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Macrodomains are proteins that recognize and hydrolyze ADP
ribose (ADPR) modifications of intracellular proteins. Macrodo-
mains are implicated in viral genome replication and interference
with host cell immune responses. They are important to the
infectious cycle of Coronaviridae and Togaviridae viruses. We de-
scribe crystal structures of the conserved macrodomain from the bat
coronavirus (CoV) HKU4 in complex with ligands. The structures re-
veal a binding cavity that accommodates ADPR and analogs via local
structural changes within the pocket. Using a radioactive assay, we
present evidence of mono-ADPR (MAR) hydrolase activity. In silico
analysis presents further evidence on recognition of the ADPR mod-
ification for hydrolysis. Mutational analysis of residues within the
binding pocket resulted in diminished enzymatic activity and bind-
ing affinity. We conclude that the common structural features ob-
served in the macrodomain in a bat CoV contribute to a conserved
function that can be extended to other known macrodomains.
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Coronaviruses (CoVs) are positive-sense RNA viruses that
cause respiratory disease in humans. From 2002 to 2003, the

severe acute respiratory syndrome (SARS) virus caused a pan-
demic claiming over 800 lives (1). A decade later, the Middle
East respiratory syndrome (MERS) virus, isolated from an out-
break in Saudi Arabia, was found to cause respiratory and ne-
phritic disease (2, 3). In late 2019, a new virus which is related to
the SARS-like bat CoVs began to cause illness (4). The new
virus, termed SARS-Cov-2, 2019-nCoV, or HCoV-19, has caused
a pandemic spanning at least 160 countries, with over 8.3 million
infected and over 440,000 fatalities (5, 6). Symptoms of COVID-
19, a pneumonia-like condition, range from mild symptoms such
as dry cough, sore throat, and fever to serious or fatal compli-
cations including organ failure, pulmonary edema, severe
pneumonia, and acute respiratory distress (7). Mortality rates for
CoV disease range from 35% for MERS, 10% for SARS, and up
to 14.5% for COVID-19. The COVID-19 outbreak was declared
a Public Health Emergency of International Concern on January
30, 2020.
These viruses belong to the beta genus of the CoV family and

are further differentiated into lineages A through D. The SARS-
CoV and SARS-CoV-2 belong to lineage B, and the MERS-CoV
belongs to lineage C (4, 8, 9). The CoVs employ the host cell
machinery to translate polyproteins, pp1a and pp1ab, that are
cleaved by viral proteases into 16 nonstructural proteins (10).
The largest of these, the nonstructural protein 3 (nsp3), contains
a conserved macrodomain that is critical to CoV infection (11).
The macrodomain protein family shares a conserved structure,

binds a variety of small and macromolecular ligands, and func-
tions in cellular processes ranging from chromatin structure
maintenance and dynamics to innate immune function, tran-
scription, and apoptosis (12–20). Viral macrodomains exhibit a
mixed α/β fold of 130 to 190 amino acids with a ligand-binding

cleft most commonly used to bind mono-ADP ribose (ADPR)
(MAR) and poly-ADPR (PAR) (21–23).
Viral macrodomains remove MAR and/or PAR modifications

from acidic (D and E) residues by hydrolyzing the ester bond
(i.e., deMARylation) (11, 24). The hepatitis E virus (HEV) mac-
rodomain hydrolyzes PAR modifications from proteins efficiently
in vitro through the association with another helicase, but similar
dePARylation activities were not observed in other proteins (24).
DeMARylation is conserved in macrodomains of all CoVs and
other single-stranded RNA (ssRNA) viruses such as alphavirus,
rubella virus, and HEV and are essential for infection (8, 11,
25–27). The SARS-CoV macrodomain’s deMARylation activity
curtails host cell immune responses (28). So far, no cytosolic
protein substrates have been identified for viral macrodomains.
Phylogenetic analysis describes the close relationship of the

MERS-CoV to CoVs of the Pipistrellus and Neormicia bats, and
the MERS-CoV shares a cellular surface receptor, glucose-
regulated protein 78, with the bat-CoV HKU9 (29). Bat CoVs
are considered to be the progenitors of the severely pathogenic
human CoVs. Whole-genome analysis of SARS-CoV-2 shows
significant similarity with known β-CoVs (30). We therefore
aimed to determine which structural and functional features are
conserved between bat and human CoVs. We based our work on
the bat virus HKU4, a lineage C β-CoV which was isolated from
the lesser bamboo bat, Tylonycteris pachypus, in 2007 (31).

Significance

Severe coronavirus (CoV) infections have been responsible for
hundreds of deaths. Since the emergence of severely patho-
genic CoVs, namely the severe acute respiratory syndrome
(SARS) virus in 2003, the Middle East respiratory syndrome
(MERS) virus in 2012, and the SARS-CoV-2 in 2019, no licensed
vaccine or effective antiviral treatment has been developed.
Bats are reservoir hosts for many human viruses, including
SARS and MERS. The protein relationship between human
betacoronaviruses and their bat-specific ancestors is still un-
known. This work includes a detailed structure-function anal-
ysis of a bat viral macrodomain and provides key insights into
features relevant in determining conserved protein functions.
This information is vital to the design of macrodomain inhibi-
tors and antiviral therapies.

Author contributions: R.G.H., A.K.L.L., C.C.S.D., and M.A.J. designed research; R.G.H., N.S.,
and R.L.M. performed research; R.G.H., N.S., R.L.M., A.K.L.L., C.C.S.D., and M.A.J. contrib-
uted new reagents/analytic tools; R.G.H., N.S., R.L.M., A.K.L.L., C.C.S.D., and M.A.J. ana-
lyzed data; and R.G.H., N.S., R.L.M., A.K.L.L., C.C.S.D., and M.A.J. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: margaret.a.johnson2@gmail.com.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2004500118/-/DCSupplemental.

Published January 4, 2021.

