Lawrence Berkeley National Laboratory
Recent Work

Title

Targeting SARS-CoV-2 Nsp3 macrodomain structure with insights from human poly(ADP-
ribose) glycohydrolase (PARG) structures with inhibitors.

Permalink

https://escholarship.org/uc/item/97w9b43x

Authors

Brosey, Chris A
Houl, Jerry H
Katsonis, Panagiotis

Publication Date
2021-08-01

DOI
10.1016/j.pbiomolbio.2021.02.002

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/97w9b43x
https://escholarship.org/uc/item/97w9b43x#author
https://escholarship.org
http://www.cdlib.org/

ELSEVIER

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Progress in Biophysics and Molecular Biology 163 (2021) 171-186

Progress in Biophysics and Molecular Biology

journal homepage: www.elsevier.com/locate/pbiomolbio

v %

Contents lists available at ScienceDirect

PROGRESS IN
Blophysics &
Molecular Blology

Targeting SARS-CoV-2 Nsp3 macrodomain structure with insights N
from human poly(ADP-ribose) glycohydrolase (PARG) structures with | &

inhibitors

Chris A. Brosey * ", Jerry H. Houl %, Panagiotis Katsonis °,

Lakshitha PF. Balapiti-Modarage ¢, Shobanbabu Bommagani ¢, Andy Arvai ¢,

Davide Moiani °, Albino Bacolla ¢, Todd Link °, Leslie S. Warden °, Olivier Lichtarge b
Darin E. Jones ¢, Zamal Ahmed * ", John A. Tainer ™"

2 Department of Molecular and Cellular Oncology, M. D. Anderson Cancer Center, Houston, TX, 77030, USA

b Department of Molecular and Human Genetics, Baylor College of Medicine, Houston, TX, 77030, USA

€ Department of Pharmaceutical Sciences, University of Arkansas for Medical Sciences, Little Rock, AR, 72205, USA

4 Integrative Structural & Computational Biology, The Scripps Research Institute, La Jolla, CA, 92037, USA

€ Department of Cancer Biology, M.D. Anderson Cancer Center, Houston, TX, 77030, USA

f Molecular Biophysics and Integrated Bioimaging, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA

ARTICLE INFO

Article history:

Received 16 October 2020
Received in revised form

25 January 2021

Accepted 10 February 2021
Available online 23 February 2021

Keywords:

SARS-CoV-2 Nsp3 macrodomain
Poly(ADP-Ribose) glycohydrolase (PARG)
PARG inhibitor (PARGi)

Evolutionary trace (ET)

In silico screening

Drug discovery

ABSTRACT

Arrival of the novel SARS-CoV-2 has launched a worldwide effort to identify both pre-approved and
novel therapeutics targeting the viral proteome, highlighting the urgent need for efficient drug discovery
strategies. Even with effective vaccines, infection is possible, and at-risk populations would benefit from
effective drug compounds that reduce the lethality and lasting damage of COVID-19 infection. The CoV-2
MacroD-like macrodomain (Mac1) is implicated in viral pathogenicity by disrupting host innate im-
munity through its mono(ADP-ribosyl) hydrolase activity, making it a prime target for antiviral therapy.
We therefore solved the structure of CoV-2 Macl from non-structural protein 3 (Nsp3) and applied
structural and sequence-based genetic tracing, including newly determined A. pompejana MacroD2 and
GDAP2 amino acid sequences, to compare and contrast CoV-2 Mac1 with the functionally related human
DNA-damage signaling factor poly(ADP-ribose) glycohydrolase (PARG). Previously, identified targetable
features of the PARG active site allowed us to develop a pharmacologically useful PARG inhibitor (PARGi).
Here, we developed a focused chemical library and determined 6 novel PARGi X-ray crystal structures for
comparative analysis. We applied this knowledge to discovery of CoV-2 Mac1 inhibitors by combining
computation and structural analysis to identify PARGi fragments with potential to bind the distal ribose
and adenosyl pockets of the CoV-2 Mac1 active site. Scaffold development of these PARGi fragments has
yielded two novel compounds, PARG-345 and PARG-329, that crystallize within the Mac1 active site,
providing critical structure-activity data and a pathway for inhibitor optimization. The reported struc-
tural findings demonstrate ways to harness our PARGi synthesis and characterization pipeline to develop
CoV-2 Macl inhibitors targeting the ADP-ribose active site. Together, these structural and computational
analyses reveal a path for accelerating development of antiviral therapeutics from pre-existing drug

optimization pipelines.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Abbreviations: Severe Acute Respiratory Syndrome, (SARS); nonstructural protein 3, (Nsp3); 2-(N-morpholino)ethanesulfonic acid, (MES); poly(ADP-ribose) glycohy-
drolase, (PARG); poly(ADP-ribose) polymerase, (PARP); evolutionary trace, (ET); multiple sequence alignment, (MSA); microscale thermophoresis, (MST).
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1. Introduction

As of early 2021, the zoonotic coronavirus disease 2019 (COVID-
19) has infected over 100 million people, causing over 2.5 million
deaths and imposing worldwide lockdowns (https://coronavirus.
jhu.edu/) (Guan et al., 2020; Lam et al., 2020; Zhou et al., 2020).
The search for effective antiviral therapies to treat COVID-19 has
been broad and varied, ranging from repurposing known FDA-
approved drugs to de novo fragment-based drug discovery
(Omolo et al., 2020; Shyr et al., 2020; Touret et al., 2020). An in-
termediate option in this arsenal of drug development applies
existing inhibitor development pipelines from human disease tar-
gets to viral homologues. The CoV-2 MacroD-like macrodomain
(Mac1) of non-structural protein 3 (Nsp3) has emerged as an
attractive therapeutic target, as macrodomain activity in related
coronaviruses has been linked to viral virulence and disruption of
innate host immunity (Fehr et al., 2016, 2018; Grunewald et al.,
2019). As a candidate for repurposed inhibitor pipelines, CoV-2
Mac1 is functionally related to the key human DNA-damage
signaling factor poly(ADP-ribose) glycohydrolase (PARG).

