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ABSTRACT: The pandemic outbreak of a novel coronavirus,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
has threatened the global public health and economy since late
December 2019. SARS-CoV-2 encodes the conserved macro
domain within nonstructural protein 3, which may reverse cellular
ADP-ribosylation and potentially cut the signal of a viral infection
in the cell. Herein, we report that the SARS-CoV-2 macro domain
was examined as a poly-ADP-ribose (ADPR) binding module and
possessed mono-ADPR cleavage enzyme activity. After confirming
the ADPR binding ability via a biophysical approach, the X-ray
crystal structure of the SARS-CoV-2 macro domain was
determined and structurally compared with those of other viruses.
This study provides structural, biophysical, and biochemical bases
to further evaluate the role of the SARS-CoV-2 macro domain in the host response via ADP-ribose binding but also as a potential
target for drug design against COVID-19.
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In late December 2019, patients with fever, respiratory
symptoms, and severe pneumonia were reported in Wuhan,

China. A novel virus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2, also called 2019-nCoV), was
identified as the causal pathogen. This newly emerged disease
was named COVID-19. Then, after a few weeks, researchers
declared a human-to-human transmission.1−3 According to
clinical observations related to the first German case, this
disease seemed to cause many asymptomatic infections or
slightly symptomatic infections.4 Also, because of abundant
travel at the very beginning of the outbreak during the lunar
new year in China, COVID-19 soon spread to every province
in China. With international air travel transmission, this disease
was spread globally and rapidly.5,6 According to the World
Health Organization, as of September 14, 2020, there had been
more than 28,918,900 cases, causing at least 922,252 deaths
and the disease had spread globally.
The macro domain is a protein module ubiquitous in

eukaryotes, bacteria, and archaea. The viral macro domain of
SARS-CoV-1 was discovered in the past decade.7 SARS-CoV-2
shares about 80% nucleotide identity with the original SARS-
CoV-1 and harbors a macro domain in its nonstructural
protein 3 (NSP3) located in the open reading frame 1ab
(ORF1ab) (Figure 1). Macro domains were identified in
several positive-strand RNA viruses, including coronaviruses
and alphaviruses.
Virus macro domains were reported to have multiple

functions, including a ADP-ribose (ADPR)8−10 or poly-

ADPR9 interaction, adenine-rich RNA11 binding, enzyme
activities of ADPR-1″ phosphohydrolase,7,9 and the removal
of mono(ADP-ribose) from protein.10 Accumulated evidence
for virus macro domains pointed out a key relevance to host
cellular ADP-ribosylation, which is a post-translational
modification correlated with a wide spectrum of biological

Received: June 20, 2020
Published: September 18, 2020

Figure 1. Genome of SARS-CoV-2. Structural and nonstructural
proteins (nsps) in the SARS-CoV-2 genome. Genes of the macro
domain in nsp3 are highlighted and in blue. Genes encoding structural
proteins are in light yellow. The open reading frame (ORF) 1ab-
harbored macro domain is in green. Other ORFs are in gray.
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phenomena, such as the innate immune response.12,13

Moreover, mutation of macro domains of mouse hepatitis
virus14 and Sindbis virus15 were reported to depress viral
replication while disrupting ADPR binding ability. Also, the
hepatitis E virus (HEV) macro domain could interact with
HEV RNA methyltransferase16 and ORF317 for involvement in
both viral replication and release of the progeny virus.18 Thus,
a virus macro domain may play important roles in modulating
host ADP-ribosylation.
In the present study, we characterized the basic protein

properties and confirmed the biochemical function of PAR
binding and deMARylation of the SARS-CoV-2 macro domain.
Furthermore, we describe the crystal structure of the SARS-
CoV-2 macro domain in complex with ADPR, with
comparison to previously characterized macro domains of
human CoVs. Hence, our study may be the essential
groundwork for revealing the function of the SARS-CoV-2
macro domain in order to beat COVID-19.

