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Abstract: Since its outbreak, the severe acute respiratory
syndrome—coronavirus 2 (SARS-CoV-2) has impacted the
quality of life and cost hundreds-of-thousands of lives world-
wide. Based on its global spread and mortality, there is an
urgent need for novel treatments which can combat this disease.
To date, the 3-chymotrypsin-like protease (3CLP"), which is
also known as the main protease, is considered among the most
important pharmacological targets. The vast majority of
investigated 3CLP™ inhibitors are organic, non-covalent bind-
ers. Herein, the use of inorganic, coordinate covalent binders is
proposed that can attenuate the activity of the protease. Re'
tricarbonyl complexes were identified that demonstrate coor-
dinate covalent enzymatic inhibition of 3CLF™. Preliminary
studies indicate the selective inhibition of 3CL™ over several
human proteases. This study presents the first example of metal
complexes as inhibitors for the 3CLP™ cysteine protease.

Introduction

Since its outbreak in December 2019 in Wuhan (Hubei,
China), the severe acute respiratory syndrome—coronavirus
2 (SARS-CoV-2) has spread across the world. On 11" March,
the World Health Organization (WHO) officially declared
this pulmonary disease as a global pandemic. To date, more
than 96 million cases have been reported with more than
2 million confirmed deaths,"! creating an urgent need for the
development of novel therapeutics.

The papain-like protease (PLP™) and the 3-chymotrypsin-
like protease (3CLP™), which is also known as the main
protease, are considered among the most important viral
targets for SARS-CoV-2. Clinical studies have indicated that
infected patients treated with protease inhibitors have shown
reduced symptoms and mortality.” The PLP® and 3CLP™
proteases are responsible for the processing of the viral
polyproteins pp. la and pp. 1b that mediate functions re-
quired for viral replication and transcription and are crucial
for viral maturation and infectivity.** The inhibition of these
proteases significantly disrupt the viral life cycle, presenting
an important opportunity for therapeutic intervention.! The
compound disulfiram, which is approved for chronic alcohol
dependence, has been reported to inhibit the PLP™ protease of
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SARS and is currently under investigation for SARS-CoV-
2.7 Recently, the use of Au complexes as potential therapeu-
tics has been reported, including as PLP™ inhibitors."*] As
inhibitors of the 3CLP™ protease, the approved HIV ther-
apeutics Lopinavir and Ritonavir are being studied in Phase
111 clinical trials for SARS-CoV-2."! In addition, a number of
other organic compounds are under consideration in preclin-
ical trials as inhibitors of these proteases.'*"*l Among these
compounds, a handful of inhibitors have been identified that
covalently bind to the catalytically active Cysl45 amino
acid.®% Despite these contributions, irreversible Michael
acceptors such as Rupintrivir have failed in clinical trials due
to their low bioavailability,"® in part due to reactions with off-
target biological thiols. To address this limitation, the
generation of reversible Cys-binding inhibitors has received
increased attention in order to better target the Cys145
residue in the 3CLP™ protease active site.!'”!

Metal-based coordination compounds can exhibit sophis-
ticated 3-dimensional (3D) shapes!"*?* and can be designed to
have selective reactivity, providing a pathway to develop
covalent enzyme inhibitors.”>?"l In this context, the use of 3D
metal complexes as potential coordinate covalent inhibitors
for the SARS-CoV-2 main protease 3CLP™ is presented. A
[Re(2,2'-bipyridine)(CO);]* fragment was identified that
could bind to the catalytically active Cysl45 amino acid
through a metal-cysteine bond. The 2,2'-bipyridine ligand of
the fragment was derivatized with various functional groups
and chloride and water axial capping ligands were examined
to develop a rudimentary structure-activity relationship
(SAR). The resulting complexes were synthesized, charac-
terized, and their in vitro activity investigated. To the best of
our knowledge, these are the first metal complexes reported
as inhibitors for the SARS-CoV-2 main protease 3CLP™.

