
ordinary conditions usually exhibits a lower reactivity than the
Palladium-allyl moiety. In fact, it can only be attacked by halo-
gens or reactive alkyl/aryl halides leading to the corresponding
Pd(II)-butadienyl complexes.4 The butadienyl fragment can then
be released from themetal center by a further oxidative addition
and consecutive reductive elimination. However, no studies
have been performed so far on the reactivity of this particular
palladacyclic fragment towards proteins. In fact, it is always
worth remembering the ability of many proteins to promote
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Palladium-allyl and palladacyclopentadienyl complexes
investigated in this work.
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reactions that are difficult to foresee under other operating
conditions.

With the aim of investigating even in more detail these two
classes of promising anticancer agents, herein we report the
rst systematic study of the reactivity of four different organo-
palladium complexes (Scheme 1) with a group of biologically
relevant proteins.

In the Metmed laboratory, in Florence, a general ESI MS
based protocol has been developed in recent years to charac-
terize the protein interactions of metal-based drugs. The
protocol is grounded on the detailed comparative ESI MS
analysis of the metallodrug protein adducts that are formed
when incubating the various proteins with each metallodrug
under well-dened experimental conditions.5,6 In principle, ESI
MS experiments allow to establish the nature of the metallic
fragments that are present in the adducts, the extent of adduct
formation and the binding stoichiometry. Owing to these
favourable features the ESI MS based protocol turns out to be
a more straightforward and informative method with respect to
other bioanalytical protocols based, for instance, on hyphen-
ation of LC with ICP MS detection.

Here, we have applied this type of approach to the analysis of
the interactions occurring between the palladium compounds
reported in Scheme 1 and three selected model proteins, i.e.,
Hen Egg White Lysozyme (HEWL), Bovine pancreatic ribonu-
clease A (RNase A) and human carbonic anhydrase I (hCAI). The
obtained results are compared with those emerging from the
reactions of the same palladium compounds with the C-
terminal dodecapeptide of TrxR1.7
Fig. 1 (A) 4 incubated with RNase, at 37 �C for 24 h in 1 : 3 protein-to-
palladium ratio; 0.1% v/v of formic acid was added just before infusion;
(B) 4 incubated with HEWL, at 37 �C for 24 h in 1 : 3 protein-to-
palladium ratio; 0.1% v/v of formic acid was added just before infusion.
Results and discussion
The reactions of panel Pd compounds with RNase and HEWL

The selected Pd compounds were initially challenged against
the small proteins RNase A and Hen Egg White Lysozyme that
are oen used for this kind of investigations and the respective
ESI MS spectra were recorded.8

Bovine pancreatic ribonuclease A is a pancreatic ribonu-
clease enzyme that cleaves single-stranded RNA, specically
aer pyrimidine nucleotides. RNase A is one of the classic
© 2022 The Author(s). Published by the Royal Society of Chemistry
model systems of protein science since it is extremely stable and
can be puried in large quantities. RNase A is a rather small
protein (124 residues, �13.7 kDa). RNase A has four disulde
bonds in its native state, i.e., Cys26–84, Cys58–110, Cys40–95
and Cys65–72. These disulde bonds are relatively well exposed
to the solvent.

Hen Egg White Lysozyme is an enzyme characterized by the
ability to break down the bacterial cell wall to improve protein
or nucleic acid extraction efficiency. HEWL is a small (129
amino acids) and stable enzyme, that is ideal for research
concerning protein structure and function.

Notably, the Pd compounds 1, 2 and 3 do not show any
signicant reactivity with RNase A and lysozyme; indeed, no
peaks assignable to of protein adducts were detected in the ESI
MS spectra aer 24 or 72 h of incubation (data not shown).
Unlike the previous compounds, 4 manifests a signicant
reactivity towards both proteins. Indeed, its 24 h and 72 h
deconvoluted spectra show a very intense signal at 13 936 Da
which is shied of +256 Da from the RNase A peak at 13 680 Da
(Fig. 1A). In the same way, a peak with a shi of +256 Da is
observed in the 24 and 72 h deconvoluted spectra taken on
HEWL samples reacted with 4 (Fig. 1B). This mass shi has
been attributed to the protein binding of a butadienyl fragment;
remarkably, this behaviour is identical to that observed in the
case of hCAI (see later).
RSC Adv., 2022, 12, 26680–26685 | 26681



