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ABSTRACT: Macrodomains are a class of conserved ADP-
ribosylhydrolases expressed by viruses of pandemic concern,
including coronaviruses and alphaviruses. Viral macrodomains
are critical for replication and virus-induced pathogenesis;
therefore, these enzymes are a promising target for antiviral
therapy. However, no potent or selective viral macrodomain
inhibitors currently exist, in part due to the lack of a high-
throughput assay for this class of enzymes. Here we developed a
high-throughput ADP-ribosylhydrolase assay using the SARS-CoV-
2 macrodomain Mac1. We performed a pilot screen that identified
dasatinib and dihydralazine as ADP-ribosylhydrolase inhibitors.
Importantly, dasatinib inhibits SARS-CoV-2 and MERS-CoV Mac1 but not the closest human homologue, MacroD2. Our study
demonstrates the feasibility of identifying selective inhibitors based on ADP-ribosylhydrolase activity, paving the way for the
screening of large compound libraries to identify improved macrodomain inhibitors and to explore their potential as antiviral
therapies for SARS-CoV-2 and future viral threats.

Seven human coronaviruses have been identified: HCoV-
229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 are

responsible for annual bouts of the common cold, whereas
SARS-CoV, SARS-CoV-2, and MERS-CoV can cause severe
pneumonia and are a major public health concern. Hundreds
of additional coronaviruses are circulating in animal reservoirs
and could be transmitted to humans.1 The diseases that result
from zoonotic transfer are unpredictable but historically are
severe and highly contagious and have potentially devastating
consequences for public health. Therefore, developing broad-
spectrum therapeutics against coronaviruses is of timely
importance and will prepare us for future epidemics.
The SARS-CoV-2 genome encodes 4 structural proteins, 9

accessory proteins, and 16 nonstructural proteins that are
responsible for virus replication. COVID-19 antiviral develop-
ment has focused on repurposing existing drugs to inhibit the
enzymatic activities of proteins involved in SARS-CoV-2
replication, including viral RNA polymerases and proteases.2

As was the case for HIV and Hepatitis C virus, an effective
treatment for SARS-CoV-2 will likely require a combination of
drugs to pre-empt possible drug resistance. Therefore,
identifying mechanistically distinct targets will complement
current drug development efforts. Here we focus on screening
for inhibitors of Mac1, a conserved macrodomain ADP-
ribosylhydrolase within nonstructural protein 3 (nsp3).

The macrodomain is a protein fold found in humans and
pathogens.3−5 Nearly all of them bind to adenosine
diphosphate ribose (ADP-ribose).4−7 Recent data revealed
that a subset of macrodomains hydrolyzes protein-conjugated
ADP-ribose.8−13 For example, SARS-CoV, SARS-CoV-2, and
MERS-CoV contain two to three macrodomains in tandem,
where only the first one (called Mac1) possesses ADP-
ribosylhydrolase activity.13−17 Notably, key residues critical for
ADP-ribosylhydrolase activity are 100% conserved in all seven
human coronaviruses as well as those identified from animal
reservoirs, such as the bat (Figure S1). Macrodomain ADP-
ribosylhydrolases are also conserved in another genus of
pathogenic RNA viruses called alphaviruses (e.g., Chikungunya
virus).11,12 Genetic evidence demonstrates the ADP-ribosylhy-
drolase activity of viral macrodomains is critical for replication
and virulence.11,13,18−21 Mutant coronaviruses and alphaviruses
cannot replicate when the ADP-ribose-binding sites within
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their macrodomains are disrupted.11,21 Additionally, macro-
domain mutant viruses exhibit attenuated replication in
differentiated cells and decreased virulence in vivo.4,5 There-
fore, drugs targeting the ADP-ribosylhydrolase activity of viral
macrodomains have the potential to inhibit viral replication
and pathogenesis.
Two major challenges must be addressed during the

development of antiviral macrodomain inhibitors. First,
measurements of macrodomain ADP-ribosylhydrolase activity
have historically relied on gel-based autoradiography and
Western blot assays that are not practical for screening large
numbers of compounds. Second, humans express 11 proteins
with macrodomain folds, such as MacroD2, which is the
closest enzymatically active human homologue of SARS-CoV-2
Mac1.15 Therefore, compounds that nonspecifically inhibit
human macrodomains will likely have off-target effects that
limit their utility. Here we describe a quantitative, high-
throughput assay that identifies virus-specific and general
inhibitors of macrodomains.

