@’PLOS | PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Leung AKL, McPherson RL, Griffin DE
(2018) Macrodomain ADP-ribosylhydrolase and
the pathogenesis of infectious diseases. PLoS
Pathog 14(3): e1006864. https://doi.org/10.1371/
journal.ppat.1006864

Editor: Rebecca Ellis Dutch, University of Kentucky,
UNITED STATES

Published: March 22, 2018

Copyright: © 2018 Leung et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Funding: This work was supported by a Johns
Hopkins Catalyst Award (to AKLL) and research
grants from the Johns Hopkins University School
of Medicine Sherrilyn and Ken Fisher Center for
Environmental Infectious Disease (to DEG and
AKLL). This work is in part supported by
R01GM104135 (to AKLL). The funders had no role
in study design, data collection and analysis,
decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Macrodomain ADP-ribosylhydrolase and the
pathogenesis of infectious diseases

Anthony K. L. Leung"?*, Robert Lyle McPherson', Diane E. Griffin®*

1 Department of Biochemistry and Molecular Biology, Bloomberg School of Public Health, Johns Hopkins
University, Baltimore, Maryland, United States of America, 2 Department of Oncology, School of Medicine,
Johns Hopkins University, Baltimore, Maryland, United States of America, 3 W. Harry Feinstone Department
of Molecular Microbiology and Immunology, Bloomberg School of Public Health, Johns Hopkins University,
Baltimore, Maryland, United States of America

* anthony.leung @jhu.edu (AKLL); dgriffi6 @ jhmi.edu (DEG)

Introduction

Macrodomain is a conserved protein fold, existing either as a single protein or embedded
within a larger protein, that has been identified in viruses, bacteria, archaea, and eukaryotes
(reviewed in [1-3]). Originally identified as X-domains in viruses [4], these conserved regions
were renamed macrodomains due to their similarity to the C-terminal domain of the histone
H2A variant called MacroH2A [5]. This protein domain typically consists of 130-190 amino
acids that adopt a distinct fold consisting of a central beta sheet surrounded by 4 to 6 helices.
Most macrodomains bind to monomeric ADP-ribose (MAR) and its derivatives, including
ADP-ribose-1"-phosphate (Apprlp), O-acyl-ADP-ribose, and the terminal ADP-ribose of
poly(ADP-ribose) (PAR), as well as protein-conjugated MAR or PAR (i.e., MARylated or
PARylated proteins) [6-9]. A subset of macrodomains also possess enzymatic activity to
hydrolyze these ADP-ribose derivatives. In this Pearl, we will use viruses as examples to discuss
the significance of the macrodomain and its associated enzymatic activities in the pathogenesis
of infectious diseases. The role of macrodomains from other pathogens will be briefly explored
at the end.

What does a macrodomain do?

Macrodomains were first associated with ADP-ribose through a yeast proteomics screen that
identified an enzyme dephosphorylating Apprlp, a by-product of tRNA splicing [8] (a time-
line of macrodomain discovery is presented in Fig 1). It was later demonstrated that the first
structurally characterized macrodomain, archaeal Af1521, also possessed enzymatic activity
towards Apprlp and specifically bound ADP-ribose, MARylated and PARylated proteins
[6,9,10]. Subsequent studies demonstrated that some macrodomains, such as MacroH2A, pos-
sessed an affinity for free and protein-conjugated ADP-ribose but lacked hydrolysis activity
[10-13]. Recent informatics analyses have revealed 6 macrodomain subclasses [1]. The
MacroD subclass was identified in all kingdoms of life, including viruses [1], and this subclass
was demonstrated in vitro to dephosphorylate Apprlp (e.g., [14]), deacetylate O-acyl-ADP-
ribose [7], and hydrolyze ADP-ribose from MARylated proteins [12,13,15-18] and, in some
cases, PARylated proteins [17,18] (the last activity against ADP-ribosylated proteins is termed
ADP-ribosylhydrolase activity). However, the in vivo substrates of MacroD-type macrodo-
mains in humans, viruses, and other species remain unclear.
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1990+

ssRNA viruses possess X-domains (Lee et al 1991 Virology)
Novel histone MacroH2A has a non-histone region (Pehrson and Fried 1992 Science)
Sequence of non-histone region of MacroH2A is similar to viral X-domains (Pehrson and Fuji 1998 Nucleic Acids Res)