Results and Discussion
Rational Design

Previous studies by Fricker and co-workers demonstrated
that Au™, Pd", and Re" complexes can inhibit the activity of
the cysteine proteases Cathepsin B and K. These studies
indicated that metal complexes can interact with catalytically
active cysteine residues upon release of monodentate ligands
to form coordinate covalent, but reversible, adducts.”®?"
These studies provided the motivation to examine a variety
of metal complexes for activity against 3CLP™. Complexes of
Pb, Bi, Te, Ni, Cu, Zn, Ru, Rh, Pd, Ag, Cd, Re, Pt, Au, and Hg
were considered due to their high metal-sulfur bond enthalpy,
especially in comparison to their metal-oxygen or metal-

Angew. Chem. Int. Ed. 2021, 6o, 10716 —10723


http://orcid.org/0000-0001-5258-0260
http://orcid.org/0000-0001-5258-0260
http://orcid.org/0000-0001-7139-7517
http://orcid.org/0000-0001-7139-7517
http://orcid.org/0000-0002-5233-2280
http://orcid.org/0000-0002-5233-2280
https://doi.org/10.1002/anie.202016768
http://dx.doi.org/10.1002/anie.202016768
http://dx.doi.org/10.1002/ange.202016768

GDCh
) —

nitrogen bond enthalpy, which would be expected to produce
high thiophilicity for Cys residues over other amino acid
residues.”™*!1 Coordination compounds of these metals that
were generally associated with poorer biological compatibil-
ity were removed from further consideration, resulting in
compounds based on Ru, Rh, Pd, Re, Pt, or Au as possible
options. Subsequently, known classes of compounds (Fig-
ure S1) possessing one vacant coordination site to allow for
a metal-Cys bond were then modelled inside the active site
pocket of 3CLP™.

The molecular geometry of potential candidates (Fig-
ure S1) was determined using density-functional theory
(DFT) calculations; each candidate possessed a chlorine
atom as a placeholder for the enzyme coordination site. The
geometry of the calculated structures was verified by com-
parison with crystal structures of structurally related com-
pounds from the Cambridge Crystallographic Data Centre
(CCDC). For docking experiments, the chlorine atom was
removed to yield the “active” fragment for enzyme binding
which was further considered as a rigid body. The metal
complex was then docked to the Cys residues found in 3CLP™.
The enzyme possesses 12 Cys residues (Cys16, Cys22, Cys38,
Cys44, Cys85, Cysll7, Cysl28, Cysl45, Cysl156, Cysl60,
Cys65, Cys300); however, the majority of these are buried
inside the protein, with only three Cys (Cys85, Cysl45,
Cys156) surface accessible to fragments. After coordinating
covalent docking of the complexes to these Cys residues, the
binding pose was energetically minimized and scored using
the GBVI/WSA dG force fields provided by MOE.

Among the modelled compounds, the fac-Re(CO);(NN)
(NN =bidentate nitrogen-donating ligand) fragment stood
out as an attractive candidate (Table S1) that matched the
protein architecture and could potentially react with the
Cys145 active site residue (Figure 1, Figure S2). Among the
docked binding poses, the fragment with the lowest energy
was found to coordinate to Cys145 and not the other surface
Cys residues. Previous studies have discussed the application

Figure 1. Docking pose of the [Re(2,2"-bipyridine) (CO);]" fragment
bound to the thiol of Cys145 in the active site of 3CLP"*.
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of Re' tricarbonyl as anticancer agents, luminescent probes, or
radio-imaging agents, suggesting the biocompatibility of such
compounds.>*” Additional docking studies were performed
with the scaffold that possessed symmetric substituents in all
positions of the 2.2'-bipyridine ligand (vide infra). The
docking pose of the Re' tricarbonyl complexes functionalized
with polar groups demonstrated opportunities to interact with
the protein active site by hydrogen bonding and hydrophobic
interactions. With these docking studies in hand, a series of
complexes with either chloride or water as a labile ligand were
synthesized, characterized, and evaluated as 3CLP™ inhibitors.

