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Abstract: The synthesis of α-fluorinated methyl ketones has always been challenging. New methods
based on the homologation chemistry via nucleophilic halocarbenoid transfer, carried out recently in
our labs, allowed us to design and synthesize a target-directed dipeptidyl α,α-difluoromethyl ketone
(DFMK) 8 as a potential antiviral agent with activity against human coronaviruses. The ability of the
newly synthesized compound to inhibit viral replication was evaluated by a viral cytopathic effect
(CPE)-based assay performed on MCR5 cells infected with one of the four human coronaviruses
associated with respiratory distress, i.e., hCoV-229E, showing antiproliferative activity in the micromolar range (EC50 = 12.9 ± 1.22 µM), with a very low cytotoxicity profile (CC50 = 170 ± 3.79 µM,
307 ± 11.63 µM, and 174 ± 7.6 µM for A549, human embryonic lung fibroblasts (HELFs), and MRC5
cells, respectively). Docking and molecular dynamics simulations studies indicated that 8 efficaciously binds to the intended target hCoV-229E main protease (Mpro ). Moreover, due to the high
similarity between hCoV-229E Mpro and SARS-CoV-2 Mpro , we also performed the in silico analysis
towards the second target, which showed results comparable to those obtained for hCoV-229E Mpro
and promising in terms of energy of binding and docking pose.
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1. Introduction
In the last few decades, the recurring occurrence of viral pandemics worldwide, i.e.,
those caused by coronaviruses SARS-CoV (2003), MERS-CoV (2012), and SARS-CoV-2
(2019), indicated that outbreaks of emerging viruses are a severe threat for public health [1].
The current therapeutic arsenal to counter viral infections is confined to drugs that can
be deployed against few viruses, mostly producing persistent infections, e.g., human immunodeficiency virus (HIV) [2], hepatitis B virus (HBV), hepatitis C virus (HCV) [3,4],
some herpes viruses [5] and influenza virus. However, no specific antivirals have been
approved for coronaviruses, with the sole exception of remdesivir (Veklury® ), a repurposed
broad-spectrum RNA-dependent RNA polymerase inhibitor which has been recently approved against SARS-CoV-2, the causative agent of COVID-19 [6–8]. Therefore, identifying
new direct-acting antiviral agents with potent activity, non-overlapping resistance profiles,
limited drug interactions, and minimal adverse effects is urgently needed to treat viral
diseases, including COVID-19 [9] effectively.
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2. Results and Discussion
2.1. Chemistry
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2.1. Chemistry

dine treatment and, the resulting free-amine 11 underwent a standard EDCI/HOBt coupling reaction with Z-Leu-OH to afford 12 in 65% overall yield. Finally, it was converted
into 8 via the interrupted homologation with a formal CHF2 transfer agent, generated
upon treatment of the commercially available TMSCHF2 with potassium tert-pentoxide
(i.e., tert-amylate) as the activating factor [43].
Pleasingly, the difluoromethylation proceeded under full chemo control, leaving untouched the additional sensitive elements present (amides and carbamate). An excess of
potassium tert-amylate was used (compared to TMSCHF2) to ensure the deprotonation of
the acidic NH groups of the amide linkages. Under these conditions, the desired α,αdifluoroketone was prepared in excellent yield (87%) as an inseparable mixture of two
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replication of hCoV-229 was observed in MRC5 cells treated with Z-Leu-Homophe-CHF2 .
The EC50 and EC90 were 12.9 ± 1.22 µM and 38.6 ± 0.67 µM, respectively. As expected,
remdesivir, used as a control of a reference anti-CoV agent, inhibited hCoV-229 replication
in the low nanomolar range (EC50 0.034 ± 0.0025 µM, CC50 >10 µM), as previously observed
in the same type of antiviral assay [52]. Then, the Z-Leu-Homophe-CHF2 cytotoxicity was
evaluated in different types of uninfected cells, such as the lung fibroblasts MRC5 and
human embryonic lung fibroblasts (HELFs), and the lung epithelial cells A549 (Figure S5).
The cytotoxic concentrations (CC50 ) were 170 ± 3.79 µM, 307 ± 11.63 µM, and 174 ± 7.6 µM
for A549, HELFs, and MRC5 cells, respectively, thus indicating that the antiviral activity of
Z-Leu-Homophe-CHF2 against hCoV-229E was not due to the cytotoxicity of the target
cells themselves.

Figure 3. Antiviral activity of Z-Leu-Homophe-CHF2 and remdesivir against hCoV-229E. MRC5 cell
monolayers were infected with hCoV-229E (100 PFU/well) and treated with increasing concentrations
of either Z-Leu-Homophe-CHF2 (0–200 µM) or remdesivir (0–10 µM) during virus adsorption and
throughout the experiment. At 72 h p.i., cell viability was measured using the CellTiter-Glo luminescent assay. The data shown represent means ± SD (error bars) of two independent experiments
performed in triplicate.

2.3. Computational
The 2.37 Å crystal structure resolution (PDB ID: 1P9U) of hCoV-229E Mpro [53] shows
that the protein comprises three domains (Figure 4a). Domains I and II (residues 8 to 99
and 100 to 183, respectively) (Figure 4c). have a high similarity with the structure of the 3C
proteinases of picornavirus and chymotrypsin. The substrate-binding site is located in an
empty area between these two domains. A long helix loop (residues 184 to 199) connects
domain II to the C-terminal domain (domain III, residues 200 to 300). This globular cluster
of five helices is responsible for the catalytic activity of Mpro [54]. hCoV Mpro forms a
dimer (the contact interface is mainly located between the domain II of monomer A and the
N-terminal residues of monomer B and has an area of ~1300 Å2 ) with the two monomers
oriented in the opposite direction to each other. In the Mpro dimer, the N-terminal amino
acid residues are in close contact between domains II and III of the parent monomer and
domain II of the other monomer, creating specific interactions suitable for binding this
portion with high affinity after autocleavage. This mechanism would allow the catalytic
site to bind other cleavage sites in the polyprotein. Cys144 and His41 (Figure 4b), in the
active site of hCoV-229E Mpro to form a catalytic dyad within the S1’ pocket [53].
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Figure
Cartoon
representation
of one
of theofhCoV-229E
Mpro (PDB
1P9S).
Figure4.4.(a) (a)
Cartoon
representation
of protomer
one protomer
the hCoV-229E
MproID:
(PDB
ID:(b)
1P9S).
Amino acid residues of the catalytic site are indicated as stick. (c) The amino acid sequences of
(b) Amino acid residues of the catalytic site are indicated as stick. (c) The amino acid sequences
Mpro. pro
of M .