PNAS 2021 Vol. 118 No. 2 e2004500118 https://doi.org/10.1073/pnas.2004500118 | 1 of 11

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

https://orcid.org/0000-0001-6934-9655
https://orcid.org/0000-0003-4215-7017
https://orcid.org/0000-0002-5922-889X
https://orcid.org/0000-0001-5569-4036
https://orcid.org/0000-0003-2972-1824
https://orcid.org/0000-0002-4422-399X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2004500118&domain=pdf&date_stamp=2020-12-30
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:margaret.a.johnson2@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004500118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004500118/-/DCSupplemental
https://doi.org/10.1073/pnas.2004500118
https://doi.org/10.1073/pnas.2004500118


Here, we report the X-ray crystal structures of the HKU4
macrodomain in complex with three small-molecule ligands:
ADPR, a conserved ligand from the MacroD subfamily, and two
analogs, ADP-glucose (ADPG) and NAD+. These compounds
were chosen because ADPR is the product of protein deMAR-
ylation, NAD+ is an endogenous metabolite important for cel-
lular homeostasis and a potential ligand for viral macrodomains,
and ADPG is a structural analog of ADPR. The NAD+ and
ADPG complexes provide structural and affinity differences
important in the development of viral macrodomain inhibitors.
The HKU4 macrodomain shares the conserved macrodomain

topology and belongs to the MacroD subfamily. We show that it
is an enzyme capable of removing ADPR from proteins. We
defined the active-site residues that are important for its ligand
binding and enzyme activity. Furthermore, we employed in silico
analysis to investigate modes of interaction with MARylated
peptides.

Results
Crystallization and Structure. All complexes formed well-defined
crystals that adopted the triclinic space group P1, with diffraction
limits of 1.35 Å resolution for the ADPR complex, 1.8 Å for the
NAD+ complex, and 1.5 Å for the ADPG complex. The struc-
ture was determined by molecular replacement (Methods Sum-
mary). Data collection and refinement statistics are shown in
Table 1.
The protein exhibits a mixed α/β fold with seven β-strands

enveloped by six α-helices. The fold is consistent with the

MacroD subfamily (16). The α-helices surround the β-sheet with
α1 to α3 on one side and α4 to α6 on the other. A positively
charged cavity is formed by loops that connect β2 to α1, β3 to α2,
and β6 to α5 (Fig. 1 A and B).

Macrodomain–ADPR Complex. ADPR exhibits well-defined elec-
tron density with a map correlation coefficient of 0.94 (Figs. 1C
and 2A). The binding pocket shape and charge complement the
ligand’s ring system. The binding pocket has three distinct re-
gions, which we designate as R1, R2, and R3 to orient the reader
(Fig. 1D and SI Appendix, Fig. S1). The R1 region is formed by
three loops: 1) the loop between β2 and the N terminus of α1, 2)
the first four residues in the loop following β6, and 3) the loop
between β7 and α6 (Fig. 1 D and E). In R1, the ADPR adenine
forms two hydrogen bonds with a conserved aspartate (D325)
and the backbone nitrogen of A326 (Fig. 1E and SI Appendix,
Fig. S1).
The second region (R2) is defined by two loops that stabilize

the phosphate groups of ADPR by hydrogen bonding (Fig. 1D
and SI Appendix, Fig. S1). Residues G349 to G351 (GGG motif)
of loop 1 and S431 to F435 (SAGIF motif) of loop 2 are located
in this region (Fig. 1E). The α-phosphate accepts hydrogen
bonds from loops 1 and 2 via the backbone HN atoms of I352
and I434. The loops create a narrow groove around the di-
phosphate, forming a closed bridge whereby the loops close over
the ligand via the I434 side chain. This complementarity results
in the burial of 90% of ADPR’s surface area, rendering the li-
gand only 10% solvent accessible (Table 2).

Table 1. Data collection and refinement statistics

Parameter ADPR NAD+ ADPG

PDB code 6MEA 6MEB 6MEN
Data collection

Space group P1 P1 P1
Cell dimensions

a, b, c, Å 33.61, 41.64, 59.78 33.61, 41.56, 59.91 33.55, 41.69, 60.00
α, β, γ, ° 73.16, 88.29, 88.25 73.42, 88.56, 88.43 73.04, 88.36, 88.05
Resolution, Å 39.85–1.35 (1.37–1.35) 33.59–1.80 (1.84–1.80) 39.86–1.50 (1.53–1.50)
Unique reflections 63,312 (2,865) 28,245 (1,381) 49,739 (2,476)
Completeness, % 92.7 (86.2) 98.1 (82.0) 99.9 (100)
Multiplicity 3.7 (3.4) 3.6 (2.4) 7.5 (7.4)
Rmerge, % 12.1 (65.7) 8.8 (16.6) 12.9 (128.4)
Rpim, % 7.4 (42.1) 5.1 (11.8) 5.1 (50.8)
CC (1/2) 0.991 (0.662) 0.992 (0.905) 0.995 (0.721)
I/σ (I) 9.8 (3.0) 9.3 (4.3) 9.1 (1.9)

Refinement
Resolution, Å 33.59–1.35 (1.39–1.35) 33.59–1.80 (1.85–1.80) 29.21–1.50 (1.54–1.50)
Total reflections 63,270 (4,552) 28,243 (1,765) 49,737 (3,695)
Completeness, % 92.9 (89.8) 98.1 (83.7) 99.9 (100)
Rwork, % 14.2 (27.9) 19.0 (21.4) 17.3 (25.9)
Rfree, % 16.2 (29.4) 23.2 (23.3) 20.9 (32.3)
Wilson B, Å2 10.0 10.3 16.1

Average B-factors, Å2

Overall 14.7 (2,884 atoms) 16.6 (2,871 atoms) 24.7 (2,739 atoms)
Protein 12.7 (2,440 atoms) 14.9 (2,417 atoms) 23.1 (2,426 atoms)
Ligand 9.7 (72 atoms) 25.5 (88 atoms) 44.3 (76 atoms)
Water 29.0 (372 atoms) 26.2 (366 atoms) 33.9 (237 atoms)

rms deviations
rmsd bonds, Å 0.007 0.010 0.014
rmsd angles, ° 1.40 1.50 1.65
CC (Fo-Fc) 0.97 0.94 0.97
CC (Fo-Fc free) 0.97 0.90 0.95
Ramachandran 100% favored (no outliers) 99.1% favored (1 outlier) 99.1% favored (no outlier)
Clash score 1.79 5.80 4.00
Molprobity score 0.94 1.32 1.19
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R3 comprises the loop region between β3 and α2. This region
contains N340 to N343 (NAAN motif) that stabilize the distal
ribose (Fig. 1 D and E and SI Appendix, Fig. S1). Collectively, the
conserved residues among the MacroD-like macrodomains in
humans, bats, archaea, and viruses, namely D325, N343, and
G351, form a hydrogen bond network that orients ADPR into a
conserved binding mode (Fig. 1E). The adenine and proximal
ribose are accommodated in R1, the diphosphate in R2, and the
distal ribose in R3.

