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Metal Complexes as Antiviral Agents for SARS-CoV-2

Johannes Karges* and Seth M. Cohen*®

The severe acute respiratory syndrome - coronavirus 2 (SARS-
CoV-2), the infectious agent responsible for COVID-19 - has
caused more than 2.5 million deaths worldwide and triggered a
global pandemic. Even with successful vaccines being delivered,
there is an urgent need for novel treatments to combat SARS-
CoV-2, and other emerging viral diseases. While several organic
small molecule drug candidates are in development, some

Introduction

On March 11, 2020, the World Health Organization (WHO)
officially declared the outbreak of the severe acute respiratory
syndrome - coronavirus 2 (SARS-CoV-2), the causative agent of
COVID-19, a global pandemic.” Fortunately, a considerable
number of efforts have produced effective vaccines from efforts
in both the pharmaceutical industrial and academia.” However,
there remains an urgent need for the development of addi-
tional therapeutics to treat this disease. While vaccinations
provide prophylactic protection for healthy adults, they may be
less effective for individuals with compromised immune
systems or other underlying medical conditions. In addition, the
emergence of viral variants could undermine the effectiveness
of current vaccines.” Indeed, the recently identified E484 K
mutation in the receptor binding domain of the spike protein
of a new SARS-CoV-2 strain has been shown to reduce vaccine
effectiveness.””

Throughout 2020, numerous drug discovery and develop-
ment campaigns have been initiated, involving the repurposing
of known drugs, as well as the development of novel drugs.
Several of these efforts have led to compounds that are
currently being evaluated in clinical trials.”’ Most of these efforts
are focused on conventional organic small molecules or anti-
body-based therapies.”” As an alternative, inorganic complexes,
which can exhibit biological activity, have also been explored.”
Notably, Messori® and Bergamini® have recently reported on
the potential of metal complexes as antiviral agents, including
for COVID-19. Herein, metal complexes investigated as antiviral
agents active against SARS-CoV-2 are critically discussed with
focus on their proposed mechanism of action.
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effort has also been devoted towards the application of metal
complexes as potential antiviral agents against SARS-CoV-2.
Herein, the metal complexes that have been reported to show
antiviral activity against SARS-CoV-2 or one of its target proteins
are described and their proposed mechanisms of action are
discussed.

Viral Life Cycle of SARS-CoV-2

A simplified version of the viral life cycle and the viral genome
of SARS-CoV-2 is presented in Figure 1. In the first step of viral
infection of a cell, the receptor binding domain of the spike
protein of SARS-CoV-2 binds at the cell surface protein
angiotensin-converting enzyme Il (ACE2). Using the host cell
transmembrane serine protease 2 (TMPRSS2), which is ex-
pressed in the human respiratory tract, the spike protein is
primed and the virus internalized by clathrin-mediated
endocytosis."” Studies have indicated that the endosomal/
lysosomal cysteine proteases cathepsin B and L can assist in this
process, but are not essential." The TMPRSS2 inhibitors
Camostat Mesylate and Nafamostat Mesylate are currently
being investigated in clinical trials to prevent viral cellular
entry.'””

Following cellular uptake, the viral genome is released into
the host cell cytoplasm. Upon translation of the open reading
frames ORFla and ORF1b from the genomic RNA, the
polyproteins ppla and pplab are generated and sixteen non-
structural proteins (Nsp) are co-translationally released. Among
these, Nsp3, also referred to as the papain-like protease (PL"),
and Nsp5, also referred to as 3-chymotrypsin-like protease
(3CLP™) or main protease, are used for proteolytic processing of
the majority of the polyprotein cleavage sites. Interference with
the activity of these proteases can disrupt the viral life cycle,
providing additional targets for therapeutic intervention.'
Clinical studies have demonstrated that coronavirus patients
treated with protease inhibitors showed reduced symptoms
and a decreased mortality rate™ The clinically-approved
compound Disulfiram has been proposed as a PL’® inhibitor
and the compounds Lopinavir, Ritonavir, Darunavir, and Cobici-
stat are being investigated as 3CLP* inhibitors in ongoing
clinical trials.*¥ Nsp2-11 were determined to be involved in the
generation of the viral replication and transcription complexes
by modulation of intracellular membranes, evasion of the host
immune system, and providing cofactors for replication. In
addition, Nsp12-16 are associated with RNA preparation, proof-
reading, and modification."”™ RNA synthesis is performed by
Nsp12, the RNA-dependent RNA polymerase (RdRp), and Nsp13
is a viral helicase."® RNA synthesis is crucial for viral replication
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Figure 1. Top: Simplified viral life cycle of SARS-CoV-2. The therapeutic targets discussed here include the angiotensin-converting enzyme Il (ACE2, PDB: 2AJF),
papain-like protease (PL"™, PDB: 7NFV), the 3-chymotrypsin-like protease (3CL", PDB: 6Y2F) and helicase (Nsp13, PDB: 6ZSL) boxed in red. The secondary
structure of the proteins is highlighted with o-helices in red and B-sheets in yellow. The Zn(ll) ions in the crystal structures of ACE2, PL?°, and NSP13 are

colored in green. Bottom: Single stranded RNA genome of SARS-CoV-2.