Molecular
Molecularmodeling
modelingstudies
studieswere
wereconducted
conductedtotoidentify
identifyand
andevaluate
evaluatethe
therecepreceptor/ligand
recognition’s
key
molecular
interactions.
Molecular
docking
was
performed
ustor/ligand recognition’s key molecular interactions. Molecular docking was performed
pro
ing
the the
crystal
structure
of of
hCoV-229E
MMpro
(PDB
ID:ID:
1P9U).
using
crystal
structure
hCoV-229E
(PDB
1P9U).The
Theposes
posespresenting
presentingthe
the
difluoro
carbonyl
group
in
the
vicinity
of
the
His41/Cys144
catalytic
dyad
were
difluoro carbonyl group in the vicinity of the His41/Cys144 catalytic dyad wereselected
selected
for
forfurther
furtherstability
stabilitystudies.
studies.All
Allthree
threeselected
selectedposes
posesshow
showaadifferent
differentorientation
orientationofofthe
the
phenethyl
group
and
the
isobutyl
group
(Figure
5a)
within
the
binding
site.
phenethyl group and the isobutyl group (Figure 5a) within the binding site.InInfact,
fact,ininpose
pose
1,1,the
thephenethyl
phenethylgroup
groupisisinserted
insertedinside
insidethe
theS2
S2sub-pocket,
sub-pocket,while
whileininpose
pose22the
thephenethyl
phenethyl
isisarranged
arrangedininthe
theregion
regionoverlying
overlyingthe
theS1’
S1’pocket
pocketand
andthe
theisobutyl
isobutylgroup
groupoccupies
occupiesthe
theS2
S2
sub-pocket.
Pose
3
reverses
the
positions
of
the
two
groups
with
respect
to
pose
1.
In
fact,
sub-pocket. Pose 3 reverses the positions of the two groups with respect to pose 1. In fact,
the
inside the
theS1
S1sub-pocket
sub-pocketand
andthe
theisobutyl
isobutyl
group
inthephenethyl
phenethylgroup
group is
is incorporated
incorporated inside
group
inside
side
the
S2
pocket.
The
only
difference
between
pose
2
and
pose
3
lies
in
the
position
of
the S2 pocket. The only difference between pose 2 and pose 3 lies in the position of the
the
phenethyl
group.
phenethyl group.
To
Toverify
verifythe
thereliability
reliabilityofofthe
thedocking
dockingresults,
results,molecular
moleculardynamic
dynamic(MD)
(MD)simulations
simulations
were
wereperformed
performedbased
basedon
onthe
theresults
resultsofofthe
themolecular
moleculardocking.
docking.The
Thefirst
firstthree
threeZ-LeuZ-Leuprofor
Homophe-CHF
Homophe-CHF2 2docking
dockingposes
poseswere
wereevaluated
evaluatedinincomplex
complexwith
withhCoV-229E
hCoV-229EM
Mpro
for55ns
ns
ofofMD
MDsimulation.
simulation.ToToexplore
explorethe
thedynamic
dynamicstability
stabilityofofboth
bothsystems
systemsand
andtotoensure
ensurethe
the
rationality
the sampling
samplingmethod,
method,
progression
of root
the mean
root mean
deviations
rationality of
of the
progression
of the
squaresquare
deviations
(RMSD)
(RMSD)
the structure
starting structure
was analyzed
(Figure
5b). The superposition
of the
from thefrom
starting
was analyzed
(Figure 5b).
The superposition
of the coordinates
coordinates
of eachstructure
complexinstructure
in a onto
trajectory
onto structure
the initialallowed
structureusallowed
us
of each complex
a trajectory
the initial
to analyze
RMSDthe
of ligand
protein
in protein
complex.
RMSDThe
graph
of the
ligand
(Figure
5c)
tothe
analyze
RMSD and
of ligand
and
in The
complex.
RMSD
graph
of the
ligand
indicates
the conformations
of the complex
in pose
1 reach
equilibrium
1.5 ns,
(Figure
5c)that
indicates
that the conformations
of the
complex
in pose
1 reacharound
equilibrium
while in
pose
and pose
3, after
0.05
ns and
0.150.05
ns, respectively.
Laying
2 provided
a lower
around
1.5
ns, 2while
in pose
2 and
pose
3, after
ns and 0.15 ns,
respectively.
Laying
2
RMSD
than
the
starting
structure
(2.11
Å),
and
the
conformations
oscillate
on
average
provided a lower RMSD than the starting structure (2.11 Å), and the conformations oscilaround
1.3 Å. The
protein
in complex
with in
thecomplex
ligand inwith
posethe
2 also
shows
a more
late
on average
around
1.3 structure
Å. The protein
structure
ligand
in pose
2
stable
RMSD
during
MDRMSD
simulation,
equilibrium
after 1.5
ns.
also
shows
a more
stable
duringreaching
MD simulation,
reaching
equilibrium
after 1.5 ns.
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pro
Figure
Figure5.5.(a)
(a)Results
Resultsfrom
frommolecular
moleculardocking
dockingand
andtheir
theiroverlap
overlapin
in the
the hCoV-229E
hCoV-229E M
Mprobinding
bindingsite:
site:pose1
pose1(green),
(green),pose2
pose2
pro
(blue), and pose3 (orange). The binding site of hCoV-229E M prois represented as a hydrophobic surface (hydrophobic:
(blue), and pose3 (orange). The binding site of hCoV-229E M
is represented as a hydrophobic surface (hydrophobic:
brown, hydrophilic: blue, neutral: white). (b) Time evolution of RMSD of complex with ligand. (c) Time evolution of RMSD
brown, hydrophilic: blue, neutral: white). (b) Time evolution of RMSD of complex with ligand. (c) Time evolution of RMSD
of backbone atoms of Mpro relative to their respective minimized structure and the heavy atoms of the poses. (d) Detailed
pro relative to their respective minimized structure and the heavy atoms of the poses. (d) Detailed
of backboneofatoms
interactions
pose2ofofMZ-Leu-Homophe-CHF
2 inside the hCoV-229E Mpro binding site. Hydrogen bonds are represented
pro
interactions
of pose2
Z-Leu-Homophe-CHF
thepink
hCoV-229E
site. Hydrogen
bonds
are represented
2 inside
as
green dashed
lines of
and
hydrophobic interactions
with
dashedM
lines.binding
(e) 2D Interaction
inside
the binding
pocket
green
dashed
and hydrophobic
interactions
dashed lines.
(e) 2D Interaction inside
ofasthe
protein.
(f) lines
Hydrophobic
surface of
hCoV-229Ewith
Mpropink
in complex
with Z-Leu-Homophe-CHF
2. the binding pocket of
the protein. (f) Hydrophobic surface of hCoV-229E Mpro in complex with Z-Leu-Homophe-CHF2 .

Consequently, we focused on pose 2 for further study. Indeed, it has been previously
we focused
2 forcoronavirus
further study.
Indeed, itM
has
previously
pro been
shownConsequently,
that the S2 sub-pocket
inon
thepose
human
hCoV-229E
due to
the limpro due to the limited
shown
that
the
S2
sub-pocket
in
the
human
coronavirus
hCoV-229E
M
ited size of the S2 pocket, the benzyl group (in the studied inhibitors) cannot enter deeply
sizethis
of the
S2also
pocket,
thethe
benzyl
group (inof
the
studied
cannotexplain
enter deeply
into
into
site,
due to
low plasticity
the
pocketinhibitors)
[55]. This could
the better
this
site,
also
due
to
the
low
plasticity
of
the
pocket
[55].
This
could
explain
the
better
stability of the protein complex in pose 2.
stability
thethe
protein
complex
pose 2.
Pose of
2 at
binding
site ofinhCoV-229E
Mpro
forms more hydrogen bonds, with the
pro forms more hydrogen bonds, with the
Pose
2
at
the
binding
site
of
hCoV-229E
M
main residue chain in the substrate-binding pocket, which also helps to lock the inhibitor
main residue
chain
in thepocket
substrate-binding
pocket,
which
alsoGln163
helps to
lock
the inhibitor
within
the media
binding
by establishing
H bonds
with
and
Glu165
at 2.03
Å and 2.36 Å, respectively. The isobutyl group inserts itself deeply inside the S2 hydrophobic pocket, stabilizing from hydrophobic interactions with Ile164 and Pro168, with the
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within the media binding pocket by establishing H bonds with Gln163 and Glu165 at
8 of 17
2.03 Å and 2.36 Å, respectively. The isobutyl group inserts itself deeply inside the
S2
hydrophobic pocket, stabilizing from hydrophobic interactions with Ile164 and Pro168,
phenethyl portion by the π-CH bond with Thr47 and π-alkyl with Ala44. The α,α-difluowith the phenethyl portion by the π-CH bond with Thr47 and π-alkyl with Ala44. The
romethyl
ketone group
is located
3.46 Åatfrom
stabilized
by the by
H bond
α,α-difluoromethyl
ketone
group isatlocated
3.46 Cys144,
Å from Cys144,
stabilized
the H with
bond
Gln163
at
2.25
A.
The
H
bonds
between
the
fluorine
atom
and
Gly142
and
Cys144
at
2.59
with Gln163 at 2.25 A. The H bonds between the fluorine atom and Gly142 and Cys144
at
Å2.59
andÅ2.52
could
contribute
together
with Gln163
to stabilize
the transition
state during
andÅ2.52
Å could
contribute
together
with Gln163
to stabilize
the transition
state
the
nucleophilic
attack on
the carbonyl
group. The
large
benzyl
into theinto
S4
during
the nucleophilic
attack
on the carbonyl
group.
The
large group
benzylextends
group extends
site,
leaving
this
region
of
the
ligand
exposed
to
the
solvent.
the S4 site, leaving this region of the ligand exposed to the solvent.
The
orbital(LUMO)
(LUMO)and
andmolecular
molecularelectrostatic
electrostatic
potenThelowest
lowestunoccupied
unoccupied molecular
molecular orbital
potential
tial
(MEP)
were
performed
(Figure
6),
with
semiempirical
PM6
methods,
to
locate
the
(MEP) were performed (Figure 6), with semiempirical PM6 methods, to locate the atom
atom
favorable
the nucleophilic
bythiolate
the thiolate
mostmost
favorable
to thetonucleophilic
attackattack
by the
ion. ion.
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(a)The
Theelectrostatic
electrostaticpotential
potentialmap
map(generated
(generatedin
inthe
thesemiempirical
semiempiricalmethod
methodPM6)
PM6)of
ofthe
theligand
ligandin
inthe
thedocked
dockedpose
pose
Figure
pro The positive, negative, and zero electrostatic potential areas of the complex syswithin
hCoV-229EM
Mpro
within the
the active site of hCoV-229E
.
positive, negative, and zero electrostatic potential areas of the complex system
tem
represented
by red,
white
colors,
respectively.
(b) Lowest
unoccupied
molecular
orbital
(LUMO)
prowerewere
represented
by red,
blue,blue,
and and
white
colors,
respectively.
(b) Lowest
unoccupied
molecular
orbital
(LUMO)
profile
of
2.
file
of
the
Z-Leu-Homophe-CHF
the Z-Leu-Homophe-CHF2 .