Macrodomain–NAD+ Complex. NAD+ has a map correlation co-
efficient of 0.88 (Fig. 2B). The electron density is well defined
with the exception of the nicotinamide, which is moderately
disordered (SI Appendix, Table S1). The groove accommodates
the adenine and proximal ribose in R1, the diphosphate in R2,
and the nicotinamide in R3 (Fig. 3A). The adenine is maintained
in its conserved binding pocket, and the interactions of the di-
phosphate are similar to those of ADPR. However, the distal
ribose forms fewer contacts with the binding site. Here, O3′’

Fig. 1. The crystal structure of HKU4macrodomain in complex with ADPR. (A) Surface representation. (B) Ribbon representation with secondary structures and N and
C termini labeled. (C) A close-up of the binding cavity with residues responsible for forming hydrogen bonds (yellow dashes). ADPR is displayed in stick format with an
electron density omit map (purple) with a sigma value of 2.5. (D) Binding cleft with ADPR. The cleft is shaded in three regions: R1 (G324-S331, V426-L429, T454-N460),
R2 (G349-V355, I430-V437), and R3 (V339-H348, L396-P401). Selected residues are shown in stick format and labeled. (E) Clustal Omega sequence alignment of viral
macrodomains (21, 44, 47, 61, 77). The secondary structure of HKU4 macrodomain is displayed: β-strands (blue arrow) and α-helices (red cylinder). Conserved motifs of
viral macrodomains are described by color: DA (red), NAAN (green), GGG (yellow), and SAGIF (blue). The residues selected for mutagenesis studies are shaded by
orange squares. The residue hypothesized to serve as a catalyst for Oceanobacillus iheyensis macrodomain enzymatic activity is shaded by a purple square (61).
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interacts with A341 and A353 via a water molecule that is the
likely nucleophile for deMARylation (see Discussion). The
proposed catalytic water is stabilized by hydrogen bonding with
the α-phosphate group and O3′’ of NAD+ (SI Appendix, Fig.
S2B).
The nicotinamide fits on the outer edge of R3 and is located

3.9 to 5.0 Å away from the nearest residues, N343 and K347.
There are no direct interactions between the nicotinamide ring
and the protein. This is supported by the electron density ob-
served for the nicotinamide ring, with weak electron density
observed at the 1.0 sigma level (Fig. 2B), reflecting static disor-
der. The NAD+ binding pocket adopts an open conformation,
with a 21% ligand solvent accessibility.
The NAD+ complex exhibits significant differences with respect

to ADPR. The most dramatic difference is that the “closed”
bridge over the binding site observed in the ADPR complex is
replaced with an “open” site in the NAD+ complex, whereby the

bridge is not formed and the ligand is much more solvent acces-
sible (21% versus 10%).

Macrodomain–ADPG Complex. In the ADPG complex, the ligand
resides in the same regions of the binding pocket, but with an
altered interaction profile (Figs. 2C and 3A and SI Appendix, Fig.
S1). The binding pocket accommodates the glucopyranose in R3
in place of the distal ribose. The α-anomer of ADP-D-glucopyr-
anose crystallized in complex with the protein and adopted an
O,3B boat conformation. ADPG forms the lowest number of
hydrogen bonds with the HKU4 macrodomain (Table 2 and SI
Appendix, Fig. S1). The adenine is in an anti conformation with a
χ = 115.8° torsion angle about the C1-N9 glycosidic bond. This
places the adenine in a nonconserved orientation, forming a
single hydrogen bond to the backbone amide HN of A326 in R1.
An open conformation of the active site is observed (Fig. 3), with
14.2% solvent accessibility. ADPG displays a map correlation
coefficient of 0.81 (Fig. 2C). The proposed catalytic water is also
observed in this complex and is stabilized by hydrogen bonding
with O4″ and O5″ of ADPG (SI Appendix, Fig. S2C).
The greatest structural difference between the open (NAD+,

ADPG) and closed (ADPR) conformations is evident from
movement of the loop residues. Relative to the ADPR complex,
there is a change in conformation of both loops 1 and 2, with
G349 to 350 changing backbone torsion angles (φ/ψ) by +18.4°/
+115.4° and −82.3°/−169.6°, respectively. The Cα atom of G349
is displaced by 2.6 Å and that of G350 by 2.7 Å. In loop 2, the
I434 side chain CD1 moves by 3.0 Å. I434’s χ1 dihedral angle
rotates 120° from the gauche− rotamer (χ1 = −60°) to the gau-
che+ rotamer (χ1 = +60°) and extends further into the binding
pocket, forming a steric bridge over the binding cleft, which we
describe as the closed conformation (Fig. 3B). I434’s side chain
rotation opens the binding site by ∼1.4 Å. The G350 to I434 Cα
to Cα distance is 8.0 Å in the ADPR complex, while that in the
NAD+ complex is 9.3 Å and in the ADPG complex is 9.4 Å. This
increased distance reflects an accommodative opening of the
binding site. Interactions characteristic to the open conformation
include an interaction with K347 and contacts to the backbone
rather than side chain of I352.