■ RESULTS AND DISCUSSION
ADPR Binding Ability of the SARS-CoV-2 Macro

Domain. The SARS-CoV-2 macro domain (pp1a residues
1025 to 1195) (Figure 1) was expressed and purified from
E. coli. The final purified protein was a 171 amino acid protein
(18 kDa) with four additional residues at the N-terminus
resulting from the removal of the hexa-histidine tag after
thrombin cleavage. Circular dichroism (CD) spectra revealed
that the macro domain exhibited a stable α/β type folding
pattern under various pH conditions but not below pH 4
(Figure 2A). To investigate the possible interaction of the

SARS-CoV-2 macro domain with ADPR, the thermal
transition profiles of the protein with or without ADPR were
monitored at 208 nm by using CD. Upon incubation of the
SARS-CoV-2 macro domain with ADPR, the melting temper-
ature (Tm) shifted significantly from 49.6 °C for the apo
protein to 57.1 °C for the complex (Figure 2B). The significant
increase in Tm indicated the potent interaction between the
SARS-CoV-2 macro domain and ADPR.

To examine the equilibrium dissociation constant (Kd) of
the SARS-CoV-2 macro domain with ADPR, we used
isothermal titration calorimetry (ITC) (Figure 3A). The ITC
measurements confirmed ADPR binds to the SARS-CoV-2
macro domain at 1:1 stoichiometry with a dissociation
constant (Kd) of 17.18 ± 6.03 μM. The mean enthalpy
(ΔH) was −4.28 ± 3.86 (kJ/mol) and entropy (ΔS), 77.20 ±
15.69 (J/mol·K). The free energy value was −27.29 ± 0.86
(kJ/mol) (Table 1). The SARS-CoV-2 macro domain and
HCoV-229E macro domain bound ADPR with a similar
thermodynamic profile (favorable enthalpy and entropy)
(Figure 3B, Table 1). Differential scanning fluorimetry
(DSF) was used to examine the binding ability. After fitting
DSF data, the Kd was determined at 20.60 ± 7.7 μM (Figure
3C), which is similar to the calculated Kd of 17.18 μM based
on ITC data. Furthermore, nanoDSF analysis revealed that the
addition of ADPR in the micromolar range significantly
increased the melting point of the SARS-CoV-2 macro domain.
In contrast, high concentrations of other nucleotides such as
ADP or AMP were needed to the same extent of macro
domain stabilization (Figure 3D).

Enzyme Activity of De-mono-ADP-Ribosylation. Like
many positive-strand RNA viruses, SARS-CoV-2 contained a
macro domain in its nonstructural protein 3 (NSP3) located at
open reading frame 1ab (ORF1ab) (Figure 1). The viral macro
domain may possess abilities to modulate viral replication and
even suppress the host innate immune response by countering
host antiviral ADP-ribosylation.13 Besides, the de-mono-ADP-
ribosylation (de-MAR) activity of viral macro domains was
found to be critical for replication of pathogenic chikungunya
virus, hepatitis E virus, and SARS-CoV-1.10,19−21 Hence, a
repeated measurement study (n = 3) investigating the de-MAR
enzyme activity of the SARS-CoV-2 macro domain was
examined. Varying concentrations of the SARS-CoV-2 macro
domain (from 2.5 to 10 μM) were mixed with MARylated
PARP10 CatD. The mono-ADP-ribosylation signals were
decreased with increasing macro domain concentration,
which indicates the de-MAR activity of the SARS-CoV-2
macro domain (Figure 4A,B).

Poly-ADP-Ribose (PAR) Binding Ability. Poly-ADP-
ribosylation (PARylation) governs several fundamental pro-
cesses of cell life and involves PAR covalently attaching onto a
target protein via an ester-glycosidic bond. When triggered by
a viral infection, PARylation acts as a stress signal to induce
apoptosis and/or necrosis in the cell.22 There is much evidence
for the PAR binding ability of various viral macro
domains.9,23,24 Therefore, we confirmed the ability of the
SARS-CoV-2 macro domain to interact with PAR by immuno-
dot-blotting. The potential interactions with PAR were
detected by the anti-PAR antibody. As expected, the SARS-
CoV-2 macro domain showed PAR binding activity (Figure
4C). Recently, a preprint from Alhammad et al. showed that
the SARS-CoV-2 macro domain did not bind PAR at the
protein concentration of 60 pM by using immunoblotting.25

We obtained a similar result that the SARS-CoV-2 macro
domain did not show the interaction with PAR when the
protein concentration was lower than 20 nM. However, we can
observe the interaction of the SARS-CoV-2 macro domain and
PAR in the conditions of 50 and 500 nM protein. The results
indicate the PAR binding affinity of the SARS-CoV-2 macro
domain may not be an event of strong binding.

