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Abstract

ADP-ribose is a versatile nucleotide moiety employed by various signaling pathways, either
in the form of metabolites or as a modification covalently bound to proteins. Recent
developments indicate that macrodomains, an ancient and diverse protein domain family, are
key players both in the recognition, interpretation and turnover of ADP-ribose signaling.
Thereby, macrodomains regulate a wide variety of cellular and organismal processes
including DNA damage repair, signal transduction and immune response. Their importance is
further stressed by the fact that dysregulation or mutation of macrodomains is associated with
several disease including cancer, developmental defects and neurodegeneration. In this
review we summarize the current insight into macrodomain evolution and how it influenced
the structural and functional diversification. Furthermore, highlight some aspects of their role

in pathobiology and as emerging therapeutic targets.



Introduction

Macrodomains are evolutionarily conserved structural modules of 130 — 190 amino acids that
are found in proteins with diverse cellular functions, from all domains of life as well as some
viruses (1). Genomic sequencing identified the first macrodomains (termed ‘X domain’) as “a
domain of considerable conservation” within the genomes of the murine hepatitis virus
(MHV) and infectious bronchitis virus (2). Shortly after a homologous domain was identified
as part of the rat macroH2A protein, a histone variant that consists of a fusion between
histone H2A and a domain of — at that time — unknown function (3). Since macroH2A is the
largest histone variant the novel domain was dubbed macrodomain.

In contrast to many other modification recognition domains, which are adapted to recognize a
single or small number of modification type(s) (4), macrodomains can recognize ADP-ribose
(ADPr), both in its free and protein linked form, related ligands, such as O-acyl-ADP-ribose
(OAADPr), and even ligands unrelated to ADPr (5-10). They exert regulatory influence on
inter- and intracellular signaling, transcription, DNA repair pathways, maintenance of
genomic stability, telomere dynamics, cell differentiation and proliferation, as well as
necrosis and apoptosis (5, 11-19). Two factors further highlight the importance of
macrodomains in controlling various cellular processes: first, the number of macrodomain-
containing proteins correlates well with the complexity of the organism and second, the
macrodomains coevolved most notably with two important NAD™ utilizing protein families,
poly(ADP-ribose) polymerases (PARPS) and sirtuins (20-22). The majority of sirtuins use
NAD™ as co-substrate for protein deacylation, releasing OAADPr as byproduct in the reaction
(23, 24), but in some instances sirtuins also catalyze protein ADP-ribosylation (25, 26).
PARPs catalyze the transfer of a single or multiple ADPr unit(s) from NAD* onto an acceptor
site, most prominently a glutamate or aspartate residues, thus resulting in mono or poly(ADP-

ribosylation) of the target proteins (20-22, 27, 28). Note that only some members of the



PARP family can catalyze the formation of the O-glycosidic ribose-ribose bond and
synthesize linear or branched chains of ADPr polymers (27, 29-31).

Beyond the ability of macrodomains to bind ADPr derivatives, an early biochemical
genomics study identified the yeast macrodomain Poal as a phosphatase of ADP-ribose-1"’-
phosphate (ADPr-1’-p), a by-product of tRNA splicing (32, 33). Since then it became
apparent that processing of ADPr derivatives is common amongst certain types of
macrodomains. The catalyzed reactions include the hydrolysis of the 2',1"-O-glycosidic
ribose-ribose bond in poly(ADP-ribose) (PAR), the protein-ADPr ester bond or the acyl-
ADPr ester (8, 27, 34-40), as detailed below. Thus macrodomains represent a rare example of
a protein fold which is utilized to directly modulate multiple aspects of posttranslational
protein modifications, i.e. signal ‘reading’, ‘erasing’ and ‘interpreting’. The ADPr released in
some macrodomain reactions acts both as a precursor for the regeneration of NAD" as well as
an important secondary messenger (41). Moreover, reports on GDAP2 and SUD-M type of
macrodomains suggest that further ADPr-unrelated binding partners, like nucleic acids, may
exist for macrodomains (9, 10, 42).

In this review we highlight some aspects of the macrodomain evolution and the resulting
functional and structural diversification. Furthermore, we discuss the role of macrodomains
in pathobiology, including the cause of disease via mutation and dysregulation as well as

their potential as therapeutic targets.
Evolution and diversification of macrodomains

The intricate connection between macrodomains and NAD-utilizing pathways suggests that
by studying their (co)evolution, one could infer the functions and regulation of specific
proteins involved in these processes. Phylogenetically macrodomains can be subdivided into
six distinct classes (Figure 1). Probably the most diverged classes are PARG and SUD-M

since they were recognized as macrodomains only after the first 3-dimensional structure of



their representatives had been determined (10, 40, 43). Thus far Macro2 remains the least
understood branch with almost no functional data available. While macrodomains appear less
regularly in archaea, most bacteria contain at least one type of macrodomain (Table 1). In
eukaryotes, the number of macrodomain proteins, generally increases with the complexity of
the organism. Amongst vertebrata, Actinopterygii (a class of bony fishes) possess the highest
number of macrodomain proteins due to a fish-specific third genome duplication event. A
discrepancy is also observed in some animals with accelerated evolution (e.g. nematode
Caenorhabditis elegans and fruit fly Drosophila melanogaster) which possess fewer
macrodomain representatives than simple non-bilaterian animals and this correlates well with
the reduced number of PARPs in these organisms (20). Saccharomyces cerevisiae possesses
only two macrodomain proteins and has lost some macrodomains present in the common
ancestor of Opistokonta, as well as obvious PARP homologues (20). In human, there are at
least 12 different proteins containing 16 macrodomains distributed over four branches:
MacroD-type, macroH2A-like, ALC1-like and PARG (Figure 1 and 2 and Table 1) (8, 11).