Ligand Binding Affinity. We employed isothermal titration calo-
rimetry to measure the equilibrium dissociation constants of the
ligands. The affinity (Kd) of ADPR is 14.1 μM (Fig. 4 and Ta-
ble 3). No binding enthalpy was observed for ADPG or NAD+,
suggesting weak or entropy-driven binding. Binding was con-
firmed qualitatively by nuclear magnetic resonance titrations,
with estimated values in the millimolar (mM) range for ADPG
and NAD+ (SI Appendix, Fig. S5).
To investigate residues that could play roles in binding, we

created the mutations A326I, G351L, and I434A. By mutating
A326 and G351 to bulkier residues, we interrogated whether
adding steric interactions near the conserved D325 and in loop 1
would affect binding affinity. Conversely, we mutated I434 to a
residue with a small side chain to probe the role of the steric
bridge. All three mutants had a reduction in ADPR affinity:
A326I bound with Kd 64.3 μM, I434A with Kd 41 μM, and no

Fig. 2. Sigma-A-weighted difference maps (2Fo-Fc) for the ligands in the
three crystal structures. Densities are contoured at 1.0 sigma level. (A) ADPR.
(B) NAD+. (C) ADPG.

Table 2. Structural data of the HKU4 macrodomain complexes*

Complex* ADPR NAD+ ADPG

Interface residues 29 29 28
No. of hydrogen bonds 11 8 9
Average hydrogen bond length (Å) 3.1 3.2 3.5
Solvent-accessible surface area (%) 10.1 21.4 14.8

*Calculations for the structural and chemical properties of each complex
interface were determined using PISA (78).
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binding enthalpy was detected for the G351L mutant (Fig. 4 and
Table 3).
A mutation of the conserved D325 was created but exhibited

insoluble expression and could not be purified. Isothermal titra-
tion calorimetry assays on the G351L, I434A, and A426I mutant
proteins binding to NAD+ or ADPG yielded uninterpretable re-
sults and could not be analyzed.

DeMARylating Enzyme. Catalytic activity was probed using a
deMARylation assay which employs a model substrate, the cat-
alytic domain of the autoMARylating PAR polymerase 10
(PARP10CD) (11, 32, 33). The work of McPherson et al. showed
that PARP10CD is a substrate for MAR hydrolysis (11, 34, 35).
PARP10 is induced upon CoV infection (34, 35) and has been
used as a model substrate for alphaviral and coronaviral mac-
rodomains (11, 24, 28). To prepare the MARylated substrate,
32P-labeled NAD+ was incubated with PARP10CD (11, 36).
32P-labeled PARP10CD was incubated with the HKU4 macro-
domain. Buffer-only samples were used as negative controls, and
MacroD2, a known deMARylating macrodomain, was used as a
positive control. The HKU4 macrodomain removed 73%
(SEM = 3.7%) of the 32P signal after a 1-h incubation, showing
that it is an enzyme capable of deMARylating modified proteins
(Fig. 5).
Next, we further analyzed the contributions of individual res-

idues to the mechanism of deMARylation by the HKU4 mac-
rodomain using site-specific mutants. Previously, we have shown
that differences in enzymatic activity between wild-type and
mutant proteins can be assessed by determining the extent of
deMARylation at the 1-h time point (11, 37). Therefore, we
chose the 1-h time point to further analyze individual residues
contributing to the mechanism of deMARylation. To probe
residue contributions, we used the mutant proteins described
above: A326I, G351L, and I434A. The deMARylation levels for

the mutants were lower than the wild type: with a 68% reduction
of the 32P signal observed (SEM = 5.8%; P = 0.61) for A326I,
20% removed (SEM = 1.8%; P = 0.01) for G351L, and 56%
removed (SEM = 12.4%; P = 0.33) for I434A (Fig. 5). Compared
to wild type, A326I, G351L, and I434A mutants showed a 7%,
73%, and 23% reduction in activity. G351L maintained a low
level of activity compared to the buffer control (P = 0.04), in-
dicating that the mutation did not completely abolish its
deMARylation capability. The statistically significant reduction
of deMARylating activity observed with G351L indicates that
loop 1 of the binding site is particularly important to enzymatic
activity.

In Silico Docking. Enzyme–substrate recognition was studied by
in silico analysis. As a model peptide, an 18-residue sequence of
human PARP1 (487 to 505; sequence 487AEPVEVVAPRGKS-
GAALS505) was selected. This peptide contains glutamate resi-
dues that are experimentally determined ADP ribosylation sites
(38–40), which is consistent with the demonstrated specificity
toward ADP ribosylated D and E residues observed for other
viral macrodomains (11). Furthermore, the linker region is pre-
dicted to comprise a solvent-exposed flexible loop (39), which
likely contains minimal secondary or tertiary structures that
could bias docking. The peptide was ADP ribosylated with a
single ADPR at one of two known sites (E488 or E491). The
peptides were docked to the macrodomain and the 10 lowest-
energy complexes were analyzed.
For the peptide MARylated at E491, the ADPR modification

was positioned in the binding pocket (Fig. 6). The proposed
catalytic water molecule was located near the β-phosphate of
ADPR. There were consistent binding modes that were similar
to the crystal structure. The peptide formed electrostatic inter-
actions with the macrodomain surface. The predicted average
affinity was −5.8 ± 0.23 kcal/mol, with an average RMSD of
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Fig. 3. Binding cavity of macrodomain complexes. (A) Surface representation of macrodomain binding cavity with NAD+ (Left) and ADPG (Right). Select
residues lining the binding cavity are labeled. (B) Wall-eye stereoview overlays of the binding cavity. On the left, the backbone and side chains of the protein
are displayed as cartoons in complexes with NAD+ (green) and ADPR (blue). The ligands (NAD+, green; ADPR, gray) are shown as sticks. On the right, the
backbone and side chains of the complexes with ADPR (blue) and ADPG (pink) are shown as cartoon and stick models. The ligands (ADPR, gray; ADPG, yellow)
are displayed as sticks.
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A B