Overall Structure of the SARS-CoV-2 Macro Domain
in Complex with ADPR. For a comprehensive analysis of the

Figure 2. Circular dichroism (CD) spectra analysis of the SARS-CoV-
2 macro domain. (A) CD spectra for the SARS-CoV-2 macro domain
at various pH values (pH 2.5−11.0). (B) Thermal shift assay
monitored by CD at 208 nm with or without ADPR. Signals with or
without ADPR are in blue and red, respectively.
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viral macro domain, we determined the crystal structure of the
SARS-CoV-2 macro domain in complex with ADPR (Figure
5A). The crystals for diffraction data collection were grown
more than 1 month (Figure S1A). The crystals belonged to
space group P41 with unit cell parameters a = b = 85.99 Å, c =
143.58 Å, and α = β = γ = 90°. In this crystal form, there were
four molecules in the asymmetric unit with compact crystal
packing (Figure S1B). The structure was refined at 3.83 Å
resolution (PDB code: 7C33). During the revision of this
Article, we obtained another crystal data set in the same
condition after 4 months of growth. The crystal belonged to
space group P41212 with unit cell parameters a = b = 84.74 Å, c
= 143.24 Å, and α = β = γ = 90°. The second crystal structure
was refined at 2.64 Å resolution (PDB code: 7CZ4) with R-
factor and Rfree values of 17.08% and 21.47%, respectively. In
this crystal data set, there were two protein molecules in an
asymmetric unit (Figure S1C). Data collection and structure
refinement statistics are in Table 2.
Further analytical gel filtration chromatography showed a

single peak at the elution volume corresponding to the
monomer molecular weight, confirming that the SARS-CoV-2
macro domain presented the monomeric state in solution
(Figure S1D). The overall structure of the SARS-CoV-2 macro

domain consisted of six α-helices and one seven-stranded β-
sheet, the classical construction of macro domains (Figure 5B).
T h e β - s h e e t i s o r i e n t e d a t a n o r d e r o f
β1−β2−β7−β6−β3−β5−β4 and sandwiched between α-
helices (α1, α2, and α3 located at one side and α4, α5, and
α6, at the other side), so the SARS-CoV-2 macro domain
showed a baseball glove-like structure and a groove between α-
helices formed the ligand-binding site. The Fo − Fc difference
map pointed out an actual ADPR that was bound in that
ligand-binding site (Figure 5A).
The structural comparison with other viral macro domains

by using the DALI server indicated that the SARS-CoV-2
macro domain was more similar to beta-CoVs (SARS-CoV-1,
z-score of 32.6; Bat CoV-HKU4, z-score of 28.3; MERS-CoV,
z-score of 24.0) than alpha-CoVs (feline CoV, z-score of 24.0;
human CoV-229E, z-score of 23.9) (Figure 5C). β2, loop
β2−α2, and loop β5−α5 were conserved among macro
domains. Of note, the lower z-score (16.5) of MacroD1 (a
human macro domain) indicated that there were many
divergences between the human protein and viral macro
domains, even with the same fold.
In the SARS-CoV-2 macro domain, the adenine moiety of

ADPR was located in a cleft formed by loops β1−α1, β5−α5,

Figure 3. ADPR binding of the SARS-CoV-2 macro domain. (A) Isothermal titration calorimetry analysis of ADPR binding to the SARS-CoV-2
macro domain. Upper panel, raw data in μcal/s versus time showing heat release on titration of the 30-fold concentration of ADPR to the SARS-
CoV-2 macro domain. Lower panel, integration of raw data yielding the heat per mole versus molar ratio. (B) Comparison of the thermodynamics
of ADP-ribose binding by macro domains from SARS-CoV-2, SARS-CoV-1, MERS-CoV, and HCoV-229E. (C) DSF thermal shift detected by dye
SYPRO Orange in the SARS-CoV-2 macro domain with increasing concentrations of ADPR. Data are the mean of 3 independent experiments. (D)
DSF thermal shift assay of the protein intrinsic fluorescence from aromatic residues. The first deviation of signals from the protein apo form and
with ADPR, ADP, and AMP are in blue, purple, red, and green, respectively.