and therefore presents yet another target for drug develop-
ment. The compounds Favipiravir, Ribavirin, Penciclovir, Galide-
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sivir, and Remdesivir are currently under investigation in clinical
trials as inhibitors for the viral RNA synthesis machinery.®
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Ultimately, the translated proteins assemble together and
translocate to the endoplasmic reticulum and Golgi apparatus
network. Following this, upon rearrangement of the viral
content and sealing of the spherical capsid the virions mature
and are released from the host cells by exocytosis.'” Based on
the different stages of the viral life cycle, several enzymes are
considered possible therapeutic targets. In the following
sections, metal complexes which have been studied as inhib-
itors for these enzymes are discussed.

Angiotensin-Converting Enzyme Il (ACE2)

ACE2 is a Zn-dependent metalloenzyme that is attached to the
membranes of cells found in the lungs, arteries, heart, kidneys,
and intestines."”™ As a transmembrane protein, ACE2 was
identified as a cellular entry receptor for SARS-CoV-2 via the
viral spike protein. Consequently inhibition of the interaction of
ACE2 with the spike proteins could potentially block viral entry
into the host cells."” Consistent with this hypothesis, clinical
studies on patients infected with SARS-CoV-2 and diagnosed
with hypertension demonstrated a drop in mortality rate from
9.8% to 3.7% upon treatment with ACE2 inhibitors and
angiotensin |l receptor blockers, suggesting a connection
between the blockage of viral cellular entry and therapeutic
efficiency."

Au complexes functionalized with N-heterocyclic carbene or
alkynyl ligands Au1-Au5 as well as Auranofin (Figure 2) have
been studied by Ott and co-workers as inhibitors of ACE2. Using
an enzyme-linked immunosorbent assay (ELISA), the ability of
the Au(l)/Au(lll) compounds to inhibit binding of the spike
protein receptor binding domain to the ACE receptor was
quantified. The tested Au complexes were found to have a half
maximal inhibitory concentration (ICs,) in the micromolar range
(ICsp=16.2-25.0 uM). As described in the next section, these
metal complexes were also inhibitors of the Papain-like
protease (PL"°) of SARS-CoV-2, presenting a possible multi-
modal mechanism of action.””

Papain-Like Protease (PL"™)

PLP® and 3CLP*° are essential enzymes of SARS-CoV-2. These
proteins are necessary for the cleavage of the viral polyproteins
that regulate viral replication and transcription and influence
viral maturation and infectivity."® In addition to the previsouly

AcO

A5
AcO u) o~ @[ SHAU-CI
(7 %

Auranofin Au1 Au2

>—Au cl @ A :@
)

Au3

described inhibition of the ACE2 interaction with the spike
proteins (Figure 1), Ott and co-workers also tested the same Au
complexes as inhibitors of the cysteine protease PL”. Interest-
ingly, while Au3 (IC5,> 100 pM) and Au4 (IC5, > 50 uM) did not
inhibit PL’® in an enzymatic assay, the other Au complexes
(Au1, Au2, Au5) demonstrated inhibition of PL"™ in the low
micromolar range (IC5,=0.96-1.44 uM). Auranofin, a clinically
approved antirheumatic agent,”” showed slightly better inhib-
ition in the high nanomolar range (IC5,=0.75=+0.13 pM).”*
Au(l) complexes are well known to be highly thiophilic and can
form coordinate covalent adducts with thiol groups of cysteine
residues. Some Au complexes have shown to bind to cysteine
residues in metalloproteins, resulting in ejection of the metal
ion from the coordination site.”? Based on these findings, the
authors investigated the ejection of Zn(ll) ions from PLP* using
a Zn-selective fluorescent chelator. Although exposure to some
of the Au(l)/Au(lll) complexes did result in Zn(ll) ejection from
PLP™ (as shown by a fluorescence assay using the Zn-specific
fluorophore FluoZin-3), details of the amount of Zn(ll) ejected
(i.e., molar amount per PLP® protein) were not provided in this
study. In addition, a substantial amount of Au(l)/Au(lll) complex
(50 uM), a 100-fold excess over the concentration of PLP®
protein (500 nM), was reported as necessary to achieve Zn(ll)
ejection.”” The metal complexes with the strongest inhibitory
activity were also found to result in the greatest amount of Zn
ejection. Previous studies on Aul, Au3, and Au5 demonstrated
that these compounds are cytotoxic,”® which will likely prevent
their further utility as SARS-CoV-2 therapeutics.

