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Abstract: Heavy metal ions can disrupt biological functions via multiple molecular mechanisms,
including inhibition of enzymes. We investigate the interactions of human papain-like cysteine
endopeptidases cathepsins L, K, and S with gallium and cerium ions, which are associated with
medical applications. We compare these results with zinc and lead, which are known to inhibit
thiol enzymes. We show that Ga3+, Ce3+, and Ce4+ ions inhibit all tested peptidases with inhibition
constants in the low micromolar range (between 0.5 µM and 10 µM) which is comparable to Zn2+

ions, whereas inhibition constants of Pb2+ ions are one order of magnitude higher (30 µM to 150 µM).
All tested ions are linear specific inhibitors of cathepsin L, but cathepsins K and S are inhibited by
Ga3+, Ce3+, and Ce4+ ions via hyperbolic inhibition mechanisms. This indicates a mode of interaction
different from that of Zn2+ and Pb2+ ions, which act as linear specific inhibitors of all peptidases. All
ions also inhibit the degradation of insoluble elastin, which is a common target of these peptidases in
various inflammatory diseases. Our results suggest that these ions and their compounds have the
potential to be used as cysteine cathepsin inhibitors in vitro and possibly in vivo.

Keywords: protease; kinetic mechanism; zinc; lead

1. Introduction

Cysteine cathepsins are important players in lysosomal and extracellular protein
turnover in humans and other animals [1,2]. As the name implies, they are peptidases
from the cysteine class, specifically the papain-like family. In humans, there are eleven
paralogs that differ in their substrate specificity, endo-/exoproteolytic mode of action, and
expression patterns. In this work, we investigated cathepsins L, K, and S. All are closely
related members of the cathepsin L-like subgroup of papain-like peptidases that act as
endopeptidases [3]. Cathepsin L is ubiquitously expressed and has recently received much
attention as one of the peptidases involved in the entry of SARS-CoV-2 into the cell [4]. Both
knockdown and inhibition of this peptidase can significantly reduce the infectivity of SARS-
CoV-2 [5,6]. Cathepsins K and S are expressed in tissue-specific patterns in accordance with
their specific functions. Cathepsin K is a central peptidase in bone turnover [7], whereas
cathepsin S plays an important role in antigen presentation [8]. Both are also considered
potential drug targets in diseases related to their specific biological functions. Cathepsin K
is a promising target for the treatment of osteoporosis [9]. Its inhibitor odanacatib (Merck &
Co., New York, NY, USA) was evaluated in a phase 3 clinical trial but unfortunately had
to be discontinued due to rare but significant side effects [10]. Nevertheless, cathepsin K
remains a viable target in osteoporosis [11]. In addition, the inhibitor MIV-711 (Medivir,
Huddinge, Sweden) shows promise for the treatment of osteoarthritis [12]. Cathepsin S, on
the other hand, is a target for the treatment of inflammatory diseases, such as rheumatoid
arthritis and pulmonary fibrosis, and several cathepsin S inhibitors, e.g., petesicatib (Roche,
Basel, Switzerland), have shown potential in clinical trials [13,14]. However, as with
cathepsin K, no inhibitor has yet been approved for medical use.
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Many metal ions are vital to living organisms when present in small amounts [15]. On
the other hand, some are also highly cytotoxic [16] and the degree of their toxicity depends
on the ligands bound to the metal ion. For example, the toxicity of Cu2+ has recently been
associated with its detrimental effect on the tricarboxylic acid cycle, a central metabolic
pathway in aerobic organisms [17]. Several common heavy metal ions, such as Zn2+,
Fe3+, and Cu2+ are known inhibitors of thiol enzymes due to their direct interaction with
catalytic cysteine residues [18]. Zn2+, in particular, plays a well-known role in the control
of lysosomal cysteine peptidases [19]. Importantly, Zn2+ has recently been characterized as
a potent inhibitor of the SARS-CoV-2 main protease and viral replication [20]; interestingly,
we have also recently discovered that zinc pyrithione exhibits potent in vitro inhibitory
activity against SARS-CoV-2 papain-like protease as well as human cathepsin L [21]. Other
metal ions are considerably less hazardous, and some are now commonly used for medical
purposes. Gallium-68 is a widely used isotope for medical imaging [22] and Ga3+ ions
have no significant toxic effects on cell growth and metabolism [23]. Cerium oxide CeO2 is
commonly used in nanocomposite grafts and has the added advantage of scavenging free
radicals [24]. Cerium ions can exist as either Ce3+ or Ce4+ and shuttling between the two
oxidation states is thought to underlie the antioxidant properties of such Ce-containing
nanoparticles [25]. Both forms are cytotoxic only at high concentrations (in the range
of ~10−4 M) [26–28], but CeO2 nanoparticles have been found to potentially cause DNA
damage [29].

To date, no studies have systematically investigated the effects of gallium or cerium
ions on thiol enzymes. Here, we investigate the molecular mechanisms by which Ga3+,
Ce3+

, and Ce4+ ions inhibit selected cysteine endopeptidases of the papain-like family
(cathepsins K, L, and S) and compare them with Zn2+ and Pb2+ ions. We focus in detail on
their kinetic modes of action and their effects on the hydrolysis of the protein substrate
bovine neck ligament elastin.