Synthesis and Characterization

The synthesis of complexes 1, 3-7, 10-12, 17-18, 20, 22, 27,
and 32 have been previously described (see Supporting
Information for details), while 2, 8-9, 13-16, 19, 21, 23-26,
28-31, and 33-42 have not been previously reported (Fig-
ure 2). The functionalized 2,2'-bipyridine derivatives were
prepared via literature procedures (see Supporting Informa-
tion for details). The chloride capped Re' tricarbonyl
complexes 1-21 were synthesized by complexation of penta-
carbonylchlororhenium with the corresponding 2,2'-bipyri-
dine ligand. The aqua Re' tricarbonyl complexes 22-42 were
prepared by treatment of the chloride coordinated complex
with silver trifluoromethanesulfonate, followed by precipita-
tion upon addition of water. The aqua complexes were found
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Figure 2. Chemical structure of Re' tricarbonyl complexes investigated
in this study. The aqua coordinated complexes were isolated as triflate
salts.
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to generally have higher aqueous solubility then the corre-
sponding chloride coordinated complexes. The identity of the
resulting compounds was verified by NMR spectroscopy and
high-resolution mass spectrometry (HRMS). The purity of all
compounds was confirmed by HPLC analysis (Figure S3-S7).

The molecular structure of several Re' tricarbonyl com-
plexes was determined by single-crystal X-ray diffraction. The
structures 1,551 61401 7141421 70 151 17 1401 77 [44] 18 [45] 20,146)
27,4 and 321! have already been reported. The structures of
compounds, 3, 8,13, 14, 15, 19, 22, 37, and 42 are reported here
(Figure 3, Table S2-S4). Although the structures of com-

w—\

"

20 22 37 42
Figure 3. X-ray crystal structures of Re' complexes 3, 7, 8, 11, 13, 14,

15, 19, 20, 22, 37, and 42 (50% probability ellipsoids). Solvent, anions,
and hydrogen atoms have been omitted for clarity.””

pounds 7, 11, and 20 have been reported elsewhere (as
mentioned above), new structures of these compounds were
obtained that possess different cell parameters reflective of
solvent molecules used during the crystallization process. All
of the structures show that a central Re' ion is bound to the
bipyridine in a bidentate fashion, with the remaining Re'
coordination sphere occupied by three carbonyl ligands and
an axial chloride ion or water molecule. In the water bound
complexes, triflate anions charge balance the overall mono-
cationic charge of the complex. Interestingly, compound 3 is
the first 3,3'-disubstituted 2,2'-bipyridine crystal structure
using this Re' based scaffold and the bulkiness of the adjacent
hydroxyl groups in the 3-position resulted in distortion of the
typically planar aromatic bipyridine rings to an out-of-plane
motif. Moreover, the distorted planar angle resulting from
steric bulk is also noteworthy in compounds 19 and 42 with
6,6'-subsituted bipyridine ligands (Figure S8). In compound
19 the N;-Re-Cl, bond angle is 82.22(7)° and in compound 42
the N;-Re;-O; bond angle is 79.52(12)° with deviations of
7.88° and 10.48° degrees from complete planarity (see
Supporting Information for details). For several of the studies
described below, the Re' tricarbonyl complexes with the
unsubstituted 2,2"-bipyridine ligand (chloride 1 and water 22
coordinated) were used as model compounds for each
respective groups of compounds.
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Stability

The stability of these compounds is an essential parameter
for application as an enzyme inhibitor.*¥! Representative
complexes 1 and 22 were incubated in water or phosphate
buffered saline (PBS) at 37°C for 24 h in the dark and then
analysed by HPLC. Compound 22 did not show any changes
over the course of this experiment, while 1 showed slow
hydrolysis of the chloride ligand, to yield complex 22
(Figures S9, S10). No other degradation products of these
compounds were observed over this time period, suggesting
that only the hydration of the chloride complex 1 needs to be
considered in the context of the other experiments described
herein.