■ RESULTS AND DISCUSSION
To explore whether the selective inhibition of a viral
macrodomain is possible, we began our investigation by
identifying biochemical and structural differences between

SARS-CoV-2 Mac1 and human MacroD2. Sequence analyses
classified both Mac1 and MacroD2 macrodomains to the
macroD-type subclass, which also includes the macrodomain
from the Chikungunya virus.3,5 Given that the Chikungunya
virus macrodomain hydrolyzes ADP-ribose from the recombi-
nant PARP10 catalytic domain11,12 and G3BP1 protein from
cells,22 we tested these substrates with Mac1 and MacroD2
(Figure 1A and Figure S2A). Following macrodomain
incubation, comparable losses of ADP-ribose signal from
PARP10CD and G3BP1 were observed, indicating that both
SARS-CoV-2 Mac1 and human MacroD2 are active ADP-
ribosylhydrolases.
To quantitatively measure the enzymatic activity with a high-

throughput method, we developed the luminescence-based
assay ADPr-Glo (Figure 1B): First, ADP-ribose is released
from a defined protein substrate by the macrodomain ADP-
ribosylhydrolase. Second, the phosphodiesterase NudF cleaves
the released ADP-ribose into phosphoribose and AMP. Finally,
AMP is converted to luminescence with the commercially
available AMP-Glo kit. This method takes advantage of the
substrate selectivity of NudF, which cleaves free ADP-ribose
but has no activity with protein-conjugated ADP-ribose.23

Therefore, the luminescence signal is controlled by the rate of
the ADP-ribosylhydrolase. ADPr-Glo can be performed in 384-

Figure 1. Biochemical, enzymatic, and structural characterization of SARS-CoV-2 Mac1 and human MacroD2. (A) Gel-based ADP-
ribosylhydrolase assay against a mono-ADP-ribosylated substrate. Mono-ADP-ribose signal was normalized to the buffer signal. Plotted values are
mean ± SD (n = 3). (B) Schematic of the luminescence-based ADP-ribosylhydrolase assay, ADPr-Glo. (C,D) Michaelis−Menten kinetics
characterization of (C) Mac1 and (D) MacroD2 (n = 12, four technical replicates from three experiments; gray area is the SD). Kinetic parameters
are best-fit values with the 95% confidence interval reported in parentheses. (E) Electrophoretic mobility shift assay (EMSA) analyses of Mac1 and
MacroD2 with Cy5-PAR. Plotted values are the mean ± SD (n = 3). (F) Surface representation of the conservation between Mac1 and MacroD2.
Bound ADP-ribose is shown as a stick representation, areas in red are identical, and areas in yellow are conserved. (G) Zoom-in view of the
electrostatic surface potential of the ADP-ribose binding site for Mac1 (top) and MacroD2 (bottom).
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well plates with reaction volumes as low as 5 μL, greatly
minimizing time and costs compared with gel-based activity
assays.
We first used ADPr-Glo to measure the Michaelis−Menten

kinetics of SARS-CoV-2 Mac1 and human MacroD2 with an
ADP-ribosylated protein substrate. The KM of Mac1 was 163.1
μM with a kcat of 121.3 min−1 (Figure 1C), and the KM of
MacroD2 was 13.6 μM with a kcat of 14.8 min−1 (Figure 1D).
The lower KM of MacroD2 is consistent with its higher affinity
for ADP-ribose monomers16 and polymers (Figure 1E and
Figure S2B). Therefore, SARS-CoV-2 Mac1 and human
MacroD2 exhibit distinct binding and kinetic properties with
free and protein-conjugated ADP-ribose, which likely reflect
chemical and structural differences within their active sites.
A comparison of the published macrodomain structures of