The
Thecarbonyl
carbonylgroup
groupof
ofdifluoromethyl
difluoromethylketone
ketoneshows
showsaaLUMO
LUMOdensity
densityand
andaapositive
positive
electrostatic
electrostaticpotential,
potential,which
whichare
are fundamental
fundamental for
for the
the mechanism
mechanism of
of the reaction. The
The
LUMO
delineates
the
areas
most
lacking
in
electrons,
therefore
subject
to
nucleophilic
atLUMO delineates the areas most lacking in electrons, therefore subject to nucleophilic
tack
by by
thethe
thiolate
anion.
attack
thiolate
anion.
AA100
100ns
nsMD
MDsimulation
simulationwas
wasperformed
performedto
toanalyze,
analyze,in
ingreater
greaterdetail,
detail,any
anychanges
changesin
in
theprotein-ligand
protein-ligand complex.
complex. The
The protein structure
the
structure and
and the
theligand
ligandreached
reachedequilibrium
equilibriumafter
af30 30
ns and
a very
similar
average
RMSD,
2.1 Å,2.1
andÅ,2.3and
Å for
protein,
respectively
ter
ns and
a very
similar
average
RMSD,
2.3ligand
Å for and
ligand
and protein,
re(see Figure(see
S6).Figure
The flexibility
the different
ofresidues
hCoV-229E
Mpro , by calculating
spectively
S6). The of
flexibility
of theresidues
different
of hCoV-229E
Mpro, by
the root mean
oscillations
(RMSFs) of(RMSFs)
Cα atoms,
analyzed.
relativelyAhigher
calculating
the square
root mean
square oscillations
of was
Cα atoms,
wasAanalyzed.
relaRMSF
value
is
obtained
around
residue
50
(domain
I),
while
more
excellent
stability
occurs
tively higher RMSF value is obtained around residue 50 (domain I), while more
excellent
in domain
II. in domain II.
stability
occurs
Furthermore,to
tounderstand
understandthe
theeffect
effectof
ofZ-Leu-Homophe-CHF
Z-Leu-Homophe-CHF2 2binding
bindingon
onthe
theininFurthermore,
pro , the dynamic cross-correlation matrix (DCCM) was
ternaldynamics
dynamicsof
of hCoV-229E
hCoV-229E M
Mpro
ternal
, the dynamic cross-correlation matrix (DCCM) was
calculatedby
byusing
usingthe
thecoordinates
coordinatesof
ofCα
Cαatoms
atomsfrom
fromthe
thetrajectories.
trajectories.Domain
DomainII(residues
(residues
calculated
8–99)
displays
correlated
motions,
while
domain
II
(residues
100–183)
shows
highly
anti8–99) displays correlated motions, while domain II (residues 100–183) shows highly anticorrelated
movements.
However,
domain
III
(residues
201–300)
has
a
lower
strength
of
correlated movements. However, domain III (residues 201–300) has a lower strength of
anti-correlation
motions
relative
to
domain
I.
Furthermore,
it
is
evident
from
(See
Figure
S6)
anti-correlation motions relative to domain I. Furthermore, it is evident from (See Figure
thatthat
thethe
inhibitor
binding
increases
thethe
strength
of anti-correlated
motions
in the
region
S6)
inhibitor
binding
increases
strength
of anti-correlated
motions
in the
reof
domain
II,
which
indicates
the
residual
motion
of
domain
III.
Overall,
the
binding
of
gion of domain II, which indicates the residual motion of domain III. Overall, the binding
pro creates a stable environment near the binding cavity.
Z-Leu-Homophe-CHF
with
M
pro
2
of Z-Leu-Homophe-CHF2 with M creates a stable environment near the binding cavity.
Given the
the high
Mpro
and
SARS-CoV-2
MproM, we
pro, decided
Given
high similarity
similaritybetween
betweenhCoV-229E
hCoV-229E
Mpro
and
SARS-CoV-2
we deto
investigate
the
in
silico
affinity
between
Z-Leu-Homophe-CHF
with
SARS-CoV-2
Mpro .
2
cided to investigate the in silico affinity between Z-Leu-Homophe-CHF
2 with SARS-CoV2 Mpro. However, there are many common features shared between the two types of proteases, particularly their almost absolute requirement for Gln in the S1 position of the substrate and space for only small amino acid residues as a common target for the design of
broad-spectrum antiviral compounds. Since there is no human protease with a specificity
for the Gln residue at the substrate’s catalytic cleavage site, the interest of this viral target
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spectrum antiviral compounds. Since there is no human protease with a specificity for
the Gln residue
at the substrate’s
catalytic
site, developed
the interestwill
of this
increases,
as it increases
the possibility
that cleavage
the inhibitors
not viral
showtarget
host
increases,
as
it
increases
the
possibility
that
the
inhibitors
developed
will
not
show
host
cell toxicity.
cell toxicity.
The
Thehigh
highsimilarity
similarityof
ofthe
thebinding
bindingsite
site(Figure
(Figure7c)
7c)between
betweenthe
thetwo
twoenzymes
enzymesproduced
produced
comparable
the energy
energy of
of the
thebinding
bindingand
anddocking
dockingpose.
pose.Indeed,
Indeed,the
thefree
freeenergy
energy
comparable results
results in
in the
of
of
binding
(Table
1) showed
a slightly
lowerfor
value
for SARS-CoV-2
(ΔG
= −7.3
binding
(Table
1) showed
a slightly
lower value
SARS-CoV-2
Mpro (∆G M
= pro
−7.3
kcal/mol)
pro (ΔG = −7.0 kcal/mol).
kcal/mol)
than for hCoV-229E
than for hCoV-229E
Mpro (∆G =M−
7.0 kcal/mol).

pro binding site. (b) 2D
Figure 7.
7. (a)
(a) Detailed
Detailed interactions
interactions of
of pose
pose 22 of
inside the
the SARS-CoV-2
SARS-CoV-2 M
Mpro
Figure
of Z-Leu-Homophe-CHF
Z-Leu-Homophe-CHF22 inside
binding site. (b) 2D
pro
Interactioninside
insidethe
thebinding
bindingpocket
pocketof
of the
the protein.
protein. (c)
(c) Alignment
Alignment of
of amino
amino acids
acids of
of the
the binding
binding site of hCoV-229E Mpro
Interaction
pro
pro
(green) and
and SARS-CoV-2
SARS-CoV-2 M (orange).
(orange).
(green)

for for
thethe
binding
sitessites
of HCoV-229E
Table
and
Ki (µM)
Table 1.
1.Calculated
Calculatedbinding
bindingenergies
energies(kcal/mol)
(kcal/mol)
and
Ki (µM)
binding
of HCoV-229E
pro
pro for Z-Leu-Homophe-CHF2.
M
Mproand
andSARS-CoV-2
SARS-CoV-2MMpro
for Z-Leu-Homophe-CHF2 .
Enzyme
Enzyme
pro
hCoV-229E Mpro
hCoV-229E M pro
SARS-CoV-2 Mpro
SARS-CoV-2 M