C D

Wild Type A326I

G351L I434A
Fig. 4. Isothermal titration calorimetry analysis of HKU4 macrodomain and ADPR. Titrations of (A) wild-type (average n sites = 1.06 ± 1.63 × 10−3, Kd = 1.41 ×
10−5 ± 2.12 × 10−7, ΔH = −1.08 × 101 ± 3.03 × 10−2, offset = 1.06 × 10−1 ± 3.3 × 10−2 ΔG = −6.62, SEM = 0.06%), (B) A326I mutant (average n sites = 0.88 ±
9.40 × 10−3, Kd = 6.45 × 10−5 ± 1.22 × 10−6, ΔH = −1.35 × 101 ± 1.08 × 10−1, offset = 7.77 × 10−2 ± 6.03 × 10−2 ΔG = −5.72, SEM = 0.61%, P = 0.001), (C) G351L
mutant, and (D) I434A mutant (average n sites = 1.11 ± 3.77 × 10−3, Kd = 4.1 × 10−5 ± 948 × 10−7, ΔH = −7.62 ± 5.13 × 10−2, offset = 1.53 × 10−2 ± 3.3 × 10−2

ΔG = −5.99, SEM = 4.1%, P = 0.02). Raw data (μcal/s) for each titration are displayed in each upper panel. Integration of the data are shown in each lower
panel. All ligand binding assays were completed in triplicate. μcal/s, microcalories per second.
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6.04 ± 4.04 Å. The unmodified peptide side chains are predicted
to form hydrogen bonds with protein residues in the β3 to α2, β5
to α4, and β6 to α5 regions. Because these interactions are not
constrained, there is high variability. The multiple modes the
modified peptide used to interact with the macrodomain sub-
stantially increased the RMSD values for the docking experi-
ment compared to ADPR alone. Yet, ADPR adopted a similar
binding mode, occupying the same site and forming identical
hydrogen bonds as observed in the crystal complex. The adenine
aligned similarly between the two complexes but with different
O4′-C4-C5-O5′ torsion angles (−89.5° in the ADPR complex and
177.7° in the docked substrate) (SI Appendix, Fig. S6).
In contrast, the peptide MARylated at E488 showed multiple

binding modes. These were inconsistent with the binding mode
from the crystal structure, with the ADPR moiety located out-
side of the binding pocket. The modes had a weaker predicted
affinity, −5.2 ± 0.2 kcal/mol, and an average RMSD of 13.9 ±
11.1 Å, indicating high structural variation.
In the E491 peptide–macrodomain complex, the R496 and

K498 side chains of the peptide formed hydrogen bonds with
H345 or N343 in the binding pocket (SI Appendix, Fig. S6).
Compared to the E491 peptide, the E488 peptide made fewer
interactions with the macrodomain. In this case, the positively
charged side chains formed internal hydrogen bonds rather than
interacting with the protein. Near the peptide N terminus, A487
and P489 formed hydrophobic interactions with the protein,
which were not observed in the E488 peptide. This is likely to be
due to the introduction of the bulky, charged ADP ribosyl moiety
close to the N terminus. In addition, the unmodified E488 side
chain formed backbone and side chain hydrogen bonds with the
backbone and side chains of K347, H348, and G349. These in-
teractions precluded any preferential docking of ADPR in the
E488-modified peptide, suggesting that MARylation in this se-
quence context is not optimal for binding.

Discussion
Conserved and Unique Features of the Macrodomain Structure. The
HKU4 macrodomain structure shows high conservation of
backbone and side chain orientations with respect to the group
2c virus MERS-CoV (Table 4). The structure is divergent com-
pared to other viral proteins. A DALI search (41) showed high
amino acid identity with the MERS macrodomain (61%) and
low RMSD (0.6 Å), while the SARS macrodomain has lower
identity (43%) and a higher RMSD (1.3 Å). The residues D325,
N343, G351, and I434 are conserved among viral macrodomains
such as HKU4, SARS, MERS, and HEV. Furthermore, ADPR-
bound viral macrodomains maintain conserved positions of the
ligand even in structures with a divergent key residue I434V as
observed in CHIKV. In particular, the adenine binding previ-
ously observed in the CHIKV macrodomain shows conserved
interactions. D325 is oriented in the same direction (toward the
pocket) as observed in MERS-CoV and is divergent to that of
SARS-CoV (21, 42, 43).
In contrast, A326 is unique to lineage C macrodomains. Other

macrodomains possess bulkier residues adjacent to the con-
served Asp in R1 and retain their ability to hydrolyze ADPR
(Fig. 1E). In the MERS and HKU4 proteins, this residue is Ala,

and this residue forms a hydrogen bond to the adenine N1 in
both the ADPR and NAD+ complexes. A326 forms a hydrogen
bond to the adenine N1 in both ADPR and NAD+ complexes.
The mutation of this residue resulted in a slight decrease in
binding affinity and slightly reduced enzymatic activity (the re-
duction in enzyme activity was not statistically significant) (Ta-
ble 3 and Figs. 4 and 5). This residue therefore contributes to
ligand binding and also may assist catalytic activity to a small
degree in lineage C β-CoV.
Residues in loops 1 and 2 also contribute to binding and ca-

talysis but are not unique to group 2c coronaviruses. G351 (loop
1) forms hydrogen bonds to the diphosphate in most macro-
domains. The mutation of this residue to a bulky, hydrophobic
amino acid (G351L) resulted in a significant decrease in ADPR
affinity and deMARylation activity. We hypothesize that the
introduction of a leucine sterically prevents ADPR from adopt-
ing the binding mode observed in the wild-type protein by
changing the conformation of loop 1. This is indicated by the
greatest decrease in binding affinity of all three mutants and a
statistically significant decrease in enzymatic activity. This sug-
gests the structural features of loop 1 are critical to function. In
other studies of viral macrodomains, the mutation of the loop 1
residues also affected ADPR binding and catalysis (11).
I434 is a highly conserved residue in loop 2. The I434A mutant

also showed a decrease in binding affinity and enzymatic activity.
This is likely due to the increased solvent accessibility from an
open binding site. Without a bulky aliphatic sidechain, loop 2
would be unable to form a steric bridge to loop 1, leaving the
diphosphate binding region (R2) solvent exposed.
The low RMSD to the MERS macrodomain, the conserved

identity and orientation of key residues (D325, N343, G351, and
I434), and the formation of a closed bridge between loops 1 and
2 upon ADPR binding support the hypothesis that the HKU4
domain is a conserved viral macrodomain which is more