PARG has been the focus of concentrated inhibitor development
for cancer, both as a complement to and substitute for clinical PARP
inhibitors (PARPi) (Chen and Yu, 2019; Houl et al., 2019; Slade,
2020), which act in part by trapping PARP1 on damaged DNA
(Zandarashvili et al., 2020) and by acting synergistically to kill
cancer cells with defective homology-directed repair (Syed and
Tainer, 2018) or alternative end-joining (Eckelmann et al., 2020).
Following DNA damage, PARG reverses the signaling response
initiated by PARP1 at ssDNA breaks by hydrolyzing the ‘cloud’ of
poly(ADP-ribose) (PAR) into mono-nucleotide ADP-ribose (ADPr)
(Pourfarjam et al., 2020; Slade et al., 2011). The dispersion of the
PAR cloud enables subsequent progression of DNA repair at the
damage site. Excessive and unresolved PAR depletes NAD" and
triggers cell death by parthanatos (Brosey et al., 2016; Wang et al.,
2011). As a member of the macrodomain family, PARG shares a
conserved fold for recognition and chemical hydrolysis of ADP-
ribose moieties with CoV-2 Macl (Kim et al., 2012; Lambrecht
et al., 2015; Rack et al., 2020a).

The largest SARS-CoV-2 non-structural protein, Nsp3, contains
three macrodomain folds: Mac1l and two SUD-M-like domains
(SUD-M-N, SUD-M-C) (Alhammad and Fehr, 2020; Frick et al.,
2020). The CoV-2 Mac1 domain possesses mono(ADP-ribosyl) hy-
drolase activity in vitro, reversing PARP14 modifications (Rack et al.,
2020b) and is proposed to remove single ADP-ribose modifications
from host protein substrates in cells (Alhammad and Fehr, 2020; Lin
et al., 2020; Rack et al., 2020b). Critically, catalytic inactivation of
coronavirus macrodomains attenuates viral pathogenesis in mice
and restores interferon responses (Abraham et al., 2020; Fehr et al.,
2015, 2016; McPherson et al., 2017). Viral macrodomains are
believed to counter or hijack host immunity by reversing the
mono(ADP-ribosyl) modifications generated by host PARP14 en-
zymes, thereby interfering with interferon production (Grunewald
et al., 2019) and altering STAT1 regulation (Iwata et al., 2016), a
possible link to the damaging and deadly Cytokine Storm Syndrome
observed in severe COVID-19 cases (Claverie, 2020). These obser-
vations implicate CoV-2 Macl as a critical target for antiviral
therapy, and a variety of screening efforts are underway to discover
fragment binders as leads to potential inhibitors (Fraser, 2020).

Given the conserved macrodomain fold shared between CoV-2
Mac1 and PARG, we investigated how our current PARGi libraries
and pharmacology could be interrogated for accelerated inhibitor
development against CoV-2 Mac1. We crystallized and determined
a 1.45 A-structure of the CoV-2 Mac1 domain, identifying a bound
MES molecule with similarities to our NCI JA2131 lead PARG in-
hibitor in the distal ribose active site. We also determined 6 novel
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PARGi X-ray crystal structures from our focused JA2131 derivative
library in order to probe the conformational diversity available to
PARGi ligands engaging the PARG macrodomain active site. By us-
ing evolutionary trace data and including newly determined
A. pompejana MacroD2 and GDAP2 amino acid sequences, we
identified functionally significant active site residues shared be-
tween CoV-2 Macl and PARG-like macrodomains. Computational
screening and triaging of our PARGi libraries against CoV-2 Mac1
revealed candidate PARGi fragments targeting these conserved
residues in the adenosyl and distal ribose pockets. These PARGi
fragments were rationally reoptimized to create a new panel of
CoV-2 Macl inhibitors targeting both active site pockets. These
efforts yielded two novel compounds, PARG-345 and PARG-329,
that crystallize in the Mac1 active site and provide critical struc-
tural information for optimizing the affinity and inhibitory activity
of these scaffold designs using our existing ligand characterization
pipelines. The structure of CoV-2 Mac1 in combination with specific
inhibitors will open the door to defining its cellular protein targets
and biological activity for foundational insights into SARS-CoV-2
pathogenesis. Our approach provides a generalizable framework
for leveraging pre-existing inhibitor pipelines from human homo-
logues as a strategy for antiviral drug development.

2. Materials and methods
2.1. CoV-2 Macl expression, purification, and validation

The CoV-2 Mac1 sequence (Fig. S1) was subcloned into a pET-
30a(+) vector with a 6X-Histidine fusion tag and 3C protease
cleavage site by Genscript. CoV-2 Macl was recombinantly
expressed in E. coli Rosetta 2(DE3) cells using auto induction media
at 20 °C. Frozen cell pellets were resuspended on ice in lysis buffer
(50 mM HEPES, pH 8.0, 500 mM Nacl, 10% glycerol, 0.5 mM TCEP)
supplemented with 1 mM PMSF, 1 mg/ml lysozyme, and 10 pg/ml
DNase I. The suspension was lysed via 3 passes through an Avestin
EmulsiFlex C5 Cell disruptor and spun at 18,000 rpm in a Sorvall SS-
34 rotor for 60 min at 4 °C. The supernatant was loaded onto a 5-ml
GE HisTrap column, washed with 10 column volumes (CV) of lysis
buffer, 5 CV of lysis buffer plus 25 mM imidazole, and eluted with
lysis buffer plus 300 mM imidazole. Fractions containing the Hises-
CoV-2 Mac1 were treated with PreScission protease and dialyzed
overnight in 2 L of lysis buffer at 4 °C. Subtractive chromatography
was performed with the 5-ml GE HisTrap column, and the cleaved
CoV-2 Macl product was eluted with lysis buffer plus 25 mM
imidazole. The CoV-2 Mac1 was furthered purified on a Superdex
75 16/60 gel filtration column using 20 mM HEPES, pH 7.5, 200 mM
NaCl, and 0.5 mM TCEP. Fractions containing protein were pooled,
flash frozen in liquid nitrogen, and stored at —80 °C.

Purified CoV-2 Mac1 was assayed for its ability to bind ADP-
ribose using isothermal titration calorimetry (ITC) with a PEAQ-
ITC (Malvern Panalytical). Buffer-matched ADP-ribose stock
(1 mM in 25 mM HEPES, pH 7.5, 150 mM NaCl) was titrated into
buffer or 40—50 uM CoV-2 Mac1 at 25 °Cin 19 2-uL injections (4 s
each) spaced at 150 s and stirred at 750 rpm. ITC thermograms were
baseline corrected and integrated, followed by subtraction of
background heats from the ligand-to-buffer titration in MicroCal
PEAQ-ITC Analysis Software. The same software was used to
determine thermodynamic parameters.

