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Abstract

Using a combination of enhanced sampling molecular dynamics techniques and non-
equilibrium alchemical transformations with full atomistic details, we have shown that
hydroxychloroquine (HCQ) may act as a mild inhibitor of important functional proteins
for SARS-CoV2 replication, with potency increasing in the series PLP™, 3CLP™, RdRp.
By analyzing the bound state configurations, we were able to improve the potency for
the 3CLP™ target, designing a novel HCQ-inspired compound, named PMP329, with
predicted nanomolar activity. If confirmed in wvitro, our results provide a molecular
rationale for the use of HC(Q) or of strictly related derivatives in the treatment of Covid-

19



On 12 March 2020, the World Health Organization declared the Covid-19 outbreak a
pandemic.! The viral infection, believed to have a zoonotic origin in late January from the
“wet markets” of the Chinese city of Wuhan, rapidly spread throughout the five continents
involving, as of today, nearly 2 million of active cases and causing the death of more than
120,000. The coronavirus SARS-CoV2, responsible for Covid-19, is in strict genomic rela-
tionship?™ with the SARS-CoV. The latter, also with a zoonotic origin, was the cause for
the SARS outbreak in 2003 in China, effectively contained in few months by the summer of
the same year. The RNA of the two closely related coronaviridae SARS-CoV and SARS-
CoV?2 encodes two large poli-proteins, ppla and pplab, that are cleaved and transformed in
mature non structural proteins (nsp) by the two virus proteases, 3CLP™ (3C-like protease)
and PLP™ (Papain Like Protease).® 3CLP™, in particular, generates from ppla the fragment
nspl2 that fold by forming, along with the nsp7 and nsp8 cofactors, the RNA dependent
RNA polymerase (RdRp), i.e. the RNA-synthesizing machinery in both SARS-CoV and
SARS-CoV2 positive strand RNA.

In less than two month, from early February to March 2020, the X-ray structures of the
two SARS-CoV?2 proteases, 3CLP®,6 PLP7 and the cryo-EM 3.1 A resolution structure of
RARp?® were deposited in the Protein Data Bank. These functional SARS-CoV2 proteins
(PDB codes: 6L.U7, 6W9C, 6M71) exhibited a sequence percent identity with their SARS-
CoV homologues (PDB codes: 1UK4, 2FE8, 6NUR) exceeding 95%, with 3CLP* and RdRp
of SARS-CoV2 differing by only 12 (out of 306)° and 36 (out of 932) amino acids from
their SARS-CoV counterpart. This striking similarity level leads naturally to believe that
inhibitors of SARS-CoV functional proteins are very likely active for the SARS-CoV2 variants
as well, and that, with appropriate funding in the mid-2000s, there would probably be a
drug available for Covid-19 today.!® Unfortunately, no antiviral compound targeting 3CLP*,
PLP™ or RdRp for SARS was ever approved in the past decades due to a sharp decline in
funding. “With no clear prospect of income from investment in drugs for future epidemics,

most companies choose to focus on potential blockbusters”,!® probably relying on the wrong



assumption that chance of a repetition of a new zoonotic viral transmission was extremely
unlikely.

While the research on specific anti-Covid-19 drugs is frantically ongoing!! building upon
past results on SARS,>!? there is a growing interest in testing approved drugs, with hence
known limited or mild side effects, for off-label or compassionate use against Covid-19.
Among these drugs, we mention the anti-influenza virus Favipiravir (Avigan), tested in China
and Japan on patients with mild symptoms, the biologic drug Tocilizumab, administered in
[taly to patient in intensive care units, the adenosine-analog Remdesivir, the antiviral drug
Kaletra, a combination of anti-HIV Lopinavir and antiretroviral Ritonavir, and the anti-
malaria hydroxychloroquine (HCQ), approved by the FDA for the treatment of lupus and
rheumatoid arthritis as well. This latter cost-effective drug is currently undergoing clinical
trials for the treatment of Covid-19 in several countries, including Italy, USA and France.