Mac1 and MacroD2 revealed that ∼60% of residues at the
ADP-ribose binding sites are conserved (Figure 1F). An
examination of the larger macrodomain family using 150
closely related sequences with 35−95% sequence identity
showed cross-family conservation, in particular, for the ADP-
ribose binding site (Figure S2C). Similar to MacroD2 and the
Chikungunya virus macrodomain,9,11 the mutation of a
conserved glycine residue to glutamate (G252E for SARS-
CoV-2 nsp3, Figure S1) abrogates the activity of Mac1 (Figure
S2D). The incubation of Mac1 G252E with the ADP-
ribosylated protein substrate followed by NudF addition
yielded the same amount of signal as the NudF-only control.
A closer examination of Mac1 and MacroD2 structures
revealed less conserved regions (e.g., near the adenosine
binding pocket; Figure 1F) and distinctive electrostatic
surfaces surrounding the active site where ADP-ribose binds
(Figure 1G and Figure S2E). Compared with MacroD2, Mac1
possesses a binding pocket with more charged surfaces that is
450 Å3 larger (Figure 1G and Figure S2E,F). Taken together,
these functional and structural differences may permit the
selective inhibition of SARS-CoV-2 Mac1 but not human
MacroD2.
We next established ADPr-Glo conditions for inhibitor

screening (Figure 2A). The reaction was linear with respect to
the enzyme concentration (0.5 nM) and the time of incubation

(60 min) at room temperature in the presence of 20 μM ADP-
ribosylated substrates, 125 nM NudF, and a final DMSO
concentration of 1%, with excellent reproducibility when
performed over different dates (Figure S3). We then carried
out a pilot screen of the 3233 pharmacologically active
compounds derived from the Selleck-FDA library (1953) and
the LOPAC library (1280).
The pilot screen parameters were suitable for a large high-

throughput screen with the coefficient of variation (CV)
ranging from 1 to 4%, the screening window coefficient Z′ at
0.86, and an average signal-to-background (S/B) ratio of 3.4
(Figure 2B). We calculated the average signal (A) and standard
deviation (SD) of compound-treated wells in each plate and
determined a Z score for each compound where Z = (signal −
A)/SD (Figure 2C). Compounds with Z score ≤ −3 were
considered hits (Supplementary Data File 1).
Our pilot screen at 100 μM identified 21 compounds from

the Selleck-FDA library and 16 compounds from the LOPAC
library with Z ≤ −3, resulting in a 1.2% hit rate. Notably, the
kinase inhibitor dasatinib was present as three different forms
in the FDA library (Supplementary Data File 1), and all of
them were identified as hits, indicating assay reproducibility.
Among 37 total hits, 24 were excluded based on several
criteria, including the presence of pan-assay interfering
(PAINS) substructures or potential aggregators based on the
ZINC filtering algorithm,24 interference with luminescence
detection, high molecular weight, instrument issues, or
commercial availability. (See Supplementary Data File 1.)
The remaining 13 hits were either purchased in powder form
or synthesized for further evaluation.
To identify false-positive hits that either inhibit NudF or

interfere with AMP detection by AMP-Glo, we performed a
counter screen where 2 μM ADP-ribose was used instead of
the ADP-ribosylated substrate and the macrodomain was
omitted from the reaction (Figure S4A−F). Four compounds
demonstrated dose-dependent inhibition in the counter screen,
indicating that they are inhibitors of NudF or AMP-Glo
(Figure S4B−E). Vandetanib had poor solubility in aqueous
solution (<10 μM), which prohibited a dose−response
analysis. The remaining six compounds did not inhibit the
NudF-mediated counter-screen assay and were subsequently
evaluated in a dose−response assay against SARS-CoV-2 Mac1
(Figure S4F−I).
Among the six remaining hits, only dasatinib and

dihydralazine exhibited dose-dependent inhibition (Figure
3A,B and Figure S4G−I), with an IC50 of 37.5−57.5 μM
and 486−757 μM (95% C.I.), respectively. We then evaluated
these two inhibitors in an orthogonal gel-based activity assay.
Consistent with its higher potency, only dasatinib mitigated
the reduction of ADP-ribosylation under the tested conditions
(Figure 3C).
To evaluate whether these drugs broadly inhibit ADP-

ribosylhydrolases or are specific for Mac1, we replaced the
SARS-CoV-2 macrodomain with human MacroD2 in our
ADPr-Glo assay and tested for dose-dependent inhibition
(Figure 3A,B). Strikingly, dasatinib did not show any inhibition
of MacroD2, even at 2 mM, the solubility limit of the
compound in 2% DMSO. On the contrary, dihydralazine
inhibited MacroD2 and Mac1 with comparable potency (IC50
= 500−1830 μM, P = 0.82, t test).
Because dasatinib was more potent and selective, we focused

our efforts on investigating the dasatinib−macrodomain
interaction. To directly assess dasatinib binding to these two