The phylogenetic classification of macrodomains correlates noticeably with their functional
diversification, for example members of the macroH2A-like class show strong binding to
ADP-ribosylated proteins, but possess no catalytic activity, whereas degradation of PAR is
specifically associated with the PARG class (27, 36, 40) and removal of mono(ADP-
ribosylation) (MAR) with the MacroD-type class (34, 38). However, these associations are
not exclusive as TARG1, a member of the ALC1-like class, also possess de-MARylation
activity, albeit utilizing a different reaction mechanism (39). The emergence of the same
molecular function within two distinct phylogenetic branches stresses the importance of
ADP-ribosylation reversal and demonstrates the adaptability of macrodomains to exert

regulation.



Structural and catalytic features of macrodomains

As revealed by structure determination, macrodomains adopt a globular a/p/o sandwich fold
composed of a central six-stranded mixed B-sheet and flanked by 5 a-helices (Figure 3a) (6,
44-46). Substrate binding occurs via a deep cleft on the ‘crest’ of the domain. The
macrodomain fold shares some resemblance to the DNA binding domain of leucine
aminopeptidases as well as the P-loop nucleotide hydrolase fold, and therefore a nucleotide
binding or processing activity was originally suggested (44). Indeed, further structural and
biochemical characterization showed that ADPr and its derivatives can be accommodated
within the cleft (Figure 3b) (6, 45, 46). The interaction between ligand and macrodomain is
stabilized by several conserved interactions within the binding pocket: (A) the adenosine
moiety readily undergoes m-m stacking with a conserved aromatic residue while its N6
nitrogen is further coordinated by an aspartate residue (Figure 3b-e) (5, 6, 8, 47). Mutagenesis
analysis showed that the aspartate residue is crucial for ADPr binding by the macrodomains
of human ALC1 (Amplified in Liver Cancer 1) and Archaeoglobus fulgidus Af1521. (B) The
central part of the cleft stabilizes substrate binding by several side chain/backbone-
pyrophosphate contacts, which induce a more closed conformation of the macrodomain (6,
48). (C) The pyrophosphate and distal ribose are accommodated between two substrate
binding loops (termed loop 1 and 2). While both loops contribute to substrate specificity, loop
1 harbors the catalytic residues of most macrodomains exhibiting hydrolase activity (for this
reason it has been also termed ‘catalytic loop’). The loop 2 provides further coordination of
the pyrophosphate, hence also termed ‘diphosphate binding loop’ (Figure 3b-e) (15, 37, 40,
49). The stable interaction between the ligand and the macrodomain can trigger a variety of
downstream effects, including recruitment to DNA damages sites, a hotspot of PAR

generation, or formation of protein complexes (50).



Mono(ADP-ribosyl) hydrolases

Thus far two classes of macrodomains were shown to contain mono(ADP-ribosyl) hydrolases
as members: MacroD-type and ALC1-like. Biochemical and structural work on MacroD1,
MacroD2 and TARG1, the human representatives of the classes, revealed that both classes
utilize fundamentally different catalytic mechanisms.

In MacroD1/2 the distal ribose is bound in a constrained conformation, bending it towards the
ADPr a-phosphate group (Figure 3c) (8, 34). This orientation is forced through the presence
of a highly conserved aromatic residue that is part of the bipartite, MacroD-type signature
motif Nx(6)GG[V/L/I] and G[V/I/A][Y/F]G located in loop 1 and 2, respectively (34). A
major difference between ‘reading’ and ‘erasing” macrodomains is the presence of a groove
in the pyrophosphate binding site in which a structural water molecule is coordinated. The
exact mechanism of catalysis is as yet not determined, but two possible reaction sequences
were put forward: first, a substrate assisted mechanism in which the structural water
molecule, positioned between the a-phosphate and distal ribose, becomes activated through
the a-phosphate group and carries out a nucleophilic attack on the protein-ADPr ester bond
(34, 35). While the constrained conformation of the substrate appears to be crucial for the
catalysis, it is still controversial whether the low pKa of the a-phosphate is sufficient to
activate the water molecule (34, 35). Second, a conserved aspartate residue in the active site
acts as general base for the activation of a water molecule, which in turn carries out a
nucleophilic attack on the C1’ atom of the distal ribose (8, 38). Recent quantum mechanics
simulation and kinetic isotope effect measurements of the hydrolysis of OAADPr by
MacroD1 support the latter mechanism and suggest a concerted mechanism involving
simultaneous nucleophile attack and ester bond breakage (51). However, it is important to
point out, while conserved in MacroD1 and MacroD2, not all catalytically active MacroD-

type enzymes possess an isostructural aspartate residue (34).