Beyond the ability to inhibit PL?®, Marzo and Messori
proposed that Auranofin (Figure 2) could also act as a SARS-
CoV-2 therapeutic® based on the known ability of this
compound to inhibit redox enzymes such as thioredoxin
reductase, the induction of endoplasmic reticulum stress, and
the activation of the unfolded protein response in cells.”
Studies have shown that endoplasmic reticulum stress and the
activation of the unfolded protein response significantly
contributes to viral replication and pathogenesis in
coronaviruses.” Cells infected with coronaviruses were found
to have an upregulated unfolded protein response.”” It was
hypothesized that Auranofin could potentially intervene by
inhibition of redox enzymes and by causing endoplasmic
reticulum stress, hampering SARS-CoV-2 protein synthesis.
Indeed, a recent study by Rothan and Kumar showed a 95%
reduction of viral SARS-CoV-2 RNA (after 48 h) in human cells
(Huh?7) upon treatment with Auranofin at low micromolar
concentrations (4 uM).?® In light of these results, Auranofin may
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Figure 2. Chemical structures of N-heterocyclic carbene or alkynyl functionalized Au(l) (Auranofin, Au1, Au3-Au5) or Au(lll) (Au2) complexes as angiotensin-

converting enzyme Il (ACE2) or Papain-like protease (PL") inhibitors.
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possess greater potential as an antiviral agent for SARS-CoV-2
when compared to other Au complexes.

Ebselen (Figure 3) is an organoselenium drug with a wide
range of reported biological activities, including anti-inflamma-
tory and anti-oxidant activity.” It has not received FDA
approval for use in humans for any indication, although it has
been examined in a handful of Phase Il and Phase Il clinical
trials. Although selenium is not a metal, it is classified as a
metalloid and as such is included here as a compound of
interest. Similar to the Au(l)/Au(lll) compounds described above,
Ebselen was also investigated as a potential Zn(ll) ion ejector
for PLP®. The compound showed activity against the PLP™®
enzyme (IC;, ~2.4 uM), and even showed modest activity
towards SARS-CoV-2 in infected kidney epithelial Vero E6 cells.
Zn(ll) ejection was monitored using the same Zn-selective
fluorophore (FluoZin-3) with high equimolar concentrations of
Ebselen and PL?™ enzyme (5 pM each). Details of the amount of
Zn(ll) ejected per PLP™ protein were not provided in this study.
Using matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF), the covalent linkage of
Ebselen to PLP was investigated. Upon incubation with
Ebselen, mass spectrometry experiments produced very broad
peaks that shift towards higher molecular weights, which the
authors attributed to the binding of one or even two molecules
of Ebselen to PL? however, these data are not of sufficient
resolution to definitively assign binding of Ebselen to the
enzyme.®” Computational experiments were presented that
suggest that Ebselen could be covalently bound to the catalytic
Cys111 residue in PLP°.B3" As shown below, Ebselen was also
found to be an inhibitor of the 3-chymotrypsin-like protease
(3CLP™®) of SARS-CoV-2, presenting a possible multimodal
mechanism of action. Despite these findings, the application of
Ebselen as a potential SARS-CoV-2 therapeutic is limited as this
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compound is highly non-specific and has been reported to bind
to cysteine residues in many other enzymes, including chaper-
onin, heat shock protein 70, -tublin, vimentin, enolase |, and
laminin receptor 1.5?

3-Chymotrypsin-Like Protease (3CL"")