2.2. CoV-2 Macl crystallization and structure determination

Crystals of CoV-2 Nsp3 Mac1 were grown by the hanging-drop
vapor diffusion method in 70% saturated ammonium sulfate, 0.4%
BME, 200 mM Imidazole/Malate pH 7.4, and 50 mM MES pH
6.0—8.6. Protein and mother liquor were mixed in a 1:1 ratio in 2 uL
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drops and equilibrated at 15 °C. Crystals grew to full size in
approximately five days. Crystals were harvested, briefly exchanged
into cryoprotectant buffer (20% glycerol, i.e. 4 pL reservoir mixed
with 1 pL glycerol), and flash cooled in liquid nitrogen for the native
macrodomain structure. For PARG-329 and PARG-345 complexes,
crystals were soaked in 10 mM (329) or 11.5 mM (345) drug with
60% ammonium sulfate, 0.4% BME, 200 mM imidazole/malate, pH
7.8 (329) or pH 8.2 (345) for 5 h prior to flash freezing in soak so-
lution supplemented with 20% glycerol.

X-ray diffraction data were collected at SSRL beamlines 9-2 and
12—2, and datasets were processed with XDS (Kabsch, 2010). The
structure was solved with molecular replacement with Phaser,
using PDB: 6YWM, chain A as a search model. The structure was
built with alternating rounds of refinement in Phenix (Liebschner
et al,, 2019) and manual fitting with Coot (Emsley and Cowtan,
2004). Final coordinates for all CoV-2 Mac1 structures have been
deposited in the Protein Data Bank [MES (7KG3), PARG-329 (7KXB),
PARG-345 (7LG7)]. C,, RMSD values were calculated in Chimera
(Pettersen et al., 2004).

2.3. Synthesis of methylxanthine PARGi derivatives and Mac1 MES-
derived inhibitors

The lead NCI library compound JA2131 (NSC99667) was previ-
ously identified and characterized as a PARG inhibitor in vitro and in
cells (Houl et al., 2019). General approaches for derivatization of the
JA2131 pharmacophore are as follows.

A general scheme for the preparation of N7-substituted meth-
ylxanthine PARGi 2 is shown in Scheme 1 (Bertrand et al., 2014).
Commercially available theophylline 1 is treated with a variety of
alkyl halides in the presence of potassium carbonate and affords
N7-substituted methylxanthine PARGi 2 analogues in good yield
and purity after chromatography.

The general synthesis of C8-substitued methylxanthine PARGi
derivatives 5 and N7, C8-disubstitued methylxanthine PARGi de-
rivatives 6 is shown in Scheme 2 (Hisham et al., 2019). Nitrosoation
of the commercially available aminouracil 3 followed by reduction
and condensation with carbon disulfide resulted in the formation of
the thioxanthine 4 after chromatographic purification. The treat-
ment of thioxanthine 4 with alkyl halides in a basic aqueous solu-
tion yielded the desired PARGi derivatives 5 as a single regioisomer.
PARGi derivatives 5 were further elaborated to N7, C8-disubstitued
methylxanthine PARGi derivatives 6 by treatment with potassium
carbonate and an appropriate alkyl halide. A detailed description of
these syntheses is provided in the Supplemental Experimental
Methods.

2.4. PARG purification and crystallization

The human PARG catalytic domain (residues 448—976) was
recombinantly expressed and purified as described (Houl et al.,
2019). Purified PARG was also crystallized as described (Houl
et al., 2019; Tucker et al., 2012) by the hanging-drop vapor diffu-
sion method in 0.1 M PCTP (Sodium propionate, Sodium cacodylate
trihydrate, Bis-Tris propane), pH 7.5, 0.2 M AmSO4, 18-23%
PEG3350. PCTP buffer was obtained from Molecular Dimensions.
Seeding was used to improve crystal yield and morphology (1.5 puL
7.5 mg/mL protein, 0.5 pL seed stock, 1.0 pL mother liquor). Crystals
were harvested and soaked in 1-10 mM PARGi (prepared from
50 mM stocks in DMSO) for 1-2 h at 22 °C in soak/cryoprotectant
buffer (0.1 M PCTP, pH 7.5, 0.1 M NaCl, 0.15 M MgCl,, 26% PEG3350,
2.5% glycerol), then flash cooled in liquid nitrogen for data collec-
tion. For PARG-131, PARG protein was mixed with 1-10 mM in-
hibitor and co-crystallized, resulting in a more primitive
spacegroup (P1211) relative to the soaked, native crystals (P212121).
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PARG-131 co-crystals were briefly soaked in cryoprotectant prior to
flash cooling for data collection.

2.5. PARGi structure determination

X-ray diffraction data were collected at Stanford Radiation
Lightsource (SSRL) beamlines 9—2 and 12—2 (Russi et al., 2016;
Soltis et al., 2008), National Synchrotron Light Source II (NSLS-II)
beamlines 17-ID-1 (AMX) and 17-ID-2 (FMX), and Advanced Photon
Source (APS) beamline 24-1D-C. X-ray data diffracted to 1.43—1.96 A
resolution and were processed with XDS (Kabsch, 2010) and the
CCP4i suite (Winn et al., 2011). Structures with PARGi were deter-
mined by molecular replacement using unliganded PARG (PDB:
4B1G) as a search model in Phaser (Bunkoczi et al.,, 2013). PARGi
structures were iteratively built using COOT (Emsley and Cowtan,
2004) and refined in Phenix (Liebschner et al., 2019). Ligand re-
straints were prepared with eLBOW (Moriarty et al., 2009). Polder
difference maps were calculated in Phenix to validate PARGi ligand
placement (Liebschner et al, 2017). Molecular images were
generated with PyMOL (The PyMOL Molecular Graphics System,
Version 2.0, Schrodinger, LLC). Final coordinates of PARGi com-
plexes have been deposited in the Protein Data Bank [PARG-002
(7KG1), PARG-061 (7KG8), PARG-119 (7KFP), PARG-131 (7KGO),
PARG-292 (7KG7), PARG-322 (7KG6)].