Reactivity with Amino Acids

The interaction of the chloride (1) and aqua (22) Re'
tricarbonyl complex with amino acids containing cationic (N~
p-tosyl-L-arginine methyl ester, L-histidine methyl ester, L-
lysine methyl ester), anionic (N,-tfert-butoxycarbonyl-L-as-
partic acid tert-butyl ester), polar (L-serine methyl ester, L-
asparagine fert-butyl ester), and sulphur (L-cysteine methyl
ester, L-methionine methyl ester) side chains was investigated
(Figure 4) using equimolar amounts of metal complex and
amino acid. Previous studies have indicated that Re' tricar-
bonyl complexes are able to react with Cys derivatives!*¥]
and a crystal structure has revealed that the Cys is covalently
bound in axial position.*

The Re' tricarbonyl complexes 1 and 22 were incubated in
water at 37 °C with the corresponding amino acid for 24 h and
analysed by HPLC. While 1 did not react with the majority of
amino acids, it did react with L-cysteine methyl ester,
presumably due to the high thiophilicity of the Re' centre.
In contrast, 22 showed reactivity toward the acidic N-tert-
butoxycarbonyl-L-aspartic acid fert-butyl ester and the basic
L-histidine methyl ester amino acids, but did not achieve full
conversion over 24 h. Notably, the incubation of 22 with L-
cysteine methyl ester resulted in a single product peak with
full conversion within 24 h. For additional insight into the
kinetics of the capping group, the hydrolysis of the chloride
ligand was investigated upon incubation of 1 in water and
determination of the amount of hydrolysed product by HPLC
in a time-dependent manner. Based on this experiment, the
difference in reactivity between 1 and 22 can be explained by
the slow hydrolysis rate of the chloride ligand in 1 with a value
of 0.355+0.051x10°s™". Following this evaluation, the
crude product of the incubation of 22 with L-cysteine methyl
ester was analysed by ESI-MS confirming the generation of
[Re(2,2'-bipyridine)(L-cysteine methyl ester)(CO);]
([M+H]" caled for C;;H;;N;OsReS: 562.0, found: 562.4).
These results suggest that these compounds could serve as
coordinate covalent inhibitors by binding to the catalytically
active Cys145 in 3CLP™.

Following this assessment, the reaction of 22 with L-
cysteine methyl ester was further investigated. Using the
carbonyl signals in the IR spectrum, the change of the
coordination sphere of the Re' complex can be used to
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Figure 4. HPLC traces of the chloride 1 (top) and aqua 22 (bottom)
Re' tricarbonyl complexes after exposure to amino acids for 24 h.

monitor its reactivity (Figure S11). As expected, the carbonyl
signals from the starting material 22 (2047, 1935, 1905 cm™")
to [Re(2,2'-bipyridine)(L-cysteine methyl ester)(CO);] (2050,
1930, 1900 cm ™) are shifted. Furthermore, additional peaks
for the methyl ester (1719 cm™') and the broad amine signal
(2940 cm ') stemming from the amino acid also appear. This
interaction was also investigated by using UV/Vis absorption
spectroscopy (Figure S11). Compound 22 and L-cysteine
methyl ester were mixed and the absorption spectrum was
collected every 2 min for 120 min. The absorption spectrum
shows immediate changes and within 30 min forms a new
spectrum with the appearance of two isosbestic points,
indicating a clean transformation of 22 to the Cys adduct.
After 60 min, no further changes in the absorption spectrum
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was observed. The interaction of 22 with L-cysteine methyl
ester was also investigated by '"H NMR spectroscopy (Fig-
ure S11). Immediately after mixing of the two starting
materials (~5 min), a new set of signals was observed
indicative of the formation of [Re(2,2"-bipyridine)(L-cysteine
methyl ester)(CO);]. While the aromatic protons of the
bipyridine ligand were shifted high field, the 3-CH, of the
cysteine side chain and a-CH protons were shifted slightly low
field. Within 60 min, the signals for 22 completely disap-
peared, suggesting a full conversion to the amino acid metal
complex.

