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Abstract: While cytochrome P450 (CYP; P450) enzymes are commonly associated with the metabolism
of organic xenobiotics and drugs or the biosynthesis of organic signaling molecules, they are also
impacted by a variety of inorganic species. Metallic nanoparticles, clusters, ions, and complexes
can alter CYP expression, modify enzyme interactions with reductase partners, and serve as direct
inhibitors. This commonly overlooked topic is reviewed here, with an emphasis on understanding the
structural and physiochemical basis for these interactions. Intriguingly, while both organometallic and
coordination compounds can act as potent CYP inhibitors, there is little evidence for the metabolism
of inorganic compounds by CYPs, suggesting a potential alternative approach to evading issues
associated with rapid modification and elimination of medically useful compounds.
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1. Introduction

Cytochrome P450 (CYP) enzymes are responsible for the biotransformation of xeno-
biotics and the biosynthesis of a variety of essential signaling molecules; as a result, their
function is central to health. In humans, there are 57 different CYPs, with distribution in
a wide variety of tissues, including the brain, skin, adrenal glands, kidneys, gastrointesti-
nal tract, and liver [1,2]. Notably, liver CYPs are responsible for the metabolism of most
drugs, with estimates as high as 75% of phase I dependent drug degradation [3] being
performed by members of the CYP 1-3 families, which play the leading role in this process.
Meanwhile, CYPs in various other tissues are involved in enzymatic processes to generate
signaling molecules, such as hormones, and derivatives of arachidonic acid, which act as
vaso-modulators, as well as autocrine and paracrine mediators [4,5]. Dysregulation of CYP
activity due to alterations in transcription, single nucleotide polymorphisms (SNPs), sub-
cellular localization, or environmental conditions, including the presence of inhibitors, can
lead to aberrant metabolism. This, in turn, causes a variety of altered biological processes,
including malignant transformation. Alternatively, the CYP metabolism of small molecules
can lead to direct toxic effects through the creation of harmful entities that have local or
systemic activities [6].

While there have been numerous studies on the impact of drugs, natural products,
food components, and organic small molecule pollutants on CYPs, the activities of inorganic
species on these enzymes are relatively underexplored. This topic requires a perspective
that considers features of the diverse fields of inorganic chemistry, organic chemistry,
medicinal chemistry, and enzymology. Notably, inorganic species can impact enzymes
through a variety of mechanisms, as illustrated in Figure 1. In addition, they can also alter
CYP expression profiles, as metal species are recognized as potential biological threats,
and CYPs often serve in protective roles and are responsive to changing environmental
conditions.
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Figure 1. Size parameters, potential interaction sites, and mechanisms of action of inorganic en-
tities that impact Cytochrome P450s. Kinetically labile metal centers, such as alkaline earth ions,
undergo rapid ligand exchange with solvent and amino acids, while kinetically inert metal centers in
organometallic and coordination compounds are considered stable and do not exchange. (A) Relative
scales of systems addressed in this review, ranging from ions, clusters, small molecules, proteins, and
nanoparticles, to organelles, cells, and vascularized tissues. (B) Potential mechanisms of action for
disruption of CYP function. Transcriptional regulation is not shown. Image created with Biorender.

We aim to provide here the first review of the modulation of CYPs by metals and
metal compounds. It is important to note that each of the studies summarized here is
limited to only a few target CYPs; as a result, they do not reflect on the impact of the
investigated chemical systems across the diverse CYP family. As the types of experiments
performed and the nature of the system under study can impact the interpretation of
results, these are noted whenever possible, with information indicating if the experiments
were performed with purified protein in vitro, in cells, or in vivo. Finally, a consistent
challenge with inorganic systems is the fact that metal-containing agents are often, by
nature, fluctional. For example, nanoparticle surfaces can be modified by biopolymers
and small molecules, thereby changing their properties; some metal complexes can exhibit
different oxidation states in the biological environment; conformational changes and ligand
exchange can occur; and in some of the systems detailed here, energy and electron transfer
takes place between the inorganic compound and the CYP. We comment on these features
to alert the reader to possible confounding variables but also indicate cases when there is
reason to treat the inorganic entities as stable and unreactive molecules.

2. Metallic Nanoparticles, Metal Clusters, and Metal Ions

There have been several studies on the impact of metal nanoparticles (NPs) on CYPs,
and like other nanoparticle systems, such as those composed of silicon [7] or polystyrene [8],
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metallic NPs have been shown to alter CYP function and regulation. The potential for
drug-drug interactions caused by unintended CYP inhibition by metallic NPs was reported
by multiple groups, and this is a significant reason for concern for the medical application
of any NP system. Notably, NPs are generally known to accumulate in the liver [9], though
there are exceptions, including a study of orally dosed silver nanoparticles (AgNP) that
were not found to deposit in the liver [10]. However, the biological effects of NPs are known
to depend on their size, which impacts their partitioning from the vasculature into tissues,
and their ability to transverse cellular membranes. Surface properties also play a very
important role, and these can be impacted by synthesis conditions or by interactions with
biopolymers and small molecules. This variability in NP characteristics results in elevated
uncertainty as to the nature of the particles driving a phenotype and lower reproducibility;
as a result, generalizations from one NP study to another should be viewed with caution.

In one report, AgNPs that are marketed as a supplement to provide immune system
support were found to impact metabolic processes in a CYP-specific manner [11]. Using
liver microsomes, the authors monitored the transformation of selected small molecules to
determine the inhibitory effects on specific CYPs. It was reported that CYP2C9, CYP2C19,
and CYP3A4 were most susceptible to inhibition, CYP2D6 and CYP2E1 exhibited moderate
inhibition, and CYP1A2, CYP2A6, and CYP2B6 were the least impacted. The authors
proposed a non-competitive inhibition mechanism, driven by interactions with the protein
surface; this conclusion was based on the size of the NPs, which were assumed to exceed
the capacity of the CYP binding pocket (however, the dimensions of the AgNPs in this
report were not defined).

Another study was performed that utilized molecular docking along with quantum
mechanical (QM) analysis to evaluate the impact of Ag(l) ions and Ags clusters [12]. In this
theoretical study, it was found that the Agjs cluster interacted with amino acids in binding
pockets of CYP2C9, CYP2C19, and CYP2D6 enzymes, but not CYP1A, CYP2E1, and CYP3A.
This profile of selectivity for inhibition of CYP isoforms was somewhat consistent with
the authors’ prior in vitro enzyme inhibition studies with AgNPs, though the proposed
binding sites were different (i.e., the enzyme surface vs. active site). The difference in
the proposed binding sites is related to the large discrepancy in size; the triatomic silver
cluster is ca. 0.3 nm in diameter, at least 10-fold smaller than even the smallest traditional
nanoparticle system, which is generally reported as 5 nm.

Effects similar to those observed with AgNPs were found for 5-100 nm gold nanopar-
ticles (AuNP) in studies with CYP2C9, CYP2C19, CYP2D6, and CYP3A4 [13,14]. The
interaction of AuNP with CYPs could be a result of adhesion onto the enzymes, thereby
obstructing the active site, or by blocking the interaction surface for binding to the reductase
partner; alternatively, the NPs could cause destabilization of the enzyme or modulation
of its structure or even induce disruption of the membrane structure around the CYP [14].
As P450s are integral membrane proteins, any nanoparticle system that has an affinity for
membranes or disrupts the composition or structure of membranes can be anticipated to
alter CYP activity.

Copper nanoparticles (CulNP) and microparticles (micro-copper) have also been stud-
ied in rats after oral exposure, and effects on both mRNA expression and activity of various
CYPs were found in a dose-dependent manner [15]. The authors investigated CYP1A2,
CYP2C11, CYP2D6, CYP2E1, and CYP3A4, and the effects were most pronounced for
high-dose CulNP, with smaller effects observed with micro-copper. Another report found
an impact of CuNP in vivo on rat brain CYP expression, which the authors attributed to
increased oxidative stress and altered expression of nuclear receptors in the brain [16],
while another study demonstrated an impact on CYP-mediated hormone metabolism [17].
In the latter investigation, 6.25 ug/mL of CuNPs downregulated the expression of CYP1Al,
CYP1B1, and CYP3A4 but increased the protein expression of CYP11A1, CYP17A1, and
CYP19; protein levels were altered by 2-3 fold, and estrogen levels were elevated by the
same factor. The studies were performed both ex vivo, in isolated rat ovaries, and in vitro,
in ovarian granulosa cells, with similar results demonstrating an increase in hormone
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production, accompanied by a decrease in CYPs involved in the breakdown of hormones
and small molecules. Other studies with more complex nanoparticles, such as MnzOy,
have also revealed liver toxicity, reactive oxygen species (ROS) associated with CYPs, and
altered CYP expression profiles [18]. Recent reviews have discussed this topic in some
detail [19,20].

The impacts of mono- and divalent metal ions on CYPs have also been investigated,
and these cations often appear to have opposite effects on enzyme activity. The most
detailed studies were performed with purified proteins, where it was found that the alkali
metals Na(I) and K(I) activate CYPs, inducing low- to high-spin shifts and increasing
substrate binding affinity. This was rationalized in investigations of bacterial CYP101 (also
known as P450.am) by a mutational and structural study of the enzyme that showed that
K(I) engaged in interactions with the amino acids backbone carbonyls of E84, G93, E94, and
Y96 in the BC loop and induced conformational changes [21]. Also investigated in P450cam,
the divalent alkaline earth metals Ca(Il) and Mg(Il) had different effects, depending on
concentration and incubation time. Initial titrations demonstrated an increase in the high-
spin state and affinity for the substrate, with the following order of activity: no metal <
Ca(II) =~ Mg(II) < K(I). The metal ions were presumed to bind at an auxiliary metal binding
site of the enzyme and slowly facilitated a conformation change to the inactive P420 form.
However, this conformation was different from the previously reported P420 forms and
was found to be reversible, in contrast to the irreversible nature regularly exhibited by the
P420 species [22]. Moreover, divalent ions decreased the electron transfer activity from
NADH in the presence of reductase partners putidaredoxin and putidaredoxin reductase,
suggesting an alternative means of enzyme regulation [22].

Indeed, electron transfer from the reductase partner (generally cytochrome P450
oxidoreductase (CPR), also known as P450 oxidoreductase (POR)) is the rate-limiting step
in P450 catalysis, and the reductase partner is usually present as the limiting reagent,
making this a key potential bottleneck. One early study indicated that Cu(II), but not Ca(Il),
Co(I), Mg(1I), Mn(II), or Zn(Il), inhibited CYP reactions at micromolar concentrations
in liver microsomes and with purified proteins [23]. The authors found that the copper
exerted its effects through both interactions with CYPs and with POR, altering protein
conformations and blocking electron transfer. However, other studies tested and eliminated
interference with POR as a rationale for inhibition by metal ions; for example, Zn(II)
was found to directly inhibit CYP3A4 with an ICsy value of 27 uM, and modulated its
structure [24]. (It was also found to interfere with the activity of CYP3A4 mediated by
bs, but this was found with 100 uM Zn(II), which is two orders of magnitude higher
than anticipated concentrations of the free ion in tissues.) A recent report delved into
this disputed subject [25]. In this study, the authors performed a computational study to
investigate how ions and electric fields perturb CYP activity and determined that ions
present in the active site may activate or inhibit CYPs, with effects observed over relatively
long distances between the metal and the heme. Their results showed effects at distances
up to 12-20 A, which were dependent on the number and nature of the ions, potentially
resolving the seeming conflict in the literature.

While divalent metals are generally inactivating, an anomaly among P450s is al-
baflavenone synthase (CYP170A1 from soil bacterium from Streptomyces coelicolor A3(s2)),
which requires a divalent cation cofactor for its farnesene synthase activity [26]; the highest
activity was found with Mg(Il), Ca(ll), and Mn(Il). However, CYP170A1 is noted to be a
product of unusual evolution, given its moonlighting activity as a novel terpene synthase.
It was postulated that this chimerical enzyme is a product of either divergent or horizontal
DNA transfer and contains the active site for a terpene synthase with the DDXXD and DTE
signature sequences for divalent cation binding, along with the standard P450 fold and
active site. Thus, the essential nature of the cation is not related to the P450 mechanism.

Finally, while beyond the scope of this work, there are studies that have demonstrated
that some metal oxides can have significant effects on CYPs. For example, arsenic, a
common environmental pollutant, has been reported to alter CYP expression levels and
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activity [27]. Invivo investigations ranged from studies in rats chronically exposed to
arsenic [28] to observations of acute effects in mice [29] to evaluations in human subjects
with type 2 diabetes mellitus monitoring alterations in the pharmacokinetics of drugs as a
function of arsenic levels [30]. The mechanism(s) for these effects are not understood.

3. Coordination Complexes and Organometallic Compounds

Cytochrome P450s are robust enzymes and have been proven to be amenable to direct
interactions with kinetically inert metal complexes, which are defined as those that are
not subject to ligand exchange or other structural rearrangements on the time scale of
the experimental work. In contrast, labile metals such as Zn(Il) or Cu(Il) are expected
to undergo rapid ligand exchange and thus may modify the protein in unanticipated
ways through coordinative interactions with nucleophilic amino acids. Kinetically inert
metal complexes include the Ru(Il) and Ir(Ill) systems detailed below and are expected to
retain their coordinated ligands, particularly when chelating ligands are used. This was
illustrated in pioneering studies by Cheruzel and coworkers, which demonstrated covalent
modification of surface amino acids through reactions with pendant reactive groups on the
organic ligands of kinetically inert Ru(II) centers [31,32]. This allowed for the development
of hybrid biocatalysts, where CYP enzyme activity was induced by photons [33,34]. These
photocatalyst-enzyme chimeras were remarkably robust, achieving high turnover numbers
and performing enantioselective catalysis [35]. Notably, the reactive functional groups
on the ligands of the metal complexes could also be used to induce the construction of
multi-protein arrays [36,37]. The diverse topics related to the interplay of metal complexes
and CYPs were recently addressed in a comprehensive review [38].