2. Results
2.1. Spectroscopic Analysis of Interaction between Ions and Substrate

Pearson’s principle of hard-soft acid–base theory (HSAB) is a simple rule for predicting
the stability of complexes formed between metal ions and ligands. Undoubtedly, it is a
very useful concept, but we must be aware that it also has some limitations (e.g., it is very
general and has no direct quantitative scale for Lewis acid-base strength; treatment of
ambidentate reactivity; many exceptions occur, etc.) [30–33]. Of the ions tested, Zn2+ and
Pb2+ are considered intermediate (borderline) acids, while Ce3+, Ce4+, and Ga3+ ions are
hard acids [31,34]. Cerium ions have already been shown to form complexes with amino
acids and dipeptides [35,36]. Therefore, we first determined whether Ce3+, Ce4+, and
Ga3+ ions interacted with the synthetic peptide substrates used in the study or otherwise
interfered with the kinetic measurements. We measured the UV-Vis absorption spectra of a
representative substrate (Z-Phe-Arg-AMC) in the presence and absence of the metal ions
studied (specifically, their salts Ga(NO3)3, CeCl3, and (NH4)2Ce(NO3)6, respectively) in
reaction buffer (Figure 1). The substrate produced a broad peak with a maximum at 325 nm
and a shoulder at 295 nm. The spectra of the Ga3+ and Ce4+ salts at a concentration of
0.5 mM, which is comparable to the highest concentrations used in the kinetic experiments,
produced signals only below 350 nm, while CeCl3 absorbed much stronger below 400 nm.
Therefore, the spectra of CeCl3 had to be recorded at a significantly lower concentration
(0.05 mM) to obtain a signal intensity comparable to the substrate. Since the excitation
wavelength used in the kinetic experiments was 370 nm, all progress curves obtained in
the presence of CeCl3 were corrected to account for the inner filter effect [37]. The spectra
of the individual salts mixed with the substrate showed no significant shifts in maxima or
deviations in intensity from the theoretical sums of the salt and the substrate alone, leading
us to conclude that there are no significant interactions or spectral phenomena under these
conditions that would interfere with the kinetic measurements of enzyme activity other
than correction for the inner filter effect.
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Figure 1. Absorption spectra of Ce3+, Ce4+, and Ga3+ salts in the presence and absence of the synthetic
substrate Z-Phe-Arg-AMC. Spectra were recorded in 50 mM sodium acetate buffer pH 5.5 in a quartz
cuvette with an optical path of 1 cm. The concentrations of Ce4+ and Ga3+ ions in the experiments
shown were 0.5 mM and the concentration of Ce3+ ions was 0.05 mM. The concentration of the
substrate was 5 µM.

Certain cerium complexes have been shown to possess hydrolase activity [38,39].
Therefore, we also investigated whether the cerium and gallium salts had detectable
hydrolytic activity toward the substrate Z-Phe-Arg-AMC at a metal ion concentration of
0.5 mM, the highest concentration used in the kinetic experiments. No such activity was
detected, indicating that the salts themselves do not generate background activity in the
kinetic experiments.

2.2. Kinetic Mechanisms of Action

Metal ions, which according to the HSAB theory are soft or intermediate Lewis acids,
are known inhibitors of thiol enzymes interacting with the thiol group of the active site cat-
alytic cysteine residue, which is itself a soft Lewis base [34]. Kinetically, the interaction with
the catalytic cysteine residue implies a linear specific (competitive) inhibition mechanism
in which the presence of the metal ion prevents the binding of the substrate in the active
site. Examples of such ions include Zn2+ and Pb2+ ions, both of which are intermediate
Lewis acids and are known to interact with cysteine peptidases [18,19]. However, Ce3+,
Ce4+, and Ga3+ ions, which are the focus of our study, are hard Lewis acids, and therefore,
could affect the activity of cysteine peptidases via other kinetic mechanisms. Therefore,
we characterized these interactions using appropriate synthetic substrates to measure and
compare the activity of cathepsins L, K, and S in the presence and absence of metal ions.
As sources of the individual ions, we used their salt forms CeCl3, (NH4)2Ce(NO3)6 and
Ga(NO3)3, respectively. Although the counterions in these salts are not identical (Cl– vs.
NO3

–) this is of no practical consequence because these anions were never found to affect
the activity of the investigated peptidases at such low concentrations (up to 2 mM). Since
the reactions were carried out in 0.1 M sodium acetate buffer, their contribution to the total
ionic strength of the reaction mixture was also minimal.

Titration curves in the presence of increasing concentrations of ions were performed
first and then complemented with specific velocity plots [40] to diagnose the mechanisms
of interaction. The kinetic modification parameters of all cathepsin/metal ion pairs char-
acterized in this work are summarized in Table 1. Our results showed that the above
assumptions held true overall. Regarding their activity, the tested ions can be distinguished
by two different properties. The first subdivision is between linear (full) and hyperbolic
(partial) inhibitors; the second is the distinction between ions acting in a 1:1 stoichiometry
and those acting via more complex mechanisms that likely involve the binding of more
than one metal ion to the peptidase. Mechanisms with a 1:1 stoichiometry were adequately
described using the general modifier mechanism [41], while others were fitted using the
four-parameter logistic equation to obtain estimates for their EC50 values. Interestingly,
the effects of each ion also differed between the peptidases, which are all closely related in
terms of structure, catalytic properties, and substrate specificity [42]. Most significantly,
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cathepsin L was inhibited by all ions via a linear specific mechanism, whereas cathepsins K
and S were inhibited by Ce3+, Ce4+, and Ga3+ ions via hyperbolic mechanisms.

Table 1. Kinetic parameters for the inhibition of cysteine cathepsins L, K, and S by selected metal ions.

