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Preface

ADP-ribosylation was discovered over 60 years ago, and much of the research focused on
bacterial toxins that used ADP-ribosylation to kill host cells. However, in the last 20 years, the
field has identified many cases where host-mediated ADP-ribosylation can either promote or repress
pathogenic infections. It is clear that ADP-ribosylation is a key component of the innate immune
response in eukaryotes and bacteria, and many of the mechanistic details of how ADP-ribosylation
impacts pathogens have yet to be uncovered. In this Special Issue, we have focused on publishing
unique reviews and primary research on the topic of pathogens and ADP-ribosylation. We hope that

you enjoy this collection.

Anthony K L Leung, Anthony Fehr, and Rachy Abraham
Editors
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Abstract: Emerging and re-emerging viral diseases pose continuous public health threats, and
effective control requires a combination of non-pharmacologic interventions, treatment with antivirals,
and prevention with vaccines. The COVID-19 pandemic has demonstrated that the world was least
prepared to provide effective treatments. This lack of preparedness has been due, in large part, to a
lack of investment in developing a diverse portfolio of antiviral agents, particularly those ready to
combat viruses of pandemic potential. Here, we focus on a drug target called macrodomain that is
critical for the replication and pathogenesis of alphaviruses and coronaviruses. Some mutations in
alphavirus and coronaviral macrodomains are not tolerated for virus replication. In addition, the
coronavirus macrodomain suppresses host interferon responses. Therefore, macrodomain inhibitors
have the potential to block virus replication and restore the host’s protective interferon response. Viral
macrodomains offer an attractive antiviral target for developing direct acting antivirals because they
are highly conserved and have a structurally well-defined (druggable) binding pocket. Given that this
target is distinct from the existing RNA polymerase and protease targets, a macrodomain inhibitor
may complement current approaches, pre-empt the threat of resistance and offer opportunities to
develop combination therapies for combating COVID-19 and future viral threats.

Keywords: coronavirus; alphavirus; SARS-CoV-2; macrodomain; ADP-ribosylation; ADP-
ribosylhydrolase; therapeutics

1. Introduction

Emerging and re-emerging viral diseases pose continuous public health threats that
have increased with globalization, population growth, urbanization, and climate change.
These disease-causing viruses range from zoonotic and sexually transmitted viruses such
as human immunodeficiency virus (HIV), to vector-borne viruses such as Zika virus and
chikungunya virus (CHIKV), to respiratory viruses such as HIN1 influenza virus and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The rapid mutation
of these RNA viruses can facilitate infection of new hosts, improve transmission, and
increase virulence with sudden spread into new regions. The medical, social, and political
consequences of these emerging infections are global but often disproportionately affect
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resource-poor countries, resulting in unequal social, health system, and economic burdens
on these populations.

Effective control requires a combination of non-pharmacologic interventions, treatment
with antiviral drugs and antibodies, and prevention with vaccines. Experience with the
COVID-19 pandemic and other recently emergent viral infections has exposed a lack of
effective treatments capable of protecting humans from the devastating effects of highly
deadly and contagious viral pathogens. This gap in preparedness has been due, in large
part, to a lack of investment in development of antiviral agents for classes of viruses that
were only “potential threats” and, if they did emerge, often caused only acute disease
and were quickly contained. When SARS-CoV-2 emerged, this dearth of therapeutics was
tragically exposed. Therefore, a multi-pronged investment in development of multiple
classes of direct-acting antiviral drugs effective against emergent RNA viruses is crucial to
prepare for the next epidemic/pandemic.

Coronaviruses, once thought to be mere contributors to the common cold, have
now caused three notable epidemics of life-threatening disease in the last two decades:
SARS-CoV in 2002-2003, Middle East respiratory syndrome coronavirus (MERS-CoV) in
20122015, and the current pandemic of SARS-CoV-2. All of these viruses are capable of
causing respiratory infection that can result in severe disease and even death in a high
proportion of those infected [1]. Currently, SARS-CoV-2 is the major public health challenge
worldwide, with more than 5 million deaths, accompanied by prolonged destabilizing
consequences for the global economy, life-expectancy, and education. The COVID-19-
induced global recession resulted in an economic contraction of 3.5% in 2020, with the most
pronounced downturn in the poorest countries. Furthermore, disruptions to health care
systems have increased deaths from other causes and hindered delivery of routine health
care services, such as immunizations. Another class of viruses with pandemic potential
are the mosquito-borne alphaviruses. Although previously geographically restricted, these
viruses continue to expand into new regions to cause epidemics of rash, arthritis, and
encephalitis [2,3]. The past 50 years have seen a dramatic emergence/re-emergence of
epidemic arboviral diseases, with 3.6 billion people (nearly half the world population)
living in urban areas with exposure to efficient Aedes aegypti mosquito vectors [4]. In
addition to incapacitating acute disease, a high proportion of individuals infected with
arthritis-causing alphaviruses, such as CHIKYV, Sindbis virus (SINV), and Mayaro virus
(MAYYV), develop chronic joint pain [5,6]. Although infectious virus is cleared promptly
after most acute RNA virus infections, including those caused by alphaviruses and coron-
aviruses, viral RNA often persists, accompanied by ongoing immune stimulation that may
contribute to prolonged symptoms [5,7-13]. Therefore, lack of effective treatment results
not only in deaths due to acute disease but also in prolonged disability that could likely
be prevented with antiviral treatment [14,15]. Availability of effective antiviral drugs for
both coronavirus and alphavirus infections would decrease hospitalizations, deaths, and
long-term disability, with benefits for individuals and society. A common feature of these
virus families that offers a potential target for antiviral drug development is the highly
conserved macrodomain.

2. Macrodomains Represent a Unique Target for Pathogens of Pandemic Potential

Few antivirals are available for treatment of SARS-CoV-2 [16], and no treatments are
available for infection with any alphavirus. Antiviral drug development for coronaviruses
has mostly focused on nucleoside analogs as inhibitors of RNA polymerase function (e.g.,
remdesivir or molnupiravir) and peptide analogs that inhibit viral proteases (e.g., nirma-
trelvir). Likewise, preliminary evaluation of drugs that inhibit alphavirus replication have
most commonly targeted the proteases or polymerase [17,18]. However, there remains a
substantial need for developing additional antivirals with novel targets. Identifying distinct
targets that require different antiviral mechanisms may complement current approaches,
pre-empt the threat of resistance, and offer opportunities to develop combination ther-
apy. Both viral families contain a highly conserved macrodomain that is critical for viral
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replication and virulence, making it an attractive therapeutic target [19,20]. Macrodomain
inhibitors, if successfully developed, could be significant weapons in the future antiviral
armamentarium to combat these pathogenic viruses with epidemic potential. Here, we
summarize the role of the macrodomain in viral replication and virulence and review the
current efforts to develop macrodomain inhibitors as direct-acting antivirals.

3. The Biochemistry of Macrodomains

ADP-ribosylation is a post-translational modification catalyzed by ADP-ribosylt-
ransferases (ARTs, also known as PARPs [21]) that transfer an ADP-ribose moiety from
NAD" onto target proteins [22]. The ADP-ribose molecule is transferred as a single unit
of mono-ADP-ribose (MAR) or as consecutively attached single units of MAR through
glycosidic bonds to preceding ADP-ribose units covalently to form a poly-ADP-ribose
(PAR) chain. A macrodomain is a conserved protein fold, existing either as a single protein
or embedded within a larger protein, capable of binding to and, in some cases, reversing
this modification [19,20,23]. The macrodomain structure consists of a three-layered ot/ 3/ ot
fold and a conserved ADP-ribose binding pocket (Figure 1a,b) [24].

(a) (b)

Figure 1. (a) The structure of SARS-CoV-2 macrodomain complexed with ADP-ribose (6WOJ);
(b) hydrogen bonds (dashed lines) between amino acids in the binding pocket and ADP-ribose.
Obtained from Alhammad et al., 2020.

These macrodomains are identified in all kingdoms of life [22], including a subset of
plus-strand RNA viruses: alphaviruses, coronaviruses, rubella virus, and hepatitis E virus
(HEV) [19,20,23]. Viral macrodomains bind to ADP-ribose, its derivatives, and protein-
conjugated ADP-ribose. Viral macrodomains are highly conserved in the nonstructural
proteins of both alphaviruses and coronaviruses and belong to the MacroD subclass that has
ADP-ribosylhydrolase activity [19,25-30]. All alphaviruses contain a single macrodomain
in the N-terminal portion of nonstructural protein 3 (nsP3) while the highly pathogenic
[3-coronaviruses SARS-CoV, SARS-CoV-2, and MERS-CoV contain two to three tandem
macrodomains in their nsP3, but only the first (Macl) possesses ADP-ribosylhydrolase ac-
tivity [31]. The coronavirus and alphavirus macrodomains are primarily MAR-hydrolases,
although alphavirus and HEV macrodomains may also have PAR-hydrolase activity, espe-
cially when coupled with other proteins [27,32,33]. Therefore, these viral macrodomains,
while conserved across different viral families, may have distinct functions.

4. Viral Macrodomains Are Critical for Viral Replication and Disease Pathogenesis

Some mutations in the ADP-ribose binding regions of coronavirus, alphavirus, and
HEV macrodomains are not tolerated and viruses cannot replicate, indicating an essential
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function for this domain [28,34-36]. Alphavirus macrodomain mutants without binding
or hydrolase activity are not viable due to defects in initiation of infection and viral RNA
synthesis [34,35]. In addition, hydrolase activity is critical later in infection for translation
of the sub-genomic RNA to produce the viral structural proteins and for disruption of
stress granules, which are enriched with translation initiation factors [28,33,34].

Other viruses without macrodomain activity, such as SARS-CoV N1040A, can replicate
normally in some tissue culture cells, but these mutants are attenuated in mice [37]. Studies
in animals have shown that macrodomain ADP-ribosylhydrolase activity is critical for both
coronavirus and alphavirus pathogenesis (e.g., Figure 2a,b) [20,38]. These data indicate
that, while there may be virus- and cell-type specific differences in macrodomain function,
the macrodomain is universally necessary for virus virulence.

100-—[|
100 '
80+ [}
80+ —_ .
© [
= > 60+
E 60 ; L ’
cn; 401 @ 407 -t \WT
N H¥+ WT n=21 X
© 948 N1040A#1 n=10 20+ - Y114A
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0 T T T T T 1 0 v ' ! ] U
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(a) (b)

Figure 2. SARS-CoV and CHIKV macrodomain activity is required for viral pathogenesis. (a) Female
Balb/C mice were infected with a lethal dose of SARS-CoV and equivalent amount of 2 separate
clones of macrodomain mutant (N1040A) virus and monitored for survival over 12 days. Data
from Fehr et al., 2016; (b) 2-day old CD-1 mice (N = 24-28/group) were infected with CHIKV or
nsP3 macrodomain mutants Y114A and G32S and monitored for survival over 10 days. Data from
McPherson et al., 2017.

The coronavirus macrodomain is also required for full repression of the interferon (IFN)
response during infection. Mouse hepatitis virus (MHV) and SARS-CoV macrodomain
mutant viruses increase innate immune responses following infection [37,39]. Furthermore,
it was demonstrated in a co-infection model that this antiviral response helped protect mice
from a lethal SARS-CoV infection [37]. Importantly, an early IFN response after infection
is critical for its protective effects. Early administration of IFN-I or IFN-III is protective in
mouse models of SARS-CoV and MERS-CoV infection, but administration of IFN in the
later stages of infection is not [40,41]. Unlike the wild-type virus which suppresses IFN
response, macrodomain mutant virus infection elicits IFN induction in the very early stages
of infection [37,39]. Thus, macrodomain inhibitors have the potential to restore the host’s
protective early and robust IFN response in addition to blocking virus replication.

5. Viral Macrodomain Counteracts Host Antiviral Responses Mediated through PARPs

Several PARPs are induced by virus infection and by IFN, indicating a role for PARPs
and ADP-ribosylation in the antiviral response [39]. Amongst the 17 PARPs in humans,
4 are capable of adding PAR (PARPs 1, 2, 5a, and 5b), 11 add MAR (PARPs 3, 4, 6, 7,
8, 10, 11, 12, 14, 15, and 16), and 2 are catalytically inactive by themselves (PARPs 9
and 13) [21]. PARPs 9, 12, 13, and 14 are amongst the 62 IFN-stimulated genes conserved
across vertebrates as part of the innate response to infection [42]. Induction of PARPs is
observed in the brains of alphavirus and MHV-infected mice and simian immunodefi-
ciency virus (SIV)-infected macaques, in SARS-CoV-2-infected human lung and bronchial
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cells, ferrets, and COVID-19 autopsy samples [35,43,44], and likely many other viral
infection models.

Several pieces of evidence indicate that some PARPs may be critical for the host
antiviral response [20,45]. Overexpression of PARPs 7, 10, and 12 strongly represses
the replication of several classes of RNA viruses [46,47]. More recently, PARP11 and
PARP12 were found to cooperatively inhibit Zika virus replication by ADP-ribosylating
non-structural proteins, which targeted them for degradation [48,49]. Furthermore, PARP12
was identified in a screen for proteins that interact with SARS-CoV-2 genomic RNA, and
PARP12 knockdown enhanced replication of SARS-CoV-2 in Calu-3 cells [50]. In addition,
PARP7 and PARP11 ADP-ribosyltransferase activity reduces IFN signaling, resulting in
enhanced replication of influenza virus and HSV-1 [51,52].

Most virus-induced PARPs add MAR to proteins, and viral macrodomains primarily
bind and remove MAR from protein. Therefore, one intriguing hypothesis is that viruses
may circumvent host defenses or regulate replication by binding or removing specific
classes of ADP-ribosylation (Figure 3). Indeed, inhibition of PARP activity with 3-AB
enhances the replication of a MHV macrodomain mutant virus (N1347A), indicating that
the macrodomain counters PARP activity [39]. Similarly, knockdown of PARP12 or PARP14
partially restored the mutant virus replication, demonstrating the ability of these MAR-
adding PARPs to restrict MHV replication [39]. On the contrary, enhancing PARP activity
by supplementing cells with NAD" precursors, such as nicotinamide riboside, further
restricts the replication of these mutant viruses [44], supporting the critical importance of
ADP-ribosylation removal by coronaviruses.

Host Virus

4 PARP macro‘do’main
adds | removes

ADP-ribosylation

Figure 3. Working model: arms-race on ADP-ribosylation between host PARPs and virus
macrodomains.

6. High Conservation of the Viral Macrodomain Indicates the Potential to Develop
Broad Spectrum Antivirals

The macrodomain is highly conserved in all coronaviruses, including all seven human
coronaviruses, with 100% conservation of key residues critical for ADP-ribosylhydrolase
activity (Figure 4). These key residues are also conserved in both New World encephalitic
and Old World arthritic alphaviruses, such as CHIKV, MAYV, and eastern, western, and
Venezuelan equine encephalitis viruses (EEEV, WEEV, and VEEV). The conservation ex-
tends to animal reservoir coronaviruses that pose future threats of zoonotic disease.

Mutagenesis has revealed that structural and amino acid configurations of the macrod-
omain ADP-ribose binding site are critical for viral replication and virulence. Some mutant
viruses are completely non-viable. For example, no mutant viruses can be recovered from
cells transfected with CHIKV RNA with mutations of D10A, G32E, G112E, or R144A,
and recovered viruses are all reverted to wild type [28]. Similarly, SINV with an N10A
mutation is non-viable, and recovered viruses are reverted to the wild type, mutated to D
or T, or have developed an A31G compensatory mutation [53]. A similar phenomenon is
observed in coronaviruses: most recovered G1439V mutant MHVs are reverted to wild type
or have developed a compensatory mutation, A1438T, and the D1329A /N1347A double
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Coronavirus Alphavirus

HKU4 (bat)

Conservation

Coronavirus Alphavirus

HKU4 (bat)

Conservation

mutant cannot be recovered [36]. Because these residues line ADP-ribose binding sites,
these data indicate strong selective pressure to maintain the macrodomain structural and
amino acid configurations. Consistent with this premise, our recent genomic analyses of
440,212 SARS-CoV-2 sequences, including those from all variants of concern, revealed
that key residues for binding ADP-ribose remain constant [54]. The high conservation
observed suggests the potential of developing antivirals targeting particular, or even across,
virus families.
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Figure 4. Amino acid analyses revealed high conservation of key residues responsible for
macrodomain ADP-ribosylhydrolase activities (pink circles). Alphavirus: CHIKV; MAYV, VEEV,
EEEV; Coronavirus: SARS-CoV (SARS), SARS-CoV-2 (SARS2), MERS-CoV (MERS), and a bat coron-
avirus (HKU4).

7. Structural and Biochemical Data Indicate Feasibility of Developing
Macrodomain-Targeted Antivirals

One advantage of choosing the macrodomain as a drug target is that over 500 struc-
tures have been deposited in the Protein Data Bank, including 314 from viruses and 130 from
humans. Cross-comparison of this rich structural dataset provides us with foundational
information on the commonalities and differences across virus and human macrodomains.
Structural analyses of SARS-CoV-2 and CHIKV macrodomains revealed three defined
druggable “pockets” near the active site as potential targets for small molecule inhibitors
(Figure 5a) [32,55-57]. The largest pocket P1 is where ADP-ribose binds, whereas adjacent
pockets P2 and P3 could be explored for structure-based drug discovery. Several groups,
using computational docking, fragment-based screens, thermal shift assays, and crystallo-
graphic screening, independently identified several fragments/compounds, including the
metabolite of remdesivir G5-441524, that bind to the SARS-CoV-2 macrodomain [58-67].
Furthermore, using a displacement assay, some fragments identified in crystallographic
screening inhibited ADP-ribose binding, albeit at very high concentrations [67]. In addition,
a fragment-based screen showed binding of 2-oxo-1,2-dihydro-4-quinazoline-carboxylic
acid (SRI-43750) to the CHIKV macrodomain [66].

Importantly, although macrodomains are also present in human proteins, structural
and electrostatic differences should permit virus-specific targeting [54,68]. For example,
although MacroD2 is the closest human homolog of SARS-CoV-2 with ~30% sequence
identity and a similar 3D structure, the amino acids surrounding key residues for catalytic
activity are different (Figure 5b), resulting in a less charged pocket [54]. As expected, the
P1 pocket is well conserved for ADP-ribose binding, but P2 and P3 pockets are much less
conserved and can be exploited for selective drug targeting against the viral macrodomain
(Figure 5a). Biochemical data have confirmed that MacroD2 has activities that are sig-
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nificantly different from those of the viral macrodomains. MacroD2 binds much more
efficiently to ADP-ribose than coronavirus macrodomains but ADP-ribosylhydrolase ac-
tivity is reduced [32,54]. Consistent with these structural and biochemical findings, our
recently developed ADP-ribosylhydrolase activity assay identified dasatinib as an inhibitor
of SARS-CoV-2 Macl, but not human MacroD2 [54]. Our data demonstrate the feasibility
of identifying selective inhibitors based on ADP-ribosylhydrolase activity, paving the way
for screening larger libraries to identify improved macrodomain inhibitors.

Figure 5. Druggable pockets of SARS-CoV-2 macrodomain and similarities with human MacroD2.
(a) Ribbon representation of SARS-CoV-2 macrodomain with surface representation of the druggable
pockets (P1, P2, P3). Additional minor pockets MP1, MP2, and MP3 are generally too small to
be considered a good exploitable binding site as their volume is <200 A3 and would only allow
small fragments to bind with typically low inhibitory potential. The right panel shows a 90°-rotated
view along two axes; (b) identities between SARS-CoV-2 Macl macrodomain and the closest human
homolog MacroD2 are shown in blue, conserved residues in wheat, and different residues in white.
Views in b are identical to the orientation in a.

8. High-Throughput Assays for Compound Screening

Not only is the macrodomain a suitable target both virologically and biochemically,
but high-throughput screening assays are now available to quickly identify hit com-
pounds. These assays can efficiently screen for compounds that can inhibit macrodomain-
ADP-ribose binding or macrodomain ADP-ribosylhydrolase activity. One of the first
macrodomain high-throughput screening (HTS) assays, developed by Schuller et al., is
an ADP-ribose displacement assay using AlphaScreen technology [69]. It was initially
described in a screen used to identify inhibitors of the 2nd macrodomain of PARP14 and
has since been used for the SARS-CoV-2 macrodomain [67]. AlphaScreen is a bead-based,
non-radioactive Amplified Luminescent Proximity Homogenous Assay, where a “donor”
bead converts ambient oxygen to singlet oxygen, which interacts with an “acceptor” bead
generating chemiluminescence at 370 nm and in turn activates additional fluorophores
in the bead with emission at 520-620 nm. To give off a signal, the two beads must be
in close proximity to each other or the singlet oxygen will go undetected. To make this
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assay suitable to measure macrodomain-ADP-ribose binding, a peptide was developed
that has a biotin molecule attached to one lysine and a non-hydrolysable ADP-ribose on
another lysine. Histidine-tagged macrodomains that are bound to this peptide will interact
with a donor streptavidin bead and an Ni?* acceptor bead, which will then give off the
light signal (Figure 6a). Another ADP-ribose binding assay recently developed by Sowa
et al. is a FRET-based assay [70]. In this assay, a YFP-tagged Go protein-based peptide
is ADP-ribosylated by pertussis toxin at a cysteine residue, which cannot be hydrolyzed
by viral macrodomains. This protein is then incubated with a CFP-labeled macrodomain,
which will then give off a FRET signal upon binding. Using this assay, the authors identified
suramin as a non-specific inhibitor of multiple macrodomain-containing proteins which,
interestingly, was previously shown to inhibit alphavirus replication in cell culture [71].
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Figure 6. Assays developed to use high-throughput screening for macrodomain inhibitors.
(a) Cartoon diagram depicting a bead-based AlphaScreen assay for measuring macrodomain interac-
tion with an ADP-ribosylated peptide. SA—streptavidin; NiZ*—Nickel; Hisg-MD—Histidine-tagged
macrodomain; ADPR—ADP-ribose; (b) Schematics of ADPr-Glo assay (see text for more details).

In addition, the binding of ADP-ribose or chemical compounds to the macrodomain
can be indirectly assessed by differential scanning fluorimetry (DSF). DSF involves the
use of a fluorescent dye (e.g., SYPRO Orange) with affinity for hydrophobic portions of
proteins, which are exposed as proteins unfold. Binding of ADP-ribose to the macrodomain
reduced the increase in fluorescence upon heat denaturation, indicating an increase in
the melting temperature, and thus the stability of the SARS-CoV-2 macrodomain when
bound to ADP-ribose [32,58]. Virdi et al. used this assay to screen ~2500 compounds for
their ability to alter the melting temperature of the macrodomain. This screen identified
nucleotides, steroids, antibiotics, and benzimidazoles as potential macrodomain binders.
Molecular docking experiments suggested that some of these compounds may interact in
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the ADP-ribose binding pocket of the SARS-CoV-2 macrodomain [58]. However, many
compounds influence the observed protein melting temperature by either quenching
fluorescence, increasing fluorescence, or interacting with the reporter dye when mixed with
SYPRO Orange, and may therefore be scored as a false positive or false negative in a DSF
screen [58].

Measurements of macrodomain ADP-ribosylhydrolase activity have historically relied
on gel-based autoradiography and Western blot assays that are not practical for screening
large numbers of compounds [26,29]. More recently, our group developed a novel assay
that measures ADP-ribosylhydrolase activity in a high-throughput, luminescence-based
format called ADPr-Glo (Figure 6b) [54]: First, ADP-ribose is released from a defined
MARylated substrate by the macrodomain ADP-ribosylhydrolase of interest. Second, the
phosphodiesterase NudF cleaves the released ADP-ribose into phosphoribose and AMP.
Finally, AMP is converted to luminescence with the commercially available AMP-Glo
kit. This method takes advantage of the substrate selectivity of NudF, which cleaves free
ADP-ribose but has no activity toward protein-conjugated ADP-ribose [72]. Therefore, the
luminescence signal is controlled by the rate of the ADP-ribosylhydrolase. ADPr-Glo can
be performed in 384-well plates with reaction volumes as low as 5 pL, greatly minimizing
time and costs compared to traditional gel-based activity assays [28,32]. We established
ADPr-Glo conditions for inhibitor screening and multiple macrodomains, including SARS-
CoV-2 Macl, MERS-CoV Macl, and their closest human homolog, MacroD2. In a pilot
screen of the 3233 pharmacologically active compounds, we identified dasatinib and
dihydralazine as ADP-ribosylhydrolase inhibitors for both human and viral macrodomains
tested. Importantly, dasatinib inhibits SARS-CoV-2 and MERS-CoV Macl but not the
closest human homolog, MacroD2. The selectivity demonstrates it is possible to discover
drugs that specifically inhibit viral macrodomains. Although cytotoxic when used at uM
concentration, dasatinib has antiviral activities against SARS-CoV and MERS-CoV through
an unknown mechanism [73]. These proof-of-concept data pave the way for screening
large compound libraries to identify improved macrodomain inhibitors and explore their
potential as antiviral therapies for SARS-CoV-2 and future viral threats [54].

Finally, Russo et al. also developed an immunofluorescence-based assay to assess
the activity of SARS-CoV-2 Macl activity in cells [74]. Activation of IFN responses, by
treating cells with IFN-y or the double-stranded RNA mimic, poly(I:C), robustly induces
ADP-ribosylation in cells, which can be removed by ectopic expression of wild type, but
not catalytically inactive mutant, Macl. Although the initial screen of a limited set of
compounds did not yield any hits, this assay may potentially be used in the future for
testing the target engagement of potential macrodomain inhibitors in cells.

9. Conclusions

Viral macrodomains offer an attractive antiviral target because they are highly con-
served and have structurally well-defined (druggable) binding pockets. Because the viral
macrodomain is mechanistically distinct from more common antiviral targets (e.g., vi-
ral polymerases or proteases), a macrodomain inhibitor would facilitate development of
combination therapies for optimal treatment (as successfully developed for HIV). Besides
inhibiting viral replication, macrodomain inhibitors may also boost immune responses that
contribute to the recovery from disease [75].

Furthermore, coronaviruses and alphaviruses are prominent veterinary pathogens,
so macrodomain inhibitors may also be useful for treatment of animals. While the current
focus is on targeting macrodomains for antiviral therapy, drug development efforts may
identify compounds that can inhibit human macrodomains as well. These inhibitors may
have important uses in other human diseases such as cancer, metabolic disorders, and
inflammatory diseases. In addition, first-generation macrodomain inhibitors may also
serve as tools to probe pathways regulated by ADP-ribosylation that may be attractive
novel targets for development of therapeutic interventions.
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Abstract: The principal understanding of the Poly(ADP-ribose) polymerase (PARP) regulation of
genomes has been focused on its role in DNA repair; however, in the past few years, an additional
role for PARPs and PARylation has emerged in regulating viral-host interactions. In particular, in
the context of DNA virus infection, PARP1-mediated mechanisms of gene regulations, such as the
involvement with cellular protein complexes responsible for the folding of the genome into the
nucleus, the formation of chromatin loops connecting distant regulatory genomic regions, and other
methods of transcriptional regulation, provide additional ways through which PARPs can modulate
the function of both the host and the viral genomes during viral infection. In addition, potential viral
amplification of the activity of PARPs on the host genome can contribute to the pathogenic effect of
viral infection, such as viral-driven oncogenesis, opening the possibility that PARP inhibition may
represent a potential therapeutic approach to target viral infection. This review will focus on the role
of PARPs, particularly PARPI, in regulating the infection of DNA viruses.

Keywords: PARP1; DNA virus; epigenetic; viral gene regulation

1. PARP Overview

Poly (ADP-ribose) polymerase (PARP) proteins are a family of proteins responsible
for the transfer of single or multiple ADP-ribose moieties to protein acceptors utilizing the
NAD-+ as substrate, a process labeled Mono-ADP-ribosylation (MARylation) or Poly-ADP-
ribosylation (PARylation), respectively [1-3]. The addition of these long moieties to target
proteins, especially by PARP1 and PARP-2, has been primarily associated with several
regulatory mechanisms, including DNA repair and programmed cell death [4-7]. However,
the discovery of an increasing number of novel proteins capable of PARylation has been
accompanied by an increase in known targets of PAR modifications [7]. The ability of
PARylation to directly modify the structure and activity of proteins and associated elements
in addition to functioning as a recruiter for additional proteins indicates that PARylation is
capable of multiple means of regulation [7].

Early work regarding PARPs (especially PARP1) has focused on the DNA repair
mechanisms of PARPs and PARP1-induced cell death [1,4,8]. This mechanism relies on
charged ADP-ribose moiety polymers recruiting proteins responsible for DNA repair [9].
PARP1-dependent cell death—parthanatos—is enabled by high levels of PARP1 activity
resulting in DNA fragmentation along with depletion of cellular NAD+ and ATP [10,11]. In
addition to DNA repair mechanisms, the presence of PAR can recruit proteins responsible
for other regulatory pathways [12]. While seventeen unique PARPs have been discovered,
only five (PARP1, PARP-2, PARP-3, tankyrase-1, and tankyrase-2) have been directly
associated with PARylation, while the others have not been shown to build ADP-ribose
polymers [13-15]. Additionally, in regard to DNA damage, PARP1 is responsible for the
majority of PARylation activity, while the other PARPs have more limited—and potentially
more specific—regulatory roles [14]. While less work has been conducted regarding Mono-
ADP-Ribosylation, there is evidence of similar roles of MARylation in cellular processes [16].
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2. The Role of PARP1 in the Regulation of the Epigenome

PARylation is commonly associated with DNA repair. However, several epigenetic
regulatory pathways utilize PARP1 and PARylation to modify chromatin structure and
regulate gene expression. It is beyond the scope of this review to provide an exhaustive
and comprehensive overview of the role of PARP1 on transcription, for which we refer
readers to the works of Kraus, Ko and Ren, and Huang and Kraus [17-19]. Nevertheless,
essential epigenetic mechanisms regulated by PARP1 and are eventually relevant to virus
infection are further discussed.

2.1. PARPs’ Regulation of Nucleosome Structure

PARP1 and PARylation regulate transcription through multiple mechanisms that di-
rectly interact with and remodel chromatin structure, due to the ability of PARP1 to bind
to DNA [17]. PARP1 can create compact chromatin structures comparable in function to
H1 repressed chromatin structures [17,20]. Specifically, the DN A-binding domain (DBD)
containing PARP1’s Zinc regions is involved individually in transcriptional repression and
works cooperatively with the catalytic domain (CAT) to form condensed chromatin struc-
tures [20]. This N-terminal DNA binding domain consists of two Zinc fingers responsible
for DNA interaction. PARP1’s zinc finger 2 has a strong affinity for DNA breaks (enabling
PARP1’s DNA repair mechanism), while zinc finger 1 is responsible for the activation
of PARylation activity [9]. The DBD, in conjunction with the catalytic domain of PARP1,
can both condense individual nucleosome regions and form condensed structures of ad-
jacent nucleosomes [20]. The DBD is crucial for the recruitment of PARP1 to chromatin,
enabling the CAT activity on chromatin by “tethering” PARP1 to the DNA, which in turn
can condense individual nucleosomes [20]. Furthermore, the CAT was found to bring
together multiple nucleosomes into a denser structure through the catalytic activity that
promotes PARP1 dimerization, drawing together multiple PARP1-bound nucleosomes,
which creates a further repressed chromatin structure [20]. PARP1 is also involved in
inhibiting this process, as PARP1 loses its nucleosome affinity when it is PARylated at the
BRCT region, located in the middle core domain of the protein, which is usually referred
to as the auto-modification domain [21-25]. PARP1 auto-PARylation results in the loss of
the chromatin-compacted structures [17,20]. Together, these functions provide a picture of
the specific roles of the domains of PARP1 in condensing chromatin structure: the DBD
recruits PARP to the chromatin structure, whereas the CAT provides the enzymatic activity
required for creating the structure, and the BRCT provides a spot for the auto modification
responsible for reversing this process. This role of BRCT implies that the control of PARP
enzymatic function determines both the condensing and opening of chromatin through
nucleosome PARylation and auto-PARylation, respectively.

In addition to the cooperation of the DBD and CAT domains to repress chromatin, the
DBD of PARP1 is capable of inhibiting transcription through the repression of RNA Pol
II activity when bound to chromatin, meaning that when attached to chromatin, PARP1
has multiple methods to regulate transcription [20]. This method of transcriptional regu-
lation is independent of the previously described nucleosome compaction but functions
simultaneously, providing a cooperative method of transcriptional repression [20].

2.2. The Regulation of CTCF by PARP1

The CCCTC-binding factor (CTCF)—a highly conserved zinc-finger protein—has been
implicated in transcriptional regulation by remodeling the three-dimensional structure of
the chromatin [26]. CTCF has been identified in the formation of chromatin loops associated
with transcriptional activation, insulation, and silencing [26,27]. Additionally, CTCF can
function as an activator of PARP1 and is regulated in part via PARylation [17,28-31]
(Figure 1). CTCF recruits PARP1—in the absence of the usual stress signals such as DNA
damage—Dboth to stabilize its own binding to chromatin and to recruit PARP1 for chromatin
modifications [17,31]. While PARP1 recruited by CTCF can have multiple targets (such as
CTCF itself), a common target of PARylation by CTCF-recruited PARP1 is PARP1 itself,
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@ DNA methylation

Histone deacetylation

suggesting that CTCF can function as a regulator of auto-PARylation [17,31]. Additionally,
PARG has been identified as reversing the modifications made by CTCF-recruited PARP1,
suggesting that these modifications are transient in many cases [29]. The high levels of
PARG and associated PAR depletion have even been shown to remove CTCF binding from
key regulatory locations [32].
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Figure 1. Overview of PARP1 regulation of epigenetic modification. (1) PARP1 binding to the NF-
kB complex enables gene transcription of immune responses (2) PARP1 PARylation of the EZH2
component of the PRC2 complex downregulates H3K27 methylation. (3) PARylation of KDM5A
inhibits histone demethylation. (4) PARylation of CTCF enables stable formation of chromatin
loops (5) PARylation of SIRT1 decreases SIRT1 histone deacetylation activity. (6) PARylation of
DNMT1 decreases DMNT1 methyltransferase activity. (7) Direct PARylation of histones prevents the
formation of dense inaccessible chromatin structure. NAM, nicotinamide. The figure was created
with Biorender.

2.3. The Regulation of Histone Modifications by PARP1

PARP1 is associated with the repression of transcription through direct interactions
with chromatin structure; conversely, PARP1 has been associated with the upregulation of
transcription through histone interactions and modifications (Figure 1). PARP1 promotes
transcription through the PARylation of histone H1 and core histones, which results in in-
creased transcription [33]. This PARylation resulted in the opening of condensed chromatin
structures due to the negative charge of the PAR polymer, weakening the chromatin-histone
interaction and allowing for increased transcription. Although the primary histone acceptor
of PARylation is H1, additional core histones are essential targets of PARylation, especially
in H1-depleted chromatin structures [33]. For example, PARP1 activity has been associated
with chromatin opening due to the PARylation of chromatin-bound histone H2B, which
inhibits normal histone interaction with the DNA, similarly to its effect on H1 [34,35].
These PARP1 modifications have specifically been suggested to target the amino-terminal
of histone tails, indicating that potentially histone acetylation at this location would have an
inhibitory effect on PARylation at this site and associated upregulation in transcription [36].
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Although PARylated histones are still found to be associated with chromatin, they are
incapable of forming either the H1l-chromatin structures typically found in H1 condensed
chromatin or other canonical H1 interactions found in condensed chromatin. PARylation
addition to the H1 chromatin binding sites was found to competitively bind to linker
histones, displacing these linker histones and leading to increased chromatin opening [36].
In addition to the regulation of nuclear histones, cytoplasm-localized H2B, H2A, H3, and H4
were all established as targets of PARylation at specific lysine residues localized near histone
tails [36]. Furthermore, the exclusion of H1 from chromatin structures due to PARylation
has been demonstrated to increase transcription due to the increasing accessibility of the
transcription start promoter site [37].

In addition to directly modifying histones, PARP1 has been associated with the regu-
lation of histone modifications, such as the downregulation of the repressive chromatin
marker H3K27me3. PARP1 inhibition was associated with the increased activity of Poly-
comb Repressive Complex 2 (PRC2)—a protein complex responsible for the methyltrans-
ferase activity of lysine 27 on H3—resulting in decreased condensed chromatin [38]. Ad-
ditionally, in BRCA2 proficient cancers, this PARP1-PRC2 interaction has been shown to
inhibit NF-kB immune activity [39-41]. This data would suggest that PARP1 supports tran-
scriptionally activated chromatin through the downregulation of PRC2 activity (Figure 1).
This inhibition of PRC2 was determined to be a consequence of the PARylation of the EZH2
enzymatic component of PRC2, which prevents the methyltransferase activity of PRC2
due to decreasing the strength of EZH?2’s interaction with histone H3 [41]. This PARyla-
tion of EZH2 results in EZH2 disassociation from the PRC2 complex in addition to the
downregulation of EZH? [42]. An additional pathway through which PARP1 modifies H3
methylation is through the PARylation of the demethylase protein KDMS5B (Figure 1) [37].
PARP1 was found to preserve transcriptionally activating H3K4 trimethylation through
the inhibition of KDM5B, which is responsible for H3K4me3 demethylation [37]. PARP1
was established as a critical element in preventing the KDM5B repression of target genes
through H3K4me3 demethylation, as PARylated KDMB5B is incapable of binding target
histones [37]. Corroborating data have shown that the PARP1 PARylation of EZH?2 re-
sults in EZH?2 disassociation from the PRC2 complex, and subsequent downregulation of
H3K27me3 [42].

Beyond the modification of histone methylation, PARP1 plays an additional secondary
role in histone modification through the regulation of proteins responsible for histone
acetylation. Histone H3 and H4 were found to have higher levels of acetylation in the
presence of PARP (despite, of course, PARP1 having no HAT activity) [43]. PARP1, in-
dependent of activation by DNA breaks, participates in the ERK/MAP kinase signaling
cascade, heightening the ERK-mediated histone H3 and H4 acetylation activity [43]. This
is enabled by a pERK2-PARP1 complex. When this complex is formed, PARylated ERK2
increases the phosphorylation of ELK1, which in turn is responsible for the activation of
HATs such as CBP/p300 [44]. Additionally, the ERK2-PARP1 complex is responsible for
the increased PARylation of histone H1 [44]. The PARG-mediated downregulation of this
activity is associated with the removal of H3 and H4 acetylation, further suggesting that
the presence of PAR moieties serves to regulate H3 and H4 acetylation [45]. This allows for
PARP1 to act as a promotor of H3 and H4 acetylation, where in turn PARG acts to regulate
this PARP1-mediated acetylation [45].

2.4. The Regulation of DNA Methylation by PARP1

PARP-mediated PARylation has been associated with the regulation of DNA methyla-
tion (Figure 1). It has been identified that active PARP1 is responsible for regulating DNA
methylation by interacting with the DNA-methyltransferase DNMT1 [31,45,46]. This pro-
cess is regulated through auto-PARylation, which determines the extent of PARP1 activity
on such protein [9]. While PARP1 itself has no direct involvement with DNA methylation,
it has been identified as a regulator of DNMTT1 activity [31,45,46]. Based on the proposed
model, it is suggested that when PARP1 is auto-modified (PARylated) or when PARs are
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present, they cause DNMT1 to become catalytically inactive and, therefore, less effective
at carrying out DNA methylation. [31,45,46]. These changes have been implicated in
the formation of less-dense chromatin structure, presumably a cooperative process with
PARP1-mediated histone H1 modifications as DNA methylation’s transcriptional inhibi-
tion has relied upon the presence of linker histones, potentially suggesting a synergistic
effect [47,48]. A proposed mechanism for the PARP1-mediated regulation of methylation
suggests also that PARP1, activated by the CTCF binding factor, could deactivate DNMT1
activity through the PARylation of two DNA binding domains [46,49,50]. Furthermore,
CTCF binding is strengthened in a complex with DNMT1 and auto-PARylated PARP1 [2].
In addition to PARylation directly inhibiting DNMT1 activity, EZH2 (a component of the
PRC2 complex) has been implicated as a “recruitment platform” for DNMT1 [28]. These
data, taken with PARP1’s role in inhibiting EZH2 activity, could suggest that PARP1 is able
to further regulate DNA methylation through EZH2.

2.5. The Regulation of Protein Acetylation by PARP

In addition to the role of PARP1 in modifying histones through acetylation path-
ways, there is evidence of PARP1 having a role in protein acetylation beyond histones
(Figure 1) [51-53]. In mouse models, PARP inhibition was associated with increased Sirtuin
activity, suggesting that PARP1 and PARP-2 are responsible for maintaining protein acety-
lation [53]. The acetylation of High-Mobility Group Box-1 (HMGB1), a mediator in the
inflammatory response, was found to be upregulated through multiple PARP1-mediated
mechanisms, which is critical for the transport of HMGBI to the cytoplasm and eventual
release [52]. PARP1 was found to play a role in both the activation of acetyltransferases
and the deactivation of deacetyltransferases [53]. Additionally, the PARylation of HMGB1
was found to facilitate acetylation [53].

3. Viral Utilization of PARylation
3.1. Immune Response

Studies over the past two decades have provided important insights into the role that
PARPs and PARylation play in regulating the immune response of host cells to pathogens.
PARP1 has been identified as a mediator in the activation of host antiviral immune re-
sponses. Nuclear factor-kappa B (NF-kB) is a crucial regulator of several antiviral immune
responses, and PARP1 has been shown to have an interaction with both NF-«B subunits
P50 and p65, in addition to interacting with p300—a coactivator of NF-kB [53] (Figure 1).
In the absence of PARP1, NF-kB-dependent immune response proteins were found not
to be expressed [54,55]. NF-kB is a central player in immune and inflammatory signaling
responses and is responsible for various immune responses. While most studies have
focused on the role of NF-«B as a transcription factor necessary for the development of B
cells, NF-«B is also critical for the development and function of T cell thymocytes, dendritic
cells, macrophages, and fibroblasts [56-58]. Additionally, NF-kB is responsible for antivi-
ral inflammatory activation [59,60]. NF-kB can regulate these responses partly through
its activity as a regulator of transcription; NF-kB has been shown to selectively activate
and deactivate transcription through its direct interaction with HAT and HDAC enzymes
which regulate H4 acetylation on histones near regions responsible for immune response
genes [58,61]. PARP1—through the regulation of NF-kB—could regulate several parts of
both the adaptive and innate immune systems by altering chromatin structure. These data
suggest that PARP1, among other proteins, acts as an activator of the cellular immune re-
sponse as a stress response to viral infection. NF-kB dysregulation has also been implicated
in numerous pathological processes such as tumorigenesis and progression, multiple scle-
rosis, and inflammatory diseases such as arthritis [62,63]. In addition to the NF-kB-related
inflammatory response, PARP has been implicated in regulating inflammation through
HMGBI [64-67]. Similarly to NF-kB, HMGB1 has been identified as a central protein in
activating several innate immune responses related to dendritic cells, macrophages, and
programmed cell death [53]. Similarly to NF-kB, HMGB1 dysfunction has also been impli-
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cated in malignancies [68-70]. Several PARPs have been further implicated in signaling
pathways, such as the pathways related to IFN-1 production and JAK-STAT signaling [71].