Table 3. Thermodynamic data for ADPR binding in HKU4 nsp3 macrodomain

Binding affinity (Kd), μM Stoichiometry (N) ΔH, kJ/mol ΔG, kJ/mol

WT 14.1 ± 0.002 1.06 ± 0.002 −10.8 ± 0.03 −6.62
A326I 64.5 ± 0.001 0.879 ± 0.004 −13.47 ± 0.001 −5.72
G351L NDB NDB NDB NDB
I434A 41.0 ± 0.009 1.11 ± 0.004 −7.62 ± 0.05 −5.99

NDB, no detectable binding; WT, wild type.
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Fig. 5. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel and autoradiograph of deMARylation assay. (B) Quantifica-
tion of deMARylation activity from enzymatic assay displaying results from
wild-type mutants and controls. All enzyme assays were carried out in trip-
licate. *Statistically significant result.

Hammond et al. PNAS | 7 of 11
ADP-ribose and analogues bound to the deMARylating macrodomain from the bat
coronavirus HKU4

https://doi.org/10.1073/pnas.2004500118

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004500118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004500118/-/DCSupplemental
https://doi.org/10.1073/pnas.2004500118


structurally similar to its homolog of the same lineage (lineage
C) than to a more distant relative (lineage B).

Open versus Closed Active Sites. Although several macrodomains
form a closed bridge over the binding cavity (e.g., FCoV,
PARP15 macrodomain 2, Oryza sativa), only the β-CoVs form
this bridge via an Ile in loop 2 (Table 5). For example, the nsp3
macrodomain from CHIKV adopts a closed conformation via a
valine in loop 2, whereas the macrodomain 2 in PARP15 utilizes
an arginine from loop 1. Based on currently available macro-
domain structures, a closed loop involving a loop 2 residue is a
conserved feature of viral macrodomains.
The closed conformation is observed in all β-CoV and other

viral macrodomains. For example, CHIKV and HCoV-229E
adopt closed conformations with ligand solvent accessibility val-
ues of 11.8% and 7.9%, respectively (44, 45). In contrast, most
macrodomains with open loop conformations also exhibit much
lower ADPR binding affinity; for example, HEV and SFV mac-
rodomains have not been shown to bind ADPR or bind weakly
(46). An exception to this trend includes human MacroD2, which
employs Y190, from loop 2, to form a hydrogen bond with the
distal ribose, resulting in a higher affinity despite the open con-
formation (47). In the HKU4 structures, ligand accessibility values
were 10% (closed) in the ADPR complex, which is significantly
lower than the 21% accessibility value in the NAD+ complex
(open). The closed structure may be employed by β-CoV macro-
domains because they lack residues to form π–π interactions with
the adenine moiety (Table 5). This feature may increase ligand
affinity and assist in enzyme activity by optimizing the ADPR
orientation. Ligand solvent accessibility is important in inhibitor
rational design (48, 49). Lower solvent accessibility of the ligand
often correlates with the strength of binding and number of
inhibitor–protein interactions (50). The correlations between
buried surface area and inhibitor potency have been shown
(51–53).
In contrast, the HKU4 macrodomain adopts an open confor-

mation similar to HEV and MacroD2 when other ligands
(NAD+ or ADPG) are bound. This indicates a different con-
formation in which ligands may enter or exit the active site. An
interaction with K347 and contacts to the backbone rather than
side chain of I352 are found in the two open complexes. Specific
stabilization of this conformation could be employed to select an
inactive conformation of the protein and produce macrodomain
inhibitors. Binding of the carbazole inhibitor GeA-69 to the al-
losteric site of PARP14 macrodomain 2 was accompanied by
a loop movement, showing that stabilization of specific loop

conformations can be employed in macrodomain inhibitor
design (54).
Recently, conformational plasticity of the VEEV macrodomain

loops 1 and 2 was observed (55). A transition between the apo and
ADPR-bound forms of this protein occurred on the microsecond
to millisecond timescale, and several residues in the loop under-
went chemical shift perturbations upon ADPR binding. Malet
et al. observed both open and closed loop conformations (44). Our
data further support that conformational changes in these loops
are related to binding and catalysis.

NAD+ Binding. NAD+ is accommodated with a set of changes in
the interaction profile. This is likely because the distal ribose in
NAD+ positions its C1′ away from the cavity to accommodate
nicotinamide via a rotation along the C4′ to C5′ bond. Compared
to ADPR, there is a loss of two hydrogen bonds to the distal
ribose. The RMSD between corresponding ligand positions in
ADPR and NAD+ is 2.73 Å. In addition, fewer water molecules
are present in the binding site to provide water-mediated inter-
actions. These considerations correspond to the observed weaker
binding affinity estimated for NAD+ in the mM range.

ADPG Binding.Of the three ligands in this study, ADPG forms the
lowest number of hydrogen bonds. The adenine does not interact
with D325 and instead forms hydrogen bonds with the backbone
of A326. This likely results from the change in conformation of
the adenine moiety (rotation of 20° about the glycosidic bond).
Unlike the other two ligands, the β-phosphate of ADPG shows
no direct interactions. Accommodating the larger pyranose ring
in this ligand appears to disrupt the conserved adenine binding
mode (44).
All ligands display interactions with the SAGIF motif where

S431 and F435 act as hydrogen bond donors, suggesting these are
key parts of the pharmacophore. While S431’s side chain oxygen
forms a hydrogen bond with the main chain oxygen of Pro401,
S431’s main chain amide nitrogen forms a hydrogen bond with
O1B of the ADPR β-phosphate. A similar interaction, S431 NH-
β-phosphate, was observed in the MERS-CoV-ADPR complex
(42, 56). This suggests that the backbone nitrogen atoms of these
residues form a key part of an ADPR pharmacophore, which also
includes G349, N343, and I434. It is intriguing to observe that the
binding pocket optimized to accommodate a pentose sugar can be
occupied by a hexose, glucopyranose; however, only two hydroxyls
of Glc (O2 and O3) form hydrogen bonds to the pocket.
The glucose adopts an O,3B conformation, which is ∼4 to

6 kcal/mol higher in energy than the 4C1 conformation (57, 58).
Though this conformation is likely stabilized by van der Waals
interactions (A342 and F435) and hydrogen bonding (K347 and
N343), this probably contributes to the low-affinity binding
of ADPG.