Ion Enzyme Mechanism KX (µM) α β

Zn2+
Cathepsin L Linear specific 7.5 ± 0.9
Cathepsin K Linear specific 7.3 ± 0.3
Cathepsin S Linear specific 2.9 ± 0.5

Pb2+
Cathepsin L Linear specific 26 ± 12
Cathepsin K Linear specific 135 ± 13
Cathepsin S Linear specific 50 ± 5

Ga3+
Cathepsin L Linear specific 0.60 ± 0.04
Cathepsin K Hyperbolic mixed 4.1 ± 0.8 11.5 ± 1.0 2.4 ± 1.4
Cathepsin S Hyperbolic mixed 3.7 ± 0.6 11.3 ± 1.0 3.3 ± 0.5

Ce4+
Cathepsin L Linear specific 0.42 ± 0.03
Cathepsin K Hyperbolic mixed 1.3 ± 0.2 3.3 ± 0.6 0.73 ± 0.04
Cathepsin S Hyperbolic catalytic 1.2 ± 0.2 0.18 ± 0.01 0.18 ± 0.01

Ce3+ Cathepsin L Linear specific 12 ± 6

Ion Enzyme Mechanism EC50 (µM) h

Ce3+ Cathepsin K Hyperbolic 11 ± 6 0.6 ± 0.2
Cathepsin S Hyperbolic 17 ± 5 0.7 ± 0.1

As expected, Zn2+ and Pb2+ ions acted as linear specific inhibitors binding in a 1:1 sto-
ichiometry (Figure 2 and Supplementary Figures S1 and S2). Values of the equilibrium
dissociation constants (i.e., inhibition constants, a measure of the binding affinity) for the
binding of Zn2+ ions to the target peptidases were in the range of 10−6 M for all peptidases
tested, whereas the binding of Pb2+ was weaker (between 2.6 × 10−5 and 1.4 × 10−4 M).
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Figure 2. Specific inhibition of cathepsin K by Zn2+ ions. The mechanism was determined by the
specific velocity plot using the fluorogenic substrate Z-Phe-Arg-AMC. σ is equal to [S]/Km. An
additional titration curve recorded with 5 µM substrate (σ = 1) is shown in the inset. Experiments
were performed at 25 ◦C in 0.1 M sodium acetate buffer pH 5.5.

Ga3+ ions acted as linear inhibitors of cathepsin L but as hyperbolic inhibitors of
cathepsins K and S, leaving about 20% of residual enzyme activity at saturation (Figure 3).
The determined kinetic mechanism in the case of cathepsin L was linear specific inhibi-
tion, i.e., it affected enzyme activity in the same way as Zn2+ and Pb2+ ions. The kinetic
mechanisms for the interaction with cathepsins K and S were diagnosed as hyperbolic
mixed inhibition, trending towards activation at high substrate concentrations. Similar
mechanisms were previously diagnosed for small molecule modifiers of cathepsins K and
S, which presumably act through allosteric mechanisms [43–45], suggesting that this is a
common mechanism by which these peptidases may be regulated by chemically diverse
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modifiers. Furthermore, the affinity of Ga3+ ions for cathepsin L was one order of magni-
tude higher than for the remaining two (KX values of 6 × 10−7 M for cathepsin L versus
~4 × 10−6 M for cathepsins K and S). The observed trend continued with Ce4+ ions which
acted as linear specific inhibitors of cathepsin L and hyperbolic inhibitors of cathepsins K
and S (Figure 4 and Table 1). The inhibition mechanisms were diagnosed as hyperbolic
mixed in the case of cathepsin K and hyperbolic catalytic in the case of cathepsin S. Again,
an affinity for cathepsin L was several-fold higher than for cathepsins K and S (KX values
of 0.4 × 10−7 M for cathepsin L versus ~1.2 × 10−6 M for cathepsins K and S).
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Figure 3. Inhibition of cathepsins L, K, and S by Ga3+ ions. The titration curves are shown in the
upper panels and the specific velocity plots used to determine the inhibition mechanisms are shown
in the lower panels. Activity was measured with synthetic fluorogenic substrates (Z-Leu-Arg-AMC,
Z-Phe-Arg-AMC and Z-Val-Val-Arg-AMC for cathepsins L, K, and S, respectively) at 25 ◦C in 0.1 M
sodium acetate buffer pH 5.5. σ is equal to [S]/Km. The error bars in the titration curves represent the
S.E.M. of multiple independent experiments.

All the interactions described above could be fitted with mechanisms assuming a
1:1 binding stoichiometry. In contrast, Ce3+ ions again acted as linear specific inhibitors
of cathepsin L, but titrations of cathepsins K and S yielded kinetic profiles that deviated
from “classical” models with 1:1 stoichiometry (Figure 5). These profiles were fitted using
the four-parameter logistic equation, where the value of the coefficient h (equivalent to the
Hill coefficient) indicates the deviation from regular 1:1 stoichiometry and the value of
EC50 is an estimate of the overall affinity of the interaction (Table 1). The binding affinity
of Ce3+ ions for all peptidases was significantly lower than that of Ce4+ ions (KX and EC50
values of ~1 × 10−5 M, respectively). In addition, the extent of inhibition of cathepsins K
and S at saturation was the weakest of all metal ions, resulting in residual enzyme activity
of approximately 60% and 70%, respectively. It should be noted that such behavior is
neither unprecedented nor unexpected. Similar profiles were obtained, for example, for
the inhibition of human leukocyte elastase by glycosaminoglycans, which the authors
attributed to several possible binding modes between the two partners [46]. In this case, the
structural basis for this behavior remains to be determined. However, given that metal ions
can interact with the side chains of various amino acid residues, interaction with multiple
sites on the enzymes is a plausible possibility.
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S.E.M. of multiple independent experiments.
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Figure 5. Inhibition of cathepsins L, K, and S by Ce3+ ions. For cathepsin L, the titration curve is
shown in the upper panel and the specific velocity plot is shown in the lower panel. For cathepsins
K and S, only the titration curves are shown. Activity was measured using synthetic fluorogenic
substrates (Z-Leu-Arg-AMC, Z-Phe-Arg-AMC and Z-Val-Val-Arg-AMC for cathepsins L, K, and S,
respectively) at 25 ◦C in 0.1 M sodium acetate buffer pH 5.5. σ is equal to [S]/Km. The error bars in
the titration curves represent the S.E.M. of multiple independent experiments.
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2.3. Hydrolysis of Bovine Neck Ligament Elastin