3.1. Development of Inorganic Precursors for Photo-Controlled Inhibition of CYPs

Ru(Il) complexes have been used for photocaging of P450 inhibitors, where a biolog-
ically active monodentate ligand is masked by coordination to a metal center and then
released by light. The resulting products are the free CYP inhibitor and a Ru(Il) complex
that is assumed to contain an aqua ligand in place of the ejected inhibitor. This process
allows for temporal and spatial control over enzyme activity and potentially overcomes
concerns about promiscuous inhibition of the various biologically important CYPs that
are present in different tissues. The approach has been applied with coordinating Type II
inhibitors, where the engagement of the inhibitor with the metal compound was anticipated
to prevent ligation of the iron heme. In this approach to photocaging, the Ru(II) complex
itself is not anticipated to have any affinity for the CYP target and is not expected to un-
dergo further ligand exchange reactions. However, premature release of the CYP inhibitor
is a persistent challenge with these “caged” systems, even though they are developed from
structures that are expected to be stable (inert) with regard to ligand exchange. This is likely
due in part to experimental limitations, as exposure light is required to some degree for the
handling and evaluation of the photocaged inhibitor, so some photochemistry will occur.
More challenging to rationalize is the fact that monodentate ligands do indeed exchange,
even when coordinated to second- and third-row metal centers, which are expected to only
undergo ligand exchange on very slow time scales (with water exchange rate constants
10719 <k < 101 571 [39]; these values decrease further with the engagement of strong field
ligands, which increase the crystal field stabilization energy). However, ligand exchange
rates can be higher in a complex biological environment, which contains a wide variety
of nucleophiles that compete with the coordinated inhibitor. This topic is addressed in
Section 3.5, below.

The first report of photocaged P450 inhibitors was published by Glazer and coworkers
in 2017, with a [Ru(bpy),] (bpy = 2,2’-bipyridine) scaffold employed for caging metyrapone
and etomidate [40], both of which are inhibitors of CYP11B1, also known as steroid 11-beta-
monooxygenase. In addition, a new P450 inhibitor was created that represented a hybrid
of the two drugs (the pink monodentate ligand in 1, Figure 2). An engineered variant of
the bacterial enzyme CYP102A1 (P450py\3) was chosen for the studies. While wild-type
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P450g\3 is selective for fatty acid, amide, and alcohol substrates [41], bioengineering efforts
produced mutants that are able to bind and modify a variety of nonnative substrates,
including a number of drugs [42-45]. This makes specific BM3 mutants convenient models
of promiscuous drug-metabolizing hepatic CYPs, and in contrast to human and other
mammalian CYPs that are membrane-bound, BM3 is soluble, relatively stable, and readily
generated in high yield, facilitating structural and biophysical studies. The enzyme was
truncated to remove the C-terminal reductase domain that is unique to BM3 (other CYPs
rely on protein:protein interactions with reductase partners) [46]. The truncation removed
the flavin binding domain, eliminating the potential confounding effects of irradiation on
the photoreactive FAD and FMN cofactors. To support the studies with BM3, additional
experiments were performed in pooled human liver microsomes (HLMs) to evaluate in-
hibitory efficacy on the various CYPs responsible for first-pass metabolism that metabolize
resorufin ethyl ether.

4 5 6

Figure 2. Light-activated inorganic photocages and binders of CYPs. Ru indicates ruthenium and Ir

indicates iridium.

All three Ru(Il) complexes were studied in the dark, and notably, all complexes
exhibited enzyme inhibition without irradiation at the micromolar level (IC5¢ = 0.6-6.8 uM).
A 15- and 18-fold enhancement in potency was observed upon irradiation (Aj; = 450 nm)
for complexes with etomidate and metyrapone, and the novel P450 inhibitor (1) had an
ICs¢ value of 0.05 pM after irradiation with light, providing a 136-fold difference between
activity in the dark and the light (Table 1). While metyrapone contains two coordinating
groups, hypothetically allowing for simultaneous engagement with both Ru(Il) and the
iron heme, this was not possible for etomidate and the inhibitor in 1, indicating that binding
of the complex must occur through a different orientation of the inhibitor group within
the active site. Like the experiments in BM3, the studies in HLMs demonstrated that 1
(100 uM) induced a ~10% reduction in resorufin ethyl ether turnover in the dark, and this
increased to complete inhibition upon activation with light (Ajr = 450 nm). Notably, the
inhibition observed with light activation was greater than that for treatment with a 100
UM concentration of the organic inhibitor alone, suggesting the release of more than one
equivalent of the inhibitor.
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Table 1. Experimental results of light-activated metal compounds for CYP inhibition.
Protein Protein Parent Ligand Dark Inhi-  Light Inhi- Parent
Compound CYP Assay Binding, Dark  Binding, Light  Protein Binding, bition, bition, Ligand,
Kd (nM) Kd (I’IM) Kd (nM) IC50 (HM) IC50 (uM) IC50 (uM)
102A1 .
1 (P450BMB) Protein 6.8 0.05 0.06
2 17A1 Protein 89 <100
3 1B1 Cells 19 0.0003 0.00031
1A1 Cells >30 >30 4.57
19A1 Cells >30 18.8 14.4
phLM Microsomes >30 1.28 0.33
4 3A4 Protein 340 0.9 22 1.54
5 3A4 Protein 70 0.25
6 3A4 Protein 2.3
3A4 Cells 16
1A2 Protein 72
2C9 Protein 17

The seeming advantage of this increased potency upon photo-uncaging reflects a
particular challenge in using the [Ru(bpy),] and other bis-bidentate complexes as cages:
either one or two monodentate ligands could be released, and the photochemical quantum
yields for the first and second ligand are highly variable. Alternatively, the combination of
tridentate ligands and strain-inducing bidentate ligands creates stoichiometric photocages
that have more predictable photochemistry. The [Ru(tpy)(NN)] scaffold, where tpy is the
tridentate 2,2';6/,2”-terpyridine ligand, and NN are bidentate ligands, has been used for the
caging of abiraterone, a human CYP17A1 inhibitor approved for the treatment of prostate
cancer (shown as the lavender monodentate ligand in 2, Figure 2) [47]. This [Ru(tpy)(NN)]
scaffold was also combined with a novel inhibitor of CYP1B1 (the green stilbene system
in 3) [48], and inhibitors of CYP3A4 (the blue pyridyl system in 4) [49]. Abiraterone
was caged by the [Ru(tpy)(dmbpy)] (dmbpy = 6,6'-dimethylbipyridine) center and its
binding affinity for CYP17A1 and cytotoxicity against DU145 prostate cancer cell line were
evaluated in the dark and after activation with light (Aj;; > 395 nm). Titration of CYP17A1
with increasing concentrations (0-280 nM) showed that complex 2 bound in the dark,
although this produced a different spectral profile from the binding interaction observed
after irradiation or with abiraterone, indicating a different binding mode. Significant
differences in the cell viability in the light vs. dark were observed at ~1000-fold higher
concentrations (40-100 pM) compared to binding to the enzyme Ky (90 nM) [47].

Utilizing the same synthetic strategy, Kodanko, Turro, and colleagues aimed to develop
photocaged inhibitors of the drug-metabolizing hepatic CYP3A4. The inhibitors were based
on two pyridyl-substituted analogs of ritonavir, an antiviral protease inhibitor that is also
known to inhibit 3A4. The series of Ru(Il) complexes was expanded by the application of
Me,dppn as a strained bidentate ligand (Me,dppn = 3,6-dimethylbenzo[i]dipyrido [3,2-
a:2',3'-c]phenazine). All intact complexes exhibited inhibition of CYP3A4 at sub-micromolar
concentrations without light activation. Moreover, coordination of the organic CYP3A4
inhibitor (the blue structure in complex 4; ICsy = 1.54 uM) produced a Ru-based inhibitor
with a 6-fold superior potency (IC5¢ = 0.25 uM) than the parent inhibitor. Consequently,
the photoactivation of these compounds had a negligible effect on CYP3A4 inhibition. The
Ru(Il) complexes with the Me,dppn co-ligand combined photodissociation with efficient
10, production and one compound was tested in combination with vinblastine against
DU-145 cells, providing a synergistic effect [49].

Inclusion of the biq (biq = 2,2’-biquinoline) ligand in Ru(I) photocages can be used
to shift the absorption profile to longer wavelengths due to the lower energy of the metal
to ligand charge transfer (MLCT) transitions, which depend on the lowest unoccupied
molecular orbital (LUMO) of the conjugated biquinoline ligand [50]. This allows for the
activation of [Ru(tpy)(biq)] photocages with longer wavelengths of light [51], which is
advantageous for the ability to achieve activation with greater depths of light penetration
into tissues. The [Ru(tpy)(biq)] scaffold was used for the development of photoactive
inhibitors of CYP1B1, an extrahepatic CYP associated with malignant transformation and
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chemotherapeutic inactivation. The photocaged compound exhibited a dark ICs value of
0.19 uM and was a 16-fold more potent inhibitor (ICsy = 0.012 uM) upon irradiation with
red light (Ajr = 660 nm). In an effort to preserve the favorable photophysics but eliminate
some of the issues with [Ru(tpy)(biq)], additional optimization of the Ru(tpy) scaffold
was undertaken. The incorporation of carboxylic acids into the biquinoline, using the
[2,2"-biquinoline]-4,4’-dicarboxylic acid ligand (bca), reduced cellular toxicity caused by the
metal complex such that no adverse effects were observed up to 100 uM concentrations [51].
This scaffold, shown in compound 3 (Figure 2), was then used for photocaging of a novel
and potent CYP1B1 inhibitor (ICsy = 310 pM), which resulted in the precise control over
enzyme activity with red light. The key features that enable photoactivity index (PI) values
of >6300 were multifaceted and included the sub-nanomolar potency of CYP1B1 inhibitor,
the high purity and thermal stability of the intact Ru (II) complex (>98%), and the high
degree of photosubstitution upon activation with red light (>70% of photorelease) [48].

3.2. Binding of Metal-Containing “Wires” with P450 Proteins

Metal complexes tethered to substrates and other “bait” CYP-binding groups were
developed as photosensors for different CYPs to facilitate energy and electron transfer
investigations. The seminal work in this area was performed by Gray, Winkler, and collabo-
rators. The initial studies demonstrated optical detection of cytochrome P450.3m, where
a [Ru(bpy)s] type scaffold was linked to substrates or ligands (ethylbenzene, adaman-
tane, and imidazole) [52,53]. Dissociation constants were examined for the different Ru(II)
probes based on emission quenching by P450c.m, providing Ky values of 0.7-6.5 pM. The
distance between the Ru(Il) and iron heme was also determined to be ~ 20 A by Forster
energy transfer kinetics and the native substrate, camphor, could competitively displace
the Ru-substrate wire, restoring emission. Detailed structural studies were performed, as
discussed in Section 3.6 below.

Additional investigations were performed by Gray, Winkler, Goodin, and colleagues
using this “wire” or “tethered substrate”—photosensitizer approach with the closely related
enzyme nitric oxide synthase (NOS), which closely resembles CYPs [54]. (Notably, nitric
oxide produced by NOS under inflammatory conditions also plays a role in CYP regula-
tion [55]). Metal-conjugated substrates based on the amino acid arginine were developed
to target the active site containing pendant Re(I) [56,57] and Ru(Il) [17] diimine complexes.
In addition, the first cofactor-tethered system was created based on a Ru(Il) polypyridine
complex conjugated to the redox-active tetrahydrobiopterin [58]. This left the enzyme
active site open, allowing for the binding of substrates for chemical transformation and
direct observation of photoinduced reduction and binding of carbon monoxide to the
iron heme. In several of these and other studies, the photoexcited metal center could be
competitively displaced by the natural binder or synthetic inhibitors, providing light-up
probes for inhibitors. Photoinduced electron transfer from the metal centers to the heme
allowed for the direct creation of reactive heme redox states [57,59,60].

Recently, Kodanko and others developed Ru(II) and Ir(IIl) based photosensors tethered
to pyridine for monitoring the occupancy of the CYP3A4 active site [61,62]. CYP3A4 is
a promiscuous enzyme with a large volume active site cavity; the size depends on the
nature of the substrate or inhibitor bound within the enzyme, and volumes up to 1400
A3 have been reported [63-65]. In contrast to prior CYP and NOS systems studied, even
the octahedral Ru(Il) and Ir(IIl) complexes are able to bind within the active site. The
authors compared the binding and inhibitory activity of the photosensors with the different
metal centers and concluded that the monocationic Ir(Ill) was significantly preferred over
dicationic Ru(II) complexes. The closest structural analogs containing these two metals
exhibited a difference of >300-fold, with K4 values of 170 nM and 53 uM; the best iridium
inhibitor in this series exhibited a Ky value of 70 nM. Complex 5 exhibited low toxicity in
CYP3A4-overexpressing HepG2 cells (ECsg > 50 uM) and inhibited CYP3A4 at nanomolar
concentrations [61]. Further optimization of the Ir(Ill) photosensors was focused on the
modulation of different co-ligands, shortening the length of the linker between the metal
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center and the heme-ligating pyridine, and isomerism of the pyridine ligand (meta vs. para-
substituted). It was concluded that the hydrophobic and aromatic interactions mediated by
the Ir(III) scaffold primarily define the binding ability and inhibitory activity. The optimized
CYP3A4 probe (complex 6) possessed a 3-fold higher binding affinity, with a K4 value of
24 nM; however, it was cytotoxic against HepG2 cells at the micromolar range (ECsp = 16
uM) [62]. Unfortunately, the lipophilic efficiency of the new metal-based inhibitors was not
discussed in these reports, but it seems likely that the lower charge of the iridium complex
was more compatible with the hydrophobic binding site.

It should be noted that various organic systems have been studied with characteristics
similar to these “wires”. For example, organic fluorophores have been tethered to binding
groups for P450cam [66—68] and CYP1B1 [69], including a system with a pendant metal
chelating group [70].