Proteomic screen identifies unknown yeast protein, later identified as macrodomain-containing Poa1p, that hydrolyzes Apprip
(Martzen et al 1999 Science)

2000+

Structure of first macrodomain, archaeal Af1521 (Allen et al 2003 J Mol Biol)

Macrodomains bind ADPr and PAR
< (Karras et al 2005 EMBO J, Chakravarthy et al 2005 Mol Cell Biol, Kustatscher and Hothorn et al 2005 Nat Struct Mol Biol, Egloff and Malet et al 2006 J Virol)

MacroD-type macrodomains from archaea, yeast and viruses hydrolyze Appr1p
(Karras et al 2005 EMBO J, Kumaran et al 2005 Protein Science, Putics et al 2005 J Virol, Saikatendu and Joseph et al 2005 Structure, Egloff and Malet et al 2006 J Virol)

Human MacroD-type macrodomains bind ADPr and hydrolyze Appr1p (Neuvonen and Ahola et al 2009 J Mol Biol)

2010 Crystal structure of PARG reveals macrodomain fold (Slade and Dunstan et al 2011 Nature)
Human MacroD-type macrodomains and ALC1-type macrodomain TARG1 hydrolyze O-acyl-ADPr
(Peterson, Chen and Lytle et al 2011 J Biol Chem, Chen, Vollmar and Rossi et al 2011 J Biol Chem)

MacroD-type macrodomains in humans, yeast and archaea are ADP-ribosylhydrolases
(Jankevicius and Hassler et al 2013 Nat Struct Mol Biol, Rosenthal and Feijs et al 2013 Nat Struct Mol Biol)

TARGT1 is an ADP-ribosylhydrolase (Sharifi, Morra and Appel et al 2013 EMBO J)

—— MacroD-type macrodomains in bacteria and eukaryotic pathogens are ADP-ribosylhydrolases
(Rack, Morra and Barkauskaite et al 2015 Mol Cell, Haikarainen and Lehtio et al 2016 Sci Rep, Lalic, Marjanovic and Palazzo et al 2016 J Biol Chem, Perez and Gil-Ortiz et al 2017 Open Biol)

Mycobacterium tuberculosis ALC1-type macrodomain reverses DNA ADP-ribosylation (Jankevicius et al 2016 Mol Cell)

Viral macrodomains are ADP-ribosylhydrolases
(Li et al 2016 J Virol, Fehr et al 2016 mBio , McPherson, Abraham and Sreekumar et al 2016 PNAS, Eckei and Krieg et al 2017 Sci Rep)

Human macrodomains reverse DNA ADP-ribosylation (Munnur and Ahel 2017 FEBS J)

Fig 1. A brief timeline of the discovery of macrodomain functions. Significant advances in the macrodomain field starting from the initial identification of “X-
domains” in coronaviruses by Lee et al. in 1991 [4] to the present. Findings are listed in bold followed by relevant citations.

https://doi.org/10.1371/journal.ppat.1006864.9001

Are viral macrodomains important for virus replication and
virulence?

MacroD-type macrodomains are present in the non-structural proteins of a subset of positive-
strand RNA viruses, including alphaviruses, coronaviruses, rubella virus, and hepatitis E virus
(HEV) [1,4]. The macrodomain sequence is highly conserved in the nsP3 non-structural pro-
tein of alphaviruses such as Sindbis virus (SINV) and Chikungunya virus (CHIKV) and coro-
naviruses such as the cause of severe acute respiratory syndrome (SARS). A role for nsP3 in
virulence was first identified for the alphavirus Semliki Forest virus (SFV) [19]. Characteriza-
tion of the functions of viral macrodomains has been aided by crystallography studies that
identified critical residues for binding ADP-ribose (e.g., CHIKV structure in Fig 2A). In gen-
eral, viruses with mutations in the ADP-ribose-binding sites of the macrodomain are not
impaired for replication in most tissue culture cells, but often exhibit attenuated replication in
differentiated cells and decreased virulence in vivo (Fig 2B) [16,20-25]. Comparable mutations
in different classes of viruses often yield varying phenotypes. For example, mutations targeted
at the ADP-ribose-binding site of the alphaviral macrodomain (SINV N10A, N24A) did not
affect replication in baby hamster kidney (BHK21) cells but impaired replication in neurons
and attenuated neurovirulence for mice [20]. Mutation of the coronavirus macrodomain at a
site comparable to the alphavirus N24A site attenuated virulence and replication in mice