Even beyond the activation of the immune response through the PARylation of host
proteins related to immune pathways, PARP has antiviral activity through its PARylation of
viral proteins responsible for viral maintenance, such as the Epstein-Barr nuclear antigen 1
(EBNA1) in Epstein-Barr virus (EBV), LANAL1 in KSHV, nonstructural proteins in Zika and
Chikungunya (CHIKYV) virus, and the nucleocapsid protein in coronaviruses [72]. Some of
these modifications have been identified as inhibiting critical viral functions, suggesting
that PARylation may function as an immune response [72]. However, it is beyond the scope
of this review to provide a comprehensive overview of the role of PARylation as an antiviral
part of the innate immune system. For a more comprehensive overview of PARylation as
an antiviral function, we suggest the work of Du et al. [72].

3.2. DNA Virus’s Utilization of PARP

Despite PARP1 having an established antiviral role, several viruses have been impli-
cated in utilizing PARP1 to evade immune detection and assist the virus in host-pathogen
conflicts. The viral utilization of PARP1 to modify viral episomes or host genes has been
implicated in helping long-term viral infection in several DNA viruses as viruses utilize
PARylation to affect pro-viral changes to themselves or the host.

3.2.1. Herpes Simplex Virus Type 1

Herpes simplex virus type 1, or HSV-1, is characterized by chronic long-term infec-
tion of the peripheral nervous system, enabled by HSV-1 transportation through axons
to neuronal ganglia, where the long-term infection is established through latent HSV-1
infection characterized by the expression of a limited set of viral genes to evade immune
detection [72-74]. However, despite latent infection accounting for such a large portion of
HSV-1 infection, HSV-1 lytic reactivation can occur due to various stress stimuli [75].

HSV-1 infection is associated with a substantial decrease in cellular NAD+ content
and an increase in PARylation [76] (Figure 2). This increase in PARylation can be reversed
with PARP1 and PARP-2 inhibition, suggesting that PARP activity is responsible for these
changes [77]. Furthermore, in addition to changes in PARP activity, PARG is degraded
during HSV-1 infection, further implying the role of PARylation in promoting viral infec-
tion [77]. These modifications may induce the auto-PARylation of PARP1 to prevent the
PARP1-mediated activation of apoptosis or parthanatos (as a stress immune response),
suggesting a viral hijacking of this regulatory mechanism [77]. In addition to boosting
PARP1 activity, HSV-1 has been observed to use the E3 ubiquitin ligase ICPO0 to break down
PARG. This process helps elevate PAR levels [78,79]. In order to prevent PARP1/2-induced
cell death as part of the immune response, HSV-1 increases NAD+ levels available to
PARP1/2 while degrading PARG in order to increase and maintain auto-PARylation, in-
hibiting PARP1/2’s stimulation of cell death. In addition to boosting PARP1 activity, HSV-1
has been observed to use the E3 ubiquitin ligase ICPO to break down PARG. This process
helps elevate PAR levels [78,79]. The aim is to safeguard against PARP1/2-triggered cell
death in the immune response.

3.2.2. Kaposi’s Sarcoma-Associated Herpesvirus

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a 'y-herpesvirus associated with
long-term infection and linked to several related malignancies [28,46,80]. Long-term KSHV
infection is enabled by the latent infection expression of only a limited number of viral
genes [80,81].

PARP1 has been associated with the repression of KSHV replication and viral ex-
pression [82]. PARP1, in conjunction with the Ste-20-like kinase hKFC, PARylate, and
phosphorylate, is the KSHV replication and transcription activator (RTA), inhibiting its
activity and preventing KSHV replication and transcription [83] (Figure 3). The PARP-
hKFC complex enables the latent expression of KSHV by preventing the expression of
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genes activated through RTA [83]. The formation of the PARP1-hKFC complex is regulated
through the KSHV viral processivity factor PF-8, which is responsible for the degradation
of PARP1, resulting in lytic reactivation [84].

ADP-ribose
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degradation

NAD+ NAM

Figure 2. Model of PARylation during HSV-1 infection. PARP1 activity is increased, while concur-
rentlythe HSV-1 ICPO degrades PARG, thereby preventing the removal of PARylation. The figure was
created using Biorender.

Transcription of lytic genes

Figure 3. Model of PARylation during KSHV infection. Modification of KSHV transcriptional and
replicative activator RTA through PARP1 PARylation along with SLK phosphorylation inhibits KSHV
lytic activity, enabling latent infection. The figure was created using Biorender.

In addition to regulating KSHV latent infection, PARP1 is responsible for enabling
the replication of KSHV during latent infection [84]. PARP1 has been shown to bind to
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KSHV’s terminal repeat sequence (which, during latent infection, functions as an origin
of replication) and PARylate the latency-associated nuclear antigen associated with the
terminal repeat sequence during latent infection [85].

3.2.3. Epstein—Barr Virus

Epstein-Barr Virus (EBV) is a y-herpesvirus that establishes a persistent life-long latent
infection in the host cell [80,85]. However, unlike KSHV, EBV exhibits three types of latency
defined by the expression of a limited number of viral genes (latent genes) in different
patterns [86].

Multiple PARPs have been ascribed a regulatory role related to EBV replication. PARP1
has been shown to directly bind to the dyad symmetry element of the EBV origin of plasmid
replication (OriP), downregulating the expression of several EBV-associated genes [86-88]
Moreover, telomere-associated PARPs (Tankerases) were also related to OriP regulation.
Tankerases have been shown to bind to the dyad-symmetry elements and family of repeats
region of the EBV OriP locus, a region that serves as the origin of replication of the viral
genome during latent infection [89]. In addition to binding the OriP, PARP1 can modify
EBV latency by binding with an additional host protein—CTCF—to the viral promoter
region for the BZLF1 viral gene, which codes the Zta protein that activates the expression
of viral proteins responsible for the viral lytic replication [90,91]. This binding enables
PARP1 to regulate the 3D remodeling of the EBV genome through its colocalization with
other proteins, including CTCF [30] (Figure 4). The PARylation of CTCF enables loop
formation to occur across the EBV genome, permitting the expression of specific viral gene
programs [88,92]. In addition to maintaining latent infection, PARP1 activity has been
implicated in regulating the lytic EBV cycle through similar methods [32]. This is enabled
by the mechanism elucidated in Section 3.2.

EBV

|
EBV

PARylation | Sl

v
PARP1 Latent gene
expression

Figure 4. Model of PARylation during EBV infection. EBV, through the EBV LMP1 protein, increases
PARP1 activity and PARylation of CTCE, enabling loop formation and expression of latent gene
programs. The figure was created using Biorender.

In addition to PARPs modifying the EBV viral genome, PARP1 can be recruited by
EBV to modify elements of the host genome. The EBV latent membrane protein 1 (LMP1)
can activate hypoxia-inducible factor 1-alpha (HIF-1«) through the LMP1 activation of
PARP1 mediated HIF-1ox PARylation [93]. This LMP1-mediated activation of genes through
PARP1 is not restricted to HIF-1¢; as in the absence of competitive PARylation, increased
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levels of repressive histone marker H3k27me3 were found on several host genes regulated
by LMP1 [94]. In addition to LMP1, EZH2, an enzymatic component of the Polycomb
Repressive Complex 2 (PRC2) responsible for methyltransferase activity on H3 lysine 27,
is downregulated by PARP1 PARylation (PARP1 upregulates host gene expression by
decreasing global H3K27me3 through the mechanism explained above) [95]. EZH2 has
also been identified as a regulator of EBV latency [38].

Besides PARP1 role in regulating the viral epigenome, EBV-transformed B-lymphocytes
depend on PARP1 DNA repair functions to survive. The immune transcriptional regula-
tor STAT3—activated during the transition from lytic EBV infection to latent infection—
compromises homologous DNA repair through the inhibition of ART phosphorylation of
Chk1 [96]. This results in DNA repair relying upon PARP1 contingent microhomology-
mediated end-joining to the maintenance of genome integrity [96]. It is important to note
that other proteins implicated in DNA mismatch repair such as PCNA are also implicated
in the maintenance of EBV latency through modulating the transition from replication
to transcription [97]; however, these concurrent mechanisms are beyond the scope of
this review.

These data suggest that PARylation—especially PARP1-catalyzed PARylation—is
responsible for both sides of the crosstalk between the EBV and the host genome. Not
only does PARP1 regulate the expression of the host genome, but it is also responsible for
regulating the modification of host genes relevant to EBV survival.

3.2.4. Cytomegalovirus

PARP1 and PARylation also play a role in an additional herpesvirus: the human
cytomegalovirus (HCMV), a 3-herpesvirus [98]. Similarly to EBV’s establishment of latent
infection, HCMYV has been found to recruit host factors to regulate its own gene expression
and enable chronic silent infection [99]. In addition to utilizing host proteins to modify viral
expression, HCMV has been shown to modify cells to create a more pro-viral environment,
such as by inhibiting cell death [99]. PARP1 has been linked to this regulation of HCMV
infection, with HCMYV infection enabling increased PARylation by PARP1, possibly due to
increased DNA damage during viral infection or as a promotor of viral replication [100,101].
Further supporting the pro-viral role of PARylation in the case of HCMV, PARG has been
shown to have an antiviral effect on HCMV replication [102].

3.2.5. Polyomavirus

PARP1 is also implicated in the life cycle of several Polyomaviruses, including simian
vacuolating virus 40 (5V40) and human polyomavirus 2 (JC virus). PARP1 is activated by
and directly binds to SV40 capsid proteins [102]. PARP1 has been shown to be activated by
5V40 protein VP3, inducing apoptosis which in turn enables SV40 to escape from the cell
membrane [103]. However, while PARP plays a pro-viral role in SV40 replication, it has
also been linked with antiviral mechanisms in response to other polyomaviruses. PARP
has been implicated in several mechanisms that inhibit the replication of SV40 DNA [103].
PARP binds to the end of viral DNA Strands, competitively inhibiting the binding and
activity of exonuclease III, DNA ligase, and Polx during leading strand synthesis [104].
Consequently, the presence of PARP during SV40 replication acts to limit lytic reactivation
of SV40 by preventing SV40 replication of the viral genome.

3.2.6. PARylation as a Tool for RNA Viruses

Even though PARPs are primarily associated with either protein or chromatin mod-
ification, there is evidence that in addition to regulating the infection of DNA viruses,
PARPs also have regulatory mechanisms relevant to RNA virus function. PARP12—while
only having MARylation activity—has been linked to antiviral functions regarding several
alphaviruses, such as the Venezuelan Equine Encephalitis Virus (VEEV) [105].

There is emerging evidence that viral macrodomains in RNA virus families Coron-
aviradae, Togoviridae, and Hepeviridae themselves have enzymatic de-ADP-ribosylation
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activity that can offset antiviral activity by PARPs [103]. The SARS-CoV-2 MacroD-like
macrodomain (Macl)—in addition to highly similar macrodomains found in SARS-CoV
and MERS-CoV—has been identified as having mono-ADP-ribose glycohydrolase activ-
ity [106,107].

There is evidence that some RNA viruses—in order to counteract PARP1’s antiviral
activity—code for viral proteins with glycohydrolase activity. The SARS-CoV-2 virus en-
codes the nonstructural protein 3 (Nsp3) which contains a macrodomain. This macrodomain
has been found to remove ADP-ribose from proteins, counteracting the increase in PARy-
lation that occurs in response to the interferon signaling cascade. Due to the highly
conserved nature of these macrodomains (26% of the amino acids differ from the SARS-
CoV-2 macrodomain compared to other coronaviruses), it has been suggested that this
de-PARylating activity is common among viral macrodomains [106,108]. However, de-
spite several macrodomains being similarly capable of PAR removal, the effects of these
macrodomains on viral infection vary. The macrodomain of CHIKV—a Togavirus—was
identified as promoting viral replication through the de-PARylation activity [109]. Con-
versely, in the Macl macrodomain found in several coronaviruses (the macrodomain
responsible for activity related to PAR), there is no evidence that it has a similar role to
the CHIKV macrodomain in viral replication [106]. The coronavirus domain instead was
associated with the modification of pathogenesis [106,110].

Human immunodeficiency virus (HIV-1) has been found to be able to inhibit the
PARP1 activation of the NF-kB immune pathway, a pathway that, as discussed above,
is highly regulated by PARP1. The HIV-1 Vpr and glucocorticoid receptor cooperatively
function to form a complex with PARP1, preventing PARP1 activation of the host immune
system and PARP1 antiviral activity [111]. However, there is some evidence of a pro-viral
role of PARP1 in HIV-1 infection. While there is disagreement regarding to what extent
PARP1 is dispensable for HIV-1, it is clear that PARP1 plays a prominent role in enabling
quick integration of HIV-1 due to its ability to repair DNA breaks left by HIV-1 enzyme
integrase’s insertion into the host genome of HIV-1 DNA from HIV-1 reverse transcriptase,
utilizing the previously elucidated DNA repair mechanism [112,113].

4. Conclusions

Summarizing the role of PARP1 and PARylation in regulating host-viral conflicts
is difficult as PARylation has the aforementioned mechanisms of epigenetic regulation
that can both increase and decrease gene expression. Furthermore, its interaction with
even genetically similar viruses can vary greatly. While PARylation has multiple antiviral
mechanisms, several viruses can inhibit these antiviral functions and recruit and utilize
PARPs to make pro-viral modifications to the host or the viruses themselves. These
increasing number of observations have revealed the importance of PARylation and PARPs’
activity in regulating virus-host interaction. However, the increasing number of findings
has brought up critical theoretical issues related to the role of PARylation and PARP1.
For example, since PARylation requires adequate levels of NAD+, either antiviral or pro-
viral functions of PARP necessitate a rewire of cellular metabolism to allow proper PARP
function. While the modifications made by PARPs to promote viral infection are well
established, how cellular metabolism is modified to enable this activity is less understood.
While extensive data demonstrate the role PARylation plays in promoting viral infection,
how exactly the cellular environment is changed to allow for this modification needs to be
further established.

While PARPs (especially PARP1) have been identified both as vital parts of several
regulatory pathways and as directors of host-viral interactions, the role glycohydrolase
activity and PARG play beyond its response to PARPs is much less examined. Most work
regarding PARG relates to its role in reversing the activity of PARP1; however, recent data
regarding glycohydrolase activity in the macrodomains of several viruses such as SARS-
CoV-2 would suggest that further investigation into glycohydrolase activity—independent
of PARP1—is warranted. Even though the importance of PAR for several pro and antiviral
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mechanisms is well established, very little is known about PARG's role in mediating viral
activity relative to PARP1.

A better understanding of the role of PARPs and PARylation during viral infection is
fundamental; while several FDA-approved PARP inhibitors exist and are used as targeted
cancer drugs, their potential efficacy in treating viral infection and wider viral-associated
pathogenesis has not been tested yet.
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Abstract: Aberrant adenosine diphosphate-ribose (ADP)-ribosylation of proteins and nucleic acids
is associated with multiple disease processes such as infections and chronic inflammatory diseases.
The poly(ADP-ribose) polymerase (PARP)/ ADP-ribosyltransferase (ART) family members promote
mono- or poly-ADP-ribosylation. Although evidence has linked PARPs/ARTs and macrophages
in the context of chronic inflammation, the underlying mechanisms remain incompletely under-
stood. This review provides an overview of literature focusing on the roles of PARP1/ARTD]1,
PARP7/ARTD14, PARP9/ARTD9, and PARP14/ARTDS in macrophages. PARPs/ARTs regulate
changes in macrophages during chronic inflammatory processes not only via catalytic modifications
but also via non-catalytic mechanisms. Untangling complex mechanisms, by which PARPs/ARTs
modulate macrophage phenotype, and providing molecular bases for the development of new
therapeutics require the development and implementation of innovative technologies.

Keywords: immunity; mass spectrometry; proteomics; ADP-ribosylation; poly(ADP-ribose) glycohydrolase;
Diphtheria toxin-like ADP-ribosyltransferases; chronic infection; arboviruses; cardiovascular disease;
emphysema; alcoholic liver disease; SARS-CoV-2; host—pathogen interactions

1. Introduction

Poly(ADP-ribose) polymerases (PARPs), or ADP-ribosyltransferases (ARTs), cat-
alyze the covalent transfer of ADP-ribose (ADPr) groups from NAD+ onto target bio-
logical macromolecules including nucleic acids (DNA, mRNA), transcription factors
(e.g., NF-«kB), or enzymes (e.g., PARP1/ARTD1 auto-ADP-ribosylation) [1]. The process
of adding a single ADPr moiety is known as mono-ADP-ribosylation (MARylation),
whereas adding multiple ADPr moieties is known as poly-ADP-ribosylation (PARyla-
tion); the latter occurs in a sequential way, starting with the transfer of one ADPr unit
followed by the transfer of additional ADPr units onto a growing chain. The PARP
enzyme family comprises 17 members, with variable functionality. PARP1/ARTD1,
PARP2/ARTD2, PARP5a/TNKS1/ARTD5, and PARP5b/TNKS2/ARTD6 are poly-ARTs
and have PARylation activity, while PARP3/ARTD3, PARP4/ARTD4, PARP6/ARTD17,
PARP7/ARTD14, PARP8/ARTD16, PARP9/ARTD9Y, PARP10/ARTD10, PARP11/ARTD11,
PARP12/ARTD12, PARP14/ARTDS, PARP15/ARTD?7, and PARP16/ARTD15 are mono-
ARTs and have MARylation activity [2]. PARP13/ARTD13 is catalytically inactive [3].
The poly-ARTs’ catalytic activity is counterbalanced by poly(adenosine diphosphate-
ribose)-glycohydrolase (PARG) that hydrolyzes PARylation to MARylation. PARG is
completely unable to hydrolyze the MAR covalently attached to proteins [4], however,

29



Pathogens 2023, 12, 964

the biological significance of this limitation remains unclear [5]. Nonetheless, this PARG
enzymatic property is convenient for mass spectrometry-enabled ribosylome profiling
(more below), since only the MARylated form of the modification is conducive to mass
spectrometric analysis [6]. The mono-ARTs’ catalytic activity can be counterbalanced
by enzymes other than PARG, such as ADP-ribosylhydrolase 3 (ARH3) [7,8], terminal
ADP-ribose protein glycohydrolase (TARG)/C60rf130 [9,10], and MacroD1 [11] and
MacroD2 [12], which are able to hydrolyze the MAR attached to proteins, functioning as
mono-ADP-ribosylhydrolases. PARPs/ARTs also orchestrate biological processes via
non-catalytic activities, such as directly binding to nuclear DNA or binding to transcrip-
tion factors, but these roles remain to be further explored [13].

The subcellular locations of the PARPs/ARTs also dictate their biological functions. In
a comprehensive analysis of human somatic cell lineages, Vyas et al. used N-terminal green
fluorescent protein (GFP) and affinity-purified peptide antibodies to study the cellular
localization of PARPs/ARTs and the occurrence of PARylation during the cell cycle [14].
PARP1/ARTDI1 localized to the nucleus; PARP5a/TNKS1/ARTD5, PARP5b/TNKS2/ARTDS,
PARP12/ARTD12, PARP13/ARTD13, PARP6/ARTD17, PARP8/ARTD16, PARP10/ARTD10,
and PARP16/ARTD15 localized to the cytoplasm; and PARP2/ARTD2, PARP3/ARTD3,
PARP7/ARTD14, PARP9/ARTD9, PARP14/ARTDS, PARP4/ARTD4, and PARP11/ARTD11
localized to the nucleus and cytoplasm. Their findings also suggested that: firstly, the
expression of most PARPs/ARTs was pervasive across human tissues; secondly, while
PARPs/ARTs could be found in the nucleus and in the cytoplasm, they were predominantly
found in the cytoplasm; thirdly, PAR levels were influenced by the cell cycle, and the
proportion of PAR identified in the nucleus versus cytoplasm changed during the cell
cycle. Leung et al. demonstrated that PARP5a/TNKS1/ARTD5, PARP12/ARTD12, two
isoforms of PARP13/ARTD13, PARP14/ARTDS8, and PARP15/ARTD? coordinate the
assembly of stress granules in the cytoplasm, modifying each other within this cellular
compartment [15]. Ryu et al. demonstrated that low concentrations of NAD+ can limit
PARP1/ARTD1 activity in the nucleus [16]. The influx or efflux of NAD+ thus interferes
with PARP1/ARTD1’s activity, leading to alternative gene expression signatures in the
early process of adipogenesis [17]. Additionally, the predominant type of ADP-ribosylation
in distinct cellular compartments seems to vary: PARylation appears to occur primarily
in the nucleus [18], whereas MARYylation in the cytoplasm [19]. These examples illustrate
that PARPs/ARTs’ functions vary based on ADP-ribosylation catalytic activity, cellular
compartment location, and the physiological and/or pathological microenvironment.

PARP/ART biology has been studied in the context of the innate immune system,
with a particular focus on macrophages [20]. PARPs/ARTs were associated with biological
responses mediated by IFN-y, TNF-«, IL-13, IL-6, and NF-«kB, such as host—pathogen
interactions in viral infections, vascular inflammation, and others [20]. In 1985, Singh et al.
generated DNA double-strand breaks to induce PARylation in human monocytes [21]; and
in 1991, Berton et al. reported that PARylation levels increased after IFN-y stimulation
in human macrophages [22]. More recently, Heer et al. demonstrated that the catalytic
activities of PARP7/ARTD14, PARP10/ARTD10, PARP12/ARTD12, and PARP14/ARTDS8
were closely connected to nicotinamide and derivates in the establishment of cellular innate
immune response during COVID-19 infection [23]. In another pathological setting, Wang
et al. reported that PARP1/ARTD1 and PARP2/ARTD2 inhibition with olaparib [24-27]
(a PARP1/ARTD1/2 inhibitor approved by the Food and Drug Administration for the treat-
ment of ovarian, breast, pancreatic, and prostate cancer) induced macrophage reprogram-
ming towards an anti-tumor, pro-inflammatory phenotype [28]. Macrophages are found
within the microenvironments of solid tumors [29] and chronic inflammatory conditions
such as diabetes [30], neurodegenerative diseases [31], prolonged bacterial infections [32]
but exhibit distinct functions. In tumors, they are associated with an anti-tumor innate
immune response [33] but are hypothesized to promote and sustain a pro-inflammatory
tissue milieu [20]. To date, research has focused primarily on the role of PARPs/ARTs in
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cancer biology, whereas their roles in other macrophage-driven pathologies are only just
beginning to be explored.

As we will highlight further below, recent studies have begun to investigate more
the role(s) of PARPs/ARTs and ADP-ribosylation in macrophage activation, with the aim
to identify therapeutic avenues for acute and chronic inflammation. Olaparib is already
available for the treatment of cancer and is also being investigated as a potential therapy
for pulmonary arterial hypertension (Clinical Trial No.: NCT03782818), although these
applications focus on DNA damage and repair features of PARP1/ARTD]1 inhibition.
Nevertheless, a phase-I trial has been initiated to test the PARP14/ARTDS inhibitor, RBN-
3143, as a potential therapy for atopic dermatitis (Clinical Trial No.: NCT05215808), focusing
on inflammation control. Macrophages are key players in the sustained inflammation
occurring in atopic dermatitis [34,35], thus representing the initiative to translate the
interplay between ADP-ribosylation and macrophage biology to the clinic.

2. PARylation, Macrophages, and Chronic Inflammation

Among the PARPs/ARTs mediating PARylation during inflammation, PARP1/ARTD1
is the most studied [36,37]. Various stimuli promote PARP1/ARTD] activity in macrophages,
often leading to the expression of pro-inflammatory genes and downstream inflammatory
responses. In the current section, we will review the most recent articles exploring the
distinct mechanisms of action of PARP1/ARTD]1 in macrophage activity in the setting of
chronic or prolonged inflammation.

2.1. ADP-Ribosylation and DNA Damage

The catalytic activity of PARP1/ARTD1 increases with DNA damage following geno-
toxic stimuli. Dawicki-McKenna et al. used hydrogen/deuterium exchange-mass spec-
trometry to demonstrate that breaks in the DNA strand led to structural changes in
PARP1/ARTD1’s helical subdomain (HD), which is part of the catalytic domain [38]. The
helical subdomain functions as an autoinhibitory portion of the catalytic domain, unfolding
in the presence of DNA strand breaks and thus promoting PARP1/ARTD1'’s catalytic activ-
ity. Eustermann et al. [39] demonstrated that a sequential multidomain unfolding occurs
in PARP1/ARTD1 in response to DNA single-strand breaks (SSBs). Firstly, the F2 domain
recognizes and detects SSBs; secondly, the F1 domain binds to the complex, exposing the 5’
cryptic site and orienting the assembly of remaining PARP1/ARTD1 domains; thirdly, the
F3, WGR, and CAT domains also bind the exposed strand, culminating in the unfolding
of the autoinhibitory helical subdomain. This cooperative process generates a specific
recognition of sites of SSBs by PARP1/ARTD1, promoting PAR-mediated signaling and
modulation of chromatin structure upon DNA damage. Figure 1 provides a graphical
representation [40] of PARP1/ARTD1 domains and their structure, as well as a flowchart
indicating the dual action of PARP1/ARTD1 during inflammation.

These works also aided in the paradox involving PARP1/ARTD1 cis versus trans
(another PARP1/ARTD1 molecule) modification during response to DNA damage. While
PARP1/ARTD1 dimers have been reported [41-43], suggesting that the trans modification
occurs, results from Dawicki-McKenna et al. [38] and Eustermann et al. [39] indicated that
PARP1/ARTD1 automodifies itself, unless two DNA binding sites are closely adjacent,
leading to trans modification activity.

More recently, other reports have described the dynamic nature of the interactions
between PARP1/ARTD1 and DNA [44], either using its DNA-binding domain (DBD)
along with zinc finger domains I and II (ZI and ZII, respectively) for short-term inter-
actions [45], or using histone H4, which leads to a prolonged interaction with the DNA
strand [46]. Short-term interactions between the DBD of PARP1/ARTD1 and DNA were
associated with activation of DNA repair pathways at specific stages of DNA damage,
while long-term interactions between the C-terminal domain of PARP1/ARTD1 and hi-
stone H4 were associated with promotion of gene expression [44]. This dual action of
PARP1/ARTD1 on DNA illustrates the complexity of this enzyme and provides indications
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that PARP1/ARTD1 may be associated with chronic inflammation not only as a repair
mechanism secondary to inflammation-driven DNA damage [47] but also promoting the
expression of pro-inflammatory and/or anti-inflammatory genes.

’ Graphical representation of PARP1/ARTD1 domains ‘ ’ Cell stimuli promote PARP1/ARTD1 activities
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Figure 1. Graphical representation of PARP1/ARTD1 and its role during inflammation. (A): Tridi-
mensional representation of PARP1/ARTD1 structure, indicating the catalytic, the WGR, and the
BRCT domains. (B): Flowchart depicting the cell stimuli able to promote PARP1/ARTD1 activity
(catalytic and non-catalytic) during prolonged inflammatory processes, leading to PARylation and
transcription of mRNA.

Reactive oxygen species (ROS) generated during pro-inflammatory responses lead
to DNA damage [48], triggering short-term PARP1/ARTD1-DNA interactions [44,45].
However, in a study using a model of elastase-induced emphysema and chronic lung
inflammation in mice, prolonged inhibition of PARP1/ARTD1 with olaparib reduced the
number of macrophages in the bronco-alveolar lavage after 21 days of treatment when
compared with the control group [49]. Levels of ROS and malondialdehyde (MDA, a marker
of lipid peroxidation) increased in lung tissues of the control group (four-fold and seven-
fold, respectively) due to the inflammation and macrophage activity induced by elastase,
but daily treatment with olaparib restored ROS and MDA to normal levels, indicating an
improvement in the inflammatory and redox balances [49,50]. These results exemplify how
PARP1/ARTD1 may have a dual and contrasting role in chronic inflammation, repairing
DNA following ROS while promoting the production of ROS in macrophages.

2.2. PARP1/ARTD1 Promotes Transcription of Pro-Inflammatory and Apoptosis-Related Genes

Inhibition of PARP1/ARTD1 ameliorates inflammation in chronic conditions and
innate immune responses, and this effect was found in multiple pathologies driven by
long-term inflammatory processes. Kunze et al. [51] demonstrated that stimulation of bone
marrow-derived monocytes (BMDMs) from genetically modified mice expressing catalyti-
cally inactive PARP1/ARTD1 induced the expression of a pro-inflammatory signature of
almost 2500 genes, including genes regulating IL-12, IFN-y, and TNF-o production. In the
same study, they reported that mice transplanted with catalytically inactive PARP1/ARTD1
myeloid progenitors were colonized by H. pylori at higher levels when compared to their
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control littermates [51], suggesting that PARP1/ARTD1 contributed to controlling gas-
tric bacterial colonization. In another disease model, inhibition of PARP1/ARTD1 with
3-aminobenzamide, an anti-inflammatory compound classically used for PARP1/ARTD1
inhibition [52], improved rectal hemorrhage, blood sugar levels, blood IL-13 levels, weight
loss, and the histological score of colonic sections in mice with colitis-associated dia-
betes [53]. Similar findings were reported by Kovacs et al. [54] after using olaparib to
inhibit PARP1/ARTD1 activity in a mouse model of Crohn’s disease (a type of inflam-
matory bowel disease). They found that olaparib increased the levels of IL-10, while it
suppressed the concentration of IL-1§3 and IL-6 [54]. Also, olaparib generated a reduction
in the number of monocytes in the blood of treated mice when compared with controls [54].
Gupte et al. [55] stimulated BMDMs from wild-type and PARP1/ARTD1-deficient mice,
demonstrating that PARP1/ARTD1-mediated STAT1-« PARylation influenced the tran-
scriptional program upon IFN-y stimulation [55].

The regulation of PARPs/ARTs’ catalytic activities in chronic inflammation also relates
to NAD+ metabolism. Gerner et al. [56] inhibited nicotinamide phosphoribosyltransferase
(NAMPT), a rate-limiting enzyme in the NAD+ salvage pathway, to reduce NAD+ levels in
human cells and mice with intestinal colitis. They found that depletion of NAD+ reduced
PARP1/ARTDI1 catalytic activity, suppressed the expression of IL-6, IL-1p3, and TNF-«,
and skewed monocytes/macrophages from pro-inflammatory towards anti-inflammatory
phenotypes [56]. In the same line, reduction of NAMPT-derived NAD+ via pharmacolog-
ical inhibition of NAMPT reduced the pathological changes in psoriasis [57] and atopic
dermatitis [58] and diminished the expression of pro-inflammatory biomarkers.

In addition to promoting cytokine/chemokine gene expression, PARP1/ARTD1 also
influences the cellular fate in apoptosis [59], a fundamental element of inflammation [60].
PARP1/ARTD1 has been extensively associated with caspases in a mechanism known
as parthanatos [61,62] (not reviewed in this manuscript). For instance, Zhang et al. [63]
analyzed cleaved caspase 3 in liver samples from mice with chronic alcoholic liver in-
jury [63], and demonstrated that pharmacological inhibition with PJ-34 [64] or genetic
depletion of PARP1/ARTD1 decreased the number of cleaved caspase 3-positive cells in
diseased livers when compared to controls. They found that long-term ethanol consump-
tion promoted PARP/ART activation, hepatic steatosis, and intense cytokine expression
in liver samples, while in vivo pharmacologic inhibition of PARP1/ARTD1 with PJ-34
attenuated triglyceride content and serum alanine transaminase levels in liver, suggesting
a milder injury phenotype [63]. Erener et al. [65] also identified an association between
caspase 1, caspase 7, and PARP1/ARTD1. They found that stimulation with LPS promoted
the translocation of caspase 7 to the nucleus (mediated by caspase 1 and NLRP3 inflam-
masome activation), where it cleaves PARP1/ARTD]1 at the caspase cleavage site D214,
generating free PARP1/ARTD1 fragments, decondensation of chromatin, and expression
of NF-kB dependent-genes. They generated human THP-1 cells expressing non-cleavable
PARP1/ARTD], stimulated them with LPS, and compared them with genetically unmodi-
fied controls, confirming that caspase 7 cleaved PARP1/ARTD1 mostly at the D214 site.
Martinez-Morcillo et al. [66] found that PARP1/ARTD1 activation leads to skin inflamma-
tion and cell death via parthanatos-mediated apoptosis in psoriasis, and pharmacological
inhibition of NAMPT decreased the expression of genes associated with psoriasis.

Together, those findings suggest that PARP1/ARTD1 can influence gene expression
during chronic inflammation via ADP-ribosylation of macromolecules and can initiate
apoptosis upon interaction with caspases. Controlling NAD+ levels via NAMPT regulation
in such immune responses may be a potential source of new targets to suppress pathogene-
sis derived from ADP-ribosylation, although a deeper understanding of these mechanisms
is still needed.

2.3. PARP1/ARTD1 Mediates Host—Pathogen Interactions in Chagas Heart Disease

Chagas heart disease is caused by the protozoan parasite Trypanosoma cruzi (T. cruzi).
The classical phenotype seen in this condition is the result of chronic (years to decades) of
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sustained myocyte inflammation, oxidative stress, and macrophage infiltration into cardiac
muscle [67,68]. Ba et al. [69] demonstrated that T. cruzi infection of cardiomyocytes leads
to mitochondrial production of ROS that diffuse to the cytosol and nucleus, leading to
DNA damage and PARP1/ARTD1 activation. As a result, the expression of genes related
to pro-inflammatory cytokines increased either due to the interaction between ROS and cy-
tosolic NF-kB or due to PARP1/ARTD1-mediated PARylation of proteins that interact with
RelA(p65) (an NF-«B subunit). Further evidence indicated that depletion of PARP1/ARTD1
(with genetic deletion or PJ-34 administration) in infected mice prevented cardiac hyper-
trophy and left ventricle dysfunction and restored the mitochondrial antioxidant/oxidant
balance [70]. PARP1/ARTDI1 is associated with chromatin during T. cruzi infection but
its mRNA levels did not change when compared to non-infected states, indicating that a
translocation of PARP1/ARTD1 to chromatin-dense regions occurred [71,72]. These results
suggest that PARP1/ARTD1 influences the response to mitochondrial stress during T. cruzi
infection. Evidence also connects PARP1/ARTD1 to macrophages in the host-pathogen in-
teraction. Macrophage-like RAW264.7 cells treated with extracellular vesicles (EVs) derived
from infected mouse plasma released higher levels of TNF-«, IL-1f3, and IL-6 than did con-
trol cells [73]. EVs derived from T. cruzi-infected RAW264.7 cells induced lower expression
levels of TNF-«, IL-183, and IL-6 in BMDMSs harvested from PARP1/ARTD1-deficient mice
compared to wild-type control [73]. Thus, it is possible that the previously described role of
macrophages in Chagas heart disease [74] may be mediated by PARP1/ARTD1, but more
studies are needed.

2.4. PARP1/ARTD1 in Cardiovascular Inflammation

Von Lukowicz et al. proposed that PARP1/ARTD1 mediates macrophage adhe-
sion to endothelial cells in the process of atherogenesis [75]. Both PARP1/ARTD1 and
PARP2/ARTD2 inhibition with PJ-34 and PARP1/ARTD1 genetic deletion without PJ-34
reduced plaque formation and the expression of adhesion molecules such as E-selectin,
P-selectin, VCAMI, and iNOS. Another study linked high glucose and PARP1/ARTD1
levels in streptozocin-induced diabetes mellitus in apolipoprotein E-deficient mice [76]. In a
rat model of cerebral aneurysms, treatment with 3-aminobenzamide, an anti-inflammatory
compound classically used for PARP1/ARTD1 inhibition [52], decreased macrophage
accumulation and PARP1/ARTD1 expression [77]. These studies indicate that differ-
ent forms of inflammatory arterial injury (i.e., atherosclerosis, aneurysm formation, and
hyperglycemia-induced inflammation) share PARP1/ARTD1 as a common mediator of the
inflammatory process.

3. MARylation, Macrophages, and Chronic Inflammation

Although most studies to date have focused on PARylation and PARP1/ARTD], evi-
dence suggests that MARylation also regulates macrophage activation, inflammation, and
host—pathogen interactions. For instance, in an evolutionary analysis of the PARP/ART
genes, Daugherty et al. [78] demonstrated that PARP9/ARTD9, PARP14/ARTDS, and
PARP15/ARTD? had signs of genetic adaptation in primates, notably in their macrodomains,
and evolved under positive selection. In another example, our own research demon-
strated that PARP9/ARTD9 and PARP14/ARTDS regulate pro-inflammatory activation of
macrophages upon stimulation [79,80]. Therefore, considering the accumulated evidence
that MARylation and mono-PARPs/ARTs are involved with the innate immune system, in
this section we will review recent articles investigating the interplay between PARPs/ARTs,
MARylation, and macrophage activation and explore how these findings provide insight
into mechanisms that drive chronic inflammation and host—pathogen interactions.

3.1. PARP7/ARTD14 Mediates Epithelial Inflammation

In a mouse model of a dextran sodium sulfate-induced ulcerative colitis study,
PARP7/ARTD14 deletion increased mRNA levels of IL-1p, IL-6, IL-17, and Lcn2 and
decreased survival rate [81]. Aryl hydrocarbon receptor (AHR), which induces the ex-
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pression of PARP7/ARTD14, mediates pro-inflammatory responses in this model. The
PARP7/ARTD14 catalytic domain MARylates AHR, which represses AHR signaling in a
negative feedback loop. AHR responsiveness was enhanced by short-chain fatty acids in
mouse colonocytes [81], supporting the hypothesis that chronic inflammation related to
toxic lipid particles in cells of epithelial origin involves PARP7/ARTD14 [82].

3.2. PARPY/ARTD9 Mediates Viral and Bacterial Host—Pathogen Interactions

In a cohort with patients infected with pulmonary tuberculosis (TB) and healthy
controls, Chen et al. [83] identified an inversely proportional association between TB
infection severity and methylation status of PARP9/ARTD9 DNA in PBMCs extracted
from participants. Severe TB clinical phenotypes were associated with hypomethylation of
the PARP9/ARTD9 gene, suggesting that lower expression of PARP9/ARTD9 may lead
to impaired innate response to TB infection in individuals with that epigenotype. Novel
data from Thirunavukkarasu et al. [84] further support this hypothesis. They reported
that PARP9/ARTD9 mRNA was increased in humans and mice infected with TB, and
Parp9-/- mice were more susceptible to TB infection and developed more severe phenotypes
compared to controls.

Similarly, PARP9/ARTD? appears to be involved in innate immune responses against
RNA viruses. Xing et al. [85] demonstrated that PARP9/ARTD9 is able recognize and
bind RNA virus in human and mouse dendritic cells and macrophages, deploying an
IFN-mediated response independent of the mitochondrial anti-viral signaling (a major
mechanism for recognizing RNA viruses during infection). Furthermore, Parp9-/- deletion
made mice more susceptible to RNA virus infection [85], reinforcing that PARP9/ARTD9
participates in the host—pathogen interactions. Curiously, PARP9/ARTD9 was associated
with persistent hepatitis B virus (HBV) infection in a transcriptome-wide association study,
in which chronic HBV carriers had increased expression of PARP9/ARTD9 when compared
to non-infected individuals [86]. HBV is a DNA virus with unique features that approximate
it to RNA viruses [87], which may relate to the results above (PARP9/ARTD?9 acting as a
recognizer of viral RNA).

3.3. PARP14/ARTDS8 Mediates Chronic Inflammation and Response to Arboviruses

Recent data indicate that PARP14/ARTDS participates in the establishment of an im-
mune response to arboviruses. Eckei et al. [88] reported that the macrodomains of Chikun-
gunya virus (a positive single-strand RNA virus) have strong hydrolase activity on proteins
that were ADP-ribosylated by PARP10/ARTD10, PARP14/ARTDS, and PARP15/ARTD?.
Fernandez et al. [89] reported that Zika virus infection in human PBMCs induced the
expression of PARP14, IL-6, CCL8, CXCL1, and CXCL5, suggesting that the infection pro-
moted changes in the transcriptional and post-transcriptional levels. These results indicate
that PARP14/ARTDS influences the host-pathogen dynamic in arbovirus infections.

3.4. PARP9/ARTDS9 and PARP14/ARTDS8 Mediate Macrophage Activation in Atherosclerosis

PARP14/ARTDS is also important in other chronic inflammatory responses. Using
a systems approach based on unbiased network analysis and artificial intelligence, our
previous studies discovered PARP14/ARTDS8 and PARP9/ARTD9 as potential molecu-
lar switches of macrophage activation [79,80]. Proteome analyses from stimulated and
non-stimulated human and mouse macrophage-like cells detected an increase in the ADP-
ribosylated PARP14/ARTD8 and PARP9/ARTD9 peptide levels upon stimulation with IFN-
v, and network analysis identified a close link between those PARPs/ARTs and the human
coronary artery disease gene module [79,80]. Additional in vitro experiments indicated that
PARP9/ARTD9 and PARP14/ARTDS8 may function upstream of pro-inflammatory STAT1
and anti-inflammatory STAT6 signaling pathways, respectively [79,80]. Igbal et al. [90]
reported that macrophages from PARP14/ARTD8-deficient mice express higher levels
of tissue factor mRNA and protein than do wild-type mice [90]. Mehrotra et al. [91]
reported that PARP14/ARTDS specifically binds to STAT6, regulating its promoter ac-
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tivity upon stimulation with IL-4, and demonstrated that this interaction is dependent
on PARP14/ARTDS catalytic domain [91]. Figure 2 provides a summary of the different
disease models mediated by PARPs/ARTs and macrophages in chronic inflammation.
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Figure 2. Representation of the disease models influenced by the interplay between PARPs/ARTs
and macrophages in chronic inflammation [49,51,63,73,76,77,79,81].

4. SARS-CoV-2, ADP-Ribosylation, and Innate Immune Response

ADP-ribosylation and PARPs/ARTs are important in viral host-pathogen interactions
and in the organization of the host’s innate immune response [92]. PARP/ART genes are
interferon-stimulated genes [93,94]. Stress granule formation is a major effect of interferon
stimulation during innate immune responses, and it is closely related to PARPs/ARTs and
ADP-ribosylation [95-97]. PARPs/ARTs and PARG probably mediate the assembly and
maintenance of stress granules in a dynamic way: PARylation of stress granule proteins
increases in stress conditions or with PARG silencing [15,98]. Together, these results suggest
that hydrolysis of PAR/MAR could limit the effectiveness of the host’s innate immune
response against viruses.