In contrast to the MacroD-type enzymes, the reaction catalyzed by TARG1 progresses via a
conserved lysine residue (Lys84 in human TARG1; Figure 3d). The lysine nucleophilically
attacks the C1’ atom of the distal ribose, leading to the formation of a lysyl-ADPr
intermediate and release of the demodified glutamate/aspartate residue (39). The lysine
residue is restored by resolving the intermediate via a proximal catalytic aspartate residue
(Asp125 in human TARG1), thus releasing ADPr from TARGL1. A second difference that sets
TARGTI apart from MacroD1/2 is a higher solvent accessibility at the adenosine ribose 2’’-
OH position, which suggests that TARGL1 can bind to PARylated target protein and release
PAR from its substrates. This possibility was experimentally demonstrated in vitro, but

whether it occurs in vivo remains an open question (35, 39).
Poly(ADP-ribosyl) glycohydrolases

In mammals, PARG is composed of three domains: an N-terminal putative regulatory region,
the PARG accessory domain and the macrodomain (Figure 3e) (40, 52-54). Together, the
latter two form the catalytic core found in all canonical PARG homologues. The PARG
macrodomain is composed of a seven-stranded, mixed B-sheet accompanied by five a-helices
and contains the PARG-specific catalytic motif GGGx(6-8)QEE within substrate loop 1 (40,
52, 54-56). Most of the PARG-substrate contacts are established via the macrodomain and
the function of the accessory domain is less well understood. It was proposed that the latter
acts indirectly by stabilizing the macrodomain-fold (19). Structural insights from bacterial
and mammalian PARGs show the positioning of the 2°,1°’-O-glycosidic ribose-ribose bond in
immediate spatial proximity to the second, catalytic glutamate (Glu756 in human). The
catalytic mechanism is distinct from both MacroD1/2 and TARG1 (reviewed in detail in 19,
27, 49) and is initiated through an acid/base protonation of the ribose 2°-OH in the proximal
ADPr unit. The resulting oxocarbenium intermediate is stabilized by spatial constrains

imposed by a phenylalanine (Phe875 in human PARG) present in substrate loop 2 (PARG



contains the same signature motif as MacroD1/2 in loop 2, see above). The intermediate is
resolved through a nucleophilic attack onto the oxocarbenium ion by a water molecule,
followed by the release of ADPr and the remaining PAR chain (40, 52, 54, 55). In vitro data
show that PARG has a preference for chain termini, hence is predominantly an exo-
glycohydrolase, with only minor contributions of endo-cleavage. In addition, structural
constraints limit the possibility that PARG can cleave at PAR branch points (40, 54, 55).
Since endo-cleavage remains a possibility under condition of extreme cellular stress and
PARP1 over-activation, PARG could, similarly to TARG1, release oligo- or poly(ADPr)

fragments, which in turn were proposed to induce apoptotic cell death (19, 35, 57).
The function of macrodomains

A driving factor for the evolution of macrodomains may lie in increasing complexity of
NAD" signaling/consumption processes, regulating DNA repair, redox defense, chromatin
architecture, protein acylation and response to viral infection amongst others (58, 59).
Support for the latter idea comes from studies of the evolution of PARP genes as well as
vertebrate NAD metabolism (20, 60, 61), which suggest that the macrodomain evolution, at
least in macroPARPs, is still ongoing (58, 61). While the majority of identified
macrodomains, especially in bacteria and archaea, are single-domain proteins, the protein
families database (Pfam) accounts for more than 180 different domain architectures
containing at least one macrodomain (pfam.xfam.org). Amongst these are homologues of
human macrodomain-containing proteins as well as distinct domain combinations in lower
organisms (Figure 2). The presence of these proteins suggests a complex interplay between
ADPr signaling and large number of different cellular processes. For example, in plants a
distinct macrodomain type is fused to the DNA-processing enzymes polynucleotide kinase
and Aprataxin suggesting a role in DNA repair (62) (Figure 2). Furthermore, association of

macrodomains with NUDIX (nucleoside diphosphate-linked moiety X) domains is commonly
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observed, suggesting involvement in the ADPr recycling pathways. NUDIX
pyrophosphatases can cleave ADPr into AMP and ribose-5-phospahet for resynthesis of NAD
(63, 64) as well as other nucleotides and the human family member NUDT16 was recently
shown to act on ADP-ribosylated proteins in vitro (65). Further domain compositions suggest
the cross-talk of macrodomains with other posttranslational modification, including

methylation, phosphorylation and ubiquitination (Figure 2).

Macrodomains as readers of protein ADP-ribosylation and sensors of

metabolites

macroH2A

MacroH2A contains an N-terminal histone-fold, allowing integration into chromatin and the
C-terminal macrodomain (Figure 2) (66). Capsaspora owczarzaki, a Filasterea, occupies one
of several unicellular sister-groups to Metazoa and is the simplest organism in which
macroH2A can be identified. As consequence of a whole genome duplication event in the
early vertebrate lineage two macroH2A genes, macroH2Al and 2, can be identified (Figure
1). Verified in mammals is the further functional diversification of macroH2A through
alternative splicing (into isoforms macroH2A1.1 and A1.2), which leads to the exchange of a
short stretch of amino acids within the macrodomain (67). Binding studies showed that
macroH2A1.1 interacts with ADPr, OAADPr and PAR, while neither macroH2A1.2 nor
macroH2A2 can do so (46). Since these two macroH2A variants contain a binding cleft,
albeit altered, it is intriguing to speculate whether these proteins have developed an unknown
specificity beyond the usual ADPr metabolites.