Table 1. Thermal-Dynamic Parameters for Binding of ADP-Ribose in Coronavirus (CoV) Macro Domainsa

virus macro domain ligand method Kd (μM) ΔH (kJ/mol) ΔS (J/mol·K) −TΔS (kJ/mol) ΔG (kJ/mol) references

SARS-CoV-2 WT ADPR ITC 17.18 −4.28 77.00 −23.00 −26.74 this study
WT ADPR DSF 20.60 this study
V24I/E25Q/F156N ADPR ITC 2.32 −0.48 106.53 −31.75 −32.22 this study

MERS-CoV WT ADPR ITC 2.95 −91.04 −199.5 59.48 −31.56 10
WT ADPR DSF 3.12 10

SARS-CoV-1 WT ADPR ITC 24 −73.39 −153.9 46.65 −26.74 9
HCoV-229E WT ADPR ITC 28.9 −14.54 38.1 −11.36 −25.9 28

aSARS-CoV-2, severe acute respiratory syndrome coronavirus 2; MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV-1, severe
acute respiratory syndrome coronavirus 1; HCoV-229E, human coronavirus 229E.
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and β6−α6 and the β-strand β6. The side-chain oxygen of D22
provided a hydrogen bond to connect the N-6 nitrogen of the
pyrimidine group in the adenine moiety. Also, the adenine
moiety of ADPR was hydrogen bonded via the N-1 nitrogen to
the backbone amide proton of I23. Also, the adenine moiety
resides in the hydrophobic cavity containing A21, I23, V49,
P125, L126, A154, and F156. Furthermore, the stacking effects
between the ring structures of P125, the adenine moiety, and
F156 should stabilize the interaction with ADPR. Pyrophos-
phate groups and the distal ribose of ADPR lay in the crevice
composed of loop β2−α2 and loop β4−α4. In the crack, the
backbone amide nitrogen atoms of V49 and G130 and
backbone amide nitrogen atoms of S128, G130, I131, and
F132 interacted via hydrogen bonds with α- and β-phosphate
group oxygens, respectively. 1″ oxygen of the ADPR distal
ribose and the nitrogen atom of the G48 backbone amide
formed a hydrogen bond. The ribose-3″ oxygen atom formed a
hydrogen bond with a nitrogen atom in the side chain of N40.
The ribose-2″ oxygen atom arranged hydrogen bonds with the
oxygen atom in the side chain of K44 and the nitrogen atom in
the backbone amide of G46. The ribose-1″ oxygen atom
formed a hydrogen bond with the nitrogen atom in the side
chain of G46 (Figure 6A).
Structural Comparison of Viral Macro Domains.

During the progress of this study, the Center of Structural

Genomics of Infectious Diseases (CSGID) deposited the
ADPR-bound SARS-CoV-2 macro domain determined by
Michalska et al.26 (PDB code: 6W02). Although the resolution
of the structure (6W02, 1.50 Å) is higher, our two solved
structures are almost identical with this one. The RMSD
between the structures of 6W02 and 7C33 was 0.216 Å, while
the RMSD between the structures of 6W02 and 7CZ4 was
0.242 Å. However, we noticed the loops surrounding the distal-
ribose of ADPR show slight differences by comparing these
three structural snapshots (Figure S1E). Recently, the apo
form of the SARS-CoV-2 macro domain (6WEY) was reported
by Frick et al.27 They suggested that the conformational-
changed region between the apo- and ADPR-bound form were
located at loops β3−α2, β6−α5, and β5−α4, which were also
observed in the comparison of the apo form (6WEY) and our
solved ADPR-bound form macro domain (7CZ4) (Figure
S2A). Moreover, these conformational changes might reflect
the entropy-driven ADPR binding defined by the ITC
experiments (Figure 3B). In addition, we found that the
surface electrostatic distributions were different between the
apo- and ADPR-bound forms (Figure S2). Upon ADPR
binding, the surface around the ligand-binding site became a
positively charged cluster, which resulted from the movements
of loops β3−α2, β6−α5, and β5−α4 of the SARS-CoV-2
macro domain.
The solved crystal structure of the ADPR-complexed SARS-

CoV-2 macro domain was structurally compared with other
viral macro domains. The dissociation constant (Kd) of ADPR
interacting with the MERS-CoV macro domain was 2.95 μM,10