3.3. Photostable Inorganic Compounds Bearing Coordinated CYP Inhibitors

A variety of CYP inhibitors have been coordinated to metal centers and organometallic
compounds; a selection is shown in Figure 3. These include letrozole, an inhibitor of
aromatase (also known as CYP19A1), which was coordinated to Cu(I) [71], Cu(II), Ni(II), or
Co(II) [72], and Ru(l) [73]. Castonguay found that ruthenium arene compounds containing
another aromatase inhibitor, anastrozole, were more effective than those with letrozole,
with studies that included CYP19A1 inhibition, in vitro cell cytotoxicity, and in vivo evalu-
ation, which demonstrated an appealing lack of toxicity in zebrafish embryos. Several of
the compounds exhibited the same potency as anastrozole, but some were labile, and for
those, it is not possible to determine what fraction of the compound remained intact during
the enzyme activity studies. However, the most stable system, compound 7 (Figure 3), still
acted as an inhibitor. The level of inhibition was significantly higher than the concentration
of free anastrozole that would be expected from the stability studies, and thus, a supple-
mentary contribution from the intact complex was suggested [74]. Moreover, an analogous
coordination isomer 8, which contains the anastrozole bound via a nitrile group rather than
the triazole ring, was found to be highly cytotoxic [75]. Unfortunately, due to this feature,
complex 8 was only tested for aromatase inhibition in low concentrations (1-100 nM), and
no significant activity was observed for the metal complex, whereas anastrozole was active
at > 10 nM. These studies and others on rationally designed compounds for breast cancer
treatment were recently covered in a detailed review [76].

Figure 3. Metal complex CYP inhibitors based on coordinated ligands or overall structure. Ru is
ruthenium, Pt is platinum, Co is cobalt, Fe is iron, and Cu is copper.

A prodrug strategy was considered with anastrozole coordinated to vitamin B12
through a transplatin group, as shown in compound 9. The B12 was incorporated to act as
a targeting group for cancer cells, and the compound was designed with the metal centers
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in order to be activated by reduction. Unfortunately, CYP inhibition was not evaluated for
this system [77]. Ketoconazole, an imidazole containing antifungal agent that inhibits the
fungal cytochrome P450 enzyme 14x-demethylase (CYP51A1) has also been coordinated to
a number of metal centers [78-84], and many of the systems exhibited promising biological
activities as anti-infective agents. Unfortunately, there were no studies of direct enzyme
inhibition.

Fluconazole, a first-generation triazole drug that targets fungal CYP51A1, has also
been transformed into an inorganic system [85]. Ferrocene derivatives such as 10 were
synthesized and characterized both in vitro and in vivo in a mouse model of Candida
infection. The metal-containing compound demonstrated efficacy superior to the parent
drug; it was 400-fold more potent in clinical isolates and produced improved histology
scores in vivo. The mechanism of action via inhibition of fungal CYP51A1 was maintained,
but additional benefits included activity in resistant fungal strains and a pro-inflammatory
cytokine response. This was accompanied, however, by a promiscuous inhibition profile
through a panel of liver CYPs, with a 4-150-fold higher level of activity than the parent
drug fluconazole. Thus, the inorganic system was more potent across several CYPs, not
just the anticipated target. These results suggest that the metal fragment plays a significant
role in CYP binding and inhibition.

3.4. CYP Inhibition by Metal-Containing Compounds

Some metal complexes that do not contain coordinated CYP inhibitors have been found
to exhibit enzyme inhibitory activity. For example, the coordination complexes [Cu(4,7-
dimethyl-1,10-phenanthroline)(acetylacetonate)]” and [Cu(4,7-dimethyl-1,10-phenanthro
line)(H,0),]** were found to be irreversible, competitive inhibitors of CYP1A1 (ICsy = 7.5 uM;
IC5p = 3.5 uM) [86]. Inhibition was also observed for CYP1A2, 2B1, and 2B2. Homoleptic
Cu(Il) complexes of 8-hydroxyquinoline (HQ) and heteroleptic complex 11 containing one
HQ and one uracil derivative [87] inhibited CYP19A1 with ICs; values of 1700 and 300 nM
(compared to letrozole, with an IC5 of 330 nM in this study). While the compounds were
cytotoxic, the enzyme activity assay was not performed in live cells, so the inhibition results
cannot be attributed to cell death. Other copper complexes containing one 5-methyl-1,10
phenanthroline ligand and one quinolinato ligand but differing in the counterion (NO3 ™
vs. BF47) were characterized for their inhibitory effects in human liver microsomes on
CYP3A4/5 (IC50 = 2.46 and 4.88 uM), CYP2C9 (ICsq = 16.34 and 37.25 pM), and CYP2C19
(ICs50 = 61.21 and 77.07 uM) [88]. These effects were attributed to a non-competitive type
of inhibition. Optical binding studies were performed and an apparent Type I shift was
observed, with Ks=7.59 + 1.80 uM and 8.56 + 1.00 uM (NOj3~ vs. BF; 7). The data for
the metal compounds are consistent with direct binding, but notably, the ligands had no
apparent binding to CYPs, as determined by optical spectroscopy. (It must be noted that
polyaromatic hydrocarbons are substrates of several CYPs, so it is possible that the ligands
do bind within the active site.) Moreover, titration with Cu(NOs3),-3H,0 gave a similar
optical signature in the same concentration range (Ks=9.81 & 0.6 uM), suggesting that the
copper ion, not the intact copper complex, is responsible for binding and inhibiting the
CYPs. As the stability of the complexes was only moderate (approximately 8% degradation
was observed in plasma over 120 min) and copper is considered to be kinetically labile, it
is reasonable to consider ligand exchange that culminates in the release of the metal ion,
which may then bind to the enzyme. It is possible that the copper interacts in a manner
similar to that of Ag* ions and clusters discussed earlier, which were also potent against
CYP2C9 and 2C19 (although not 3A4).

Inhibition studies were also performed with the clinically utilized inorganic platin
agents, cisplatin, carboplatin, and oxaliplatin, along with three other platinum compounds,
in CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2E1, and
CYP3A4 [89]. None of the approved drugs were significant inhibitors. However, transplatin
did have a noteworthy effect, and transplatin is known to undergo more rapid ligand ex-
change than the cis platinum analogs.
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3.5. Impact of Stability of Metal-Containing Compounds on CYP Inhibition

As discussed above, ligand exchange can result in the metal center itself acting upon
the enzyme or releasing a ligand that is an inhibitor. Indeed, the development of selective,
stable, and responsive agents with sufficient photoactivity indices (PI > 100) for photocaging
applications is quite challenging, and this is likely due in part to this feature of ligand lability.
Surprisingly, low PI values are a persistent problem for Ru(Il) photocages, with dark ICsq
values commonly being in the uM range. For example, PI values are generally below 40
for caged inhibitors of cysteine proteases [90-92], nicotinamide phosphoribosyltransferase
(NAMPT) [93], and tubulin polymerization [94]. The instability of the intact complexes in
biological media, where the inhibitors are released over time, can be one of the reasons for
these observations. The stability of each compound is dependent upon the specific inhibitor
and metal center structures; for example, the Ru(Il) complex developed by Glazer, Heidary,
and Havrylyuk containing a pyrimidyl-based CYP1B1 inhibitor exhibited thermal ligand
release (57%) and dark protein inhibition at sub-micromolar concentrations, resulting in the
low PI value of 16. In contrast, the pyridine analogs were far more stable [48]. The same
trend has been observed by Castonguay and coworkers for organoruthenium(II) complexes
bearing anastrozole. Complexes that exhibited low stability (>42% of ligand release after
1.5 h of incubation) possessed the same potency for aromatase inhibition as anastrozole.
The highly stable complex 7 (which only released 4% of the ligand) was less potent in the
CYP19A1 inhibition assay [74].

3.6. Structural Studies to Elucidate the Interactions between Inorganic Compounds and CYPs

Both crystallographic and computational approaches have been utilized to attempt to
understand how metal compounds engage with CYPs. Notably, in most of these studies, the
metal center is employed to protect the coordinating group of an inhibitor. This approach
stands in marked contrast to the seminal work by the Meggers research group on inorganic
enzyme inhibitors [95], which demonstrated that organometallic compounds could be used
to mimic the structure of the kinase inhibitor, staurosporine. In Meggers’s design, the
metal is used as a scaffold framework to orient the organic components, not to prevent
a particular interaction between the organic system and the enzyme target. This runs
counter to the design for most of the CYP-targeting inhibitors, where Type II inhibitors are
coordinated to the metal center in a coordination complex or organometallic compound,
thereby preventing the inhibitor from achieving the preferred binding mode with the iron
heme. This was originally expected to block binding to the CYP, but the plasticity of CYP
binding sites compensates with alternative binding modes.

This plasticity is illustrated by studies of a Ru(Il) complex coordinated to a ritonavir
analog, where the intact complex was found to be more potent than the original organic
inhibitor [49]. The result is surprising not only because the Type II binding is prevented
by the Ru(Il) complex, but also due to the large differences in size and properties of the
parent organic and derived metal-containing inhibitors, which would be anticipated to
significantly change affinity. Figure 4 compares the crystal structure of CYP3A4 with
ritonavir to that of the metal complex and shows how the binding pocket can accommodate
these large compounds through an almost 180-degree rotation about the x-axis and a
180-degree rotation about the y-axis of the ritonavir analog vs. the metal complex. The
structures agree with optical spectroscopy that indicated no nitrogen coordination to the
heme for the ruthenium complex [49].
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Figure 4. Comparison of CYP3A4 structures with organic and metal-containing inhibitors. Specific
hydrophobic interactions are highlighted, along with m— stacking, polar contacts, and the presence
of solvent-exposed portions of the inhibitors. Created with Schrodinger Maestro from PDB 4D78 and
7KS8.

In order to determine similarities and differences in CYP as a function of binding the
organic inhibitor vs. the metal-containing inhibitor, we analyzed PDB 4D78 and 7KS8 in
detail. While both protein structures are similar and the backbones overlay, parts of the
structure are disordered in the CYP3A4 ruthenium comple, as evidenced by the fact that
the residues between positions 209 and 215 and between positions 263 and 288 could not
be refined. In contrast, the CYP3A4 ritonavir structure had only two residues (265 and
266) that were unresolved. Contacts that are within a distance of 4 A from the ritonavir
analog are the heme, R105, F108, 5119, 1120, L211, F304, A305, T309, 1369, and L482. In
contrast, the amino acid contacts for the ritonavir analog for the ruthenium complex do not
involve F108, 1120, L211, and F304, but make new contacts with 1301, A370, M371, and G481.
The common contacts were R105, 5119, A305, T309, 1369, and L482. The binding for the
ruthenium complex seems to rely on hydrophobic contacts around the ritonavir analog, and
contacts with dimethyl-bipyridine and terpyridine rely on hydrophobic contacts as well as
the m—m interaction with F57, which may allow for the higher binding affinity observed for
the ruthenium complex.

These structural studies are interesting to consider in the context of the extensive
literature on structure-activity relationships in CYPs based on probing amino acid ac-
tive site interactions via mutagenesis, and how modulating individual residues alters the
structure and catalytic selectivity. For example, studies on CYP2D6 revealed eight active
site residues that play important roles in substrate binding and selectivity [96]; similar
work was performed on 2C19 where mutations of three amino acids induced binding of a
non-native substrate [97]. Studies on CYP2B1 demonstrated alterations in the metabolism
of progesterone and chloramphenicol as a result of mutation [98]. Computational investi-
gations of CYP2A6 variants with 8-methoxypsoralen demonstrated 3-fold changes in K,
values and 12-fold changes in ICsq values for four mutants [99]. Interestingly, docking
studies with one variant, R203S, revealed a 180-degree rotation of the substrate, similar
to what was observed with the metal-bound ritonavir analog. A number of studies on
CYP3A4 demonstrated the impact of active site mutation on structure and plasticity [100],
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as well as activity and selectivity [101], and multiple binding sites were reported in the
active site [102,103]. More extensive mutations were investigated with the creation of
a cysteine-depleted CYP3A4, which exhibited alterations in structure and flexibility but
maintained the ritonavir binding orientation observed in the wild-type enzyme while
increasing activity towards a fluorescent substrate; this study also highlighted that crystal
packing can affect the ligand binding mode [104].

While these reports illustrate that large changes in the active site have been charac-
terized for many highly promiscuous CYPs, other structural studies have revealed only
minor changes in protein conformation and contacts in P450s when bound to disparate
substrates. For example, a detailed biophysical investigation compared the wild-type (and
thus selective) P450g)\3 to a pentuple mutant [105] that was promiscuous and capable
of binding to a number of chemically disparate substrates [106]. This study provided
information for two CYPs that exhibited radically different degrees of promiscuity, but the
highest possible sequence homology, as there were only five amino acids that differed in
the two sequences. Notably, there were significant alterations in the stability of the two
protein forms and differences in how the binding of small molecules such as fatty acids vs.
Type Il inhibitors perturbed the stability. However, the crystal structures of the different
forms of the protein bound to palmitic acid vs. metyrapone were remarkably similar [105].
This study highlighted the limitations in using crystal structures to fully understand how
CYPs engage structurally diverse substrates or inhibitors. Conformational capture is one
explanation for why crystal structures of CYPs do not reflect multiple, diverse conforma-
tions and binding modes that may exist in solution [68]; this will be the case if higher
energy conformations do not crystalize. This can be a result of tight binding vs. weakly
binding interactions, where the enzyme samples multiple conformations only in the latter
case [107].