MacroH2A has been associated with several cellular processes, including cell differentiation
and proliferation, transcription repression as well as DNA repair (66, 68, 69). Studies
investigating the function of macroH2A during embryonic stem cell (ESC) development

indicate that macroH2AL1 plays an important role during the early stages of differentiation by
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repressing pluripotency genes and facilitating activation of developmental genes, while
macroH2A?2 stabilizes the cell fate by ‘locking down’ genes of a different cell fate (70, 71).
In vitro studies on reconstituted nucleosomes suggest that macroH2A1.2 facilitates gene
repression by suppression of p300-mediated histone acetylation and blockage of nucleosome
sliding and chromatin remodeling (72). In vivo, macroH2A1.1 was shown to localize to sites
of PARP1 activation in a PAR-dependent manner and to facilitate chromatin compaction
(15). The authors hypothesize that PARP activation induces transient macroH2A1.1-
dependent chromatin changes.

Reduced macroH2A expression was observed in several cancer types, including breast and
lung cancer, and has been associated with increased tumor proliferation and metastatic
potential (reviewed in 73). The underlying mechanism is complex and involves loss of
transcriptional control over cancer genes (e.g. CDK8 and c-Fos), a dysregulation of the cell
cycle and promotion of differentiation. Taken together the available data support a role of
macroH2A as epigenetic tumor suppressor.

ALC1

ALC1 (also known as CHD1L) homologues are present in representatives from three
eukaryotic supergroups and were probably also present in last eukaryotic common ancestor.
They belong to the SNF2 family of DNA helicases and possess two helicase-like domains
(ATP binding and C-terminal domain) followed by nuclear localization sequence and a
distinct type of macrodomain at the C-terminus (Figure 1 and 2) (5, 47, 74). In mammals
ALCL1 is involved in DNA damage repair, gene regulation, cell proliferation, development
and p53-indepentent apoptosis (5, 17, 75-77). ALCL1 is recruited to sites of DNA damage via
its macrodomain by sensing PARP1 generated PAR (5, 47). Recognition of PAR leads both
to the formation of a stable ALC1-nucleosome-PARylated PARP1 complex and an increase

in the chromatin remodeling activity of ALC1 (5, 47, 78). The function of ALC1 as oncogene
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came into focus, through several studies reporting on its involvement in tumorigenesis. ALC1
is frequently amplified in certain cancer types, including hepatocellular carcinoma and
bladder cancer (79). Ectopic expression of ALC1 in mice increased the rate of spontaneous
tumor formation as well as promoted tumor susceptibility in response to a model of inducible
hepatocyte lesion (80). Its overexpression was shown to sensitize cells to DNA damage most
likely due to its increased chromatin retention at the damage site (5). In addition, missense
mutations near or proximal to the macrodomain, which reduce its affinity for PAR, were
identified in patients with congenital anomalies of the kidney and urinal tract (81). Based on
the correlation, immunohistology and gene expression analysis it seems that ALC1 plays an
important role in kidney development most likely by impairment of its chromatin remodeling
function.

macroPARPs

Three human members of the PARP family (9, 14 and 15) contain multiple macrodomains, in
addition to their PARP catalytic domain (Figure 2) (11, 27). The macrodomain-PARP
ancestor probably arose early in Unikonts’ (predecessors of Amebozoa, Opistokonta and
Apusozoa) evolution and was most similar to the recent PARP14 homologues (Figure 1) (20).
While no PARP activity has as yet been detected for PARP9, both PARP14 and 15 show
robust auto-ADP-ribosylation activity (82). All the macroPARPs in humans are encoded
within ~200 kbp in the chromosomal 3q20 region that is associated with multiple
haematological malignancies (82-84). Likewise, the highest expression of PARP9 and 14 was
found in lymphatic tissue (85). In response to DNA damage, PARP9 (also called BAL1) and
its binding partner BBAP are recruited to the damage site via the PARP9 macrodomain 2 in a
PARP1/PAR-dependent manner. Subsequent, BBAP-mediated histone ubiquitinylation
serves to recruit further repair factors, including 53BP1 and BRCA1 (86). Experimental data

show that PARP14 localizes to the end of actin stress fibers (28). Loss-of-function
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experiments showed that, while the focal adhesion assembly appeared to be normal, the fiber
turnover was reduced, resulting in elongated cellular protrusions and increased adherence.
Hence, PARP14 appears to have an important function in cell morphology and motility.
Dysregulation of both PARP9 and 14 are often associated with lymphoma. For example,
amplification of PARP9 in diffuse large B cell lymphomas is associated with increased cell
migration and poor prognosis (83, 84). The increase in PARP9 leads to the formation of an
ADP-ribosylation/macrodomain-dependent complex between PARP9 and the transcription
repressor STAT1pB, followed by translocation into the nucleus and inhibition of the
expression of the tumor suppressor IRF1 (87).

Even though no functional data relating to PARP15 cellular activity are available, it is
interesting to note that a recent high-throughput genomic study investigating cancer-related
gene inactivation identified PARP15 as novel tumor suppressor in head and neck squamous
cell carcinoma (88).

GDAP2: A macrodomain protein of unknown function

GDAP2 (ganlioside induced differentiation associated protein 2) is a highly conserved
protein of unknown function found from plants to humans. Although its macrodomain is
similar to human MacroD1/2 proteins (Figure 1), it does not bind to derivatives of ADPr, but
instead appears to have specificity for poly(A) (42). In addition, GDAP2 proteins possess a
lipid-binding SEC14 domain at the C-terminus (Figure 2), which is known to act in signal
transduction, transport and organelle biology (89), thus a function in the integration of ADPr-

and lipid-mediated signaling appears possible.
Macrodomains as erasers of protein ADP-ribosylation

Like other signal transduction pathways, ADPr-dependent signaling requires both recognition
and removal of the signal. Therefore, it may not be surprising that macrodomains, in addition

to their binding ability, have evolved to reverse cellular ADP-ribosylation. The catalyzed
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signal termination reactions included hydrolysation of PAR and MAR as well as degradation
of NAD"-derived second messengers, such as OAADPTr (8, 11, 19, 90).