Calcd. ΔG
Calcd. ∆G
−7.0
−
7.0
−7.3
−7.3

Calcd. Ki (µM)
Calcd. Ki (µM)
7.3
7.3
4.4
4.4

In order to evaluate the scoring function of AutoDock 4.2, the famous N3 inhibitor
was docked
experimental
data function
of the inhibition
constant
i), and the EC50 values
In orderastothe
evaluate
the scoring
of AutoDock
4.2,(K
the
famous N3 inhibitor
pro
are
respectively
for hCoV-229E
Mproinhibition
[56] and SARS-CoV-2
The50SARS2
wasavailable,
docked as
the experimental
data of the
constant (Ki ),Mand[57].
the EC
values
pro
pro
i
value
was
not
available
due
to
the
high
inhibition
potency.
However,
the
experimental
K
are available, respectively for hCoV-229E M [56] and SARS-CoV-2 M [57]. The SARS2
results
are
shown
in
Table
S1,
demonstrating
the
high
accuracy
of
the
scoring
function
experimental Ki value was not available due to the high inhibition potency. However, the
used
byare
AutoDock
results
shown in4.2.
Table S1, demonstrating the high accuracy of the scoring function used
By visualizing
by AutoDock
4.2. in detail the pose of Z-Leu-Homophe-CHF2 inside the pocket of SARSpro (Figure 7a), we can see that the difluoromethyl ketone is located at a distance
CoV-2By
Mvisualizing
in detail the pose of Z-Leu-Homophe-CHF2 inside the pocket of SARSpro (Figure
of
3.38 A
Cys145,
nucleophilic
attack on the
carbonyl
group.
oxyCoV-2
Mfrom
7a),optimal
we canfor
seeathat
the difluoromethyl
ketone
is located
at aThe
distance
gen
atomAoffrom
the aldehyde
group also
a crucial role
in stabilizing
the inhibitor’s
of 3.38
Cys145, optimal
forplays
a nucleophilic
attack
on the carbonyl
group. conThe
formations,
by
forming
a
2.16
Å
hydrogen
bond
with
the
backbone
of
residue
Cys143
at
oxygen atom of the aldehyde group also plays a crucial role in stabilizing the inhibitor’s
the
S1 site. Furthermore,
theaamide
on the
Z-Leu-Homophe-CHF
form
hyconformations,
by forming
2.16 Åbonds
hydrogen
bond
with the backbone of2 chain
residue
Cys143
drogen
bonds
the main chains
of Cys145
Å),Z-Leu-Homophe-CHF
Glu 166 (2.11 Å), and Gln
189 (1.94
at the S1
site. with
Furthermore,
the amide
bonds(3.44
on the
form
2 chain
hydrogen
bondsThe
with
the main
chains
Cys145 (3.44 Å), Glu2 166
(2.11
Å), and
Glninto
189
Å),
respectively.
isobutyl
moiety
ofof
Z-Leu-Homophe-CHF
in S2
inserts
deeply
(1.94
Thethe
isobutyl
moiety
in
S2
inserts
deeply
the
S2Å),
site,respectively.
stacking with
imidazole
ringofofZ-Leu-Homophe-CHF
His 41. The side chains
of
Met49,
Met165,
2
Asp187, and Pro168, also surround the isobutyl group, producing extensive hydrophobic
interactions (Figure 7b).
Furthermore, the difluoromethyl ketone moiety is further stabilized by the halogen
interaction with Leu141 at 3.68 Å and the H-halogen bonds with Ser144 and Cys145 at 2.74
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into the S2 site, stacking with the imidazole ring of His 41. The side chains of Met49, Met165,
Asp187,
and Pro168, also surround the isobutyl group, producing extensive
i. 2020, 21, x FOR PEER REVIEW
10hydrophobic
of 17
interactions (Figure 7b).
Furthermore,
difluoromethyl
ketone forming
moiety isπ-CH
furtherinteractions
stabilized bywith
the halogen
The bulky benzyl group
extendsthe
into
the S4 site cavity,
interaction with Leu141 at 3.68 Å and the H-halogen bonds with Ser144 and Cys145 at 2.74 Å.
Gln189. Unlike the complex with E229, this region of the ligand is not exposed to the solDuring the MD simulation, the ligand is further stabilized by further water molecules bridging
vent.
the residues Asn147 and Glu166 with the ester and amide groups of the ligand. The bulky
A detailedbenzyl
analysis
of extends
the trajectories
by MDπ-CH
simulation
highlights
the Unlike
group
into the S4developed
site cavity, forming
interactions
with Gln189.
good stability ofthe
the
protein-ligand
complex.
Z-Leu-Homophe-CHF
2
reaches
equilibrium
complex with E229, this region of the ligand is not exposed to the solvent.
after 20 ns, while theAprotein
seems
to reach adeveloped
slight flexion
at 65
ns, remaining,
detailedstructure
analysis of
the trajectories
by MD
simulation
highlights the
good
stability
of
the
protein-ligand
complex.
Z-Leu-Homophe-CHF
reaches
equilibrium
however, at low RMSD levels. The DCCM plots (See Figure S7) of the Z-Leu-Homophe2
pro
after
20
ns,
while
the
protein
structure
seems
to
reach
a
slight
flexion
at
65
ns,
remaining,
CHF2-SARS-CoV-2 M complex show a correlation region in the binding site domain and
low RMSD
levels.
The III,
DCCM
plots (See
Figure
S7) of
Z-Leu-Homopheanti-correlation however,
zones in at
domain
II and
domain
confirming
the
analysis
ofthe
RMSFs
(see
CHF2 -SARS-CoV-2 Mpro complex show a correlation region in the binding site domain
Figure S7), showing fluctuations between the residues 40–70 (domain II) and 210–240 (doand anti-correlation zones in domain II and domain III, confirming the analysis of RMSFs
main III).
(see Figure S7), showing fluctuations between the residues 40–70 (domain II) and 210–240
Despite the(domain
small III).
size of the isobutyl substituent, this is possible because the S2
pocket of SARS-CoV-2
Mprothe
is flexible
to contract
and enclose
small substituents.
Despite
small sizeenough
of the isobutyl
substituent,
this is possible
because the S2 pocket
pro is flexible enough
This plasticity isofexpressed
in aM
conformational
change
residue
Gln189,
insubstituents.
the main This
SARS-CoV-2
to of
contract
and
encloseboth
small
plasticity
is
expressed
in
a
conformational
change
of
residue
Gln189,
both
in the
main and
and side chains. As a consequence of these changes, the side-chain oxygen of Gln189
can
side chains.bond
As a consequence
of these changes,
the side-chain
of Gln189 can accept
accept a 1.94 Å hydrogen
from the main-chain
NH residue
in the oxygen
Z-Leu-Homophea
1.94
Å
hydrogen
bond
from
the
main-chain
NH
residue
in
the
Z-Leu-Homophe-CHF
2
CHF2 complex (Figure 8). However, the affinity of Z-Leu-Homophe-CHF2 for the S2
complex pro
(Figure 8). However, the affinity of Z-Leu-Homophe-CHF2 for the S2 pocket
because of an almost ideal match of size and not requirpocket of hCoV-229E M is good
of hCoV-229E Mpro is good because of an almost ideal match of size and not requiring
ing conformational
changes, which this enzyme would not be able to undergo because of
conformational changes, which this enzyme would not be able to undergo because of the
the replacementreplacement
of the flexible
Gln189
by Gln189
the more
proline
The [55].
moreThe
remarkable
of the
flexible
byrigid
the more
rigid[55].
proline
more remarkable
plasticity of theplasticity
S2 pocket
can
the isobutyl
substituent
in a deeper
way.
of the
S2 accommodate
pocket can accommodate
the isobutyl
substituent
in a deeper
way. Thus,
Thus, both effects
could
increase
the
stability,
hence
the
affinity,
of
Z-Leu-Homophe-CHF
both effects could increase the stability, hence the affinity, of Z-Leu-Homophe-CHF22 against
SARS-CoV-2
against SARS-CoV-2
Mpro. Mpro .

