5. ROLE OF METALS IN MEDICINE
There are an astonishing number and variety of roles that metals play in contemporary medicine.
This section contains information on the medicinal uses of inorganics, that is, of elements such as

iron, lithium, to name a few, as well as metal-containing species such as auranofin (Au).

In keeping with the notion that healthy mammals rely on (bio-essential) metals for the normal
functioning of approximately a third of their proteins and enzymes, a large number of drugs are
metal-based and considerable effort is being devoted to developing novel metal-based drugs. While
there is no doubt that there is an emphasis on 'metallotherapeutics’, the use of metals in medicine is

not restricted to metal-based drugs. The following are also find applications of metals in biology:

- non-invasive radiopharmaceuticals (e.g. technetium-based radiopharmaceuticals)

- Magnetic Resonance Imaging (MRI) (e.g. gadolinium-based paramagnetic contrast agents).

- mineral supplements (e.g. calcium supplement for bone growth).

There has been an appreciation of the role metal-based drugs play in modern medicine and a
considerable effort is currently devoted to the development of novel complexes with greater

efficacy as therapeutic and diagnostic agents.

Selected examples of metallotherapeutics and metal-based diagnostic agents:
Auranofin (Au) — used for treatment of arthritis

Cisplatin and carboplatin (Pt) — testicular and ovarian cancer

Oxaliplatin (Pt) — colorectal cancer

Myoview (Tc) — heart imaging

Ceretec (Tc) — brain imaging

Tc-MDP (Tc) — bone imaging



Other metals in medicine:

Iron — supplement for iron deficient anemia

Zinc - supplement for normal growth

Lithium — bipolar affective disorder

Boron — boron neutron capture therapy (BNCT)

Selenium — treatment of liver, prostate and bladder cancer
Rhenium — palliative treatment of bone pain

Vanadium — treatment of diabetes (current research)

Gold — anticancer (current research)

With regard to the metal complexes, it is the coordination chemistry of these metals that
determines the in vivo stability and action of these drugs. With regards to diagnosis, target
specificity is a requirement, and therefore the ligands act as shuttles but the physical nature of the
metal plays a role. We shall discuss in detail only the chemistry involved in platinum complexes as

chemotherapeutic anti-cancer agents, and in particular the action of cispatin will be discussed.

5.1 Modes of Action of Cisplatin

The discovery of cisplatin (cis-diamminedichloroplatinum, or cis-DDP) in the early 1960s

generated a tremendous amount of research activity as scientists strove to understand how the drug
worked in the human body to destroy cancer cells.

We now believe that cisplatin coordinates to DNA and that this coordination complex not only
inhibits replication and transcription of DNA, but also leads to programmed cell death (called

apoptosis).

As it turns out, however, formation of any platinated coordination complex with DNA is not
sufficient for cytotoxic (that is, cell-killing) activity. The corresponding trans isomer of cisplatin
(namely, trans-DDP) also forms a coordination complex with DNA but unlike cisplatin, trans-DDP

is not an effective chemotherapeutic agent.



Due to the difference in geometry between cis-and trans-DDP, the types of coordination complexes
formed by the two compounds with DNA are not the same. It appears that these differences are
critically important in determining the efficacy of a particular compound for the treatment of
cancer. For this reason, a great deal of effort has been placed on discovering the specific cellular
proteins that recognize cisplatin-DNA complexes and then examining how the interaction of these

proteins with the complexes might lead to programmed cell death of cancer cells.

(i) Cellular Uptake of Cisplatin

Before we describe the interactions of cisplatin in the cell, we need to understand how it gets there.
Cisplatin is administered to cancer patients intravenously as a sterile saline solution (that is,
containing salt—specifically, sodium chloride). Once cisplatin is in the bloodstream, it remains
intact due the relatively high concentration of chloride ions (~100 mM). The neutral compound then
enters the cell by either passive diffusion or active uptake by the cell. Inside the cell, the neutral
cisplatin molecule undergoes hydrolysis, in which a chloride ligand is replaced by a molecule of
water, generating a positively charged species, as shown below and in Figure 1. Hydrolysis occurs
inside the cell due to a much lower concentration of chloride ion (~3-20 mM)—and therefore a

higher concentration of water.

inside the cell:
PtlI(NH3)2CI2 + H20 -> [ Ptll(NH3)2CI(H20)]+ + Cl

[PtII(NH3)2CI(H20)]+ + H20 -> [PtlI(NH3)2(H20)2]2+



Once inside the cell, cisplatin has a number of possible targets: DNA; RNA; sulfur-containing
enzymes such as metallothionein and glutathione; and mitochondria. The effects of DNA on
mitochondria are not well understood, but it is possible that damage to mitochondrial DNA resulting
from cisplatin treatment contributes to cell death. The interaction of cisplatin with sulfur-containing
enzymes is better understood and is believed to be involved in resistance of cells to cisplatin. The
effects of cisplatin on RNA and DNA have been studied extensively. We will briefly discuss the
interaction of cisplatin with RNA. We will also describe the interaction of cisplatin with DNA in some
detail and discuss why DNA is the target of cisplatin that is believed to be responsible for cell death.

(i) Interaction of Cisplatin with RNA

Although cisplatin can coordinate to RNA, this interaction is not believed to play an important role
in cisplatin’s mechanism of action in the body for two reasons. First, a single damaged RNA
molecule can be replaced by newly synthesized material; studies have revealed that cisplatin does
not affect RNA synthesis (but that it does affect DNA synthesis). Second, when cisplatin was
administered in vitro at its lethal dose to a strain of cancer cells, only a small fraction (1% to 10%)
of RNA molecules were damaged.