Even before the severe acute respiratory syndrome coronavirus (SARS-CoV)-2 pan-
demic, different types of coronaviruses” macrodomains belonging to non-structural protein
3 (nsp3) were identified as ADP-ribose-binding modules [99]. In 2006, Egloff et al. reported
that the crystal structure of the SARS-CoV macrodomain associates with ADP-ribose, be-
ing able to bind PAR and to function as an ADP-ribose 1”-phosphatase [100]. Evidence
suggests that nsp3 and its macrodomains were part of coronaviruses’ virulence mecha-
nisms [101-103], promoting virus replication and suppressing interferon-mediated host
responses (e.g., stress granule formation) [104-106].

With the onset of the pandemic, data connecting the new SARS-CoV-2 macrodomains
and ADP-ribosylation quickly became available [107]. The crystal structures of SARS-
CoV-2 nsp3 and its macrodomains were the initial focus of many research groups, often
associating structural studies [108-111] and computational methods [112,113] to identify
potential treatments for the infection. Alhammad et al. [114] reported that SARS-CoV-2
nsp3 macrodomain 1 (Macl) hydrolyzes MARylated proteins, functioning as a mono-ADP-
ribosylhydrolase. This macrodomain’s function is preserved across the three coronaviruses
that caused pandemics in the recent past: SARS-CoV, SARS-CoV-2, and Middle East
respiratory syndrome (MERS) coronavirus. Brosey et al. [115] compared human PARG with
Macl crystal structures and identified homology between their active sites, revealing that
PARG inhibitor fragments PARG-345 and PARG-329 can fully interact with Mac1, appearing
as potential inhibitors for Macl. Chea et al. [116] proposed that Mac1 has specific targets
and functionality when compared to Mac2 and Mac3. Their results indicate that Macl may
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act specifically in the ADP-ribose moieties on O- and N-linked groups, being able to cleave
ADP-ribosylated substrates via a-NAD+, ADPr-1"phosphate, and O-acetyl-ADP-ribose,
but not via b-NAD+, a-ADP-ribose-(arginine), and ADP-ribose-(serine)-histone H3.

Other studies also investigated the link between Macl and innate immunity responses
against SARS-CoV-2. Russo et al. [117] demonstrated that ectopic nsp3 (macrodomain not
specified) is able to hydrolyze downstream ADP-ribosylation mediated by PARP9-DTX3L
dimers following IFN-y stimulation. Preliminary data indicated [118] that deletion of Macl
in SARS-CoV-2 (AMacl) led to a faster clearance of the virus in a mouse model of severe
infection when compared to wild-type SARS-CoV-2. AMacl also promoted the expression
of ISGs and interferons and sharply reduced the number of inflammatory neutrophils
and macrophages.

There is another mechanism by which SARS-CoV-2 may intervene in the host-pathogen
interaction via ADP-ribosylation. PARP/ART catalytic activity depends on NAD+ for the
covalent transference of ADP-ribose to biological macromolecules. It is also well estab-
lished that increased PARP/ART catalytic activity leads to depletion of NAD+ [119,120].
Reports before SARS-CoV-2 already suggested that restoration of NAD+ would enhance
host immune responses against viruses, aiding macrophage function and the interferon
cascade [121]. Based on this background, authors hypothesized that NAD+ may also be
a key element of pathogenesis in acute and chronic (post-acute sequelae of COVID-19)
SARS-CoV-2 infection [120,122,123]. Heer et al. [23] demonstrated that varied human lung
cell lineages infected with SARS-CoV-2 have increased expression of PARP7/ARTD14,
PARP10/ARTD10, PARP12/ARTD12, and PARP14/ARTDS8 (among other PARPs/ARTs)
and that NAD+ concentration was the limiting factor for these enzymes. In addition,
the authors of the same study demonstrated that infection of human cells with murine
hepatitis virus (a model of coronaviruses) leads to NAD+ and NADP+ depletion and that
SARS-CoV-2 changes the expression of genes related to NAD biosynthesis [23]. Using
SARS-CoV-2-infected mice, Jiang et al. [124] confirmed that SARS-CoV-2 infection alters the
expression of genes related to NAD and NADPH biosynthesis. They also demonstrated that
NAD-+ supplementation alleviated the pathological phenotypes of pneumonia in infected
mice and partially rescued the imbalance in NAD+ genes. Table 1 provides an overview of
the enzymes discussed in this review, with their respective activities and disease processes.

Table 1. PARPs/ARTs and ADP-ribose hydrolases and their action in chronic inflammation.

Enzyme

Activity Disease/Biological Process(s)

PARP1/ARTD1

Emphysema/Chronic lung inflammation [49,50]
H. pylori infection [51]

Colitis/Inflammatory bowel diseases [53,54,56]
Psoriasis [57,66]

Atopic dermatitis [58]

Alcoholic liver injury [63]

Chagas heart disease [69-72]

PARylation, MARylation, or
non-catalytic activity

PARP7/ARTD14

SARS-CoV-2 infection [23]

MARylation Colitis/Inflammatory bowel diseases [53,54,56]

PARP9/ARTD9Y

Pulmonary tuberculosis [83,84]

RNA-viruses infections [85,86]
Atherosclerosis/arterial inflammation [79,80]
SARS-CoV-2 infection [117]

MARylation

PARP10/ARTD10

SARS-CoV-2 infection [23]

MARylation Arboviruses infections [88]

PARP12/ARTD12

Assembly and maintenance of stress granules [15]

MARylation SARS-CoV-2 infection [23]

PARP13/ARTD13

Non-catalytic activity Assembly and maintenance of stress granules [15]

37



Pathogens 2023, 12, 964

Table 1. Cont.

Enzyme Activity Disease/Biological Process(s)

Atopic dermatitis (Clinical Trial No.: NCT05215808)
. SARS-CoV-2 infection [23]

PARP14/ARTDS MARylation Atherosclerosis/arterial inflammation [79,80,90,91]
Arboviruses infections [88,89]

PARP15/ARTD? MARylation Assembly an.d ma1.ntenance of stress granules [15]
Arboviruses infections [88]

PARG Hydrolysis (PAR) Assembly and maintenance of stress granules [15,98]

Macrodomain 1 (nsp3) Hydrolysis (MAR) SARS-CoV-2 infection [114,117,118]

5. Mass Spectrometry and ADP-Ribosylation

Enzyme-catalyzed covalent modifications of amino acids such as phosphorylation,
ubiquitination, glycosylation, and ADP-ribosylation are post-translational modifications
(PTMs). PTMs regulate various processes related to cellular homeostasis [125]. The biologi-
cal complexity and the potentially ephemeral nature of PTMs make them challenging to
decipher; but innovative mass spectrometry technologies have enabled their widespread
investigations. Ribosylomics is the study of proteome-wide ADP-ribosylation, using mass
spectrometry. The last ten years have witnessed technological advances that have overcome
initial obstacles for ribosylome, including difficulties associated with precise identification
of amino acid acceptor sites, the unstable nature of its covalent binding to the amino acid
chain, and its complex pattern of fragmentation [126-132]. Several mass spectrometry-
based workflows are currently available to study ADP-ribosylation, but PARylated peptides
are not amenable to typical mass spectrometric acquisition methods. The conversion of
PAR to MAR peptides using poly-PARG [80,131,132] or the complete reduction to a phos-
phoribose using a phosphodiesterase [133] provides the means to detect ADP-ribosylated
proteins/peptides using mass spectrometry; however, these methods do not provide the na-
ture of the original modification, MAR vs. PAR. In parallel to the mass spectrometry-based
innovations to characterize ADP-ribosylated proteins are the ongoing efforts to develop
computational resources to confidently characterize and report ribosylome data.

5.1. Enrichment Strategies and Activation Methods Influence the Identification of
ADP-Ribosylated Proteins in Macrophages

Multiple research groups have tested the activation methods for identifying ADP-
ribosylated peptides, their ADP-ribose acceptor sites, and unique enrichment strategies.
Electron transfer dissociation (ETD) proved to be efficient in the identification of unambigu-
ous ADP-ribosylated peptides and their acceptor sites [127], with the combination of ETD
with higher-energy collisional dissociation (EThcD) being superior to ETD alone for the
same purpose [128,132]. Also, the enrichment protocol using an Af1521-Sepharose bead
workflow [134] can be combined with ETD for mass spectrometry analysis [131]. Different
activation methods may provide the identification of specific ADP-ribosylated peptide
groups, depending on their acceptor sites. Ion ETD seems to be superior to EthcD in the
occurrence of non-dissociative electron transfer for ADP-ribosylated precursor peptides,
and residues modified on arginine and lysine were more stable during HCD fragmentation,
whereas the annotation of residues modified on serine, glutamate, tyrosine, and aspartate
were more challenging [126]; this is interesting, as modifications on arginine were more fre-
quent during physiological conditions, while modifications on serine were scarce in similar
conditions [131], indicating that adjusting the activation method based on the biological
condition may provide more reliable results. It is worth noting that the studies mentioned
in this paragraph mainly used cancer cell lines and/or healthy mouse tissues, indicating
that technical optimization would potentially be needed for the study of inflammatory
biosystems related to macrophages and macrophage-like cells.
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In 2019, our group demonstrated that different ADP-ribosylation enrichment strate-
gies and activation methods influence the identification of ADP-ribosylated peptides in
IEN-y-stimulated human THP-1 macrophage-like cells [80]. We compared the mass spec-
trometry results of two enrichment strategies: the Af1521-based workflow [134], in which
the macrodomain of the Af1521 compound is used to affinity-purify ADP-ribosylated
peptides; and the 10H anti-ADP-ribose antibody-based workflow, in which the antibody
is used in immunoprecipitation of ADP-ribosylated proteins. While the Af1521-based
workflow provided spectra rich in MARylated peptides and amino acid acceptor sites, the
antibody-based workflow only provides peptides suggesting candidate ADP-ribosylated
proteins since ADP-ribosylated peptides themselves are not detected. The 10H strategy
enriched 1,389 candidate ADP-ribosylated proteins, whereas the Af1521 strategy enriched
145 ADP-ribosylated proteins, resulting in 39 proteins commonly identified which included
PARP14/ARTDS8 and PARP9/ARTD9 [80].

We also compared distinct activation (peptide sequencing) methods and demonstrated
that, while HCD provides a larger number of identified ADP-ribosylated peptides, ETD
dissociation provides a more reliable identification of the ADP-ribosylation acceptor site
in ADP-ribosylated peptides [80]. With these results, we were able to confirm that stimu-
lation of human THP-1 macrophage-like cells with IFN-y increased PARP9/ARTD9 and
PARP14/ARTD8 ADP-ribosylation levels.

5.2. An Innovative Spectral Annotation Strategy Facilitates the Report of ADP-Ribosylated
Peptides in IFN-vy-Stimulated Mice

The investigation of ADP-ribosylated proteins using mass spectrometry methods
requires optimal annotation strategies to accurately identify such proteins after enrich-
ment protocols. The ADPriboDB (initially published by Vivelo et al. [135] and updated
by Ayyappan et al. [136]) was the first report of a publicly available database of ADP-
ribosylated proteins, in which users can find information about proteins reported in the
mass spectrometry literature, from as early as 1975. Each individual entry was revised
manually by two independent reviewers before inclusion in the database. Likewise, manual
annotation of peptide spectra is still commonly used in mass spectrometry studies in the
ADP-ribosylation field.

In 2022, our group capitalized on our optimized ADP-ribosylation enrichment and
activation methods to develop a new strategy for annotating ADP-ribosylated peptide spec-
tra (named “RiboMap”) from liver and spleen samples of IFN-y-stimulated mice [129,137].
In this strategy, once a candidate ADP-ribosylated peptide fragment spectrum is assigned
and scored by the standard spectral search engine, RiboMaP then annotates and scores the
spectra for ADP-ribosylation-unique features [129].

With this unique spectral annotation tool, we could increase the confidence of the
reported ADP-ribosylated peptide spectra associated with pro-inflammatory responses
in liver and spleen. With that combination of mass spectrometry and computational
techniques, even ADP-ribosylated peptides with overall low biological abundances, such as
PARP9/ARTD9 and PARP14/ARTDS, could be identified. We further applied the RiboMap
strategy to publicly available data sets and even to our own previously published human
macrophage cell and mouse samples, and we found that, regardless of study and sample
type, RiboMap increased the number of ADP-ribosylated peptide spectral annotations in
all tests [129].

6. Future Perspectives

Since the seminal articles in the 1960s describing ADP-ribosylation as a post-translational
modification occurring in stimulated human monocytes/macrophages [21,22,138], the
field has expanded enormously. Although ADP-ribosylation is posited to regulate various
biological or pathological processes, the mechanisms remain barely understood. Mass
spectrometry and computational biology techniques appear to be some of the fundamental
tools for overcoming knowledge gaps in the study of ADP-ribosylation. Mass spectrometry
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technologies are continually developing, with the aim to sequence deeper into a proteome.
Ion mobility technology, such as field asymmetric waveform ion mobility spectrometry
(FAIMS), is one such development. We envision FAIMS to be a promising technology to
increase the sequencing depth of a given ribosylome, similar to what has been demonstrated
for the phosphorylation field [139].

There are also promising perspectives for the field of ADP-ribosylation and macrophage-
mediated chronic inflammation. A clinical trial is currently investigating the efficacy of
a PARP1/ARTD14 inhibitor compound in the treatment of atopic dermatitis, a chronic
inflammatory disease deeply associated with macrophage activation. Likewise, with the
help of the strategies mentioned above, other novel drug targets may emerge from bench
research. The cumulative evidence suggests that ADP-ribosylation is an important piece of
the sustained inflammatory response of macrophages in cardiovascular, gastrointestinal,
pulmonary, and hepatic diseases, as well as in prolonged infections. Therefore, we expect
that other potential candidate drugs may appear in a near future, translating bench results
into clinical tools for patient care.
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Abstract: Poly ADP-ribose polymerases (PARPs) catalyze ADP-ribosylation, a subclass of post-
translational modification (PTM). Mono-ADP-ribose (MAR) moieties bind to target molecules such
as proteins and nucleic acids, and are added as part of the process which also leads to formation of
polymer chains of ADP-ribose. ADP-ribosylation is reversible; its removal is carried out by ribosyl
hydrolases such as PARG (poly ADP-ribose glycohydrolase), TARG (terminal ADP-ribose protein
glycohydrolase), macrodomain, etc. In this study, the catalytic domain of Aedes aegypti tankyrase
was expressed in bacteria and purified. The tankyrase PARP catalytic domain was found to be
enzymatically active, as demonstrated by an in vitro poly ADP-ribosylation (PARylation) experiment.
Using in vitro ADP-ribosylation assay, we further demonstrate that the chikungunya virus (CHIKV)
nsp3 (non-structural protein 3) macrodomain inhibits ADP-ribosylation in a time-dependent way. We
have also demonstrated that transfection of the CHIKV nsP3 macrodomain increases the CHIKV viral
titer in mosquito cells, suggesting that ADP-ribosylation may play a significant role in viral replication.

Keywords: poly ADP-ribosylation; Aedes aegypti; tankyrase; PARP; chikungunya virus (CHIKV)

1. Introduction

ADP-ribosylation is a common modification that occurs in all life domains, including
prokaryotic and eukaryotic organisms. It entails the attachment of mono or polymer
units of ADP-ribose to target molecules, such as DNA, proteins, and RNA [1-3], and is
known to play a role in a number of biological functions, including DNA damage repair,
telomere maintenance, stress response, immunological response, cell signaling, and cell
proliferation [4-6]. Three sets of proteins called writers, readers, and erasers control the
process of ADP (Adenosine diphosphate)-ribosylation. The writers convert nicotinamide
adenine dinucleotide (NAD") to nicotinamide (NAM) and ADP-ribose, then the latter
attaches to target molecules. ADP-ribosyl transferases (ARTs) are commonly used for
mono PARPs or Poly ADP-ribose polymerase (PARP), depending on whether they add
only a single ADP-ribose (MARP) or multiple ADP-ribose units to target molecules [1,7].
Reader proteins, which contain one of the following domains such as macrodomain, WWE
domain (named after three conserved single letter amino acid residues), PAR-binding motifs
(PBMSs), or PAR-binding zinc finger (PBZ) domain, are able to recognize ADP-ribosylation
on target proteins [7]. These proteins have important roles in localization [8], DNA damage
response [9], and ubiquitin-mediated proteasomal degradation [10,11] by interacting with
ADP-ribosylated proteins. Eraser proteins bind to and remove ADP-ribosylation. They are
divided into: terminal ADP-ribose protein glycohydrolase 1 (TARG1), poly ADP-ribose
glycohydrolase (PARG), and ADP-ribosyl-acceptor hydrolases (ARH1 and ARH3). Macro
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D1 and macro D2, Macro Ds, ARH1, ARH3, and TARG all eliminate mono-ADP-ribose
residues, but PARG eliminates poly ADP-ribose chain [7,12].

In addition to glutamate and aspartate, additional acidic amino acid residues such
as serine, arginine, and cysteine also act as acceptors for ADP-ribosylation by PARPs [2].
The next step is polymer extension, which entails repeatedly conjugating ADP-ribose
from NAD+ to the previous ADP-ribose unit. This results in the construction of a linear
ribose polymer chain (1”2’) made up of 2-200 ADP-ribose units, also known as a poly
ADP-ribose (PAR) chain. Furthermore, branching is added to the PAR chains to boost
both complexity and biological responsiveness [13-15]. By causing phase separation and
encouraging protein—protein interactions, the PAR chains also aid the development of
protein complexes [16].

The ADP-ribosylation process is also involved in the antiviral immune
response [17-19], where it is known to activate different components in the immune
pathway, such as ion channels [20], modulation of expression of genes involved in in-
flammation [21-23], and the RNAi (RNA interference) pathway [6], ultimately triggering
the host defense mechanism against virus infection. It is well known that viruses of the
Coronaviridae, Togaviridae and Hepeviridae families contain macrodomains, which hinder
host-mediated immune response [24] by targeting stress granule formation [25], inhibiting
the release of pro-inflammatory cytokines and interferons [26], enhancing pathogenesis [27],
and promoting viral proliferation [28,29].

Aedes aegypti (Ae. aegypti) is an important vector for arboviruses, including dengue,
Zika, chikungunya, yellow fever [30,31]. The effects of ADP-ribosylation during arboviral
infections in the vector and function of the proteins implicated in the alteration in their sur-
vival are poorly understood. The non-structural protein 3 (nsP3) of the Chikungunya virus
(CHIKYV), an alphavirus, encodes a macrodomain that possesses ADP-ribosylhydrolase
activity, which is important for virus replication and virulence [28,32]. In this study, we
cloned and expressed the catalytic domain of Ae. aegypti tankyrase protein. The in vitro as-
say using the purified catalytic domain showed that the domain was able to auto-PARylate.
When attached as monomer or polymer to target proteins, ADP-ribose moieties are known
to alter their activity as well as have role in protein complex formation. The macrodomain
is known to hydrolyze the ADP-ribose from the proteins and favor viral growth [25,33,34].
We found that PARylation was inhibited by the nsP3 protein, which is known to have
a macrodomain, and its transfection into mosquito cells favored the CHIKV replication,
indicating the crucial role of ADP-ribosylation and macrodomain play in deciding the
outcome of mosquito-virus interaction.

2. Materials and Methods
2.1. Sequence Alignment and Phylogenetic Analysis

To identify PARP orthologs in Ae. aegypti, 17 human PARPs were blast aligned against
known Ae. aeqypti PARPs. Sequences were aligned and a phylogenetic tree was generated using
MEGA 11 software [35]. The sequence alignment was done with MUSCLE algorithm. The
sequences were then analyzed for phylogenetic analysis using the following method: statistical
method: maximum likelihood, test of phylogeny: bootstrap method, no. of bootstrap replication:
1000, substitution model: Poisson model, ML heuristic method: nearest-neighbor-interchange
(NNI), no. of threads: 5. Next, the Aedes PARP sequences were analyzed for domains present in
them using ScanProsite (https:/ /prosite.expasy.org/scanprosite/; accessed on 16 April 2022).

2.2. Cells, Virus, Infection and Transfection

Vero cells (ATCC® CCL-81™) were purchased from ATCC and Ae. albopictus (C6/36)
cells were obtained from NCCS, Pune, India. Ae. aegypti-derived cells (Aag2) were a kind
gift from Dr. Kevin Maringer, The Pirbright Institute, Surrey, UK. C6/36 and Vero cells
were maintained in DMEM medium as mentioned previously [36]. Aag2 cells were grown
in Leibovitz’s L-15 Medium (Thermo Scientific Inc., Waltham, MA, USA, Cat. no. 11415064)
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and supplemented with 20% fetal bovine serum (Thermo Scientific Inc., Waltham, MA,
USA, Cat. no. 10438018).

A lab-adapted CHIKYV clinical strain, IND-2010#01 (Accession no. JF950631.1) was
used to infect Aag? cells [37], as mentioned in a previous study [36]. Vero cells were grown
to full confluency and in Aag?2 cells, 1 x 10° cells/well in a 12-well plate were seeded. The
next day, the medium in the wells was changed with serum-supplemented medium absent
of antibiotics. EGFP and macrodomain cloned pIB/V5-His plasmids (1.5 ug each) were
suspended in 100 pL serum-free medium with 2 pL TransIT transfection reagent (Mirus Bio
LLC, Madison, WI, USA) separately and kept at RT for 20 min (minutes). The mixture was
added drop-wise to cells and after 24 h (hour) the cells were infected with CHIKV at MOI
(multiplicity of infection) of 1. The cells/supernatant were collected at 24, 36, and 48 hpi
(hours post infection).

2.3. Gene Cloning, and Expression

To clone the catalytic domain tankyrase of Ae. aegypti, the protocol uses RNA isolated from
Ae. aegypti and PrimeScript One Step RT-PCR Kit (Takara Bio Inc., Japan, Cat RR055B) tankyrase-
specific primers: forward primer 5'-ATAGGTACCAGCGGCACATCCATGGCCAACAG-3' and
reverse primer 5'-ATAGGATCCCTCGCTGGCTCCTGGGGGCTAG-3/, with annealing at 65 °C
and primer extension for 120 s (seconds). The PCR product was cloned into pET32a vector. The
tankyrase-pET32a plasmid was transformed into E. coli CodonPlus cells, whereas CHIKV nsP3
cloned in pET29a was used from a previous study [38]. EGFP was also cloned using forward
primer 5'-GGGGTACCATGCATCATCACCATCACCATCGGATGGTGAGCAAGGGCGAG-3
and reverse primer 5'-ACCGGATCCCTTGTACAGCTCGTCCATGCCGAGAGTGATCCCG-3/,
and CHIKV nsP3 macrodomain was cloned wusing forward  primer
5'-ATAGGTACCATGGCACCGTCGTACCGGGTAAAACG-3' and reverse primer
5'-ATAGGATCCGTCCGCATCTGTATGGCCTCAG-3' into the pIB/V5-His vector.

2.4. Protein Purification

The tankyrase catalytic domain and CHIKV nsP3 protein were purified using a pre-
viously published protocol with slight modifications [38]. E. coli cultures having plasmid
encoding Ae. aegypti tankyrase catalytic domain and CHIKV nsP3 were induced with
1mM IPTG for 16-20 h at 18 °C (degree Celsius). The cultures were pelleted and lysed in
the lysis buffer (Tris-Cl (pH 8.0) 50 mM (milli Molar), NaCl 150 mM, EDTA 2 mM, glyc-
erol 5%, 3-mercaptoethanol 2 mM, and PMSF 1 mM) with lysozyme. This was followed
by centrifugation. The clarified supernatant was mixed with freshly recharged Ni-NTA
(Nickel-Nitrilotriacetic acid) agarose beads. The beads were eluted with lysis buffer contain-
ing 300 mM imidazole. The imidazole was removed by using dialysis membrane overnight
with Tris-Cl (50 mM) pH 8.0, NaCl (150 mM), and DTT (2 mM) for further use of protein.

2.5. SDS-PAGE, Transfer, and Western Blotting

The SDS-PAGE and western blot were carried out according to prior methodology [36].
Briefly, Aag2 cells were lysed in RIPA buffer and 15-20 pg of each cell lysate or 4-6 ug of
purified protein samples were resolved in SDS-PAGE gel and then transferred onto the
nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were
probed with the following primary antibodies: anti-His HRP antibody (Santa Cruz, Dallas,
TX, USA, Cat. no. sc-8036-HRP, 1:5000), anti-actin HRP (C4) (Santa Cruz, Dallas, USA, Cat.
no. sc-47778 HRP, 1:6000), anti-pADPr antibody (10H) (Santa Cruz, Dallas, USA, Cat. no.
sc-56198, 1:3000 dilution), and anti-V5 tag antibody (Thermo Fisher Scientific, Waltham,
MA, USA, Cat. no. R960-25, 1:5000) and anti-CHIKV E1 (in house raised in mice, 1:3000).
The blots probed with anti-pADPr antibody, anti-CHIKV E1 sera, and anti-V5 tag antibody
were incubated with anti-mice IgG HRP antibody (Novus Biologicals, Colorado, USA, Cat.
no. NB7539, 1:6000 dilution), washed with PBST, and then visualized using the Bio-Rad
ChemiDoc MP System (Bio-Rad Laboratories, Hercules, CA, USA) after brief exposure
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to a chemiluminescent substrate. The uncropped images are included in supplementary
information Figure S1.

2.6. Plaque Assay

The viral titration was done using plaque assay as per previously published proto-
col [39]. Briefly, the medium was replaced with serum-free medium 1 h prior to infection.
The medium collected from CHIKV-infected Aag?2 cells were initially diluted at 1:10 and
added to the first well in triplicates, and then was diluted at 1:2 in the rest of the wells.
The virus was allowed to bind to the cells for 90 min, and then the serum-supplemented
medium was added. The wells were then added with 1% carboxymethyl cellulose (CMC)
(Sigma-Aldrich, St. Louis, MO, USA, Cat. no. C4888) and plates were transferred back
to the 5% CO, supplemented humidified incubator at 37 °C for 72 h. The cells were fixed
with paraformaldehyde for 1 h. After fixing, crystal violet stain (0.25%) was added to the
wells and incubated for 30 min. The stain solution was discarded and wells were rinsed
with tap water. The plaques were calculated as plaque-forming units (pfu) = (number of
plaques)/(dilution x volume of the virus).

2.7. In Vitro PARylation Assay and Co-Incubation Assay with CHIKV nsP3 Protein

The in vitro assay was performed following previous protocol [40]. The E. coli purified
recombinant tankyrase protein (8 to 12 pg) was incubated for the specified time at 28 °C in
PARP reaction buffer (50 mM Tris-Cl [pH 8.0], 4 mM MgCly, 0.2 mM DTT (dithiothreitol)
containing 25 uM beta-Nicotinamide adenine dinucleotide sodium salt (NAD+) (Sigma-—
Aldrich, St. Louis, MO, USA, Cat. no. N0632-1G). The reactions were terminated by
adding SDS loading buffer, and 4-6 ug of each protein sample was fractionated by 10%
SDS-PAGE. The proteins were transferred onto a nitrocellulose membrane and probed
with anti-pADPr antibody (10H) (Santa Cruz, USA, Cat. no. sc-56198 1:2000 dilution).
The membrane was then probed with anti-mice IgG HRP antibody (Novus Biologicals,
Centennial, CO, USA, Cat. no. NB7539) and visualized in a Bio-Rad ChemiDoc MP System
after brief exposure to chemiluminescent substrate. Similar to the in vitro PARylation
assay, the nsP3 co-incubation assay was carried out. The purified recombinant CHIKV
nsP3 protein (8 to 12 ug) was added to the reaction mixture for the desired time and the
reaction was stopped by adding SDS loading buffer. The 4-6 pg of each sample were
then separated by SDS-PAGE, transferred onto the nitrocellulose membrane, and probed
with anti-pADPr antibodies, followed by exposure to chemiluminescent substrate and
visualization in ChemiDoc MP system.

2.8. In Vitro Transcription, RNA Isolation and Real-Time PCR

For double stranded RNA synthesis, T7 sequence (Tankyrase forward primer
5'-TAATACGACTCACTATAGGGTCACCGAACTGCTCATCAAG-3/, reverse primer
5'-TATCCGAAGCGAAAGCAAGTCCCTATAGTGAGTCGTATTA-3', EGFP forward primer
5'-TAATACGACTCACTATAGGGATGGTGAGCAAGGGCGAGG-3/, and reverse primer
5'-TAATACGACTCACTATAGGGCTTGTACAGCTCGTCCATGCC-3') was added to the
primer and the desired product of around 400 bp was amplified using Dream Taq DNA
polymerase (Thermo Fisher Scientific Inc., Waltham, MA, USA, Cat. no. EP0701) follow-
ing the manufacturer’s protocol. The PCR product was purified and an in vitro reaction
was setup using MEGAscript T7 transcription kit (Thermo Fisher Scientific Inc., Waltham,
MA, USA, Cat. no. AM1334) following the manufacturer’s protocol. The dsRNA af-
ter in vitro transcription was treated with TURBO DNase. The RNA was purified using
TRIzol reagent. Whole cell RNA isolation from Aag? cells was done following previous
protocol [41]. Total cellular RNA was isolated using TRIzol (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). RNA was dissolved in DEPC treated water and quantified. One-step
SYBR green real-time PCR was carried out on PIKOREAL 96 Well real-time PCR system
(Thermo Fisher Scientific Inc., Waltham, MA, USA). A total of 300 ng total RNA per reaction
was used with 0.3 uM of each primer with QuantiTect PCR kit (Qiagen, Hilden, Germany).
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The RT-PCR conditions for the one-step RT-PCR consisted of a 30 min reverse transcription
step at 50 °C and then 2 min of initial denaturation at 95 °C, followed by 40 cycles of PCR at
95 °C without holding time (denaturation), 60 °C for 30 s (annealing), and 72 °C for 30 s (ex-
tension). Small subunit ribosomal protein 7 (RPS7) was used as an internal control. Tankyrase
real-time PCR sequence used forward primer 5'-GGTGAAGAACCTCGAGAAAGAA-3
and reverse primer 5'-CAATAGCAGCAAAGCTGGAAC-3' and RPS7 forward primer 5'-
CCCGGTTGACGATGGATTT-3' and reverse primer 5-TCACGAAACCAGCGATCTTATT-3'.

2.9. Immunofluorescence Assay

Aag? cells were cultured in 6 well plates containing sterile glass coverslips. Cells
were infected with CHIKV at MOI 1 for 24 h and 48 h. The cells were then fixed with 4%
paraformaldehyde for 30 min and then permeabilized using 0.1% Triton-X-100 for 30 min.
Cells were then blocked with bovine serum and then incubated with anti-CHIKV nsP3
rabbit serum [38] at 1:200 dilution in PBS (phosphate buffer saline) + 2.5% BSA overnight.
The following day, washing was done using PBST (PBS + 0.1% tween-20) 3 x 10 min.
The cells were then added with a secondary antibody (anti-mice IgG Alexa 594) at 1:400
dilution. This was followed by washing with PBS + 0.1% tween-20 for 3 x 10 min. The cells
were immersed in DAPI for a few minutes and then visualized in Nikon eclipse confocal
microscope (Nikon Corp, Tokyo, Japan) with oil immersion for magnification.

2.10. Statistical Analysis and Software

Statistical analyses for plaque assay analysis and real-time PCR were performed using
two-way ANOVA. The analyses were done using Graphpad prism software (version 9.1.1).

3. Results
3.1. Identification of ADP-Ribose Polymerases in Ae. aegypti

In order to compare the proteins in Ae. aegypti to the 17 human PARPs, sequence align-
ment was performed using blast tool (Blastp, NCBI). The results showed that
Ae. aegypti encodes for three ADP-ribose polymerases, which are as follows: (1) tankyrase
(NCBI accession: XP_021708496.1), (2) Poly ADP-ribose polymerase (PARP; NCBI acces-
sion: XP _001661932.1), and (3) Mono-ADP-ribose polymerase (MARP; NCBI accession:
XP _001647568.1). The phylogenetic sequence analysis showed that the Ae. aegypti tankyrase
protein was showing the highest sequence similarity to human PARP5a and PARP5b, and
the Ae. aegypti PARP protein had the highest sequence similarity to human PARP1, while
the Ae. aegypti MARP protein was showing the highest sequence similarity to human
PARP16 (Figure 1A). These three ADP-ribose polymerases differed from one another in
terms of the various sorts of domains. Here is the domain analysis for the three proteins:

1.  Tankyrase: Tankyrase-1 (PARP5a) and tankyrase-2 (PARP5b) in human were found
to be closest to Ae. tankyrase among the 17 human PARPs (Figure 1A). Three dif-
ferent types of domains were identified by the domain analysis: Ankyrin repeats,
SAM domains, and PARP catalytic domains (Figure 1B). The 30-35 amino acid long
motifs known as ankyrin repeats, which have a helix-turn-helix shape, are essential
for protein—protein interactions [41,42]. Protein—protein interactions are mediated by
another domain called the sterile alpha motif (SAM). These play a role in oligomeriza-
tion as well as binding [43]. ADP-ribose is added by the third domain, called the PARP
catalytic domain. Sequence alignment of tankyrase and PARP5b revealed an Ankyrin
repeat region, which is crucial for protein—protein interaction and PARP catalytic
domain, which is responsible for ADP-ribosylation activity, exhibited a higher region
of similarity (Figure S2).

2. PARP: A poly ADP-ribose polymerase called PARP is the other protein found in Ae.
aegypti. The most resemblance between Ae. aegypti PARP and human PARP1 was
found during the phylogenetic analysis (Figure 1A). According to domain analysis,
there are different types of domains: PARP Zn, BRCT, PARP alpha, and PARP catalytic
domain (Figure 1B). A zinc finger domain, PARP Zn, included two copies. These
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proteins, which typically reside in the nucleus, are implicated in DNA repair [44].
The BCRT (BRCA1 C-terminus) domain was the second domain from the protein’s
N-terminal. When the PARP alpha domain binds to the site of DNA damage, it
transmits the activation signal [45]. The sequence alignment of PARP with PARP1
revealed several amino acid similarities between these two proteins, with the PARP
catalytic domain showing the highest degree of similarity, indicating that this domain
is mostly conserved in these animals (Figure S3). All of these facts suggest that the
Aedes PARP protein is an enzyme that repairs DNA damage.

3. MARP: Mono-ADP-ribose polymerase (MARP) is responsible for adding mono-ADP-
ribose units to proteins. These proteins cannot further connect ADP-ribose subunits
to the terminals of those already attached [46]. According to the results of the phylo-
genetic research, the human MARP protein PARP16 and the Ae. aegypti MARP have
the highest degree of similarity (Figure 1A). Proteins share comparable amino acids
in the region responsible for catalytic activity of the protein, as seen by the sequence
alignment of MARP and PARP16 (Figure S4). The MARP protein from Ae. aegypti is
362 amino acids long and only comprises a catalytic domain (Figure 1B), suggesting
that it may be used for priming proteins or for MARylating proteins that are either
activated or inactivated upon MARylation.

Based on analysis and evidence from the literature, we came to the conclusion that
tankyrase is responsible for attaching the ADP-ribose chain to proteins, PARP is responsible
for DNA repair, and MARP is responsible for intracellular signaling or priming. As the
Ae. aegypti tankyrase protein contained a region implicated in protein—protein interaction,
we moved forward with its cloning, production, purification, and characterization. These
kinds of proteins are crucial for controlling cellular functions, and their discovery and
characterization may shed light on the intricate mechanisms governing numerous biological
processes. Full-length PARP proteins are required for the PARylation of target proteins
in cells [47—49], but the catalytic domain alone is sufficient to create ADP-ribose chains
on the proteins [49]. The catalytic domain of Ae. aegypti tankyrase protein (Figure 1B)
was cloned into pET32a vector. The purified protein (of 60 kDa (kilo Dalton) size) was
expressed in soluble form and was checked for purity using Coomassie stain and western
blot (Figure 1C).

3.2. In Vitro PARylation Assay of Catalytic Domain of Tankyrase Protein and Impact of
nsP3 Macrodomain

Each of the several domains that make up the PARP proteins is essential for their
proper function in cells. Target proteins are added with long, variable-length ADP-ribose
chains by these PARPs (Figure 2A) [15,16,50]. In this study, the capacity to add ADP-ribose
subunits was initially assessed in the catalytic domain of tankyrase proteins. The tankyrase
alone (Figure 3B, lane 1) and NAD™" (Figure 2B, lane 2) as well as CHIKV capsid protein
(Figure 2B, lane 3) were employed as a negative control (for a non-specific signal). The
presence of tankyrase catalytic domain resulted in an intense band of higher molecular-
weight proteins (Figure 2B, lane 4), indicating that tankyrase domain was using NAD* as a
substrate to add ADP-ribose to itself via mechanism called auto-PARylation (Figure 3A).
At both 30 min and 60 min, the PARylation assay revealed that the protein had undergone
ADP-ribose modification with various lengths of the PAR chain (Figure 2C).

The in vitro PARylation assay showed that catalytic domain of tankyrase could add
ADP-ribose units. Previous work from lab by Mathur et al. [51] has shown that CHIKV nsP3
macrodomain act as a viral suppressor of RNAi. CHIKV macrodomain is a mono-ADP-
ribosylhydrolase and is crucial for the viral replication [28,52]. We were curious to find out
if the CHIKV macrodomain, which is known to remove mono-ADP-ribose moieties [52],
affected the poly ADP-ribosylation of proteins caused by Ae. aegypti PARPs. The bacterially
purified CHIKV nsP3 protein (Figure S5) was added to the PARylation reaction mixture,
and the reaction was run for 30 and 60 min in order to assess the function of the nsP3
macrodomain on ADP-ribosylation. Following the incubation of the nsP3 protein, it was
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found that the PARylation decreased as the incubation duration increased up to 60 min.
In comparison to the 30 min and 60 min of the PARylated samples alone, the number or
length of the PAR chains was lower at 30 min following the incubation of the nsP3 protein
and dramatically decreased at 60 min (Figure 2D). The knockdown of tankyrase gene by
dsRNA transfection resulted in increased titer of CHIKV (Figure 2E).
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Figure 1. Analysis of ADP-ribose polymerase proteins in Ae. aegypti. (A) Phylogenetic comparison
of 17 human PARP proteins with those from Ae. aegypti. Aedes PARPs are highlighted by red color.
HS = Homo sapiens, Ae = Ae. aegypti; (B) Domain analysis of the ADP-ribose polymerase proteins
from Ae. aegypti. Each color denotes a certain sort of domain, and the quantity of colored boxes
indicates how many copies of that particular domain in the protein, and (C) Coomassie staining and
western blot of purified recombinant tankyrase catalytic domain and western blot with anti-His HRP
tagged antibody.
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Figure 2. In vitro PARylation assay of tankyrase catalytic domain. (A) Schematic diagram of in vitro
PARylation assay and sample (unmodified protein and ADP-ribose modified) protein separation
on SDS-PAGE; (B) In vitro PARylation assay with tankyrase alone (negative control), NAD* alone
(negative control), CHIKV capsid proteins with NAD* and tankyrase with NAD™ for 30 min reaction
(left image is the anti-PAR antibody blotted membrane and right image is the Ponceau-stained
membrane before blocking and anti-PAR antibody exposure); (C) Western blot of time points (30
and 60 min) of in vitro PARylated tankyrase catalytic domain; (D) In vitro PARylation assay in the
absence of CHIKV nsP3 protein for 30 and 60 min (lane 1 and lane 2 from the left side). The impact of
nsP3 protein on PARylation was checked by co-incubation of nsP3 protein and PARylation buffer
having tankyrase protein for 30 and 60 min (lane 3 and 4) and (E) dsRNA mediated knockdown of
Ae. aegypti tankyrase transcript. Aag? cells were transfected with dsRNA for tankyrase and EGFP
(control) for 24 h and then infected with CHIKV at MOI of 1. Cells were collected at 24 hpi and 48 hpi
and viral titer was quantified by CHIKV E1 specific primers using real-time PCR and plaque assay.
ns- non-significant, * p-value < 0.05 ** p-value < 0.001 and **** p-value < 0.0001.
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Figure 3. Effect of CHIKV nsP3 on PARylation. (A) Diagram of EGFP and CHIKV macrodomain
cloned in insect vector (pIB/V5-His); (B) EGFP and CHIKV nsP3 macrodomain-pIB clones were
transfected into Aag2 cells and then infected with CHIKV at MOI of 1 for 48 hpi. The lysates were
blotted with mice anti-PAR antibody (for global PARylation level detection) and V5 (for detection of
transfected EGFP and macrodomain in cells) and CHIKV E1 sera for different time points to observe
the impact on viral growth (top), Ponceau-stained membrane sued to probing the antibodies (bottom);
(C) Aag2 transfected with EGFP and macrodomain were infected with CHIKV at MOI of 1 for 24,
36, and 48 hpi. The medium was collected and used for viral titration via plaque assay, error bars
represent standard deviation (sd). n = 4 (triplicates), and (D) Western blot of EGFP and macrodomain
transfected cells infected with CHIKV at MOI of 1 after 48 hpi. The membrane was blotted with
antibodies for CHIKV El, actin, and V5 tag. ns- non-significant, * p-value < 0.05.