2.6. Identification of the MacroD2 and GDAP2 genes in the
extremophile Alvinella pompejana

We used the de novo assembler SoapDeNovo2 on a library of
short reads generated from A. pompejana samples collected during
past expeditions (2003—2004) in the East Pacific Rise (Shin et al.,
2009) to obtain a partial assembly of the annelid genome. To the
scaffolds obtained we added a curated set of ESTs (Holder et al,,
2013), from which we selected a training set of full-length tran-
scripts to conduct a gene prediction analysis using AUGUSTUS
(Stanke and Morgenstern, 2005). The human UNIPROT entries
A1Z1Q3 for MACROD2 and Q9NXN4 for GDAP2 were then used to
query the augustus.gtf prediction dataset using blastp. We then
used bedtools (version 2.25.0) to extract the nucleotide sequences
from the scaffolds and the amino acid sequences from the augus-
tus.aa prediction dataset. The top blastp scores were 3e-85 for
MACROD2 and 9e-168 for GDAP2. For GDAP2 we found support
from both the genome assembly and from a full-length EST. The
A. pompejana protein sequences were further used in a blastp
search against the Protostomia clade to verify that top homology
was indeed with the same human gene bait. A. pompejana MacroD2
and GDAP2 amino acid sequences are reported in Table S2 and have
been deposited with GenBank (MW349132 and MW383972).

2.7. Macrodomain phylogeny analysis

Macrodomain sequences were selected to represent the six
macrodomain subfamilies and were partially based on the listing
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Scheme 1. Preparation of N7-substitued methylxanthine PARGi derivatives. Reagents
and conditions: (a) alkyl halide, K,CO3, DMF, 90 °C, 12 h.
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Scheme 2. Preparation of C8-substitued methylxanthine PARGi derivatives 5 and N7, C8-disubstitued methylxanthine PARGi derivatives 6. Reagents and conditions: (a) NaNO, 50%
AcOH, RT, 2 h; (b) Pd/C, Hy, Ethanol, RT, 2 h; (c) CS,, DMF, reflux, 2 h; (d) Alkyl halide, 1% aq. NaOH, RT. (e) alkyl halide, K»CO3, DMF, 90 °C, 12 h.

described in (Rack et al., 2016). Macrodomain sequences were
extracted from each gene ID (Table S1) and aligned using the
structure- and sequence-informed Espresso pipeline of the T-
Coffee multiple sequence alignment web server (Armougom
et al,, 2006; Notredame et al., 2000). A phylogenetic tree was
calculated from the resulting sequence alignment as follows. The
evolutionary history was inferred using the Neighbor-Joining
method (Saitou and Nei, 1987). The bootstrap consensus tree
inferred from 500 replicates was taken to represent the evolu-
tionary history of the taxa analyzed (Felsenstein, 1985). Branches
corresponding to partitions reproduced in less than 50% boot-
strap replicates were collapsed. The evolutionary distances were
computed using the p-distance method (Nei, 2000) and are in
the units of the number of amino acid differences per site. This
analysis involved 48 amino acid sequences. All ambiguous posi-
tions were removed for each sequence pair (pairwise deletion
option). There were a total of 7365 positions in the final dataset.
Phylogenetic analyses were conducted in MEGA X (Kumar et al.,
2018; Stecher et al., 2020).

2.8. Evolutionary trace analysis

Protein-specific evolutionary traces (ET) were constructed for
CoV-2 Nsp3 (sequence obtained from the NC_045512.2 genome)
and human PARG (NP_003622 sequence) as described in
(Mihalek et al., 2004). The homologous sequences for each trace
were obtained by BLAST using blastall 2.2.15 (Altschul et al,,
1997) and the NCBI nr, UniRef90, and Uniref100 databases
(Pruitt et al., 2007; Suzek et al.,, 2015). The homologous se-
quences were automatically selected to represent different
phylogenetic distances to the sequence of interest while mini-
mizing alignment gaps. The sequences were aligned using
MUSCLE (Edgar, 2004). The resulting evolutionary trace ranks
were mapped onto the PDB structures: 6W02 (CoV-2 Mac1) and
4B1G (human PARG), respectively, using the PyETV plugin (Lua
and Lichtarge, 2010). Macrodomain-specific evolutionary traces
were constructed for the greater macrodomain family using the
structure-informed multiple sequence alignment (MSA) from
curated macrodomain subfamilies (Section 2.6, Table S1). ET
values from this broader MSA comparison were mapped to CoV-2
Mac1 and PARG structures, assuming each respectively as the
reference sequence for the ET analysis.
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2.9. Virtual screening of the PARGi library against COV-2 Mac1l

The CoV-2 Mac1 crystal structure with MES exhibits a more
open active site relative to the published unliganded (PDB: 6WEY)
and (ADP-ribose)-bound (PDB: 6WO02) structures and was thus
selected as a target for virtual screening. Specifically, the CoV-2
Mac-1 MES structure rotates the F156 phenyl side chain upright
to make a w-7 stacking interaction with the adenosyl pocket and
includes a larger opening between Loops 1 and 2. Waters and the
MES ligand were removed, and the structure was minimized using
Schrodinger’s Protein Preparation wizard (Schrodinger Suite,
2019—2 with Epik, Impact, and Prime, Schrodinger, LLC, New York,
NY, 2019). The docking grid was focused on the center of the ADP-
ribose pocket (Pro 125) with a 15 A-cubic box, excluding ligands
longer than 20 A.

Structure data files (SDF) for the 300-compound library of
JA2131 PARGi derivatives were extracted from SMILES strings and
prepared for docking in Maestro with LigPrep (Schrodinger Suite,
2019-2). The SDF for the control ADP-ribose ligand was retrieved
from PubChem (https://pubchem.ncbi.nlm.nih.gov) and also pre-
pared with LigPrep. Virtual high-throughput screening of the PARGi
library against the CoV-2 Mac1 target was carried out in Maestro
with flexible ligand docking in both standard (SP) and extra-
precision modes (XP). MM-GBSA binding energies (AG) were
calculated for each pose and used to rank the docking results. Poses
from the XP screening returned highly variable and unrealistically
compacted ligand geometries, suggesting an artifact from the more
stringent scoring function. In contrast, MM-GBSA ranked poses
from the SP screening returned more consistent and realistic ligand
conformations. Thus, the top 20 MM-GBSA ranked poses from the
SP screening protocol were selected for further analysis. This
approach was repeated with rationally designed Mac1 inhibitors to
generate poses for CoV-2 Mac1l binding and to rank these com-
pounds against the PARGi library. Docking poses were visualized
and analyzed with PyMOL (The PyMOL Molecular Graphics System,
Version 2.0 Schrodinger, LLC) and Chimera (Pettersen et al., 2004).
Computational suites were accessed through the SBGrid Con-
sortium (Morin et al., 2013).