and affected induction of and sensitivity to interferon (IFN) and inflammatory cytokines
[16,21,22,24]. Mutation at the corresponding position in the HEV macrodomain results in
reduced or no replication in liver cancer cell lines [17,25]. Biochemical studies have further
identified residues responsible for enzymatic activities against various ADP-ribose derivatives
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Virus Macrodomain Mutant Phenotypes
Replicate more slowly in neuronal cells but not BHK21 cells and revertants arise in neuronal cells.
g Sindbis virus N10A/N24A This macrodomain mutant reduces SINV RNA synthesis and SINV-induced death of mature, but
§ not immature, neurons. Similarly, attentuated virulence in 2 wk-old but not 5 d-old mice [20].
s
e i i D10A, G32E, G112E Mutants with little or no ADP rlbosylhydrolz.-)se actlw.ty revert to wild-type in BHK21 cells. G32E
= mutant also reverts in mosquito C6/36 cells [15].
Chikungunya virus |G32S, G32A, T111A, Virus replication and virulence in mice is dependent on ADP-ribosylhydrolase activity [15].
SARS-coronavirus N1040A This macrodomain m.utant grows.rr.\ore slowly than wild-type but reaches similar end titers.
Mutant is more sensitive to IFNo and to a lesser degree IFNy [24].
These ADP-ribosylhydrolase mutants are less virulent (e.g., N1040A in lung pathology) and the
D1022A. N1040A viral load is slightly lower in mice although the mutants replicate normally in cell culture.
SARS-coronavirus ¢ ! Macrodomain N1040 mutant virus elicits an early, enhanced interferon and cytokine responses in
H1045A, G1130V . X . . . .
- mice. Co-infection of the macrodomain N1040 mutant with an otherwise lethal SARS-CoV
g infection protects mammalian hosts [16].
= | Human coronavirus
§ 229E N1305A This macrodomain mutant grows more slowly than wild-type and is more sensitive to IFNo [24].
o
8 Humanzczc);gnawrus N1305A No difference in viral RNA synthesis; similar growth kinetics in tissue culture cells [23].
Mouse Hepatitis This macrodomain mutant has a slight difference (~2-fold) in replication in vitro. Reduced
. e . N1348A virulence, reduced viral titers and lower cytokine/chemokine expression were observed in
virus JHM strain . . n -
macrodomain mutant virus-infected mice [22].
Mouse Hepatitis Replicates similarly to wild-type but does not cause acute hepatitis in mice. The mutant virus
X ; N1348A i
virus A59 strain induces less TNFo and IL-6 [21].
Hepatitis E virus G48V Viable in HuH-7/510-3 cells, using GFP-based replicon constructs [25].
wv
2 Hepatitis E virus N38A, G48A Replicate slower than wild-type in HuH-7/S10-3, using GFP-based replicon constructs [25].
>
. . N42A, , G49A, G49V, . . . .
8 Hepatitis E virus 28l Not viable in HuH-7/510-3 cells, using GFP-based replicon constructs [25].
o G50A, G50V
<]
§ Hepatitis E virus N42A, G50A, G48S/G49S, These macrodomain mutants have lower replication in HuH-7 cells that correlate with their
© s G48S/G49S/G50A, G123A ADP-ribosylhydrolase activity, using luciferase-based replicon constructs [17].
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Fig 2. Structure and functions of viral macrodomains. (A) Ribbon representation of CHIKV nsP3 macrodomain (PDB: 3GPO, Malet et al. 2009 ] Virol) in complex
with ADP-ribose ligand. Conserved structural motifs critical for ligand recognition are highlighted in color and functionally conserved residues frequently mutated in
studies of viral macrodomains are represented as sticks. (B) Phenotypes of macrodomain mutant viruses characterized in cells and in vivo. Corresponding residues
and regions across different viruses are color-coded in panels a and b. ADP-ribose, adenosine diphosphate ribose; CHIKV, Chikungunya virus; PDB, Protein Data

Bank.

https://doi.org/10.1371/journal.ppat.1006864.9002

[7,12,13,26,27]. Some mutations in the catalytic loop region in HEV and alphaviruses are not
tolerated [15,25]. For example, G32E in CHIKV (Fig 2A, loop 1) rapidly reverts to the wild-
type amino acid in both mammalian and mosquito cells that lack functional IFN responses,
suggesting that the enzymatic activity may be critical for alphaviral replication in both the host
and vector independent of an innate IFN response [15].