Synthetic substrates are much smaller than natural protein substrates, and although
they are convenient for characterizing the kinetic properties of enzymes, the results obtained
with their use are only an approximation of the proteolytic activity on protein substrates.
In our previous work with hyperbolic, presumably allosteric, modifiers of cathepsin K we
observed that these small molecules were often significantly less effective when protein
substrates were used [44]. To complement the results obtained in the previous section
and evaluate the efficacy of the tested metal ions in this context, we used bovine neck
ligament elastin as a protein substrate. Elastin is an insoluble, structural protein that is
often the target of cysteine cathepsins in pathological conditions [47–50] and we have
previously studied the mechanisms by which cathepsins L, K, and S degrade this insoluble
material [51]. All metal ions were tested at 0.5 mM concentration, thus assuming saturation
of peptidases with the ions based on the kinetic experiments in the previous section. The
results in Figure 6 show that cathepsin L was most resistant to inhibition. Its activity was
reduced by all metal ions to between 50% and 70% of the uninhibited enzyme. Ga3+ ions
were the most potent inhibitor, but differences between the ions were not significant. In
contrast, Zn2+ ions were the strongest inhibitor of elastin degradation by cathepsins K and
S. All ions reduced the elastinolytic activity to between 10% and 40% of the uninhibited
enzyme. Thus, the results obtained for cathepsins K and S corresponded well to the residual
activities observed in assays with synthetic substrates. The exception was Ce3+ ions, which
were significantly more potent than in assays with synthetic substrates. Elastin degradation
by cathepsin K and S has been proposed to involve exosites on the peptidases [52,53]. It is,
therefore, possible that the binding of Ce3+ ions (and others) to these exosites contributes
to their inhibitory effect.
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Figure 6. Inhibition of bovine neck ligament elastin degradation by selected metal ions. Plots show
relative enzyme activities normalized to the activities of each cathepsin in the absence of metal ions.
Final concentrations of metal ions and peptidases in the reaction mixtures were 0.2 µM and 0.5 mM,
respectively. The concentrations of the degradation products were measured after their derivatization
with fluorescamine, as described previously [51]. The error bars represent the S.E.M. of at least
three replicates.

3. Discussion

The detrimental effects of heavy metal ions on many enzymes are well-known. How-
ever, the details of many of these interactions remain poorly understood. We show that
selected metal ions, namely Ce3+, Ce4+, and Ga3+, can inhibit human cysteine cathepsin
endopeptidases by different kinetic mechanisms than the specific inhibition observed for
ions interacting with catalytic cysteines, e.g., Zn2+ and Pb2+ [18,19]. Although the structural
basis for these observations remains to be elucidated, given their relatively low cytotoxicity,
this approach may offer new opportunities for targeting these enzymes in vitro and in vivo,
either by the ions alone or, more feasibly, in complexes with synthetic inhibitors of these
peptidases. To date, numerous chemically diverse inhibitors of cysteine cathepsins have
been investigated that achieved high selectivity for their targets as well as high affinity with
KX values in the nanomolar range [54,55]. However, in the absence of clinically approved
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inhibitors, further efforts are needed to develop alternative targeting strategies. The affinity
of the metal ions tested here is much lower than that of the most advanced inhibitors and
they are also expected to interact nonspecifically with many other protein targets in vivo,
making their use alone not feasible. However, the formation of defined metal complexes
with suitable ligands might result in inhibitors with higher affinity and selectivity. Often,
metal complexes are not stable under physiological conditions. A famous example of such
complexes is the ruthenium complex NAMI-A with anticancer activity [56]. The instability
of the complexes can lead to the release of free metal ions from the complexes which can
then act synergistically with other synthetic inhibitors. Therefore, it is also important to
study the interactions of free metal ions with their potential biological targets, such as
cysteine cathepsins.

In addition, these ions provide new opportunities for studying the structural basis for
hyperbolic inhibition of papain-like peptidases and the potentially allosteric mechanisms
underlying this kinetic behavior. Furthermore, the size of some of these ions allows for
the coordination of multiple enzyme molecules to the same ion. This has previously been
observed in a crystal structure of cathepsin K (PDB accession code 3C9E), where the binding
of a Ca2+ ion results in a symmetric cathepsin K dimer [57]. In any case, detailed structural
characterization will be required to obtain definitive answers.