pro (marine M
pro (orange)
8. Alignment
of the
binding
site amino
acids ofMhCoV-229E
(marine
green) andMSARSFigure 8.Figure
Alignment
of the binding
site
amino acids
of hCoV-229E
green)
and SARS-CoV-2
pro (orange) in complex with Z-Leu-Homophe-CHF2, represented as a hydrophobic surCoV-2
M
in complex with Z-Leu-Homophe-CHF2 , represented as a hydrophobic surface (hydrophobic: brown, hydrophilic: blue,
pro are indicated.
face (hydrophobic:
brown,
hydrophilic:
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3. Materials and Methods
3.1. Chemistry
3.1.1. General Experimental Information
Melting points were determined on a Reichert–Kofler hot-stage microscope (Vienna,
Austria) and are uncorrected. Mass spectra were obtained on a Shimadzu QP 1000 instrument (EI, 70 eV) (Shimadzu Corporation, Kyoto, Japan) and on a Brüker maXis 4G
instrument (ESI-TOF, HRMS) (Brüker Corporation, Billerica, MA, USA). 1 H, 13 C and 19 F
NMR spectra were recorded at 297 K on a Brüker Avance III 400 spectrometer (400 MHz
for 1H, 100 MHz for 13 C, 40 MHz for 15N, 376 MHz for 19 F), equipped with a directly
detecting broadband observe (BBFO) probe, with a Brüker Avance III 500 spectrometer
(500 MHz for 1 H, 125 MHz for 13 C) using a Prodigy cryoprobe, and with a Bruker DRX
200 spectrometer (200 MHz for 1 H, 50 MHz for 13 C) with a 1 H/13 C dual probe (Brüker
Corporation, Billerica, MA, USA).
The center of the solvent signal was used as an internal standard, which was related
to TMS with δ 4.87 ppm (1 H in CD3 OD), δ 128.06 ppm (13 C in C6 D6 ) and δ 49.00 ppm (13 C
in CD3 OD). Absolute referencing via Ξ ratio was used for the 19 F NMR spectra. Spin-spin
coupling constants (J) are given in Hz. In nearly all cases, the full and unambiguous
assignment of all resonances was performed by combined application of standard NMR
techniques, such as APT, HSQC, HMBC, HSQC-TOCSY, COSY, and NOESY experiments.
All the reactions were carried out under an inert atmosphere of argon. THF was
distilled over Na/benzophenone. Chemicals were purchased from Sigma-Aldrich (SigmaAldrich, St. Louis, Missouri, USA), Acros (Thermo Fisher Scientific, NJ, USA), Alfa Aesar
(Thermo Fisher, Kandel, Germany), Fluorochem (Hadfield Derbyshire, United Kingdom)
and TCI Europe (Tokyo Chemical Industry, Tokyo, Japan). Solutions were evaporated
under reduced pressure with a rotary evaporator. TLC was carried out on aluminum sheets
precoated with silica gel 60F254 (Merchery-Nagel, Merk, Darmstadt, Germany); the spots
were visualized under UV light (λ = 254 nm).
3.1.2. Synthesis of Fmoc-D-Homophe Weinreb Amide (10)
To a solution of Fmoc-D-Homophe-OH (1.0 g, 0.0025 mol, 1.0 equiv) in dry CPME
(10 mL) was added 1,10 -carbonyldiimidazole (0.444 g, 0.0027 mol, 1.1 equiv) in one portion,
and the resulting mixture was allowed to stir for 1 h at rt. Then, N,O-dimethylhydroxylamine
hydrochloride (DMHA, 0.270 g, 0.0027 mol, 1.1 equiv) was added to the mixture, turning the
solution a cloudy white. The reaction mixture was stirred at rt overnight, then quenched with
3 mL of a saturated aq. solution of NH4 Cl, and the aqueous layer was extracted with ethyl
acetate (2 × 10 mL). The combined organic layers were washed with a saturated aq. solution
of NaHCO3 (3 × 10 mL) and brine (3 × 10 mL) then, dried over anhydrous Na2 SO4 and the
solvent was removed under reduced pressure to afford the corresponding Fmoc-D-Homophe
Weinreb Amide 10, in 95% yield (1.05 g), as a yellow oil without any further purification.
1 H NMR (200 MHz, CD OD) δ: 7.74–7.61 (m, 4H, Ar-H), 7.37–7.13 (m, 9H, Ar-H), 4.54
3
(m, 1H, α-CH), 4.32 (d, 2H, 3 JH,H = 7.17 Hz, CH2 ), 4.14 (t, 1H, 3 JH,H = 6.62 Hz, Fmoc-CH),
3.51 (s, 3H, OCH3 ), 3.09 (s, 3H, NCH3 ), 2.78–2.50 (m, 2H, CH2 Ph), 1.98–1.87 (m, 2H, CH2 -CH
Homophe).13 C NMR (50 MHz, CD3 OD) δ: 174.8 (C=O Fmoc), 158.5 (C=O Homophe), 145.3
(Fmoc Ar-C), 145.0 (Fmoc Ar-C), 142.5 (Ph C-1), 129.6 (2C, Ph C-3,5), 129.4 (2C, Ph C-2,6),
128.7 (2C, Fmoc Ar-CH), 128.1 (2C, Fmoc Ar-CH), 127.0 (Ph C-4), 126.2 (Fmoc Ar-CH), 120.9
(Fmoc Ar-CH), 67.8 (CH2 Fmoc), 61.8 (OCH3 ), 51.9 (NCH3 ), 48.3 (CH Fmoc), 34.0 (CH2 -CH
Homophe), 32.9 (CH2 Ph). HRMS (ESI), m/z: calcd. for C27 H28 N2 O4 Na+ : 467.1945 [M + Na]+ ;
found: 467.1941.
3.1.3. Synthesis of NH2 -Homophe Weinreb Amide (11)
To a solution of 10 in dry DMF (10 mL), piperidine (20%) was added and the resulting mixture was left stirring at rt overnight. The reaction mixture was dried under
reduced pressure, and the crude product was purified via silica gel chromatography
(DCM: MeOH 98:2) to afford compound 11 in 96% yield (0.504 g) as a yellow oil. 1 H NMR
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(200 MHz, CD3 OD) δ: 7.33–7.19 (m, 5H, Ph H-1,2,3,4,5,6), 3.81 (m, 1H, α-CH Homophe), 3.61
(s, 3H, OCH3 ), 3.20 (s, 3H, NCH3 ), 2.78–2.64 (m, 2H, CH2 Ph), 2.04–1.76 (m, 2H, CH2 -CH
Homophe). 13 C NMR (50 MHz, CD3 OD) δ: 162.0 (C=O Homophe), 142.6 (Ph C-1), 129.6
(2C, Ph C-3,5), 129.4 (2C, Ph C-2,6), 127.0 (Ph C-4), 61.9 (OCH3 ), 51.1 (NCH3 ), 37.3 (CH2 -CH
Homophe), 32.7 (CH2 Ph). HRMS (ESI), m/z: calcd. for C12 H19 N2 O2 + : 223.1446 [M + H]+ ;
found: 223.1441.
3.1.4. Synthesis of Z-Leu-Homophe Weinreb Amide (12)
Compound 11 (176 mg, 0.792 mmol, 1.2 equiv) and Z-Leu-OH (175 mg, 0.66 mmol,
1 equiv) were dissolved in dry DMF (8 mL) and EDCI (152 mg, 0.792 mmol, 1.2 equiv) and
HOBt (107 mg, 0.792 mmol, 1.2 equiv) were added to the mixture at rt. The reaction was left
stirring under Ar atmosphere at rt overnight. The reaction mixture was then diluted with
ethyl acetate and was washed with saturated aq. solution of NH4 Cl (3 × 10 mL), saturated
aq. solution of NaHCO3 (3 × 10 mL) and brine (3 × 10 mL). The organic layer was dried
over anhydrous Na2 SO4 , filtered and concentrated under reduced pressure to afford 12 as a
colorless liquid which readily crystallizes in a white solid upon trituration with diethyl ether
(65% yield, 202 mg). 1 H NMR (400 MHz, CD3 OD) δ: 7.36 (m, 2H, Bn H-2,6), 7.31 (m, 2H, Bn,
H-3,5), 7.27 (m, 1H, Bn H-4), 7.24 (m, 2H, Ph, H-3,5), 7.18 (m, 2H, Ph H-2,6), 7.16 (m, 1H, Ph
H-4), 5.13–5.09 (m, AB System, 2 JA,B = 12.3 Hz, 2H, CH2 O), 4.77 (m, 1H, α-CH Homophe),
4.26 (dd, 3 JH,H = 9.1 Hz, 3 JH,H = 5.9 Hz, 1H, α-CH Leu), 3.57 (s, 3H, OCH3 ), 3.13 (s, 3H, NCH3 ),
2.75–2.61 (m, 2H, CH2 Ph), 2.05–1.85 (m, 2H, CH2 -CH Homophe), 1.72 (m, 1H, CH-CH3 ), 1.57
(m, 2H, CH2 -CH Leu), 0.94 (d, 3 JH,H = 6.67 Hz, 3H, CH3 -CH), 0.91 (d, 3 JH,H = 6.67 Hz, 3H,
CH3 -CH). 13 C NMR (100 MHz, CD3 OD) δ: 175.5 (C=O Leu), 174.1 (C=O Homophe), 158.4
(C=O CBZ), 142.2 (Ph C-1), 138.2 (Bn C-1), 129.8 (2C, Ph C-2,6), 129.5 (2C, Bn, C-3,5), 129.4
(2C, Ph C-3,5), 129.0 (Bn C-4), 128.8 (2C, Bn C-2,6), 127.1 (Ph C-4), 67.6 (CH2 O), 61.9 (OCH3 ),
54.7 (α-CH Leu), 50.2 (α-CH Homophe), 41.9 (CH2 -CH Leu), 34.1 (CH2 -CH Homophe), 32.8
(CH2 Ph), 32.4 (NCH3 ), 25.8 (CH-CH3 ), 23.5 (CH3 -CH), 22.0 (CH3 -CH). HRMS (ESI), m/z:
calcd. for C26 H35 N3 O5 Na+ : 492.2487 [M + Na]+ ; found: 492.2469.
3.1.5. Synthesis of Z-Leu-Homophe-CHF2 (8a,b)
To a solution of compound 12 (120 mg, 0.255 mmol, 1 equiv) in dry THF (5 mL) cooled
at 0 ◦ C was added (difluoromethyl)trimethylsilane (0.18 mL, 1.275 mmol, 2 equiv) under
Ar atmosphere. Then, potassium tert-pentoxide 0.9 M (1.25 mL, 1.122 mmol, 4.4 equiv) was
added dropwise with good stirring at 0 ◦ C during a period of 15 min. The reaction mixture
was further stirred to reach rt within 3 h. After complete conversion of the starting material,
the reaction mixture was quenched with saturated aqueous NH4 Cl solution (3 mL) and extracted with ethyl acetate (3 × 5 mL). The organic layer was washed with brine (5 mL), dried
over Na2 SO4 , filtered and concentrated under reduced pressure. The crude was purified
via column chromatography on silica gel (DCM: MeOH 98:2) to afford the corresponding
compounds 8a,b as diastereomeric mixture (3:1) in 87% yield (106 mg). 1 H NMR (400 MHz,