MacroD1 & 2

Orthologues of MacroD-type proteins can be found in all kingdoms of life. In vertebrates, a
duplication of the ancestral MacroD-type gene gave rise to MacroD1 and MacroD2 proteins
(Figure 1) (20). MacroD1 and MacroD2 act as mono(ADP-ribosyl) hydrolases that reverse
protein MARYylation and catalyze the cleavage of the terminal ADPr moiety e.g from proteins
after PARG-mediated polymer degradation (19, 34, 35). In addition, both enzymes can
hydrolyze OAADPr (8). While their catalytic activities were established in vitro, their exact
protein targets and biological role remain largely unknown. There is a high degree of
sequence similarity between the catalytic domains of MacroD1 and MacroD2, however their
primary subcellular localizations are different (MacroD1 in mitochondria and MacroD2 in the
cytoplasm), which implies distinct functions (42). MacroD1 (also called LRP16) was
reported to acts as a cofactor, modulating estrogen and androgen receptor signaling, and its
overexpression was associated with proliferation and invasive growth of cancer cells (91, 92).
A recent study showed that MacroD2 reverses the PARP10-mediated mono(ADP-
ribosylation) and inhibition of GSK3p, thus restoring its kinase activity (38). MacroD2 is
found amplified in a subset of breast cancers. Interestingly, transgenic overexpression of
MacroD2 in breast cancer cell lines results in tamoxifen resistance and estrogen independent
growth (93). On the other hand, it has been suggested that MacroD2 may be a cancer-specific
fragile site and function as a tumor suppressor (94, 95).

TARG1

TARGL1 (terminal ADPr protein glycohydrolase 1; also known as OARD1 or C60rf130) is
present in different Metazoans while scattered examples are present in bacteria (Figure 1)

(20). Evolutionary analysis suggests that the TARG1 gene may have arisen from ALC1 as a
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consequence of a partial duplication event. As of yet only limited data are available on the
function of TARGL1. Biochemical characterization showed that TARG1 can hydrolyze protein
ADP-ribosylation (38, 39). In addition, it can also hydrolyze the sirtuin reaction product
OAADPT, including its acetyl, propionyl and butyryl derivatives, thus yielding ADPr and
corresponding carboxylic acid (37). Homozygous mutation of the TARG1 gene in patients
with severe neurodegeneration was observed, while depletion of TARGL1 protein in cells
leads to proliferation and DNA repair defects and cellular senescence (39).

PARG

While a simple, single-domain type of PARG (called bacterial-type PARG) is found in some
bacteria, viruses and sporadically in representatives from all eukaryotic supergroups (except
Plantae; Figure 1), the vertebrate PARGs contain a more complex structure with regulatory
and accessory domains that precede the PARG catalytic macrodomain (Figure 2) (49, 52). In
mammals, a single gene encodes PARG and further diversity is achieved through alternative
splicing. As a consequence PARG isoforms can be identified in several subcellular
compartments: PARGiu1 in the nucleus, PARGi2 and PARGg are predominantly
cytoplasmic and PAR-degradation deficient PARGss variant localizes to the mitochondrial
matrix (numbers indicate the molecular weight of the corresponding human isoform) (96, 97).
During DNA damage PARG hydrolyses PAR generated by DNA damage inducible PARPs,
thereby allowing regulation of the later repair events and recycling of NAD™ (98, 99). Since
PARG is unable to remove the terminal ADPr moiety from proteins (40), TARG1, MacroD1
and/or MacroD2 are suggested to catalyze this reaction (34, 38, 39). The knockout of all
PARG isoforms leads to increased apoptosis and embryonic lethality in mouse and fruit fly
(100, 101). However, sole knockout of the longest isoform, PARGu110 in mice, is viable, most
likely due to nucleocytoplasmic shuttling of the cytoplasmic isoform during DNA damage

(102, 103). Notwithstanding, PARG110”" mice show hypersensitivity to genotoxic stress
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induced both by ionizing radiation or alkylating agents (101, 104). In addition, PARG was
implicated as modulator of the inflammatory response and PARG inactivation (PARG110”
mice and inhibition) had protective effects in models of dinitrobenzene sulfonic acid-induced
colitis, splanchnic artery occlusion shock and ischemia-reperfusion as well as the associated
injuries (105-109).

Generation of ADPr: A second messenger in calcium-signaling

In the context of ‘erasing’ cellular ADP-ribosylation it is worth noting that over-activation of
PARP1 has long been associated with cell death (110-112). Though the underlying
mechanism is still elusive, an enticing hypothesis can be raised from several observations
regarding macrodomain- and PARG-derived ADPr. Under condition of oxidative stress the
activation of the TRMP2 (transient receptor potential melastatin 2), a calcium-permeable
cation channel, appears to be PARP1-dependent (113), but the high PAR-degrading activity
of PARG localized to nucleus and cytoplasm suggests an indirect mechanism via ADPr
(114). Indeed, it has been shown that ADPr is specific activator of TRPM2 via binding to its
cytosolic NUDIX9-homology domain (41, 115, 116). As a result the concentration of free
intracellular calcium is increased and cell death induced (41). A second, potentially
synergetic, pathway requires a further degradation of ADPr to AMP and ribose-5-phosphate,
a reaction efficiently catalyzed by the pyrophosphatases NUDT5 and NUDT9 (117, 118). The
resulting accumulation of AMP acts as an inhibitor of the mitochondrial ADP/ATP
translocase, thus preventing the nucleotide exchange with the cytoplasm and resulting in
mitochondrial energy failure (117).