DeMARylating Enzyme.Viral macrodomains were previously shown
to act as mono-ADP ribosylhydrolases, and this deMARylation

Table 4. Structural analysis of HKU4 macrodomain complexed
with ADPR with other viral macrodomain

%ID RMSD %ID RMSD %ID RMSD

MERS-CoV (5HOL) 61 0.6 62 0.5 61 0.6
SARS-CoV (2FAV) 43 1.3 44 1.3 43 1.3
Feline-CoV (3EW5) 32 1.8 32 1.9 32 1.7
HCoV-229E (3EJG) 31 2.0 29 2.0 29 2.0
O. Iheyensis (5L9K) 27 2.1 27 2.1 32 2.1

MERS-CoV (5HOL) (56); SARS-CoV (2FAV) (21); Feline-CoV (3EW5) (79);
HCoV-229E (3EJG) (45); O. Iheyensis (5L9K) (61). %ID, percent sequence iden-
tity with respect to the HKU4 macrodomain.
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N343
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Fig. 6. Lowest energy Autodock Vina docking pose of HKU4 B macro-
domain and MARylated E491 PARP1 peptide. Peptide sequence: 487AEP-
VEVVAPRGKSGAALS505. View of ester bond linkage (Left) to E491 residue
from MARylated PARP1 fragment. The residues that form hydrogen bonds
to the fragment are shown by dashed lines (yellow) and are labeled. A side
view of the binding cavity (Right) displays differences in distal ribose ori-
entation and the position of the proposed catalytic water (cyan).
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contributes to the antiviral innate immune response (17, 59). In
contrast to the PARG enzymes, viral macrodomains so far exhibit
primarily deMARylation activity and limited dePARylation ac-
tivity in vitro (11, 24, 60). The most notable exception is the
macrodomain in HEV, which exhibits robust dePARylation ac-
tivity upon interactions with a viral-encoded helicase (24).
Therefore, we focused on investigating the potential deMAR-
ylation activity of the HKU4 macrodomain.
Stabilized by D325 and A326 in R1, the backbone of residues

in loop 1 and loop 2, and N343 in R3, a modified MARylated
peptide is optimally positioned for enzymatic cleavage. We hy-
pothesize that the water molecule that is positioned near the
α-phosphate in all complexes is set up for a nucleophilic attack
on the C1″ of the distal ribose (SI Appendix, Figs. S2 and S3).
The ester bond to the ADPR modification is hydrolyzed by the
water molecule, and the product is released. In an alternative
mechanism proposed for bacterial macrodomains, enzymatic
deacetylation occurs via a nucleophilic water molecule that is
deprotonated by a catalytic aspartate (61). Since viral macro-
domains do not have acidic residues positioned in helix 2, this
mechanism is not likely.
Compared to the MacroD2 control, the wild-type HKU4

protein has a lower binding affinity for ADPR (MacroD2, 0.15
μM; HKU4, 14 μM) but displays a 19% higher hydrolase activity.
These data are consistent with studies of the CHIKV (alphavi-
rus) macrodomain, which also indicated that binding and hy-
drolysis are partially separable with contributions from different
residues (11, 37, 59, 62); for example, the mutation of residue
Y114 in CHIKV led to reduced hydrolysis but increased ADPR
binding. In HKU4, this residue is F435; the mutation of the
adjacent I434 showed slight effects on both binding and hydro-
lysis. In HKU4, mutation of G351L led to undetectable binding
but residual hydrolase activity. Additional interactions with a
MARylated peptide, such as those shown in the modeling ex-
periments (Fig. 6), could contribute to catalysis.
While all three mutations affected ligand binding, statistically

significant reductions in hydrolase activity were not observed
until mutations were made in the R2 region (G351L). Enzymatic

activity decreased by 73% for the G351L mutation, which sug-
gests that imposing a bulky residue into the pocket has the
greatest effect on catalysis. Since all solved β-CoV complexes
present a steric bridge across the binding cleft, the I434A mu-
tation was made and showed a lesser decrease in activity. This
indicates that activity is also related to the presence of a bulky
hydrophobic residue at this position, which may influence the
shape of the binding pocket and the orientation and solvent
accessibility of the ligand.
Hydrophobic interactions between a ligand and binding pocket

have often been exploited to design tight-binding inhibitors. For
example, interactions between an Ile side chain of the inhibitor
and the HIV protease binding pocket contribute about 3 kcal/mol
to the free energy of binding (63). Hydrophobic inhibitor–protein
interactions are important in the recognition of arylsulfonamides
by carbonic anhydrase and of peptides by human dipeptidyl pep-
tidase IV (48, 64). Furthermore, lipidation of CoV fusion inhibi-
tors increased their inhibitory potency, and hydrophobic interactions
were predicted to contribute to the binding of SARS-CoV-2 Mpro
inhibitors (65, 66). Therefore, interactions with I434 and other loop
2 residues (e.g., L429, A432, and F435) could be exploited to design
macrodomain inhibitors containing lipid moieties, aryl, or
alkyl groups.
NAD+ does not form the same interaction with loop 1 and

does not orient its ribosidic bond near the catalytic water (SI
Appendix, Fig. S2). As a result, the HKU4 macrodomain does
not hydrolyze NAD+ to ADPR.