The 3CLP° protease, which is also referred to as the main
protease (MP™), is required for processing of the viral poly-
protein and is therefore essential for viral replication and
transcription.”® While Ebselen was found to inhibit PLP® as
described above, this compound was also identified in an
enzymatic high-throughput screening of a library of more than
10000 compounds to inhibit 3CL"® in the nanomolar range
(IC50=0.67 £0.09 uM). In an antiviral cellular assay using SARS-
CoV-2 infected Vero E6 cells, Ebselen was shown to have a half-
maximal effective dose (ECs,) in the micromolar range (ECg,=
4.67 uM). Using tandem protein mass spectrometry, the metal
complex was found to form multiple adducts with the enzyme
(with 1-2 Ebselen molecules bound); however, the majority of
3CLP™ remained unmodified.®¥ Computational modeling studies
suggest that the compound could interact with the catalytic
Cys145 residue.”*" Capitalizing on these findings, Santi and co-
workers made a series of Ebselen derivatives and screened
them in an enzymatic 3CLP* assay (Figure 3). The majority of
derivatives (Se1-Se3, Se5, Se7-Se14) had similar or poorer
activity than Ebselen (IC5,=121.0+46.5 nM) against 3CL"™.
Only compounds Se4 (IC;,=149.5+18.1 nM) and Se6 (IC;,=
56.34+31.1 nM) were found to display modestly improved
inhibition. A handful of the compounds in this study were
further tested in a cell assay. While Se2 was found to have an
IC5, value comparable to Ebselen, Se2 demonstrated a greater

—

-

00 ,— oo
o o]
Cgt Uy
sé& se
o]
o_

Seb Se7

[ele] S
(o]
N
Se
—
(o]
o]
Seb

Cg® Cg® @i:- @Q CrgOc @p ok

Se8 Se9 Se10

Se11

Sel2 Se13 Sel14

Figure 3. Top: Chemical structure of the organoselenium compound Ebselen and its proposed reaction with cysteine residues of proteins to form covalent
adducts. If the cysteine residue is bound to a Zn(ll) ion, reaction with Ebselen can result in ejection of the Zn(ll) ion from the protein. Bottom: Amide
functionalized derivatives of Ebselen investigated as inhibitors for PL* and/or 3CL"".
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activity when compared to Ebselen in the cellular assay,
suggesting that derivatization may be useful for obtaining more
bioactive compounds in vivo.>”

The Cohen group has recently reported Re(l) tricarbonyl
complexes as inhibitors of 3CL". Using computational docking
methods, 2,2-bipyridine Re(l) tricarbonyl complexes were
identified as potential metal-based fragments for binding to the
catalytic Cys145 residue (Figure 4).Based on these docking
studies, metal complexes with various functional groups on the
2,2-bipyridine scaffold were prepared with chloride or water
molecules as labile ligands (Figure 5). To investigate the release
of the labile chloride or water ligands in the presence of amino
acids, the Re(l) tricarbonyl complexes were exposed to several
different amino acids and their reactivity monitored. The metal
complexes reacted completely with the thiol group of a
cysteine, but did not react, or only slowly reacted with other
polar (i.e., metal coordinating) amino acids. While the aqua
complex was shown to react quickly with cysteine (within one
hour), the analogous chloride compounds required days,
demonstrating the importance of the labile ligand. Following
this, the ability of such metal complexes to inhibit 3CL"™ was
investigated. All Re(l) tricarbonyl complexes Re1-Re21 showed
activity at an inhibitor concentration of 50 uM. Further examina-
tion of the most potent compounds revealed that inhibition in
the low micromolar range could be achieved (e.g., Re13, IC;,=
7.5+1.3 pM). Due to the reactivity of these compounds with
sulfur containing biomolecules, the interaction with glutathione
was investigated. Pre-incubation of Re13 with glutathione
(240 min), resulted in only a slight loss of activity (IC5,=9.1+
1.8 uM). The binding of these complexes to 3CL" was

investigated by electrospray ionization time-of-flight mass
spectrometry (ESI-TOF). While the native protein was found to
have a well-resolved mass of m/z 33797, upon incubation with
Re1 for 2h a new peak at m/z 34225 was observed, which
precisely corresponds to a single attached Re(l) tricarbonyl
complex. To identify the specific Cys residue modified by Re1,
3CLP™ was first incubated with GC376, a known inhibitor that
covalently modifies Cys145. Following incubation with GC376,
the enzyme was then exposed to Rel. ESI-TOF revealed a
GC376-protein adduct (m/z 34201) under these conditions, with
no mixture of adducts and no addition of the Re1, suggesting
that Rel targets the same residue (Cys145). Finally, the
selectivity of these Re(l) compounds towards the human
proteases serine protease dipeptidyl peptidase-4 (DPP4), aspar-
tate protease beta-secretase 1 (BACE1), and cysteine protease
cathepsin B was evaluated. Lead compound Rel13 did not
inhibit DPP4 or cathepsin B (IC5,> 100 uM), while only weak
inhibition of BACE1 (IC5,=89.2+5.7 uM) was observed, indica-
tive of some selectivity of the Re(l) tricarbonyl complexes for
3CLP°.B9 These findings are noteworthy, because previously
reported organic covalent inhibitors of 3CL?° showed inhibition
of cathepsins, particularly cathepsin B, resulting in potential off-
target activity and possible side effects.’” This is particularly
problematic as these enzymes are found in the respiratory cells
that are infected by SARS-CoV-2.5%