The sirtuin reaction product OAADPr has also been suggested to function as a second
messenger, among other by direct interaction with macrodomain-containing proteins and both
MacroD1/2 and TARGL1 have been implicated in the signal clearance through OAADPr

hydrolysis (8, 37, 68, 90).
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Macrodomains in microorganisms and pathogens

Bacterial macrodomains

Macrodomain-containing proteins are found in most of the sequenced bacterial species and
are most commonly of the MacroD-type (Figure 1). Overall, very little is known about
intracellular ADP-ribosylation in bacteria. The first described example came from the
bacterial and archaeal nitrogen fixation pathway. This highly energy demanding reaction
sequence is regulated via reversible ADP-ribosylation of an arginine residue in the key
enzyme nitrogenase (119). ADP-ribosylation has also been detected in species of the bacterial
genera Streptomyces and Myxococcus, however the corresponding protein ADP-
ribosyltransferases are still unknown (120, 121). More recently an analysis of the sequences,
structures and genomic contexts of NAD-utilizing enzymes predicated novel classes of ADP-
ribosyltransferases (59). Some of these exhibit genomic association with macrodomain or
PARG homologs, and thus implying the wider presence of pathways regulated by ADP-
ribosylation in bacteria. If present in pathogens such macrodomain-containing operons could
be of additional interest, as they may be linked to virulence.

Recently we characterized a new system for reversible protein ADP-ribosylation present in
pathogens such as Staphylococcus aureus and Streptococcus pyogenes (25). Central to this
system is a macrodomain/sirtuin pair in which the sirtuin component (due to its
macrodomain-association termed SirTM) can ADP-ribosylate a target protein derived from
the same operon, whereas the MacroD-type macrodomain reverses the modification.
Interestingly, the ADP-ribosylation activity of the SirTM is dependent on another protein
modification, lipoylation. The latter is known to be involved in the regulation of energy
metabolism and detoxification of reactive oxygen species, thereby contributing to the

bacterial pathogenesis (reviewed in 122). Current data indicate that the SirTM/macrodomain
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pair modulates the response to oxidative stress both in bacteria and in fungi possessing a
homologous system such as Candida albicans (Figure 2) (25, 123, 124).

Genomic evidence suggests that the association of macrodomains and pathogenesis may be
quite common. For example, a putative macrodomain-involving toxin/antitoxin system has
been recently discovered in Pseudomonas mendocina by a large-scale cloning approach
(125). The system is composed of a toxin of unknown function and a bipartite antitoxin
containing an N-terminal macrodomain. The macrodomain is a diverged representative
within the ALC1-like class and its orthologues can be identified in other pathogens such as
Mycobacterium tuberculosis as well as Vibrio and Xanthomonas species (Figure 1).

These examples suggest that the bacterial macrodomains may influence processes, which
have been shown to be crucial for the survival and virulence of bacteria in the host
environment, thus promoting the study of these macrodomains to further our understanding
of host-pathogen interactions and explore novel therapeutic routes.

Viral macrodomains

Similarly, evidence is emerging that targeting viral macrodomains could be a promising
therapeutic approach to promote recovery and reduce infection severity (18, 126, 127). The
evolution of viral macrodomains is peculiar and biochemical, structural as well as
phylogenetic evidences indicate that viral and cellular macrodomains are strongly related
(Figure 1) (42). Several different types of macrodomains are found in different virus genomes
and it has been suggested that this is due to repeated, independent host-acquisition of
macrodomains (42, 128, 129). Together this argues for specific and different functions in the
virus-host coevolution. Macrodomain proteins were identified in more than 150 viruses, most
belonging to family Myoviridae (which includes various phages) and are also present in other
virus families: Coronaviridae, Togaviridae, Iridoviridae, Poxviridae and Hepeviridae

(present in only one species, hepatitis E virus) (45, 130, 131). Heretofore, no studies have
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been conducted on phage macrodomains, while the ones from RNA viruses are being
investigated for their potential as druggable targets.

Both in corona- and alphaviruses the macrodomain (MacroD-type) is encoded as part of the
multidomain non-structural protein 3 (nsP3), which is implicated to participate in host protein
recruitment and viral replication (132, 133). However, beyond this broad classification the
nsP3 proteins of Togaviridiae and Coronaviridae are distinct in their domain makeup and
consequently, have only limited overlapping functions (134, 135).

In vitro studies showed that macrodomains from both origins can hydrolyze ADPr-1’’-
phosphate and bind to PAR (45, 129, 136, 137) but whether this reflects the endogenous
function remains elusive. On the other hand, sequential and structural similarity to human
MacroD1 and MacroD2 strongly indicate that MacroD-type viral proteins might exhibit de-
MARylation activity (34). This is particularly exciting as the expression of the so called
antiviral PARPs (PARP7, 10 and 12) is triggered via the type | interferon response (138,
139). The activity of the antiviral PARPs decreases the rate of cellular translation and viral
replication, thus counteracting the production of viral particles. Since both PARP7, 10 and 12
are mono(ADP-ribosyl) transferases (28) and their antiviral function is dependent on their
catalytic activity (139), it is intriguing to speculate that the viral macrodomains have evolved
to counteract this host defense.