The relatively rapid reactivity of 22 with thiol-containing
molecules could be potentially problematic due to the high
concentration of glutathione in cells. The axial functionalized
Cys (43) and glutathione (44) derivatives were synthesized by
mixing of the corresponding thiol with 22 in water overnight
(see Supporting Information for details). To study the
reversibility of this reaction, 43 was incubated with equimolar
amounts of glutathione and 44 with Cys at 37°C. After 24 h,
the generated products were analysed by HPLC. The bound
thiol was exchanged in both cases, showing the reversibility of
this reaction (Figure S12) and therefore the possibility of the
Re' tricarbonyl complex to interact with Cys145 in 3CLP™
despite the presence of other reactive biological thiols.

Biochemical Evaluation

After confirmation of the ability of the Re' tricarbonyl
complexes to coordinate covalently bind to Cys derivatives,
the binding to the SARS-CoV-2 3CLP™ was investigated using
ESI-TOF MS.F! While the native protein was found to have
a deconvoluted mass of 33797 (Figure S13), upon incubation
with 22 for 2h the mass shifted to 34225 (Figure S14),
corresponding to a single attached Re' tricarbonyl complex
(m/z 427). To investigate if the metal complex was bound to
the predicted cysteine residue, 3CLP™ was first incubated with
the well-characterized inhibitor GC376, which covalently
binds to Cysl45 as confirmed by macromolecular X-ray
crystallography.'* As expected, GC376 formed a new species
(mlz 34201) with a mass difference of m/z 404, corresponding
to the correct mass for the GC376-protein covalent adduct
(Figure S15). Incubation of 3CLP™ with GC376, followed by
incubation with 22 resulted in only the formation of the
GC376-protein covalent adduct (m/z 34201), with no mixture
of adducts and no addition of the Re' tricarbonyl complex
(Figure S16). These results strongly suggest that 22 is target-
ing the same residue as GC376, namely active site Cys145.

Following this initial assessment, the inhibition activity
against the SARS-CoV-2 3CL™ was investigated. The 3CLP™
protease was pre-incubated with Re' compounds and enzyme
inhibition was monitored by conversion of a non-fluorescent
substrate to a fluorescent product (see Supporting Informa-
tion for details). Compounds 1-42 were screened against
3CLP™ at a concentration of 200 uM (Figure 5). As expected,
due to the slow release of the chloride atom, compounds 1-21
did not show significant inhibition activity. In contrast, all
aqua compounds 22-42 were able to inhibit the activity of the
protease, with remaining enzymatic activity reduced to ~ 20—
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34
37
38

while the amine substituents would present attractive inter-
33

actions, resulting in the observed differences in inhibition
activity. Although only a preliminary SAR, the observation

that preferred substitution patterns and functional groups on
the bipyridine group can be identified suggests that more
selective and active Re' compounds can be designed for

inhibition of 3CLP™. Overall, 34 was identified as having the

Table 1: Summary of the binding data of selected compounds against
3CLP™. Values and standard deviations are derived from three inde-

pendent experiments.

control, no inhibitor; | =known covalent inhibitor GC376) at a concentration of: 200 uM
Compound

(top) or 50 uM (bottom). Values and error bars are derived from three independent experiments.
© 2021 Wiley-VCH GmbH
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The aqua compounds were subsequently screened
against 3CLP™ at a lower concentration of 50 uM (Figure 5).
The inhibition by the lead structures was quantified by
determination of their ICs, values (Table 1). The complexes
displayed ICs, values between 7.5-24.1 uM (Figure S17). The
carboxylic acid functionalized compounds (33, 38) have the
highest 1Cs; values while the amine functionalized compounds

Interestingly, the 4,4'- (27-35) and 5,5- (36-39) substituted
when compared to the 3,3- (22-26) and 6,6- (40-42)

substituted complexes. However, none of the compounds
were identified as having the strongest inhibitory effect and

complexes generally displayed stronger inhibitory activity
displayed significantly greater activity than the unsubstituted
parent compound 22. Overall, compounds 22, 31-34, 37-39
were therefore studied further.