(iii) Interaction of Cisplatin with DNA

Cisplatin coordinates to DNA mainly through certain nitrogen atoms of the DNA base pairs; these
nitrogen atoms (specifically, the N7 atoms of purines) are free to coordinate to cisplatin because
they do not form hydrogen bonds with any other DNA bases.

Many types of cisplatin—-DNA coordination complexes, or adducts, can be formed. The most
important of these appear to be the ones in which the two chlorine ligands of cisplatin are replaced
by purine nitrogen atoms on adjacent bases on the same strand of DNA; these complexes are
referred to 1,2-intrastrand adducts. The purine bases most commonly involved in these adducts are
guanines; however, adducts involving one guanine and one adenine are also found. The formation

of these adducts causes the purines to become destacked and the DNA helix to become kinked.

Due to its geometry, trans-DDP cannot form 1,2-intrastrand adducts with DNA. Since trans-DDP is
inactive in killing cancer cells, it is believed that the 1,2-intrastrand adducts formed between
cisplatin and DNA are important for the anticancer activity of cisplatin. We have seen how cisplatin

binds DNA, and now we want to understand how the binding of cisplatin to DNA leads to
programmed cell death.



Researchers have found that this binding affects both replication and transcription of DNA, as well
as mechanisms of DNA repair. The effects of both cisplatin and trans-DDP on DNA replication

were studied both in vitro (using cell extracts outside the host organism) and in vivo (inside the host
organism). In vitro studies on both prokaryotic (bacterial) and eukaryotic (mammalian) cells
revealed that DNA adducts of both cisplatin and trans-DDP blocked the action of DNA polymerase,
an enzyme necessary for replication. In particular, 1,2-intrastrand adducts of cisplatin with DNA all
stopped polymerases from doing their job. Likewise, in vivo studies showed that cisplatin and trans-
DDP inhibited replication equally well. Since other studies have shown that cisplatin is an effective
antitumor agent but trans-DDP is not, these results suggest that DNA replication is not the only
factor important for the clinical activity of cisplatin in destroying cancer cells. The effects of

cisplatin and trans-DDP on DNA transcription are harder to interpret than the effects on replication.



(iv) Cisplatin and DNA Repair

The cytotoxic activity of cisplatin may arise from the cell’s inability to repair DNA damage caused
by cisplatin. Indeed, in vitro studies on cell extracts suggest that the most common cisplatin—-DNA
adducts (that is, 1,2-intrastrand adducts) are not readily repaired by the excision repair system. It is
dangerous to draw too many conclusions from these studies, however, because there may be
mechanisms of repair present in the organism that are not apparent from studies on cell extracts

alone.

(v) Interactions of Cellular Proteins with Cisplatin-Damaged DNA

Researchers have conducted further studies to address the possibility that cisplatin’s cytotoxic
activity may result from a failure of the excision repair system. In this repair system before the
damaged portion of DNA is even excised from the rest of the strand, it must be recognized by the
cell. The cell detects DNA damage by the action of damage recognition proteins. Therefore, as a
first step in studying the excision repair system, researchers looked for evidence of proteins
attached to cisplatin—-DNA adducts. Several types of assays can differentiate between DNA that is
bound to a protein and free DNA; researchers have been able to use these assays to isolate several
proteins that bind to cisplatin~-DNA adducts. These proteins all contain a common portion (that is,
similar or even identical sequences of amino acids, which are the building blocks of proteins) called
a high mobility group (HMG); proteins in this class are called HMG-domain proteins. The tests
described above have shown that HMG-domain proteins bind cisplatin—-DNA adducts in vitro. In
vivo assays on yeast have also provided evidence that HMG-domain proteins are important for the
activity of cisplatin: cells lacking the gene that codes for HMG-domain proteins are less sensitive to
cisplatin than cells containing the gene, meaning that cisplatin is less effective in killing these cells.
This result suggests that HMG-domain proteins play an important role in cisplatin’s activity in
killing cells; these effects may also be in operation in mammalian cells. Two theories explain the
possible role of HMG-domain proteins in cisplatin’s cytotoxic activity. Many HMG-domain

proteins are transcription factors, meaning that they are required for the synthesis of RNA from a



DNA template. One theory asserts that if HMG-domain-containing transcription factors bind
preferentially to the cisplatin—-DNA adducts, they could wreak havoc with the transcriptional
machinery, possibly leading to cell death. A second theory suggests that when HMG-domain
proteins bind to the cisplatin—~DNA adducts, the adducts would not be recognized by the repair

machinery. DNA repair would then be slower than normal.

The cisplatin—-DNA adducts would then be more persistent than they would in the absence of HMG-
domain proteins, and DNA repair would be slower. This could interfere with the normal functions

of the cell (among them, replication and transcription) and possibly trigger cell death.

Tutorial 5

(a) Discuss the coordination chemistry involved in the action of cisplatin on DNA within cells.

(b) Metals play a variety of significant roles in medicine. Discuss these using 5 examples or more of
your choice. Use the following search options on Scifinder, Sciencedirect or Google: role of metals

in medicine, metallotherapeutics, metallodiagnostics, metallopharmaceuticals, etc.