Figure 4. Computationally predicted binding pose of the [Re(2,2'-bipyridine)(CO),] " fragment bound to the thiol group of Cys145 of 3CL"° (PDB of 3CL""*:

6Y2F).
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Figure 5. Chemical structures of Re(l) tricarbonyl complexes as 3-Chymotrypsin-like protease (3CL"°) inhibitors. The metal complexes were isolated as triflate

salts.
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Figure 6. Chemical structures of Bi(lll) complexes as helicase (Nsp13) inhibitors. The oxygen atoms marked with an asterisk in Bi4 belong to adjacent citrate

molecules.

Helicase (Nsp13)

The RNA-dependent RNA polymerase (RdRp, Nsp12) and the
Helicase (Nsp13) are responsible for the viral replication of the
genome. Studies have shown that the inhibition of the Zn-
dependent Nsp13 hampers these vital viral processes and as
such presents a promising target for drug development."® Yuen
and Sun demonstrated the potential of Bi(lll) complexes Bi1-
Bi4 (Figure 6) as replication inhibitors and therefore potential
therapeutics for SARS-CoV-2. Using a fluorescence resonance
energy transfer (FRET) based assay, the ability of several Bi(lll)
complexes to inhibit ATPase and to unwind DNA was inves-
tigated. The Bi(lll) complexes were found to inhibit the activity
of ATPase (ICsoprpase =0.69-4.68 pM) and to unwind DNA
(ICs0unwina=0.70-3.69 uM). Based on these results, the half
maximal cytotoxic concentration (CCs,) and ECs, values in
infected Vero E6 cells was tested. All of the Bi(lll) complexes
demonstrated antiviral activity in infected Vero E6 cells in the
low micromolar range (EC;,=2.3-7.5 uM), with some achieving
a high therapeutic index (707 for Bi3, 975 for Bi4, Figure 6).>”
As Bi(lll) containing compounds have been previously shown to
replace Zn(ll) ions in metalloproteins and thereby reduce the
activity of the corresponding metalloenzyme”® this was
considered a possible mechanism of action for these com-
pounds. Nsp13 was incubated with various concentration of Bi4
and the displacement of the three Zn(ll) ions with Bi(lll)
measured using inductively coupled plasma mass spectrometry
(ICP-MS). Of note, several essential SARS-CoV-2 proteins are
Zn(ll)-dependent, including Nsp10, Nsp12, Nsp13, Nsp14, and
PLP. In this case, the authors only studied Zn(ll) displacement
from Nsp13, but acknowledge that other Zn(ll)-dependent
SARS-CoV-2 proteins could also undergo displacement by the
Bi(lll) complexes. Upon titration of Bi4 up to an excess of 10
equivalents compared to Nsp13, ~2.9 Zn(ll) ions were displaced,
indicating that this may contribute to the mechanism of
action.?” The most potent compound was ranitidine bismuth
citrate Bi4, which is a clinically approved drug for the treatment
of Helicobacter pylori infections and peptic ulcers.*” Bi4 was
investigated in vivo for SARS-CoV-2 using a Syrian hamster
model. The metal complex was intraperitoneally injected
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(15 mg/kg body weight) for four consecutive days in SARS-CoV-
2 infected hamsters. While the animals in the control groups
developed symptoms for the viral infection such as lethargy,
ruffled fur, hunched back posture, and rapid breathing after
2 days, the animals treated with Bi4 did not show these
symptoms. Consistent with this observation, hamsters treated
with Bi4 showed an order of magnitude lower viral load than
the untreated control group, confirming a reduction in SARS-
CoV-2 viral load.®?

Summary and Outlook

Since its outbreak, the COVID-19 infections have had a
profound effect on all aspects of human life, health, and
economic activity around the world. Based on the high infection
and the mortality rates, there is an urgent need for novel
therapeutics. While the majority of drug candidates under
investigation are organic molecules and antibodies, some
attention has also been devoted towards the use of metal
complexes. Metal complexes offer distinct mechanisms of
action when compared to organic compounds based on their
rich molecular geometries, their ability to undergo ligand
exchange reactions, and accessible redox processes. Based on
the early results described in this review, it is expected that
further efforts could lead to metal-based inhibitors with
improved affinity and selectivity, that ultimately may present an
alternative to the more conventional therapeutics currently
under investigation. Demonstration of potent and selective
antiviral SARS-CoV-2 activity by a metal-based compound
would be an important validation for the viability of novel
metallodrugs.
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