Figure 4. Functions of the SARS-CoV-2 macro domain. (A, B)
Clarification of the de-MAR enzyme activity of the SARS-CoV-2
macro domain (MD). The auto-mono-ADP-ribosylated human
PARP10 catalytic domain (CatD) was arranged by using biotin-
NAD+ as a substrate. Budding yeast macro domain Poa1p is a positive
control. Varying concentrations of the SARS-CoV-2 macro domain
(from 2.5 to 10 μM) were mixed with human PARP10 CatD and
resolved by 15% acrylamide gel. Mono-ADP-ribosylation was detected
by the Western blot assay with an anti-biotin antibody. The assays for
de-MAR activity investigation are established three times. The relative
densitometric bar graph of anti-biotin is presented (B). (C) SARS-
CoV-2 macro domain PAR binding by the PAR overlay assay with
increasing amounts of the domain as shown. The human ALC-1
macro domain (MD) was the positive control, and BSA was the
negative control. The PARP1−PAR interaction by the PAR overlay
assay with increasing amounts of recombinant PARP1. PAR binding
was detected by dot-blotting with the anti-PAR antibody.

Figure 5. Structure of the SARS-CoV-2 macro domain (7CZ4). (A)
Overall structure. The surface of the SARS-CoV-2 macro domain is in
light gray. Ligand ADPR is shown as a stick model covered by its
electron density map. Blue, red, orange, and yellow represent nitrogen
atoms, oxygens, phosphates, and carbons, respectively. (B) Topology
diagram of the SARS-CoV-2 macro domain. (C) Structure-based
alignment of viral macro domains and human macro domain
(MacroD1). Conserved residues are in purple. Secondary structures
of the SARS-CoV-2 macro domain, α-helices and β-sheets, are in blue
and orange, respectively, in (A)−(C).
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whereas that of ADPR binding with the SARS-CoV-2 macro
domain was 15.41 μM, a little better than that for SARS-CoV-
1, with Kd 24 μM.9 Also, the HCoV-229E macro domain
interacted with ADPR with a Kd of 28.9 μM28 (Table 1). For
further investigation of the structural differences between viral
macro domains, we compared the ligand-binding site of macro
domains from the SARS-CoV-2, SARS-CoV-1, MERS-CoV,
and HCoV-229E (Figure 6B). A LigPlot+ diagram29 was used
to illustrate these ligand-binding sites in detail (Figure S3).
Among these viral macro domains, the HCoV-229E macro

domain had the weakest binding affinity. This may be due to
the lack of hydrogen bonds, especially the one from conserved
aspartate D19 located at loop β1−α1 to the adenine group of
ADPR (Figures 6B and S3). While the interaction of ADPR
and the macro domain from MERS-CoV or SARS-CoV-1
contains more hydrogen bonds, which may reflect the binding
with favorable enthalpy defined by the ITC experiments
(Figure 3B and Table 1). Macro domains of three beta-CoVs
(MERS-CoV, SARS-CoV-1, and SARS-CoV-2), causing severe
public health problems, bound to ADPR with different binding
abilities. The macro domain from MERS-CoV presented the
strongest binding affinity to ADPR. The ADPR binding ability

was better for the SARS-CoV-2 than the SARS-CoV-1 macro
domain. This order was associated with the ADPR adenine
group orientation (Figure 6C). In the MERS-CoV macro
domain, the distance of the hydrogen bond between the N-6
nitrogen of the ADPR adenine group and the D20 side chain
was 2.8 Å. The distance of the hydrogen bond connecting the
backbones of the MERS-CoV macro domain I22 and D20 was
2.9 Å. Because of these critical connections between I22 and
D20 in the MERS-CoV macro domain, the adenine moiety
localized deep in the ligand-binding site. However, adenine
groups complexed in SARS-CoV-2 and SARS-CoV-1 macro
domains were at shallower positions inside the ligand-binding
sites. In the SARS-CoV-2 macro domain, the N-6 nitrogen of
the ADPR adenine group and D22 side chain formed a 2.9 Å
hydrogen bond. The distance between the backbones of V24
and D22 was 3.0 Å. At the equivalent site of the SARS-CoV-1
macro domain, the V25 backbone contributed a linkage to D23
at a 3.2 Å distance. Moreover, the F156 residue located near
the pyrimidine group of ADPR in the SARS-CoV-2 macro

Table 2. Data Collection and Refinement Statistics of the
SARS-CoV-2 Macro Domain in Complex with ADP-Ribose

PDB code 7CZ4 7C33
crystal parameters
space group P41212 P41
unit cell parameters

a, b, c (Å) 84.74; 84.74; 143.24 85.99; 85.99; 143.58
α, β, γ (deg) 90, 90, 90 90, 90, 90
monomers per asymmetric
unit cell