CD3 OD) δ: 7.34 (m, 2H, Bn H-2,6), 7.31 (m, 2H, Bn), 7.27 (m, 1H, Bn), 7.24 (m, 2H, Ph),
7.16 (m, 2H, Ph H-2,6), 7.16 (m, 1H, Ph), 5.76/5.69 (td, 2 JH,F = 54.4 Hz, 3 JH,H = 12.2 Hz, 1H,
CHF2 ), 5.14–5.06 (m, 2H, CH2 O), 4.20 (m, 2H, α-CH Homophe, α-CH Leu), 2.65–2.47 (m, 2H,
CH2 Ph), 2.06–1.75 (m, 2H, CH2 -CH Homophe), 1.74 (m, 1H, CH-CH3 ), 1.57 (m, 2H, CH2 -CH
Leu), 0.97 (d, 3 JH,H = 6.7 Hz, 3H, CH3 -CH), 0.94 (d, 3 JH,H = 6.7 Hz, 3H, CH3 -CH). 13 C NMR
(100 MHz, CD3 OD) δ: 175.77/175.72 (C=O Leu), 158.6/158.5 (C=O CBZ), 143.2 (Ph C-1),
138.2 (Bn C-1), 129.6 (2C, Ph C-2,6), 129.4 (2C, Ph), 129.0 (Bn), 128.9 (2C, Bn) 128.9 (2C, Bn C2,6), 126.89/126.83 (Ph C-4), 116.1 (t, 1 JC,F = 247.0 Hz, CHF2 ), 96.8 (HO-C-OH), 67.73/67.68
(CH2 O), 55.25/55.19 (α-CH Leu),53.45/53.14 (α-CH Homophe), 41.89/41.86 (CH2 -CH Leu),
33.42/33.20 (CH2 Ph), 31.93/31.56 (CH2 -CH Homophe), 25.85/25.83 (CH-CH3 ), 23.33/23.31
(CH3 -CH), 22.05/21.99 (CH3 -CH). 19 F NMR (376 MHz, CD3 OD) δ: -136.4 (d, 2 JH,F = 54.7 Hz,
CHF2 ). HRMS (ESI), m/z: calcd. for hydrated ketone C25 H32 F2 N2 O5 Na+ : 501.2176 [M +
Na]+ ; found: 501.2171; m/z: calcd. for ketone C25 H30 F2 N2 O4 Na+ : 483.2065 [M + Na]+ ;
found: 483.2066.
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3.2. Biological Assays
3.2.1. Cells and Viruses
Low-passage human embryonic lung fibroblasts (HELFs) were prepared and grown
as monolayers in MEM supplemented with 10% FBS (Euroclone), 1 mM sodium pyruvate,
2 mM glutamine, 100 U mL−1 penicillin, and 100 µg/mL 1 streptomycin sulfate, as previously described [58]. MRC5 (ATCC® CCL-171™ ) lung fibroblast were purchased from
the American Type Culture Collection (ATCC) and cultured in Eagle’s minimum essential
medium (MEM; EuroClone) supplemented with 10% fetal bovine serum (FBS, Euroclone),
2 mM glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin sulfate (P/S, both from Euroclone). Lung epithelial A549 (ATCC® CCL-185™ ) cells
were purchased from ATCC, and cultured in Dulbecco’s modified Eagle medium (DMEM;
EuroClone), supplemented with 10% fetal bovine serum (FBS, Euroclone), 2 mM glutamine,
1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin sulfate (P/S,
both from Euroclone). The human coronavirus 229E (ATCC® VR-740™ ) was purchased
from the ATCC and propagated and titrated on MRC5 cells.
3.2.2. Cytotoxicity Assay
HELFs, MRC5, or A549 cells were seeded in 96-well plates (18,000 cells/well), and
after 24 h, the cells were exposed to increasing concentrations of Z-Leu-Homophe-CHF2
(8) or vehicle (DMSO) as control. After 72 h of incubation, the number of viable cells
was determined using the CellTiter-Glo Luminescent assay (Promega) according to the
specifications of the manufacturer.
3.2.3. Antiviral Assay
To evaluate the antiviral activity of different concentrations of Z-Leu-Homophe-CHF2
or remdesivir (MedChem Express), MRC5 cells seeded in 48-well plates (30,000 cells/well)
and then treated with different concentrations of the compounds during infection with
hCoV-229E at 100 PFU/well. Following virus adsorption (2 h at 37 ◦ C), viral inocula
were removed, and cells were maintained in a medium containing the corresponding
compounds, and 2% FBS. Cells treated with vehicle (DMSO) and cells infected and treated
with vehicle were used as mock infection control for normalization and infection control,
respectively. After 72 h p.i., cell viability was measured using CellTiter-Glo assay as a
surrogate measurement of the viral cytopathic effect (CPE), as previously described [52].
The mean values for Z-Leu-Homophe-CHF2 (8) and remdesivir were normalized to the
mean values for the mock-infected control cells (DMSO-treated), and the concentration
that produced 50% of reduced cell viability (EC50 ) was determined by GraphPad Prism
software, version 7.
3.3. Computational
3.3.1. Molecular Docking
Flexible ligand docking experiments, successfully used in our previous work [31,59–64],
were performed employing AutoDock 4.2.6 software implemented in YASARA (v. 20.10.4,
YASARA Biosciences GmbH, Vienna, Austria) [65,66], using the three-dimensional crystal
structure of hCoV-229E Mpro (PDB ID: 1P9S), the three-dimensional crystal structure of SARSCoV-2 Mpro in complex with an inhibitor N3 PRD_002214 (PDB ID: 6LU7), both obtained from
the Protein Data Bank (PDB, http://www.rcsb.org), and the Lamarckian genetic algorithm
(LGA). The covalent bond between the Cys145 residue and the crystallized ligand has been
eliminated. His41 and Cys145 residues were protonated and optimized using YASARA
software. The maps were generated by the program AutoGrid (4.2.6) with a spacing of 0.375 Å
and dimensions that encompass all atoms extending 5 Å from the surface of the structure of
the crystallized ligands. The details were reported in the SI.
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3.3.2. Molecular Optimization
The semiempirical calculations were performed using the parameterized model number
6 Hamiltonian [67], as implemented in MOPAC package (J.J.P. Stewart, MOPAC2016, (2017))
(MOPAC2016 v. 18.151, Stewart Computational Chemistry, Colorado Springs, CO, USA).
3.3.3. Molecular Dynamics Simulations
The MD simulations of the Mpro /ligand complexes were performed with the YASARA
Structure package (19.11.5) [64]. The details were reported in the SI.
4. Conclusions
To sum up, in this work, we applied the chemistry of α-fluorinated organometallic
methyl type carbanions carried out in our labs, to the design of a peptide-based α,αdifluoromethyl ketone, having the –COCHF2 moiety at the C-terminal of the peptidic
framework as electrophilic warhead able to tackle cysteine proteases which are vital for
coronaviruses’ survival. Specifically, our pseudo-peptide, with the Z-Leu-Homophe-CHF2
motif, was developed on the basis of a structurally related lead compound targeting SARSCoV Mpro with activity in the micromolar range. Biological assays performed on cells
infected with hCoV-229E, one of the four human coronaviruses associated with respiratory
distress, showed that our compound exerts a remarkable antiviral activity (EC50 = 12.9 µM),
with a shallow cytotoxicity profile evaluated in three different types of uninfected cells
(A549, HELFs, and MRC5 cells). An exhaustive work of molecular docking and molecular
dynamics indicated that this fluorinated pseudo-dipeptide might efficaciously bind to the
intended cysteine target HCoV-229E Mpro . Moreover, due to the high similarity between
the Mpro of hCoV-229E and SARS-CoV-2 (the causative agent of COVID-19), we also
performed an in silico analysis towards SARS-CoV-2 Mpro . The latter study showed that
Z-Leu-Homophe-CHF2 might bind SARS-CoV-2 Mpro as effectively as for hCoV-229E
Mpro , suggesting that this fluorinated pseudo-peptide may be exploited as a new reference
structure for the future design of druggable compounds with activity against coronaviruses.
Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/3/1398/s1.
Author Contributions: Conceptualization, A.R., M.T.S., A.P. and N.M.; methodology, A.C., B.M.,
D.G. and G.G.; software, D.G. and A.R.; validation, M.T.S. and W.H.; formal analysis, A.C., D.G.,
B.M., G.G. and W.H.; investigation, A.C., D.G., B.M. and G.G.; resources, V.P., B.M., G.G. and N.M.;
data curation, A.C., A.R., W.H. and A.P.; writing—original draft preparation, A.C. and D.G.; writing—
review and editing, A.R., A.P. and N.M.; visualization, A.C., D.G., A.R., M.T.S. and V.P.; supervision,
V.P., A.P. and N.M.; project administration, A.P. and N.M.; funding acquisition, V.P. and N.M. All
authors have read and agreed to the published version of the manuscript.
Funding: This research was partially aided by the grant FFABR2017_MICALE_NICOLA_RI and the
APC was funded by authors’ vouchers and by grant FFABR2017_MICALE_NICOLA_RI.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