The binding of “wire” sensitizer-linked substrates and inhibitors is easier to rationalize
than the binding of large metal complexes because in the wire systems, the binding group is
only modified with a linker rather than a metal center. The first example of this is the crystal
structure of the P450cam:Ru-C9-Ad complex (PDB 1QMQ) [52]. The structure demonstrated
that the adamantane moiety resided at the P450 active site, while the methylene linker
occupied and defined a large channel from the enzyme surface to the heme. The [Ru(bpy)s]
docked at the surface of the protein, with no significant distortion of the nearby residues.
Notably, the structures showed the protein in an open conformation, and the linker helped
to visualize the substrate access channel.

Analogous to structural studies on these early sensors, crystal structures were solved
for CYP3A4 with a pyridyl group tethered to an iridium complex [61]. The binding was
drastically more potent with iridium than ruthenium, particularly for a complex with two
phenylquinoline co-ligands (K4 = 70 nM) compared to ruthenium complexes with bpy
or phen co-ligands (K4 = 53 pM and 23 uM). The larger hydrophobic surface area and
lower overall charge on the iridium complex could be driving this 2-3 order of magnitude
higher affinity. This interpretation is supported by the crystal structure (PDB 7UAY), which
indicates that hydrophobic contacts are made for the co-ligands, with F108 being common
with the ritonavir analog. For the phenylquinoline, the phenyl ring contacts F108 while the
quinoline has contacts with F220 and L221. R105, 5119, A305, and T309 make contact with
pyridine and the linker, which also occurs with the ritonavir analog. 5119 contact with the
sulfur in the linker, along with R105 interaction with the carbonyl in the linker, is not seen
with the ritonavir analog.

Rather surprisingly, the inhibitors are somewhat selective (28- and >36-fold) for
CYP3A4 compared to CYP2C9 and CYP1A2, indicating that the combination of ligand and
complex both play roles in binding [61]. It was also noted that the active sites of these other
CYPs are much smaller (375 and 470 A3 vs. values up to 1400 A3 for 3A4) [63-65], so the
large inhibitor size may be a key factor. Several structures solved with 10 different iridium
complexes with CYP3A4 suggest that hydrogen bonding between the inhibitory ligand
and 5119 is important for potency.
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Docking simulations were used by Castonguay to support the hypothesis of an in-
teraction between the aromatase protein and the inhibitor-containing ruthenium complex
7 [74]. The in silico binding was dependent on the structure of the inhibitor, as the next-
generation organoruthenium complex with anastrozole, 8, did not have the same effect. In
this case, the simulation showed that the interaction between complex 8 and the enzyme
was energetically unfavorable [75]. However, the highly stable system was characterized
by cytotoxicity in the sub-micromolar range (ECsg = 0.3-0.6 pM) against various cancer cell
lines.

In our experience, most docking programs have difficulties with metal compounds,
and the predictions are highly dependent on the crystal structure used in the modeling, as
open or large active sites are better able to accommodate the metal centers. Recently, Bonnet
and colleagues reported the first open-source program for docking inorganic systems,
MetalDock [108]. This program allows for simulations of reactive metal systems that will
engage with amino acids, or binding predictions for inert compounds where the metal can
be considered a hypervalent carbon atom.

3.7. Metabolism of Inorganic Drugs by Liver CYPs

Data in the literature on the metabolism of metal compounds by liver CYPs is sparse.
However, information was culled from reports of the FDA-approved metallodrugs aura-
nofin and the platin agents. Auranofin ([2,3,4,6-tetra-o-acetyl-L-thio-f3-D-glycopyranp-sato-
S-(triethyl-phosphine)-gold]) has been used for the treatment of rheumatoid arthritis and
has been considered for repurposing for a variety of other medical applications. This drug
has a well-understood safety profile, and while there are no studies we could find in the
literature discussing metabolism by CYPs, the extraordinarily long plasma half-life (17
days [109]) argues against CYP modifications, as these should increase solubility and the
elimination rate. Cisplatin, which is used extensively in the clinic as a chemotherapeutic, is
not reported to be metabolized by P450s, but there is a correlation between the toxic effects
of cisplatin and CYP450 enzymes, as discussed in a recent mini-review [110]. The platin
agents are considered to be subject primarily to renal clearance, and the understanding of
their metabolism by CYPs and their impact on CYP metabolism may likely be incomplete.

There have been a few studies on the metabolism of metal compounds in development,
and most have indicated that the compounds are potentially poor substrates. Copper
complexes were investigated with human liver microsomes, and 70-78% remained after
one hour. This suggests a moderate metabolic rate but must be considered in the context of
the intrinsic stability of the complexes where ca. 6% was found to have degraded over 30
min in plasma [88]. A recent report provided a tutorial on investigations of the stability of
organometallic systems, including metabolism by CYPs in liver microsomes [111].

3.8. Induction of CYPs by Metals, Metal-Containing Compounds and Drugs, and Enhanced
Toxicity

The expression of CYPs is commonly induced by a wide variety of materials and drugs.
The mechanism can involve direct activation of transcription (usually through binding to a
variety of transcription factors) [112,113], but it can also be a downstream consequence of
cellular responses to the compound or drug’s mechanism(s) of action. Nanoparticles have
been shown to induce or alter CYP expression, with studies on CuNP [15], AuNP [13,114-
116], AgNP [117], Mn3O4 NPs [18], and others; see the discussion above in Section 2. This
effect is not limited to inorganic NPs or even solid materials, as injection of common “soft”
materials such as polyethylene glycol-coated liposomes (PEG-L) has also been associated
with upregulation of CYP expression [118].

Heavy metals like Hg(II), Pb(Il), and Cu(Il) induced CYP1A1 expression through the
binding of the aryl hydrocarbon receptor/xenobiotic-responsive element (AhR/XRE) [119].
Another study showed that As(III), Cd(Il), and Cr(VI) also increase CYP1A1 mRNA levels
at the transcriptional level via AhR, but decrease enzyme activity at the protein level [120].
Alternatively, there is regulation of CYPs by the NF-E2-related factor 2 (Nrf2) [121], which
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is a regulator of cytoprotective enzymes involved in the response to toxins. This was
demonstrated in a study that showed that cadmium chloride induced CYP2A5 mRNA and
protein levels in Nrf2 +/+ mice but not in the Nrf2—/— mice [122].

While activation of transcription factors is well documented, an alternative mecha-
nism would be the engagement of a metal response element (MRE). An MRE was found
in the CYP1A1 promoter region in fish, which would provide a direct regulatory role for
metals in vertebrate CYP expression [123]. An alternative, and indirect, process is observed
with the metal-based drug, cisplatin, which has been found to induce nephrotoxicity in
a manner mediated by CYP2E1 [110]; this is ameliorated in CYP2E1 knockout mice [124].
One plausible mechanism to explain this is that cisplatin interacts with the CYP2E1 protein,
causing futile cycling and H,O, formation; eventually, the protein is oxidatively damaged,
causing the release of heme and iron. The free iron then is involved in the generation
of additional ROS. Alternatively, the natural product limonin has been shown to protect
against cisplatin-induced acute kidney injury through inhibition of CYP3A4 [125]. BOLD-
100, an investigational new ruthenium drug in Phase II clinical trials, also exhibits effects
on CYPs. Both mRNA and protein levels of CYP1B1 are elevated with BOLD-100 treatment
in MCF?7 breast cancer cells [126]; notably, CYP1B1 induction is associated with chemother-
apy resistance. Another study demonstrated that BOLD-100 caused alterations in gene
expression for a variety of CYPs involved in lipid and steroid metabolism [127]. These
studies highlight the various ways that inorganic systems can alter CYP expression levels
and emphasize the need to thoroughly investigate the impact of metal-containing agents
intended for medical purposes.

4. Discussion and Conclusions

While CYPs are presumed to act primarily on hydrophobic organic substrates, in-
organic ions, clusters, particles, and complexes (both organometallic and coordination
complexes) can also have a significant impact on CYP activity. Perhaps this should not be
unanticipated, given the number of ways enzymes engage with diverse molecular entities,
but what is surprising to us is the capacity for selective engagement and inhibition of only
particular CYPs, especially when a preferred mode of binding is not possible. Our detailed
analysis and comparison of the inhibitory activity and cytotoxicity for different metal-based
P450 agents revealed the following observations. (1) The majority of metal complexes with
pendant CYP inhibitors exhibit inhibition of the protein of interest despite their purpose
of utilization (prodrugs, cytotoxic agents, or photosensors); (2) two explanations for their
activity are the release of inhibitor under biological conditions (for example, anastrozole
derivatives) or the direct binding to P450 protein (as with CYP3A4 photosensors); (3) the
development of photoactive metal-based prodrugs has been more successful for CYPs with
a smaller volume of the active site, and the photocontrol of enzyme inhibition for promiscu-
ous CYP3A4 is challenging due to the flexibility of the protein that allows encapsulation of
the intact complexes within the active site (Figure 4); (4) while a model Ru(Il) complex (with
a pyridine coordinated to the metal center instead of the organic inhibitor) did not inhibit
CYP1B1 activity in concentrations up to 30 uM [48], a model monocationic Ir(III) complex
exhibited inhibition of the promiscuous CYP3A4 at sub- and single-micromolar concentra-
tions (ICs5p = 1 uM), reinforcing the fact that each metal-containing compound may have
unique behavior, and this may be correlated to lipophilic efficiency; (5) metal-containing
systems may have altered and augmented activities, as exemplified by the attachment of
ferrocene to fluconazole (compound 10, Figure 3), which increased activity against the
target CYP while also adding new and potentially useful biological interactions. A related
approach is represented by the coordination of aromatase inhibitors to the organoruthe-
nium scaffolds, which resulted in cytotoxic compounds at sub-micromolar concentrations
(Compounds 7 and 8, Figure 3). The impact of aromatase inhibition on cytotoxicity is
unclear, and it is possible that cytotoxicity is driven by the intact complex or the Ru(Il)
scaffold, but not the organic inhibitor. These studies highlight that enhanced, and even
new, activities can be obtained by the incorporation of metal-containing fragments into
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existing drugs. In contrast, octahedral metal complexes that are not cytotoxic are promising
agents for the photocontrol of enzyme inhibition (P450g)13, CYP1B1) or the monitoring of
enzyme occupancy (CYP3A4).

Some reasonable conclusions that may be drawn from these studies are that CYP
binding behavior can be maintained or enhanced when metal-containing components
incorporated into CYP inhibitors are hydrophobic or carry a low overall charge. Given the
hydrophobic nature of most CYP substrates, this conclusion may have been anticipated
but is supported by recent studies. Unfortunately, one drawback is the potential for
unanticipated interactions with other systems in the complex biological environment.
Alternatively, chemical features can be leveraged to prevent binding; these include the
addition of components that are polar and carry higher overall charges, as well as the
intentional exploitation of size incompatibilities between the enzyme active site and the
metal-containing system.

Other reports in the literature revealed additional factors that should be considered
in targeting CYPs with metal-containing compounds. It is known that drug-metabolizing
CYPs can bind more than one substrate, and some have more than one binding site, so
the possibility of engaging and potentially inhibiting the enzyme while another molecule
is already in the active site should be considered. This may be a more general feature of
CYPs, even those that are considered selective, as an additional binding site was recently
identified in CYP17A1 [128]. Moreover, surface binding that can interfere with electron
transfer from POR, as discussed in the literature, should be considered.

Finally, while metal-containing compounds appear to be potential inhibitors and
inducers of CYPs, the (limited) data available suggests that they are not generally good
substrates. This could be due to a number of factors, including steric features that prevent
the requisite close approach of a reactive carbon to the iron oxo moiety, or possibly redox-
mediated effects. It is known that some metal complexes, such as Co(III/II) sepulchrate, can
act as an electron transfer mediator to drive turnover of P450cin [129] and P450gp3 [130],
thus it is plausible that other metal complexes may impede enzyme turnover by an electron
transfer that inactivates the iron heme. Alternatively, in an inorganic inhibitor, the coordi-
nated metal could render the organic ligands electron-deficient and thus less reactive to
oxidative modification [131]. As metal binding can be expected to make ligands electron-
poor, this seems like a promising general characteristic; however, alternative metabolism
by aldehyde oxidase and/or xanthine oxidase must be considered, as these enzymes still
act on electron-poor aromatic heterocycles. It is also possible that the inorganic component
will alter the site of oxidative modification, as has been shown to be the case with the
incorporation of electronegative nitrogen atoms in organic systems [132]. Thus, while some
drug molecules may be protected from CYP metabolism by binding to metal centers, it
is possible that this strategy will not prevent the other mechanisms of metabolism and
excretion that plague drug discovery efforts.