Interaction with Substrates. Molecular modeling has been used
extensively to predict conformations, interactions, and dynamics
of protein–ligand complexes (67). For example, modeling of the
mono-ADP ribosylhydrolase ARH3 revealed residues that par-
ticipate in the binding and demodification of ADPR (68). To
investigate peptide–macrodomain binding, we conducted in silico
docking and found that MARylated peptides can be accommo-
dated in the binding pocket of the macrodomain. A model
18-residue peptide sequence derived from the BRCT-WGR linker
region of PARP1, in which ADP ribosylation sites have been

Table 5. Significant structural and functional features of viral macrodomains

Macrodomain (PDB ID)*

R1 R2

Hydrolase ADPR affinity (KD), μMπ–π interactions (adenine) Bridge

HKU4 (6MEA) x (Asn) Closed (loop 2 Ile) ✔ 14
SARS (2FAV) x (Asn) Closed (loop 2 Ile) ✔ 24 (21)
MERS (5DUS) x (Asn) Closed (loop 2 Ile) — 2.95 (42)
CHIKV (3GPO) x (Arg) Closed (loop 2 Val) ✔ 5 (44)
FCoV (3EW5) ✔ (Tyr) Closed — 400 (79)
IBV (3EWP) x Closed X — (80)
VEEV (3GQO) x — ✔ 3.9 (44)
HCoV-229E (3EWR) ✔ Closed ✔ 28.9 (80)
MHV† x (Asn) Open ✔ —

HEV† x (Leu) Open ✔ >50 (21)
SFV† x (Arg) Open ✔ —

SINV† ✔ (Tyr) Closed ✔ —

FIPV† ✔ (Tyr) Closed ✔ —

ONNV† x (Arg) Closed ✔ —

MacroD2 (4IQY) ✔ Open ✔ 0.15 (47)
PARP-15 MD2 (3V2B) ✔ Closed (loop 1 Arg) — — (81)
PARP-14 MD3 (4ABK) ✔ Open — 1.9 (81)
PARG (5A7R) ✔ Closed ✔ — (82)
Oryza sativa (5LW0) x Closed — —

*MERS (5DUS) (42); CHIKV (3GPO) (44); IBV (3EWP) (80); VEEV (3GQO) (44); MacroD2 (4IQY) (47); PARP-15 MD2 (3V2B) (81); PARP-14 MD3 (4ABK); (81) PARG
(5A7R) (82).
†Homology models were generated using I-Tasser, an iterative threading structure prediction server (83–85). Macrodomain sequences were collected from the
UniProt Consortium (86).
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extensively explored, was chosen for this study. Each peptide was
modified at only one site, namely E488 or E491, which are well-
characterized ADP ribosylation sites in PARP1 (38, 39, 69). This
left the remaining 17 amino acids unconstrained by secondary or
tertiary structure and free to interact with the protein. Based on
the lower variation in binding modes, greater predicted binding
energy, higher number of intermolecular interactions, and posi-
tioning of ADPR in the pocket, it is reasonable to suggest that the
E491-modified sequence provides interactions that are more
similar to a physiological substrate.
While it is known that viral macrodomains possess the ability

to bind and deMARylate proteins, three-dimensional structural
elucidations of such complexes have not been determined. This
model aids in that understanding by predicting several modes
that would allow for the macrodomain to hydrolyze ADPR. The
peptide-binding pocket could be specifically targeted to disrupt
coronavirus activity for developing potential antiviral treatments.
The preference for the peptide MARylated at E491 versus E488
suggests ways in which substrates might be preferentially recog-
nized and thus provide specificity. Cellular PARPs 12 and 14, or
their substrates, are possible physiological targets of this mac-
rodomain (70). This may include components of replication–
transcription complexes or stress granules (SGs). For example,
MARylation of G3BP1, a major SG component, was lost upon
overexpression of CHIKV nsp3 (71). Other potential substrates
are viral nonstructural proteins, such as the CHIKV nsp2 viral
protease, which is MARylated by PARP10 and activated by
deMARylation (72).

Conclusions
This study provides a detailed structural analysis of a bat lineage
C β-CoV macrodomain. The HKU4 macrodomain shares
structural and functional features with other viral macrodomains,
such as a conserved ADPR binding pocket and hydrolase activ-
ity. We show that loop 1 interactions, particularly G351, are key
for binding adenine-containing ligands. The binding cavity adopts
a closed conformation with ADPR, that is not observed with its
analogs (NAD+ and ADPG), by forming a steric bridge between
loops 1 and 2. Although the affinity for ADPR is lower than for
other macrodomains, the HKU4 macrodomain is shown to be an
efficient deMARylating hydrolase. The binding site is able to ac-
commodate two analogs that provide starting points for inhibitor
design and insights into key interactions.

It is evident that the β-CoVs share common features that can
be exploited in the development of antiviral treatments. While
interactions with A326 appear to be unique to lineage C β-CoVs,
there are conserved structural features of bat macrodomains
such as a closed steric bridge and functional features such as
deMARylating modified substrates. If structural and functional
features are retained in the β-CoV genus as they cross the species
barrier, then it is reasonable to suggest that the features de-
scribed in the paper may be consistent with CoVs that emerge
from bats in the future.

Methods Summary
Protein Expression and Purification of HKU4 Macrodomain. The HKU4 macro-
domain and mutants were expressed in the Escherichia coli BL21(DE3) pLysS
strain using the pET15b-TEV NESG (DNASU, clone EvNO00336943) vector
(44). Protein purification employed nickel affinity chromatography followed
by dialysis against 4M urea, tag cleavage with tobacco etch virus protease, a
second affinity chromatography step, and size-exclusion chromatography.
Crystals were grown using 20 to 25% polyethylene glycol (PEG) 3350 in
Hepes buffer at pH 7.0 or 7.5. Diffraction datasets were collected either on
our home source or at the Advanced Photon Source on the Southeast Re-
gional Collaborative Access Team 22ID beam line. For data processing, we
used a combination of HKL3000, XDS, Xia2, and Mosflm (73–76). DeMAR-
ylation assays were carried out with the method of McPherson et al. (11, 36).
Detailed methods for structure refinement and functional studies are de-
scribed in the SI Appendix. Coordinates and structure factors have been
deposited in the Protein Databank.

Data Availability. The atomic coordinates and structure factors have been
deposited in the Protein Data Bank [ID codes 6MEA (ADPR complex), 6MEB
(NAD+ complex), and 6MEN (ADPG complex)].
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