2 4

data collection
wavelength (Å) 0.99984 0.99984
resolution range (Å) 29.32−2.64 (2.74−

2.64)
29.74−3.83 (3.97−
3.83)

unique no. of reflections 15963 9844
total no. of reflections 212632 34653
I/σa 37.91 (3.18) 7.68 (2.06)
Rmerge

a,b (%) 10.7 (53.5) 16.8 (58.4)
completenessa (%) 90.52 (48.46) 97.7 (91.7)
redundancya 13.3 (11.2) 3.5 (2.5)
CC1/2 0.99 (0.98) 0.90 (0.63)

refinement statistics
resolution (Å) 2.64 3.83
Rwork (%)/Rfree (%)

c 17.08/21.47 16.81/22.34
RMSD

bonds (Å) 0.008 0.010
angles (o) 0.97 1.02

mean B-factor (Å2) 41.23 26.76
protein 39.84 26.66
ADP-ribose 94.45 30.14

Ramachandran plot (%)
favored 97.29 98.47
allowed 2.71 1.53
outliers 0.0 0.0

aValues in parentheses are for the highest resolution shell. bRmerge =
ΣhΣi|Ih,i − Ih|/ΣhΣiIh,i, where Ih is the mean intensity of the i
observations of the symmetry related reflections of h. cRwork/Rfree = Σ|
Fobs − Fcalc|/ΣFobs, where Fcalc is the calculated protein structure factor
from the atomic model (Rfree was calculated with 5% of the reflections
selected).

Figure 6. Ligand binding site of virus macro domains. (A) SARS-
CoV-2 macro domain ADPR binding site. Protein is presented as a
cartoon illustration in light gray. Amino acids and ADPR are shown as
sticks with oxygen in red, nitrogen in blue, and phosphorus in orange.
Carbons of ADPR, residues generating hydrogen bonds to ligand, and
residues interacting with ligands by hydrophobic interactions are
colored in bright yellow, bright green, and wheat, respectively.
Hydrogen bonds are black dashed lines. (B) Overlay of the ADPR-
binding sites of the viral macro domains. Amino acids forming
hydrogen bonds with ADPR are presented as sticks with oxygen in red
and nitrogen in blue. Carbons of the residues from the macro domain
of the MERS-CoV, SARS-CoV-2, SARS-CoV-1, and HCoV-229E are
colored in light blue, orange, pink, and green, respectively. (C)
Comparison between ADPR adenine groups with macro domains
from MERS-CoV, SARS-CoV-2, and SARS-CoV-1. Blue represents a
view inside the MERS-CoV macro domain. Yellow, SARS-CoV-2
macro domain. Pink, SARS-CoV-1 macro domain.
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domain. The ring-stacking effect was suspected to contribute
to the orientation of ADPR in the SARS-CoV-2 macro domain.
It was likely a correlation between ADPR-binding ability and

the N-6 nitrogen orientation at the adenine group of ADPR
inside the ligand-binding site of the viral macro domain. The
residues nearby the conserved residue D22, including V24,
E25, and F156, may affect the orientation of the adenine group
of ADPR. For better understanding, these three residues were
mutated into I24, Q25, and N156 at the corresponding
positions (Figure S4A) for mimicking the MERS-CoV macro
domain, which possesses the higher ADPR binding affinity
with Kd ∼ 2.95 μM (Table 1). Then, the ADPR binding ability
of the SARS-CoV-2 V24I/E25Q/F156N triple mutant was
determined by ITC experiments. As expected, the result
showed that ADPR binds to the V24I/E25Q/F156N triple
mutant with a Kd value of 2.32 ± 0.78 μM, which is presenting
a higher affinity than wild-type (17.18 ± 6.03 μM) (Figure
S4B).

■ CONCLUSION

While this work was in progress, the high-resolution crystal
structures of the SARS-CoV-2 macro domain were released in
the Protein Data Bank (PDB code: 6WEY and 6W02). The
release of these high-resolution structures and remarks from
our study can build confidence in understanding this macro
domain from the novel virus SARS-CoV-2. Our study provides
biochemical, biophysical, and structural knowledge of the
SARS-CoV-2 macro domain. The SARS-CoV-2 macro domain
may modulate human ADP-ribosylation by its de-MAR
enzyme activity and PAR binding ability. The binding between
the SARS-CoV-2 macro domain and ADPR was enthalpy and
entropy driven. Moreover, D22 and the surrounding amino
acids such as V24, E25, and F156 also optimized the
orientation of ADPR. Our study provides a biochemical and
biophysical basis for further investigating the role of the SARS-
CoV-2 NSP3 macro domain in infections and supplies a
structural landscape of this viral macro domain.