2.10. CoV-2 Mac1 MST and ITC binding affinity measurements

MST measurements followed the framework outlined by (Seidel
et al.,, 2013). Purified CoV-2 Mac1 was labeled with Atto488 NHS-
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ester (ATTO-TEC) according to the manufacturer’s protocol with
labeling efficiency 1:1 protein-to-dye ratio. Labeled CoV-2-Macl
(200 nM) or a combination of labeled (100 nM) and unlabeled
(400 nM) CoV-2 Macl was combined with 0.01-2.5 mM ADP-
ribose, PARG-329, or PARG-345 in MST buffer (10 mM HEPES, pH
7.5, 150 mM NaCl, 0.05% Surfactant P20, GE Healthcare; 5% DMSO
was included for drug titrations), incubated for 10—15 min at room
temperature, and loaded into standard silica capillaries (Nano-
Temper). Microscale thermophoresis (MST) measurements were
acquired on a Monolith NT.115 system (NanoTemper) at 25 °C with
10—20% LED power and 40% (ADP-ribose) or 60% (PARG-329, PARG-
345) infrared excitation for 20—30 s with 5-s equilibration and
recovery periods. Data were analyzed with Nano Temper analysis
software and displayed with Graphpad Prism 8.

ITC measurements were performed as described above with a
PEAQ-ITC instrument using a cell concentration of DMSO-matched
50 uM CoV-2 Mac1 with 3 mM drug in the syringe (25 mM HEPES,
pH 7.5, 150 mM NacCl, 6% DMSO). Data were analyzed with the
MicroCal PEAQ-ITC Analysis Software.

3. Results

3.1. CoV-2 macrodomain 1 (Mac1) crystallizes with a PARGi
template fragment in its active site

To develop tools for PARGi repurposing, we purified and crys-
tallized CoV-2 Macl, obtaining a 1.45 A structure (Fig. 1). The pu-
rified domain engages the native mono-nucleotide ADP-ribose
ligand at a dissociation constant of Kq ~10—12 uM, consistent with
previously reported values (Fig. 1A, Table 1) (Frick et al., 2020).
Examination of the CoV-2 Mac1 crystal structure reveals a canon-
ical macrodomain fold with a molecule of MES captured within the
distal ribose binding site, consistent with other recently reported
structures of the CoV-2 macrodomain (Michalska et al., 2020). The
Macl tertiary fold is nearly identical to the reported apo (C, RMSD
0.386 A, PDB: 6WEN), ADPr-bound (0.361 A, PDB: 6W02), and MES-
bound Mac1 structures (0.366 A, PDB: 6WCF; 0.251 A, PDB: 6YWM).

The MES ligand is coordinated by hydrogen bonding from N40 of
Loop 1 to the morpholine oxygen and by Loop 2 main chain con-
tacts to the sulfonic acid (Fig. 1B). These interactions resemble those
made by CoV-2 Macl1 to the B-phosphate and distal ribose of ADP-
ribose (Fig. 2B), suggesting that the MES fragment could serve as a
template for inhibitor development. Notably, our previously pub-
lished methylxanthine PARGi JA2131 (Houl et al., 2019) possesses a
morpholine extension that could provide a ready-made template
for CoV-2 Macl1 inhibitor development (Fig. 4A), offering impetus
for a repurposing strategy.

3.2. Phylogenetic analysis assigns CoV-2 Macl to the MacroD
subfamily

Prior to applying our PARGi library to CoV-2 Mac1 inhibitor
development, we created phylogenetic and evolutionary analyses
of these two systems to evaluate the similarity of their active sites.
To this end, we constructed a phylogenetic tree of the macrodomain
family, based upon a sequence- and structure-informed alignment
of curated eukaryotic, bacterial, and viral macrodomain sequences
from the six macrodomain subfamilies (Fig. 2A, Table S1, Table S2).
Consistent with their mono(ADP-ribosyl) hydrolase activity, the
betacoronavirus Macl domains are most closely related to the
MacroD subfamily. Notably, the closest human homologues to these
viral macrodomains are the N-terminal macrodomains (Mac1) of
PARP9 and PARP14. PARP9 and PARP14 activities are implicated in
regulation of macrophage activation (Iwata et al., 2016) and pro-
motion of interferon responses in cells (Caprara et al., 2018; Zhang
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et al, 2015). The high degree of similarity between the PARP
macrodomains and CoV-2 Mac1 could point to molecular mimicry
as a mechanism enabling CoV-2 manipulation of host cell immune
responses.

The PARG macrodomain subfamily associates to a separate
phylogenetic branch relative to the MacroD subfamily and CoV-2
Macl. In addition to the macrodomain core, PARG enzymes
feature an N-terminal accessory domain and small C-terminal he-
lical extension. Mammalian PARG macrodomains contain a unique
B-hairpin insert which forms a ‘tyrosine clasp’ (Y795 in humans) at
the ADP-ribose active site that makes contacts with the adenine
ring and O5’ and O1A of the a-phosphate (Kim et al., 2012) (Fig. 2B).
These structural distinctions are presumed to support PARG’s
ability to recognize and hydrolyze the O-glycosidic bond of poly
(ADP-ribose) substrates.

3.3. COV-2 Mac1 and human PARG macrodomains share critical
adenosyl and ribose residues

While COV-2 Mac1 and human PARG occupy phylogenetically
distinct branches within the macrodomain family, their active sites
retain shared architectural elements which could support PARGi
repurposing (Fig. 2B). Visual inspection of these domains in com-
plex with ADP-ribose reveals a conserved aromatic interaction in
the adenine binding pocket (F156, F902) and hydrogen bond con-
tacts to N5 of the adenine ring (D22, E727). The canonical Loop 2
exhibits main chain hydrogen bond interactions to o- and B-
phosphates of the substrate. The opposing distal ribose pocket is
framed by F132/F875 and coordinates the 2’-OH and 3’-OH groups
of the distal ribose through hydrogen bond contacts with Loop 1.
The preference for main chain coordination in the CoV-2 Mac1 Loop
1 over PARG’s selective side chain contacts points to the distinct
substrates and chemistry executed by each domain.