Funding: This research was funded by the National Institute of General Medical Sciences of the
National Institutes of Health under Award Number ROIGM138882.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Guengerich, FP. Cytochrome P450s and other enzymes in drug metabolism and toxicity. AAPS J. 2006, 8, E101-E111. [CrossRef]

[PubMed]

2. Zhao,M.; Ma,]; Li, M,; Zhang, Y; Jiang, B.; Zhao, X.; Huai, C; Shen, L.; Zhang, N.; He, L.; et al. Cytochrome P450 Enzymes and
Drug Metabolism in Humans. Int. ]. Mol. Sci. 2021, 22, 12808. [CrossRef] [PubMed]

3. Ingelman-Sundberg, M. Human drug metabolising cytochrome P450 enzymes: Properties and polymorphisms. Naunyn Schmiede-
berg’s Arch. Pharmacol. 2004, 369, 89-104. [CrossRef] [PubMed]

4. Zordoky, B.N.M.; El-Kadi, A.O.S. Effect of cytochrome P450 polymorphism on arachidonic acid metabolism and their impact on
cardiovascular diseases. Pharmacol. Ther. 2010, 125, 446-463. [CrossRef] [PubMed]

5. Wang, B.; Wu, L.; Chen, J.; Dong, L.; Chen, C.; Wen, Z; Hu, J.; Fleming, I.; Wang, D.W. Metabolism pathways of arachidonic acids:
Mechanisms and potential therapeutic targets. Signal Transduct. Target. Ther. 2021, 6, 94. [CrossRef] [PubMed]


https://doi.org/10.1208/aapsj080112
https://www.ncbi.nlm.nih.gov/pubmed/16584116
https://doi.org/10.3390/ijms222312808
https://www.ncbi.nlm.nih.gov/pubmed/34884615
https://doi.org/10.1007/s00210-003-0819-z
https://www.ncbi.nlm.nih.gov/pubmed/14574440
https://doi.org/10.1016/j.pharmthera.2009.12.002
https://www.ncbi.nlm.nih.gov/pubmed/20093140
https://doi.org/10.1038/s41392-020-00443-w
https://www.ncbi.nlm.nih.gov/pubmed/33637672

Biomolecules 2024, 14, 441 17 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Guengerich, F.P. A history of the roles of cytochrome P450 enzymes in the toxicity of drugs. Toxicol. Res. 2021, 37, 1-23. [CrossRef]
[PubMed]

Ollikainen, E.; Liu, D.; Kallio, A.; Médkil4, E.; Zhang, H.; Salonen, J.; Santos, H.A.; Sikanen, T.M. The impact of porous silicon
nanoparticles on human cytochrome P450 metabolism in human liver microsomes in vitro. Eur. J. Pharm. Sci. 2017, 104, 124-132.
[CrossRef] [PubMed]

Frohlich, E.; Kueznik, T.; Samberger, C.; Roblegg, E.; Wrighton, C.; Pieber, T.R. Size-dependent effects of nanoparticles on the
activity of cytochrome P450 isoenzymes. Toxicol. Appl. Pharmacol. 2010, 242, 326-332. [CrossRef] [PubMed]

Yao, Y.; Zang, Y.; Qu, J.; Tang, M.; Zhang, T. The Toxicity of Metallic Nanoparticles on Liver: The Subcellular Damages,
Mechanisms, and Outcomes. Int. |. Nanomed. 2019, 14, 8787-8804. [CrossRef]

Kulthong, K.; Maniratanachote, R.; Kobayashi, Y.; Fukami, T.; Yokoi, T. Effects of silver nanoparticles on rat hepatic cytochrome
P450 enzyme activity. Xenobiotica 2012, 42, 854-862. [CrossRef]

Lamb, J.G.; Hathaway, L.B.; Munger, M.A; Raucy, J.L.; Franklin, M.R. Nanosilver Particle Effects on Drug Metabolism In Vitro.
Drug Metab. Dispos. 2010, 38, 2246-2251. [CrossRef] [PubMed]

Wasukan, N.; Kuno, M.; Maniratanachote, R. Molecular Docking as a Promising Predictive Model for Silver Nanoparticle-
Mediated Inhibition of Cytochrome P450 Enzymes. J. Chem. Inf. Model. 2019, 59, 5126-5134. [CrossRef] [PubMed]

Choi, K.; Joo, H. Assessment of Gold Nanoparticles-Inhibited Cytochrome P450 3A4 Activity and Molecular Mechanisms
Underlying Its Cellular Toxicity in Human Hepatocellular Carcinoma Cell Line C3A. Nanoscale Res. Lett. 2018, 13, 279. [CrossRef]
[PubMed]

Ye, M; Tang, L.; Luo, M.; Zhou, J.; Guo, B.; Liu, Y.; Chen, B. Size- and time-dependent alteration in metabolic activities of
human hepatic cytochrome P450 isozymes by gold nanoparticles via microsomal coincubations. Nanoscale Res. Lett. 2014, 9, 642.
[CrossRef] [PubMed]

Tang, H.; Xu, M,; Shi, E; Ye, G; Lv, C.; Luo, J.; Zhao, L.; Li, Y. Effects and Mechanism of Nano-Copper Exposure on Hepatic
Cytochrome P450 Enzymes in Rats. Int. . Mol. Sci. 2018, 19, 2140. [CrossRef]

Wang, Y.; Tang, H.; Xu, M.; Luo, J.; Zhao, L.; Shi, E; Ye, G.; Lv, C.; Li, Y. Effect of copper nanoparticles on brain cytochrome P450
enzymes in rats. Mol. Med. Rep. 2019, 20, 771-778. [CrossRef]

Luo, J.; Zhang, M.; Deng, Y.; Li, H.; Bu, Q.; Liu, R;; Yu, J.; Liu, S.; Zeng, Z.; Sun, W.; et al. Copper nanoparticles lead to reproductive
dysfunction by affecting key enzymes of ovarian hormone synthesis and metabolism in female rats. Ecotoxicol. Environ. Saf. 2023,
254,114704. [CrossRef] [PubMed]

Yue, Z.; Zhang, X; Yu, Q.; Liu, L.; Zhou, X. Cytochrome P450-dependent reactive oxygen species (ROS) production contributes to
Mn304 nanoparticle-caused liver injury. RSC Adv. 2018, 8, 37307-37314. [CrossRef] [PubMed]

Pan, Y,; Ong, C.E.; Pung, Y.E; Chieng, J.Y. The current understanding of the interactions between nanoparticles and cytochrome
P450 enzymes—A literature-based review. Xenobiotica 2019, 49, 863-876. [CrossRef]

Al-Btoush, H.A. The Interactions between Metallic Nanoparticles and Cytochrome P450, Alanine Aminotransferase, and Aspartate
Aminotransferase Enzymes. . Pure Appl. Microbiol. 2023, 17, 2024-2040. [CrossRef]

Westlake, A.C.G.; Harford-Cross, C.E; Donovan, J.; Wong, L.L. Mutations of glutamate-84 at the putative potassium-binding site
affect camphor binding and oxidation by cytochrome P450. Eur. J. Biochem. 1999, 265, 929-935. [CrossRef] [PubMed]

Manna, S.K.; Mazumdar, S. Reversible inactivation of cytochrome P450 by alkaline earth metal ions: Auxiliary metal ion induced
conformation change and formation of inactive P420 species in CYP101. J. Inorg. Biochem. 2008, 102, 1312-1321. [CrossRef]
[PubMed]

Kim, J.-S.; Ahn, T.; Yim, S.-K.; Yun, C.-H. Differential Effect of Copper (II) on the Cytochrome P450 Enzymes and
NADPH—Cytochrome P450 Reductase: Inhibition of Cytochrome P450-Catalyzed Reactions by Copper (II) Ion. Biochemistry
2002, 41, 9438-9447. [CrossRef] [PubMed]

Kim, J.-S.; Yun, C.-H. Inhibition of human cytochrome P450 3A4 activity by zinc(II) ion. Toxicol. Lett. 2005, 156, 341-350. [CrossRef]
[PubMed]

Dixit, V.A.; Warwicker, J.; de Visser, S.P. How Do Metal Ions Modulate the Rate-Determining Electron-Transfer Step in Cytochrome
P450 Reactions? Chem. Eur. J. 2020, 26, 15270-15281. [CrossRef] [PubMed]

Zhao, B; Lei, L.; Vassylyev, D.G,; Lin, X.; Cane, D.E,; Kelly, S.L.; Yuan, H.; Lamb, D.C.; Waterman, M.R. Crystal Structure of
Albaflavenone Monooxygenase Containing a Moonlighting Terpene Synthase Active Site. J. Biol. Chem. 2009, 284, 36711-36719.
[CrossRef] [PubMed]

El-Ghiaty, M.A.; El-Kadi, A.O.S. Arsenic: Various species with different effects on cytochrome P450 regulation in humans. EXCLI
J. 2021, 20, 1184-1242. [CrossRef] [PubMed]

Naraharisetti, S.B.; Aggarwal, M.; Sarkar, S.N.; Malik, ].K. Concurrent subacute exposure to arsenic through drinking water and
malathion via diet in male rats: Effects on hepatic drug-metabolizing enzymes. Arch. Toxicol. 2008, 82, 543-551. [CrossRef]
Anwar-Mohamed, A ; El-Sherbeni, A.; Kim, S.H.; Elshenawy, O.H.; Althurwi, H.N.; Zordoky, B.N.; El-Kadi, A.O. Acute arsenic
treatment alters cytochrome P450 expression and arachidonic acid metabolism in lung, liver and kidney of C57Bl/6 mice.
Xenobiotica 2013, 43, 719-729. [CrossRef]

Terrones-Gurrola, M.; Ponce-Pefia, P.; Salas-Pacheco, ].M.; Camacho-Luis, A.; Pozos-Guillén, A.J.; Nieto-Delgado, G.; Lopez-
Guzman, O.D.; Vértiz-Herndndez, A.A. Arsenic: A Perspective on Its Effect on Pioglitazone Bioavailability. Int. . Environ. Res.
Public Health 2023, 20, 1901. [CrossRef]


https://doi.org/10.1007/s43188-020-00056-z
https://www.ncbi.nlm.nih.gov/pubmed/32837681
https://doi.org/10.1016/j.ejps.2017.03.039
https://www.ncbi.nlm.nih.gov/pubmed/28366651
https://doi.org/10.1016/j.taap.2009.11.002
https://www.ncbi.nlm.nih.gov/pubmed/19909766
https://doi.org/10.2147/IJN.S212907
https://doi.org/10.3109/00498254.2012.670312
https://doi.org/10.1124/dmd.110.035238
https://www.ncbi.nlm.nih.gov/pubmed/20861156
https://doi.org/10.1021/acs.jcim.9b00572
https://www.ncbi.nlm.nih.gov/pubmed/31714078
https://doi.org/10.1186/s11671-018-2684-1
https://www.ncbi.nlm.nih.gov/pubmed/30203228
https://doi.org/10.1186/1556-276X-9-642
https://www.ncbi.nlm.nih.gov/pubmed/25520592
https://doi.org/10.3390/ijms19072140
https://doi.org/10.3892/mmr.2019.10302
https://doi.org/10.1016/j.ecoenv.2023.114704
https://www.ncbi.nlm.nih.gov/pubmed/36898311
https://doi.org/10.1039/C8RA05633A
https://www.ncbi.nlm.nih.gov/pubmed/35557821
https://doi.org/10.1080/00498254.2018.1503360
https://doi.org/10.22207/JPAM.17.4.03
https://doi.org/10.1046/j.1432-1327.1999.00793.x
https://www.ncbi.nlm.nih.gov/pubmed/10518786
https://doi.org/10.1016/j.jinorgbio.2008.01.013
https://www.ncbi.nlm.nih.gov/pubmed/18331760
https://doi.org/10.1021/bi025908b
https://www.ncbi.nlm.nih.gov/pubmed/12135366
https://doi.org/10.1016/j.toxlet.2004.12.006
https://www.ncbi.nlm.nih.gov/pubmed/15763633
https://doi.org/10.1002/chem.202003024
https://www.ncbi.nlm.nih.gov/pubmed/32761661
https://doi.org/10.1074/jbc.M109.064683
https://www.ncbi.nlm.nih.gov/pubmed/19858213
https://doi.org/10.17179/excli2021-3890
https://www.ncbi.nlm.nih.gov/pubmed/34512225
https://doi.org/10.1007/s00204-008-0318-6
https://doi.org/10.3109/00498254.2012.754113
https://doi.org/10.3390/ijerph20031901

Biomolecules 2024, 14, 441 18 of 22

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ener, M.E,; Lee, Y.T.; Winkler, ].R.; Gray, H.B.; Cheruzel, L. Photooxidation of cytochrome P450-BM3. Proc. Natl. Acad. Sci. USA
2010, 107, 18783-18786. [CrossRef] [PubMed]

Dwaraknath, S.; Tran, N.-H.; Dao, T.; Colbert, A.; Mullen, S.; Nguyen, A.; Cortez, A.; Cheruzel, L. A facile and versatile
methodology for cysteine specific labeling of proteins with octahedral polypyridyl d6 metal complexes. |. Inorg. Biochem. 2014,
136, 154-160. [CrossRef]

Tran, N.-H.; Nguyen, D.; Dwaraknath, S.; Mahadevan, S.; Chavez, G.; Nguyen, A.; Dao, T.; Mullen, S.; Nguyen, T.-A.; Cheruzel,
L.E. An Efficient Light-Driven P450 BM3 Biocatalyst. J. Am. Chem. Soc. 2013, 135, 14484-14487. [CrossRef] [PubMed]

Tran, N.-H.; Huynh, N.; Bui, T.; Nguyen, Y.; Huynh, P.; Cooper, M.E.; Cheruzel, L.E. Light-initiated hydroxylation of lauric acid
using hybrid P450 BM3 enzymes. Chem. Commun. 2011, 47, 11936-11938. [CrossRef]

Kato, M.; Nguyen, D.; Gonzalez, M.; Cortez, A.; Mullen, S.E.; Cheruzel, L.E. Regio- and stereoselective hydroxylation of 10-
undecenoic acid with a light-driven P450 BM3 biocatalyst yielding a valuable synthon for natural product synthesis. Bioorganic
Med. Chem. 2014, 22, 5687-5691. [CrossRef] [PubMed]

Do, M.Q.; Henry, E.; Kato, M.; Cheruzel, L. Cross-linked cytochrome P450 BM3 aggregates promoted by Ru(Il)-diimine complexes
bearing aldehyde groups. J. Inorg. Biochem. 2018, 186, 130-134. [CrossRef] [PubMed]

Kato, M.; Foley, B.; Vu, ].; Huynh, M.; Lucero, K.; Harmon, C.; Cheruzel, L. Promoting P450 BM3 heme domain dimerization with
a tris(5-iodoacetamido-1,10-phenanthroline)Ru(II) complex. Biotechnol. Appl. Biochem. 2020, 67, 536-540. [CrossRef]
Eidenschenk, C.; Cheruzel, L. Ru(Il)-diimine complexes and cytochrome P450 working hand-in-hand. J. Inorg. Biochem. 2020, 213,
111254. [CrossRef]

Lincoln, S.F. Mechanistic Studies of Metal Aqua Ions: A Semi-Historical Perspective. Helv. Chim. Acta 2005, 88, 523-545. [CrossRef]
Zamora, A.; Denning, C.A ; Heidary, D.K.; Wachter, E.; Nease, L.A.; Ruiz, J.; Glazer, E.C. Ruthenium-containing P450 inhibitors
for dual enzyme inhibition and DNA damage. Dalton Trans. 2017, 46, 2165-2173. [CrossRef]