Figure 2. Pilot screen for macrodomain inhibitors. (A) Schematic of
the drug screen based on the ADP-ribosylhydrolase assay ADPr-Glo.
(B) Coefficients of variation (CV) and Z′ values for each plate in the
screen. (C) Z scores for the 3233 compounds evaluated.
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Figure 3. Dasatinib inhibits SARS-CoV-2 Mac1 but not human MacroD2. (A,B) Dose−response curves for (A) dasatinib and (B) dihydralazine
against SARS-CoV-2 Mac1 and human MacroD2. Plotted values are the mean ± SD (n = 4). (C) Gel-based assay demonstrating the inhibition of
Mac1 by dasatinib (n = 2). (D,E) SPR analyses of (D) ADP-ribose and (E) dasatinib binding to Mac1 wild-type (WT) and G252E as well as
MacroD2. The binding isotherm was quantitated by the area under the curve (AUC) normalized by the maximal response unit (Rmax) for each
concentration tested in a two-fold dilution series. (F) Molecular docking of dasatinib to Mac1. (G) Structure-based sequence alignment of Mac1
and MacroD2 with residues contacting ADP-ribose (green) and dasatinib, where red and blue indicate hydrophobic and hydrogen-bond (e.g., Asp
226 and Leu 330) interactions, respectively. (H) Analyses of 440 212 SARS-CoV-2 genomes revealed that the dasatinib docking site is highly
conserved. No residues within 5 Å of the docking site have a high mutation frequency. (I) Comparison of dasatinib with hits from other SARS-
CoV-2 Mac1 high-throughput screens using ADPr-Glo and 100 μM compound. (J) Summary of dasatinib and dihydralazine dose−responses
against three macrodomains.
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macrodomains, we performed surface plasmon resonance
(SPR) analyses. Both Mac1 and MacroD2 bound strongly to
ADP-ribose (Figure 3D and Figure S5), indicating that both
macrodomains were properly folded and able to interact with
small-molecule ligands in our SPR assays. Consistent with the
selective inhibition observed in the ADPr-Glo assay, dasatinib
bound approximately three times more to Mac1 than MacroD2
(Figure 3E and Figure S5). Molecular docking analyses
revealed that dasatinib binds at the highly conserved ADP-
ribose binding site (Figure 3F−H and Figure S6, Supporting
Data File 2), which is supported by the lack of ADP-ribose and
dasatinib binding by the active site mutant G252E (Figure
3D−F and Figure S5). Notably, 10 of 25 dasatinib-contacting
residues in Mac1 are not conserved in MacroD2 (Figure 3G
and Figure S7), which may explain the selectivity.
Recent high-throughput efforts have used virtual and

binding screens to identify compounds and fragments that
bind to SARS-CoV-2 Mac1 (Figure S8A).25−27 We directly
compared dasatinib to the hits identified in these studies and
found that dasatinib was a more potent ADP-ribosylhydrolase
inhibitor (Figure 3I and Figure S8B) and a stronger Mac1
binder (Figure S8C). Notably, dasatinib was not identified as a
hit despite being included in libraries used by Schuller et al.
One possibility is that dasatinib produced high fluorescence
when mixed with SYPRO Orange, a dye commonly used in
differential scanning fluorimetry (Figure S8D), and may
therefore be a false negative in prior screens. These findings
collectively highlight the novelty and benefits of our functional
screening approach as a complement to existing screens that
assay binding.
In summary, we have established a new functional assay to

identify ADP-ribosylhydrolase inhibitors. Our facile and
versatile assay identifies both specific and general ADP-
ribosylhydrolase inhibitors. Our pilot screen identified
dasatinib, whose selectivity demonstrates that it is possible to
discover drugs that specifically inhibit viral macrodomains.
Although cytotoxic when used at micromolar concentration,28

dasatinib has antiviral activities against SARS-CoV and MERS-
CoV through an unknown mechanism.29 We found that
dasatinib also inhibits the MERS-CoV Mac1 macrodomain
with similar potency (Figure 3J and Figure S8E,F). Therefore,
data presented in this study provide strong support for our
target and assay strategy, which can be applied to a large-scale
high-throughput screen for new and improved viral macro-
domain inhibitors. Because the macrodomain fold is highly
conserved in all coronaviruses and alphaviruses, this screening
tool represents an important step toward developing new
broad-spectrum antivirals.
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