In order to rank and prioritize active site regions and residues
for computational PARGi screening, we performed Evolutionary
Trace (ET) analyses for CoV-2 Mac1 and PARG (Lichtarge et al., 1996;
Mihalek et al., 2004). We initially collected homologous sequences
for each full-length protein, producing two non-overlapping trees
unique to PARG and viral CoV-2 Nsp3 proteins, respectively. The ET
analysis of these protein-specific trees prioritizes the active sites of
CoV-2 Macl and PARG as the location of greatest functional
importance within each protein fold (Fig. 3A). Inspection of viral
Nsp3 ET values across the macrodomain sequence highlights F156
of the adenosyl binding site (F360 in full-length Nsp3) as a region of
relative increased variability within the adenosyl and distal ribose
sites (Fig. 3B). The uniqueness of phenylalanine in this position has
been noted in other viral macrodomain sequence alignments
(Alhammad and Fehr, 2020; Frick et al., 2020; Michalska et al.,
2020) and could have functional implications for engaging host
cell substrates.

We next assessed the evolutionary importance of active site
residues across the greater macrodomain family, represented by
our curated, structure-aligned macrodomain sequences used in the
phylogenetic analysis (Fig. 2C, Table S1). The resulting ET scores
were also projected onto the CoV-2 Mac1 and PARG macrodomain
structures (Fig. 2C). This broader analysis across multiple macro-
domain subfamilies shows more diffuse ET signal across the active
sites. However, residues that contribute side-chain specific contacts
to ADP-ribose (noted earlier in structural comparison of the active
sites) retain high ET values: F156, D22, N40 (CoV-2 Mac1) and F902,
E727, N740, N869, Y795, E756 (PARG). Contacts mediated by main-
chain interactions, such as Loops 1 and 2 at the distal ribose, are
more likely to exhibit diminished ET values. Interestingly, the ET
ranking of CoV-2 F156 is now increased when eukaryotic macro-
domains are included in the analysis, reflecting the conservation of
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Fig. 1. The CoV-2 Mac1 X-ray crystal structure captures a PARGi template fragment. (A)
Purified CoV-2 Mac1 binds to ADP-ribose with the expected affinity by ITC (see also
Table 1). Results are representative of 3 independent experiments. (B) Crystal structure
of CoV-2 Mac1 with a MES buffer molecule occupying the distal ribose binding site.
MES hydrogen bonds with conserved N40 and Loop 2 main chain atoms.

Table 1
CoV-2 Nsp3 Mac1 ITC Binding Parameters. Fit errors are in
parentheses.
N 1.29 (0.006)
Kd (uM) 11.6 (0.2)
AH (kcal/mol) -9.18 (0.2)
-TAS (kcal/mol) 243
AG (kcal/mol) —6.74

this residue among MacroD domains. Overall, the ET analysis sup-
ports selective inhibitor targeting at F156, D22, and N40 and would
prioritize PARGi that engage these residues.

3.4. Virtual screening identifies candidate PARGi fragments for
engaging COV-2 Macl

We generated a JA2131 derivative library of over 300 com-
pounds as part of our PARGi optimization pipeline, incorporating a
variety of substitutions at the N3, N7, and C8 positions of the
methylxanthine scaffold (Fig. 4). We tested a focused set by
determining their X-ray crystal structures bound to PARG (Table S3,
Fig. S2). While JA2131 anchors compactly into the adenosyl pocket
of the PARG active site, aromatically engaging F902 and Y795
(Fig. 4A), other members of the derivative library exhibit more
varied and elongated conformations that would be more adaptable
to the extended active site conformations observed for ADP-ribose
(Fig. 4B, Fig. S2). The absence of a tyrosine clasp in CoV-2 Mac1 is
also expected to increase conformational accessibility to the active
site.

To identify candidate PARGi capable of engaging the CoV-2 Mac1
active site, we performed an in silico screen using the Maestro suite
of Schrodinger to prepare and dock our PARGi ligand library. We
selected our own CoV-2 Macl crystal structure as a screening
target, as it presented a more open, accessible active site confor-
mation compared to crystal structures of unliganded and (ADP-
ribose)-bound domains. Binding energies (AG) were calculated for

176

Progress in Biophysics and Molecular Biology 163 (2021) 171-186

the top docked poses using the MM-GBSA method, and these en-
ergies were used to rank and extract the top twenty docked com-
plexes (Table 2). As a control, ADP-ribose was included in the
docking and was successfully captured in the MM-GBSA ranking
strategy. The top-scoring Macl1-ADP-ribose complex effectively
captures the ligand binding orientation of the crystal structure
(Fig. S3A), placing the adenosyl and distal ribose groups in their
respective pockets and aligning the pyrophosphate linker with
Loops 1 and 2. The selected APDr poses exhibit rotational variability
among the adenosyl and distal ribose groups, but maintain the
overall ligand binding path.

Visual inspection of the top twenty docked PARGi complexes
reveals two clusters of poses. The first is enriched for C8 phenyl and
morpholine derivatives that anchor into the distal ribose site
(Fig. 5A). A second, smaller cluster, which contains the top two
PARGi poses, anchors the methylxanthine head into the adenine
pocket. Inspection of individual poses highlights contacts between
the Loop 2 main chain and the conserved N40 of the distal ribose
site, similar to those observed for the crystallographic MES ligand
(Fig. 1B). Notably, neither compound cluster fully bridges and en-
gages both pockets of the active site, suggesting that extension of
the JA2131 scaffold could be required to adapt these derivatives to
CoV-2 Macl. Nonetheless, the virtual ‘triaging’ provided by these
results identifies PARGi fragment templates likely to be most useful
in CoV-2 Mac1 inhibitor design.