(34, 39) have the lowest ICs, values. This could be the result of
these functional groups being directed at negatively charged
surfaces inside the enzyme active site (Figure S18). Based on
this hypothesis, the carboxylic acids on the Re' tricarbonyl
complex would result in a repulsion with the protein surface,

Figure 5. Enzyme activity assay of 3CL"™ with 1-42 (C

40%.
10720 www.angewandte.org
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lowest ICs, value at 7.5+ 1.3 uM. To ensure that the intact
coordination compound 34 is responsible for the inhibitory
effect, the ligand 4,4'-diamino-2,2'-bipyridine and the metal
complex pentacarbonylchlororhenium were screened against
3CLP™. Both components showed no activity (ICy, value
> 100 uM), confirming that 34 is the active species.

As glutathione and other biologically present thiols in
cells could influence the activity of these compounds, the
activity of the Cys 43 and glutathione 44 functionalized
derivatives towards 3CLP™ was tested. The complexes were
found to display slightly mitigated activity compared to many
of the aqua complexes (43, ICy,=20.8+3.6 uM; 44, 1C5, =
26.7+4.1 uM). A hallmark of covalent inhibitors is time-
dependent inhibition; therefore, 1 (axial Cl), 22 (axial H,O),
43 (axial Cys), and 44 (axial glutathione) derivatives (at
a concentration of 20 uM) were pre-incubated with 3CLP™ for
various time periods (30, 60, 120, and 240 min) and the
remaining enzyme activity was measured (Figure S19). While
1 demonstrated no inhibition and 22 showed near complete
inhibition over this time period, 43 and 44 showed a gradual
reduction of 3CLP™ activity as a function of time. Within
240 min, 43 and 44 had reduced enzymatic activity to the same
level as compound 22, indicating that these axial thiols can be
exchanged, acting as reversible, coordinate covalent inhib-
itors. Such thiol substituted Re' tricarbonyl complexes could
even serve as a type of prodrug for this class of coordinate
covalent inhibitors.

To further examine the effect of glutathione on inhibitory
activity, an enzyme inhibition assay with compound 34 was
performed with a 30 min pre-incubation with 1 mM gluta-
thione (which is comparable to levels of biological thiols),
followed by a 30 min incubation with 3CLP™. As expected, the
activity of the 34 was reduced, possessing an ICs, value of
13.6 +2.8 uM; however, this represents only ~2-fold loss of
activity. Following this, 34 was again pre-incubated for 30 min
with 1 mM glutathione followed by a 240 min incubation with
3CLP™. Interestingly, the inhibition by compound 34 with this
extended incubation time showed an ICs, value of 9.1+
1.8 uM, which is only slightly changed in comparison to the
standard assay without addition of glutathione (Table 1). By
comparison, the activity of the anticancer drug cisplatin is also
reduced in the presence of glutathione,”” and hence the
reduced reactivity here is both expected and not an insur-
mountable impediment to further drug development.

Compound 34 was further investigated using a thermal
shift assay as an orthogonal technique for evidence of enzyme
binding. Compound 34 was incubated with 3CLP™ for 30 min
at 37°C and the melting temperature of the enzyme
measured. While 4,4'-diamino-2,2'-bipyridine and the metal
complex pentacarbonylchlororhenium showed only a negligi-
ble effect (AT=0.2+0.4), incubation with 34 gave a slight
increase in the melting temperature of 3CLP™ (AT=2.4+
0.6), indicative of inhibitor binding. Interestingly, the change
in melting temperature was found to be in the same range as
for the known inhibitor GC376 (AT=3.1+0.5).1 The
binding to 3CLP® was further investigated by UV/Vis
absorption spectroscopy (Figure S20). Compound 34 and
3CLP™ were combined and their absorption properties
monitored every 2 min for 120 min. While no changes in the
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absorption spectra for 34 and 3CL™ alone were observed
under these conditions, the combined mixture of both showed
changes. Within 30 min, an asymptotic absorption pattern was
reached which showed no further changes after 60 min,
suggestive of inhibitor binding (Figure S20).