Peeri, N.C.; Shrestha, N.; Rahman, M.S.; Zaki, R.; Tan, Z.; Bibi, S.; Baghbanzadeh, M.; Aghamohammadi, N.; Zhang, W.; Haque, U.
The SARS, MERS and novel coronavirus (COVID-19) epidemics, the newest and biggest global health threats: What lessons have
we learned? Int. J. Epidemiol. 2020, 49, 717–726. [CrossRef] [PubMed]
Phanuphak, N.; Gulick, R.M. HIV treatment and prevention 2019: Current standards of care. Curr. Opin. HIV AIDS 2020, 15, 4–12.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2021, 22, 1398

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25.
26.
27.

28.
29.
30.

15 of 17

Sandmann, L.; Schulte, B.; Manns, M.P.; Maasoumy, B. Treatment of chronic hepatitis C: Efficacy, side effects and complications.
Visc. Med. 2019, 35, 161–170. [CrossRef] [PubMed]
Duncan, J.D.; Urbanowicz, R.A.; Tarr, A.W.; Ball, J.K. Hepatitis C virus vaccine: Challenges and prospects. Vaccines 2020, 8, 90.
[CrossRef] [PubMed]
Crimi, S.; Fiorillo, L.; Bianchi, A.; D’Amico, C.; Amoroso, G.; Gorassini, F.; Mastroieni, R.; Marino, S.; Scoglio, C.; Catalano, F.
Herpes virus, oral clinical signs and QoL: Systematic review of recent data. Viruses 2019, 11, 463. [CrossRef] [PubMed]
Agency, E.M. Summary on Compassionate Use Remdesivir Gilead; European Medicines Agency: Amsterdam, The Netherlands, 2020.
Sun, D. Remdesivir for treatment of COVID-19: Combination of pulmonary and IV administration may offer additional benefit.
AAPS J. 2020, 22, 77. [CrossRef]
Jin, Y.; Yang, H.; Ji, W.; Wu, W.; Chen, S.; Zhang, W.; Duan, G. Virology, epidemiology, pathogenesis, and control of COVID-19.
Viruses 2020, 12, 372. [CrossRef]
De Luca, L.; Ferro, S.; Buemi, M.R.; Monforte, A.M.; Gitto, R.; Schirmeister, T.; Maes, L.; Rescifina, A.; Micale, N. Discovery of
benzimidazole-based Leishmania mexicana cysteine protease CPB 2.8 ∆ CTE inhibitors as potential therapeutics for leishmaniasis.
Chem. Biol. Drug Des. 2018, 92, 1585–1596. [CrossRef]
Massai, L.; Messori, L.; Micale, N.; Schirmeister, T.; Maes, L.; Fregona, D.; Cinellu, M.A.; Gabbiani, C. Gold compounds as cysteine
protease inhibitors: Perspectives for pharmaceutical application as antiparasitic agents. BioMetals 2017, 30, 313–320. [CrossRef]
Scala, A.; Micale, N.; Piperno, A.; Rescifina, A.; Schirmeister, T.; Kesselring, J.; Grassi, G. Targeting of the leishmania Mexicana
cysteine protease CPB2. 8∆CTE by decorated fused benzo [b] thiophene scaffold. RSC Adv. 2016, 6, 30628–30635. [CrossRef]
Scala, A.; Rescifina, A.; Micale, N.; Piperno, A.; Schirmeister, T.; Maes, L.; Grassi, G. Ensemble-based ADME–Tox profiling and
virtual screening for the discovery of new inhibitors of the Leishmania mexicana cysteine protease CPB2. 8∆CTE. Chem. Biol.
Drug Des. 2018, 91, 597–604. [CrossRef] [PubMed]
Citarella, A.; Micale, N. Peptidyl fluoromethyl ketones and their applications in medicinal chemistry. Molecules 2020, 25, 4031.
[CrossRef] [PubMed]
O’Hagan, D. Understanding organofluorine chemistry. An introduction to the C–F bond. Chem. Soc. Rev. 2008, 37, 308–319.
[CrossRef] [PubMed]
Dobson, L.S.; Pattison, G. Rh-Catalyzed arylation of fluorinated ketones with arylboronic acids. Chem. Commun. 2016, 52,
11116–11119. [CrossRef] [PubMed]
Linderman, R.J.; Jamois, E.A. A semi-empirical and ab-initio analysis of fluoroketones as reactive electrophiles. J. Fluor. Chem.
1991, 53, 79–91. [CrossRef]
Pattison, G. Conformational preferences of α-fluoroketones may influence their reactivity. Beilstein J. Org. Chem. 2017, 13,
2915–2921. [CrossRef] [PubMed]
Pattison, G. Methods for the Synthesis of α, α-Difluoroketones. Eur. J. Org. Chem. 2018, 2018, 3520–3540. [CrossRef]
Malquin, N.; Rahgoshay, K.; Lensen, N.; Chaume, G.; Miclet, E.; Brigaud, T. CF2 H as a hydrogen bond donor group for the fine
tuning of peptide bond geometry with difluoromethylated pseudoprolines. Chem. Commun. 2019, 55, 12487–12490. [CrossRef]
Bordwell, F.G. Equilibrium acidities in dimethyl sulfoxide solution. Acc. Chem. Res. 1988, 21, 456–463. [CrossRef]
Erickson, J.A.; McLoughlin, J.I. Hydrogen bond donor properties of the difluoromethyl group. J. Org. Chem. 1995, 60, 1626–1631.
[CrossRef]
Sessler, C.D.; Rahm, M.; Becker, S.; Goldberg, J.M.; Wang, F.; Lippard, S.J. CF2 H, a hydrogen bond donor. J. Am. Chem. Soc. 2017,
139, 9325–9332. [CrossRef] [PubMed]
Camerino, E.; Wong, D.M.; Tong, F.; Körber, F.; Gross, A.D.; Islam, R.; Viayna, E.; Mutunga, J.M.; Li, J.; Totrov, M.M. Difluoromethyl
ketones: Potent inhibitors of wild type and carbamate-insensitive G119S mutant Anopheles gambiae acetylcholinesterase. Bioorg.
Med. Chem. Lett. 2015, 25, 4405–4411. [CrossRef] [PubMed]
Sowaileh, M.F.; Salyer, A.E.; Roy, K.K.; John, J.P.; Woods, J.R.; Doerksen, R.J.; Hockerman, G.H.; Colby, D.A. Agonists of the
γ-aminobutyric acid type B (GABAB ) receptor derived from β-hydroxy and β-amino difluoromethyl ketones. Bioorg. Med. Chem.
Lett. 2018, 28, 2697–2700. [CrossRef] [PubMed]
Govardhan, C.P.; Abeles, R.H. Structure-activity studies of fluoroketone inhibitors of α-lytic protease and human leukocyte
elastase. Arch. Biochem. Biophysc. 1990, 280, 137–146. [CrossRef]
Imperiali, B.; Abeles, R.H. Inhibition of serine proteases by peptidyl fluoromethyl ketones. Biochemistry 1986, 25, 3760–3767.
[CrossRef] [PubMed]
Sham, H.L.; Wideburg, N.E.; Spanton, S.G.; Kohlbrenner, W.E.; Betebenner, D.A.; Kempf, D.J.; Norbeck, D.W.; Plattner, J.J.;
Erickson, J.W. Synthesis of (2S, 5S, 4R)-2, 5-diamino-3, 3-difluoro-1, 6-diphenylhydroxyhexane: The core unit of a potent HIV
proteinase inhibitor. J. Chem. Soc. Chem. Commun. 1991, 110–112. [CrossRef]
Kelly, C.B.; Mercadante, M.A.; Leadbeater, N.E. Trifluoromethyl ketones: Properties, preparation, and application. Chem. Commun.
2013, 49, 11133–11148. [CrossRef]
Shao, Y.-M.; Yang, W.-B.; Kuo, T.-H.; Tsai, K.-C.; Lin, C.-H.; Yang, A.-S.; Liang, P.-H.; Wong, C.-H. Design, synthesis, and evaluation
of trifluoromethyl ketones as inhibitors of SARS-CoV 3CL protease. Bioorg. Med. Chem. 2008, 16, 4652–4660. [CrossRef]
Scala, A.; Piperno, A.; Micale, N.; Christ, F.; Debyser, Z. Synthesis and anti-HIV profile of a novel tetrahydroindazolylbenzamide
derivative obtained by oxazolone chemistry. ACS Med. Chem. Lett. 2018, 10, 398–401. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 1398

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.