3.3. Effect of CHIKV nsP3 Macrodomain on PARylation Activity of Tankyrase

In CHIKV-infected Aag?2 cells, the effect of the macrodomain alone on viral replication
was also investigated. The nsP3 protein form discrete granules in cells, called replication
complexes, and the number of cells increases with infection time (Figure S6), indicating
that the nsP3 protein is not uniformly present in cells. To evaluate the impact of the
macrodomain in viral kinetics, EGFP and the CHIKV macrodomain were cloned in the
pIB/V5-His vector (Figure 3A) and transfected into Aag2 cells. The lysates were separated
on SDS-PAGE gel and incubated with an anti-pADPr antibody. In all conditions of CHIKV
infection (alone, with EGFP, or macrodomain transfected cells), PAR levels were increased
compared to uninfected cells and transfected cells (Figure 3B). The global cellular PAR level
difference between EGFP and macrodomain transfected cells was not significant. In plaque
assay, we observed that the viral titer was high in macrodomain transfected cells compared
to control (EGFP transfected) at 24 and 36 hpi, but at 48 hpi the difference between control
and macrodomain was small (Figure 3C). At 24 hpi, western blot examination of CHIKV E1
protein revealed a similar pattern. CHIKV expression was lower in cells transfected with
EGFP (lane 1) than it was in cells transfected with macrodomain (lane 2) (Figure 3D).
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4. Discussion

ADP-ribosylation is an important PTM of proteins and nucleic acids that is mediated
by PARPs. DNA repair, cell signaling, stress response, pathogen response, and gene control
are just a few of the functions that PARPs are engaged in [49]. By targeting cellular tran-
scripts, encouraging apoptosis [53], attenuating RISC (RNA induced silencing complex)
mediated transcript silencing [54], inducing interferon-stimulated genes (ISGs), and de-
grading viral proteases, PARPs provide antiviral functions during viral infections [55]. In
the current study, the sequence alignment with human PARPs led to the identification of
three Ae. aegypti PARP proteins, including tankyrase (PARP5b), PARP (PARP1), and MARP
(PARP16). Among these, tankyrase catalytic domain was cloned, expressed, and purified
in a bacterial system. By using an in vitro PARylation assay, it was discovered that the
tankyrase catalytic domain add PAR chains of variable length to its own molecules (auto-
PARylation). The phosphate residues in the PAR chains imparts a negative charge, which
interacts with the candidate proteins” PAR binding motif (PBM) [56]. The length and degree
of branching impacts the propensity to create multimeric complexes [50,57] and also affects
cellular systems [15]. Knockdown of tankyrase led to higher viral titer, indicating that
there might be other PARP isoforms that are involved in the immunity against viruses, or
tankyrase is involved in the inactivation of viral proteins, hence its knockdown increasing
the viral titer. A recent study highlights that mono-ADP-ribosylation of viral protein (nsP2)
by host PARP leads to inhibition of nsP2 enzymatic activity [34], raising the possibility that
a similar protein might be playing a role in providing immunity to mosquito cells against
viral infection.

The fact that the active macrodomain of an alphavirus is conserved in the active site
region shows how crucial the active macrodomain is for viral life [32]. According to earlier
research, mutation in the active areas influences viral replication [28,32]. The results of the
current study demonstrated that CHIKV infection leads to increased PARylation of the
cellular proteome, but nsP3 macrodomain transfection did not affect the global PARylation
compared to the EGFP control. During infection, nsP3 protein is present as discrete granules
in the cells, indicating that it may not be interacting with the whole host proteome but
instead only a limited number of proteins. Transfection of nsP3 macrodomain significantly
reduced viral titer, suggesting that the macrodomain prevents PAR-chain formation by
hydrolyzing ADP-ribose. Based on our data, we proposed a model hypothesis that host
PARP proteins are either ADP-ribosylate host or viral proteins which leads to the inhibition
of viral replication (by activation of immune pathways or inhibition of crucial viral protein
activity). To counter the host immune mechanism, the viral macrodomain removes ADP-
ribose from the host or viral proteins, leading to an inactivation of host immune pathways
or resumption of viral protein activity (Figure 4). Further in-depth studies are essential
to identify and characterize other host targets and modes of action of macrodomain on
modulating host/viral protein functions.

&{\'\ Formation of immune complexes or inactivation of viral proteins —— Reduced viral titer
(6> @34
..,.{%

a —_—

CHIKV nsP3

Figure 4. Proposed model of mechanism of tankyrase-mediated PARylation and CHIKV nsP3
macrodomain-mediated de-ADP-ribosylation of host/viral proteins. We hypothesize based on
literature as well as current evidence that ADP-ribosylation inhibits viral growth by activating
immune pathways or inactivating crucial viral proteins and thus reduces viral titer. CHIKV nsP3 has
strong de-MARylation and weak de-PARylation activity. This indicates that nsp3 macrodomain either
removes ADP-ribose from viral proteins, thereby preventing their inactivation or from host proteins
thus inhibiting their role in immune pathways and crucial metabolic processes. This eventually leads
to increased viral titer and compromised host immune system.
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Abstract: ADP-ribosylation is a reversible post-translational protein modification, which is evolu-
tionarily conserved in prokaryotic and eukaryotic organisms. It governs critical cellular functions,
including, but not limited to cellular proliferation, differentiation, RNA translation, and genomic
repair. The addition of one or multiple ADP-ribose moieties can be catalysed by poly(ADP-ribose)
polymerase (PARP) enzymes, while in eukaryotic organisms, ADP-ribosylation can be reversed
through the action of specific enzymes capable of ADP-ribose signalling regulation. In several lower
eukaryotic organisms, including Trypanosomatidae parasites, ADP-ribosylation is thought to be im-
portant for infection establishment. Trypanosomatidae encompasses several human disease-causing
pathogens, including Trypanosoma cruzi, T. brucei, and the Leishmania genus. These parasites are the
etiological agents of Chagas disease, African trypanosomiasis (sleeping sickness), and leishmaniasis,
respectively. Currently, licenced medications for these infections are outdated and often result in
harmful side effects, and can be inaccessible to those carrying infections, due to them being classified
as neglected tropical diseases (NTDs), meaning that many infected individuals will belong to already
marginalised communities in countries already facing socioeconomic challenges. Consequently,
funding to develop novel therapeutics for these infections is overlooked. As such, understanding the
molecular mechanisms of infection, and how ADP-ribosylation facilitates infection establishment
by these organisms may allow the identification of potential molecular interventions that would
disrupt infection. In contrast to the complex ADP-ribosylation pathways in eukaryotes, the process
of Trypanosomatidae is more linear, with the parasites only expressing one PARP enzyme, compared
to the, at least, 17 genes that encode human PARP enzymes. If this simplified pathway can be
understood and exploited, it may reveal new avenues for combatting Trypanosomatidae infection.
This review will focus on the current state of knowledge on the importance of ADP-ribosylation
in Trypanosomatidae during infection establishment in human hosts, and the potential therapeutic
options that disrupting ADP-ribosylation may offer to combat Trypanosomatidae.

Keywords: ADP-ribosylation; PARP; PARG; Trypanosoma; Leishmania

1. ADP-Ribosylation in Infection

ADP-ribosylation is a fundamental post-translational protein modification in which
single or several ADP-ribose units are covalently attached to proteins. The modification
is commonly catalysed by members of the poly(ADP-ribose) polymerase (PARP) enzyme
family. PARP enzymes attach ADP-ribose moieties to the aspartate, glutamate, lysine,
arginine, cysteine, threonine, or serine residues, resulting in the creation of branched and
linear polymers [1]. In addition to the actions of the PARP enzymes, ADP-ribosylation can
also occur via the action of mono(ADP-ribosyl)transferases, which catalyse the attachment
of ADP-ribose to arginine side chains via the activity of an essential and highly conserved
R-S-EXE motif [2]. This motif is localised within a specialised loop used in target recognition
for mono(ADP-ribosyl) transferases as well as for several other ADP-ribosyltransferases
(ARTs), including human PARP-1.
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1.1. ADP-Ribosylation in Viral Pathogens

PARP enzymes have long-documented actions in infection progression and protection
against pathogens in humans [3]. The role of PARP-mediated protection, particularly
against viral infection, has seen extensive study. Several human PARPs, including PARP
1,5,7,9,10, 12, and 13 are known antagonists of both DNA and RNA viruses [4-6]. Viral
replication is disrupted by several PARP enzymes, predominantly targeting dysregulation
in viral genomic translation and transcription, leading to inhibition or prevention of the
completion of the viral life cycle. PARP13, in particular, demonstrates potent antiviral
activity against many DNA and RNA viruses, including alphaviruses, influenza, filoviruses
(including Ebola and Marburg viruses), herpes virus, HIV-1, coxsackie virus B3, hepatitis
B, and Japanese encephalitis virus [7-10]. PARP13 utilizes multiple mechanisms in viral
inhibition, binding viral RNA through its four zinc-finger motifs, to allow the inhibition
of transcription and translation of the viral genome which disrupts the viral life cycle.
PARP13 is, then, able to degrade the 5 end of HIV-1 RNA via the recruitment of several
degrading host factors, including poly(A)-specific ribonuclease (PARN) and the KHNYN
endonuclease [11].

Viral replication is targeted by the host expressing PARP enzymes to defend against
infection. For example, PARP1 and PARP5 serve as antagonists to critical binding sites
used by viral proteins for genomic replication by Kaposi sarcoma-associated herpesvirus
(KSHV) and Epstein-Barr virus (EBV), respectively [12]. PARP1 is also able to prevent
transcriptional elongation of HIV-1 RNA through the binding of PARP1 to a TAR binding
site, which is responsible for the binding of RNA elongation factor p-TEFb. PARP1 also
binds with TAR more efficiently than p-TEFb, demonstrating its ability to inhibit viral
replication through epigenetic modification [13]. Genome translation is essential for viral
replication and a target for inhibition by PARPs. PARP13 has been shown to decrease
the production of Nef, a protein that is present in HIV-1 and is critical for successful
viral replication. PARP13 is also able to degrade viral RNA via exosome activation [14].
This is further evidence of the broad antiviral mechanisms exhibited by PARP13. Other
PARPs demonstrate antiviral activity through the targeted degradation of essential viral
proteins. PARP9 can form a protein-degrading complex with a ubiquitin ligase capable
of Picronoviridae protein degradation [15]. PARP10 is capable of transfer to nuclei during
avian influenza (AIV) viral infection to degrade the protein AIV NS1, which is important
for AIV replication [16]. PARP12 can degrade Zika virus (ZIKV) proteins NS1 and NS3 via
mon(ADP-ribosyl)ation, catalysed by PARP12 [17].

1.2. ADP-Ribosylation in Bacterial Pathogens

Studies examining the roles of PARPs during bacterial pathogen infection are not as
extensive in comparison to those on PARPs in viral infections. Only a small number of
bacterial species possess functional PARylation systems. Although the majority contain
domains capable of PAR binding, in addition to PAR-degrading enzymes [18]. The majority
of antibacterial studies on PARP enzymes have primarily focused on the use of PARP1.
Studies have been performed on several notable human bacterial pathogens, including
Helicobacter, Salmonella, Escherichia coli, Pseudomonas aeruginosa, Streptococcus pneumonia,
Streptococcus pyogenes, and Chlamydophila. Experiments utilising these bacteria surmise
a similar consensus, whereby shifts in PARP activity increase the difficulty of mounting
an effective response in preventing damage from bacterial infection [19-23]. In particular,
the depletion of PARP activity depresses the sufficient inflammatory response to bacterial
infection. This is likely due to PARP1 regulation of NF-kB-mediated signalling and the
activation of macrophage responses [24-26].

Several species of bacteria have also been found to possess PARG enzymes, including
Thermomonospora curvata and Herpetosiphon aurantiacus [27]. In humans, PARG enzymes
are a mechanism through which PAR can be removed from the cell via catabolism of
poly(ADP-ribose), through hydrolysis of the ribose-ribose bonds. This prevents damage
caused by excessive PAR accumulation in the cytoplasm [28]. PAR accumulation can lead to
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a PARP-mediated cell death pathway known as parthanatos, through which excessive PAR
can lead to apoptosis via several mechanisms, including depletion of NAD and the PAR-
mediated activation of an apoptosis-inducing factor (AIF) [29]. PAR can bind to AIF, which
is followed by AIF translocation to the nucleus, resulting in extensive DNA fragmentation
and chromatin damage [30]. PARG is the primary means through which excessive PAR is
removed in human cells. Other human PAR hydrolases do exist, necessitated by PARG’s
inability to remove the most proximal ADP-ribose moieties [31], including ARH3, which
is present during the removal of PAR from the mitochondria [32]. The network of PAR
enzymes present in bacteria is much simpler in comparison. Human PARG enzymes act
both as endo-glycohydrolases and exo-glcohydrolases, which leads to the production of free
PAR moieties and mono-ADP ribose moieties, respectively, via the hydrolysis of ADP-ribose
chains [28]. However, bacterial PARG enzymes are thought to be more limited in their
roles, in that they are only capable of acting as exo-glcohydrolases due to the presence of a
ribose cap located close to the C-terminus, which prevents PARG from binding efficiently
to the internal binding sites necessary for endo-glycohydrolase activity [33]. Nevertheless,
bacterial PARG enzymes are important to prevent PAR-mediated apoptosis, and as such,
PARG inhibitors may present an interesting therapeutic option in the treatment of bacterial
infections by limiting the pathogen’s ability to remove harmful PAR accumulation within
the bacterial cytoplasm.

There is much evidence to suggest the extensive roles of human PARP enzymes in
immune protection during bacterial and viral infection. However, key questions remain
for both. PARP activity is seemingly broader across enzymes in terms of antiviral activity
(10 out of 17 human PARP enzymes have identified antiviral activity), potentially as a
result of primarily cytoplasmic and nuclear localisation, which allows the PARP enzymes
to interrupt viral replication cycles at several distinct stages [34]. Therefore, it seems
that the expression of multiple cytoplasmic PARP enzymes, developed alongside the
evolution of vertebrates, are seemingly as equally as important as the nuclear-localised
PARPs in maintaining cellular health through the maintenance of essential processes and
antimicrobial activity. Given the broad antiviral properties of the most studied PARPs,
there is considerable potential to further explore the actions of the remaining PARPs to
better understand their antiviral properties.

The use of broad-spectrum PARP agonists may present an attractive avenue to explore
novel antiviral therapies. ADP-ribosyltransferase (ART) activity of PARP enzymes has
been demonstrated in works examining bacterial infection [35,36]. Further investigation is
required to fully understand the range of ART activity in inflammatory responses and infec-
tion. Interestingly, inhibition of PARP activity in animal models has displayed therapeutic
benefits. Moreover, the acute septic shock has been resolved as a result of PARP modu-
lation, likely due to a reduction in tissue damage, which usually results from enhanced
PARP-mediated ART activity [35]. This poses an interesting approach to treating bacterial
infection by finding the correct balance of PARP activity versus PARP inhibition. However,
excessive inhibition of PARP-catalysed ART activity would lead to inefficient DNA repair
during bacterial infection and restrict the positive impacts of the PARP activity. However,
PARP inhibition does yield beneficial therapeutic effects in defined circumstances. Combi-
natorial therapy with appropriate antibiotics used in conjunction with a lowered dose of
PARP inhibitors could theoretically allow the successful compromise of PARP activity. This
would allow a limitation upon PARP-driven DNA damage, whilst retaining the benefits
that PARP activity yields during the infection response. Nevertheless, this process would
require significant clinical testing and optimisation for different bacterial species. Given the
current dearth of effective treatment options for Trypanosomes, all options must be worthy
of exploration.

2. Trypanosomatidae

Trypanosomatidae is an order of singular flagellate kinetoplastid parasites, the most
relevant to human health being Trypanosoma and Leishmania. The parasites T. cruzi, T. brucei,
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and Leishmania are all responsible for infections categorised by the World Health Organ-
isation (WHO) as neglected tropical diseases (NTDs) [37]. As such, these infections are
responsible for profound impacts as they primarily arise in vulnerable people inhabiting
developing countries. ADP-ribosylation and the associated enzymes, including PARP and
PARG, play an essential role in the ability of Trypanosomatidae to establish a successful
infection in the human host. Given the lack of safe and effective medications available to
combat these parasites, and the parasites’ reliance on the functioning ADP-ribosylation to
maintain parasitic viability, the disruption of their ADP-ribosylation systems may present a
novel and effective therapeutic option. However, a deep understanding of the molecular
mechanisms underpinning the Trypanosomatidae ADP-ribosylation systems is required to
accurately target it. As such, this review will offer insight into the current understanding of
these systems and how they may be exploited to advance the options available for effective
Trypanosomatidae treatment.

T. cruzi is the causative agent of Chagas disease, which is endemic to Central and
South America. An initial infection during the acute stage results in flu-like systems.
These symptoms mask the diagnosis of T. cruzi infection [38]. During chronic stages, an
infection can lay dormant for decades, characterised by potentially minimal symptoms
and low parasitemia, which causes issues in detecting the infection. The chronic infection
eventually results in organ enlargement, with parasites primarily targeting the heart,
leading to numerous cardiac complications and potential death. Chagas is a disease of
poverty, meaning minimal financial gains in the development of tools can help to combat
it, which is reflected in that only 0.67% of US funding for neglected diseases 2009-2019
was applied to Chagas [39]. These issues are compounded by the inefficacy of current
treatments. Benznidazole and nifurtimox have limited cure rates and possess toxic side
effects and the need for an effective alternative has been identified [40].

T. brucei is the etiological agent of African trypanosomiasis. Vectoral transmission is the
most common route of infection, in which parasites enter the human host via bites inflicted
by the primary tsetse fly host. Similar to Chagas disease, the initial stage of infection
presents aspecific symptoms, followed by parasites eventually migrating to the brain,
leading to neurological complications, and ultimately death, without proper treatment [41].
Available therapies for the neurological stage of infection are also limited, with Melarsoprol
the only available drug, although this causes death in 5% of the patients who ingest it since
Melarsoprol resistance is present in some strains [42]. The anti-parasitic Fexinidazole has
shown activity against both the CNS and peripheral stages of African trypanosomiasis,
although studies remain in clinical trials and effective drug alternatives are required to
limit resistance [43].

Leishmaniasis is an umbrella term for three distinct diseases: visceral, cutaneous, and
mucocutaneous leishmaniasis. Infections are predominantly found in Asia, the Middle
East, and Northern Africa to differing degrees. The diseases are caused by several different
Leishmania species and are transmitted commonly by bite wounds inflicted by an infected
female phlebotomine sand fly. Visceral leishmaniasis is the most severe, as it causes a
systemic infection that almost invariably is fatal without rapid treatment. The cutaneous in-
fection leads to superficial skin lesions, whilst mucocutaneous infection leads to significant
damage of the buccal and nasal cavities via the formation of damaging mucocutaneous
lesions, which may disappear and reoccur repeatedly [44]. Given the severe nature of the
infection, the majority of attention in the development of novel therapies for leishmaniasis
has been focused on visceral leishmaniasis [45,46]. Currently, licenced therapies have
several issues relating to their efficacy, dangerous side effects, and availability in endemic
countries. Liposomal amphotericin B is often the first-choice drug, with miltefosine ap-
proved in 2014 by the FDA for oral treatment. Amphotericin B can cause significant side
effects [47] and resistance against it has been documented, given that it is often a front-line
drug for many fungal infections [48].

Consequently, given the scarcity of funding available to research the development of
novel therapeutics to combat these NTDs and the lack of efficacy for existing treatments,
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the identification of novel ways to combat these infections is paramount. T. cruzi, T. brucei,
and Leishmania all utilise ADP-ribosylation in several distinct ways to facilitate successful
infection in the human host. Given the avenues with potential to be explored, whereby
ADP-ribosylation manipulation can be harnessed to combat viral and bacterial infection, it
is feasible that inhibiting or disrupting ADP-ribosylation in these parasites could lead to
diminished parasite survival and proliferation.

In contrast to the extensive PARP network found in humans, the PARP system present
in Trypanosomatidae is much simpler. T. cruzi and T. brucei both possess a singular PARP
enzyme, designated TcPARP and TbPARP, respectively. Both parasites also utilise a sole
poly(ADP-ribose) glycohydrolase (PARG) enzyme, which is used to reverse the action of
PARP via the hydrolysis of ribose-ribose bonds present in PARP, which helps prevent ex-
tensive DNA damage by excessive PARP accumulation [49]. The primary ADP-ribosylation
mechanisms within these parasites use polyADP-ribosylation, although there is also evi-
dence of them using monoADP-ribosylation systems. Both T. cruzi and T. brucei possess
proteins that are homologous to human MacroD1 and MacroD2, which are domains that
hydrolyse and cleave ADP-ribose attachments to proteins in monoADP-ribosylation within
human systems [50]. The homologous proteins present in T. cruzi and T. brucei (denoted
TeMDO and TbMDO, respectively), both possess the core macrodomain fold present in
human MacroD1/D2, although the N-terminus of the parasitic proteins differ heavily
from the human MacroD1 and MacroD2, whereby they lack the adenine-binding region,
indicating that TeMDO and TbMDO bind differently to the adenine moieties [51]. Given
the nature of ADP-ribosylation in Trypanosomes, there is potential for the inhibition of
TeMDO/TbMDO to have therapeutic penitential, yet there is a lack of inhibitors against
macrodomain proteins [51].

3. ADP-Ribosylation in Trypanosoma cruzi
3.1. Use of ADP-Ribosylation and Associated PARP and PARG Enzymes in Trypanosoma cruzi

Trypanosoma cruzi expresses a sole PARP enzyme throughout its lifecycle, known as
TcPARP (Figure 1). An initial study of TcPARP revealed several structural and molecular
similarities to its human homologue, hPARP-1 [52]. Similar to hPARP-1, TcPARP is acti-
vated via DNA strand nicks, upon exposure of the parasite DNA to damaging agents such
as HyOy. Initial studies on TcPARP revealed a highly evolutionarily conserved C-terminal
catalytic domain that is homologous to T. brucei PARP, human PARP-1, and PARP-4. Fur-
thermore, the catalytic triad of histidine, tyrosine, and glutamic acid is utilised for PAR
elongation in hPARP-1, the closest human homologue to TcPARP is conserved within
the parasite [53]. Though further structural similarities were identified between TcPARP
and human PARPs (including the essential presence of glutamic acid to facilitate PARP
activity) [54,55], TcPARP differentiates itself from human PARP through its method of DNA
damage detection. Whilst DNA repair is essential for both humans and Trypanosomatidae to
facilitate proper cellular function, human PARP enzymes utilise an N-terminal zinc-finger
domain to bind DNA. This domain is seemingly absent in T. cruzi, which instead possesses
an N-terminal region thought to be able to bind DNA through the large quantity of basic
amino acid residues present in the domain (approximately 27% within the first 70 residues
in TcPARP) [53], therefore, allowing T. cruzi to regulate DNA activity, which is corroborated
by the ability of this region to bind hPARP-1 and hPARP-2 [56].

TcPARP activity is dependent upon the detection of DNA damage and is key in suc-
cessful DNA repair and signalling. It serves roles in the ability of the parasite to differentiate
into different life-cycle stages and establish infection in a human host. Consequently, the
use of PARP inhibitors in the treatment of T. cruzi has been studied and has seen some suc-
cess. Olaparib, a common PARP inhibitor, exerts strong inhibitory effects on hPARP-1 and
TcPARP activities [52,57]. Olaparib has shown the ability to reduce amastigote (non-motile
form lacking flagella) formation in a range of cell lines [52]. Another common hPARP
inhibitor, EB-47 demonstrated an ability to prevent pADPr formation in human cell lines,
although it failed to prevent pADPr formation in T. cruzi in vivo [58]. Villchez Larea and
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colleagues hypothesised that EB-47’s inability to adequately prevent pADPr formation
in vivo could be due to EB-47’s comparatively large size and excessive polarity compared
to other inhibitors. Significantly, Olaparib has been shown to reduce epimastigote growth
in vitro by more than an 100 larger concentration of Nifurtimox (the established treatment
modality for Chagas) [59]. Given the severity of the Nifurtimox side effects, the potential of
PARP inhibitors as an alternative or combinatorial approach to Chagas therapy is plausible.
However, specificity remains a challenge as TcPARP utilises the same nicotinamide binding
site, to bind inhibitors, as the hPARP enzymes.

ADP-ribosylation in Trypanosomes
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Figure 1. ADP-ribosylation in Trypanosomes. In contrast to pathways in eukaryotes, ADP-
ribosylation in Trypanosomatidae is more linear, with the parasites only expressing one PARP en-
zyme. If this pathway can be understood and exploited, it may reveal new avenues for combatting
Trypanosomatidae infection.

3.2. The Potential of ADP-Ribosylation Targeted Therapy for Trypanosoma cruzi

Intriguingly, there may be an interplay between hPARP-1 and TcPARP during infection
establishment by T. cruzi. hPARP-1 silencing experiments in A549 cells demonstrated a
significantly decreased amastigote number as well as a reduction in trypomastigotes in
the culture media [52]. T. cruzi is dependent upon the ability of healthy trypomastigotes
to establish a lasting infection and the subsequent differentiation and multiplication of
amastigotes [60]. Therefore, successful inhibition and prevention of T. cruzi require the
disruption of differentiation and growth. T. cruzi trypomastigote penetration of cardiac
tissue in vitro leads to ROS generation, through activation of hPARP-1. ROS accumulation
subsequently triggers the expression of NF-kB, which is a transcription factor that facilitates
the transcription of multiple cytokines acting in concert to allow successful penetration
of the parasite into cell lines in vitro [61,62]. The absence of cytokines TNF-« and IL-13
resulted in decreased levels of infection, demonstrating that successful infection by T. cruzi
requires some activation of NF-kB [63]. Hence, this presents the interesting hypothesis that
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T. cruzi relies not only on TcPARP but also the activation of cytokine factors, mediated by
hPARP-1. Further studies on the relationship between hPARP-1 mediated persistence of
T. cruzi are required. This offers evidence for the importance of both innate and host PARP
enzymes in T. cruzi, furthering the case of PARP inhibitors as a treatment for Chagas. It is
also clear that hPARP-1 is likely the critical enzyme to target, given that hPARP-1 silencing
results in higher inhibitory effects on infection than Olaparib treatment. This suggests
successful infection relies upon a mechanism involving hPARP-1 specifically, as opposed to
other hPARP enzyme members.

However, chronic exposure to PARP inhibitors can be profoundly detrimental. Should
PARP inhibitors be assessed regarding Chagas therapy, protection from DNA damage is
a fundamental consideration. PARG enzymes can reverse the effects of PARP enzymes,
via clearance of excessive PAR accumulation to circumvent any harm to cells [64]. The
PARG enzyme present in T. cruzi, denoted TcPARG, has been demonstrated as essential
for epimastigote growth and the infection cycle in vitro (Figure 1). TcPARG shares 46.5%
sequence identity with human PARG and possesses a preserved domain, including the
tyrosine residues utilised to bind PARG inhibitors [65]. Importantly, as with hPARP-1,
T. cruzi seemingly uses host PARG during infection establishment. A significantly lower
number of intracellular amastigotes and infected cells were observed in hPARG knockout
experiments compared to PARG inhibitor experiments [66]. The generation of pARPr via
the exo-glycosidase activity of human PARG is thought to regulate factors associated with
protein binding and post-translational modification [66]. This work revealed that T. cruzi
may rely on both innate and host PARG factors to allow successful infection in the human
host. Given PARG’s role in the removal of PARylation from cells, its inhibition would
allow a longer and more impactful use of PARP inhibitors in Chagas treatment, but of
course, the same considerations remain over limiting excess PARP-mediated DNA damage
to the host [67]. As such, it seems apparent that there is a high level of interconnectivity
between TcPARP, TcPARG, and hPARP/hPARG. Further investigation into this relationship
may reveal the optimal avenues for PARP/PARG inhibition in treating Chagas infection,
whilst preserving host cell homeostasis. However, T. cruzi relies on this relationship for
infection establishment. The association between pathogen and human PARPs/PARG is
open to intervention that may create new treatments to reduce infection and its associated
clinical manifestations.

4. ADP-Ribosylation in Trypanosoma brucei
4.1. PARP Enzymes in Trypanosoma brucei and Potential Therapies

As in T. cruzi, T. brucei possesses one PARG and one PARP enzyme, denoted as
TbPARG and TbPARP, respectively (Figure 1). TbPARP is highly conserved and similar
to TcPARP and hPARP-1 in terms of its sequence, structure, and function [68,69]. A basic
sequence of amino acids is likely responsible for DNA damage detection by TbPARP and
the subsequent activity of the enzyme. Notably, TbPARP lacks a reliance on metal ions
for TbPARP activity, both of which are characteristics that are shared with TcPARP. Metal
ions (including Mn?*, Ni?*, and Zn?*) can have an inhibitory effect on the activity of both
TbPARP and TcPARP, which is likely due to the metal ions binding to sulfhydryl groups,
thought to be necessary for disulphide bond formation and reduction reactions [68]. This is
in contrast to the impacts that metal ions have on human PARP enzymes, with Ca?* and
Mn?* able to increase the levels of PAR synthesis, with human PARP enzymes relying on an
alternative mechanism for oxygen reduction and disulphide bond formation [70]. Studies
on TbPARP structure have also elucidated N-terminus disorder, which is a characteristic
shared by both hPARP2 and hPARP3 [24]. TbPARP, along with TcPARP, has also been shown
to have a WGR binding domain composed of arginine, glycine, and tryptophan, which is
present in several eukaryotic organisms, and has a demonstrated role in DNA-dependent
PARP activity for PARP enzymes lacking the characteristic zinc-finger binding domain of
hPARP-1 [71]. As such, this offers further insight into the mechanisms underpinning the
activity of TbPARP, along with the potential role of the WGR domain in TbPARP activation.
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The DNA-dependent activation of TbPARP specifically requires phosphorylated single-
strand overhangs for the recognition of DNA nicks, with the WGR domain hypothesised to
play a currently unknown role in this process [49].

Several studies have identified that the most efficacious inhibitors of TbPARP are the
same as for TcPARP and hPARP-1 inhibition, most notably Olaparib, and EB-47 [71,72].
TbPARP shares the same nicotinamide-based NAD™" binding site as TcPARP and hPARP-
1, explaining the consistency in inhibitor potency. There are differences between some
inhibitors, such as Rucaparib, which is unfavourable for TbPARP binding, thought to be
due to the presence of a serine residue in place of the alanine present in the binding site
of TcPARP and hPARP-1 [71]. Whilst this sequence difference means that some inhibitors
may be less useful in T. brucei treatment than for T. cruzi, the use of the existing inhibitors
is still a realistic treatment option for African trypanosomiasis, given the broad activity
of PARP inhibitors on TbPARP and the role of TbPARP in parasite development and
proliferation. Despite the promise shown in vitro, reducing PAR synthesis in vivo in
T. brucei with conventional inhibitors remains a challenge. As in T. cruzi, for an inhibitor to
exert an effect on PARP activity and PAR formation in the parasite, the inhibitor must be
both small and polar enough to successfully cross parasite membranes.

TbPARP activation is dependent on the detection of DNA nicks and subsequent
migration to the site of genomic damage in the nucleus, and TbPARP seemingly exerts
similar protective effects to TcPARP in facilitating parasite growth and differentiation [73].
Moreover, excessive accumulation of PAR via TbPARP activity results in cellular damage
and cell death [74].

4.2. PARG Enzymes in Trypanosoma brucei and Potential Therapies Targeting PARG Enzymes

The role of PARG-mediated suppression of PARP enzymes in T. brucei is unclear. How-
ever, a relationship between PARG and PARP enzymes exists within T. brucei. Therefore,
although it is likely that a PARP/PARG-mediated treatment is closer for Chagas disease, a
similar achievement could be attained for African trypanosomiasis. TbPARG shares 60% se-
quence similarity with human PARG, including the adenosine diphosphate hydroxymethyl
pyrrolidinediol (ADP-HPD) binding site, with ADP-HPD commonly involved in PARG
inhibition, meaning PARG inhibitors used in mammalian systems may offer relevance in
T. brucei [65]. In T. bruce, the depletion of PARG has been shown to result in the increased
nuclear accumulation of PAR in Trypanosomes, even in the absence of oxidative stress [75].
The duality of PARP and PARG enzymes likely exerts a similar effect in T. brucei as in
T. cruzi, and their regulation strikes a fine balance between cellular protection and cell
death. PARP enzymes exert protective effects against DNA damage in these parasites,
but excessive PAR accumulation can lead to disrupted DNA repair, and NAD* and ATP
depletion resulting in apoptosis. PARP and PARG enzymes remain credible targets for
intervention in T. brucei as the parasite relies on both enzymes to establish infection. Nev-
ertheless, the current state of understanding is poor in T. brucei in comparison to T. cruzi.
Further work is required to elucidate the specific intricacies of the mechanisms involved in
T. brucei, with therapies potentially requiring slight adjustments given the difference in the
sequence of the nicotinamide binding site, of TbPARP specifically, compared to TcPARP
and hPARP-1.

It has been hypothesised that TbPARP is less important to T. brucei parasite viability
than TcPARP is to T. cruzi [68]. Nonhomologous end joining (NHE]) repair of DNA breaks
is not present in Trypanosomatidae, as it is in eukaryotes, and as such, double-strand repairs
within these parasites rely on microhomology-mediated end joining (MME]) [76]. This
DNA repair mechanism relies upon small homologous regions within the broken ends to
align and repair the strands. This more commonly results in sequence deletions and other
modifications than in NHE]. MME] is often viewed as a less preferred alternative to NHE]
because of this, yet MME] is omnipresent in DNA repair for T. brucei, although is it not
understood. Unlike the roles of TcPARP and hPARP-1, the role of TbPARP is likely more
similar to hPARP2 and hPARP3, whereby it is used in specific DNA repair pathways and
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not as a universal DNA repair enzyme, evidenced by its specific role within MME]. Given
the lack of necessity of ToPARP for T. brucei viability, further study is warranted to fully
understand the role of TbPARP in DNA repair; however, currently, it would seem that atten-
tion may be better focused on exploiting PARG enzymes to treat African trypanosomiasis,
given the strong effect PARG depletion has on decreasing parasite viability.

5. ADP-Ribosylation in Leishmania
5.1. LAARL-3A Ribosylation Factor as a Therapeutic Target in Leishmania

ADP-ribosylation in Leishmania is less studied and poorly understood compared to
the Trypanosomes, though work has taken place to better understand the importance of
ADP-ribosylation in relation to Leishmania viability and infection. LAARL-3A is an ADP-
ribosylation factor identified in Leishmania donovani, which is expressed specifically during
the promastigote stage, during the insect stage of the lifecycle. ARL (ADP ribosylation-like)
enzymes are essential for numerous cellular processes, including trafficking, endocytosis,
and other cell signalling pathways. LAARL-3A seemingly plays a role in flagellum forma-
tion and viability, as overexpression of a constitutively active LAARL-3A mutant led to
a correlated decrease in flagellum length, with stronger levels of overexpression leading
to larger decreases in flagellar length [77]. Therefore, if the function of LdAARL-3A can be
inhibited, the motility of the parasite in the insect host may be reduced before the infection
of the human host. Further study of LAARL-3A revealed that LAARL-3A possesses two
forms, a GDP-bound and a GTP-bound form [78]. The GDP-bound form is considered
inactive and is the form in which overexpression led to parasite death in the stationary
phase, whereas the GTP-bound form is active and overexpression led to diminished flagel-
lar length. The disruption of LAARL-3A, with it switching between the inactive and active
forms, is what leads to the reduction in flagellar length. Hence, this evidence suggests that
LdARL-3A is a potential drug target, in the attempt to prevent transmission from the insect
vector to the human host, by inhibiting the motility by decreasing the flagellar length.

5.2. LiSIR2RP1 as a Therapeutic Target in Leishmania

Leishmania infantum possesses a gene denoted LiSIR2RP1 that encodes the SIR2 protein,
which is a deacetylase to several cellular substrates, including histone lysine residues [79].
This deacetylation activity is dependent upon the use of NAD*. Disruption of LiSIR2RP1
has been shown to decrease the viability of Leishmania infantum amastigotes both in vivo
and in vitro, with the close association of LiSIR2RP1 with the cytoskeletal structure of both
L. infantum promastigote and amastigotes. LiSIR2RP1 can exert deacetylase activity upon
tubulin, which is critical for parasite structural viability as well as the parasite’s ability to
interact with host cells [80]. Leishmania tubules and microtubules play an essential part in
successful parasite division and structural integrity; thus, if LiSIR2RP1 can be further ex-
plored, it could yield a better understanding of the role LiSIR2RP1 plays in parasite integrity
and remodelling and offer potential therapeutic alternatives via LiSIR2RP1 targeting.

5.3. Targeting NAD+ Salvage Pathways as a Therapeutic Option in Leishmania

Leishmania species are NAD" auxotrophs and require NAD" sequestered from host
cells. Leishmania lacks both intrinsic de novo pathways that can be used for innate biosyn-
thesis of NAD, which use either L-tryptophan or aspartic acid as a precursor (which are in
eukaryotic and prokaryotic de novo pathways, respectively). Leishmania instead uses NR
(nicotinamide riboside) as a precursor for NAD™" production in salvage pathways, wherein
NAD" is sequestered from the host [81]. The NAD nucelotidase (NadN) enzyme first
described in Haemophilus influenzae was found to also be present in Leishmania [82]. NadN
is a periplasmic enzyme thought to be involved in NAD* synthesis via NAD™ hydrolysis
into NR, adenosine, and phosphate, and finally, NR uptake across the inner membrane
of the parasite and NadR catalysed resynthesis of NR into NAD™ [83]. Given the high
level of conformation change identified in the enzymatic pathway, it has been identified
as a possible target for inhibition to prevent parasite replication, which is corroborated by

68



Pathogens 2023, 12, 708

NadN knockout experiments in Leishmania resulting in a significant NAD* concentration
decrease, which coincided with reduced parasite proliferation and virulence.

6. Summary

It is apparent that ADP-ribosylation plays a dynamic and important role in infection
establishment for Trypanosomatidae, and there exists a considerable interplay between these
parasites’ innate ADP-ribosylation systems and the role of the host ADP-ribosylation
systems, which exerts protective effects within the host to ward off infection. Given that
Trypanosomatidae relies on ADP-ribosylation to maintain parasite viability, exploitation of
these systems within the parasites offers an attractive avenue to explore novel therapies
to prevent or treat the infection. This is especially important given the minimal current
treatment options for all Trypanosomatidae.

T. cruzi, in particular, is reliant on the proper function of its innate PARP and PARG
enzymes to be able to maintain an infection within a human host. Further evidence is
required to be able to fully understand the interactions between humans and T. cruzi PARP
and PARG enzymes. There exists the possibility of inhibiting both TcPARP and TcPARG to
dysregulate T. cruzi function, as evidenced by the lack of parasite viability in TcPARP and
TcPARG knockout experiments. Interestingly for T. cruzi, the knockout of hPARP-1 and
hPARG also yielded lower parasite viability, in terms of lower numbers of amastigotes and
trypomastigotes in culture, revealing that T. cruzi is also reliant on the action of hPARP-1
and hPARG, to some extent, highlighting the multifaceted way in which T. cruzi infection
can potentially be disrupted. It is necessary to fully understand the mechanisms by which
PARP and PARG may be used therapeutically, as the right balance needs to be struck for
the host to benefit from this therapy without harm. Inhibiting PARP can disrupt infection,
but PARP inhibition leads to detrimental impacts for the host; therefore, being able to
clear the accumulation of PAR with PARG enzymes would be required. However, PARG
enzymes could also be a target for inhibition themselves, given that TcPARG and hPARG
are required for infection. TcPARP, TcPARG, hPARP, and hPARG are all credible targets
for inhibition given their important roles in Chagas infection establishment, yet their close
relationship necessitates fine-tuning of any potential PARP/PARG therapy against T. cruzi.

T. brucei similarly possesses innate PARP and PARG enzymes (TbPARP and TbPARG).
However, unlike in T. cruzi, TbPARP is seemingly less essential for successful infection,
though TbPARG maintains an essential role and is, therefore, likely the better candidate for
targeted therapy to prevent successful T. brucei infection. Overall, the understanding of the
interplay between the ADP-ribosylation factors of T. brucei is likely not as advanced as in
T. cruzi. This highlights the need for subsequent research to better understand how ADP-
ribosylation in T. brucei could be exploited therapeutically. TbPARG inhibition decreases
T. brucei viability significantly through the reduced numbers of parasites, which makes
TbPARG the leading candidate for therapy. TbPARP plays a less focal role in DNA repair
than hPARP-1 and TcPARP and is, therefore, likely to not be the best candidate for therapy,
although it may be used in a combinatorial approach when targeting TbPARG. Given the
close genetics of T. cruzi and T. brucei and the similarities in their ADP-ribosylation systems,
it may be worth exploring how or if T. brucei may compromise hPARP/hPARG enzymes to
establish infection in a human host.

Given the status of Leishmania as an NAD* auxotroph, a therapeutic option for this
genus is likely to be inhibiting their ability to harvest NAD* from the host via disruption
of their NAD* salvage pathways. Leishmania uses NMN and NR as essential NAD* pre-
cursors, with the essential enzyme NadNN being active in the pathway. Inhibition of NadN
is another likely therapeutic target, given its specificity to Leishmania and other pathogens,
and its critical role in allowing Leishmania to access NAD?*, necessary for several essential
cellular processes that maintain parasite viability. Alternatively, LAARL3A and LiSIR2RP1
are essential genes for flagellar growth and parasite cytoskeletal maintenance, respectively.
Knockout experiments of LAARL3A decreased flagellar growth to the extent that parasite
movement could be prevented, which would aid in infection prevention as the parasite is
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unable to disseminate in the host. Knockout LiSIR2RP1 experiments decreased the num-
ber of viable parasites, likely due to the close relationship of LiSIR2RP1 to the cytoskele-
tal structure of Leishmania infantum. However, LAARL3A and LiSIR2RP1 are both specific
to one species of Leishmania (L. donovani and L. infantum, respectively) and consequently,
these approaches may not be universal for all Leishmania species, and so further research
is needed to fully understand the conservancy of these genes across medically relevant
Leishmania species, and if targeting these genes may require differing species-level approaches.
Therefore, the universality of targeting NAD" salvaging for all Leishmania species likely
presents the best current option for an ADP-ribosylation-related therapy in these parasites.
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Abstract: Protein post-translational modifications (PTMs) are an important battleground in the
evolutionary arms races that are waged between the host innate immune system and viruses. One
such PTM, ADP-ribosylation, has recently emerged as an important mediator of host antiviral
immunity. Important for the host—virus conflict over this PTM is the addition of ADP-ribose by PARP
proteins and removal of ADP-ribose by macrodomain-containing proteins. Interestingly, several
host proteins, known as macroPARPs, contain macrodomains as well as a PARP domain, and these
proteins are both important for the host antiviral immune response and evolving under very strong
positive (diversifying) evolutionary selection. In addition, several viruses, including alphaviruses
and coronaviruses, encode one or more macrodomains. Despite the presence of the conserved
macrodomain fold, the enzymatic activity of many of these proteins has not been characterized.
Here, we perform evolutionary and functional analyses to characterize the activity of macroPARP
and viral macrodomains. We trace the evolutionary history of macroPARPs in metazoans and show
that PARP9 and PARP14 contain a single active macrodomain, whereas PARP15 contains none.
Interestingly, we also reveal several independent losses of macrodomain enzymatic activity within
mammalian PARP14, including in the bat, ungulate, and carnivore lineages. Similar to macroPARPs,
coronaviruses contain up to three macrodomains, with only the first displaying catalytic activity.
Intriguingly, we also reveal the recurrent loss of macrodomain activity within the alphavirus group
of viruses, including enzymatic loss in insect-specific alphaviruses as well as independent enzymatic
losses in two human-infecting viruses. Together, our evolutionary and functional data reveal an
unexpected turnover in macrodomain activity in both host antiviral proteins and viral proteins.