The macrodomains appear, however, to fulfill further functions within the viruses. In a study
of the Sindbis virus nsP3 macrodomain, mutagenesis had a complex phenotype. While the
replication in cultured, mature neurons was macrodomain-dependent, titer levels in mice
were not affected 24 hr post-infection (136). This indicates that the macrodomain, while
possibly influencing replication, is not crucial for its success. Similarly, the coronaviral
macrodomain appears to be dispensable for replication in IFN-deficient cells (137). However,

mouse MHV infection models, using a virus strain that carried a catalytic null mutation of the
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macrodomain, led to reduction of viral virulence (18, 126). It was suggested that the milder
course of infection was caused by a reduction in the proinflamatory immune response, which
is associated with server tissue damage in certain viral infections (140, 141).

SARS-unique domain: A RNA binding macrodomain

In addition to MacroD-type macrodomains, the nsP3 proteins of SARS-CoV and other (-
coronaviruses contain a highly diverged macrodomain found in the SARS-unique domains
(SUD) (Figure 1). Analysis of the structure of SUD from SARS-CoV revealed that this
domain is comprised of two macrodomains (SUD-N and —M, respectively) and a C-terminal
frataxin-fold domain (SUD-C) (9, 10). However it is worth noting that the sequence
comparison data indicate that most SUD-containing viruses carry only one of the
macrodomains, a SUD-M homologue. In vitro studies have demonstrated that the SARS-CoV
macrodomains bind nucleic acids with preference for purine-rich RNA sequences, such as
RNA G-quadruplexes, and that SUD-C increases the target specificity (9, 10). The
importance of this interaction was recently highlighted by demonstrating that the binding of

RNA by SUD-M is required for viral replication (142).
The therapeutic potential of macrodomain inhibitors

The study of macrodomains in their cellular context gave first insights into their
pathobiological importance. Consequently, new strategies are explored to target
macrodomains in order to treat or relief the burden of diseases.

Viral infections

In several viral systems intricate connections between nsP3 macrodomain function and the
host immune system were described. MHV (an a-coronavirus) infection models showed that
a catalytic mutation within the macrodomain attenuated the infection severity by preventing
over-activation of the immune response (18, 126). In contrast, mutation of the same catalytic

residue in B-coronaviruses prevented the suppression of the type | interferon response and
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increased the viral susceptibility to the innate immune response (127). Despite the difference
in the underlying mechanisms, these results encourage further investigation into viral
macrodomains as their inhibition may help to reduce disease burden and assist recovery.
Macrodomains in cancer

Next to viral infection, the involvement of macrodomains in tumorigenesis is best studied. It
has been shown that several macrodomain-containing proteins are amplified in different
cancer types, which correlates with a poor prognosis and/or drug resistance. Examples for a
direct link between macrodomain amplification and tumor biology include: ALC1, which can
inhibit apoptosis (5, 79), MacroD2, which can induce tamoxifen resistance in estrogen
receptor-positive breast cancer cells (93), and PARP9, which can increase tumor cell
migration (83, 84). Altogether these observations promote the idea that macrodomain
targeting could slow tumor progression and support therapy.

A second strategy for a cancer therapy, based on ‘synthetic lethality’, involves inhibition of
PARG. This approach exploits the reduced DNA repair capability of BRCA1- or BRCA2-

deficient tumors similarly to PARP inhibitors (143-145).
Outlook

Notwithstanding ongoing efforts (52, 146, 147), so far no soluble, efficient, bioavailable
inhibitor against a macrodomain has been developed. However, the increasing numbers of
available macrodomain structures, together with advancements in structure-guided drug
design, have the potential to accelerate the processes. The emergence of rhodamine and
phenolic hydrazide hydrazone based compounds, which exhibit PARG inhibition in vitro, is a
further reason for optimism. However, one of the greatest remaining challenges is the limited
availability of data on the biological function of macrodomains. This is true for virtually all

macrodomains studied so far, as most of the data regarding binding or catalysis have been
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derived from in vitro observations. In this context potent inhibitors would become a valuable
tool to characterize macrodomains in vivo.

The specificity of macrodomains has been extensively studied, however, only a limited
number of ADP-ribosylated metabolites have been tested as ligands/substrates for most of the
macrodomains. One example for an untested compound is diadenosine 5',5"-P*P*-
tetraphosphate (ApsA) (an ubiquitous second messenger synthesized from ATP under
condition of cellular stress), which was shown to be ADP-ribsoylated over three decades ago
(148). While ApsA ADP-ribosylation was believed to occur only under non-physiological
conditions (149), a recent study demonstrated that the concentration of both ApsA and its
ADP-ribosylated form increase under conditions of sub-lethal stress and may act in the DNA
damage response (150). Investigation of ADP-ribosylated ApsA and other metabolites as
potential substrates for macrodomains will further our understanding of their diverse function

and physiological importance.
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Acronyms and Definitions

Reading

The recognition of a posttranslational modification by protein domain.

Erasing

The removal of a posttranslational modification from a protein.

Interpreting

The spatial/temporal recognition of a posttranslational modification, which trigger a series of
downstream events by effector proteins.

Synthetic lethality

Two mutations, which occurring alone create a viable, but synergistically a lethal phenotype.



Table 1

Distribution of macrodomains amongst different taxa.

Macrodomain classes®?