Miura, Y.; Fulco, A.J. Omega-1, Omega-2 and Omega-3 hydroxylation of long-chain fatty acids, amides and alcohols by a soluble
enzyme system from Bacillus megaterium. Biochim. Biophys. Acta 1975, 388, 305-317. [CrossRef] [PubMed]

Di Nardo, G.; Gilardi, G. Optimization of the bacterial cytochrome P450 BM3 system for the production of human drug metabolites.
Int. J. Mol. Sci. 2012, 13, 15901-15924. [CrossRef]

Damsten, M.C.; van Vugt-Lussenburg, B.M.A.; Zeldenthuis, T.; de Vlieger, ].5.B.; Commandeur, ].N.M.; Vermeulen, N.P.E.
Application of drug metabolising mutants of cytochrome P450 BM3 (CYP102A1) as biocatalysts for the generation of reactive
metabolites. Chem.-Biol. Interact. 2008, 171, 96-107. [CrossRef] [PubMed]

Reinen, J.; van Leeuwen, ].S.; Li, Y.; Sun, L.; Grootenhuis, P.D.; Decker, C.]J.; Saunders, J.; Vermeulen, N.P.; Commandeur, J.N.
Efficient screening of cytochrome P450 BM3 mutants for their metabolic activity and diversity toward a wide set of drug-like
molecules in chemical space. Drug Metab. Dispos. 2011, 39, 1568-1576. [CrossRef] [PubMed]

Huang, X.; Sun, Y,; Osawa, Y.; Chen, Y.E.; Zhang, H. Computational redesign of cytochrome P450 CYP102A1 for highly
stereoselective omeprazole hydroxylation by UniDesign. J. Biol. Chem. 2023, 299, 105050. [CrossRef] [PubMed]

Munro, A.W,; Leys, D.G.; McLean, K.J.; Marshall, K.R.; Ost, T.W.B,; Daff, S.; Miles, C.S.; Chapman, S.K.; Lysek, D.A.; Moser, C.C,;
et al. P450 BM3: The very model of a modern flavocytochrome. Trends Biochem. Sci. 2002, 27, 250-257. [CrossRef]

Li, A,; Yadav, R.; White, ].K.; Herroon, M.K.; Callahan, B.P.; Podgorski, I.; Turro, C.; Scott, E.E.; Kodanko, J.J. llluminating
cytochrome P450 binding: Ru(ii)-caged inhibitors of CYP17A1. Chem. Commun. 2017, 53, 3673-3676. [CrossRef] [PubMed]
Havrylyuk, D.; Hachey, A.C.; Fenton, A.; Heidary, D.K.; Glazer, E.C. Ru(Il) photocages enable precise control over enzyme activity
with red light. Nat. Commun. 2022, 13, 3636. [CrossRef] [PubMed]

Toupin, N.; Steinke, S.J.; Nadella, S.; Li, A.; Rohrabaugh, T.N., Jr.; Samuels, E.R.; Turro, C.; Sevrioukova, IL.F; Kodanko, J.J.
Photosensitive Ru(Il) Complexes as Inhibitors of the Major Human Drug Metabolizing Enzyme CYP3A4. J. Am. Chem. Soc. 2021,
143,9191-9205. [CrossRef]

Wachter, E.; Heidary, D.K.; Howerton, B.S.; Parkin, S.; Glazer, E.C. Light-activated ruthenium complexes photobind DNA and are
cytotoxic in the photodynamic therapy window. Chem. Commun. 2012, 48, 9649-9651. [CrossRef]

Havrylyuk, D.; Stevens, K.; Parkin, S.; Glazer, E.C. Toward Optimal Ru(II) Photocages: Balancing Photochemistry, Stability, and
Biocompatibility Through Fine Tuning of Steric, Electronic, and Physiochemical Features. Inorg. Chem. 2020, 59, 1006-1013.
[CrossRef] [PubMed]

Dmochowski, I.].; Crane, B.R.; Wilker, ].J.; Winkler, ].R.; Gray, H.B. Optical detection of cytochrome P450 by sensitizer-linked
substrates. Proc. Nat. Acad. Sci. USA 1999, 96, 12987-12990. [CrossRef] [PubMed]

Dunn, A.R.; Dmochowski, L].; Bilwes, A.M.; Gray, H.B.; Crane, B.R. Probing the open state of cytochrome P450cam with
ruthenium-linker substrates. Proc. Natl. Acad. Sci. USA 2001, 98, 12420-12425. [CrossRef] [PubMed]

Gorren, A.C.; Mayer, B. Nitric-oxide synthase: A cytochrome P450 family foster child. Biochim. Biophys. Acta 2007, 1770, 432-445.
[CrossRef] [PubMed]

Morgan, E.T.; Skubic, C.; Lee, C.M.; Cokan, K.B.; Rozman, D. Regulation of cytochrome P450 enzyme activity and expression by
nitric oxide in the context of inflammatory disease. Drug Metab. Rev. 2020, 52, 455-471. [CrossRef] [PubMed]

Belliston-Bittner, W.; Dunn, A.R.; Nguyen, Y.H.L.; Stuehr, D.J.; Winkler, J.R.; Gray, H.B. Picosecond Photoreduction of Inducible
Nitric Oxide Synthase by Rhenium(I)—Diimine Wires. |. Am. Chem. Soc. 2005, 127, 15907-15915. [CrossRef] [PubMed]

Nguyen, Y.H.L.; Winkler, J.R.; Gray, H.B. Probing Heme Coordination States of Inducible Nitric Oxide Synthase with a
Re(I)(imidazole-alkyl-nitroarginine) Sensitizer-Wire. |. Phys. Chem. B 2007, 111, 6628-6633. [CrossRef] [PubMed]


https://doi.org/10.1073/pnas.1012381107
https://www.ncbi.nlm.nih.gov/pubmed/20947800
https://doi.org/10.1016/j.jinorgbio.2013.12.013
https://doi.org/10.1021/ja409337v
https://www.ncbi.nlm.nih.gov/pubmed/24040992
https://doi.org/10.1039/c1cc15124j
https://doi.org/10.1016/j.bmc.2014.05.046
https://www.ncbi.nlm.nih.gov/pubmed/24938497
https://doi.org/10.1016/j.jinorgbio.2018.06.001
https://www.ncbi.nlm.nih.gov/pubmed/29890400
https://doi.org/10.1002/bab.1970
https://doi.org/10.1016/j.jinorgbio.2020.111254
https://doi.org/10.1002/hlca.200590036
https://doi.org/10.1039/C6DT04405K
https://doi.org/10.1016/0005-2760(75)90089-2
https://www.ncbi.nlm.nih.gov/pubmed/805599
https://doi.org/10.3390/ijms131215901
https://doi.org/10.1016/j.cbi.2007.09.007
https://www.ncbi.nlm.nih.gov/pubmed/17996858
https://doi.org/10.1124/dmd.111.039461
https://www.ncbi.nlm.nih.gov/pubmed/21673132
https://doi.org/10.1016/j.jbc.2023.105050
https://www.ncbi.nlm.nih.gov/pubmed/37451479
https://doi.org/10.1016/S0968-0004(02)02086-8
https://doi.org/10.1039/C7CC01459G
https://www.ncbi.nlm.nih.gov/pubmed/28304025
https://doi.org/10.1038/s41467-022-31269-5
https://www.ncbi.nlm.nih.gov/pubmed/35752630
https://doi.org/10.1021/jacs.1c04155
https://doi.org/10.1039/c2cc33359g
https://doi.org/10.1021/acs.inorgchem.9b02065
https://www.ncbi.nlm.nih.gov/pubmed/31899619
https://doi.org/10.1073/pnas.96.23.12987
https://www.ncbi.nlm.nih.gov/pubmed/10557259
https://doi.org/10.1073/pnas.221297998
https://www.ncbi.nlm.nih.gov/pubmed/11606730
https://doi.org/10.1016/j.bbagen.2006.08.019
https://www.ncbi.nlm.nih.gov/pubmed/17014963
https://doi.org/10.1080/03602532.2020.1817061
https://www.ncbi.nlm.nih.gov/pubmed/32898444
https://doi.org/10.1021/ja0543088
https://www.ncbi.nlm.nih.gov/pubmed/16277534
https://doi.org/10.1021/jp071405+
https://www.ncbi.nlm.nih.gov/pubmed/17536854

Biomolecules 2024, 14, 441 19 of 22

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Glazer, E.C.; Nguyen, Y.H.; Gray, H.B.; Goodin, D.B. Probing inducible nitric oxide synthase with a pterin-ruthenium(II) sensitizer
wire. Angew. Chem. Int. Ed. Engl. 2008, 47, 898-901. [CrossRef] [PubMed]

Whited, C.A.; Belliston-Bittner, W.; Dunn, A.R.; Winkler, ].R.; Gray, H.B. Probing the heme-thiolate oxygenase domain of inducible
nitric oxide synthase with Ru(Il) and Re(]) electron tunneling wires. J. Porphyr. Phthalocya. 2008, 12, 971-978. [CrossRef]
Whited, C.A.; Belliston-Bittner, W.; Dunn, A.R.; Winkler, ].R.; Gray, H.B. Nanosecond photoreduction of inducible nitric oxide
synthase by a Ru-diimine electron tunneling wire bound distant from the active site. J. Inorg. Biochem. 2009, 103, 906-911.
[CrossRef]

Denison, M.; Steinke, S.J.; Majeed, A.; Turro, C.; Kocarek, T.A.; Sevrioukova, L.E; Kodanko, ].J. Ir(IIT)-Based Agents for Monitoring
the Cytochrome P450 3A4 Active Site Occupancy. Inorg. Chem. 2022, 61, 13673-13677. [CrossRef] [PubMed]

Denison, M.; Ahrens, ].J.; Dunbar, M.N.; Warmahaye, H.; Majeed, A.; Turro, C.; Kocarek, T.A.; Sevrioukova, I.F.; Kodanko, ]J.J.
Dynamic Ir(III) Photosensors for the Major Human Drug-Metabolizing Enzyme Cytochrome P450 3A4. Inorg. Chem. 2023, 62,
3305-3320. [CrossRef] [PubMed]

Zanger, U.M.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression, enzyme activities, and
impact of genetic variation. Pharmacol. Ther. 2013, 138, 103-141. [CrossRef] [PubMed]

Williams, P.A.; Cosme, J.; Ward, A.; Angove, H.C.; Matak Vinkovi¢, D.; Jhoti, H. Crystal structure of human cytochrome P450 2C9
with bound warfarin. Nature 2003, 424, 464-468. [CrossRef] [PubMed]

Yano, J.K.; Wester, M.R.; Schoch, G.A.; Griffin, K.J.; Stout, C.D.; Johnson, E.F. The structure of human microsomal cytochrome
P450 3A4 determined by X-ray crystallography to 2.05-A resolution. . Biol. Chem. 2004, 279, 38091-38094. [CrossRef] [PubMed]
Dunn, A.R.; Hays, A.-M.A_; Goodin, D.B.; Stout, C.D.; Chiu, R.; Winkler, ].R.; Gray, H.B. Fluorescent Probes for Cytochrome P450
Structural Characterization and Inhibitor Screening. J. Am. Chem. Soc. 2002, 124, 10254-10255. [CrossRef] [PubMed]

Hays, AM.; Dunn, A.R,; Chiu, R.; Gray, H.B.; Stout, C.D.; Goodin, D.B. Conformational states of cytochrome P450cam revealed
by trapping of synthetic molecular wires. J. Mol. Biol. 2004, 344, 455-469. [CrossRef] [PubMed]

Lee, Y.-T.; Glazer, E.C.; Wilson, R.F,; Stout, C.D.; Goodin, D.B. Three Clusters of Conformational States in P450cam Reveal a
Multistep Pathway for Closing of the Substrate Access Channel. Biochemistry 2011, 50, 693-703. [CrossRef] [PubMed]

Chen, D.; Li, R.; Shao, Q.; Wu, Z,; Cui, ].; Meng, Q.; Li, S. Design and Synthesis of Novel Near-Infrared Fluorescence Probes Based
on an Open Conformation of a Cytochrome P450 1B1 Complex for Molecular Imaging of Colorectal Tumors. J. Med. Chem. 2023,
66, 16032-16050. [CrossRef]

Wang, Z.; Chen, D.; Fan, Q.; Wu, Z; Dong, J.; Cui, J.; Wang, ].; Xu, T.; Meng, Q.; Li, S. Design, Synthesis and In Vivo Fluorescence
Imaging Study of a Cytochrome P450 1B1 Targeted NIR Probe Containing a Chelator Moiety. Chembiochem 2022, 23, €202200268.
[CrossRef]

Yuan, R.X,; Xiong, R.G.; Abrahams, B.F,; Lee, G.H.; Peng, S.M.; Che, C.M.; You, X.Z. A Cu(I) coordination polymer employing a
nonsteroidal aromatase inhibitor letrozole as a building block. J. Chem. Soc. Dalton Trans. 2001, 14, 2071-2073. [CrossRef]

Tang, Y.Z.; Zhou, M.; Huang, J.; Cao, Z.; Qi, T.T.; Huang, G.H.; Wen, H.R. Synthesis, Crystal Structure, and Characterization of
three New Letrozole Complexes. Z. Anorg. Allg. Chem. 2012, 638, 372-376. [CrossRef]

Castonguay, A.; Doucet, C.; Juhas, M.; Maysinger, D. New Ruthenium(II)-Letrozole Complexes as Anticancer Therapeutics. J.
Med. Chem. 2012, 55, 8799-8806. [CrossRef] [PubMed]