Fig. 2 (A) Deconvoluted mass spectra of hCAI 7 � 10�7 M in ammo-
nium acetate buffer with 0.1% v/v of formic acid was added just before
infusion; (B) 3 incubated with hCAI, at 37 �C for 24 h in 1 : 3 protein-to-
palladium ratio; 0.1% v/v of formic acid was added just before infusion;
(C) 4 incubated with hCAI, at 37 �C for 24 h in 1 : 3 protein-to-palla-
dium ratio; 0.1% v/v of formic acid was added just before infusion.
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Reactions of panel Pd compounds with hCA 1

In humans there are 14 different carbonic anhydrase (CA)
isoenzymes with different subcellular localization and tissue
distribution. High levels of CA I and II expression have been
found in blood cells and are necessary for maintaining the
physiological blood pH. CA I consists of 261 amino acids with
a molecular weight of about 28 kDa and contains a Zn(II) ion
essential for the catalysis.9 The Zn(II) ion is coordinated by three
histidine residues (His94, 96 and 119) and by a water molecule/
hydroxide ion. Moreover, the enzyme presents a free cysteine
(Cys213) as a potential anchoring site for metals. Carbonic
Anhydrases can play a crucial role in controlling the pH in the
tumor microenvironment. In fact, cancer cells can go to a state
of hypoxia through the process known as the “Warburg effect”,
dened as the increase in glucose consumption through
glycolysis with the production of lactic acid. When this
happens, there is a decrease in the pH of the extracellular
environment due to the efflux of lactic acid and free protons
outside the tumor cell. The decrease in external pH promotes
the survival and proliferation of cancer cells. Several hypotheses
have been proposed in which both the membrane CAs and the
cytosolic ones contribute to regulating and promoting this
particular pH difference.10 It has been observed that CA I is over-
regulated in human pancreatic cancer and that high levels of CA
I mRNA have been found in patients with myeloid leukaemia,
colorectal and kidney cancers.11

The important role played by CA in these cancer-related
processes justies the great attention for this protein. We
have analyzed here the reaction of the four Pd compounds with
hCA I (the deconvoluted spectrum of hCA I is shown in Fig. 2A).
Interestingly, we found that 1 and 2 do not interact with hCA I as
the deconvoluted spectra taken aer 24 or 48 hours do not
exhibit any new signal with a mass greater than the free protein;
instead, adducts formation was clearly observed upon reacting
hCA I with 3 and 4. In the deconvoluted spectrum of hCAI
reacted with 3 (Fig. 2B), two distinct signals are indeed detected
at greater mass values; in particular, the signal at 28 926 Da
(shi ¼ +146 Da) that well corresponds to the adduct of CA I
with the Pd-allyl group and the signal at 29 073 Da (shi ¼ +293
Da) due to the formation of a protein adduct bearing two Pd-
allyl fragments. These new signals remain visible in the
deconvoluted spectrum taken at 72 h.

In the deconvoluted spectrum of hCAI reacted with 4 a signal
at 29 036 Da (shi ¼ +256 Da from the apo hCA I) is evident,
which is attributed to the protein binding of a butadienyl
fragment; notably, in this case, the interaction does not involve
any metal moiety (Fig. 2C). The 72 h deconvoluted spectrum
does not differ substantially from that taken at 24 h, indicating
that stable adducts are fully formed already in the rst 24 hours
of incubation.
The reactions with dTrxR

The enzyme thioredoxin reductase is unanimously considered
one of the main targets for cytotoxic gold compounds.12–14