MacroD macroH2A ALC1 Macro2 PARG SUD-M
Eukaryotes
Ophisthokonta ~ human Homo sapiens 3 9(5) 2 - 1 -
mouse Mus musculus 3 8(4) 2 - 1 -
chicken Gallus gallus 2 10(4) 2 - 1 -
lizard Anolis carolinensis 3 7(4) 2 - 1 -
frog Xenopus tropicalis 3 22(10) 1 - 1 -
fish Danio rerio 3 23(10) 2 - 2 -
lancelet Branchiostoma floridae 2 16(10) 1 - 2 -
sea urchin Strongylocentrotus purpuratus 2 1 2 1 2 -
sea slug Aplysia californica 2 5(3) 1 2 2 -
fruit fly Drosophila melanogaster 1 - 3 - 1 -
roundworm Caenorhabditis elegans 1 - - - 2 -
cnidarian Hydra vulgaris 3 1 2 - 1 -
placozoan Trichoplax adhaerens 2 10(9) 1 - 1 -
sponge Amphimedon queenslandica 2 20(9) 3 1 3 -
choanoflagellate Monosiga brevicollis 1 - - - 2 -
filose amoeboid Capsaspora owczarzaki 6 1 2 - 3 -
yeast Saccharomyces cerevisiae - - 1 1 - -
Amoebozoa slime mold Dictyostelium discoideum 2 1 1 - 1 -
Excavata african trypanosome Trypanosoma brucei 1 - - - 1 -
Chromalveolata Phytophthora nicotianae 3 - 1 2 1 -
Plantae mouse-ear cress Arabidopsis thaliana 2 - 1 - 2 -
Rhizaria chlorarachniophyte alga  Bigelowiella natans 2 - - - 5 -
Prokaryotes
Archaea Archaeoglobus fulgidus 1 - - - - -
Bacteria Escherichia coli 1 - - - - -
Streptomyces coelicolor 1 - 1 - 1 -
Viruses
Coronaviridae SARS 1 - - - - 1
Hepeviridae HEV 1 - - - - -
Togaviridae SFV 1 - - - - -

2 Due to a the limitations of available annotation data the table does not consider protein isoforms derived from alternative splicing

b Number of proteins is given in parentheses



Figure legends

Figure 1 Phylogenetic representation of evolutionary relationships between different
macrodomain sequences.

The phylogram shows the six major macrodomain branches and includes eukaryotic (black),
archaeal (blue), bacterial (green) and viral (red) representatives. The scale bar indicates the
genetic distance of the branch lengths and accession numbers of sequences used are given

after species and protein names.
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Figure 2 Schematic architecture of domains present in macrodomain representatives.

Schematic representation depicts the domain organization of macrodomain-containing
proteins from human as well as several other interesting domain architectures from other
organisms. The protein length (in amino acids) is given on the right and domain boundaries
on top of the corresponding scheme and correspond to the SMART/Pfam database. Domain
abbreviations: AAA, ATPase associated with diverse cellular Activities; Deltex_C, Deltex C-
terminal domain; Duf3729, domain of unknown function 3729; H2A, core histone H2A-like
domain; HELICc, Helicase conserved C-terminal domain; HIT, histidine tirade domain;
HLH, Helix-Loop-Helix DNA binding domain; Macro, macrodomain; NUDIX, nucleoside
diphosphate-linked moiety X; PARP cat., PARP catalytic domain; RdRP_2, RNA dependent
RNA polymerase; RING, (Really Interesting New Gene) finger domain; Peptidase C41,
Hepatitis E cysteine protease; Pkinase, protein kinase domain; RRM, RNA recognition motif;
SEC14, named after yeast Secl4p; Sir2, sirtuin domain; SNF2_N, SNF2 helicase family N-
terminal domain; Vmethytransf, Viral methyltransferase; WWE, named after the conserved

tryptophan and glutamate residues; ZnF, zinc finger
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Figure 3 Structure and reaction mechanism of the human hydrolytic macrodomain
classes.

(a) Topological representation of the macrodomain shows the organization of the central six-
stranded B-sheet (red) flanked on both sides by 5 a-helices (green). Note that several
macrodomains can contain additional a-helices and/or B-sheets. (b-e) The ribbon and surface
representations of four human macrodomains illustrate the binding of ADPr (b+c), lysyl-
ADPr intermediate (d) or dimeric ADPr (e) (yellow). The coordination of the adenosine
moiety by a conserved phenylalanine and/or asparagine residue as well as the substrate
binding loops 1 and 2 (red) are depicted in the magnification. (b) MacroH2A1.1 (blue; pdb:
31ID) as a reader macrodomain coordinates ADPr tightly in a relaxed conformation. (c)
MacroD2 (green; pdb: 41QY) coordinates ADPr in a strained conformation due to the
presence of a structural water molecule (dark blue) and Tyr190 (loop 2). The catalytic
residues Asn92 and Aspl102 (loop 1) interact electrostatically with the distal ribose. (d) The
catalytic Asp125 residue of TARGL1 (orange; pdb: 4J5S) resides, in contrast to MacroD1/2
and PARG, in substrate loop 2. The structure contains the lysyl-ADPr intermediate formed
with the catalytic Lys84. (e) Domain organization of PARG (pdb: 5A7R) showing the
macrodomain in blue, the accessory domain in orange and the short, unassigned C-terminus
in green. In the catalytic residue is mutated (E756N) to co-crystalize with the dimeric ADPr
substrate. All structures were generate with PyMol (Molecular Graphics System, Version 1.3

Schrodinger, LLC)
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