A peculiar finding from our experiments is that the inhibition mechanisms differ
markedly between cathepsin L and the other two. This suggests binding to different sites
on the peptidases and/or different responses of the peptidases to the binding of these ions.
Cathepsins K and S are more closely related to each other than to cathepsin L [1], but all
three have similar substrate specificity [42]. This finding does, however, complement the
fact that hyperbolic inhibitors have been described for cathepsins K and S [43–45], whereas
no such inhibitors are known for cathepsin L. It is possible that cathepsin L is incapable
of such modification due to a much more limited activity space, although it has a similar
conformational space to cathepsins K and S [58]. Therefore, an allosteric mode of action of
Ce3+, Ce4+, and Ga3+ ions cannot be excluded and possibly involves interactions of Ce3+

ions with multiple sites on cathepsins K and S, as discussed in Section 2.2
Cathepsin L also behaved differently from cathepsins K and S in elastinolytic assays

(Figure 6). These differences could be due to their different kinetic profiles of interaction
with the metal ions and/or differences in their interactions with elastin. We have previ-
ously shown that cathepsin L adheres much less efficiently to the insoluble substrate than
cathepsins K and S [51]. In the same work, we also observed that some proteinaceous
inhibitors were poorly efficient in preventing elastin degradation [51]. In any case, this
observation reiterates the fact that the efficiency of peptidase inhibitors can also depend on
the substrate. It should also be noted that much longer incubation times were required for
these assays than for the kinetic experiments. Therefore, it is possible that the oxidation
states of some metal ions changed during incubation. Cerium ions in particular are known
to undergo redox reactions in aqueous solutions [59,60]. Other effects, such as hydration
and hydrolysis of metal ions can also affect their interaction with peptidases [61]. How-
ever, it can also be expected that such changes occur in vivo, so these assays approximate
in vivo processes in this regard as well. Of course, the physiological concentrations of
these metals are much lower than the concentrations used in our experiments. Cerium is
present in body fluids in sub-nanomolar concentrations [62], which is much lower than the
determined binding constants. Therefore, it is unlikely to affect cathepsin activity. Gallium
concentrations in blood are in the micromolar range [63] which is comparable to the KX
values determined for cathepsins L, K, and S (Table 1). However, most of the gallium
was bound to erythrocytes, which limits its availability, and together with the fact that
it can interact with many different target proteins, its specific effect on cathepsins is also
unlikely. In comparison, the amount of Ga-68 used for radiolabeling is extremely small (a
few pmol) [22], and therefore, unlikely to affect cysteine peptidase activity.

Overall, this study shows that metal ions, such as cerium and gallium can affect the
activity of cysteine peptidases to varying degrees and by different mechanisms, and it is
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among the first detailed studies of the kinetic mechanisms of such interactions. Together
with the prospect of developing novel metal complexes for use as inhibitors of these
peptidases, it identifies cerium and gallium ions as research tools for in vitro studies of the
mechanisms of hyperbolic inhibition and will serve as a basis for further exploration of the
interactions between peptidases and metal ions.

4. Materials and Methods
4.1. Materials

Ga(NO3)3, CeCl3, and (NH4)2Ce(NO3)6 were purchased from Honeywell (Charlotte,
NC, USA). All synthetic substrates were from Bachem (Bubendorf, Switzerland). Powdered
bovine neck ligament elastin was from the Elastin Products Company, Inc. (Owensville, MO,
USA). Recombinant human cathepsins L, K, and S were produced as zymogens in E. coli
and activated in vitro, as described previously [45,64]. Active enzyme concentrations were
determined by active site titration with the irreversible inhibitor E-64 (Bachem, Bubendorf,
Switzerland).

4.2. UV-Vis Spectroscopy

UV-Vis spectra of Ga(NO3)3, CeCl3, and (NH4)2Ce(NO3)6 were recorded in 50 mM
sodium acetate buffer pH 5.5 in a 1 mL quartz cuvette with an optical path of 1 cm
at room temperature on a Varian Cary 50 UV-Vis spectrometer at a scan speed setting
“slow”. The concentrations of Ce4+ and Ga3+ were 0.5 mM and the concentration of
Ce3+ was 0.05 mM. The spectra were recorded in the presence and absence of Z-Phe-
Arg-AMC (benzyloxycarbonyl-Phe-Arg-7-amido-4methylcoumarin), one of the substrates
used in kinetic measurements. The final concentration of the substrate was 5 µM. Back-
ground spectra of buffer alone were recorded separately and subtracted automatically from
the samples.

4.3. Enzyme Kinetics

Kinetic measurements were performed with recombinant human cathepsins at final
concentrations in the 0.2 nM to 2 nM range. Reactions were performed in 0.1 M sodium
acetate buffer pH 5.5 in single-use acrylic cuvettes (1 cm× 1 cm). Hydrolysis of all synthetic
substrates was monitored fluorimetrically at an excitation wavelength λex = 370 nm and
emission wavelength λem = 455 nm. The specific substrates used were Z-Leu-Arg-AMC
for cathepsin L, Z-Phe-Arg-AMC for cathepsin K, and Z-Val-Val-Arg-AMC for cathepsin S.
Reducing agents (e.g., DTT) were omitted from the reaction mixture to prevent complex
formation with metal ions. Enzyme stock solutions were kept on ice and regularly tested to
assure no loss of activity during each assay.

Initial reaction rates were determined from the slopes of the progress curves and
analyzed in GraphPad Prism software version 9.3 (GraphPad Software, La Jolla, CA, USA)
using appropriate kinetic models, as described below.

4.4. Elastin Degradation Assays

Degradation of insoluble elastin was performed and analyzed according to the protocol
in ref. [51]. Briefly, reactions were performed using 200 µL samples, each containing 1 mg
of insoluble bovine neck ligament elastin. The enzymes were added to a final concentration
of 0.2 µM and the metal ions to a final concentration of 0.5 mM. Samples were incubated
at 37 ◦C for 120 min on an Eppendorf Thermomixer with shaking at 1200 rpm, and the
reactions were then stopped by the addition of trichloroacetic acid to a final concentration
of 5% (w/V). Samples were cleared by centrifugation and 100 µL of the supernatant was
mixed with 1400 µL of 0.2 M sodium borate buffer and 500 µL of a 0.15 mg/mL solution of
fluorescamine in acetone. The fluorescence of the samples was measured at an excitation
wavelength of λex = 390 nm and emission wavelength of λem = 480 nm. Blank samples
without added enzyme were run in parallel and their fluorescence values were subtracted
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from the samples. Experiments were performed in three replicates of each sample and each
experiment was repeated multiple times to assure reproducibility of the results.