So, we selected the C-terminal dodecapeptide that mimics
the TrxR1 active site, to study its reactivity with Pd complexes.
26682 | RSC Adv., 2022, 12, 26680–26685
This peptide possesses the –Cys–Sec– reactive motif as the most
probable binding site for a so Lewis metal.15 The intra-
molecular –S–Se– bridge between the aforesaid residues needs
to be reduced in order to favour the reaction with metal
compounds. So, the reducing agent dithiothreitol (DTT) was
added, in 10 : 1 DTT/peptide ratio, 30 minutes before the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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incubation of the dodecapeptide with each Pd compound. The
mass/charge spectrum reported in Fig. 3A shows the signals of
the peptide and of its adducts with Na+ and K+ ions from the
solution. Upon reaction with the four Pd complexes, two
distinct reactivity trends were identied:

(a) The case of complex 2 which binds the dodecapeptide
through the [Pd-PPh3] fragment; instead, upon interaction with
1 the dTrxR peptide binds the [allyl-Pd-PPh3] moiety (see ESI†).

(b) The case of complex 3 and 4 where the adducts originate
from the interaction between dTrxR and 1-methylpyridine-3-
methyl-imidazole-2-ylidene Pd(II) (Fig. 3B and C).
Fig. 3 (A) ESI mass spectra of dTrxR 5 � 10�7 M incubated at 37 �C for
2 h with (B) 3 and (C) 4 at 1 : 3:10 peptide-to-palladium-to-DTT ratio.
0.1% v/v of formic acid was added just before infusion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Conclusions

Palladium compounds are attracting a renewed interest as
potential cytotoxic drugs for cancer treatment. Indeed, the
palladium(II) center manifests a close structural similarity to the
medicinally relevant platinum(II) center but is characterized by
a profoundly different ligand exchange kinetics. Various series
of palladium compounds were recently developed. The mode of
action of these metallodrugs to produce their antiproliferative
effects is still unclear. To gain mechanistic information we
decided to test systematically the interactions of some of them
with a few selected model proteins. Accordingly, four repre-
sentative organopalladium compounds were selected for this
investigation. Studies conducted on the smaller proteins lyso-
zyme and RNase revealed that the tested palladium compounds,
with the exception of 4, are not able to form adducts with these
proteins. Instead, a characteristic reactivity was observed when
incubating 3 with hCAI: the latter reaction results into the
binding to the protein of one or two Pd-allyl fragments. The
presence of cysteine residues on the hCAI suggests the forma-
tion of one or two Pd–S bonds. The poor reactivity of complexes
1 and 2 may be ascribed to the greater steric hindrance of their
ancillary ligands (one PPh3 combined with one bulky NHC) that
prevents the access of the cysteine residue to the metal centre.
Conversely, 4 was able to form adducts with the above three
proteins: in fact, in all cases, an adduct characterized by
a constant increase in molecular mass of +256 was detected.
Quite surprisingly, these adducts do not contain Pd. We best
interpret this reactivity in terms of protein binding of an organic
moiety originating from the butadienyl fragment. A plausible
explanation is represented by the nucleophilic attack of an
amino/imidazole or hydroxyl group (the former is present in
lysine or histidine, the latter in serine or tyrosine side chain of
the amino acid sequences of the three proteins) on one of the
ester moieties of the butadienyl fragment and the consequent
formation of a new amidic or ester bond, respectively. To
understand this variegate reactivity pattern in more depth we
have extended our studies to the C-terminal dodecapeptide of
the enzyme thioredoxin reductase bearing the –Cys–Sec– reac-
tive motif. Interestingly, this dodecapeptide manifested a very
different reactivity prole towards the selected Pd compounds
in comparison to model proteins; indeed, adducts were formed
with all Pd compounds. In addition, in the case of 4, a different
type of adduct was formed that does not correspond to those
previously observed, all characterised by a mass shi of
+256 Da.

In conclusion, the present study reveals that the panel
palladium complexes are on the whole not particularly reactive
with proteins while showing rather complex reactivity patterns.
The greater reactivity manifested by 4 towards the three model
proteins is traced back to the binding of an organic moiety to
the interacting proteins with no transfer of the metal. On the
other hand, the reactions taking place between 4 and the C-
Terminal dodecapeptide of thioredoxin reductase highlight
a very different type of reactivity that is probably determined by
the presence on the peptide of the Cys–Sec– reactive motif. We
RSC Adv., 2022, 12, 26680–26685 | 26683
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believe that disclosing in depth these patterns of interaction is
crucial to understand in more detail the reactions of medicinal
palladium complexes with their presumed biomolecular
targets.