3.5. Rational design and modeling of COV-2 Mac1 inhibitors based
upon PARGi fragments

Direct MST and ITC affinity measurements between purified
CoV-2 Mac1 and top PARGi candidates from the in silico screen
revealed an absence of binding (data not shown), supporting a
rationale for reconfiguring and elongating PARGi fragments to
target both adenosyl and ribose pockets of the CoV-2 Mac1 active
site. These designs incorporate the 2-morpholinoethanesulfonyl
moiety, the major fragment of MES, into the linker allowing the
sulfone functional group to act as a bioisosteric replacement of
ADPr phosphate groups in order to leverage the Loop 2 backbone
contacts observed in the crystal structure and in silico screening
(Table S4) (Elliott et al., 2012). To assess the ability of these first-
generation CoV-2-specific inhibitors to bridge the ADP-ribose
binding site, we computationally docked these ligands into the
active site and ranked the resulting complexes in the context of the
PARGi in silico results. Only poses for MES8-2 and MES8-4 were
returned among the top docking results (Fig. S3B). This suggests
that inclusion of the carbonyl functionality of the acyl sulfonamide
increases the C—N—S bond angle ~10° and aids in optimally posi-
tioning the bridging sulfone to engage with Loop 2 (Fig. 5C,
Table S4). The resulting model of the macrodomain/inhibitor
complex for MES8-4 captures the ligand fully extended across both
pockets of the active site, engaging conserved N40 with its mor-
pholine group, the Loop 2 main chain with the bridging sulfone,
and a novel I23 main chain contact in the adenosyl pocket with the
methylxanthine head. The insights gained from these computa-
tional assessments prioritized these novel CoV-2 Mac1 ligands for
synthesis and testing in our inhibitor development pipeline.

3.6. Optimized MES8-4 (PARG-345) and PARG-329 engage the CoV-
2 Macl active site

Using the virtual screening results as a guide, we synthesized a
panel of MES7 and MES8 derivatives for binding assessment and
crystallization with CoV-2 Macl. As predicted, N7 variations of the
MESi scaffold (Table S4) did not engage the Mac1 domain (data not
shown). However, MES8-4 (PARG-345) and PARG-329, a variant of
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CoV-2 Nsp3 Mac1

Sequence

Fig. 3. CoV-2 Mac1 and PARG share critical adenosyl and ribose site residues. (A) Protein-specific ET analysis prioritizes CoV-2 Mac1 and PARG active sites (red/orange — high, green
— low) as the location of greatest functional importance within the full-length proteins. (B) Plotting ET values (100 — most important, O - unimportant) against the CoV-2 Mac1
sequence reveals that adenosyl residue F156 is not as highly conserved among viral macrodomains. (C) ET values calculated across the entire macrodomain family highlight active
site residues with the greatest shared functional conservation between CoV-2 Mac1 (F156, D22, N40, F132) and PARG (F902, E727, N740, F875).

the MES8-4 scaffold that substitutes a thiourea for the acyl sul-
fonamide linker, successfully crystallized with the CoV-2 Macl
domain at 2.3 A and 1.55 A, respectively (Fig. 6, Table S3, Figs. S4,
S5).

The backbone traces of these new Mac1 ligand complexes are
highly similar to the MES crystal structure (PARG-345 C, RMSD
0.169, PARG-329 C, RMSD 0.358 A) and closely mirror the confor-
mation predicted by the MES8-4 computational studies, anchoring
the methylxanthine head in the adenine pocket and the C8 mor-
pholine in the terminal ribose pocket (Fig. 6C). Remarkably, the
PARG-345 complex captures the major interactions observed in the
original MES8-4 computational model (methylxanthine-123,
sulfonyl-Loop 2, morpholine-N40) (Fig. 6A and C). In contrast, the
PARG-329 ligand primarily makes water-mediated contacts with
the macrodomain and adopts a strained conformation to fit into the
Mac1 active site (Fig. 6B). Of note, crystallographic temperature
factors for residues defining the binding site remain low (20—50 A?)
in both ligand-free and bound structures, indicating a compara-
tively rigid binding pocket and supporting the use of this experi-
mentally observed active site architecture for inhibitor design
efforts (Tainer et al., 1984).

Both Mac1 ligand linkers extend into and engage Loop 2. The
PARG-329 thiourea makes two water-mediated contacts to the
Loop 2 main chain, while the PARG-345 sulfonyl makes two back-
bone and one water-mediated contact with Loop 2, consistent with
interactions observed in the MES8-4 model. While the Mac1 ligand
linkers exhibit comparable binding interactions, the methylxan-
thine and morpholine groups display individual variations. The
methylxanthine head is rotated 180° between PARG-329 and PARG-
345. In this configuration, O3 of the PARG-345 methylxanthine
directly hydrogen bonds with the 123 amide of the adenosyl pocket,
while the PARG-329 methylxanthine remains engaged in water-
mediated contacts. This variability in methylxanthine orientation
echoes the variable adenine rotation of the Mac1/ADPr docking
studies. F156, which has the potential to make m-stacking in-
teractions with the methylxanthine, remains imperfectly aligned
for direct 7-to-m and edge-to-face contact. Further extension of the
ligand linker could enable the methylxanthine to orient for direct
stacking, providing one avenue for further ligand optimization.
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The morpholine groups of each ligand also vary in their active
site engagement. The PARG-345 morpholine assumes the low-
energy chair conformation, allowing the terminal oxygen to
hydrogen bond with the critical N40 side chain, as predicted by the
MES8-4 computational modeling. In contrast, the PARG-329 mor-
pholine oxygen is kinked away from N40 and hydrogen bonds with
a water. The 3-atom spacing between the morpholine and thiourea
appears to force the morpholine into the higher-energy confor-
mation in order to fit into the rigid active site. This restricted
positioning of the PARG-329 morpholine prevents optimal inter-
action with N40, which is expected to be a critical contact for ligand
engagement.

Preliminary binding experiments between these ligands and the
Macl domain by MST report micromolar affinity (PARG-329,
Fig. S4; PARG-345, Fig. S5); however, ITC analysis fails to detect a
robust interaction, suggesting further optimization of both ligands
and binding assays is desirable. The prevalence of water-mediated
contacts and strained ligand conformation observed in the PARG-
329 crystal structure would be consistent with weaker engage-
ment of the active site and reduced enthalpy generation, while also
indicating strategies to improve direct hydrogen binding in-
teractions. The prevalence of direct contacts between Mac1 and the
PARG-345 ligand, as well as the more optimal ligand conformation
suggests a more robust detection of binding affinity. A possible
explanation for this discrepancy could be instability in the PARG-
345 sulfonamide linker. Protonation of the morpholine nitrogen
atom (pKa ~8.3) under assay conditions (pH 7.5—8.5) could facili-
tate B-elimination of the morpholine, depleting the intact ligand
and producing weaker than expected Mac1 binding, indicating
improvement of the linker would be fruitful.