■ METHODS

Protein Expression and Purification. Production of the
recombinant SARS-CoV-2 macro domain was similar to that
for the MERS-CoV macro domain.10 The DNA fragment of
the SARS-CoV-2 macro domain was synthesized and cloned
into the pET-28a (+) vector (Novagen) between the NdeI and
XhoI sites. This resulting plasmid was then transformed into
E. coli BL21 (DE3), which was grown at 37 °C and up to an
OD600 of 0.6. After inducing with 1 mM isopropyl-β-D-
thiogalactoside (IPTG) and incubating overnight at 16 °C,
E. coli cells were collected by centrifugation (6000 rpm, 10
min) and resuspended with lysis buffer (25 mM phosphate
buffer, pH 7.0, 100 mM NaCl) followed by 20 min of
sonication. Then, the supernatant was separated from the
pellet by centrifugation at 13 000 rpm for 20 min at 4 °C. The
recombinant SARS-CoV-2 macro domain with an N-terminal
His-tag was purified with the Ni2+-NTA column with an
elution of 300 mM imidazole. The purified protein was
dialyzed against lysis buffer with 0.5 mM dithiothreitol (DTT).
The N-terminal His-tag was removed by thrombin cleavage at
10 °C overnight. The protein product with four additional
residues (GSHM) at the N-terminus was further purified by
gel filtration chromatography with the column Superdex 75
increased 16/60 (GE Healthcare). The purified protein was

stabilized in the gel-filtration buffer with 25 mM sodium
phosphate and 100 mM NaCl at pH 7.0.

Circular Dichroism (CD) Spectroscopy. CD spectra were
measured with 10 μM protein samples in 20 mM phosphate
buffer, pH 2.5−11.0, placed into a 1 mm path-length cuvette
and recorded on a Chirascan-plus qCD spectrometer. The
thermal transition of protein samples with and without 1 mM
ADPR was monitored at 208 nm from 10 to 95 °C at a scan
rate of 1 °C/min. The melting temperature (Tm) was
determined with the first derivative of the CD signal.

Differential Scanning Fluorimetry (DSF). The thermal
shift assay with DSF involved the use of a StepOne Real-Time
PCR Detection System (Thermo Fisher). A 25 μL mixture
containing 2 μL of SYPRO Orange (Sigma-Aldrich), 10 μM
protein sample, and various concentrations of ADPR was
mixed in an 8-well PCR tube. Fluorescent signals were
measured from 10 to 95 °C (excitation, 450−490 nm;
detection, 560−580 nm). Data evaluation, Tm determination,
and data fitting for the dissociation constant (Kd) calculation
involved the use of SigmaPlot.

Label-Free Differential Scanning Fluorimetry
(nanoDSF). Label-free thermal shift assay experiments were
performed with a Tycho NT.6 instrument (NanoTemper
Technologies). A 10 μM protein sample and 30-fold
concentration of ADPR, ADP, and AMP were mixed and
heated in a glass capillary with temperature gradient from 35 to
95 °C at a rate of 30 K/min, and the internal fluorescence at
330 and 350 nm was recorded. Data analysis, data smoothing,
and the calculation of derivatives involved using the internal
evaluation features of the Tycho instrument. Tm was
determined by the first derivative of the signal (ratio of 350
nm/330 nm).

Isothermal Titration Calorimetry (ITC). The interactions
with ADPR of the SARS-CoV-2 macro domain WT and V24I/
E25Q/F156N were measured by ITC with a Nano ITC (TA
Instruments). Aliquots of 4 μL of 3 mM ADPR were titrated
by injection into 0.12 mM WT protein in 20 mM Tris-HCl
buffer, pH 7.0, with 100 mM NaCl at 25 °C and 250 rpm of
stirring. To measure the ADPR interaction of the SARS-CoV-2
macro domain V24I/E25Q/F156N triple mutant, aliquots of 4
μL of 1.2 mM ADPR were titrated by injection into 0.12 mM
mutated protein in 20 mM Tris-HCl buffer, pH 7.0, with 100
mM NaCl at 25 °C and 250 rpm of stirring. Background heat
from ligand to buffer titration was subtracted. The thermal
parameters (enthalpy ΔH and entropy ΔS), the stoichiometry
of the binding (n), and the dissociation constant (Kd) were
derived by fitting with an independent binding model with the
use of Launch NanoAnalyze v2.3.6.