Experimental
Materials

The palladium complexes 1–4 were synthesized according to
previously published procedures.2b,c,4f

Lyophilized human carbonic anhydrase (hCA I), HEWL and
RNase A were purchased from Merck and used without further
purication or manipulation. The C-terminal dodecapeptide of
thioredoxin reductase (dTrxR), were synthesized in the MetMed
Laboratories at the Department of Chemistry, University of
Florence, following already established procedures.7,15 LC-MS
materials (water, acetonitrile) were purchased from Honeywell.

ESI-Q-TOF mass spectrometer

Instrumental parameters. ESI-MS spectra have been
acquired by direct infusion at 7 mLmin�1 in a TripleTOF® 5600+
mass spectrometer (Sciex, Framingham, MA, U.S.A.), equipped
with a DuoSpray® source consisting of an APCI probe (atmo-
spheric pressure chemical ionization) and an ESI probe
(TurboIonSpray®). In particular, the TripleTOF TM 5600+
detection system consists of a multichannel Time-to-Digital
Converter (TDC) detector that works at 40 GHz. The system
allows to have the highest acquisition speeds, high sensitivities,
and resolution higher than 30 000. The mass range of the
instrument is between 50 Da and 40 kDa. The ESI source
parameters have been optimized for each protein. The following
parameters were used for protein analysis alone and for met-
allation studies:

- hCA I: positive polarity, ionspray voltage oating (ISFV)
5500 V, temperature (TEM) 0, gas 1 (GS1) 50 Lmin; gas 2 (GS2) 0;
curtain gas (CUR) 20 L min�1, declustering potential (DP) 50 V,
collision energy (CE) 10 V; range 600–1400 m/z.

- RNase A: positive polarity, ion spray voltage oating (ISFV)
5500 V, temperature (TEM) 0, gas 1 (GS1) 40 Lmin; gas 2 (GS2) 0;
curtain gas (CUR) 15 L min�1, declustering potential (DP) 100 V,
collision energy (CE) 10 V; range 1000–2600 m/z.

- HEWL: positive polarity, ionspray voltage oating (ISFV)
5500 V, temperature (TEM) 0, gas 1 (GS1) 40 Lmin; gas 2 (GS2) 0;
curtain gas (CUR) 20 L min�1, declustering potential (DP) 100 V,
collision energy (CE) 10 V; range 1000–2800 m/z.

- dTrxR: positive polarity, ion spray voltage oating 5500 V,
temperature 100 �C, ion source gas 1 (GS1) 25 L min; ion source
gas 2 (GS2) 25 L min; CUR 30 L min�1, CE 10 V; DP 50 V,
acquisition range 1000–2000.

For the acquisition, the Analyst TF 1.7.1 (Sciex) soware is
used and deconvolved spectra are obtained using the Bio Tool
Kit v.2.2 incorporated in the PeakViewTM v.2.2 (Sciex) soware.

Sample preparation

Stock solutions of hCA I 10�4 M, of HEWL, RNase and dTrxR
10�3 M, Mb, were prepared, dissolving the proteins and the
26684 | RSC Adv., 2022, 12, 26680–26685
peptide in H2O LC-MS grade. Stock solutions 10�2 M of the Pd
compounds were prepared dissolving the samples in
acetonitrile.

For all experiments, solutions of the protein/peptide 10�5 M
and Pd complexes at protein to metal ratio 1 : 3 were prepared
in 2mM ammonium acetate buffer at pH 6.8. Themixtures were
then incubated at 37 �C up to 72 h.

Aer the incubation time, all solutions were sampled and
diluted to a nal protein concentration of 7 � 10�7 M for hCA I
and dTrxR and 10�7 M for HEWL and RNase using ammonium
acetate buffer. In the nal solutions were also added with 0.1%
v/v of formic acid just before the infusion in the mass
spectrometer.
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