These initial insights from MES8 crystal structures establish a
viable framework for chemically targeting the Macl domain and
show scope for continued improvement of the MESS8 ligand scaf-
folds. Moreover, the similarity between the original MES8-4
computational model and crystallized PARG-345 ligand validates
our application of rationale PARGi fragment design for constructing
Macl inhibitors. Thus, the computational insights provided by
PARGi screening and fragment design have provided an indepen-
dent panel of Macl ligands for continued inhibitor development
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guided by our prototypic Mac1-inhibitor complexes.

4. Discussion

The need for rapid and effective strategies to develop anti-viral
therapies has emerged at the forefront of the COVID-19 pandemic.
While the initial effectiveness of coronavirus vaccines is a huge
advance, mutations which enhance viral infectivity and raise the
possibility of vaccine escape variants are actively occurring (Plante
et al., 2020), underscoring the need for ongoing research on new
variants, coronaviruses, and therapies along with vaccines. Yet,
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there are currently no specific antiviral drugs to treat coronavi-
ruses. Moreover, the possibility for viral reinfection makes the need
for effective treatments even more immediate (Tillett et al., 2020).
We therefore sought to develop a clear path for efficiently targeting
CoV-2 Macl for drug discovery. Although fragment screening
provides a productive structure-based discovery pathway (Wilson
et al.,, 2020), recalibrating pre-existing drug development pipe-
lines to target viral homologues provides an accelerated trajectory,
avoiding the upfront time investment posed by fragment-based
discovery and providing built-in design flexibility from pre-
existing derivative optimization libraries. A similar homologue-
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PARGI MMGBSA AG (kcal/mol) Chemotype Anchor Point
PARG-038 —61 Ribose
H o
~N N} cl
| »—%
O¢L$, N a
°l

PARG-252 —-60 Ribose
PARG-258 —-60 Ribose
PARG-013 —-60 Ribose
PARG-272 —60 Adenosyl
PARG-025 —-60 Adenosyl
PARG-120 —-60 Ribose

based approach has been applied with success in the design of
human MRE11 inhibitors using thermophilic Mrell structural
templates (‘molecular avatars’) (Moiani et al., 2018; Shibata et al.,
2014).

Knowledge of active site architecture and flexibility is also
critical for successful inhibitor development (Garcin et al., 2008;
Houl et al., 2019). Relationships between active site motifs and
functional regulation of ADP-ribosylation are well characterized
among macrodomains from all domains of life, including bacterial
and viral pathogens (Han et al., 1999; Han and Tainer, 2002;
Jankevicius et al., 2013; Rack et al., 2020a). Here, we combined
evolutionary, structural, and computational approaches to identify
conserved macrodomain features and residues shared between
DNA damage signaling factor PARG and the CoV-2 Mac1 active site.
Similarities between their active sites support a strategy for using
PARG:i libraries and pipelines to develop CoV-2 Mac1 inhibitors. In
silico screening of the methylxanthine JA2131 PARGi derivative li-
brary triages phenyl and morpholine derivatives for targeting the
CoV-2 Mac1 distal ribose pocket, consistent with co-crystallization
of MES in the same position. Reconfiguring the JA2131 linker to
include electron-rich oxygen and sulfur atoms from sulfonyl and
thiourea groups enabled the scaffold to simultaneously engage
both adenosyl and ribose pockets while anchoring the linker with
Loop 1 and 2 main chain contacts. These efforts have produced the
novel Mac1 ligands, PARG-345 and PARG-329, which engage the
Mac1 active site in a manner consistent with our computational
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analysis. This in silico framework has provided a lead scaffold for
inhibitor development and is well positioned to capitalize upon
experimental characterization of ligand inhibition using estab-
lished methods from the PARGi development pipeline.

Effective CoV-2 Mac1 inhibitors are expected to lead to new
biological understanding of COVID-19 pathogenesis and to critically
needed antiviral drugs for vulnerable populations. Defining fea-
tures of COVID-19 pathology point to disrupted innate antiviral
defenses coupled with high inflammatory cytokine production
(Blanco-Melo et al., 2020), where at-risk immunocompromised
populations, such as cancer patients, have an increased likelihood
of infection and severe events (Dai et al., 2020; Liang et al., 2020).
The proposal of MARylated STAT1 as a putative CoV-2 Mac1 sub-
strate (Claverie, 2020) presents an interesting hypothesis for testing
the role of CoV-2 Macl1 in interferon regulation and in propagating
the devastating effects of Cytokine Storm Syndrome, seen in severe
COVID-19 patients (Zhang et al., 2020). Similarities shared between
CoV-2 Mac1 and PARP9 and PARP14 macrodomains (Webb and
Saad, 2020) also suggest hypotheses for investigating viral mim-
icry and interference in interferon production. These questions
would be well served by specific and biologically effective CoV-2
Macl inhibitors. We expect our approach to provide a generaliz-
able strategy for leveraging pre-existing inhibitor pipelines to
create antiviral therapeutics, with particular relevance for COVID-
19 and future coronavirus outbreaks.
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Fig. 6. PARGi-based Mac1 ligands PARG-345 (MES8-4) and PARG-329 bind the ADP-ribose active site. (A) Crystal structure of the Mac1/PARG-345 (MES8-4) complex. In addition to a
main-chain contact (123) at the xanthine head, the PARG-345 morpholine engages the critical N40 side-chain and makes direct backbone contacts with Loop 2 through the sulfonyl
linker. See Fig. S5 for ligand Polder map. (B) Crystal structure of the Mac1/PARG-329 complex. The thiourea of PARG-329 engages Loop 2 through water-mediated contacts and
adopts a strained morpholine conformation to fit into the active site. See Figure S4 for ligand Polder map. (C) Overlay of the original MES8-4 computational model (gold) with the
crystallized PARG-329 (teal) and PARG-345 (magenta) ligands. MES8-4 successfully predicts the binding path and key contacts of these extended ligands in the Mac1 active site.
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