Which in vivo substrates could viral macrodomains be targeting?

Different cellular pathways generate ADP-ribose derivatives in vivo: Apprlp is derived from
tRNA splicing via tRNA phosphotransferase 1 (TRPT1) [28], O-acyl-ADP-ribose is a side
product of NAD"-dependent deacetylation mediated via sirtuins (SIRT1-7) [29], and ADP-
ribosylation is accomplished primarily by diphtheria toxin-like (ARTD) proteins, commonly
known as poly(ADP-ribose) polymerases (PARPs) [30-32]. Given that mutations in the active
site of viral macrodomains likely affect enzymatic activity toward all of these substrates, it is
difficult to assign mutant phenotypes to specific ADP-ribose derivatives. Other criteria for in
vivo macrodomain specificity should, therefore, be considered. For example, how conserved
are macrodomain enzymatic activities across different viruses? How does the decreased viru-
lence of mutants correlate with the deficiency of these activities? If the hydrolysis activity of
viral macrodomains is involved in virulence, do the host enzymes that synthesize these ADP-
ribose derivatives have antiviral properties?

Regarding enzymatic activities, Apprlp phosphatase activity is not conserved across differ-
ent viruses (e.g., SFV possesses very poor activity), and the turnover rate of the enzyme is often
low (Keye = 5-20 min™') [21-24,27,33]. While O-acyl-ADP-ribose deacetylase activity has yet to
be determined for viral macrodomains, recent data indicate that macrodomains from all clas-
ses of viruses have robust ADP-ribosylhydrolase activity in vitro [15-18] and in cells [18].
Compared with Apprlp phosphatase activity, the ADP-ribosylhydrolase activity more consis-
tently accounts for the in vivo phenotypes observed for mutants with disrupted activity. For
example, the CHIKV macrodomain D10A mutant that possesses 50%-75% of Apprlp phos-
phatase activity but minimal ADP-ribosylhydrolase activity cannot be recovered, while the
Y114A mutant with no phosphatase activity and approximately 40% ADP-ribosylhydrolase
activity is viable [15,27].

Amongst these ADP-ribose derivatives, Apprlp is less likely to be a substrate for viral
macrodomains in vertebrate hosts because it is generated through a 5" phosphate ligation path-
way of tRNA splicing that is common in yeast but not in vertebrates [28]. While all macrodo-
main-containing viruses replicate in the mammalian cell cytoplasm, most tRNA splicing
occurs in the nucleus, whereas sirtuin-based deacetylation and ADP-ribosylation are present
in both the cytoplasm and nucleus [28,29,34]. In humans, TRPT1 localizes in the mitochon-
dria, and only 1 of 7 sirtuins localizes in the cytoplasm, whereas nearly all ADP-ribosyltrans-
ferases (except PARPs 1-3) localize to a significant extent in the cytoplasm [28,29,34]. Lastly,
several PARPs, but not TRPT1 or any sirtuins, are induced by IFN as part of the vertebrate
antiviral response [35]. Taken together, macrodomain ADP-ribosylhydrolase activity is likely
critical for viral pathogenesis.
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What roles could PARPs play during viral infection?

Amongst the 17 PARPs in humans, 4 are capable of PARylation (PARPs 1, 2, 5a, and 5b), 11
add MARylation (PARPs 3,4, 6,7, 8, 10, 11, 12, 14, 15, and 16), and 2 are catalytically inactive
(PARPs 9 and 13) [30-32]. Several pieces of evidence indicate that some PARPs may be critical
for the host antiviral response. First, PARPs 4, 9, 13, 14, and 15 are under strong diversifying
selection among mammals—an indicator of antiviral genes [36]. For PARPs 9, 14, and 15, the
recurrent selection lies in their ADP-ribose-binding macrodomain, recently hypothesized to
be “locked in antagonistic ‘arms races’ with viral factors” [36]. Second, ectopic expression of
the alphaviral macrodomain-containing nsP3 protein inhibits the formation of stress granules
—a class of cytoplasmic structures with antiviral functions (e.g., [37]; reviewed in [38]).
Coincidentally, PARPs 5a, 12, 13, 14, and 15 are present in stress granules whose integrity is
dependent on ADP-ribosylation [39]. Third, overexpression of PARPs 7, 10, or 12 inhibits
alphavirus replication, suggesting that these PARPs have antiviral functions [40]. PARPs 9, 12,
13, and 14 are amongst the 62 IFN-stimulated genes conserved across vertebrates [35], under-
scoring the importance of ADP-ribosylation regulation in fighting virus infection.