16 of 17

Gentile, D.; Patamia, V.; Scala, A.; Sciortino, M.T.; Piperno, A.; Rescifina, A. Putative inhibitors of SARS-CoV-2 main protease from
a library of marine natural products: A virtual screening and molecular modeling study. Mar. Drugs 2020, 18, 225. [CrossRef]
Piperno, A.; Cordaro, M.; Scala, A.; Iannazzo, D. Recent highlights in the synthesis of anti-HCV ribonucleosides. Curr. Med. Chem.
2014, 21, 1843–1860. [CrossRef] [PubMed]
Pace, V.; Castoldi, L.; Mamuye, A.D.; Langer, T.; Holzer, W. Catalysis, chemoselective addition of halomethyllithiums to
functionalized isatins: A straightforward access to spiro-epoxyoxindoles. Adv. Synth. Catal. 2016, 358, 172–177. [CrossRef]
Pace, V.; Castoldi, L.; Holzer, W. Chemoselective additions of chloromethyllithium carbenoid to cyclic enones: A direct access to
chloromethyl allylic alcohols. Adv. Synth. Catal. 2014, 356, 1761–1766. [CrossRef]
Pace, V.; Castoldi, L.; Mamuye, A.D.; Holzer, W.J.S. Homologation of isocyanates with lithium carbenoids: A straightforward
access to α-halomethyl-and α, α-dihalomethylamides. Synthesis 2014, 46, 2897–2909. [CrossRef]
Pace, V.; Castoldi, L.; Mazzeo, E.; Rui, M.; Langer, T.; Holzer, W. Efficient access to all-carbon quaternary and tertiary alphafunctionalized homoallyl-type aldehydes from ketones. Angew. Chem. Int. Ed. Engl. 2017, 56, 12677–12682. [CrossRef]
Pace, V.; Castoldi, L.; Monticelli, S.; Rui, M.; Collina, S.J.S. New perspectives in lithium carbenoid mediated homologations.
Synlett 2017, 28, 879–888. [CrossRef]
Pace, V.; Holzer, W.; Verniest, G.; Alcantara, A.R.; De Kimpe, N. Chemoselective synthesis of N-substituted α-amino-α0 -chloro
ketones via chloromethylation of glycine-derived weinreb amides. Adv. Synth. Catal. 2013, 355, 919–926. [CrossRef]
Pace, V.; Murgia, I.; Westermayer, S.; Langer, T.; Holzer, W. Highly efficient synthesis of functionalized alpha-oxyketones via
Weinreb amides homologation with alpha-oxygenated organolithiums. Chem. Commun. 2016, 52, 7584–7587. [CrossRef]
Pace, V.; Castoldi, L.; Holzer, W. Synthesis of α, β-unsaturated α’-haloketones through the chemoselective addition of halomethyllithiums to weinreb amides. J. Org. Chem. 2013, 78, 7764–7770. [CrossRef]
Pace, V.; Castoldi, L.; Holzer, W. Addition of lithium carbenoids to isocyanates: A direct access to synthetically useful Nsubstituted 2-haloacetamides. Chem. Commun. 2013, 49, 8383–8385. [CrossRef]
Miele, M.; D’Orsi, R.; Sridharan, V.; Holzer, W.; Pace, V. Highly chemoselective difluoromethylative homologation of
iso(thio)cyanates: Expeditious access to unprecedented alpha, alpha-difluoro(thio)amides. Chem. Commun. 2019, 55, 12960–12963.
[CrossRef] [PubMed]
Miele, M.; Citarella, A.; Micale, N.; Holzer, W.; Pace, V. Direct and chemoselective synthesis of tertiary difluoroketones via
weinreb amide homologation with a CHF2-carbene equivalent. ACS Org. Lett. 2019, 21, 8261–8265. [CrossRef] [PubMed]
Ielo, L.; Touqeer, S.; Roller, A.; Langer, T.; Holzer, W.; Pace, V. Telescoped, divergent, chemoselective C1 and C1-C1 homologation
of imine surrogates: Access to quaternary chloro- and halomethyl-trifluoromethyl aziridines. Angew. Chem. Int. Ed. Engl. 2019,
58, 2479–2484. [CrossRef] [PubMed]
Castoldi, L.; Monticelli, S.; Senatore, R.; Ielo, L.; Pace, V. Homologation chemistry with nucleophilic alpha-substituted organometallic reagents: Chemocontrol, new concepts and (solved) challenges. Chem. Commun. 2018, 54, 6692–6704. [CrossRef] [PubMed]
Parisi, G.; Colella, M.; Monticelli, S.; Romanazzi, G.; Holzer, W.; Langer, T.; Degennaro, L.; Pace, V.; Luisi, R. Exploiting a “Beast”
in carbenoid chemistry: Development of a straightforward direct nucleophilic fluoromethylation strategy. J. Am. Chem. Soc. 2017,
139, 13648–13651. [CrossRef] [PubMed]
Castoldi, L.; Ielo, L.; Hoyos, P.; Hernáiz, M.J.; De Luca, L.; Alcántara, A.R.; Holzer, W.; Pace, V. Merging lithium carbenoid
homologation and enzymatic reduction: A combinative approach to the HIV-protease inhibitor nelfinavir. Tetrahedron 2018, 74, 2211.
[CrossRef]
Lin, G.; Liu, H.C.; Wu, F.C.; Chen, S.J. Synthesis of aryl α, α-difluoroalkyl ketones as potent inhibitors of cholesterol esterase. J.
Chin. Chem. Soc. 1994, 41, 103–108. [CrossRef]
Reiter, L.A.; Martinelli, G.J.; Reeves, L.A.; Mitchell, P.G. Difluoroketones as inhibitors of matrix metalloprotease-13. Bioorg. Med.
Chem. Lett. 2000, 10, 1581–1584. [CrossRef]
Stewart, R.; Linden, R.V.d. The acidity of some aromatic fluoro alcohols and ketones. Can. J. Chem. 1960, 38, 399–406. [CrossRef]
Corman, V.M.; Muth, D.; Niemeyer, D.; Drosten, C. Hosts and sources of endemic human coronaviruses. In Advances in Virus
Research; Elsevier: Amsterdam, The Netherlands, 2018; Volume 100, pp. 163–188.
Brown, A.J.; Wona, J.J.; Graham, R.L.; Dinnon III, K.H.; Sims, A.C.; Feng, J.Y.; Cihlarb, T.; Denison, M.R.; Baric, R.S.; Sheahan, T.P.
Broad spectrum antiviral remdesivir inhibits human endemic and zoonotic deltacoronaviruses with a highly divergent RNA
dependent RNA polymerase. Antivir. Res. 2019, 169, 104541. [CrossRef]
Anand, K.; Ziebuhr, J.; Wadhwani, P.; Mesters, J.R.; Hilgenfeld, R. Coronavirus main proteinase (3CLpro) structure: Basis for
design of anti-SARS drugs. Science 2003, 300, 1763–1767. [CrossRef] [PubMed]
Ziebuhr, J.; Heusipp, G.; Siddell, S.G. Biosynthesis, purification, and characterization of the human coronavirus 229E 3C-like
proteinase. J. Virol. 1997, 71, 3992–3997. [CrossRef] [PubMed]
Zhang, L.; Lin, D.; Kusov, Y.; Nian, Y.; Ma, Q.; Wang, J.; Von Brunn, A.; Leyssen, P.; Lanko, K.; Neyts, J. α-Ketoamides as
broad-spectrum inhibitors of coronavirus and enterovirus replication: Structure-based design, synthesis, and activity assessment.
J. Med. Chem. 2020, 63, 4562–4578. [CrossRef] [PubMed]
Wang, F.; Chen, C.; Tan, W.; Yang, K.; Yang, H. Structure of main protease from human coronavirus NL63: Insights for wide
spectrum anti-coronavirus drug design. Sci. Rep. 2016, 6, 22677. [CrossRef]
Jin, Z.; Du, X.; Xu, Y.; Deng, Y.; Liu, M.; Zhao, Y.; Zhang, B.; Li, X.; Zhang, L.; Peng, C.; et al. Structure of M(pro) from SARS-CoV-2
and discovery of its inhibitors. Nature 2020, 582, 289–293. [CrossRef]

Int. J. Mol. Sci. 2021, 22, 1398

58.

59.
60.

61.
62.
63.

64.
65.
66.
67.

17 of 17

Luganini, A.; Caposio, P.; Mondini, M.; Landolfo, S.; Gribaudo, G. New cell-based indicator assays for the detection of human
cytomegalovirus infection and screening of inhibitors of viral immediate-early 2 protein activity. J. Appl. Microbiol. 2008, 105,
1791–1801. [CrossRef]
Gentile, D.; Fuochi, V.; Rescifina, A.; Furneri, P.M. New anti SARS-Cov-2 targets for quinoline derivatives chloroquine and
hydroxychloroquine. Int. J. Mol. Sci. 2020, 21, 5856. [CrossRef]
Amata, E.; Dichiara, M.; Gentile, D.; Marrazzo, A.; Turnaturi, R.; Arena, E.; La Mantia, A.; Tomasello, B.R.; Acquaviva, R.;
Di Giacomo, C. Sigma receptor ligands carrying a nitric oxide donor nitrate moiety: Synthesis, in silico, and biological evaluation.
ACS Med. Chem. Lett. 2020, 11, 889–894. [CrossRef]
Floresta, G.; Patamia, V.; Gentile, D.; Molteni, F.; Santamato, A.; Rescifina, A.; Vecchio, M. Repurposing of FDA-approved drugs
for treating iatrogenic botulism: A paired 3D-QSAR/docking approach. Chem. Med. Chem. 2020, 15, 256–262. [CrossRef]
Floresta, G.; Gentile, D.; Perrini, G.; Patamia, V.; Rescifina, A. Computational tools in the discovery of FABP4 ligands: A statistical
and molecular modeling approach. Mar. Drugs 2019, 17, 624. [CrossRef]
Floresta, G.; Amata, E.; Gentile, D.; Romeo, G.; Marrazzo, A.; Pittalà, V.; Salerno, L.; Rescifina, A. Fourfold filtered statistical/computational approach for the identification of imidazole compounds as HO-1 inhibitors from natural products. Mar. Drugs
2019, 17, 113. [CrossRef] [PubMed]
Floresta, G.; Dichiara, M.; Gentile, D.; Prezzavento, O.; Marrazzo, A.; Rescifina, A.; Amata, E. Morphing of ibogaine: A successful
attempt into the search for sigma-2 receptor ligands. Int. J. Mol. Sci. 2019, 20, 488. [CrossRef]
Krieger, E.; Koraimann, G.; Vriend, G. Increasing the precision of comparative models with YASARA NOVA—A selfparameterizing force field. Prot. Struct. Funct. Bioinform. 2002, 47, 393–402. [CrossRef] [PubMed]
Krieger, E.; Vriend, G. YASARA View—Molecular graphics for all devices—From smartphones to workstations. Bioinform. 2014,
30, 2981–2982. [CrossRef] [PubMed]
Stewart, J.J. Optimization of parameters for semiempirical methods V: Modification of NDDO approximations and application to
70 elements. J. Mol. Model. 2007, 13, 1173–1213. [CrossRef] [PubMed]