Golbaghi, G.; Haghdoost, M.M.; Yancu, D.; de los Santos, Y.L.; Doucet, N.; Patten, S.A.; Sanderson, ]J.T.; Castonguay, A.
Organoruthenium(II) Complexes Bearing an Aromatase Inhibitor: Synthesis, Characterization, Biological Activity and Toxicity in
Zebrafish Embryos. Organometallics 2019, 38, 702-711. [CrossRef] [PubMed]

Golbaghi, G.; Pitard, I.; Lucas, M.; Haghdoost, M.M.; de los Santos, Y.L.; Doucet, N.; Patten, S.A.; Sanderson, J.T.; Castonguay, A.
Synthesis and biological assessment of a ruthenium(II) cyclopentadienyl complex in breast cancer cells and on the development
of zebrafish embryos. Eur. ]. Med. Chem. 2020, 188, 112030. [CrossRef] [PubMed]

Golbaghi, G.; Castonguay, A. Rationally Designed Ruthenium Complexes for Breast Cancer Therapy. Molecules 2020, 25, 265.
[CrossRef] [PubMed]

Tran, M.T.Q.; Furger, E.; Alberto, R. Two-step activation prodrugs: Transplatin mediated binding of chemotherapeutic agents to
vitamin B12. Org. Biomol. Chem. 2013, 11, 3247-3254. [CrossRef] [PubMed]

Navarro, M.; Cisneros-Fajardo, E.J.; Lehmann, T.; Sanchez-Delgado, R.A.; Atencio, R.; Silva, P.; Lira, R.; Urbina, J.A. Toward a
Novel Metal-Based Chemotherapy against Tropical Diseases. 6. Synthesis and Characterization of New Copper(II) and Gold(I)
Clotrimazole and Ketoconazole Complexes and Evaluation of Their Activity against Trypanosoma cruzi. Inorg. Chem. 2001, 40,
6879-6884. [CrossRef] [PubMed]

Robles-Escajeda, E.; Martinez, A.; Varela-Ramirez, A.; Sdnchez-Delgado, R.A.; Aguilera, R.J. Analysis of the cytotoxic effects of
ruthenium-ketoconazole and ruthenium-clotrimazole complexes on cancer cells. Cell Biol. Toxicol. 2013, 29, 431-443. [CrossRef]
Iniguez, E.; Sanchez, A.; Vasquez, M.A.; Martinez, A.; Olivas, ].; Sattler, A.; Sdnchez-Delgado, R.A.; Maldonado, R.A. Metal-drug
synergy: New ruthenium(Il) complexes of ketoconazole are highly active against Leishmania major and Trypanosoma cruzi and
nontoxic to human or murine normal cells. J. Biol. Inorg. Chem. 2013, 18, 779-790. [CrossRef]

Gagini, T.; Colina-Vegas, L.; Villarreal, W.; Borba-Santos, L.P.; de Souza Pereira, C.; Batista, A.A.; Kneip Fleury, M.; de Souza, W,;
Rozental, S.; Costa, L.A.S.; et al. Metal-azole fungistatic drug complexes as anti-Sporothrix spp. agents. New J. Chem. 2018, 42,
13641-13650. [CrossRef]


https://doi.org/10.1002/anie.200703743
https://www.ncbi.nlm.nih.gov/pubmed/18085539
https://doi.org/10.1142/S1088424608000352
https://doi.org/10.1016/j.jinorgbio.2009.04.001
https://doi.org/10.1021/acs.inorgchem.2c02587
https://www.ncbi.nlm.nih.gov/pubmed/35994607
https://doi.org/10.1021/acs.inorgchem.3c00059
https://www.ncbi.nlm.nih.gov/pubmed/36758158
https://doi.org/10.1016/j.pharmthera.2012.12.007
https://www.ncbi.nlm.nih.gov/pubmed/23333322
https://doi.org/10.1038/nature01862
https://www.ncbi.nlm.nih.gov/pubmed/12861225
https://doi.org/10.1074/jbc.C400293200
https://www.ncbi.nlm.nih.gov/pubmed/15258162
https://doi.org/10.1021/ja0271678
https://www.ncbi.nlm.nih.gov/pubmed/12197708
https://doi.org/10.1016/j.jmb.2004.09.046
https://www.ncbi.nlm.nih.gov/pubmed/15522298
https://doi.org/10.1021/bi101726d
https://www.ncbi.nlm.nih.gov/pubmed/21171581
https://doi.org/10.1021/acs.jmedchem.3c01474
https://doi.org/10.1002/cbic.202200268
https://doi.org/10.1039/b104880p
https://doi.org/10.1002/zaac.201100426
https://doi.org/10.1021/jm301103y
https://www.ncbi.nlm.nih.gov/pubmed/22991922
https://doi.org/10.1021/acs.organomet.8b00897
https://www.ncbi.nlm.nih.gov/pubmed/31762529
https://doi.org/10.1016/j.ejmech.2019.112030
https://www.ncbi.nlm.nih.gov/pubmed/31945643
https://doi.org/10.3390/molecules25020265
https://www.ncbi.nlm.nih.gov/pubmed/31936496
https://doi.org/10.1039/c3ob40093j
https://www.ncbi.nlm.nih.gov/pubmed/23584074
https://doi.org/10.1021/ic0103087
https://www.ncbi.nlm.nih.gov/pubmed/11754267
https://doi.org/10.1007/s10565-013-9264-z
https://doi.org/10.1007/s00775-013-1024-2
https://doi.org/10.1039/C8NJ01544A

Biomolecules 2024, 14, 441 20 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Colina-Vegas, L.; Oliveira, K.M.; Cunha, B.N.; Cominetti, M.R.; Navarro, M.; Azevedo Batista, A. Anti-Proliferative and Anti-
Migration Activity of Arene-Ruthenium(Il) Complexes with Azole Therapeutic Agents. Inorganics 2018, 6, 132. [CrossRef]
Colina-Vegas, L.; Lima Prado Godinho, J.; Coutinho, T.; Correa, R.S.; de Souza, W.; Cola Fernandes Rodrigues, J.; Batista, A.A;
Navarro, M. Antiparasitic activity and ultrastructural alterations provoked by organoruthenium complexes against Leishmania
amazonensis. New J. Chem. 2019, 43, 1431-1439. [CrossRef]

de Azevedo-Franga, J.A.; Borba-Santos, L.P.; de Almeida Pimentel, G.; Franco, C.H.J.; Souza, C.; de Almeida Celestino, J.; de
Menezes, E.F,; Dos Santos, N.P; Vieira, E.G.; Ferreira, A ; et al. Antifungal promising agents of zinc(I) and copper(Il) derivatives
based on azole drug. J. Inorg. Biochem. 2021, 219, 111401. [CrossRef]

Rubbiani, R.; Weil, T.; Tocci, N.; Mastrobuoni, L.; Jeger, S.; Moretto, M.; Ng, J.; Lin, Y.; Hess, ].; Ferrari, S.; et al. In vivo active
organometallic-containing antimycotic agents. RSC Chem. Biol. 2021, 2, 1263-1273. [CrossRef]

Campero-Peredo, C.; Bravo-Gémez, M.E.; Hernandez-Ojeda, S.L.; Olguin-Reyes, S.d.R.; Espinosa-Aguirre, ].J.; Ruiz-Azuara, L.
Effect of [Cu(4,7-dimethyl-1,10-phenanthroline)(acetylacetonato) [NO3, Casiopeina III-Ea, on the activity of cytochrome P450.
Toxicol. Vitr. 2016, 33, 16-22. [CrossRef] [PubMed]

Prachayasittikul, V.; Pingaew, R.; Nantasenamat, C.; Prachayasittikul, S.; Ruchirawat, S.; Prachayasittikul, V. Investigation of
aromatase inhibitory activity of metal complexes of 3-hydroxyquinoline and uracil derivatives. Drug Des. Dev. Ther. 2014, 8,
1089-1096. [CrossRef]

Medvedikova, M.; Ranc, V.; Vanco, J.; Travnicek, Z.; Anzenbacher, P. Highly Cytotoxic Copper(Il) Mixed-Ligand Quinolinonato
Complexes: Pharmacokinetic Properties and Interactions with Drug Metabolizing Cytochromes P450. Pharmaceutics 2023, 15,
1314. [CrossRef] [PubMed]

Masek, V.; Anzenbacherova, E.; Machova, M.; Brabec, V.; Anzenbacher, P. Interaction of antitumor platinum complexes with
human liver microsomal cytochromes P450. Anticancer Drugs 2009, 20, 305-311. [CrossRef]

Respondek, T.; Garner, R.N.; Herroon, M.K.; Podgorski, I.; Turro, C.; Kodanko, J.J. Light Activation of a Cysteine Protease
Inhibitor: Caging of a Peptidomimetic Nitrile with Rull(bpy),. J. Am. Chem. Soc. 2011, 133, 17164-17167. [CrossRef]

Huisman, M.; White, ].K.; Lewalski, V.G.; Podgorski, I.; Turro, C.; Kodanko, ].J. Caging the uncageable: Using metal complex
release for photochemical control over irreversible inhibition. Chem. Commun. 2016, 52, 12590-12593. [CrossRef] [PubMed]
Arora, K.; Herroon, M.; Al-Afyouni, M.H.; Toupin, N.P.; Rohrabaugh, T.N., Jr.; Loftus, L.M.; Podgorski, I.; Turro, C.; Kodanko, J.J.
Catch and Release Photosensitizers: Combining Dual-Action Ruthenium Complexes with Protease Inactivation for Targeting
Invasive Cancers. |. Am. Chem. Soc. 2018, 140, 14367-14380. [CrossRef] [PubMed]

Lameijer, L.N.; Ernst, D.; Hopkins, S.L.; Meijer, M.S.; Askes, S.H.C.; Le Dévédec, S.E.; Bonnet, S. A Red-Light-Activated Ruthenium-
Caged NAMPT Inhibitor Remains Phototoxic in Hypoxic Cancer Cells. Angew. Chem. Int. Ed. 2017, 56, 11549-11553. [CrossRef]
[PubMed]

van Rixel, VH.S.; Ramu, V.; Auyeung, A.B.; Beztsinna, N.; Leger, D.Y.; Lameijer, L.N.; Hilt, S.T.; Le Dévédec, S.E.; Yildiz, T,
Betancourt, T.; et al. Photo-Uncaging of a Microtubule-Targeted Rigidin Analogue in Hypoxic Cancer Cells and in a Xenograft
Mouse Model. |. Am. Chem. Soc. 2019, 141, 18444-18454. [CrossRef] [PubMed]

Bregman, H.; Carroll, PJ.; Meggers, E. Rapid Access to Unexplored Chemical Space by Ligand Scanning around a Ruthenium
Center: Discovery of Potent and Selective Protein Kinase Inhibitors. J. Am. Chem. Soc. 2006, 128, 877-884. [CrossRef] [PubMed]
Mo, S.L.; Liu, W.E; Chen, Y.; Luo, H.B.; Sun, L.B.; Chen, X.W.; Zhou, Z.W.; Sneed, K.B.; Li, C.G.; Du, YM,; et al. Ligand- and
protein-based modeling studies of the inhibitors of human cytochrome P450 2D6 and a virtual screening for potential inhibitors
from the Chinese herbal medicine, Scutellaria baicalensis (Huangqin, Baikal Skullcap). Comb. Chem. High. Throughput Screen.
2012, 15, 36-80. [CrossRef] [PubMed]

Jung, E,; Griffin, K.J.; Song, W.; Richardson, T.H.; Yang, M.; Johnson, E.F. Identification of amino acid substitutions that confer a
high affinity for sulfaphenazole binding and a high catalytic efficiency for warfarin metabolism to P450 2C19. Biochemistry 1998,
37,16270-16279. [CrossRef] [PubMed]

He, Y.Q.; He, Y.A,; Halpert, J.R. Escherichia coli Expression of Site-Directed Mutants of Cytochrome P450 2B1 from Six Substrate
Recognition Sites: Substrate Specificity and Inhibitor Selectivity Studies. Chem. Res. Toxicol. 1995, 8, 574-579. [CrossRef] [PubMed]
Tiong, K.H.; Mohammed Yunus, N.A; Yiap, B.C.; Tan, E.L.; Ismail, R.; Ong, C.E. Inhibitory potency of 8-methoxypsoralen on
cytochrome P450 2A6 (CYP2A6) allelic variants CYP2A6 15, CYP2A6 16, CYP2A6 21 and CYP2A6 22: Differential susceptibility
due to different sequence locations of the mutations. PLoS ONE 2014, 9, e86230. [CrossRef]

Fowler, S.M.; Taylor, ]. M.; Friedberg, T.; Wolf, C.R; Riley, R.J. CYP3A4 Active Site Volume Modification by Mutagenesis of Leucine
211. Drug Metab. Dispos. 2002, 30, 452—456. [CrossRef]

Fowler, S.M; Riley, RJ.; Pritchard, M.P,; Sutcliffe, M.].; Friedberg, T.; Wolf, C.R. Amino acid 305 determines catalytic center
accessibility in CYP3A4. Biochemistry 2000, 39, 4406-4414. [CrossRef]

Domanski, T.L.; He, Y.-A.; Khan, K.K; Roussel, F; Wang, Q.; Halpert, ].R. Phenylalanine and Tryptophan Scanning Mutagenesis
of CYP3A4 Substrate Recognition Site Residues and Effect on Substrate Oxidation and Cooperativity. Biochemistry 2001, 40,
10150-10160. [CrossRef] [PubMed]