Keywords: ADP-ribosylation; macrodomain; PARP; host-virus evolution; phylogenetics; alphaviruses;
coronaviruses

1. Introduction

ADP-ribosylation is a reversible post-translational modification (PTM) of proteins
that is widely found in bacteria, eukaryotes, and viruses [1-4]. The PTM is catalyzed by
diverse ADP-ribosyltransferases, including the family of PARP enzymes in eukaryotes [3].
Completing the cycle of PTM addition and removal, a variety of enzymatic domains
can catalyze the removal of ADP-ribose from proteins [5]. Primary among these ADP-
ribosylhydrolases is the macrodomain, which is a structurally conserved 120-200 amino
acid module that can both recognize (‘read”) and reverse (‘erase”) ADP-ribosylation of
proteins [5-7].

Macrodomains are found in a wide variety of eukaryotic, bacterial, and viral pro-
teins. Of particular note are several metazoan proteins known as macroPARPs, which
contain both a PARP domain (a “writer”) and two or more macrodomains (“readers” and
“erasers”). Interestingly, mammalian macroPARPs, which include human PARP9, PARP14,
and PARP15, are highly upregulated in response to the immune signaling molecule inter-
feron (IFN), and have evolved under very strong positive (diversifying) selection [8], both
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of which are characteristic of genes that are engaged in host-pathogen evolutionary “arms
races” [9-11]. Such data prompted us to propose that macroPARPs may be involved in a
molecular and genetic conflict with viruses over ADP-ribosylation addition and removal [8].
Indeed, several papers have now revealed important roles for macroPARPs in directly or
indirectly potentiating the host antiviral immune response, including evidence that PARP9
and PARP14 regulate the antiviral IFN response and other immune signaling pathways,
and that PARP14 inhibits coronavirus replication [12-16]. However, the importance of
macrodomains in these innate immune functions of macroPARPs has not been determined.

On the other side of the host—virus conflict surrounding ADP-ribosylation are viral
proteins that contain macrodomains. Several groups of positive-sense single-stranded RNA
(+ssRNA) viruses contain macrodomains embedded within non-structural proteins, includ-
ing alphaviruses (e.g., chikungunya and equine encephalitis viruses), hepeviruses (e.g., hep-
atitis E virus), and coronaviruses (e.g., SARS-CoV-2) [17,18]. Notably, viral macrodomains
have been shown to be critical for not only viral replication, but also for virulence and eva-
sion of the IFN-mediated antiviral immune response [12,17,19-26]. In many cases, mutation
of key catalytic residues in the viral macrodomain results in viral attenuation or increased
sensitivity to antiviral immunity, suggesting that macrodomain ADP-ribosylhydrolase
activity is a critical viral function.

These results position macrodomains and ADP-ribosylhydrolase activity at the center
of a conflict between host antiviral immunity and viruses. As such, one expectation might
be that macrodomain enzymatic activity would be well conserved throughout host and
viral evolution. However, the degree to which macrodomains and ADP-ribosylhydrolase
activity is conserved or divergent has not been analyzed in many cases. Here we analyze
both host macroPARPs and viral macrodomain-containing proteins for conservation of key
catalytic residues required for ADP-ribosylhydrolase activity. Strikingly, we find that key
residues have been mutated in several independent lineages of host macroPARPs, as well as
independent lineages of alphaviruses. Using an enzymatic assay for ADP-ribosylhydrolase
activity in human cells, we confirm the loss of macrodomain activity consistent with the
observed sequence changes. These results reveal at least three mammalian lineages in bats,
ungulates, and carnivores that lack PARP14 macrodomain activity. Moreover, we find that
macrodomains from several alphaviruses, including a human alphavirus and insect-specific
alphaviruses, lack enzymatic activity. Together, our evolutionary and functional data reveal
an unexpected turnover in macrodomain activity in both host antiviral proteins and viral
proteins, shedding further light on the dynamic evolution of this critical PTM.

2. Materials and Methods
2.1. MacroPARP Homology Searches

A portion of human PARP14 (accession NP_060024.2) spanning the three macrodomains
(residues 791-1387) was used to query the NCBI RefSeq protein database (including “meta-
zoans (taxid:33208)”) using BLASTP [27] with an e-value cutoff of 1 x 102" and a query
coverage cutoff of 40%. Using only the tandem macrodomain region as a search elimi-
nated results from PARP proteins that lack macrodomains. The resulting 1846 sequences
were downloaded as complete protein sequences and aligned using Clustal Omega [28].
Sequences that lacked a complete PARP domain were eliminated from further analyses,
as were other incomplete sequences and poorly aligning proteins, resulting in 1091 “full
length” macroPARP sequences. To eliminate closely related sequences and reduce total
sequence number, sequences with >95% identity were reduced to a single unique sequence
using CD-HIT with a 0.95 sequence identity cutoff [29]. The resulting 741 sequences
are listed in Supplementary Material File S1. For genomes shown in Figure S1, the ab-
sence of PARP9 or PARP14 proteins was confirmed by performing a BLASTP search of
the indicated genome with an e-value cutoff 0.05 and using the HMMER webserver [30]
to search the indicated genomes with an e-value cutoff of 0.05. In all cases, and as ex-
pected, macrodomain-containing proteins were identified with these searches. However,
all proteins that had both a macrodomain and a PARP domain that were identified in
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the Petromyzon marinus, Asterias rubens, Crassostrea gigas, and Stylophora pistillata genomes
had a domain structure that resembled PARP14 rather than PARP9 or PARP15. Moreover,
these searches yielded no protein in the Drosophila melanogaster and Caenorhabditis elegans
genomes that contained both a macrodomain and a PARP domain, consistent with the
conclusion that these genomes lack macroPARPs, based on previous iterative PSI-BLAST
searches [31].

2.2. MacroPARP Phylogenetic Analyses

All homologs shown in Supplemental File S1 were aligned using Clustal Omega
using two iterations of refinement. For full-length macroPARP analyses, such as the
one shown in Figure 1B, the alignment was trimmed to only the region spanning from
the macrodomains to the PARP domain (corresponding to residues 791-1801 of human
PARP14). Maximum likelihood phylogenetic trees were generated using IQ-TREE [32].
IQ-TREE phylogenies were generated using the “-bb 1000-alrt 1000” commands for gen-
eration of 1000 ultrafast bootstrap [33] and SH-aLRT support values. The best-fitting
substitution model was determined by ModelFinder [34] using the “-m AUTO” com-
mand. For macrodomain analyses, such as the one shown in Figure 1C, the individual
macrodomains were extracted from the full-length macroPARP alignment described above.
Human PARP14 macrodomain boundaries were used: Macrodomainl-residues 791-978,
Macrodomainl-residues 1003-1190, and Macrodomain3-residues 1216-1387. Individual
extracted macrodomain alignments, along with macrodomains from human MACROD1
(accession NP_054786.2, residues 140-324), MACROD? (accession NP_542407.2, residues
59-243), and GDAP2 (accession NP_060156.1, residues 43-226), were realigned using Clustal
Omega with two rounds of refinement, and maximum likelihood phylogenetic trees were
generated with IQ-TREE as described above. All phylogenetic trees were visualized using
FigTree (http:/ /tree.bio.ed.ac.uk/software/figtree/, accessed on 1 July 2022). All consen-
sus logos were visualized using Geneious Prime 2022.1.1 (https://www.geneious.com/,
accessed on 1 July 2022).
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Figure 1. Evolution of macroPARP macrodomains within metazoans. (A) Domain structure of the
three human macroPARP proteins, PARP9, PARP14, and PARP15. Macrodomains and PARP domains
are shown, as is the total amino acid length of each protein. For simplicity, other domains within
macroPARPs are not displayed. (B) Phylogenetic tree of metazoan macroPARP proteins. Clades of
proteins with PARP9-like, PARP14-like, and PARP15-like domain architectures are indicated on the
right. Colors represent groups of species as indicated in the key. (C) Phylogenetic tree of individual
macroPARP macrodomains along with other indicated human macrodomains. There are three clear
macroPARP macrodomain clades, corresponding to Macrodomains 1-3. As indicated, each large
clade comprises two or three individual macrodomains from the metazoan macroPARPs.

2.3. Coronavirus Macrodomain Homology Searches and Phylogenetic Analyses

The nsP3 protein from SARS-CoV-2 (accession YP_009724389.1) was used to query
the NCBI RefSeq protein database (including “viruses (taxid:10239)”) using BLASTP with
a query coverage cutoff of 25%. Resulting sequences were aligned and curated as for
macroPARPs. Identical sequences were removed, but no CD-HIT removal of near-identical
sequences was performed. Resulting sequences are listed in Supplemental File S2. Se-
quences were aligned using Clustal Omega with two rounds of refinement and maximum
likelihood phylogenetic trees were generated using IQ-TREE.

2.4. Alphavirus Macrodomain Homology Searches and Phylogenetic Analyses

The non-structural polyprotein from Sindbis virus (accession NP_062888.1) was used
to query the NCBI RefSeq protein database (including “viruses (taxid:10239)”) using
BLASTP with a query coverage cutoff of 25%. Resulting sequences were aligned and
curated as for macroPARPs. Identical sequences were removed, but no CD-HIT removal of
near-identical sequences was performed. Resulting sequences are listed in Supplemental
File S3. Sequences were aligned using Clustal Omega with two rounds of refinement and
maximum likelihood phylogenetic trees were generated using IQ-TREE.

2.5. SARS-CoV-2 Macrodomain2 and Macrodomain3 Structure Prediction

Sequences for Macrodomain?2 (residues 415-541) and Macrodomain3 (residues 549—
676) were extracted from the SARS-CoV-2 nsp3 region of the ORFlab polyprotein (accession
YP_009724389.1). Structural models for these domains were predicted using AlphaFold2 via
the ColabFold package [35] with default parameters. Although the sequence similarity is
low, there was a clear overall fold similarity of Macrodomain2 and Macrodomain3 to the ex-
perimentally determined SARS-CoV-2 Macrodomainl (PDB code: 6WEY [36]) structure in
terms of a core of beta strands (1 through (5) with stereotypical interruption by o-helices.
Using this, it was possible to determine the bounds of loop 1 (between (33 and the proxi-
mal downstream «-helix) and loop 2 (between (34 and the proximal downstream «-helix).
Whereas the exact sequence alignment between these loop residues may not be precise,
based on the fact that the sequences are so divergent, we are able to infer from those loop se-
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quences that Macrodomain2 and Macrodomain3 lack the full repertoire of catalytic residues
that would be expected to confer ADP-ribosylhydrolase enzymatic activity. Predicted
structures, as well as experimentally determined structures for PARP14 Macrodomainl
bound to ADP-ribose (PDB code: 3Q6Z [37]) and SARS-CoV-2 Macrodomainl (PDB code:
6WEY [36]) were displayed using PyMol (The PyMOL Molecular Graphics System, Version
2.1 Schrodinger, LLC. New York, NY, USA).

2.6. Plasmids and Constructs

For PARP10 overexpression, the coding sequence of human PARP10 (accession
NP_116178.2) was cloned into the pcDNA5/FRT/TO backbone with an N-terminal mCherry,
P2A linker, and 3xFLAG epitope tag. For macrodomain overexpression, codon-optimized
sequences (see Supplemental File S4) were synthesized by Twist Biosciences (San Francisco,
CA, USA) and cloned into pCMV-Twist with an N-terminal HA tag.

2.7. Cell Culture and Transient Transfection

Cell lines (HEK293T, obtained from ATCC (Manassas, VA, USA)), were routinely
tested for mycoplasma infection using a PCR kit and kept at a low passage number. Cells
were grown in complete media using DMEM (Gibco, Billings, MT, USA) with 10% FBS
(Peak Serum, Wellington, CO, USA) and 1% Pen/Strep (Invitrogen, Carlsbad, CA, USA).
Cells were seeded a day before transfection in a 24-well plate with 500 uL of media per
well such that they would be at 60% confluent the following day for transfection. Cells
were transfected using 500 ng of total plasmid DNA with 1.5 uL Transit-X2 transfection
reagent (Mirus Bio, Madison, WI, USA) in 100 uL of OptiMEM (Invitrogen, Carlsbad,
CA, USA) per well. In all assays, 100 ng of the plasmid expressed mCherry-P2A-3xFlag-
PARP10. Except for the case shown in Figure S2, 250 ng of the HA-tagged macrodomain
plasmid was used. In the case of Figure S2, either 25 ng, 100 ng, or 400 ng of HA-tagged
macrodomain was transfected. In all transfections, the total amount of DNA added was
supplemented to 500 ng with an empty cloning vector, pQCXIP (Clontech, Mountain View,
CA, USA). Detection of ADP-ribosylation has been shown to be highly dependent on
sample conditions [38], and we have observed that the edges of multiwell plates give less
consistent signal than the middle of plates. As a result, only the central eight wells of any
given plate were used for transfection.

2.8. Sample Preparation, Immunoblotting, and Antibodies

Cells that had been transfected with plasmids as described above were harvested 20 h
post transfection. One hour prior to harvest, veliparib (VWR, Radnor, PA, USA), a selective
PARP1/PARP2 inhibitor [39,40], was added to culture media to a final concentration of
1 uM to inhibit PARP1 activity as has been previously used [41]. At the time of harvest,
media was aspirated, PBS was added to cells and aspirated, and then plates were frozen at
—80 °C. After atleast 1 h at —80 °C, plates were thawed on ice for 10 min and 75 uL of ADPr
lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM MgCly, 1% triton-X-100, 1X protease
inhibitor, 1 uM PDD00017273 (PARG inhibitor, Sigma-Aldrich, St. Louis, MO, USA)), 1 uM
veliparib, 1 mM DTT) was added to each well. After a 10 min incubation on ice, lysates
were transferred and centrifuged at 10,000 x g at 4 °C for 5 min. The resulting supernatant
was transferred to a new tube and 4 x NuPAGE LDS sample buffer (Invitrogen) containing
5% B-mercaptoethanol (VWR) was added. Samples were boiled at 95 °C for 10 min and
briefly centrifuged before being loaded onto a 4-12% Bis-Tris SDS-PAGE gel (Invitrogen)
and run in 1X MOPS (Invitrogen) running buffer. Samples were then wet transferred onto
nitrocellulose membrane and blocked with PBS-T containing 5% bovine serum albumin
for 1 h. This was followed by incubation overnight at 4 °C with primary antibodies
for mono/poly ADPr (anti-poly /mono-ADP-ribose antibody, E6F6A [42], Cell Signaling
Technology, Danvers, MA, USA), anti-FLAG M2 (Sigma-Aldrich), anti-HA (Sigma-Aldrich),
or anti-GAPDH (Cell Signaling Technology, Danvers, MA, USA). Membranes were then
rinsed in PBS-T three times then incubated with the appropriate HRP-conjugated secondary
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antibodies (Fisher Scientific, Pittsburg, PA, USA). Membranes were then rinsed in PBS-T
three times, and developed with SuperSignal West Pico PLUS Chemiluminescent Substrate
(Fisher Scientific, Pittsburg, PA, USA), and imaged on a BioRad GelDoc (BioRad, Hercules,
CA, USA).

3. Results
3.1. A Single Macrodomain in Human PARP9 and PARP14 Contains
ADP-Ribosylhydrolase Activity

Among human PARP proteins, only PARP9, PARP14, and PARP15 contain a combi-
nation of macrodomains and a PARP domain (Figure 1A). To understand the distribution
of macroPARPs within metazoans, we performed a phylogenetic analysis of homologs
of PARP9, PARP14, and PARP15, characterizing them as either PARP9-like, PARP14-like,
or PARP15-like based on their domain architecture and position within the protein phy-
logeny (Figure 1B). As previously observed, PARP15-like proteins only exist in mammalian
species [8]. In contrast, we observed PARP9 homologs in jawed vertebrate species, includ-
ing fish, reptiles, birds, and mammals, but lacking in the jawless sea lamprey, Petromyzon
marinus, and non-vertebrate metazoans (Figure S1). PARP14 is the most broadly distributed
in metazoans, with homologs in cnidarians (corals), spiralians (mollusks), and vertebrates,
but noticeably absent in arthropods and nematodes (Figures 1B and S1). From this, we
conclude that the PARP14 domain structure of three tandem macrodomains and a PARP
domain is the most ancestral form of macroPARP, with PARP9 and PARP15 arising in the
vertebrate and mammalian lineages, respectively, as the result of partial duplication of
PARP14. These date the existence of different macroPARPs in metazoans to >700 million
years old for PARP14, ~500 million years old for PARP9, and ~100 million years old for
PARP15 [43,44].

To further characterize the macrodomains present within metazoan macroPARPs,
we extracted individual macrodomain sequences from each macroPARP and performed
additional phylogenetic analyses. As shown in Figure 1C, the two macrodomains of
PARP9 group phylogenetically with Macrodomainl and Macrodomain2 of PARP14, re-
spectively, whereas the two macrodomains of PARP15 correspond to Macrodomain2
and Macrodomain3 of PARP14, respectively. These data further support the model
that PARP9 and PARP15 were partial duplications of the ancestral three macrodomain
PARP14 architectures.

We next wished to ask which of the human macroPARP macrodomains display ADP-
ribosylhydrolase activity. Several papers have described sequence characteristics that are
important for host and viral macrodomain catalytic activity [18,45-48]. In particular, these
analyses have focused on the importance of Asn/Ser and Gly residues flanking “loop
1”7 in the N-terminal region of the macrodomain and a hydrophobic (e.g., Ala, Thr, Ile,
Val, or Leu) residue followed by an aromatic (e.g., Tyr or Phe) residue within “loop 2” in
the C-terminal end of the protein (Figure 2A). Based on these features, we observed the
presence of all of these key catalytic residues only in macrodomainl of PARP9 and PARP14.
As such, only Macrodomainl would be expected to have catalytic activity, whereas the
other macrodomains have sequence characteristics that would be predicted to inactivate
ADP-ribosylhydrolase activity (Figure 2A).
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Figure 2. Presence of catalytic residues and enzymatic activity within individual macroPARP
macrodomains. (A) Critical structural features and catalytic residues are mapped on the structure
of PARP14 macrodomain1 solved in complex with ADP-ribose (PDB code: 3Q6Z [37]). Loop1 and
Loop2, colored blue, are named in accordance with [46]. Important residues for ADP-ribosylhydrolase
activity have been identified in several publications (see for example [18,45—48]) and are colored
red. (B) Positions of catalytic residues (red asterisks) in Loop1 and Loop2 in human macroPARP
macrodomains. Amino acids that are predicted to be compatible with enzymatic activity are shown
in bold red. Residue number of the C-terminal residue in each motif is shown. (C) Enzymatic assay
for ADP-ribosylhydrolase activity by transient overexpression of the indicated human macroPARP
macrodomain with human PARP10 in human (HEK293T) cells. In the absence of any macrodomain,
PARP10 (100 ng plasmid) is auto-ADP-ribosylated, resulting in a single band as detected by an
anti-ADP-ribose antibody. A decrease in band intensity indicates that the indicated macrodomain
(250 ng plasmid) is enzymatically active as an ADP-ribosylhydrolase. Anti-FLAG (PARP10) and
anti-HA (macrodomain) blots are shown, as is an anti-GAPDH loading control. Expected positions of
indicated proteins are shown, as are positions of molecular weight markers. Detailed information
about the experimental protocol is found in the Section 2.
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To test these functional hypotheses, we expressed individual human macroPARP
macrodomains with PARP10 and monitored auto-ADP-ribosylation of PARP10. We used
ADP-riboslyation levels of PARP10 as a readout for ADP-ribosylhydrolase activity, since
this is a commonly used substrate in the field [20,23,24,45-47]. In the absence of any
macrodomain, PARP10 is robustly ADP-ribosylated as measured using an antibody that
detects ADP-ribosylated proteins (Cell Signaling Technology anti-poly/mono-ADP-ribose
antibody, E6F6A) [42]. As shown in Figure 2B, and confirming our bioinformatic predictions
here and elsewhere [8], we only observed macrodomain ADP-ribosylhydrolase activity
with Macrodomainl of human PARP9 and human PARP14. Our results showing that
Macrodomainl of human PARP14 is an active ADP-ribosylhydrolase contrasts with a
previous report that mouse PARP14 Macrodomainl is enzymatically inactive [47]. The
source of this discrepancy is unclear, but it should be noted that there are substantial
differences in the methods used; whereas we assayed for activity from human cells in
which macrodomains and PARP10 were overexpressed, the previous study used purified
recombinant macrodomains and tested them against purified ADP-ribosylated PARP10 [47].
Beyond PARP9 and PARP14 Macrodomainls, and again consistent with our bioinformatic
predictions, other human macrodomains showed no obvious ADP-ribosylhydrolase activity,
although the first macrodomain of PARP15 expresses poorly, so it is difficult to confirm
a lack of enzymatic activity. Together, our bioinformatic and functional results indicate
that two human macroPARP macrodomains are catalytically active, whereas the other five
macrodomains found in human macroPARPs lack ADP-ribosylhydrolase activity.

3.2. Recurrent Loss of Macrodomain Enzymatic Activity in Mammalian PARP14s

We next sought to determine whether the existence of enzymatic activity within a given
macroPARP macrodomain is conserved across species. We were particularly interested in
this question as we had previously observed that all three macroPARPs are evolving under
very strong positive selection in primates, with a large number of amino acid changes
occurring in the macrodomains of each macroPARP [8]. We therefore considered the
possibility that whereas human macroPARPs have catalytic activity in the Macrodomainl
of PARP14 and PARPY, other species may have a different constellation of macrodomains
with enzymatic activity.

To first ask this question, we returned to our macrodomain alignments shown in
Figure 1C and looked for conserved sequence features that might suggest gain or loss of
enzymatic activity. Based on the sequence logos shown in Figure 3A-C, we predicted that
only Macrodomainl, which is present in PARP9 and PARP14 but not PARP15, would be an
enzymatically active ADP-ribosylhydrolase. Specifically, we found that sequence features
that are required for catalytic activity are broadly conserved in Macrodomain1 from diverse
species including cnidarians, spiralians, and vertebrates (Figure 3A). This includes our
observation that all key catalytic residues are present in PARP14 Macrodomain1 from the
hood coral, Stylophora pistillata, which is a cnidarian species and is therefore representative
of a PARP14 macrodomain that diverged from mammalian PARP14 > 700 million years
ago [43]. In contrast, using the same groups of species, we observed poor conservation
of many of the key catalytic residues in Macrodomain?2 (Figure 3B) and Macrodomain3
(Figure 3C). These results suggest that across metazoan macroPARPs, the ancestral state
of PARP14 contained a catalytically active Macrodomainl, whereas Macrodomain2 and
Macrodomain3 lacked catalytic activity.
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Interestingly, we did note that several species of mammals had mutations in the
Macrodomainl of PARP14 that disrupt critical residues for ADP-ribosylhydrolase activity.
For instance, key residues have been mutated independently in P14 Macrodomain1 from
little brown bat (Myotis lucifugus), cow (Bos taurus), and polar bear (Ursus maritimus)
(Figure 4A). These data suggest that while Macrodomainl1 has broadly retained enzymatic
activity, several individual mammalian lineages have independently lost catalytic activity.
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Figure 4. Recurrent loss of macrodomain enzymatic activity in mammalian PARP14. (A) Sequences
of PARP14 Macrodomain1 from several metazoan species for Loop1 and Loop2. Critical residue
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positions indicated by red asterisks. Amino acids that are predicted to be compatible with enzymatic
activity are shown in bold red. Residue number of the C-terminal residue in each motif is shown.
(B) Enzymatic assay for ADP-ribosylhydrolase activity by transient overexpression of the indicated
PARP14 Macrodomainl with human PARP10 in human (HEK293T) cells as in Figure 2C. Expected
positions of indicated proteins are shown, as are positions of molecular weight markers. As a positive
control for ADP-ribosylhydrolase activity, the well-characterized macrodomain from Archaeoglobus
fulgidus (Af1521) was included. Detailed information about the experimental protocol is found in the
Section 2. (C) An expanded view of the phylogenetic tree for mammalian PARP14 from Figure 1B,
with major mammalian clades and example species shown. To the right are sequences for each
indicated species in Loop1 and Loop2, with red bold letters indicating presence of residues that are
predicted to confer catalytic activity. Red “X’s” on the transformed phylogenetic tree indicate the
inferred branch along which ADP-ribosylhydrolase activity was lost.

To test the hypothesis that P14 Macrodomainl from individual mammalian species
has lost catalytic activity, we compared the activity of PARP14 Macrodomainl from
species we predicted would have catalytic activity to those that we predicted had lost
catalytic activity (Figure 4B). As a positive control for ADP-ribosylhydrolase activity, we
used the well-established macrodomain from the archael species Archaeoglobus fulgidus
(Af1521) [49]. Consistent with our evolutionary model, we observed no catalytic activity
for the PARP14 Macrodomainl from cow, polar bear, and little brown bat. In contrast,
PARP14 Macrodomainl from humans and mice are enzymatically active, with robust ADP-
ribosylhydrolase activity against PARP10 (Figure 4B,C). In addition, we observed that the
cnidarian S. pistillata PARP14 Macrodomain1 also has robust catalytic activity, indicative of
the ancient presence of ADP-ribosylhydrolase activity in macroPARP proteins (Figure 4B).

To further characterize the evolutionary origins of the mutations to the key catalytic
residues, we analyzed the PARP14 Macrodomainl sequences from species closely related
to those that had lost catalytic activity (Figure 4D). For instance, based on available bat
PARP14 sequences, we infer that inactivating mutations that disrupt catalytic activity only
arose in the vespertine microbats, including species in the Myotis and Pipistrellus genera. In
contrast, other microbat species, including horseshoe bat (Rhinolophus ferrumequinum) and
vampire bat (Desmodus rotundus), as well as megabats such as the black flying fox (Pteroptus
alecto), retain all residues of the ancestral enzymatically active macrodomain. Likewise,
within the even-toed ungulates (Artiodactyla), our data suggest that Macrodomain1 catalytic
residues were disrupted in the ruminant lineage, including cow, sheep, goat, and deer, but
are retained in cetaceans such as dolphins and whales. Finally, within carnivores, feline and
canine species retain the indicated residues required for catalytic activity, whereas most
other carnivores lack these critical residues. Together, our analyses shown in Figure 4B
indicate at least three independent instances of loss of critical catalytic residues across the
mammalian phylogeny. Based on estimates of divergence times of internal nodes in the
mammalian phylogeny [50,51], all three of these independent losses of catalytic residues
occurred between 25 and 65 million years ago during the mammalian diversification that
followed the Cretaceous—Paleogene (KPg) mass extinction.

3.3. Tandem Macrodomain Orientation Is Shared between MacroPARPs and Coronaviruses

Having analyzed macrodomain activity in host macroPARPs, we next turned our
attention to viral macrodomains. Coronaviruses have a conserved macrodomain that has
been the target of substantial interest, as it is required for antagonizing the host immune
response [12,17,20-22]. Interestingly, several coronaviruses, including SARS-CoV-2, encode
tandem macrodomains, as is seen in host macroPARPs (Figure 5A,B). We therefore wished
to determine whether the catalytic residues that are required for ADP-ribosylhydrolase
activity are conserved in one or all coronavirus macrodomains. As with macroPARPs, we
found that Macrodomainl contains conserved residues that are predicted to be consistent
with catalytic activity (Figure 5C,D), although in this case, we observed no cases in which
the catalytic residues were mutated in any coronavirus. However, it was difficult to
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reliably align Macrodomain2 and Macrodomain3 to Macrodomainl based on primary
sequence alone. As a result, we performed structural predictions using AlphaFold [35] to
identify residues in positions that are analogous to Loop1 and Loop2 in Macrodomain1
(Figure 5C,E). These structure-based homology models allowed us to predict the absence
of catalytic residues in the SARS-CoV-2 Macrodomain2 and Macrodomain3 (Figure 5F).
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Figure 5. Distribution of active and inactive macrodomains in coronaviruses. (A) Phylogenetic tree
of nsP3 proteins from diverse coronaviruses. Major coronavirus clades are shown. (B) Domain
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cartoon of nsP3 proteins from the indicated coronavirus clades. Flanking nsP3 macrodomains are a
ubiquitin-like (UbL) domain and a papain-like protease (PLP). The number of macrodomains found
in each protein is shown. For clarity, other domains are not shown. (C) Critical structural features
and catalytic residues are mapped on the structure of the SARS-CoV-2 nsP3 macrodomainl (PDB
code: 6WEY [36]). Loop1 and Loop2, colored blue, and important residues for ADP-ribosylhydrolase
activity, colored red, as indicated as in Figure 2A. The first five beta-strands in the structure are also
labeled. (D) Consensus logo of Loop1 and Loop2 across all analyzed coronavirus Macrodomainl
sequences. Key residue positions are marked by red asterisks. (E) Structural models for SARS-
CoV-2 nsP3 Macrodomain2 and Macrodomain3 were predicted using AlphaFold2 via the ColabFold
package [35]. Loops, positions of important residues, and beta-strands are marked as in part C.
(F) Sequences of Loop1 and Loop2 from the indicated SARS-CoV-2 macrodomains. Although there is
little sequence similarity to other viral or host macrodomains, the sequences of Loop1 and Loop2
in Macrodomain?2 and Macrodomain3 were identified using the structural models shown in panel
(E) (see Materials and Methods for additional explanation). Red bold letters indicate presence of
residues that are predicted to confer catalytic activity. Residue number of the C-terminal residue in
each motif relative to the start of the viral ORFlab polyprotein is shown. (G) Enzymatic assay for
ADP-ribosylhydrolase activity by transient overexpression of the indicated coronavirus macrodomain
with human PARP10 in human (HEK293T) cells as in Figure 2C. Expected positions of indicated
proteins are shown, as are positions of molecular weight markers. Detailed information about the
experimental protocol is found in the Section 2.

We next wished to test the hypothesis that, like macroPARPs, only the first macrodomain
of the SARS-CoV-2 tandem macrodomains is enzymatically active. We therefore cloned
and expressed individual macrodomains from SARS-CoV-2 as an example of a three-
macrodomain viral protein and from hCoV-229E as an example of a one-macrodomain
viral protein. As with PARP14 and PARP9, we observed that Macrodomainl1 of each virus
had measurable ADP-ribosylhydrolase activity, which is consistent with several previous
studies [12,18,20,21] (Figure 5G). In contrast, we observed no activity from Macrodomain2
or Macrodomain3 from SARS-CoV-2, consistent with the absence of residues required for
catalytic activity and with prior observations that Macrodomain2 and Macrodomain3 of
SARS-CoV specifically bind nucleic acids [52].

3.4. Recurrent Loss of Macrodomain Activity in Alphaviruses

We finally wished to analyze the macrodomain activity within the alphavirus genus of
Togaviridae. Alphaviruses encode a single macrodomain within the nsP3 protein that has
important roles in tissue tropism, viral replication and virulence [23-26]. Indeed, previous
macrodomain mutations have been shown to prevent replication in both mammalian
and mosquito cells [24]. Based on this functional importance, as well as the observed
conservation of macrodomains across diverse coronaviruses (Figure 5D and [18]), we
therefore expected strong conservation of macrodomain sequences and catalytic activity
within the alphaviruses.

We first generated a phylogenetic tree of nonstructural polyproteins from diverse
alphaviruses (Figure 6A). We then extracted macrodomain sequences from these viruses.
Similar to the macroPARP Macrodomainl alignment (Figure 3A), we observed a consensus
sequence that contained residues shown to be important for catalysis, but also observed
that these residues were not perfectly conserved (Figure 6B). We therefore investigated
whether any alphaviruses might lack residues important for ADP-ribosylhydrolase activity.
Consistent with previous observations [18], we noted that the insect-specific alphaviruses,
including Eilat virus (EILV) [53] and Tai Forest virus [54], lack residues expected to confer
enzymatic activity (Figure 6C). More surprisingly, we also found two separate additional
cases of alphavirus macrodomains that lacked one or more of the catalytic residues. The first
occurs in Middelburg virus (MIDV), a virus which has been isolated from cerebrospinal
fluid and blood from humans [55] and is associated with severe disease in horses [56].
Importantly, phylogenetic analyses indicate that MIDV is more closely related to several
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human alphaviruses than it is to the insect-specific alphaviruses (Figure 6A), suggesting this
was an independent loss of macrodomain catalytic activity. Finally, we observed another
loss of catalytic residues in a recently discovered virus known as Caaingua virus (CAAV),
which was isolated from mosquitoes but could be cultured in human mononuclear cells [57].
Consistent with prior phylogenetic analyses [57], we found Caaingua groups with other
vertebrate-infecting viruses, rather than with the insect-specific viruses (Figure 6A).
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Figure 6. Recurrent loss of macrodomain enzymatic activity in alphaviruses. (A) Phylogenetic tree
of nonstructural polyproteins from diverse alphaviruses. Species in bold are those that are shown
in panels (C,D). Red “X’s” indicate the inferred branch along which ADP-ribosylhydrolase activity
was lost based on data shown in panel (C,D). (B) Consensus logo of Loop1 and Loop2 across all
analyzed alphavirus macrodomain sequences. Key residue positions are marked by red asterisks.
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(C) Sequences of Loop1 and Loop2 from the indicated alphavirus macrodomains. Red bold letters
indicate presence of residues that are predicted to confer catalytic activity. Residue number of
the C-terminal residue in each motif relative to the start of the viral nsP1-4 polyprotein is shown.
(D) Enzymatic assay for ADP-ribosylhydrolase activity by transient overexpression of the indicated
alphavirus macrodomain with human PARP10 in human (HEK293T) cells as in Figure 2C. Expected
positions of indicated proteins are shown, as are positions of molecular weight markers. Detailed
information about the experimental protocol is found in the Section 2.

To test the hypothesis that macrodomains from EILV, MIDV, and CAAYV are enzy-
matically inactive, we cloned and expressed each macrodomain in the presence of human
PARP10. In addition to the panel of alphavirus macrodomains we predicted would be inac-
tive, we also tested several diverse alphavirus macrodomains that we predicted would be ac-
tive, including those from Sindbis virus (SINV), chikungunya virus (CHIKV), and Venezue-
lan equine encephalitis virus (VEEV). Consistent with our predictions from sequence data,
we observed no ADP-ribosylhydrolase activity against PARP10 with EILV, MIDV, and
CAAV, whereas we observed robust activity with the other alphavirus macrodomains
(Figure 6D). These data indicate that ADP-ribosylhydrolase activity is not absolutely essen-
tial for a macrodomain in a vertebrate-infecting alphavirus. In addition, when placed in
the context of our phylogenetic analyses (Figure 6C), these data suggest that, like PARP14,
macrodomain activity has been independently lost several times in the alphaviruses.

4. Discussion

Addition, recognition, and removal of ADP-ribosylation has emerged as an important
battleground between the host antiviral immune response and viruses. Although the
molecular targets of ADP-ribosylation, and the mechanistic consequences of that ADP-
ribosylation, are mostly uncharacterized, there is clear function of host PARPs in the
antiviral immune response and a clear role of viral macrodomains in antagonizing the
host immune response [17,58-61]. Our evolutionary and functional data suggest that an
important consideration is the degree to which the ADP-ribosylhydrolase activity encoded
by some macrodomains is conserved amongst host antiviral macroPARPs and is conserved
amongst viral macrodomains.

In addition to ADP-ribosylhydrolase activity, macrodomains have been observed
to have several other functions. In particular, some macrodomains that lack the ability
to remove (‘erase”) ADP-ribosylation still retain the ability to recognize (‘read”) ADP-
ribosylated proteins [5-7]. In most of the cases we describe, individual substitutions
in catalytic residues would likely still retain this “reader” function, potentially allow-
ing these proteins to still function in some aspects of ADP-ribose biology. In addition,
macrodomains have been shown to function in processes not directly related to pro-
tein ADP-ribosylation, including binding nucleic acids and catalyzing degradation of
a product of tRNA splicing [5-7], and it is unknown whether the enzymatically inactive
macrodomains may participate in these functions. By sampling macrodomain diversity
found throughout metazoan macroPARPs and viruses, additional insights into the many
functions of macrodomains may emerge.

Although the recurrent loss of enzymatic activity in an important host-virus battle-
ground is seemingly paradoxical, it is reminiscent of the observation that two interferon-
stimulated antiviral PARPs lack the ADP-ribosyltransferase activity that all of the other
mammalian PARPs display. PARP13, also known as zinc-finger antiviral protein (ZAP),
lacks ADP-ribosyltransferase activity but is a potent antiviral factor against a wide range of
viruses, including retroviruses and alphaviruses [62]. In addition, PARP9 is a macroPARP
that can potentiate the IFN response [16], but lacks the canonical activity of other PARPs.
Previously characterized as a catalytically inactive ADP-ribosyltransferase like PARP13
due to a lack of conserved catalytic residues [3], PARP9 has been implicated in specific
ADP-ribosylation of ubiquitin when in complex with its E3-ubiquitin ligase binding partner,
DTX3L [63]. Regardless of potential residual enzymatic activity in PARPY, it is striking
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that the only two PARPs that lack canonical ADP-ribosyltransferase activity are also up-
regulated by the antiviral cytokine IFN, have antiviral function, and are evolving under
strong positive selection indicative of a host-virus genetic conflict [8]. Whether the loss
of enzymatic activity in those antiviral PARPs, or whether the loss of macrodomain enzy-
matic activity in the antiviral host protein PARP14, is adaptive or confers some additional
function to these proteins remains to be determined.

In addition, the loss of macrodomain activity in several alphavirus lineages is sur-
prising. Whereas the loss of macrodomain activity in insect-specific alphaviruses may be
rationalized by the observation that insects lack most PARP proteins found in vertebrates,
the loss of catalytic activity from Caaingua and especially Middelburg viruses is more
difficult to reconcile. It will be interesting to determine how these viruses can infect human
cells while lacking ADP-ribosylhydrolase activity that has been shown to be critical for
other alphaviruses.

In sum, our results highlight an unexpected but recurrent loss of enzymatic activity in
host and viral macrodomains in a way that will fundamentally affect their interactions with
protein ADP-ribosylation. Such observations go against the assumption that macrodomain
activity will be broadly conserved, especially in viruses. These results indicate that there
remain many aspects of ADP-ribosylation, especially at the interface between the host
antiviral immune response and viruses, that remain to be fully understood.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/pathogens12050674/s1, File S1: Accession numbers and
species names of metazoan macroPARPs used for phylogenetic analyses; File 52: Accession numbers
and species names of coronavirus macrodomain-containing proteins used for phylogenetic analyses;
File S3: Accession numbers and species names of alphavirus nsP3 macrodomain-containing pro-
teins used for phylogenetic analyses; File S4: Macrodomain sequences used for functional analyses;
Figure S1: Phylogenomic distribution of macroPARPs in metazoans; Figure S2: Dose response of
human and bat (M. lucifugus) PARP14.

Author Contributions: Conceptualization, S.E.D.-R., A.PR. and M.D.D.; Data curation, M.D.D.;
Formal analysis, M.D.D.; Funding acquisition, M.D.D.; Investigation, S.E.D.-R., A.PR. and M.D.D.;
Methodology, A.PR. and M.D.D.; Project administration, M.D.D.; Resources, M.D.D.; Supervision,
M.D.D,; Validation, S.E.D.-R., A.PR. and M.D.D; Visualization, S.E.D.-R. and M.D.D.; Writing—original
draft, M.D.D.; Writing-review and editing, S.E.D.-R., A.P.R. and M.D.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the National Institutes of Health (R35 GM133633), the Pew
Biomedical Scholars program and the Burroughs Wellcome Fund Investigators in the Pathogenesis of
Infectious Disease program to M.D.D., and NIH T32 GM007240 to A.P.R.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the article or supplementary material.
All sequences used for analysis are available in the NCBI protein database (https://www.ncbi.
nlm.nih.gov/protein/, accessed on 1 January 2023) using the accession numbers shown in the
supplementary material.

Acknowledgments: We thank members of the Daugherty laboratory for their suggestions and
manuscript comments.

Conflicts of Interest: The authors declare no conflict of interest.