As a means to characterize the binding affinity of the
metal complex to the enzyme independently of intermediates,
the ratio of the second reaction rate constant (k) in depend-
ence of inhibition constant (K;) was determined according to
previously published procedures.” Lead compound 34 was
incubated with 3CL"™ and the activity of the enzyme was
monitored in a time-dependent manner. The metal complex
was found to slowly bind to 3CLP™ with a ratio of k,/K; of
127 M's™!, which is two orders of magnitudes slower than the
organic, covalent inhibitor GC376.°/ GC376 is a more potent
inhibitor (ICs,=0.19 +0.04 uM) than 34, which is consistent
with difference in aforementioned k,/K; values. In addition, as
found with compound 22, incubation of compound 34 with
3CLP™ produced in an adduct that could be identified by mass
spectrometry (see above). As expected, the deconvoluted mass
peak of 3CLP™ shifted to 34255 (Figure S21) corresponding to
a single attached Re' tricarbonyl complex 34 (m/z 457).

Covalent 3CLP™ inhibitors could also bind and inhibit
cathepsins, especially cathepsin B, resulting in undesired side
reactions and off-target effects.> Inhibition of cathepsins is
particularly relevant because they are found in the respiratory
system, where SARS-CoV-2 would infect.”® To investigate
this potential shortcoming, cathepsin B was incubated with 34
for 2 h followed by analysis by mass spectrometry. While
matrix-assisted laser ionization-time of flight mass spectrom-
etry (MALDI-TOF-MS) identified the covalent adduct of 34
with 3CLP™ (Figure S22), no adduct formation was observed
between 34 and cathepsin B (Figure S23), indicative of some
selectivity of 34 towards 3CLP™ over this cysteine protease. To
further evaluate selectivity, the activity of 34 against the
human serine protease dipeptidyl peptidase-4 (DPP4), the
aspartate protease beta-secretase 1 (BACE1) and cysteine
protease cathepsin B was measured in an inhibition assay
(Figure 6). Encouragingly, compound 34 did not show meas-
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Figure 6. Enzymatic activity of the lead compound 34 at a concentra-
tion of 50 pM towards serine protease DPP4, aspartate protease
BACET1, cysteine protease cathepsin B, and cysteine protease 3CLP".
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urable activity (ICs, value >100 uM) towards DPP4 and
cathepsin B, and showed only weak inhibition of BACE1 (ICs,
value =89.2 +5.7 uM). These preliminary studies indicate
that selective inhibition of 3CL"™ can be achieved over
several human proteases.

Conclusion

In summary, the synthesis and biophysical evaluation of
Re' tricarbonyl complexes as inhibitors of the SARS-CoV-2
main protease 3CLP™ has been achieved. A series of Re'
complexes with chloride and water as capping ligands and
differently substituted 2,2"-bipyridine ligands were prepared.
While the coordinated chloride was only slowly released, the
aqua complex 22 showed reactivity towards amino acids
within one hour. Mass spectrometry experiments verified the
coordinate covalent binding of a single Re' tricarbonyl
complex to 3CLP™. Using an enzymatic assay against 3CLP™,
several complexes were found to be active, with ICs, values of
<10 pM. Preliminary investigations show selectivity against
human proteases. These results suggest that Re' tricarbonyl
complexes can serve as a starting scaffold for the development
of potent, selective SARS-CoV-2 inhibitors.
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