One noteworthy feature of ADP-ribosylation is that though ADP-ribose can be conjugated
onto a range of chemically diverse protein residues [41,42], MacroD-type macrodomains only
have ADP-ribosylhydrolase activity for ADP-ribosylated aspartate and glutamate but not
lysine or serine [12,13,15,43,44]. Moreover, most virus-induced PARPs add MARylation,
while all viral macrodomains remove MARylation. Thus, one intriguing hypothesis is that
while viral macrodomains can bind ADP-ribosylation added by host PARPs, viruses may cir-
cumvent host defenses or regulate replication by removing specific classes of ADP-ribosylation
(Fig 3).

Are there any additional interesting observations about
macrodomains of RNA viruses and other pathogens?

Macrodomain variations exist between RNA viruses. For example, a helicase domain next to
the MacroD-type macrodomain facilitates hydrolysis of PARylated substrates in HEV [17].
Coronaviruses possess tandem macrodomains following a MacroD-type macrodomain. These
tandem domains do not bind ADP-ribose but instead bind nucleic acids [45], as do some
MacroD-type viral macrodomains [1,14]. However, the physiological significance of nucleic
acid binding of viral macrodomains remains unclear.

ADP-ribosylhydrolase activity has also been demonstrated in vitro for macrodomains from
other pathogens, including Trypanosoma brucei, T. cruzi, Staphylococcus aureus, Streptococcus
pyogenes, and Streptomyces coelicolor [46-48]. A recent study suggested that cross-talk between
lipoylation and macrodomain-reversible ADP-ribosylation plays a vital role in regulating a
pathogen’s response to host-derived reactive oxygen species [46]. Therefore, it is possible that
macrodomain ADP-ribosylhydrolase activity is critical for the pathogenesis of a broad spec-
trum of infectious diseases.

Although most macrodomains share a similarity in primary amino acid sequence, novel
subclasses of macrodomains have been identified only by determining the 3-D structures [1-
3]. Given the lack of conserved sequences between different macrodomain subclasses, it leaves
open the possibility for more macrodomains and their functions to be discovered. Mycobacte-
rium tuberculosis possesses a nonMacroD-type macrodomain, which removes ADP-ribosyla-
tion from DNA, rather than protein, and antagonizes the action of a mycobacterial toxin that
ADP-ribosylates DNA at specific thymidines [49]. Lastly, besides the macrodomain family,
there is another major class of ADP-ribosylation removal enzyme called DraG/ARH, and
they are also found in all kingdoms of life, including viruses [42,50]. Unlike MacroD-type
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Fig 3. Model: ADP-ribosylation at the forefront of the battle between the virus and the host. A working model based on (1) ADP-ribosylation and host PARPs
induced upon virus infection/interferon and (2) viral macrodomain possession of ADP-ribosylhydrolase activity. ADP-ribose can be conjugated to amino acids of
diverse chemistry (Asp, Glu, Lys, Arg, Ser, and Cys). MacroD-type macrodomain, to which viral macrodomain belong, removes ADP-ribose conjugated to Asp and
Glu, but not Lys and Ser. The ability of viral macrodomains to hydrolyze ADP-ribose from Arg and Cys remains unclear. ADP-ribose, adenosine diphosphate ribose;
Arg, arginine; Asp, aspartic acid; Cys, cysteine; Glu, glutamic acid; Lys, lysine; PARP, poly(ADP-ribose) polymerase; Ser, serine.

https://doi.org/10.1371/journal.ppat.1006864.9003

macrodomains, which remove ADP-ribosylation from acidic residues, ARH members remove
ADP-ribosylation from arginine [51] and serine [43,52]. Therefore, one can speculate that
pathogens may have multiple enzymes to remove ADP-ribosylation from specific classes of
amino acids.
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