89



Pathogens 2023, 12, 674

References

1. Hoch, N.C.; Polo, L.M. ADP-ribosylation: From molecular mechanisms to human disease. Genet. Mol. Biol. 2019, 43, e20190075.
[CrossRef] [PubMed]

2. Cohen, M.S.; Chang, P. Insights into the biogenesis, function, and regulation of ADP-ribosylation. Nat. Chem. Biol. 2018, 14,
236-243. [CrossRef] [PubMed]

3. Luscher, B.; Ahel, I; Altmeyer, M.; Ashworth, A.; Bai, P.; Chang, P.; Cohen, M.; Corda, D.; Dantzer, F.; Daugherty, M.D.; et al.
ADP-ribosyltransferases, an update on function and nomenclature. FEBS |. 2022, 289, 7399-7410. [CrossRef] [PubMed]

4. Luscher, B.; Butepage, M.; Eckei, L.; Krieg, S.; Verheugd, P.,; Shilton, B.H. ADP-Ribosylation, a Multifaceted Posttranslational
Modification Involved in the Control of Cell Physiology in Health and Disease. Chem. Rev. 2018, 118, 1092-1136. [CrossRef]

5. Rack, ].G.M,; Palazzo, L.; Ahel, I. (ADP-ribosyl)hydrolases: Structure, function, and biology. Genes Dev. 2020, 34, 263-284.
[CrossRef]

6. Rack, ].G,; Perina, D.; Ahel, I. Macrodomains: Structure, Function, Evolution, and Catalytic Activities. Annu. Rev. Biochem. 2016,
85, 431-454. [CrossRef]

7. Feijs, KL.; Forst, A.H.; Verheugd, P; Luscher, B. Macrodomain-containing proteins: Regulating new intracellular functions of
mono(ADP-ribosyl)ation. Nat. Rev. Mol. Cell Biol. 2013, 14, 443-451. [CrossRef]

8.  Daugherty, M.D.; Young, ] M.; Kerns, J.A.; Malik, H.S. Rapid evolution of PARP genes suggests a broad role for ADP-ribosylation
in host-virus conflicts. PLoS Genet. 2014, 10, e1004403. [CrossRef]

9.  Daugherty, M.D.; Malik, H.S. Rules of engagement: Molecular insights from host-virus arms races. Annu. Rev. Genet. 2012, 46,
677-700. [CrossRef]

10. Duggal, N.K.; Emerman, M. Evolutionary conflicts between viruses and restriction factors shape immunity. Nat. Rev. Immunol.
2012, 12, 687-695. [CrossRef]

11.  Sironi, M.; Cagliani, R.; Forni, D.; Clerici, M. Evolutionary insights into host-pathogen interactions from mammalian sequence
data. Nat. Rev. Genet. 2015, 16, 224-236. [CrossRef] [PubMed]

12.  Grunewald, M.E.; Chen, Y,; Kuny, C.; Maejima, T.; Lease, R.; Ferraris, D.; Aikawa, M.; Sullivan, C.S.; Perlman, S.; Fehr, A.R.
The coronavirus macrodomain is required to prevent PARP-mediated inhibition of virus replication and enhancement of IFN
expression. PLoS Pathog. 2019, 15, e1007756. [CrossRef] [PubMed]

13. Caprara, G.; Prosperini, E.; Piccolo, V.; Sigismondo, G.; Melacarne, A.; Cuomo, A.; Boothby, M.; Rescigno, M.; Bonaldi, T.; Natoli,
G. PARP14 Controls the Nuclear Accumulation of a Subset of Type I IFN-Inducible Proteins. J. Immunol. 2018, 200, 2439-2454.
[CrossRef] [PubMed]

14. Iwata, H.; Goettsch, C.; Sharma, A.; Ricchiuto, P.; Goh, WW.; Halu, A.; Yamada, I.; Yoshida, H.; Hara, T.; Wei, M.; et al. PARP9 and
PARP14 cross-regulate macrophage activation via STAT1 ADP-ribosylation. Nat. Commun. 2016, 7, 12849. [CrossRef] [PubMed]

15.  Xing, J.; Zhang, A.; Du, Y.; Fang, M.; Minze, L.J.; Liu, Y.J.; Li, X.C.; Zhang, Z. Identification of poly(ADP-ribose) polymerase 9
(PARP9) as a noncanonical sensor for RNA virus in dendritic cells. Nat. Commun. 2021, 12, 2681. [CrossRef] [PubMed]

16. Zhang, Y.; Mao, D.; Roswit, W.T; Jin, X.; Patel, A.C.; Patel, D.A.; Agapov, E.; Wang, Z.; Tidwell, RM.; Atkinson, ].J.; et al.
PARP9-DTX3L ubiquitin ligase targets host histone H2BJ and viral 3C protease to enhance interferon signaling and control viral
infection. Nat. Immunol. 2015, 16, 1215-1227. [CrossRef] [PubMed]

17.  Leung, AK.L.; Griffin, D.E.; Bosch, J.; Fehr, A.R. The Conserved Macrodomain Is a Potential Therapeutic Target for Coronaviruses
and Alphaviruses. Pathogens 2022, 11, 94. [CrossRef] [PubMed]

18. Rack, ].G.M,; Zorzini, V.; Zhu, Z.; Schuller, M.; Ahel, D.; Ahel, I. Viral macrodomains: A structural and evolutionary assessment
of the pharmacological potential. Open Biol. 2020, 10, 200237. [CrossRef]

19. Alhammad, YM.O.; Fehr, A.R. The Viral Macrodomain Counters Host Antiviral ADP-Ribosylation. Viruses 2020, 12, 384.
[CrossRef]

20. Alhammad, Y.M.O.; Kashipathy, M.M.; Roy, A.; Gagne, J.P.; McDonald, P.; Gao, P; Nonfoux, L.; Battaile, K.P; Johnson, D.K.;
Holmstrom, E.D.; et al. The SARS-CoV-2 Conserved Macrodomain Is a Mono-ADP-Ribosylhydrolase. J. Virol. 2021, 95, €01969-20.
[CrossRef]

21. Fehr, AR.; Channappanavar, R.; Jankevicius, G.; Fett, C.; Zhao, J.; Athmer, ].; Meyerholz, D.K.; Ahel, I.; Perlman, S. The Conserved
Coronavirus Macrodomain Promotes Virulence and Suppresses the Innate Immune Response during Severe Acute Respiratory
Syndrome Coronavirus Infection. mBio 2016, 7, €01721-16. [CrossRef]

22.  Kuri, T; Eriksson, K.K.; Putics, A.; Zust, R.; Snijder, E.J.; Davidson, A.D.; Siddell, S.G.; Thiel, V.; Ziebuhr, J.; Weber, F. The
ADP-ribose-1”-monophosphatase domains of severe acute respiratory syndrome coronavirus and human coronavirus 229E
mediate resistance to antiviral interferon responses. J. Gen. Virol. 2011, 92, 1899-1905. [CrossRef]

23. Abraham, R.; Hauer, D.; McPherson, R.L.; Utt, A.; Kirby, LT.; Cohen, M.S.; Merits, A.; Leung, A K.L.; Griffin, D.E. ADP-ribosyl-
binding and hydrolase activities of the alphavirus nsP3 macrodomain are critical for initiation of virus replication. Proc. Natl.
Acad. Sci. USA 2018, 115, E10457-E10466. [CrossRef] [PubMed]

24. McPherson, R.L.; Abraham, R.; Sreekumar, E.; Ong, S.E.; Cheng, S.J.; Baxter, V.K.; Kistemaker, H.A; Filippov, D.V.; Griffin, D.E.;

Leung, A.K. ADP-ribosylhydrolase activity of Chikungunya virus macrodomain is critical for virus replication and virulence.
Proc. Natl. Acad. Sci. USA 2017, 114, 1666-1671. [CrossRef]

90



Pathogens 2023, 12, 674

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.
44.
45.
46.
47.

48.

49.

50.

Aguilar, E.G.; Paniccia, G.; Adura, C.; Singer, Z.S.; Ashbrook, A.W.; Razooky, B.S.; Rice, C.M.; MacDonald, M.R. Sindbis
Macrodomain Poly-ADP-Ribose Hydrolase Activity Is Important for Viral RNA Synthesis. J. Virol. 2022, 96, e0151621. [CrossRef]
[PubMed]

Park, E.; Griffin, D.E. The nsP3 macro domain is important for Sindbis virus replication in neurons and neurovirulence in mice.
Virology 2009, 388, 305-314. [CrossRef]

Altschul, S.F.; Madden, T.L.; Schiffer, A.A.; Zhang, J.; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and PSI-BLAST: A new
generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389-3402. [CrossRef]

Sievers, F.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Séding, J.; et al. Fast,
scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef]

Li, W.; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics
2006, 22, 1658-1659. [CrossRef] [PubMed]

Potter, 5S.C.; Luciani, A.; Eddy, S.R.; Park, Y.; Lopez, R.; Finn, R.D. HMMER web server: 2018 update. Nucleic Acids Res. 2018, 46,
W200-W204. [CrossRef] [PubMed]

Otto, H.; Reche, P.A.; Bazan, F; Dittmar, K.; Haag, F.; Koch-Nolte, E. In silico characterization of the family of PARP-like
poly(ADP-ribosyl)transferases (pARTs). BMC Genom. 2005, 6, 139. [CrossRef]

Nguyen, L.-T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef]

Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation.
Mol. Biol. Evol. 2018, 35, 518-522. [CrossRef] [PubMed]

Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.E; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587-589. [CrossRef] [PubMed]

Mirdita, M.; Schutze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making protein folding accessible to
all. Nat. Methods 2022, 19, 679-682. [CrossRef] [PubMed]

Frick, D.N,; Virdi, R.S.; Vuksanovic, N.; Dahal, N.; Silvaggi, N.R. Molecular Basis for ADP-Ribose Binding to the Macl Domain of
SARS-CoV-2 nsp3. Biochemistry 2020, 59, 2608-2615. [CrossRef]

Forst, A.H.; Karlberg, T.; Herzog, N.; Thorsell, A.G.; Gross, A.; Feijs, K.L.; Verheugd, P; Kursula, P.; Nijmeijer, B.; Kremmer, E.; et al.
Recognition of mono-ADP-ribosylated ARTD10 substrates by ARTD8 macrodomains. Structure 2013, 21, 462-475. [CrossRef]
Weixler, L.; Ikenga, N.J.; Voorneveld, J.; Aydin, G.; Bolte, TM.; Momoh, J.; Butepage, M.; Golzmann, A.; Luscher, B.; Filip-
pov, D.V,; et al. Protein and RNA ADP-ribosylation detection is influenced by sample preparation and reagents used. Life Sci.
Alliance 2023, 6, €202201455. [CrossRef]

Donawho, C.K;; Luo, Y.;; Luo, Y.; Penning, T.D.; Bauch, J.L.; Bouska, ]J.J.; Bontcheva-Diaz, V.D.; Cox, B.F.; DeWeese, T.L.;
Dillehay, L.E.; et al. ABT-888, an orally active poly(ADP-ribose) polymerase inhibitor that potentiates DNA-damaging agents in
preclinical tumor models. Clin. Cancer Res. 2007, 13, 2728-2737. [CrossRef]

Thorsell, A.G.; Ekblad, T,; Karlberg, T.; Low, M.; Pinto, A.E; Tresaugues, L.; Moche, M.; Cohen, M.S.; Schuler, H. Structural Basis
for Potency and Promiscuity in Poly(ADP-ribose) Polymerase (PARP) and Tankyrase Inhibitors. J. Med. Chem. 2017, 60, 1262-1271.
[CrossRef]

Rodriguez, K.M.; Buch-Larsen, S.C.; Kirby, I.T.; Siordia, I.R.; Hutin, D.; Rasmussen, M.; Grant, D.M.; David, L.L.; Matthews, J.;
Nielsen, M.L.; et al. Chemical genetics and proteome-wide site mapping reveal cysteine MARylation by PARP-7 on immune-
relevant protein targets. Elife 2021, 10, e60480. [CrossRef] [PubMed]

Lu, A.Z.; Abo, R;; Ren, Y.; Gui, B.; Mo, ].R.; Blackwell, D.; Wigle, T.; Keilhack, H.; Niepel, M. Enabling drug discovery for the
PARP protein family through the detection of mono-ADP-ribosylation. Biochem. Pharm. 2019, 167, 97-106. [CrossRef]
Dohrmann, M.; Worheide, G. Dating early animal evolution using phylogenomic data. Sci. Rep. 2017, 7, 3599. [CrossRef]
Kumar, S.; Hedges, S.B. A molecular timescale for vertebrate evolution. Nature 1998, 392, 917-920. [CrossRef] [PubMed]

Li, C,; Debing, Y.; Jankevicius, G.; Neyts, J.; Ahel, I.; Coutard, B.; Canard, B. Viral Macro Domains Reverse Protein ADP-
Ribosylation. J. Virol. 2016, 90, 8478-8486. [CrossRef]

Jankevicius, G.; Hassler, M.; Golia, B.; Rybin, V.; Zacharias, M.; Timinszky, G.; Ladurner, A.G. A family of macrodomain proteins
reverses cellular mono-ADP-ribosylation. Nat. Struct. Mol. Biol. 2013, 20, 508-514. [CrossRef]

Rosenthal, F.; Feijs, K.L.; Frugier, E.; Bonalli, M.; Forst, A.H.; Imhof, R.; Winkler, H.C.; Fischer, D.; Caflisch, A.; Hassa, PO.; et al.
Macrodomain-containing proteins are new mono-ADP-ribosylhydrolases. Nat. Struct. Mol. Biol. 2013, 20, 502-507. [CrossRef]
Eckei, L.; Krieg, S.; Butepage, M.; Lehmann, A.; Gross, A.; Lippok, B.; Grimm, A.R.; Kummerer, B.M.; Rossetti, G.; Luscher, B.; et al.
The conserved macrodomains of the non-structural proteins of Chikungunya virus and other pathogenic positive strand RNA
viruses function as mono-ADP-ribosylhydrolases. Sci. Rep. 2017, 7, 41746. [CrossRef]

Karras, G.I; Kustatscher, G.; Buhecha, H.R.; Allen, M.D.; Pugieux, C.; Sait, E; Bycroft, M.; Ladurner, A.G. The macro domain is an
ADP-ribose binding module. EMBO ]. 2005, 24, 1911-1920. [CrossRef]

Meredith, R.W,; Janecka, ].E.; Gatesy, J.; Ryder, O.A.; Fisher, C.A ; Teeling, E.C.; Goodbla, A.; Eizirik, E.; Simao, T.L.; Stadler, T.; et al.
Impacts of the Cretaceous Terrestrial Revolution and KPg extinction on mammal diversification. Science 2011, 334, 521-524.
[CrossRef]

91



Pathogens 2023, 12, 674

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

Upham, N.S.; Esselstyn, J.A.; Jetz, W. Inferring the mammal tree: Species-level sets of phylogenies for questions in ecology,
evolution, and conservation. PLoS Biol. 2019, 17, e3000494. [CrossRef] [PubMed]

Tan, J.; Vonrhein, C.; Smart, O.S.; Bricogne, G.; Bollati, M.; Kusov, Y.; Hansen, G.; Mesters, ].R.; Schmidt, C.L.; Hilgenfeld, R. The
SARS-unique domain (SUD) of SARS coronavirus contains two macrodomains that bind G-quadruplexes. PLoS Pathog. 2009,
5,e1000428. [CrossRef] [PubMed]

Nasar, F; Palacios, G.; Gorchakov, R.V,; Guzman, H.; Da Rosa, A.P,; Savji, N.; Popov, V.L.; Sherman, M.B.; Lipkin, W.L;
Tesh, R.B.; et al. Eilat virus, a unique alphavirus with host range restricted to insects by RNA replication. Proc. Natl. Acad. Sci.
USA 2012, 109, 14622-14627. [CrossRef] [PubMed]

Hermanns, K.; Zirkel, E; Kopp, A.; Marklewitz, M.; Rwego, I.B.; Estrada, A.; Gillespie, T.R.; Drosten, C.; Junglen, S. Discovery of a
novel alphavirus related to Eilat virus. J. Gen. Virol. 2017, 98, 43—49. [CrossRef]

Fourie, L; Williams, J.; Ismail, A.; Jansen van Vuren, P; Stoltz, A.; Venter, M. Detection and genome characterization of Middelburg
virus strains isolated from CSF and whole blood samples of humans with neurological manifestations in South Africa. PLoS Negl.
Trop. Dis. 2022, 16, e0010020. [CrossRef]

Attoui, H.; Sailleau, C.; Mohd Jaafar, F.; Belhouchet, M.; Biagini, P.; Cantaloube, ].E; de Micco, P.; Mertens, P.; Zientara, S. Complete
nucleotide sequence of Middelburg virus, isolated from the spleen of a horse with severe clinical disease in Zimbabwe. ]. Gen.
Virol. 2007, 88, 3078-3088. [CrossRef]

Tscha, M.K,; Suzukawa, A.A.; Graf, T.; Piancini, L.D.S.; da Silva, A.M.; Faoro, H.; Riediger, I.N.; Medeiros, L.C.; Wowk, PFE;
Zanluca, C.; et al. Identification of a novel alphavirus related to the encephalitis complexes circulating in southern Brazil. Emerg.
Microbes Infect. 2019, 8, 920-933. [CrossRef]

Du, Q.; Miao, Y.; He, W.; Zheng, H. ADP-Ribosylation in Antiviral Innate Immune Response. Pathogens 2023, 12, 303. [CrossRef]
Luscher, B.; Verheirstraeten, M.; Krieg, S.; Korn, P. Intracellular mono-ADP-ribosyltransferases at the host-virus interphase. Cell.
Mol. Life Sci. 2022, 79, 288. [CrossRef]

Fehr, A.R,; Singh, S.A.; Kerr, C.M.; Mukai, S.; Higashi, H.; Aikawa, M. The impact of PARPs and ADP-ribosylation on inflammation
and host-pathogen interactions. Genes Dev. 2020, 34, 341-359. [CrossRef]

Zhu, H.; Zheng, C. When PARPs Meet Antiviral Innate Immunity. Trends Microbiol. 2021, 29, 776-778. [CrossRef] [PubMed]
Todorova, T.; Bock, EJ.; Chang, P. Poly(ADP-ribose) polymerase-13 and RNA regulation in immunity and cancer. Trends Mol. Med.
2015, 21, 373-384. [CrossRef] [PubMed]

Yang, C.S,; Jividen, K.; Spencer, A.; Dworak, N.; Ni, L.; Oostdyk, L.T.; Chatterjee, M.; Kusmider, B.; Reon, B.; Parlak, M.; et al.
Ubiquitin Modification by the E3 Ligase/ ADP-Ribosyltransferase Dtx3L/Parp9. Mol. Cell 2017, 66, 503-516.e505. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

92



\! pathogens

Review

Mechanism and Modulation of SidE Family Proteins in the
Pathogenesis of Legionella pneumophila

Yongchao Xie >, Yi Zhang '*, Yong Wang 2 and Yue Feng /*

check for
updates

Citation: Xie, Y.; Zhang, Y.;

Wang, Y.; Feng, Y. Mechanism and
Modulation of SidE Family Proteins
in the Pathogenesis of Legionella
pneumophila. Pathogens 2023, 12, 629.
https://doi.org/10.3390/
pathogens12040629

Academic Editors: Anthony K
L Leung, Anthony Fehr and
Rachy Abraham

Received: 19 February 2023
Revised: 14 April 2023
Accepted: 18 April 2023
Published: 21 April 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Beijing Advanced Innovation Center for Soft Matter Science and Engineering,

Beijing Key Laboratory of Bioprocess, State Key Laboratory of Chemical Resource Engineering,

College of Life Science and Technology, Beijing University of Chemical Technology, Beijing 100029, China;
State Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University,

Tai’an 271002, China

Correspondence: fengyue@mail buct.edu.cn

t These authors contributed equally to this work.

Abstract: Legionella pneumophila is the causative agent of Legionnaires” disease, causing fever and
lung infection, with a death rate up to 15% in severe cases. In the process of infection, Legionella
pneumophila secretes over 330 effectors into host cell via the Dot/Icm type IV secretion system to
modulate multiple host cellular physiological processes, thereby changing the environment of the
host cell and promoting the growth and propagation of the bacterium. Among these effector proteins,
SidE family proteins from Legionella pneumophila catalyze a non-canonical ubiquitination reaction,
which combines mono-ADP-ribosylation and phosphodiesterase activities together to attach ubiquitin
onto substrates. Meanwhile, the activity of SidE family proteins is also under multiple modulations
by other effectors. Herein we summarize the key insights into recent studies in this area, emphasizing
the tight link between the modular structure of SidE family proteins and the pathogen virulence as
well as the fundamental mechanism and modulation network for further extensive research.

Keywords: Legionella pneumophila; SidE family; effector; PR-ubiquitination; host-pathogen interaction

1. Introduction

Gram-negative bacterium L. pneumophila was identified in 1976 at the annual conven-
tion of American legion, which caused a serious pneumophila, resulting in a lethality rate
of 15.9% [1]. It has been reported that the pathogenic bacteria L. pneumophila has a versa-
tile arsenal of effectors, keeping its virulence by expressing over 330 individual effectors
through the Dot/Icm secretion system [2,3]. Moreover, further studies of pathogenic
strategies revealed that after entering the cytoplasm of the host cell, the bacterium avoids
its lysosomal-mediated degradation by escaping the endosomal-trafficking pathway and
establishes Legionella-containing vacuoles (LCV) [4]. These specialized membrane-bound
organelles are rich in nutrients and without lysosome hydrolases, providing Legionella with
an ideal environment for its intracellular replication [5]. During the formation of LCVs,
many post-translational modifications (PTMs) are involved, removing chemical moieties
from protein residues, or attaching modifying groups to target protein, which mediates
numerous physiological processes by their unique biochemical activities. Up to now, over
400 different types of PTMs have been identified in eukaryotic cells such as phosphoryla-
tion, glycosylation, acetylation, ADP-ribosylation and ubiquitination [6-8]. Among these,
ubiquitination, a ubiquitous post-translational modification, which regulates a variety of
physiological processes in eukaryotic cells, such as protein homeostasis, cell cycle, immune
response, DNA repair and vesicle transport, has been studied for several decades [9].

The function and mechanism of canonical ubiquitination has been already well es-
tablished. It occurs through a series of enzymatic reactions. First, the ubiquitin activating
E1 consumes ATP and activates the C-terminal carboxyl group of ubiquitin and forms a
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thioester bond with cysteine at the active site of ubiquitin conjugating enzyme E2. Then,
ubiquitin ligase E3 transfers ubiquitin from E2-Ub to a specific substrate. Finally, an isopep-
tide bond is formed between the carboxyl group of glycine at position 76 of ubiquitin
and the e-amino group of Lys or the x-amino group of Met1 of a substrate protein [10,11].
Intriguingly, owing to the key role of ubiquitination in the life of eukaryotic cells, many
pathogens have derived a series of effector proteins targeting the host ubiquitination pro-
cess during the long-term evolution with host cells, to construct a conducive internal
environment for the reproduction of pathogens [12,13].

L. pneumophila as the pathogen causing pneumonia, also derived numerous effector
proteins to modulate host ubiquitination and the most striking example of these to date is
the SidE effector family [14-16]. The SidE family contains four highly conserved members
SidE, SdeA, SdeB, and SdeC that mediate a noncanonical ubiquitination system to facilitate
the optimal Legionella virulence. While the importance and the inherent understanding of
canonical ubiquitination has been known for a long time, the atypical ubiquitination cat-
alyzed by the SidE family shows an unprecedented aspect in this area, which has attracted
a lot of attention. Here we will review the recent progress regarding the mechanism and
modulation of SidE family effectors and the pathogenic strategies of L. pneumophila related
to this ubiquitination process.

2. SidE Family Effectors Catalyze a Non-Canonical Ubiquitination Process

The non-canonical ubiquitination by SidE family proteins differs from the canonical
ubiquitination system in several aspects, including structure characteristics of enzymes,
energy consumption and the number of reaction enzymes or steps. Firstly, for structural fea-
tures, SidE family members are large proteins (approximately 1500 residues), which contain
a DUB (deubiquitinase) domain, a PDE (phosphodiesterase) domain, an mART (mono-ADP
ribosyltransferase) domain and a C-terminal domain (CTD) (Figure 1a,b) [17,18]. Secondly,
for the energy source, nicotinamide adenine dinucleotide (NAD") is required by the mART
domain of SidE, which is a putative catalytic motif typically found in bacterial toxins [19,20].
Thirdly, this non-canonical ubiquitination is catalyzed only by one protein in an all-in-one
mode rather than the three steps mode of canonical ubiquitination. Finally, Arg42 of ubig-
uitin and primarily a serine residue of substrate are linked by a phosphoribosyl moiety,
so this type of ubiquitination is also named PR (phosphoribosyl)-ubiquitination. Recent
studies also found that SdeC-mediated PR-ubiquitination also modifies tyrosine residues
in host proteins [21].

2.1. The Structural Features of SidE Family

The SidE family protein contains four domains, including DUB, mART, PDE and
CTD domains, and each one has its independent function or regulates another. The DUB
domain, comprising ~200 residues in the N-terminus of SidE, was first characterized to
have deubiquitinase activity, with a preference for Lys-63 Linked polyubiquitin chains [22].
The PDE domain spans residues approximately 200-600, which is formed by two lobes:
a larger helical core lobe containing the catalytic pocket and a smaller cap lobe covering
from the top [23] (Figure 1c). Structural comparison revealed that human SAMHD]1, the
dNTP hydrolase related to innate immune response, is the closest structural homologue in
mammals of SdeA [24]. The SdeA mART domain contains a typical Rossmann fold and
shows the conserved characteristics among all known mART toxins in bacteria [19]. Two-
lobe structures constitute the SdeA mART domain, one with an N-terminal o«-helical lobe
and the other with a C-terminal 3-sandwich lobe (Figure 1d). Even though the similarity
between SdeA mART and other mART toxins exist, there are some weak differences in
structural details. For example, the PN loop and ARTT loop in the mART domain are
different from those of other mART proteins. Moreover, the plug loop, two consecutive
helices connected by a loop, inserts into and interacts with the PDE domain, which is
related to the activity of mART but not to the PDE domain [15].
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Figure 1. Overall structure of SdeA. (a) Domain diagram of SdeA (1-1499), SdeA contains four domains,
DUB (blue), PDE (orange-yellow), mART (green) and CTD (golden-yellow), from N-terminus to
C-terminus. (b) Two views of overall structure of SdeA (231-1190) colored as in a. (c¢) Structure of
SdeA PDE domain. (d) Structure of SdeA mART domain, x-helical lobe and 3-sandwich lobe are
marked, and the “plug loop” was also labeled.

2.2. The Novel-Ubiquitination Machinery of the SidE Family

As mentioned above, ubiquitination as an important protein PTM, was well studied
for decades [25]. However, in 2016, SdeA protein in L. pneumophila was identified to be
capable of performing a non-canonical ubiquitination by itself [20]. In contrast to the
conventional ATP-driving E1-E2-E3 cascade (Figure 2a), the ubiquitination catalyzed by
SdeA effector requires NAD™" as energy [26]. Overall, it is strikingly different between
the three-enzyme systems and the all-in-one ubiquitination machinery SidE. While SidE
family protein comprises four domains, only the enzymatic activities of the PDE and mART
domain are involved in the ubiquitination process. The SidE ligase machinery was divided
into two distinct parts, Ub activation and Ub-substrate ligation, which was catalyzed by
the mART and PDE domain respectively (Figure 2b) [26].
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Figure 2. The mechanism diagram of E1-E2-E3 conventional ubiquitination and SidEs PR-
ubiquitination. (a) Ubiquitin activating enzyme E1, ubiquitin conjugation enzyme E2 and ubiquitin
ligase E3 are working together for the conventional type of ubiquitination. (b) SidE family proteins
could catalyze the whole PR-ubiquitination reaction by itself, mART and PDE domain involved the
first and second step respectively. NAM, nicotinamide.

First, the mART domain exhibits ADP-ribosyl transferase activity, using nucleotide
cofactor NAD* as energy, leading to ADP-ribose group covalently added to Arg42 of Ub
forming ADPR-Ub [26] (Figure 2b). ADP-ribosylation is also one of the most important
types of protein PTMs, discovered in bacterial pathogen Corynebacterium diphtheria orig-
inally and in the eukaryotic cell subsequently, which regulate various cellular processes,
including tumorigenesis and DNA repair [27,28]. Despite that ART protein Parp9 inter-
acts with the E3 ligase Dtx3L to add mono-ADP-ribose group to the carboxyl terminus of
ubiquitin molecule [29], ADP-ribosylation of ubiquitin catalyzed by SidE mART is also an
example of a crosslink between ADP-ribosylation ubiquitination.

Second, the SidE PDE domain recognizes and binds the ADPR-Ub produced by the
mART domain, exhibits phosphodiesterase activity to cleave the phosphoanhydride bond
in ADPR-Ub and produce phosphoribosylated ubiquitin (PR-Ub) [23]. Meanwhile, in the
presence of a substrate protein, the SdeA PDE domain utilizes a substrate binding cleft
(constituted by N404, Q405, M408, L411 and S428), juxtaposed with the catalytic site, to
position serines of the substrates for ubiquitination. During the reaction, a transient SdeA
H277-PR-Ub intermediate was first formed and subsequently nucleophilic attacked by the
OH group of the target serine of the substrate. Finally, PR-Ub was transferred to serine
residues in target proteins, with the release of AMP [30] (Figure 2b). The PDE domain
in the SidE family protein shares ~23% sequence identity with their closest similarity
protein PA4781 from Pseudomonas aeruginosa and possesses the conserved catalytic residues,
H277-H407-E340 catalytic triad. The reaction catalyzed by the PDE domain is similar to a
phosphotransferase activity and akin in part to the activity of His kinases [31,32]. Notably,
ADPR-Ub can be produced by the SdeA PDE mutant (H277A) and PR-Ub can still be
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transferred to a target protein, if the SdeA mART domain truncation was supplied with
ADPR-Ub as a substrate, suggesting that these two reactions were separable [15,26,33].

3. Activity of the SidE Family Was Strictly Modulated by Many Effectors

Physiological processes in eukaryotic or prokaryotic cells are influenced and modu-
lated extensively by other molecules, including chemical substances and proteins. Similarly,
the activity of SidE family proteins is also strictly controlled by other proteins. Recently,
L. pneumophila effectors, Sid], SdjA, DupA and DupB have been proved to regulate the
activity of SidE family proteins by some novel modes.

3.1. Sid] Interacts with Calmodulin to Modify SdeA

The ubiquitination activity of SdeA has a relatively strong toxic effect on host cells.
However, this excessive toxic effect is not conducive to the proliferation of L. pneumophila.
In 2015, the L. pneumophila effector protein Sid] was found to inhibit the toxicity of SdeA in
the host [34]. In the subsequent study, it was proved that Sid] suppresses the ubiquitination
activity of SdeA in vivo [35]. However, it was still unknown why Sid] can inhibit the
activity of SidE family proteins only in the host cell at that time. In the process of exploring
this question, calmodulin (CaM), the Ca?* binding protein in eukaryotic cells, appears to
participate in the regulation of SdeA by interacting with the L. pneumophila effector protein
Sid]. Then, four independent studies revealed that Sid] and calmodulin form a stable
complex, catalyzing a distinct PTM to the key catalytic residues of the SidE family protein,
turning SidE into the “inactive state” (Figure 3). This unusual PTM was polyglutamylation
and the exactly modified residue of SdeA was E860, a key catalytic residue in the mART
domain [36-39]. The discovery of Sid] as a CaM-activated glutamylase explained that how
SidJ-CaM complex inactivates the SidE family protein. However, there are still several
intriguing questions to be further explored. First, for the mechanism details about CaM
dependent activating mode, Sulpizio et.al., proposed that CaM-binding may stabilize
the activation loop, which is vital for protein kinases, in an activated state via the CaM
N-loop [39]. Second, for the substrate specificity of Sid], it remains not fully understood
whether Sid] only targets the SidE family protein. Bhogaraju et al., found that glutamylation
signals still remained when the host cell was infected by Legionella strains lacking SidE
family genes, indicating that the SidE family protein might not be the only substrates of
SidJ-CaM. This finding was striking and interesting in that the pathogenic bacteria effectors
along with the eukaryotic host protein might modify another effector together [37].

3.2. SdjA Reverses the Glutamylation Modification of SdeA

Remarkably, the modification mode of SidJ-CaM towards SdeA unveils an archetypal
example that the pathogenic bacterial effector protein catalyzes glutamylation, modulating
the PR-ubiquitination mediated by the SidE family protein in the host cell [40]. E860 is the
key catalytic residue of the SdeA mART domain, which is polyglutamated by the Sid]-CaM
complex, indicating that SidJ-CaM displays specificity towards this residue. Furthermore,
Vincent et al., solved the cryo-EM structure of SdeA-SidJ-CaM intermediate complexes,
proving that the kinase-like site of Sid] adenylates the active-site Glu in SidE in the presence
of ATP and Mg?*, forming a stable intermediate complex. At the same time, the insertion
loop in the active site of the Sid] kinase domain accommodates the donor Glu near the
acyl-adenylates site, facilitating the reaction of glutamylation [41].
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Figure 3. The modulation model of SidE family proteins. SidEs catalyze PR-ubiquitination by their
mART and PDE domains. SidJ-CaM and SdjA-CaM mediate glutamylation to inactivate SidEs
(SidJ-CaM inactivate SdeA/B/C/E, SdjA-CaM inactivate SdeB/C). The inactivated SidEs-Glu could
be reactivated again by SdjA, named deglutamylation. The PR-ubiquitination substrates could be
cleaved by DupA /B, releasing substrates and Ub again.

Furthermore, based on the fact that several Legionella or other bacteria effectors are
working together to regulate one physiological process, we wondered whether other effec-
tors also participate in the regulation of SidEs. Interestingly, SdjA, a paralog protein of Sid]
which shows 57% sequence identity [42], shows glutamylation activity to SdeB and SdeC
but not SdeA. Moreover, SdjA cannot complement the virulence defects displayed by a
mutant lacking Sid] [43]. Due to the unusual characteristic of SdjA compared with Sid], the
function of effector SdjA still remains unknown. Coincidentally, two Legionella homologous
effector proteins MavC and MvcA, have been proved to work together to stimulate and
antagonize another unconventional ubiquitination, respectively [14,44,45]. In this distinct
type of ubiquitination, MavC catalyzes the attachment of Ub to UBE2N by its transg-
lutaminase activity (termed ubiquitination), while MvcA catalyzes the opposite process
releasing ubiquitin from Ub-UBE2N by its deamidase activity (Deubiquitination) [14,16,45].
Interestingly, we found that SdjA contains deglutamylase activity, changing SdeA-Glu into
SdeA in the absence of CaM, thereby antagonizing the activity of Sid]. Actually, SdjA was a
bifunctional enzyme that exhibits distinct activities towards SidE family proteins and the
specificity was dependent on its N-terminal region (Figure 3) [43].

3.3. DupA and DupB Function as Deubiquitinases for PR-Ubiquitination

Conventional ubiquitination is a reversible process, the substrate of ubiquitination
can be re-cleaved into ubiquitin and substrate by deubiquitinating enzymes [46]. The
novel ubiquitination mediated by the SidE-effector proteins involves the formation of
thioester bonds between substrates serine hydroxyl and ubiquitin [26]. In this process, the
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PDE domain of SidE can cleave ADPR-Ub to generate AMP and PR-Ub in the absence of
substrates [26]. Interestingly, the L. pneumophila effectors DupA and DupB, two homologous
proteins of the PDE domain with 70% sequence similarity to SdeA PDE, have been proved to
exhibit activity to process ADPR-Ub to PR-Ub [47]. So that, the balance of PR-ubiquitination
of multiple substrates in the host cell was controlled by these two specific deubiquitinases
upon bacterial infection stringently. While SidEs catalyze PR-ubiquitination with its PDE
domain in the second step, DupA and DupB catalyze deubiquitination also via their PDE
domains [48]. This is reminiscent of the characteristics of SidJ/SdjA, or MavC/MvcA,
which were mentioned above (Figure 3).

4. Multiple Host Proteins Targeted by SidE Family Effectors

Previous studies indicated that the host substrates of the SidE family are related with
the endoplasmic reticulum (ER) and Golgi in the host cell, resulting in disturbances of
their transport pathways, which modulates the internal host environment and promotes
the formation of LCV. However, along with the deepening of studies into the biological
significance of SidE-mediated ubiquitination, especially the use of DupA /B deletion bac-
terial strain, other physiological systems, such as endo-lysosomal system, mitochondria,
proteasomal subunits, cytoskeleton and nuclear membrane related proteins, have also been
reported to be regulated by this ubiquitination [48]. It is necessary to determine the exact
relationship between the ubiquitination catalyzed by SidE and these cellular processes to
cast light on how L. pneumophila exploits these effectors for survival and proliferation.

4.1. The Effects of SidE Family Proteins on Endoplasmic Reticulum

L. pneumophila is an intravacuolar pathogen, utilizing a type IVB secretion system (T4SS)
to translocate effector proteins into the host cytosol to establish LCV, an endoplasmic reticulum
(ER)-associated organelle [49,50]. However, these bacterial effector proteins are unable to form
an LCV themselves which means that they need to make use of the substances or protein
substrates in the host cell for this process. Endoplasmic reticulum is a continuous omental
system, a cystic, vesicular, and tubular structure organelle formed by a single membrane,
which is in charge of the production and movement of proteins and other molecules [51].
Endoplasmic reticulum could be classified into the perinuclear, ribosome-associated ER sheet
and tubular ER and the tubular ER is a vast network of cylinders that are enriched with some
structural ER membrane proteins, such as reticulon family proteins [52]. Previous studies
identified that several ER-associated GTPases and reticulon 4 (Rtn4) are PR-ubiquitinated by
SidE family proteins. During its infection, L. pneumophila exploits effectors to regulate the
dynamics of membranes to create LCV. PR-ubiquitination was utilized by Legionella to modify
ER-related proteins, such as RTN3, RTN4, TEX264, FAM134A, FAM134B and FAM134C, giving
rise to ER membrane fragmentation and dynamic defect [48,53,54]. Among these ER-related
proteins, RTN4 is required to induce the formation and stabilization of endoplasmic reticulum
tubules, regulating membrane morphogenesis in the ER [55], and previously regarded as a
critical substrate for the formation of LCV. FAM134 family proteins (FAM134A, FAM134B
and FAM134C) are ER-anchored autophagy receptors, which mediate ER transports into
lysosome, promoting membrane remodeling and ER dissociation. Furthermore, FAM134B
targets the ER fragments into autophagosomes via interaction with ATGS8 family proteins [54].
Taken together, these suggest that SidE family proteins mediated PR-ubiquitination of host
substrates to affect the normal function of endoplasmic reticulum (Table 1).
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Table 1. List of SidEs and their major related proteins in this review.

Gene ID Species Aliases Function Reference
lpg2157 L. pneumophila SdeA PR-ubiquitination

Ipg2156 L. pneumophila SdeB PR-ubiquitination 120]
lpg2153 L. pneumophila SdeC PR-ubiquitination

1pg0234 L. pneumophila SidE PR-ubiquitination

Inhibits SdeA, SdeB, SdeC and SidE

Ipg2155 L. pneumophila Sidy ubiquitinating activity by Glutamylation. [35,36,38]
1pg2508 L. pneumophila SdjA Reverses the Sid]-CaM modification of SdeA. [43]
lpg2154 L. pneumophila DupA Regulates Phosphoribosyl-Linked Serine [47,48]
Ipg2509 L. pneumophila DupB Ubiquitination by Deubiquitination. !
10313 Homo sapiens RTN3 Induces the formation of ER [56]
57142 Homo sapiens RTN4 Stabilization of endoplasmic reticulum (ER) [55-57]
. Endoplasmic reticulum remodeling,
162427 Homo sapiens FAMI34C ER-phagy, and Collagen quality control. (58]
. ATGS8-Interacting Protein Critical
51368 Homo sapiens TEX264 for ER Remodeling. ER-phage. [59,60]
. ER-associated Rab small GTPases.Regulators
83452 Homo sapiens Rab33b of Golgi homeostasis and trafficking. [61,62]
26003 Homo sapiens GRASP55 Function in the connection of Golgi stack [63,64]
64689 Homo sapiens GRASP65 and the maintenance of Golgi structure
64746 Homo sapiens GCP60 Affecting protein transport between. the 65]
endoplasmic reticulum and Golgi.
. Role in transport between
10897 Homo sapiens YIFIA endoplasmic reticulum and Golgi. [66]
27131 Homo sapiens SNX5 Mediates retrograde transport of cargo proteins [67]

from endosomes to the trans-Golgi network.

Notes: this table only contains a small number of ER and Golgi related substrates.

4.2. The Effects of SidE Family Proteins on the Golgi Complex

In the early stage of infection, L. pneumophila exploits effectors, such as SidE family
proteins, to manipulate Rab1 and other ER-related proteins to intercept the versicles to the
LCV [68]. Actually, the downstream process after ER vesicles fusing to the Golgi complex is
also disturbed. Recently, the relationship between PR-ubiquitination and the Golgi complex
has received increasing attention. The Golgi complex, the cystic structure apparatus
formed by the elementary membrane, is the component of the eukaryotic endomembrane
system, which functions as the PTM factory for protein modification, classification and
translocation [69]. The vesicles from the endoplasmic reticulum could fuse with the Golgi
membrane, delivering the inclusions into the Golgi lumen, where the newly synthesized
peptide chains continue to complete their modification and packing [70].

Most obviously, compared with the relative comprehensive understanding that
L. pneumophila markedly disrupts the ER trafficking pathway, it is elusive how the SidE
family proteins affect the function of the Golgi apparatus and which Golgi-related proteins
in the host cell are taking part in the PR-ubiquitination. Notably, Shin et al., showed
that two deubiquitinases (DupA and DupB) specifically cleave PR-ubiquitin from serine
on substrates and take advantage of the catalytically inactive DupA and its affinity for
PR-ubiquitinated protein to capture and identify nearly 180 host proteins targeted by SidE
family proteins [48]. Among these substrates, some Golgi-related proteins were also identi-
fied, such as GRASP55, TMEDS, GCP60, YIF1A, RAB33B and SNX5. Notably, GRASP55
and GCP60 had the highest ratio among these Golgi protein substrates (Figure 4, Table 1).
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Figure 4. The spatial relationship between LCV, ER and Golgi and the localization of the various SidE
target proteins.

GRASPS55 plays a vital role in the maintenance of the Golgi integrality [64,65]. GRASP65
and GRASP55 are homologous proteins, both belong to the same protein family named
GRASP, which function in the connection of the Golgi stack and the maintenance of the
Golgi structure through self-interaction and interactions with other Golgi proteins [71].
They are localized to Golgi cisternae and required for the ER-to-Golgi transport of specific
cargo, which contains C-terminal valine motif [72]. It has been known that the activities
of mammalian GRASPs are regulated by serine phosphorylation, one of the most canon-
ical PTMs, resulting in Golgi fragmentation [73]. Recently, Liu et al., confirmed that the
C-terminus of SdeA is not only critical for its Golgi localization, but also for its ability
to PR-ubiquitinate Golgi protein in the host cell. Taken together, the PR-ubiquitination
of GRASP65 and GRASP55 by SidE family proteins, causes disruption of Golgi integrity,
thus preventing their ability to aggregate and form oligomeric states. In fact, the presence
or absence of PR-ubiquitination of GRASPs can have an important impact on the host
secretory pathway, while is not linked directly to the recruitment of Golgi membranes to
the growing LCV [74].
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5. Conclusions

In this review, we summarize the mechanisms, modulation and protein substrates
related to endoplasmic reticulum and Golgi apparatus of non-canonical ubiquitination by
SidE family proteins during the pathogenesis of L. pneumophila. Harboring three enzymatic
activities, SidE family proteins also undergo extensive modulations. In terms of activity
modulation, the important role of calmodulin and the need to study the structure and
function of SdjA are emphasized. Regarding substrates, we summarized mainly the
substrates related to endoplasmic reticulum and Golgi apparatus, which have been studied
more extensively at present, and pointed out the perspectives for subsequent research on
substrates of other physiological processes.

Specifically, Sid] inactivates SdeA and SdjA renders SdeA to regain its activity of PR-
ubiquitination [43]. This SdeA regulation mode is associated with calmodulin, the calcium
binding protein in eukaryotic cells, which participates in many physiology processes and
especially plays a vital role in the calcium signal transduction pathway [75]. However, it
still remains unknown whether calmodulin is only used by L. pneumophila to control its
virulence of SidE family effectors or is simultaneously influencing other physiology pro-
cesses involved in signal transduction. This will be interesting to be investigated by future
studies. Moreover, pathogens need to strictly control their virulence to proliferate normally.
From the aspect of host-pathogen interaction, when the host cell was infected by pathogens,
they also need to evolve approaches to counteract the influence of pathogens. Therefore, it
is an interesting question whether the need of calmodulin binding for the activity of Sid]
in L. pneumophila is a beneficial approach for the pathogen to modulate the activity of its
effectors or a strategy exploited by the host to inactivate the toxic effectors of pathogens.
Based on the recent study, SdjA seems to eb a critical member in the regulation network of
the SidE family and its deglutamylation activity was not dependent on calmodulin binding.
However, the key domains and residues for deglutamylation activity in SdjA still need
further investigation [43].