4.5. Kinetic Models

All experimental data were processed and analyzed with GraphPad Prism 9.3 (Graph-
Pad Software, La Jolla, CA, USA). The same software was also used to generate all graphical
representations of the data. To characterize the kinetic mechanisms of all metal ions (X)
that are bound in a 1:1 stoichiometry, we used the general modifier mechanism [41] shown
in Scheme 1.
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In this model, the reaction rate in the presence of modifier X is defined as:

vX =
v0 × (1 + σ)×

(
1 + β× [X]

α×KX

)
1+ [X]

KX
+σ×

(
1+ [X]

α×KX

) (1)

where v0 is the reaction rate in the absence of an inhibitor, KX is the equilibrium dissociation
constant of complex EX and σ is equal to [S]/Km. Dimensionless coefficients α and β
describe the effects of X on substrate affinity (α) and catalytic rate (β) of the enzyme,
respectively. Together, both coefficients define the kinetic mechanism of the inhibitor.

To diagnose the mechanism, we used the specific velocity plot [40]. Specific velocity
v0/vX is defined as:

v0

vX
=

[X]×
(

1
α×KX

− 1
KX

)
1 + β× [X]

α×KX

× σ

1 + σ
+

1+ [X]
KX

1 + β× [X]
α×KX

(2)

The plot of v0/vX against σ/(1 + σ) produces straight lines that always intersect at
v0/vX = 1. The x-value (σ/(1 + σ)) of the intersection depends on the kinetic mecha-
nism and is used to diagnose the latter. Values of parameters α, β and KX can be deter-
mined from replots, obtained by plotting the values of the straight lines extrapolated to
σ/(1 + σ) = 0 (a) and σ/(1 + σ) = 1 (b) versus 1/[X] as defined below:

a
a− 1

=
α× KX

α− β
× 1

[X]
+

α

α− β
(3)

b
b− 1

=
α× KX

1− β
× 1

[X]
+

1
1− β

(4)

The effect of metal ions which could not be described by the above model was analyzed
using a modified form of the four-parameter logistic equation adapted to enzyme inhibition:

vX= v0 −
(v0 − v∞)× [X]h

EC50h + [X]h
(5)
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where v∞ is the residual reaction rate at saturation, EC50 is the metal ion concentration
necessary to achieve a half-maximal effect, i.e., midway between v0 and v∞, and h is a
dimensionless coefficient (equivalent to the Hill coefficient) used to identify deviation from
1:1 binding stoichiometry when h 6= 1. The value of EC50 is used here as an empirical
comparison term for assessing metal ion efficiency towards different enzymes when the
kinetic mechanism cannot be sufficiently described by the general modifier mechanism.
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1. Novinec, M.; Lenarčič, B. Papain-like Peptidases: Structure, Function, and Evolution. Biomol. Concepts 2013, 4, 287–308. [CrossRef]
2. Turk, V.; Stoka, V.; Vasiljeva, O.; Renko, M.; Sun, T.; Turk, B.; Turk, D. Cysteine Cathepsins: From Structure, Function and

Regulation to New Frontiers. Biochim. Biophys. Acta—Proteins Proteom. 2012, 1824, 68–88. [CrossRef] [PubMed]
3. Karrer, K.M.; Peiffer, S.L.; Ditomas, M.E. Two Distinct Gene Subfamilies within the Family of Cysteine Protease Genes. Proc. Natl.

Acad. Sci. USA 1993, 90, 3063–3067. [CrossRef] [PubMed]
4. Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; et al. Characterization of Spike Glycoprotein of

SARS-CoV-2 on Virus Entry and Its Immune Cross-Reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [CrossRef] [PubMed]
5. Cui, Z.; Zeng, C.; Huang, F.; Yuan, F.; Yan, J.; Zhao, Y.; Zhou, Y.; Hankey, W.; Jin, V.X.; Huang, J.; et al. Cas13d Knockdown of

Lung Protease Ctsl Prevents and Treats SARS-CoV-2 Infection. Nat. Chem. Biol. 2022. [CrossRef]
6. Zhu, J.; Li, L.; Drelich, A.; Chenna, B.C.; Mellott, D.M.; Taylor, Z.W.; Tat, V.; Garcia, C.Z.; Katzfuss, A.; Tseng, C.-T.K.; et al.

Self-Masked Aldehyde Inhibitors of Human Cathepsin L Are Potent Anti-CoV-2 Agents. Front. Chem. 2022, 10, 867928. [CrossRef]
[PubMed]

7. Gelb, B.D.; Shi, G.-P.; Chapman, H.A.; Desnick, R.J. Pycnodysostosis, a Lysosomal Disease Caused by Cathepsin K Deficiency.
Science 1996, 273, 1236–1238. [CrossRef]

8. Riese, R.J.; Wolf, P.R.; Brömme, D.; Natkin, L.R.; Villadangos, J.A.; Ploegh, H.L.; Chapman, H.A. Essential Role for Cathepsin S in
MHC Class II-Associated Invariant Chain Processing and Peptide Loading. Immunity 1996, 4, 357–366. [CrossRef]

9. Dai, R.; Wu, Z.; Chu, H.Y.; Lu, J.; Lyu, A.; Liu, J.; Zhang, G. Cathepsin K: The Action in and Beyond Bone. Front. Cell Dev. Biol.
2020, 8, 433. [CrossRef]