Following the SARS outbreak back in the year 2005, Vincent et al. reported'® that
chloroquine (CQ) had strong antiviral effects on SARS-CoV infection of primate cells. In
a recent study,'* it was found that HCQ interfered with the entry mechanism of virions in
Vero E6 cell cultures, by blocking the transport of SARS-CoV2 from early endosomes to
endolysosomes. In a March 29 preprint on the bioRxiv database,'® Italian researchers found
evidence that the anti-SARS-CoV2 activity of a clinically achievable HCQ concentration
was maximized when administered before but also after the infection of Vero E6 cells in
agreement with previous reports on CQ.' These results suggest that CQ or the less toxic
HCQ may be active not only by blocking the entry of the virions through the host cell
membrane, but also by way an anti-replication mechanism occurring after the release of the
viral genome into the host cells.

This observations lead naturally to speculate that HCQ can be an inhibitor of any of the
three cited viral functional proteins 3CLP™, PLP™ or RdRp, that are essential in the virus
replication. In order to shed light on this matter, we have performed an accurate in silico

“measurement” of the dissociation constant of HCQ with 3CLP™, PLP™ and RdRp, using
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Figure 1: HCQ complexes with domain I-+II of 3CLP™, PLP™ and RdRp. HCQ is in Van der Waals
representation. The active site residues are in CPK representation. Reported dissociation constants
are computed from the HREM/NE determined standard dissociation free energies AGy (see text)
as Kg = e PAG,

a state of the art computational techniques combined with reliable modern force fields for

biological systems.'® The computational approach is based on a combination of molecular

dynamics (MD) enhanced sampling techniques (Hamiltonian Replica Exchange, HREM)
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and non-equilibrium alchemical MD simulations,!” encoded in an algorithm!® amenable to

massive parallelization on high performing computational facilities.*

We started by docking the OpenBabel?® generated 3D structure of HCQ to the PDB
structures of 3CLP™ (domains I+1T only), PLP™ and RdRp (nsp12 only) using Autodock4.?!
The optimal initial docking pose was found by running 50 minimization rounds with the
center of mass (COM) of the fully flexible HCQ ligand placed within a 15 A side-length
cubic box centered at the protein active sites. The latter were identified by the midpoint
vectors connecting the alpha carbons of the CYS-HIS catalytic dyad in 3CLP™ and PLP™
and by the midpoint vector connecting THR680 and ASN691 in RdRp.?? More details on
the Docking approach are provided in the ESI.

The so-generated initial structures of the HCQ-3CLP™, HCQ-PLP™ and HCQ-RdRp com-
plexes (see Figure 1) were first equilibrated in cubic box of appropriate size, filled with TTP3P

explicit water molecules, by running short simulation (100 ps) in the NPT ensemble. The

resulting solvated complexes were then fed to the ORAC MD program!® for the HREM



sampling of the bound states using a very effective torsional tempering scheme on the bind-
ing site region engaging only 8 replicas.?® We collected, for each of the three complexes,
540 configurations sampled at regular intervals during 25 ns NPT simulation of the HREM
target (unscaled) state (T=300 K and P=1 atm). From these HREM-harvested equilibrium
configurations, we launched, on a single parallel job, a swarm of 540 independent alchemical

2425 where the HCQ-environment interactions were rapidly

non-equilibrium (NE) trajectories
decoupled in 0.36 ns, eventually producing a ligand annihilation work distribution. During
the HREM and NE simulations, HCQ was prevented to drift away from the active site us-
ing a weak harmonic restraint between the centers of mass (COM) of the ligand and the
receptors. 2*

The recoupling HCQ work distribution in bulk solvent was obtained using fast growth
(0.36 ps) alchemical simulations. The starting configurations in this case were generated by
combining 540 HCQ solvent-decoupled conformations, sampled in a 8 ns HREM simulation of

the isolated (gas-phase) molecule, with equilibrated structures of pure TIP3P water molecules

in standard conditions.
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Figure 2: Probability distribution of the ligand-receptor COM-COM distance for the complex
of 3CLP*°-HCQ, 3CLP°-PMP329, PLP-HCQ, RdRp-HCQ, as obtained in 24 ns of HREM

simulation.