With a growing number of PR-ubiquitination substrates identified, more and more
related physiological processes have been found. This means that the functions of SidE
family effectors are more complicated and significant for the pathogen than what we have
ever known. Whereas some advances of PR-ubiquitination in endoplasmic reticulum and
the Golgi complex have been achieved, the effects on other related processes, such as the
Endo-lysosomal system, mitochondria, proteasomal subunits, cytoskeleton and nuclear
membrane related proteins, still need to be further explored. Moreover, temporal and
spatial regulation of the activity of SidEs by the modulation effectors in these physiological
processes will also be interesting subjects in future studies.
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Abstract: Cells have developed different strategies to cope with viral infections. Key to initiating a
defense response against viruses is the ability to distinguish foreign molecules from their own. One
central mechanism is the perception of foreign nucleic acids by host proteins which, in turn, initiate
an efficient immune response. Nucleic acid sensing pattern recognition receptors have evolved, each
targeting specific features to discriminate viral from host RNA. These are complemented by several
RNA-binding proteins that assist in sensing of foreign RNAs. There is increasing evidence that the
interferon-inducible ADP-ribosyltransferases (ARTs; PARP9—PARP15) contribute to immune defense
and attenuation of viruses. However, their activation, subsequent targets, and precise mechanisms of
interference with viruses and their propagation are still largely unknown. Best known for its antiviral
activities and its role as RNA sensor is PARP13. In addition, PARP9 has been recently described as
sensor for viral RNA. Here we will discuss recent findings suggesting that some PARPs function in
antiviral innate immunity. We expand on these findings and integrate this information into a concept
that outlines how the different PARPs might function as sensors of foreign RNA. We speculate about
possible consequences of RNA binding with regard to the catalytic activities of PARPs, substrate
specificity and signaling, which together result in antiviral activities.

Keywords: ADP-ribosylation; MARylation; hydrolase; interferon; macrodomain; PARP; RNA-virus

1. Introduction

In order to establish an innate immune response to invading viruses, cells need
to be able to distinguish self from foreign. This is enabled in part by a repertoire of
proteins that specifically sense foreign nucleic acids. These proteins belong to the so-
called pattern recognition receptors (PRRs) that recognize and bind pathogen-associated
molecular pattern (PAMPs), including different pathogen-associated nucleic acids [1-3]. In
general, upon PAMP binding these PRRs are activated to trigger downstream signaling
events via activation of transcription factors, such as interferon regulatory factors 3 and 7
(IRF3, IRF7) and nuclear factor kappa B (NF-kB). This results in the activation of a gene
expression program, which includes the induction of interferon (IFN) as well as other
cytokine genes. IFNs act in a paracrine and autocrine manner to induce the expression of
interferon-stimulated genes (ISGs) by which an antipathogenic state is promoted [1,3].

The nucleic acid-sensing PRRs can be subdivided into two groups, the compartmen-
talized, endosomal and the cytosolic nucleic acid sensors. A subset of Toll-like receptors
(TLRs) belongs to the first subgroup, whereas the second group includes retinoic acid-
inducible gene I (RIG-I)-like receptors (RLRs), Protein kinase R (PKR), 2’-5' oligoadenylate
synthetase proteins (OAS1-3), nucleotide-binding oligomerization domain (NOD)-like re-
ceptors (NLRs), absent in melanoma 2 (AIM2)-like receptors (ALRs) and cyclic GMP-AMP
synthase (cGAS) [2,4-10].

In addition to these classical PRRs, a growing list of nucleic acid sensor proteins or
accessory proteins have been described. These include helicases, ubiquitin ligases and ADP-
ribosyltransferases, that can sense certain nucleic acids, assist in, or mediate the recognition
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of foreign nucleic acids and accelerate downstream signaling thereby contributing to and
modulating an antiviral immune response [11-15].

Best known for its viral ribonucleic acid (RNA)-binding activities is PARP13 [11]. In
addition, PARP9 has recently been identified as sensor of foreign RNA [15]. For PARP13,
RNA binding is facilitated by zinc finger domains, whereas for PARP9 the macrodomain
has been identified as viral RNA-binding module. PARP9 and PARP13 belong to the adeno-
sine diphosphate (ADP)-ribosyltransferase diphtheria toxin-like (ARTD) family, of which a
small subset of proteins has been linked to innate immunity due to their responsiveness to
IENSs (for further reading on PARPs as ISGs we refer to a recent excellent review [16]). These
proteins share a conserved ADP-ribosyltransferase (ART) domain, which, with exception
of PARP13, possesses mono-ADP-ribosylation (MARylation) activity. All these PARPs are
characterized with a range of additional protein domains, among them macrodomains,
RNA-recognition domains or zinc fingers. Although the functions of these associated do-
mains are largely unknown, many of these have been associated with RNA-binding. Thus,
they provide these proteins with the potential ability to function as RNA sensors similar
to what has been proposed for PARP9 and PARP13 [11,15]. Together, we hypothesize that
IFN-inducible PARPs function as RNA sensing PRRs and expand the RNA-binding modal-
ities of the known classical PRRs with regard to sequence and/or structure specificities.
Moreover, also RNA binding might regulate their modes of action and functionality.

2. The Classical Pathogen Recognition Receptors
2.1. Compartmentalized PRRs

Toll-like receptors involved in sensing pathogenic nucleic acids are TLR3 and TLR7-
9 [4,17-19]. These TLRs are integrated into the membranes of endosomes with their
N-terminal nucleic acid-binding ectodomain facing the inside of these vesicles [4,17,18].
Nucleic acid binding provokes dimerization of two TLRs, upon which diverse signaling
processes are initiated [4]. Due to their localization, these TLRs are capable to respond to
endocytosed or phagocytosed pathogens that may be disassembled in this compartment
through the action of endosomal proteases and nucleases. As a result, pathogen-derived
RNA or deoxyribonucleic acid (DNA) are processed and exposed, providing PAMPs
that can interact with the endosomal TLRs [18]. This initiates a first wave of antiviral
signaling [4,18,19].

To cover the recognition of a broad range of different pathogens, these TLRs have
evolved different preferences for nucleic acids [4,18,19]. TLR3 recognizes and binds double-
stranded RNA species based on electrostatic interactions between positively charged amino
acids as part of the leucine-rich repeats in the ectodomain and the negatively charged
ribose-phosphate backbone of the RNA. Binding occurs independently of specific RNA
sequences [19]. Recently, its activation by cellular R-loop derived RNA-DNA hybrids has
been demonstrated, which provokes subsequent immune signaling resulting in activation
of IRF3 has been demonstrated [20]. However, how R-loop processing is regulated and how
these hybrids, originally generated in the nucleus, reach the cytosol or even are capable
of activating this endosomal receptor remains unclear. Of note is, that R-Loop forming
sequence have also been identified among viruses, but whether these indeed form R-Loop
structures and are able to trigger TLR3 activation needs to be investigated [21].

TLR7 and TLR8, which are closely related, sense single-stranded RNA and RNA
breakdown products. Both, TLR7 and TLR8 harbor two RNA binding motifs, of which
the first recognizes a single guanosine or uridine, respectively, whereas the second has
been demonstrated to mediate some sequence specificity. TLR7 preferentially binds polyU
3-mers, while TLR8 senses UG/UUG oligoribonucleotides [22,23]. In contrast, TLR9 has
been shown to bind to single-stranded CpG motif-containing DNA [4,18].

2.2. Cytosolic PRRs

Key sensors of viral nucleic acids in the cytosol, present upon virus infection, are the
RLRs [2,7,24]. The eponymous member of these cytosolic receptors is RIG-I. Additional
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members include melanoma differentiation association gene 5 (MDAS) and laboratory of
genetics and physiology 2 (LGP2). All three proteins share a similar domain organization
with a central RNA-helicase domain that in concert with their C-terminal domain (CTD)
mediates RNA binding [2,7,24]. In contrast to LGP2, RIG-I and MDAS share two caspase-
activation and recruitment domains (CARDs) at their N-terminus that triggers downstream
signaling events [2,7]. In case of RIG-I these CARDs are intramolecularly bound by the
helicase domain and CTD, provoking a closed conformation of the protein and thereby
preventing downstream signaling in absent of a ligand [7,25]. Nucleic acid recognition
entails the hydrolysis of ATP by RIG-I and provokes the change to an open conformation
and its oligomerization. This allows a closer interaction of the RNA-binding part with
nucleic acids while the CARDs are released to interact with mitochondrial interactor of
virus signaling (MAVS) for downstream signal transduction [7,24]. This autoinhibitory
state shown for RIG-I does not occur for MDADBS. Instead, MDAS rather shows an open
and flexible and thus uninhibited conformation. This entails downstream signaling upon
overexpression of MDADS in the absence of an RNA ligand [26-28]. Due to the lack of CARDs
LGP2 cannot directly initiate downstream signaling via MAVS. But it seems to function
as modulator of MDAS signaling. At low protein levels, LGP2 accelerates and stabilizes
MDAS-RNA interaction, whereas high levels of LGP2 lead to MDADS5 inhibition [27,29,30].

For all three family members, the recognition of nucleic acids is facilitated by the
central helicase domain and the CTD [2,7,24]. These protein domains facilitate the scanning
of biochemical features located at the 5’ end of RNA molecules. Despite sharing comparable
helicase domains and CTDs, RIG-I and MDAS sense slightly different features within
RNAs [31]. RIG-I prefers shorter double-stranded (ds)RNAs or ssRNAs and is activated by
5'-PPP-dsRNA or 5'-pp-dsRNA, whereas 5 monophosphorylated RNA stays undetected
by RIG-I [32]. Further, RNAs enriched in poly-U/UC or AU regions as well as circular
viral RNAs are recognized by RIG-I [33-35]. Binding to circular RNAs is proposed to
be mediated by RNA structural features or through accessory RNA-binding proteins,
which need to be identified [33]. MDAS preferentially binds to long dsRNAs and AU-rich
regions [28,36,37]. LGP2 has been shown to detect a wide range of diverse RNAs. Neither
the phosphorylation status of the 5'-end nor the length of the RNA seem to influence
recognition and binding by LGP2 [38,39].

RNA sensing by PKR or OAS family proteins 1-3 is also known to contribute to an
antiviral defense response [9,10]. PKR recognizes dsRNA molecules longer than 30 bp
in a cap-independent fashion [40], but also ssSRNA and structured 5-PPP-RNA binding
has been described [41,42]. Binding is facilitated by two tandem RNA-binding domains
located in its N-terminal half, which upon RNA binding initiate dimerization of PKR
and subsequent kinase activation [43]. OAS1-3 bind to dsRNA [10,44-46]. Upon dsRNA
binding OAS1-3 synthesizes 2’5’ phosphodiester-linked oligoadenylates, which serve as
second messenger to trigger dimerization and in turn activation of Ribonuclease (RNase)
L and thus cleavage of RNA [10,47]. Cleaved RNA fragments serve to amplify antiviral
signaling as they are sensed by PRRs [9].

An additional line of immune defense is displayed by NLRs and ALRs [1,6,48]. Upon
activation, some NLRs and ALRs have been shown to initiate the assembly of so called
inflammasomes, multiprotein enzymatic complexes in which they oligomerize and bind to
apoptosis-associated speck-like protein containing CARD (ASC) domains to mediate the
proteolytic activation of caspase-1. This in turn enables the maturation of cytokines such as
Interleukin 13 (IL-13) and IL-18, thereby contributing to an antiviral immune response.

Among the NLRs, NLRP3 has been shown to be activated by a broad range of diverse
RNAs [8,49]. However, direct interaction with RN As has not been demonstrated. Instead,
NLRP3 assembles with accessory proteins, among them DExD/H-box RNA helicases or
TRIM ubiquitin ligases, which have been shown to enable RNA-sensing and subsequently
the activation of the inflammasome [8,49]. In contrast to NLRP3, AIM?2 as representative of
the ALRs is activated by DNA [6,48,50].
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In addition to AIM2, cGAS functions as cytosolic sensor of DNA [5]. Full activation
of cGAS occurs upon binding to longer DNA molecules. These allow for dimerization of
c¢GAS, a prerequisite for full activation. However, cGAS has been shown to recognize a
variety of DNA molecules, among them dsDNA, ssDNA providing secondary structures
that result in dsDNA, or RNA-DNA hybrids (as e.g., derived from R-loops). Upon binding,
signaling is propagated through cGAMP-mediated activation of stimulator of interferon
genes (STING), resulting in the activation of IRF3 [5]. Thus, cGAS can be activated by
pathogenic DNA but also by cellular DNA, for example in response to cytosolic DNA as a
result of missegregation of chromosomes, micronuclei and DNA shattering [51].

Besides these classical PRRs, several additional host factors have been identified
serving as sensors for foreign nucleic acids, among them DExD/H box helicases, trispartite
motif family (TRIM) ubiquitin ligases and a growing number of various additional RNA-
binding proteins [12-14,52,53]. Also, the very heterogeneous family of scavenger receptors
has been implicated in innate immunity and some members have been shown to bind to
foreign nucleic acids [54]. For some of these RNA-binding proteins scaffolding function
has been implicated [3,5,12]. They sense and bind foreign RNA, and present it to RLRs,
thereby contributing to and amplifying antiviral signaling [3,5,12].

3. PARP13—A Sensor of Viral RNA

One of these scaffolding proteins referred to above, which is involved in the innate im-
mune response, is the zinc finger antiviral protein (ZAP), also known as PARP13 (Figure 1).
Even though it does not possess catalytic activity, it is known for its efficient antiviral
activity [11]. PARP13 exists in four different isoforms, arising from alternative splicing
and polyadenylation [11,16]. The two best studied isoforms are PARP13.1 (ZAPL) and
PARP13.2 (ZAPS), the latter lacks the PARP-like domain [11]. While PARP13.1 seems to be
constitutively expressed, PARP13.2 is induced upon interferon signaling [55]. An interac-
tion with the 3’ untranslated region (3'UTR) of the interferon messenger RNA (mRNA) has
been described for PARP13.2, which is therefore considered to be involved in a negative
feedback response to IFN signaling [55]. Interestingly, PARP13.2 was found to colocalize
with RIG-I when stimulated with 5'-PPP-double stranded RNA (dsRNA) and appears to
play a role in promoting interferon production [56].

All isoforms of PARP13 have an RNA-binding domain (RBD) consisting of four CCCH
zinc finger (ZnF) motifs, the second of which is known for its hydrophobic binding pocket
with a high affinity for CpG-dinucleotides [11,57]. The other ZnFs display weak affinity for
RNA of unknown sequence [11]. PARP13 is able to dimerize, and even multimerization of
PARP13 on target RNA has been suggested for efficient defense against pathogens [11].

Recently, a severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) RNA
interactome screen identified PARP13, as well as its cofactor TRIM25, to bind directly to
the viral RNA [58]. Following ectopic expression of PARP13.1 and PARP13.2, PARP13.2
but not PARP13.1 appeared to have an antiviral effect, as evidenced by a significant re-
duction in SARS-CoV-2 non-structural protein 12 (nsP12) RNA levels, encoding the viral
RNA-dependent RNA polymerase [58]. In contrast, Nchioua and colleagues reported a
reduction in the accumulation of SARS-CoV-2 full length RNA only in PARP13.1 overex-
pression experiments [59]. However, for both isoforms a reduction in the RNA levels of
SARS-CoV-2 structural spike- and nucleocapsid protein was observed [59]. Differences in
cellular localization might account for these findings, as PARP13.2 has a diffuse cytoplasmic
distribution, while PARP13.1 can be S-farnesylated, which localizes it to endolysosomes or
the endoplasmic reticulum (ER) [11]. SARS-CoV-2 forms ER-derived double-membrane
vesicles for replication [60]. Indeed, it was later demonstrated that S-farnesylation of
PARP13.1 is needed for SARS-CoV-2 attenuation [61]. Antiviral activity has also been
described against influenza A virus (IAV). While PARP13.1 seems to modulate viral protein
expression, PARP13.2 has been described to directly target IAV RNA [11,62]. Liu and
colleagues reported PARP13.1 to promote the poly-ADP-ribosylation (PARylation) of IAV
polymerase proteins, which leads to their subsequent ubiquitination and degradation [62].
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However, as PARP13 has no reported catalytic activity, another ADP-ribosylating protein
needs to be involved in this process. The shorter isoform, PARP13.2, is able to bind to IAV
basic RNA polymerase 2 (PB2) mRNA and leads to its degradation as well as preventing its
translation [63]. This process is counteracted by the non-structural protein 1 (NS1) protein
of IAV, which was found to prevent viral RNA binding by PARP13.2 [63]. Interestingly,
also the NS1 mRNA seems to be unaffected by PARP13.2 [63]. Potentially, this could be
attributed to secondary structures within the NS1 RNA, which has been demonstrated to
form hairpins resulting in large parts of this RNA being double stranded [64]. Another
genus of viruses restricted by PARP13 are alphaviruses like Sindbis virus, which is targeted
by PARP13.1 in stress granules (SGs) [55].

Recently, different groups found in crystallization experiments that the WWE2 pocket
of PARP13 is able to bind to an ADP-ribose (ADPr)-moiety of poly-ADP-ribose (PAR)
chains [65,66]. Xue and colleagues also confirmed these results in vitro and revealed an
essential role of two amino acids in the WWE2 domain, W611 and Q668, for this binding.
Further, they demonstrated that the ZnF5, WWE1 and WWE2 of PARP13 combine to form a
domain they termed central domain (CD), and that this CD binds to PAR in cells. The long
isoform of PARP13, PARP13.1, was also shown to bind PAR in cells, although not as effi-
ciently as the isolated CD [66]. This binding plays an important role in stress granules (SGs),
where PAR binding is a prerequisite for PARP13-CD and PARP13.1 re-localization [66]. In
addition, mutational impairment of PARP13.1 binding to PAR was found to attenuate its
antiviral activity [66]. Localization to stress granules has also been described for PARP13.2,
which is increasingly PARylated upon stress [67]. Thus, stress granules (SGs) allow the
accumulation of RNA, PAR and PARP13 [66,68]. Whether clustering contributes to the
antiviral activity of PARP13, namely promoting RNA degradation or inhibiting translation
will need to be addressed. Worth mentioning is, that similar to PARP13 additional PARP
proteins have been shown to associate to SGs, suggesting a concerted action or a synergistic
role of PARPs in SG formation and/or function. Pointing to a similar direction is the
finding, that PARP13, although lacking catalytic activity itself, is ADP-ribosylated and
therefore must closely interact with other PARP enzymes [67]. This ADP-ribosylation may
control PARP13 function as e.g., shown for PARP7, which MARylates cysteine residues in
ZnFs, thereby interfering with the ability of PARP13 to interact with RNA [16]. We expect
may additional interaction between PARP proteins as well as other PRRs and downstream
effectors. Thus, how PARPs synergize for efficient recognition of nucleic acids and defense
against pathogens are exciting questions in the field of innate immune defense.

4. The IFN-Regulated Subclass of PARPs
4.1. The PARP Family

Based on domain organization and structural analysis PARP13 is assigned to the family
of ADP-ribosyltransferases diphtheria toxin-like (ARTDs), which in total encompasses
17 members [69-71]. They all share a highly conserved ART domain, which with exception
of PARP13 enables these proteins to catalyze ADP-ribosylation. ADP-ribosylation is a
reversible posttranslational modification (PTM), which is characterized by the addition of
one or several ADP-ribose moieties onto a substrate [70]. Based in part on the amino acid
composition of the catalytical triade individual enzymes can either catalyze PARylation
(PARP1, PARP2, TNKS1 and TNKS2) or MARylation (PARP3, PARP4, PARP7-PARP12,
PARP14-PARP16) [70,72]. To do so, they consume nicotinamide adenine dinucleotide
(NAD") as a cofactor and transfer ADP-ribose, either a single moiety (MARylation) or in an
iterative process (PARylation) multiple units with release of nicotinamide [70]. PARP13 is
the only family member lacking ADP-ribosylation activity due to its inability to properly
bind NAD* [73].

In the following we will concentrate on the interferon-responsive PARPs (PARP9-15;
Figure 1) [16], MARylation and the (potential) nucleic acid sensing capabilities of this subset
of PARPs.
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4.2. Regulation and Propagation of MARylation

Like other PTMs MARylation needs to be read and the signal propagated. The
macrodomains 2 and 3 of PARP14 have been identified as readers of MARylation [70,74,75].
Further, MARylation displays a fully reversible PTM enabled by the hydrolytic activ-
ity some macrodomains possess [70]. Cellular erasers of MARylation include MacroD1,
MacroD2 and TARG1. De-MARylation is enabled by their active macrodomain [70]. The
macrodomain fold is highly conserved among all species of life and is embedded in
non-structural proteins of several positive sense single-stranded ((+)ss) RNA viruses as
well [16,76,77].

The induction of MARylating PARPs by the innate IFN system in combination with
the ability of several viral macrodomains to revert MARylation indicates an antiviral role
of IFN-inducible PARPs. Further, it has been shown that PARPs have evolved under strong
positive selection, additionally pointing to a function in innate immunity [78,79].

However, insights into mechanisms and the exact function of IFN-inducible PARPs
remain elusive. One possibility how IFN-inducible PARPs might contribute to an antiviral
response is by recognition of foreign nucleic acids. As outlined before, adaptor proteins
like DExD/H box helicases or PARP13 can serve as scaffolds bringing nucleic acids and
effector proteins in close proximity. Similarly, the IFN-responsive PARPs could function
as scaffolds thereby assisting in RNA-recognition by one of the classical PRRs. On top
of that, their MARylation activity could add another level of regulation to fine tune the
innate immune response. There are indications that the presence of viral RNA might trigger
MARylation activity of these enzymes [80,81]. Postulating that RNA binding determines
catalytic activity, it might also allow for redirecting catalytic activity to distinct substrates.
These could be both viral and host factors. Moreover, the altered specificity might also affect
protein stability, for example by reducing automodification, thereby conferring stability
of certain PARP enzymes [82]. Additionally, viral RNA might represent a substrate for
MARylation, as RNA has been identified to be MARylated both in vitro and in cells [83,84].

4.3. Domain Organization of IFN-Regulated PARPs

Of note is, that the IFN-responsive PARPs all display domain and motifs potentially
implicated in nucleic acid binding (Figure 1).

PARP9 —C mp { mp
PARP10 RRM)——(RRM) 88-&
PARP11 —WWE
PARP12 WHH — 2F —ZF 2F — ZF WWE - WWE
PARP13 WH-| =Z ZF — Zf ZF —————————————— ZF WWE - WWE — ART
PARP14 (RRM) {RRM) C M < Mo K MD )——WnE
PARP15

—(C M H ™MD )< ART >

Figure 1. Domain architecture of the IFN-responsive PARPs. All IFN-responsive PARP family
members contain the conserved ADP-ribosyltransferase (ART) domain at their C-terminus. Except
for PARP13 the ART domain of the other PARPs possesses MARylation activity [72,73]. PARP9,
PARP14 and PARP15 contain macrodomain (MD) repeats, either 2 as in case of PARP9 and PARP15
or three as seen for PARP14. In addition to the three macrodomains PARP14 is also equipped with
two RNA-recognition motifs (RRM) at its N-terminus, known to mediate RNA-binding. Similarly,
PARP10 carries two RRMs at its N-terminus. PARP11-PARP14 harbor one (PARP11, PARP14) or
two WWE (PARP12, PARP13) modules, known to facilitate poly-ADP-ribose binding. N-terminally
PARP12 and PARP13 both contain Winged-Helix-like (WH-1) DNA-binding domains followed by
five zinc finger motifs (ZF), known to mediate binding to nucleic acids. PARP10 is unique, as it
is the only family member equipped with ubiquitin-interaction motifs (UIMs), of which it carries
three in its C-terminal half (Created with BioRender.com).
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PARP12 resembles the overall domain structure of PARP13 and similarly is equipped
with several ZnFs. These domains are well described as nucleic acid-binding modules,
among other functions, and as such broadly involved in host-pathogen interactions [85].
This provokes questions as to which function(s) can be assigned to the ZnFs of PARP12
and whether these are implicated in RNA sensing.

There is accumulating evidence that macrodomains represent an additional nucleic
acid-binding module. Recently, PARP9 has been shown to bind to viral RNA mediated
by its first macrodomain [15]. The capability of binding to RNA has been demonstrated
for TARG1 as well [86]. The macrodomain as binding module for nucleic acids has also
been established from findings with some viral macrodomains (vMDs). The vMD of
Chikungunya virus (CHIKV) or Venezuelan encephalitis virus (VEEV) have been shown
to bind ssRNA [87], whereas the second and third vMD (SARS unique domains, SUD)
of SARS-Coronavirus have been demonstrated to bind G-quadruplexes [88,89]. Besides
PARPY9, PARP14 and PARP15 belong to the macrodomain-containing IFN-stimulated PARPs.
Whereas PARP14 macro2 and macro3 as well as PARP15 macro2 have been identified to

bind to MAR [75,90], the function of the first macrodomain within both proteins remains
elusive. However, based on sequence comparisons they are phylogenetically closer related
to the hydrolytic macrodomains encoded by ssRNA viruses, maybe allowing to postulate
an ability in RNA binding as well (Figure 2).

In addjition to its macrodomains, PARP14 displays two RNA-recognition motifs (RRMs)
near its N-terminus, which are separated by an intrinsically disordered region (IDR, ac-
cording to the amino acid sequence analysis using PONDR) from its other functional
domains. This is also the case for PARP10 (analysis by PONDR) (Figure 1). RRMs but
also IDRs individually or cooperatively can mediate RNA binding [91-93]. Generally,
multiple RRMs work in tandem thereby facilitating proper RNA binding and conferring
RNA specificity [94]. It will be of interest to evaluate nucleic acid binding modes of these
subset of PARPs. Do these domains indeed sense foreign nucleic acids to contribute to a

robust antiviral response?
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Figure 2. Phylogenetic tree of human and some selected viral macrodomains. Amino acid sequences
(>sp 1075367 1184-370_MacroH2A1.1; >sp | Q9POMS6 | 184-370_MacroH2A1.2; >sp | QOPOMS6 | 184
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-370_MacroH2A2; >sp | Q86W]J11704-897_ALC1; >sp|1Q9Y53012-152_TARG; >sp | Q8IXQ6 1107-
296_PARP9-macrol;  >sp|Q8IXQ6|306-487_PARP9-macro2; >sp|Q460N5 |791-978_PARP14-
macrol; >sp|Q460N511003-1190_PARP14-macro2; >sp | Q460N5 |1216-1387_PARP14-macro3;
>sp | Q460N3 | 78-267_PARP15-macrol; >sp | Q460N3 | 293-464_PARP15-macro2; >sp | Q9BQ69 | 141-
322_MacroD1; >sp | A121Q3 | 59-240_MacroD2; >sp | QINXN4 |43-223_GDAP2; >sp | P36328 | 1330-
1489_VEEV-macro; >sp Q8JUX611334-1493_CHIKV-macro; >sp|Q8QZ7311335-1493_MAYV-
macro;  >sp |PODTD111025-1194_SARSCoV2-macrol;  >sp |PODTD111231-1359_SARSCoV2-
macro2; >sp | PODTD1 | 1367-1494_SARSCoV-macro3; >sp | Q9WC28 1775-921_HEV-macro;
>sp | KON7C711110-1276_MERS-macrol; >sp | KIN7C7|1278-1404_MERS-macro2) were ana-
lyzed by CLUSTAL 2.1 and the phylogenetic tree file uploaded to iTOL 6.6 to generate this
phylogenetic tree [95].

4.4. IFN-Regulated PARPs as Host Restriction Factors

As already stated, PARP12 possesses a similar domain organization as PARP13 but its
ART domain displays enzymatic activity [16] (Figure 1). While PARP13 is already known
for its role as a PRR in the innate immune response, a similar function might be postulated
for PARP12 [11,96]. However, for PARP12 RNA binding has not been confirmed so far
experimentally, but there is evidence coming from PARP12 being recruited to SGs [67,97,98].
SGs are condensates enriched in mRNA due to the stress-dependent stalled translation
complexes and PAR [67,99]. Localization of PARP12 to these condensates is dependent
on its ZnFs and WWE domains, suggesting that the ability to potentially bind both RNA
and PAR provokes PARP12 to localize to SGs [97,98]. Of note is, that like RNA binding,
PAR-binding by the WWE domain of PARP12 has not been experimentally validated.
A functional role of PARP12 in SG biology granules has yet to be found, but as SGs are
discussed as first line response to viral infections, the regulation and /or modulation of these
condensates might be one mode of antiviral action of PARP12 [100]. It is worth pointing
out is that in addition to PARP13 and PARP12, PARP14 and PARP15 have been identified
as SG proteins as well, at least when overexpressed [67]. It will be interesting to analyze
whether PARP12, analogous to PARP13, regulates RNA turnover and/or translation and
whether this is restricted to viral RNAs or might also be relevant for host mRNAs in
infected and thus stressed cells. An additional line of evidence for PARP12 as RNA-binding
protein is deduced from recent SARS-CoV-2 research. The identification of host factors
interacting with the SARS-CoV-2 RNA genome revealed PARP12 and PARP13 as interacting
proteins [58,101].

Indeed, PARP12 has been identified as restriction factor for some viruses [81,102,103].
One potential mechanism being discussed is limiting alphavirus replication by modula-
tion of cellular translation [102]. Upon VEEV infection, PARP12 seems to complex with
ribosomes and several proteins known to play a role in translation [102]. This might also
provide a link to SG biology and/or the modulation of these condensates as they are
enriched in stalled translation complexes [100]. In addition, PARP12 limits Zika virus
(ZIKV) replication in fact upon interaction with PARP11 via their WWE domains [104,105].
Here, the restrictive effect is mediated by promoting PARylation of the viral non-structural
proteins NS1 and NS3 targeting them for proteasomal degradation [104,105]. This resem-
bles the mode of action shown for PARP13.1 with regard to IAV proteins being primed by
PAR for proteasomal degradation [62]. Again, presumably other PARP enzymes are also
involved in this process, as PARylation is neither catalyzed by PARP12 nor PARP11 [72].

PARP11 has been identified as regulator of IFN signaling. It has been shown to catalyze
MARylation of 3-TrcP, a ubiquitin E3 ligase. This results in the subsequent ubiquitination
and turnover of the IFN«/ (3 receptor 1 (IFNAR1) indicating a feedback control of IFN
signaling by PARP11 [106].

PARPY, along with PARP14 and PARP15, is one of the macrodomain-containing
PARPs [16] (Figure 1). However, to date it has not been fully elucidated for PARP9, whether
or not it has ADP-ribosylating activity [16]. The PARP9 macrodomains have been identified
to bind PAR enabling PARP9 colocalization with the PARylating enzyme PARP1 upon DNA
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damage [107,108]. Furthermore, an antiviral role for PARP9 has been discussed. In dendritic
cells, influenza A, a minus-strand RNA virus, induces the expression of PARP9 [15]. Further,
Xing and colleagues reported a protective effect of PARPY against minus-sense RNA virus
vesicular stomatitis virus and dsRNNA reovirus infection in mice, whereas this effect does
not occur with the DNA-virus Herpes simplex virus type 1 (HSV-1) [15]. They found
the first macrodomain of PARP9 to be essential for binding of viral dsRNA ranging from
1100 base pairs (bp) to 1400 bp (Table 1). Furthermore, PARP9 contributes substantially to
the type-I IFN production by activating the phosphoinositide-3-kinase/protein kinase B
(PI3K/AKT) signaling pathway [15].

For many processes, however, PARP9 forms a heterodimer with the E3 ubiquitin ligase
deltex E3 ubiquitin ligase L (DTX3L). Together they play a role in DNA damage repair and
antiviral defense [15,108]. The DTX3L/PARP9 heterodimer is capable of selectively MARy-
lating ubiquitin [108]. The authors suggest that this modification depends on the catalytic
activity of PARP9 [108]. Russo and colleagues found that the DTX3L/PARP9 heterodimer
plays a central role in ADP-ribosylation induced upon induction of ISGs. This seems to be
independent of PARP9 activity itself, suggesting a potential crosstalk with other MARylat-
ing PARPs or a concerted action of these proteins. The increase in overall MARylation is
reversed by the hydrolase activity of the SARS-CoV-2 nsP3 macrodomain1 [109,110].

In 2016, Iwata and colleagues found signal transducer and activator of transcription
1 (STAT1) and STAT6 to be ADP-ribosylated in vitro by PARP14, a process suppressed by
PARP9. They further claimed STAT1« phosphorylation to be inhibited by PARP14 mediated
STAT1x ADP-ribosylation [111]. Additionally, an anti-inflammatory role of PARP14 in
macrophages, promoting the interleukin (IL)-4 response and suppressing IFN-y induced re-
sponses, was observed [111]. Although this work has received strong criticism [112], at least
the PARP9-PARP14 interaction has been confirmed in co-immunoprecipitation experiments
by other groups [113]. Grunewald and colleagues suggest that PARP14 can regulate the
IEN response both, dependent on ADP-ribosylation, but also independent of its catalytic
activity [114]. Further, they observed increased viral replication of mouse hepatitis virus
(MHYV) in Parp14 inhibition and knockdown experiments, suggesting antiviral capacities of
PARP14 [114]. In viral crosslinking and solid-phase purification (VIR-CLASP) experiments
for Chikungunya virus (CHIKV), PARP14 and PARP9 were identified as CHIKV-RNA
interactors [115]. A screen for interactors of the IAV-genome in contrast, did not reveal
interaction of any of the mono-ARTDs [115].

PARP14 has three macrodomains and macro2 and macro3 have been reported to bind
to MARylated PARP10 but seem to lack hydrolase activity and therefore are considered as
readers of MARylation [75]. Interestingly, the PARP14 macrodomainl has been described to
resemble, at least at the sequence level, the SARS-CoV-2 macrodomain (Figure 2) [116,117].
PARP14 is the largest of the PARP enzymes and has an RNA recognition motif (RRM) at its
N-terminus followed by a long intrinsically disordered region, the function of which are as
yet unknown [118].

PARP14 binds to the 3'UTR of tissue factor mRNA in synergy with tristetraprolin
(TTP) upon Lipopolysaccharide (LPS) stimulation (Table 1) [119]. However, which do-
mains of PARP14 are involved in this interaction or if PARP14 mediated ADP-ribosylation
contributes to this interaction remains to be determined [119]. Nucleic acid binding of
PARP14 has also been reported by Riley and colleagues, who found two putative DNA
motifs recognized by PARP14 (Table 1). These motifs are present in the promoter region of
interleukin-4 (1l-4) and II-5 and PARP14 seems to have a role in the expression of T helper
type 2 (Th2) cytokines [120]. This is further supported by findings of a role of PARP14 in
allergic reactions in mice [121].

PARP14 was found to be localized mainly in the cytosol and translocates to the nucleus
upon LPS treatment [113]. It also seems to be involved in the translocation of other proteins
to the nucleus, especially those that are IFN inducible [113].

PARP10 is highly expressed in hematopoietic cells, supporting a functional role in
innate immunity [122]. Like PARP12, PARP10 has been shown to be restrictive for viral
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replication [81,102,103]. Atasheva and colleagues showed that expression of PARP10
from a second subgenomic promotor within the VEEV genome results in translation
inhibition [102]. However, how PARP10 interferes with translation remains open. Similarly,
whether this possible modulation of translation confers to its antiviral activity is unclear.

Table 1. Overview on RNA-binding modalities of the classical PRRs and the IFN-regulated PARPs.

Protein RNA Reference
TLR3 double-stranded RNA; sequence independent [4,17-20]
TLR7 single-stranded RNA and RNA breakdown products; preferentially binds [4,17-19,23]

polyU 3-mers
single-stranded RNA and RNA breakdown products; recognizes -
TLR8 UG/UUG oligoribonucleotides [417-19,22]
/_ _ s — . 3 3 _ 1 .
RIG-I 5'-PPP-dsRNA or 5'-pp dsRNA,RNAs .ennched in poly-U/UC or AU regions; [2,7,24,31-35]
circular viral RNAs

MDAS5 long dsRNAs; AU-rich regions [2,7,24,28,31,36,37]
LGP2 range of diverse RNAs [38,39]

PKR dsRNA > 30 bp; ssRNA; 5'-PPP-RNA [9,40-42]

OAS1-3 dsRNA [9,10,44-46]

DExD/H box helicases Adapter proteins; enables RNA sensing and activating of PRRs [13,53]
e ere 1 Adapter protein; enables RNA sensing and activating of PRRs; preferentially
TRIM ubiquitin ligases binds to positive strand RNAs [14]
PARP13 ssRNA (CpG bound by ZnF2); v};/eak binding of RNA (of unknown sequence) [11,57]
y ZnF 1+3+4
PARP9 Macrodomain: viral dsRNA binding ranging from 1100 base pairs (bp) [15]
to 1400 bp

PARP10 RRMs potentially mediate RNA-binding

PARP11 Unknown

PARP12 ZnFs potentially mediate interaction with host and viral RNA

Binds some host mRNAs via 3'UTR;two putative DNA-motifs bound by

PARP14 PARP14 (Motif 1: CACTGAGTGGAG; Motif 2: TCCAAGGATC)RRMs and [119,120]

macrodomains potentially mediate interaction with host and viral RNA

PARP15 Macrodomains potentially facilitate RNA binding

Recently, non-structural protein (nsP) 2 of CHIKV has been identified as PARP10
substrate. MARylation impairs proteolytic activity of nsP2, which is essential for repli-
cation [81]. CHIKV nsPs are translated as polyprotein in need to be processed into the
individual nsPs, which subsequently form the functional replication complex [123]. Thus,
the antiviral activity of PARP10 might be mediated at least in part by modification and
regulation of viral proteins.

Interestingly, MARylation of CHIKV-nsP2 was only observed when mimicking a
viral infection by transfection of an in vitro transcribed RNA replicon. Plasmid-based co-
expression of GFP-nsP2 and PARP10 was not sufficient to induce MARylation [81]. Similar
results were observed studying ADP-ribosylation in context of an infection with the murine
hepatitis virus (MHV), a coronavirus. The nucleocapsid (N) protein of MHV was only
found to be ADP-ribosylated upon MHYV infection and failed modification when expressed
exogenously in cells [80]. These findings foster speculation. Is the presence of viral RNA
necessary for full activation of PARP10 as well as other PARPs?

N-terminally PARP10 possesses two RRMs near the N-terminus. This is followed by
an intrinsically disordered, glycine-rich domain (Figure 1). Whether these enable nucleic
acid binding needs to be investigated to address the question whether PARP10 might
function as PRR.

As pointed out above, RNA has been identified as substrate for MARylation [83,84,124,125].
The isolated catalytic domains of PARP10 as well as PARP15 are capable to MARylate the
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terminal 5’ phosphate of ssSRNA in vitro. However, the full-length variants of these proteins
failed to do so in vitro [83,84]. The ADP-ribosyltransferase identified to MARylate RNA
as full-length protein in vitro and in cells, is TRPT-1. MARylation of 5'-P-RNA has been
shown to prevent translation [84].

4.5. Perspective on IFN-Regulated PARPs as Sensors of Viral RNA

What can be drawn from these findings? Quite clearly, PARPs are involved in antiviral
defense. There is increasing evidence linking this subset of IFN-responsive PARP enzymes
to innate immunity, as summarized in recent reviews [16,109,118]. But as this is quite an
emerging and rapidly developing research field, there are ample open questions to be
addressed and answered.

Besides induction by IFNs, we hardly understand how the expression of these PARP
genes and the function of the encoded proteins are regulated. How is their catalytic
activity regulated? Is a precise regulation of MAR activity needed? How is turnover of
these proteins achieved? What are the functions of the diverse protein domains these
PARP proteins are equipped with? Is there crosstalk between these different domains and,
extending on this, do they provide functionality separated from MAR activity? Further,
how do the individual enzymes synergize to contribute to the establishment of a robust
antiviral response? What are substrate molecules (protein or nucleic acids) to fine tune an
immune response to one or the other pathogen? How is specificity achieved? In this last
section we like to speculate on possible answers to these questions.

Based on their domain organization (Figure 1), we speculate that this subset of PARPs
interacts with foreign but possibly also cellular nucleic acids. Viral RNAs exhibit a lot
of secondary structures, which along with sequence and/or modification of the RNA
might allow for recognition and binding [126,127]. These complex secondary structures,
mostly located in the 5"UTR and 3’UTR of viral RNAs shield them from recognition by
many ssRNA sensors [128]. In addition, viruses have evolved different strategies, such as
cap-snatching (stealing the cap from host mRNA) or cap-imitation to evade recognition by
the classical PRRs [129]. Thus, it is conceivable that PARPs, such as PARP9, come into play
(Figure 3). By binding RNA, they might assist in activation of the classical PRRs, as has
been shown for PARP13 in concert with RIG-I [11].
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Figure 3. IFN-regulated PARPs as sensors of foreign RNA and possible consequences of this interaction.
IFN-inducible PARPs might play a role in foreign nucleic acid recognition through specific protein
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domains, such as RNA-recognition motifs (RRMs), macrodomains, or CCCH zinc fingers. Similar to
PARP13, these PARPs might act as scaffolds, presenting RNA to classical PRRs thereby accelerating
downstream signaling. RNA binding might trigger MARylation activity, maybe by a conformational
switch, allowing for specific substrate modification. A concerted action of PARPs and interaction
between them might contribute to their antiviral activities, as already shown for PARP11 and PARP12,
which contribute to degradation of viral proteins. (Black: known mechanisms; grey: speculative but
possible mechanisms; created with BioRender.com).

A direct link to inflammasome activation has not been elucidated yet, but NLRP3,
which is activated upon a broad range of RNAs does fully rely on accessory proteins, as
it has no intrinsic RNA-binding capability [49]. In such scenarios PARPs could come into
play to sense nucleic acids and as a consequence bind to and mediate PRR activation. This
might be controlled by MARylation. Indeed, ADP-ribosylation of NLRP3 has already been
shown. PARylation by PARP1 contributes to its activation and subsequent inflammasome
assembly [130]. Further MARylation of NLRP3 by bacterial toxins has been demonstrated
to contribute to inflammasome activation [131]. It will be interesting to test whether IFN-
regulated PARPs might bridge RNA-sensing and inflammasome activation and whether
this is independent on MARylation.

RNA-binding might trigger the activation of PARP enzymes and contribute to speci-
ficity, suggested by findings with CHIKV-nsP2 or the N-protein of MHV (Figure 3) [80,81].
In these studies, modification of the viral proteins could only be observed after infection and
thus presence of viral RNA. The concept of nucleic acid dependent enzyme activation has
long been known for PARP1, which is fully activated only upon presence of nicked DNA
due to the crosstalk between ZnF III and the ART domain [132]. Such domain crosstalk is
well imaginable for the IFN-regulated PARPs as well. Another mode of activation, although
highly speculative at present, might be comparable to how RIG-I is activated [25]. The
RRMs and the long intrinsically disordered glycine-rich region present in PARP10 and
PARP14 might contribute to an inactive conformation, which opens when the proteins
interact with RNA (Figure 3). Such a more open conformation might then allow catalytic
activity and/or recognition of substrates. Thus, it will be interesting to clarify whether such
intramolecular interactions occur and how these are regulated.