10. McClung, M.R.; O’Donoghue, M.L.; Papapoulos, S.E.; Bone, H.; Langdahl, B.; Saag, K.G.; Reid, I.R.; Kiel, D.P.; Cavallari, I.;
Bonaca, M.P.; et al. Odanacatib for the Treatment of Postmenopausal Osteoporosis: Results of the LOFT Multicentre, Randomised,
Double-Blind, Placebo-Controlled Trial and LOFT Extension Study. Lancet Diabetes Endocrinol. 2019, 7, 899–911. [CrossRef]

11. Li, H.; Xiao, Z.; Quarles, L.D.; Li, W. Osteoporosis: Mechanism, Molecular Target and Current Status on Drug Development. Curr.
Med. Chem. 2020, 28, 1489–1507. [CrossRef]

12. Conaghan, P.G.; Bowes, M.A.; Kingsbury, S.R.; Brett, A.; Guillard, G.; Rizoska, B.; Sjögren, N.; Graham, P.; Jansson, Å.; Wadell,
C.; et al. Disease-Modifying Effects of a Novel Cathepsin k Inhibitor in Osteoarthritis: A Randomized Controlled Trial. Ann.
Intern. Med. 2020, 172, 86–95. [CrossRef] [PubMed]

13. Brown, R.; Nath, S.; Lora, A.; Samaha, G.; Elgamal, Z.; Kaiser, R.; Taggart, C.; Weldon, S.; Geraghty, P. Cathepsin S: Investigating
an Old Player in Lung Disease Pathogenesis, Comorbidities, and Potential Therapeutics. Respir. Res. 2020, 21, 111. [CrossRef]
[PubMed]

14. Yoo, Y.J.; Choi, E.; Kim, Y.; Cha, Y.; Um, E.; Kim, Y.; Kim, Y.; Lee, Y.S. Therapeutic Potential of Targeting Cathepsin S in Pulmonary
Fibrosis. Biomed. Pharmacother. 2022, 145, 112245. [CrossRef]

15. Moustakas, M. The Role of Metal Ions in Biology, Biochemistry and Medicine. Materials 2021, 14, 549. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms23168993/s1
https://www.mdpi.com/article/10.3390/ijms23168993/s1
http://doi.org/10.1515/bmc-2012-0054
http://doi.org/10.1016/j.bbapap.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22024571
http://doi.org/10.1073/pnas.90.7.3063
http://www.ncbi.nlm.nih.gov/pubmed/8464925
http://doi.org/10.1038/s41467-020-15562-9
http://www.ncbi.nlm.nih.gov/pubmed/32221306
http://doi.org/10.1038/s41589-022-01094-4
http://doi.org/10.3389/fchem.2022.867928
http://www.ncbi.nlm.nih.gov/pubmed/35860632
http://doi.org/10.1126/science.273.5279.1236
http://doi.org/10.1016/S1074-7613(00)80249-6
http://doi.org/10.3389/fcell.2020.00433
http://doi.org/10.1016/S2213-8587(19)30346-8
http://doi.org/10.2174/0929867327666200330142432
http://doi.org/10.7326/M19-0675
http://www.ncbi.nlm.nih.gov/pubmed/31887743
http://doi.org/10.1186/s12931-020-01381-5
http://www.ncbi.nlm.nih.gov/pubmed/32398133
http://doi.org/10.1016/j.biopha.2021.112245
http://doi.org/10.3390/ma14030549


Int. J. Mol. Sci. 2022, 23, 8993 12 of 13

16. Crichton, R.R. CHAPTER 1: Metal Toxicity—An Introduction. In Metal Chelation in Medicine; Royal Society of Chemistry: London,
UK, 2016; pp. 1–23. [CrossRef]

17. Tsvetkov, P.; Coy, S.; Petrova, B.; Dreishpoon, M.; Verma, A.; Abdusamad, M.; Rossen, J.; Joesch-Cohen, L.; Humeidi, R.; Spangler,
R.D.; et al. Copper Induces Cell Death by Targeting Lipoylated TCA Cycle Proteins. Science 2022, 375, 1254–1261. [CrossRef]

18. Lockwood, T.D. Cys-His Proteases Are among the Wired Proteins of the Cell. Arch. Biochem. Biophys. 2004, 432, 12–24. [CrossRef]
19. Lockwood, T.D. Lysosomal Metal, Redox and Proton Cycles Influencing the CysHis Cathepsin Reaction. Metallomics 2013, 5, 110.

[CrossRef]
20. Panchariya, L.; Khan, W.A.; Kuila, S.; Sonkar, K.; Sahoo, S.; Ghoshal, A.; Kumar, A.; Verma, D.K.; Hasan, A.; Khan, M.A.; et al.

Zinc2+ Ion Inhibits SARS-CoV-2 Main Protease and Viral Replication In Vitro. Chem. Commun. 2021, 57, 10083–10086. [CrossRef]
21. Kladnik, J.; Dolinar, A.; Kljun, J.; Perea, D.; Grau-Exposito, J.; Genesca, M.; Novinec, M.; Buzon, M.J.; Turel, I. Zinc Pyrithione Is a

Potent Inhibitor of PLPro and Cathepsin L Enzymes with Ex Vivo Inhibition of SARS-CoV-2 Entry and Replication. J. Enzyme
Inhib. Med. Chem. 2022, 37, 2158–2168. [CrossRef]

22. Meisenheimer, M.; Saenko, Y.; Eppard, E. Gallium-68: Radiolabeling of Radiopharmaceuticals for PET Imaging—A Lot to
Consider. In Medical Isotopes; IntechOpen: London, UK, 2019. [CrossRef]