Khan, K.K; He, Y.Q.; Domanski, T.L.; Halpert, ].R. Midazolam oxidation by cytochrome P450 3A4 and active-site mutants: An
evaluation of multiple binding sites and of the metabolic pathway that leads to enzyme inactivation. Mol. Pharmacol. 2002, 61,
495-506. [CrossRef]


https://doi.org/10.3390/inorganics6040132
https://doi.org/10.1039/C8NJ04657C
https://doi.org/10.1016/j.jinorgbio.2021.111401
https://doi.org/10.1039/D1CB00123J
https://doi.org/10.1016/j.tiv.2016.02.008
https://www.ncbi.nlm.nih.gov/pubmed/26911729
https://doi.org/10.2147/DDDT.S67300
https://doi.org/10.3390/pharmaceutics15041314
https://www.ncbi.nlm.nih.gov/pubmed/37111801
https://doi.org/10.1097/CAD.0b013e328323a7a8
https://doi.org/10.1021/ja208084s
https://doi.org/10.1039/C6CC07083C
https://www.ncbi.nlm.nih.gov/pubmed/27711349
https://doi.org/10.1021/jacs.8b08853
https://www.ncbi.nlm.nih.gov/pubmed/30278123
https://doi.org/10.1002/anie.201703890
https://www.ncbi.nlm.nih.gov/pubmed/28666065
https://doi.org/10.1021/jacs.9b07225
https://www.ncbi.nlm.nih.gov/pubmed/31625740
https://doi.org/10.1021/ja055523r
https://www.ncbi.nlm.nih.gov/pubmed/16417378
https://doi.org/10.2174/138620712798280826
https://www.ncbi.nlm.nih.gov/pubmed/21846324
https://doi.org/10.1021/bi981704c
https://www.ncbi.nlm.nih.gov/pubmed/9819219
https://doi.org/10.1021/tx00046a011
https://www.ncbi.nlm.nih.gov/pubmed/7548737
https://doi.org/10.1371/journal.pone.0086230
https://doi.org/10.1124/dmd.30.4.452
https://doi.org/10.1021/bi992372u
https://doi.org/10.1021/bi010758a
https://www.ncbi.nlm.nih.gov/pubmed/11513592
https://doi.org/10.1124/mol.61.3.495

Biomolecules 2024, 14, 441 21 of 22

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Sevrioukova, L.F. High-Level Production and Properties of the Cysteine-Depleted Cytochrome P450 3A4. Biochemistry 2017, 56,
3058-3067. [CrossRef]

Geronimo, I.; Denning, C.A.; Rogers, W.E.; Othman, T.; Huxford, T.; Heidary, D.K.; Glazer, E.C.; Payne, C.M. Effect of Mutation
and Substrate Binding on the Stability of Cytochrome P450BM3 Variants. Biochemistry 2016, 55, 3594-3606. [CrossRef]
Geronimo, I.; Denning, C.A.; Heidary, D.K.; Glazer, E.C.; Payne, C.M. Molecular Determinants of Substrate Affinity and Enzyme
Activity of a Cytochrome P450BM3 Variant. Biophys. |. 2018, 115, 1251-1263. [CrossRef]

Lampe, ].N.; Brandman, R.; Sivaramakrishnan, S.; de Montellano, P.R.O. Two-dimensional NMR and all-atom molecular dynamics
of cytochrome P450 CYP119 reveal hidden conformational substates. J. Biol. Chem. 2010, 285, 9594-9603. [CrossRef]

Hakkennes, M.L.A.; Buda, E; Bonnet, S. MetalDock: An Open Access Docking Tool for Easy and Reproducible Docking of Metal
Complexes. J. Chem. Inf. Model. 2023, 63, 7816-7825. [CrossRef] [PubMed]

Blocka, K. Auranofin versus injectable gold. Comparison of pharmacokinetic properties. Am. |. Med. 1983, 75, 114-122. [CrossRef]
[PubMed]

Quintanilha, ].C.E,; de Sousa, V.M.; Visacri, M.B.; Amaral, L.S.; Santos, R.M.M.; Zambrano, T.; Salazar, L.A.; Moriel, P. Involvement
of cytochrome P450 in cisplatin treatment: Implications for toxicity. Cancer Chemother. Pharmacol. 2017, 80, 223-233. [CrossRef]
[PubMed]

Keller, S.; Ong, Y.C.; Lin, Y.; Cariou, K.; Gasser, G. A tutorial for the assessment of the stability of organometallic complexes in
biological media. J. Organomet. Chem. 2020, 906, 121059. [CrossRef]

Tompkins, L.M.; Wallace, A.D. Mechanisms of cytochrome P450 induction. . Biochem. Mol. Toxicol. 2007, 21, 176-181. [CrossRef]
[PubMed]

Czekaj, P.; Skowronek, R. Transcription Factors Potentially Involved in Regulation of Cytochrome P450 Gene Expression. In
Topics on Drug Metabolism; James, P., Ed.; IntechOpen: Rijeka, Croatia, 2012; Chapter 7.

Wangcharoenrung, L.; Warisnoicharoen, W. Change in mRNA expression of human cytochrome P450 by gold nanoparticles. J.
Biol. Sci. 2011, 11, 173-180. [CrossRef]

Dragoni, S.; Franco, G.; Regoli, M.; Bracciali, M.; Morandi, V.; Sgaragli, G.; Bertelli, E.; Valoti, M. Gold Nanoparticles Uptake and
Cytotoxicity Assessed on Rat Liver Precision-Cut Slices. Toxicol. Sci. 2012, 128, 186-197. [CrossRef] [PubMed]

Al-Hamadani, M.Y.I; Alzahrani, A.M.; Yousef, M.I.; Kamel, M.A; El-Sayed, WM. Gold Nanoparticles Perturb Drug-Metabolizing
Enzymes and Antioxidants in the Livers of Male Rats: Potential Impact on Drug Interactions. Int. J. Nanomed. 2020, 15, 5005-5016.
[CrossRef] [PubMed]

Gurunathan, S.; Qasim, M.; Park, C.; Yoo, H.; Kim, J.-H.; Hong, K. Cytotoxic Potential and Molecular Pathway Analysis of Silver
Nanoparticles in Human Colon Cancer Cells HCT116. Int. ]. Mol. Sci. 2018, 19, 2269. [CrossRef] [PubMed]

Wang, E; Wu, Y.; Zhang, J.; Wang, H.; Xie, X.; Ye, X.; Peng, D.; Chen, W. Induction of Cytochrome P450 Involved in the Accelerated
Blood Clearance Phenomenon Induced by PEGylated Liposomes In Vivo. Drug Metab. Dispos. 2019, 47, 364-376. [CrossRef]
[PubMed]

Korashy, H.M.; El-Kadi, A.O. Regulatory mechanisms modulating the expression of cytochrome P450 1A1 gene by heavy metals.
Toxicol. Sci. 2005, 88, 39-51. [CrossRef] [PubMed]

Elbekai, R.H.; El-Kadi, A.O.S. Transcriptional activation and posttranscriptional modification of Cyplal by arsenite, cadmium,
and chromium. Toxicol. Lett. 2007, 172, 106-119. [CrossRef]

Ashino, T.; Yamamoto, M.; Numazawa, S. Nrf2 Antioxidative System is Involved in Cytochrome P450 Gene Expression and
Activity: A Delay in Pentobarbital Metabolism in Nrf2-Deficient Mice. Drug Metab. Dispos. 2020, 48, 673—680. [CrossRef]
Abu-Bakar, A.; Satarug, S.; Marks, G.C.; Lang, M.A.; Moore, M.R. Acute cadmium chloride administration induces hepatic and
renal CYP2A5 mRNA, protein and activity in the mouse: Involvement of transcription factor NRF2. Toxicol. Lett. 2004, 148,
199-210. [CrossRef] [PubMed]

Lewis, N.A.; Williams, T.D.; Chipman, ] K. Functional Analysis of a Metal Response Element in the Regulatory Region of Flounder
Cytochrome P450 1A and Implications for Environmental Monitoring of Pollutants. Toxicol. Sci. 2006, 92, 387-393. [CrossRef]
[PubMed]

Liu, H.; Baliga, R. Cytochrome P450 2E1 null mice provide novel protection against cisplatin-induced nephrotoxicity and
apoptosis. Kidney Int. 2003, 63, 1687-1696. [CrossRef] [PubMed]

Zeng, X.; Zhou, X.; Zhou, J.; Zhou, H.; Hong, X,; Li, D.; Xiang, Y.; Zhong, M.; Chen, Y.; Liang, D.; et al. Limonin mitigates
cisplatin-induced acute kidney injury through metabolic reprogramming. Biomed. Pharmacother. 2023, 167, 115531. [CrossRef]
Bakewell, S.; Conde, I; Fallah, Y.; McCoy, M.; Jin, L.; Shajahan-Haq, A.N. Inhibition of DNA Repair Pathways and Induction of
ROS Are Potential Mechanisms of Action of the Small Molecule Inhibitor BOLD-100 in Breast Cancer. Cancers 2020, 12, 2647.
[CrossRef] [PubMed]

Baier, D.; Mendrina, T.; Schoenhacker-Alte, B.; Pirker, C.; Mohr, T.; Rusz, M.; Regner, B.; Schaier, M.; Sgarioto, N.; Raynal, N.J.-M.;
et al. The Lipid Metabolism as Target and Modulator of BOLD-100 Anticancer Activity: Crosstalk with Histone Acetylation. Adv.
Sci. 2023, 10, 2301939. [CrossRef] [PubMed]

Petrunak, E.M.; Bart, A.G.; Peng, H.-M.; Auchus, R.J.; Scott, E.E. Human cytochrome P450 17A1 structures with metabolites of
prostate cancer drug abiraterone reveal substrate-binding plasticity and a second binding site. J. Biol. Chem. 2023, 299, 102999.
[CrossRef] [PubMed]


https://doi.org/10.1021/acs.biochem.7b00334
https://doi.org/10.1021/acs.biochem.6b00183
https://doi.org/10.1016/j.bpj.2018.08.026
https://doi.org/10.1074/jbc.M109.087593
https://doi.org/10.1021/acs.jcim.3c01582
https://www.ncbi.nlm.nih.gov/pubmed/38048559
https://doi.org/10.1016/0002-9343(83)90483-7
https://www.ncbi.nlm.nih.gov/pubmed/6419592
https://doi.org/10.1007/s00280-017-3358-x
https://www.ncbi.nlm.nih.gov/pubmed/28612092
https://doi.org/10.1016/j.jorganchem.2019.121059
https://doi.org/10.1002/jbt.20180
https://www.ncbi.nlm.nih.gov/pubmed/17936931
https://doi.org/10.3923/jbs.2011.173.180
https://doi.org/10.1093/toxsci/kfs150
https://www.ncbi.nlm.nih.gov/pubmed/22539612
https://doi.org/10.2147/IJN.S248194
https://www.ncbi.nlm.nih.gov/pubmed/32764932
https://doi.org/10.3390/ijms19082269
https://www.ncbi.nlm.nih.gov/pubmed/30072642
https://doi.org/10.1124/dmd.118.085340
https://www.ncbi.nlm.nih.gov/pubmed/30674617
https://doi.org/10.1093/toxsci/kfi282
https://www.ncbi.nlm.nih.gov/pubmed/16093525
https://doi.org/10.1016/j.toxlet.2007.05.009
https://doi.org/10.1124/dmd.120.000010
https://doi.org/10.1016/j.toxlet.2003.10.029
https://www.ncbi.nlm.nih.gov/pubmed/15041070
https://doi.org/10.1093/toxsci/kfl023
https://www.ncbi.nlm.nih.gov/pubmed/16714392
https://doi.org/10.1046/j.1523-1755.2003.00908.x
https://www.ncbi.nlm.nih.gov/pubmed/12675844
https://doi.org/10.1016/j.biopha.2023.115531
https://doi.org/10.3390/cancers12092647
https://www.ncbi.nlm.nih.gov/pubmed/32947941
https://doi.org/10.1002/advs.202301939
https://www.ncbi.nlm.nih.gov/pubmed/37752764
https://doi.org/10.1016/j.jbc.2023.102999
https://www.ncbi.nlm.nih.gov/pubmed/36773804

Biomolecules 2024, 14, 441 22 of 22

129. Cekig, S.Z.; Holtmann, D.; Giiven, G.; Mangold, K.-M.; Schwaneberg, U.; Schrader, . Mediated electron transfer with P450cin.
Electrochem. Commun. 2010, 12, 1547-1550. [CrossRef]

130. Panneerselvam, S.; Shehzad, A.; Mueller-Dieckmann, J.; Wilmanns, M.; Bocola, M.; Davari, M.D.; Schwaneberg, U. Crystallo-
graphic insights into a cobalt (III) sepulchrate based alternative cofactor system of P450 BM3 monooxygenase. Biochim. Biophys.
Acta (BBA)—Proteins Proteom. 2018, 1866, 134-140. [CrossRef]

131. Lazzara, PR.; Moore, T.W. Scaffold-hopping as a strategy to address metabolic liabilities of aromatic compounds. RSC Med. Chem.
2020, 11, 18-29. [CrossRef]

132. Dabhal, U.P; Joswig-Jones, C.; Jones, ].P. Comparative study of the affinity and metabolism of type I and type II binding quinoline
carboxamide analogues by cytochrome P450 3A4. . Med. Chem. 2012, 55, 280-290. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.elecom.2010.08.030
https://doi.org/10.1016/j.bbapap.2017.07.010
https://doi.org/10.1039/C9MD00396G
https://doi.org/10.1021/jm201207h
https://www.ncbi.nlm.nih.gov/pubmed/22087535

	Introduction 
	Metallic Nanoparticles, Metal Clusters, and Metal Ions 
	Coordination Complexes and Organometallic Compounds 
	Development of Inorganic Precursors for Photo-Controlled Inhibition of CYPs 
	Binding of Metal-Containing “Wires” with P450 Proteins 
	Photostable Inorganic Compounds Bearing Coordinated CYP Inhibitors 
	CYP Inhibition by Metal-Containing Compounds 
	Impact of Stability of Metal-Containing Compounds on CYP Inhibition 
	Structural Studies to Elucidate the Interactions between Inorganic Compounds and CYPs 
	Metabolism of Inorganic Drugs by Liver CYPs 
	Induction of CYPs by Metals, Metal-Containing Compounds and Drugs, and Enhanced Toxicity 

	Discussion and Conclusions 
	References