The standard dissociation free energies, AG\, were computed using the Jarzynski iden-
tity 26 evaluated on the work distribution obtained by combining the negative growth work
values of HCQ in bulk with the positive decoupling work values of HCQ in the bound state,
and by adding a standard state binding site volume correction.?* The 95% confidence inter-
val of the predicted dissociation free energies was obtained by bootstrap with resampling on
the two independent sets of growth and decoupling work values. All MD calculations were
performed using the program ORAC™ on the CRESCO6 high performing computing facility
located in Portici (Ttaly) and managed by ENEA.' Further details of the HREM and NE
techniques are reported in the ESI.

In Figure 2 we show the probability distributions of the distance between the COM of
HCQ and that of the three viral functional proteins as obtained from the HREM simulation
with torsional tempering in the active site region. It can be seen that in all three cases,
HCQ lingers in the active site in spite of large allowance volume (1661 A3, see ESI) due
the harmonic restraint potential. The dissociation constants Ky = e ?2%° from the HREM-
NE computed standard dissociation free energy AG| are reported in the Figure 1. HCQ is
predicted to have micromolar activity for all three proteins, corresponding to AG( values of
7.7 £ 0.3 keal/mol, 8.5 +0.4 kcal/mol, and 9.1 + 0.6 kcal/mol for PLP™ 3CLP™ and RARP,
respectively. For the HCQ-3CLP™ complex, in particular, by analyzing the HREM sampled
configuration of the bound state (see details in ESI), we noticed that in the most probable
conformation HC(Q adopts a compact structure characterized by the ethyl moiety insisting
on the chloroquinoline planar moiety, with the hydroxy group not engaging in any stable
hydrogen-bond with the surrounding protein residues. We hence decided to modify HCQ so
at to further stabilize this compact structure in bulk solvent as well, in order to reduce the
penalty due to the conformational entropy contribution upon binding.?"

This was achieved by moving the OH group away to the penthyl moiety, thereby enhanc-
ing the hydrophobic character of the OH-depleted propyl moiety and its interaction with the

planar group (transformed in a methyl-naphtyl moeiety) in both the bound and unbound



a) PMP 329

Figure 3: a): Chemical structure and SMILES code of PMP329; b) Typical PMP329 compact
conformation in the binding site of 3CLP™.
states. In the Figure 3 we show in (a) the structure and the SMILES code of the modified
compound, named PMP329, and in (b) a typical compact conformation in the bound state
with the hydrophobic interaction between the methyl-naphtyl moiety and the propyl group.
The ligand is surrounded by mostly hydrophobic residues with a single transient H-bond
between the hydroxy group of PMP329 and the carboxy group in SER46. The AG, of
PMP329 for 3CLP™, computed using the previously described HREM/NE protocol, is found
to be of 9.8 + 1.4 kcal/mol, translating in the nanomolar activity of K4 ~ 70. PMP329
is not commercially available according to the ZINC?® or PUBCHEM?® databases. How-
ever its synthesis should be straightforward starting from inexpensive an readily available
commercial precursors.

The results presented in this communication, obtained using advanced molecular dynam-
ics techniques with full atomistic details, show that HCQ may act as a mild inhibitor of
important functional proteins for SARS-CoV2 replication, with potency increasing in the

series PLP™, 3CLP™, RdRp. By analyzing the HREM bound state configurations, we were



able to improve the potency for 3CLP™ target, designing a novel HCQ-inspired compound,
named PMP329, with predicted nanomolar activity. Our results call for a rapid in wvitro
measurements of the activity of HCQ (and possibly of PMP329) on each of the three viral
protein, PLP™ 3CLP™ and RdRp (nspl2). If confirmed, our prediction provides a convincing
molecular rationale for the use of HCQ or of strictly related derivatives in the treatment of

Covid-19.
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