23. Chandler, J.E.; Messer, H.H.; Ellender, G. Cytotoxicity of Gallium and Indium Ions Compared with Mercuric Ion. J. Dent. Res.
1994, 73, 1554–1559. [CrossRef] [PubMed]

24. Rajeshkumar, S.; Naik, P. Synthesis and Biomedical Applications of Cerium Oxide Nanoparticles—A Review. Biotechnol. Rep.
2018, 17, 1–5. [CrossRef] [PubMed]

25. Nelson, B.C.; Johnson, M.E.; Walker, M.L.; Riley, K.R.; Sims, C.M. Antioxidant Cerium Oxide Nanoparticles in Biology and
Medicine. Antioxidants 2016, 5, 15. [CrossRef]

26. Benedetto, A.; Bocca, C.; Brizio, P.; Cannito, S.; Abete, M.C.; Squadrone, S. Effects of the Rare Elements Lanthanum and Cerium
on the Growth of Colorectal and Hepatic Cancer Cell Lines. Toxicol. Vitr. 2018, 46, 9–18. [CrossRef]

27. Ngoc, L.T.N.; Bui, V.K.H.; Moon, J.-Y.; Lee, Y.-C. In-Vitro Cytotoxicity and Oxidative Stress Induced by Cerium Aminoclay and
Cerium Oxide Nanoparticles in Human Skin Keratinocyte Cells. J. Nanosci. Nanotechnol. 2019, 19, 6369–6375. [CrossRef]

28. De Marzi, L.; Monaco, A.; De Lapuente, J.; Ramos, D.; Borras, M.; Di Gioacchino, M.; Santucci, S.; Poma, A. Cytotoxicity and
Genotoxicity of Ceria Nanoparticles on Different Cell Lines in Vitro. Int. J. Mol. Sci. 2013, 14, 3065–3077. [CrossRef]

29. Benameur, L.; Auffan, M.; Cassien, M.; Liu, W.; Culcasi, M.; Rahmouni, H.; Stocker, P.; Tassistro, V.; Bottero, J.Y.; Rose, J.; et al.
DNA Damage and Oxidative Stress Induced by CeO2 Nanoparticles in Human Dermal Fibroblasts: Evidence of a Clastogenic
Effect as a Mechanism of Genotoxicity. Nanotoxicology 2015, 9, 696–705. [CrossRef]

30. Mayr, H.; Breugst, M.; Ofial, A.R. Farewell to the HSAB Treatment of Ambident Reactivity. Angew. Chemie Int. Ed. 2011, 50,
6470–6505. [CrossRef]

31. LoPachin, R.M.; Gavin, T.; DeCaprio, A.; Barber, D.S. Application of the Hard and Soft, Acids and Bases (HSAB) Theory to
Toxicant—Target Interactions. Chem. Res. Toxicol. 2012, 25, 239–251. [CrossRef]

32. Cárdenas, C.; Ayers, P.W. How Reliable Is the Hard–Soft Acid–Base Principle? An Assessment from Numerical Simulations of
Electron Transfer Energies. Phys. Chem. Chem. Phys. 2013, 15, 13959–13968. [CrossRef] [PubMed]

33. Ayers, P.W.; Cárdenas, C. Communication: A Case Where the Hard/Soft Acid/Base Principle Holds Regardless of Acid/Base
Strength. J. Chem. Phys. 2013, 138, 181106. [CrossRef] [PubMed]

34. Pearson, R.G. Hard and Soft Acids and Bases—The Evolution of a Chemical Concept. Coord. Chem. Rev. 1990, 100, 403–425.
[CrossRef]

35. Sekhon, B.S.; Chopra, S.L. A Thermodynamic Study of the Complexation Reaction for Some Amino Acids with Cerium(III) and
Yttrium(III). Thermochim. Acta 1973, 7, 151–157. [CrossRef]

36. Kiani, F.; Rostami, A.A.; Gharib, F.; Sharifi, S.; Bahadory, A. Complex Formation of the Cerium(IV) Ion with Glycyl-Glycine at
Different Ionic Strengths. J. Chem. Eng. Data 2011, 56, 2830–2835. [CrossRef]

37. Palmier, M.O.; Van Doren, S.R. Rapid Determination of Enzyme Kinetics from Fluorescence: Overcoming the Inner Filter Effect.
Anal. Biochem. 2007, 371, 43–51. [CrossRef]

38. Ghose, M.; Banerjee, S.; Patra, S.; Mukherjea, K.K. Synthesis, Structure and Artificial Protease Activities of Two Cerium (III)
Complexes. J. Lumin. 2016, 180, 224–233. [CrossRef]

39. Williams, D.E.; Basnet, K.; Grant, K.B. Tuning Cerium(IV)-Assisted Hydrolysis of Phosphatidylcholine Liposomes under Mildly
Acidic and Neutral Conditions. ChemBioChem 2015, 16, 1474–1482. [CrossRef]

40. Baici, A. The Specific Velocity Plot: A Graphical Method for Determining Inhibition Parameters for Both Linear and Hyperbolic
Enzyme Inhibitors. Eur. J. Biochem. 1981, 119, 9–14. [CrossRef]

41. Botts, J.; Morales, M. Analytical Description of the Effects of Modifiers and of Enzyme Multivalency upon the Steady State
Catalyzed Reaction Rate. Trans. Faraday Soc. 1953, 49, 696–707. [CrossRef]

42. Vizovišek, M.; Vidmar, R.; Van Quickelberghe, E.; Impens, F.; Andjelković, U.; Sobotič, B.; Stoka, V.; Gevaert, K.; Turk, B.; Fonović,
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