DeMARylation Activity Assay. For the DeMARylation
activity assay, we used biotin-labeled ADP-ribosylated protein
as substrate, like many other approaches for ADP-ribosylation-
related assays.30,31 To perform mono-ADP-ribosylation
(MAR), a reaction mixture containing 10 μM hPARP10-
CatD and 100 μM biotin-NAD+ in 20 mM Tris-HCl, pH 8.0,
100 mM NaCl, and 0.5 mM DTT was incubated at a room
temperature of 30 °C for 30 min. Varying concentrations of
the SARS-CoV-2 macro domain (from 2.5 to 10 μM) were
then added into the reaction; then, the samples were incubated
at a room temperature of 30 °C for another 30 min. The
reaction was terminated by adding 1% SDS, and proteins were
resolved in 15% acrylamide gel. The gel was transferred onto a
PVDF membrane (Bio-Rad) and probed with an anti-biotin
polyclonal antibody (Bethyl Laboratories Inc.) (1/5000). The
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budding yeast protein Poa1p was a positive control of de-MAR
enzyme activity.32 The de-MAR examinations were repeated
three times.
Poly ADPR (PAR) Binding Assay. The PAR binding assay

was modified from a previous study.33 Recombinant proteins
(i.e., SARS-CoV-2 macro domain, human ALC1 macro
domain, and BSA), in amounts as indicated, were applied
onto a nitrocellulose membrane (GE Healthcare). Then, the
membrane was incubated overnight at 4 °C in TBST (20 mM
Tris, pH 7.6, 100 mM NaCl, 0.05% Tween 20) containing 0.2
μM PAR. The next day, the membrane was washed with TBST
containing 1 M NaCl for three times and, then, blocked in
TBST supplemented with 5% (w/v) milk. Finally, the
membrane was probed with an anti-PAR monoclonal antibody
(Trevigen, catalog number: 4335-MC-100) (1/5000).
Protein Crystallization and Data Collection. The

SARS-CoV-2 macro domain and ADPR were mixed in a
molar ratio of 1:16. Protein crystallization trials were
performed at 283 K by the sitting-drop vapor-diffusion method
with commercial screening kits. Each crystallization drop was
prepared with 1 μL of macro domain/ADPR at 14 mg/mL of
mixing with an equal volume of mother liquor, and the mixture
was equilibrated against a 100 μL reservoir solution. The
crystals for data collection were grown at 283 K with a 37.5%
precipitant mix (stock: 2.5% MPD, 25% PEG1000, 25%
PEG3350), final concentration of 0.1 M, pH 8.5 buffer mix
(stock: 1 M Tris, 1 M Bicine), and final concentration of 0.1 M
carboxylic acids mix (stock: 0.2 M sodium formate, 0.2 M
ammonium acetate, 0.2 M sodium citrate, 0.2 M sodium
potassium, 0.2 M sodium oxamate). The crystal was
cryoprotected in 4 M lithium formate and flash-cooled in
liquid nitrogen at 100 K. The diffraction images were recorded
in a 100 K nitrogen gas stream with the use of the TPS BL05A
beamline (National Synchrotron Radiation Research Center,
Taiwan) and processed by using HKL2000 software.34,35 Four
diffraction sets were merged to obtain the justifiable data
quality for structural solving.
Structural Determination. The crystal structure of the

ADPR-complex SARS-CoV-2 macro domain was determined
by the molecular replacement method by using Phaser36 in the
PHENIX package.37 The coordinates of the SARS-CoV-1
macro domain (PDB code: 2ACF)7 served as a search model.
The initial structure was refined with iterative cycles of
simulated annealing, energy minimization, and manual
rebuilding by using PHENIX refinement37 and COOT.38

Molecular visualizations were generated with PyMOL (The
PyMOL Molecular Graphics System, Version 1.7, Schrödinger,
LLC). Data collection and refinement statistics are summar-
ized in Table 2.
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