Further, promiscuity of PARP enzymes has been discussed recently [133]. Promiscuity
might be overcome by co-factors. For example, HPF-1 directs PARP1 activity towards
modification of serine and DTX3L has been discussed to confer to PARP9 catalytic activ-
ity [108,134]. An interesting idea is, that in addition to proteins acting as co-factors, RNA
might also convey specificity thereby shifting a potential repertoire of substrates (Figure 3).
Thinking this further, RNA binding might also result in specific substrate modification
instead of automodification. Moreover, inhibition of catalytic activity of some PARPs was
shown to increase their stability, indicating that automodification provokes their proteaso-
mal degradation [82]. Thus, RNA-binding of these PARPs might reduce automodification
due to the changes in substrate specificity, thereby promoting stability of IFN-responsive
PARPs. This increase in protein might be important to enhance the cellular capacity to
recognize pathogen nucleic acids. Moreover, once the infection stress is resolved and
foreign RNA is eliminated from the cells, PARPs would switch back to automodification,
promoting their degradation. Thus, such a scenario would initially enhance and subse-
quently participate in the timely turn-off of the innate immune response, thus preventing
toxic effects due to the fact of overshooting immunity.

The RNA-binding capacities of PARP-enzymes might interfere with viral translation.
Alphaviruses, for example, contain high CpG-content and are therefore recognized and
targeted by PARP13 [129]. PARP13 in turn was shown to interact with eukaryotic translation
initiation factor 4G (elF-4G) and elF-4A [129]. Macrodomain-associated PARPs might
interfere with SARS-CoV-2 RNA translation. The SARS-CoV-2 nsP3 localizes to ER-derived
double membrane vesicles [60]. The SUD of nsP3, consisting of two viral macrodomains
and the domain preceding ubiquitin-like 2 (UbI2) and papain-like protease 2 (PL2P™)
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(DPUP), has been shown to interact with ribosomes and polyadenylate-binding protein-
interacting protein 1 (PAIP1) [128]. This interaction is thought to be crucial for viral
translation. Furthermore, the macrodomains in the SUD are known to be capable of
binding G-quadruplexes and, in the case of macro3, probably poly-A [128]. The binding
of viral RNA to the nsP3 SUD macrodomains, could also shield them from recognition by
human macrodomains. However, this assumption is still rather vague, as it has not yet been
shown that viral RN A binds to the CoV-2 SUD MDs, nor that the human MDs would be
able to engage with the viral RNA here. Alternatively, the viral macrodomains might bind
to host mRNAs and thus hinder their translation together with nsP1 [128]. However, in
both cases it is also interesting to note the proximity of the viral macrol adjacent N-terminal
to the SUD. Macro1 has hydrolase activity, suggesting that PARPs or ADP-ribosylation are
involved in attenuating viruses by interfering with their translation [135].

Viral RNA itself could be a substrate (Figure 3). In vitro studies failed to show MARy-
lation by full length PARP10 or PARP15 [84]. However, given the artificial nature of the
5’-P-RNA-stretch used in these in vitro experiments, modification of RNA by PARP en-
zymes cannot be excluded. Again, structural and/or sequence motifs of RNA might be
important for binding and for altering activity and/or specificity of MARylation, aspects to
be elucidated by future research.

Interaction and collaboration between PARPs could also be mediated by RNA. Several
of these PARPs, at least when overexpressed appear to form condensates in cells [136].
RNA plays an important role as scaffold in many condensates. MARylation might in
addition to RNA allow for recruiting these PARPs to such condensates. Based on studies
with TARG1, RNA binding and APD-ribose binding appear to be not exclusive, suggesting
that macrodomains might well be capable of recognizing MAR signals as well as RNA at
the same time [86].

After this rather speculative ideas on PARPs as sensors of foreign RNA and potential
consequence of this RNA-interaction, there is still one obvious question to be answered. Do
the IFN-regulated PARPs need tight regulation? As they are involved in innate immunity,
does deregulation or activating mutations link PARPs to autoimmune disorders? Of note is
also that PARP enzymes might act as double-edged sword, not only playing an antiviral
role but also being exploited by some viruses. One such candidate might be PARP11, as
counterbalance for IFN signaling [106].

5. Conclusions

The last years have created several lines of evidence indicating a subset of the MARy-
lating ARTDs plays a role in innate immunity. With proteins and recently also RNA
being substrates of MARylation potential mechanisms how they confer to a robust an-
tiviral response are being discussed and evaluated. In addition to the ART domain and
modulation by catalytic activity, potential roles of various other domains, with which the
IFN-regulated PARPs are equipped, are coming in focus for their possible contributions to
antiviral activities. Certainly, we are far away from understanding the necessary details
of the functions of these PARP proteins to draw a comprehensive picture of their involve-
ment in innate immunity. Nevertheless, in this review we present possibilities how the
additional domains besides the ART domain might contribute to innate immune signaling.
Obtaining a more complete understanding of their functions and interplay with viral and
host factors, both protein and RNA, will most certainly define novel starting points for
pharmacological intervention.
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Abstract: The worldwide public health and socioeconomic consequences caused by the COVID-19
pandemic highlight the importance of increasing preparedness for viral disease outbreaks by pro-
viding rapid disease prevention and treatment strategies. The NSP3 macrodomain of coronaviruses
including SARS-CoV-2 is among the viral protein repertoire that was identified as a potential target
for the development of antiviral agents, due to its critical role in viral replication and consequent
pathogenicity in the host. By combining virtual and biophysical screening efforts, we discovered sev-
eral experimental small molecules and FDA-approved drugs as inhibitors of the NSP3 macrodomain.
Analogue characterisation of the hit matter and crystallographic studies confirming binding modes,
including that of the antibiotic compound aztreonam, to the active site of the macrodomain provide
valuable structure—activity relationship information that support current approaches and open up
new avenues for NSP3 macrodomain inhibitor development.

Keywords: ADP-ribosylation; macrodomain; SARS-CoV-2; COVID-19; non-structural protein 3
(NSP3); drug discovery and development; virtual screening

1. Introduction

The outbreak of coronavirus disease 2019 (COVID-19) caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) has become a major public health challenge
over the last two years, claiming over 6 million lives so far while being accompanied
by severe socioeconomic consequences worldwide [1-3]. The impact of this recent pan-
demic together with previous coronaviral outbreaks within the past two decades, including
SARS-CoV in 2002-2003 and MERS-CoV in 2012-2015 [4], underlines the importance of
developing strategies for effectively gaining control of such and general viral disease
outbreaks. Apart from non-pharmacologic interventions and prevention measures achiev-
able by vaccines, the development of antiviral agents presents an alternative to increase
preparedness by providing rapid disease treatment possibilities.

SARS-CoV-2 is characterised as an enveloped single-stranded positive sense RNA
[3-coronavirus whose genome encodes for 29 proteins essential for the viral life cycle and
its modulation of host immune responses [5-7]. Proteins involved in the viral replication
machinery are thereby in particular focus as drug targets. Thus, the RNA polymerase is
targeted with nucleoside analogues (e.g., remdesivir or molnupiravir) to inhibit the genome
replication and gene transcription of SARS-CoV-2 [8,9]. Moreover, the viral proteases,
the main protease (MP™), and the papain-like protease 2 (PL2P™), are inhibited by pep-
tide analogues (e.g., nirmatrelvir) and small molecules to prevent the processing of two
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polypeptides into constituent viral non-structural proteins (NSP) required for viral replica-
tion [9-11]. NSP3 is thereby the largest multi-domain protein produced by coronaviruses
and is itself an essential component of the replication and transcription complex [12].
SARS-CoV-2 NSP3 features eight (out of 15) domains that exist in all known coronaviruses,
including ubiquitin-like domains, PL2P™, transmembrane regions, and a macrodomain
(Mac1) [12]. Macrodomains are highly conserved domains found in all kingdoms of life [13]
and recognise ADP-ribosylation modifications on proteins and nucleic acids catalysed
by poly(ADP-ribosyl)polymerases (PARPs) [14,15]. The interferon (IFN) response trig-
gered through viral infections thereby induces the gene expression of several PARP family
members, i.e., PARP7 and PARPs 9-14, whose ADP-ribosylation signalling activity estab-
lishes an antiviral environment [16,17]. While, for instance, the antiviral effect of PARP12
was shown to be achieved at least partially through the inhibition of protein translation
and by promoting the ADP-ribosylation-dependent degradation of viral proteins [16,18],
PARP9 provides a possibility of viral infection control in complex with DTX3L by target-
ing EMCV 3C protease for ubiquitination and degradation [19]. Furthermore, PARP14
was shown to promote anti-inflammatory interleukin-4-mediated signalling pathways
by activating STAT6-dependent gene expression and inhibiting STAT-1-dependent gene
expression [20,21]. However, PARP14 expression is also induced by interferon (IFN), and
it enhances host IFN responses to lipopolysaccharide (LPS), poly(I:C), and viral infection,
indicating a role for PARP14 in restricting viral and bacterial infections [22-24]. However,
viral macrodomains such as the SARS-CoV-2 macrodomain evolved with ADP-ribosyl hy-
drolase activity to reverse PARP-catalysed ADP-ribosylation, thus providing the virus with
a strategy to counteract these host defence mechanisms [25,26]. Studies in mice confirmed
that mutations of the SARS-CoV macrodomain impairing its catalytic activity led to virus
attenuation, a reduction in viral loads, and a stronger immune response following infection
compared to the wild-type virus, thereby rendering the virus nonlethal [23,27]. Thus, with
the NSP3 macrodomain being critical for replication and pathogenicity in the host for
coronaviruses, and similarly for alphaviruses and Hepatitis E virus [28], the macrodomain
was established as a therapeutic target for SARS-CoV-2 infection [26,29].

Although the molecular physiological substrates and exact mechanisms of the enzy-
matic ‘arms race’ between antiviral PARP and coronaviral macrodomain are still unclear,
the macrodomain itself has been in intense focus to pave the way for the development of
a new antiviral drug. Its well-defined binding pocket along with its high amenability for
structural and biochemical characterisation fostered rapid assay development for in vitro
compound screening and discovery [30-33], allowed the elucidation of its catalytic mech-
anism [34], and gave insights into druggability and plasticity by crystallographic [35,36],
NMR [37], and computational molecular dynamics [38,39] approaches. Furthermore, due
to the general conservation of the macrodomain fold, the screening of focused chemical
libraries curated from inhibitor development programmes of the PARG macrodomain could
be performed to further support SARS-CoV-2 NSP3 macrodomain drug development [40].

In this study, we present our approaches to contribute to the initial drug discovery
phase for the SARS-CoV-2 NSP3 macrodomain, also referred to as ‘Macl’. We performed
computational docking studies which provided insights into the chemical matter to be
considered for targeting the active site of the macrodomain. Using an established HTRF-
based screening assay for NSP3 Mac1, we furthermore screened medium-sized libraries
comprising either experimental small molecules or FDA-approved drugs. The former
library screening approach enabled the identification of four molecular scaffolds with
inhibitory effects on NSP3 Macl, whereby initial structure-activity relations were obtained
by analogue characterisation. Moreover, we discovered with our FDA-approved library
screening that the active site of the SARS-CoV-2 macrodomain can be inhibited by antibiotic
agents including aztreonam, whose binding we confirmed by crystallographic studies.
Altogether, our studies provide valuable chemical starting points for future inhibitor
development for the NSP3 macrodomain.
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2. Methods
2.1. Materials, Reagents, and Chemicals

Crystallisation screens were procured from Hampton Research. The ADPr-peptide
with sequence ARTK(Bio)QTARK(Aoa-RADP)S used for HTRF assays was purchased
from Cambridge Peptides. All remaining chemicals were purchased from Sigma unless
stated otherwise. The BioAscent library of 125,000 compounds was purchased from BioAs-
cent (https://www.bioascent.com/integrated-drug-discovery/in-house-diversity-and-
fragment-libraries, accessed on 24 April 2020). The MIDAS library was a generous gift
from Allan Jordan of Cancer Research UK.

2.2. Constructs

SARS-CoV-2 NSP3 Macl (residues 206-379) cloned into a pDEST17 vector with N-
terminal Hisg-tag was used for performing HTRF assays [26]. SARS-CoV-2 NSP3 Macl
(residues 207-373) cloned into a pNIC28-Bsa4 expression vector with N-terminal Hisg-TEV
cleavage site [36] was used for protein crystallisation.

2.3. Protein Expression and Purification for Crystallisation

E. coli Rosetta strain BL21(DE3) was transformed with the constructs encoding SARS-
CoV-2 NSP3 macrodomains and grown at 37°C in Terrific Broth (Merck Millipore, Burling-
ton, MA, US), which was supplemented with 50 pug/mL of kanamycin and 35 ug/mL of
chloramphenicol. After reaching an ODgyonm of 1.0-1.2, the temperature was lowered to
18°C prior to the induction of protein expression overnight (O/N) by adding 0.5 mM of
IPTG. The harvested cells were resuspended in lysis buffer (50 mM of HEPES (pH 7.4),
500 mM of NaCl, 5% glycerol, 20 mM of imidazole, 0.5 mM of TCEP, cOmplete EDTA-free
protease inhibitors (Roche, Basel, Switzerland) and stored at —20°C until purification.

For protein purification, pellets were gently thawed and lysed by high-pressure ho-
mogenisation. DNA was digested using Benzonase Nuclease (Merck Life Science, Darm-
stadt, Germany). Proteins were purified by immobilised metal affinity chromatography
(IMAC) using Ni-Sepharose resin (GE Healthcare, Chicago, IL, US) and eluted stepwise
in binding buffer containing 40-500 mM imidazole. Typically, a high salt wash with 1 M
of NaCl was combined with the first elution step including 40 mM of imidazole. Protein
purified for performing HTRF assays was further purified by size exclusion chromatog-
raphy (SEC) (Superdex 75, GE Healthcare) in a buffer consisting of 25 mM of HEPES (pH
7.5), 300 mM of NaCl, 5% glycerol, and 0.5 mM of TCEP. For protein purified for the
crystallisation experiments, the removal of the hexahistidine tag was carried out after the
first Ni-IMAC step by the addition of recombinant TEV protease during O/N dialysis into
buffer without imidazole, followed by purification on a second IMAC column. Finally,
protein was purified by SEC (Superdex 75, GE Healthcare) in a buffer consisting of 20 mM
of HEPES (pH 8.0), 250 mM of NaCl and 2 mM of DTT. The proteins were characterised by
SDS-PAGE, then flash-frozen in liquid nitrogen and stored at —80°C until required.

2.4. HTRF Assay

The inhibition of SARS-CoV-2 NSP3 Macl was assessed by the displacement of an
ADP-ribose-conjugated biotin peptide from His¢-tagged protein using an HTRF-technology-
based screening assay, which was performed as previously described [36]. Compound
library screens (including the MIDAS and FDA-approved screening set and the curated
BioAscent hit compound library) were performed at a compound concentration of 25 uM
in duplicate measurements, while for hit confirmation, ICsj curves were acquired with a
top compound concentration of 125 uM (MIDAS and FDA-approved hit compounds) or
187 uM (BioAscent hit compounds), followed by an 8-point 1:1 dilution series in duplicate
measurements. The compounds were dispensed into ProxiPlate-384 Plus (PerkinElmer,
Waltham, MA, US) assay plates using an Echo 525 liquid handler (Labcyte, San Jose, CA,
US). Binding assays were conducted in a final volume of 16 pL with 12.5 nM of SARS-
CoV-2 NSP3 Macl, 400 nM of peptide ARTK(Bio)QTARK(Aoa-RADP)S, 1:20,000 Anti-Hisg-
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Eu®* cryptate (HTRF donor, PerkinElmer), and 1:125 Streptavidin-XL665 (HTRF acceptor,
PerkinElmer) in assay buffer (25 mM of HEPES pH 7.0, 20 mM of NaCl, 0.05% bovine
serum albumin and 0.05% Tween-20). Assay reagents were dispensed into plates using a
Multidrop combi (Thermo Scientific, Waltham, MA, US). Macrodomain protein and peptide
were first dispensed and incubated for 30 min at room temperature. This was followed by
the addition of the HTRF reagents and incubation at room temperature for 1 h. Fluorescence
was measured using a PHERAstar microplate reader (BMG) using the HTRF module with
dual emission protocol (A = excitation of 320 nm, emission of 665 nm, and B = excitation
of 320 nm, emission of 620 nm). Raw data were processed to give an HTRF ratio (channel
A/B x 10,000), which was used to generate ICsy curves. The ICs5j values were determined
by nonlinear regression using GraphPad Prism v.9 (GraphPad Software, San Diego, CA,
USA). Of note is that we judged—based on our experience in medicinal chemistry and
FRET-based assays, as well as references in the literature (e.g., Baell and Walters, 2014 [41])—
the screening compounds for the presence of chemical features known to cause assay
interference and promiscuous binding behaviour. Compounds were excluded from the
hit validation processes without further biophysical testing or computational predictions
when certain motifs were identified. However, where stated as “showed assay effects at
higher concentrations”, the compounds did not show structural features suspicious for
assay interference per se and were tested in the HTRF-based assay. At higher compound
concentrations of the titration, we observed a decrease or were even unable to determine
Macl inhibition values, indicating that these compounds had unspecific assay effects
unrelated to true Mac1 inhibition.

2.5. Crystallisation, Crystal Soaking, and Data Processing

The purified SARS-CoV-2 NSP3 Macl protein was concentrated to 47 mg/mL, and
crystallisation drops were set-up in MRC two-well crystallization microplates (Swissci,
Buckinghamshire, UK) using the Mosquito Crystal robot (TTP Labtech, Cambridgeshire,
UK) with protein to reservoir ratios of 1:1 and 1:2, in a 150 nl total volume equilibrated
against 75 pL of reservoir solution containing 100 mM CHES pH 9.5 and 30% PEG3000.
To ease crystallisation for soaking experiments, ~5 crystals were harvested and prepared
as seed stock using a Seed Bead Kit (Hampton Research, Aliso Viejo, CA, US) in 100 nl
of reservoir solution. An amount of 20 nl of a 1:500 dilution of the resulting seed stock
was added to the crystallisation experiments. The compounds were soaked into crystals
by adding 0.5 puL of dissolved compounds directly to the crystallisation drops. After
incubation for 1-3 h, the crystals were harvested using reservoir solution supplemented
with 20% ethylene glycol (v/v) as a cryo-protectant prior to flash freezing in liquid nitrogen.
X-ray data were collected at beamline 103 at Diamond Light Source (Rutherford Appleton
Laboratory, Harwell, UK) and data collection statistics are given in Supplementary Table S1.

The X-ray data were processed using the XIA2-DIALS platform [42], and phase infor-
mation was obtained using the molecular replacement method with PHASER [43] using
7KQP as template. Atomic models were improved following consecutive cycles of manual
building in COOT [44] and structure refinement in REFMACS [45]. The structures were
refined to good Ramachandran statistics, and MolProbity [46] was used to validate the
models prior to deposition in the PDB. The processing and refinement statistics are given in
Supplementary Table S1. Structural alignments and analyses, as well as figure preparation,
were carried out using PyMol (Molecular Graphics System, Version 2.3.3 Schrodinger, LLC.,
New York, NY, USA).

2.6. Virtual Screening

The structure of the NSP3 macrodomain ("‘Macl’) was downloaded from the Pro-
tein Data Bank (rcsb.org) as a PDB file (6W02). The macrodomain displayed a closed
conformation. All water molecules were removed, except four in the binding site that
formed water-mediated hydrogen bonds between ADP-ribose and the protein (wb32, wb60,
wb71, and wb107). The protein was prepared for docking in Schrodinger. The BioAscent
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library was prepared for docking using Schrodinger ligprep with racemic compounds
being expanded to include discreet enantiomers. The compounds were docked into the
protein using Glide SP with default parameters and the top scoring enantiomer kept for
evaluation. The top 2000 highest scoring compounds were selected for ICs5) determination,
of which 1786 compounds could be supplied by the company for biophysical characterisa-
tion in the HTRF assay. ChemDraw 21.0.0 was used for the visualization and drawing of
compound structures.

3. Results
3.1. NSP3 Macrodomain Virtual Ligand Screen

Initial ligand discovery efforts focused on the virtual screening of NSP3 Macl. ADP-
ribose was removed from the 3D structure of the bound macrodomain (PDB ID 6W02). Re-
docking returned the ligand bound structure with high overlap compared to the X-ray struc-
ture (RMSD 1.05 A), confirming the docking validity (Supplementary Figure S1). A 125,000-
compound virtual copy of the BioAscent library was then screened using Schrodinger Glide
SP and the top 2000 compound selected for profiling. A total of 1786 compounds could be
supplied by the company and were screened against NSP3 Mac1 using the HTRF assay
as described below. The most potent inhibitors, IAL-MD0305 and IAL-MD0306, showed
28 uM and 18 uM ICsps, respectively (Figure 1A,B), although attempts at co-crystallisation
and soaking did not yield experimental ligand-bound protein structures with NSP3 Macl.
Yet, the models of the macrodomain-hit compound complexes suggest a binding mode of
both compounds in the open ribose-phosphate binding site of the ADP-ribose (Figure 1C).
While IAL-MDO0305 may be stabilised only through hydrogen bonding to the Ser128 back-
bone amine and hydrophobic interactions, IAL-MDO0306 interacts with its carboxyl group
to the backbone amines of S128, Phel32 and I131, thus rationalising its slightly higher
inhibitory activity in the HTRF assay.
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Figure 1. NSP3 macrodomain hit compounds identified by virtual ligand screening. (A) The molecu-
lar structure of the most potent hit compounds. (B) NSP3 Mac1 ICs curves and parameters of the
virtual hit compounds obtained in confirmatory HTRF assays. (C) Docking models of NSP3 Macl
in complex with the hit compounds (cyan stick model). (Right) Surface representation showing as
reference the binding mode of ADP-ribose (brown stick model in low transparency; generated by
structure overlay with PDB ID 7KQP). (Left) Molecular interactions of the hit compounds with NSP3
Macl. Water molecules are shown as blue spheres.

3.2. NSP3 Macrodomain Hit Discovery by MIDAS Compound Library Screen

To discover and characterise additional new hit matter for SARS-CoV-2 NSP3 Macl,
we performed in vitro primary and confirmatory screening using an established HTRF
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technology-based screening assay previously set-up for the characterisation of fragment hits
for this target [36]. The assay involves an ADP-ribose mimic-conjugated peptide [47] that
binds via its biotinylated lysine to a streptavidin-labelled XL665 HTRF acceptor fluorophore,
while the macrodomain protein is complexed by its hexahistidine tag with an anti-Hiss-
antibody, which itself is conjugated to the Europium HTRF donor fluorophore (Figure 2A).
Binding of the macrodomain to the ADP-ribose imitating part of the peptide produces a
FRET-based HTRF signal, which is disrupted by inhibitors targeting the active site of the
macrodomain. ADP-ribose, which is recognised by NSP3 Mac1 with a Kp of 13 uM [48],
is used as positive control, showing an ICs of 1.1 uM in the HTRF assay (Supplementary
Figure S2). The measured ICs for ADP-ribose thus matches the ADP-ribose ICs of 1.5 uM
obtained in a similar set-up using the peptide in an AlphaScreen-based assay [33].
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Figure 2. NSP3 macrodomain hit discovery by MIDAS compound library screen. (A) HTRF assay
principle for performing the compound library screening on SARS-CoV-2 NSP3 Macl. (B) Compound
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inhibition profile and assay quality monitoring of the MIDAS compound library screen. The cut-off
for hit compounds was set to a macrodomain inhibition of >40%. S/B: Signal-to-Background; Z’:
assay quality parameter. (C) Four scaffold types identified from the MIDAS screening for classifying
hit compounds. Representative examples of scaffold analogues and obtained ICsg curves are shown.
Primary screening hit compounds with respective macrodomain inhibition at 25 uM are indicated
with a star. Grey circles highlight potential SAR information resulting in the observed differences
on macrodomain inhibition based on ICs( values. All analogues with respective inhibitory activity
are provided in Supplementary Table S4. (D) Molecular structure of the singleton compounds with
their respective ICs( values and Hill slope parameters. (E) ICs curves obtained for singletons in the
HTRF assay.

To be unbiased for potential hit matter, we screened the “Manchester Institute Diver-
sity Set” (MIDAS), comprising 10.1 k diverse, non-covalent, and tractable small molecules.
The library was screened at a compound concentration of 25 uM in two batches, with
an average assay performance of 0.87 for Z’ and an S/B ratio of 10.4 in the first run and
of 0.83 for Z’ and an S/B ratio of 6.2 in the second run (Figure 2B). Setting a minimum
NSP3 Macl inhibition of 40% and a maximum assay error of 10% to be defined as a hit
compound, we obtained 10 primary hit compounds, resulting in an overall hit rate of
0.1%. More specifically, one compound showed complete NSP3 Macl inhibition at the
screening concentration, four compounds were identified with 60-70% inhibition, and the
remaining five compounds showed inhibitory activity in the range from 40% to 55%. Three
out of these ten hit compounds were yet excluded from further hit confirmation based on
their assay interference potential. Of note is that we judged—based on our experience in
medicinal chemistry and FRET-based assays, as well as references in the literature (e.g.,
Baell and Walters, 2014 [41])—the screening compounds for the presence of chemical fea-
tures known to cause assay interference and promiscuous binding behaviour. Compounds
were excluded from the hit validation processes without further biophysical testing or
computational predictions when certain motifs were identified. By considering the com-
mercial availability of the remaining hit compounds, including of respective analogues
along with the primary screening results, we determined to focus on four molecular scaf-
folds for follow-up (Figure 2C, Supplementary Table S3) and included three compounds,
IAL-MD0017, IAL-MD0127 and IAL-MD0129, as singletons in the hit confirmation process.
The hit compound defining scaffold type I with a furanyl-pyrrolo[2,3-b]pyridine structure
(Compound 1) could not be re-supplied; however, it was followed-up with seven close
analogues to obtain initial structure—activity relationships (SAR) for its binding to NSP3
Macl. The hit compounds defining scaffold type II with a pyridinyl-pyrrolo[2,3-b]pyridine
(TAL-MDO0128), scaffold type III with a thiophenyl-pyrazolo[3,4-b]pyridine attached to
a piperazine substituent (IAL-MD0040), and scaffold type IV with a phenylquinoline-4-
carboxylic acid (IAL-MD0031), were each followed-up with dose-response titrations along
with 18 (type Il and IV) or 55 (type III) analogues, respectively (Supplementary Table 54).
The 98 analogues were selected based on having the core of their respective scaffold type
group conserved with variations of the attached ring systems, functional groups, and
additions of substituents, in order to explore the amenability and plasticity of the active
site of NSP3 Macl.

3.3. NSP3 Macrodomain Inhibitors of Scaffold Type 1

All analogue compounds in the scaffold type I group were confirmed to inhibit NSP3
Macl with ICsg values between 4.9 uM and 25 uM (Supplementary Table 54). IAL-MD0148
that is structurally closest to the primary (non-purchasable) hit, i.e., Compound 1, showed a
macrodomain inhibition of 8.0 uM (Figure 2C top-left) and was slightly outcompeted in ac-
tivity by compounds with smaller amid-containing substituents attached to the furan ring.
Interestingly, IAL-MDO0131 characterised by a variation of the methoxyethylamide to mor-
pholine showed the best inhibitory activity (ICsp of 4.9 uM) (Supplementary Figure S3A)
among this series. Furthermore, IAL-MD0134 stood out as the only compound of lower
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activity with an ICsq of 25 uM (Figure 2C top-left). Notably, its amino group being attached
to the pyrrolo[2,3-b]pyridine core may lead to steric clashes within the active site of the
macrodomain, resulting in the decrease in its inhibitory ability (Figure 2C, top-left). Of
note is that all compounds in this series showed assay effects at higher compound con-
centrations, potentially indicating solubility-related issues, which is to be considered for
compound optimisation.

3.4. NSP3 Macrodomain Inhibitors of Scaffold Type 11

Scaffold type II is defined by the primary screening hit IAL-MDO0128, whose NSP3
Macl inhibition was verified in the confirmatory dose-response titrations (Supplementary
Figure S3B), albeit with assay interference effects at higher compound concentrations.
Its ICs5 activity was estimated with 3.1 pM and, as such, took the lead compared to the
inhibitory activities of the analogue compounds in this series with determinable ICsg
values ranging between 6.9 pM (IAL-MD0140) and 45 uM (IAL-MD0143) (Supplementary
Table S4). The attachment of the piperidinyl ethenone substituent and variations in ortho
instead of in para position on the pyridine (IAL-MD0138) most notably decreased NSP3
Macl inhibition and, particularly, meta position substituents were not tolerated (Figure 2C
top-right, Supplementary Table S4), most likely by making the compound poorly fit into
the active site of the macrodomain. Moreover, any of the tested variations of the pyridinyl
substituents in para position including smaller (non-)aromatic ring systems or functional
group extensions did not increase the inhibitory activity of the compounds compared
to the primary screening hit (Supplementary Table S4). The para substituent seems yet
to be involved in macrodomain interaction, since minor variations have notable effects.
While a ring opening to N,N-dimethylacetamide (IAL-MD0140) is well tolerated, N-ethyl,
N-methylacetamide (IAL-MD0144) or a simple reduction in ring size to pyrrolidine are less
favoured (IAL-MD0142).

3.5. NSP3 Macrodomain Inhibitors of Scaffold Type 111

Follow-up characterisation of the primary hit and 54 analogue compounds classifying
to scaffold group type III provided further SAR information to target NSP3 Macl. Only for
six compounds ICs5( values could be obtained ranging between 12.6 uM and 68 uM (Sup-
plementary Table S4), while the primary hit (IAL-MD0040) was confirmed with an ICs of
20 uM (Figure 2C bottom-left). IAL-MDO0051, the best performing compound of this series,
which has minor alterations of the core-attached ring systems, i.e.,thiophen (replaced with
methyl-thiophen) and the piperazin-2-one (replaced with morpholine), showed slightly
stronger macrodomain inhibition (ICsg of 12.6 pM) than the primary hit compound, yet
accompanied by secondary assay effects at higher concentrations. Analogues IAL-MD0064
(ICs0 of 25 uM) and IAL-MDO0070 (ICsj of 16.3 uM), whose ethyl substituent is replaced
with isopropyl or, additionally, the thiophen with a furan ring system, show similar activity
on the macrodomain as the primary hit. In contrast, replacement of the thiophen with the
slightly larger phenyl substituent (IAL-MD0123) as well as replacement of the ethyl sub-
stituent with a larger benzyl substituent (IAL-MDO0124) is not tolerated, clearly showing the
relevance of the size and nature of the substituents in these positions for the macrodomain
binding. Moreover, linearisation of the piperazin-2-one (IAL-MD0074, ICs, of 25.3 uM)
did not have any notable effects on macrodomain inhibitory activity. However, its replace-
ment with an amide-linked piperidine (IAL-MDO0108) was less favoured, decreasing the
ICsp to 68 pM, while its replacement with larger substituents (which was sampled by the
majority for the analogues) including dihydroquinoxalin-2-one (IAL-MD0049) was not
tolerated, likely due to causing steric hindrance within the active site (Figure 2C bottom-left,
Supplementary Table 54).

3.6. NSP3 Macrodomain Inhibitors of Scaffold Type IV and Singletons

Scaffold type IV compounds showed overall lower inhibitory activity on the macrodomain
compared to the other groups. The primary hit IAL-MDO0031 was characterised with an
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ICsp of 19 uM, while derivative compounds showed either similar (IAL-MDO0059 and
IAL-MD0088) or notably decreased (IAL-MD0024 and IAL-MD0029) macrodomain ac-
tivity (Figure 2C bottom-right, Supplementary Table S4). Interestingly, the exchange of
the carboxylic acid group with carboxamide was well tolerated (IAL-MDO0088, ICsq of
24 uM); however, its replacement with N-methoxy carboxamide (IAL-MD0024) was far
less accepted, decreasing the ICs5j to 68 pM, and replacement with any larger substituent
(sampled by the majority of analogue compounds) resulted in a loss of inhibitory activity
on the macrodomain. Furthermore, the addition of a methyl group to the quinoline core
in position 7 also resulted in a decrease in macrodomain inhibitory activity (IAL-MD0029,
ICsp of 76 uM), and even more so with a larger methoxy group (IAL-MD0030), similarly to
its addition to the phenyl in position 3 (IAL-MD0094). In contrast, even bulky additions to
position 2 of the quinoline core were tolerated (IAL-MD0059, ICsg of 22.8 uM) (Figure 2C
bottom-right, Supplementary Table S54), indicating that substituents in position 2 may be
directed outwards of the active site of the macrodomain.

Finally, the dose-response titrations of the singleton hit compounds, IAL-MD0017,
TAL-MD0127, and MD0129 (Figure 2D), also confirmed their inhibitory activity on NSP3
Macl, with ICsps of 12.6 uM, 38.0 uM, and 14.2 uM, respectively, (Figure 2E, Supplementary
Table S4) and may be considered as possible chemical matter accepted by the active site of
the macrodomain for inhibitor development.

3.7. Screening of FDA-Approved Compounds Reveal Antibiotics as NSP3 Macrodomain Inhibitors

In light of the benefits of discovering FDA-approved drugs as inhibitors for the target
of interest, we complemented our in vitro screening approach with screening a library of
1600 FDA-approved molecules. The screening was performed with a compound assay
concentration of 50 uM in one run of single shot experiments, with an average assay
performance of 0.73 for Z’ and an S/B ratio of 5.8 (Figure 3A). Applying the same criteria
for hit compounds as for the MIDAS screen, i.e., NSP3 Macl inhibition over 40% and assay
error less than 10%, we obtained 30 hit compounds, which corresponds to a hit rate of 1.9%
(Supplementary Table S5). Thus, compared to the MIDAS library screen, notably more
compounds were identified showing assay activity, yet including both compounds of direct
target inhibition and potential assay interference. Interestingly, adenine was also included
among the drug molecules, yet it did not show any inhibitory activity on NSP3 Macl,
indicating that hits to be identified in the screening with the chosen parameters are likely
required to undergo more interactions with the domain than ADP-ribose targeting the
adenine binding site. The selection of hit compounds for follow-up was guided by structural
inspection, thereby excluding compounds with features known for likely assay interference.
These included biotin (NSP3 Macl inhibition of 107%), due to its competition with the
biotinylated peptide over binding to the streptavidin-conjugated XL665 fluorophore, and
in particular, compounds with large multi-ring aromatic systems such as sennoside A
(112% inhibition), chlorophyllide—copper complex (106% inhibition), methacycline (87%
inhibition), protoporphyrin IX (75% inhibition) and candicidin (50%). The metal-complexed
compounds pyrithione zingc, cisplatin, and zinc undecylenate (68-100% inhibition) were
also not prioritised for follow-up; furthermore, the high inhibition of nadide (100%) was
assumed to be based on the limited stability of NAD", resulting in its degradation to ADP-
ribose and nicotinamide. Overall, the most active FDA-approved compounds identified
from the primary screening (Supplementary Table S5) and selected for hit confirmation
included the selenium and mercury-containing compounds ebselen and thiomersal (both
showing 107% NSP3 Macl inhibition), thioctic acid (71% inhibition), avobenzone (62%
inhibition), and oxantel pamoate (56% inhibition). Moreover and notably, several antibiotic
compounds ranked upon the hits showing NSP3 Macl inhibitory activity between 108%
(ceftazidime) to 43% (aztreonam). Although generally differing in structural makeup, the
antibiotics were grouped into either anthracene scaffold-based compounds (methacycline
and mitoxantrone) or beta-lactam-based antibiotics (ceftazidime, cephalosporin C, cefepime,
ceftibuten and aztreonam).
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Figure 3. NSP3 macrodomain hit discovery by screening a library of FDA-approved compounds.
(A) Compound inhibition profile and assay quality monitoring of the FDA-approved compound
library screen. The cut-off for hit compounds was set to a macrodomain inhibition of >40%. S/B:
signal-to-background; Z’: assay quality parameter. (B) NSP3 Macl ICs, values and Hill slope para-
meters of best performing hit compounds in confirmatory HTRF assays. (C) Molecular structures
and ICsg curves of the most promising hit compounds from the FDA-approved compound library.
The carboxylic group commonly present in all three compounds is highlighted in grey circles.

The re-supply and testing of the 15 selected hit compounds in dose-response titration
at a top assay concentration of 125 pM confirmed the activity of six drug molecules with
ICsq values from 3.7 uM (ebselen) to 62 uM (thiomersal) (Figure 3B). The other characterised
compounds did not reproduce the primary screening results, showing either inactivity over
the tested concentration range or strong assay interference (carboplatin and methacycline).
Ebselen showed the strongest inhibitory effect on NSP3 Macl, yet its high Hill slope
parameter and due to being generally known as a promiscuous binder indicated unspecific
effects of ebselen on the target; therefore, it was not further pursued. Moreover, although
an ICsg value of 14 pM could be estimated for mitoxantrone, strong assay interference likely
based on aggregation effects could be observed. Moreover, considering the assay inactivity
of the similar hit compound methacycline, mitoxantrone was also excluded from further
follow-up characterisation. However, two of the three beta-lactam antibiotics, aztreonam
and ceftazidime, had confirmed NSP3 Macl inhibition with ICsy values of 29 uM and
37 uM, respectively, along with oxantel pamoate with an ICsy value of 12 uM (Figure 3B,C).
Of note is that oxantel pamoate is a two-component drug, using the embonate salt as a
counterion for the oxantel base for controlling the dissolution rate of the formulation, and
assuming that only one component is active on NSP3 Macl, the ICs of the latter may be
around 6 pM. In all three compounds (pamoate, aztreonam, and ceftazidime), we also
noted the presence of a carboxylic group (Figure 3C), potentially indicating a common
motif that enables interaction with the active site of NSP3 Macl.
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3.8. Aztreonam Targets the NSP3 Macrodomain Active Site Similar to MIDAS Hit Compound

To confirm the binding of the hit compounds to SARS-CoV-2 NSP3 Macl and gain
insights into the binding mode for structure-guided compound development, we performed
co-crystallisation experiments of the macrodomain with MIDAS and FDA-approved hit
compounds, whose inhibitory activity was confirmed in the dose-response titrations. For
the MIDAS hit confirmation, we could determine the structure of NSP3 Mac1 in complex
with JAL-MDO0131 (Supplementary Table S1), which is one of the best performing MIDAS
hits with an ICsp of 4.9 uM and belongs to the scaffold type I group. IAL-MD0131 was
resolved in the crystallographic map, yet with low occupancy (Figure 4A, right). The
ligand occupied the adenosine binding site of the ADP-ribose binding pocket, with its
methyl-pyrrolo[2,3-b]pyridine moiety aligning with the adenine base of the ADP-ribose
and the furan positioning in the ribose binding site (Figure 4A, left). The binding of
TIAL-MDO0131 appears to be stabilised by hydrogen bonding of the pyrrolo[2,3-b]pyridine
moiety to the backbone amine of Ile23 and its off-set 7-7t stacking to the Phel56 side
chain, presenting interactions which are also established by the natural ligand ADP-ribose.
Furthermore, the furan-carbonyl substructure of IAL-MDO0131 enables targeting of the
Phel56/Asp157 backbone amines, which is also defined as the “oxyanion” subsite of NSP3
Macl [36] (Figure 4A, middle). In the NSP3 Mac1:ADP-ribose-bound structure, the pro-
ximal ribose interacts with this oxyanion subsite via a bridging water molecule. Chemical
matter exploring this subsite with direct interaction could, therefore, presenta valuable
starting point for macrodomain inhibitor development. The morpholino ring system is
directed outwards of the ADP-ribose pocket and does not engage with direct interactions
to the macrodomain. Functionalising this moiety for NSP3 Mac1 binding, for instance, by
targeting the side-chain of Asp157, could provide possibilities to improve inhibitor potency.

Figure 4. Crystallographic studies confirm the binding of the MIDAS library analogue hit IAL-
MDO0131 (A) and the FDA-approved compound aztreonam (B) in the active site of NSP3 Mac1. The
hit compounds are shown as cyan stick model. Binding to NSP3 Macl in reference to ADP-ribose
(brown stick model; generated by structure overlay with PDB ID 7KQP) is shown on the left, their
molecular interactions with the macrodomain are shown in the middle, and the resolution of the
compounds in the crystallographic map are presented on the right. Waters are shown as red spheres.
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Moreover, we obtained a co-crystal structure of the macrodomain with the FDA-
approved antibiotic drug aztreonam (Figure 4B, Supplementary Table S1). Aztreonam,
confirming with an ICsy of 29 uM in dose-response titrations, was indeed identified to
target the active site of the macrodomain by being well-resolved in the crystallographic
map (Figure 4B, right). Compared to the ADP-ribose binding mode, aztreonam does not
occupy the adenine-binding subsite and instead takes an arching confirmation into a groove
adjacent below the adenosine binding pocket (Figure 4B, left). Similar to ADP-ribose and
IAL-MDO0131, aztreonam shows 7-7t stacking with Phel56, using its aminothiazol sub-
stituent. The amide beta-lactam bridges to the sulfonic acid, which is stabilised over a
water-mediated contact to Gly130. Moreover, aztreonam hydrogen bonds to the oxyanion
subsite of NSP3 Mac1 with its carboxylic acid that additionally coordinates over a water
molecule to the backbone amines of Ala154 and Pro125 (Figure 4B, middle). The hydrogen
bond interactions established by the carboxylic acid within the proximal ribose binding
pocket may contribute to the binding affinity and, as a result, to the observed inhibitory
activity of aztreonam. The carboxylic acid group was a common functional group among
the discovered FDA-approved hit compounds which confirmed in dose-response titra-
tions with confidence; therefore, it is tempting to assume that, also in these compounds,
the carboxylic acid group contributes to NSP3 Macl inhibition via interaction with the
oxyanion subsite.

4. Discussion

SARS-CoV-2 NSP3 Macl presents an alternative, promising target for the develop-
ment of a new type of antiviral agent [26]. While characterised antiviral drugs acting
against host-derived targets still need to prove their effectiveness in the clinic, several
compounds targeting proteins involved in the viral life cycle and/or pathogenesis are
approved for treatment, with the RNA-dependent RNA polymerase and viral protease
inhibitors being most widely used at present [10,11]. However, recent studies demon-
strated that resistances to remdesivir and nirmatrelvir (marketed as Paxlovid™) can arise
via multiple pathways [49,50], rendering treatments ineffective and requiring the develop-
ment of alternative strategies. We supported these efforts by performing a computational
screen along with an in vitro compound library screen of experimental small molecules
and FDA-approved drugs against NSP3 Macl.

Virtual screening of a medium-sized library (125,000) of small molecules from BioAs-
cent yielded two novel inhibitors with micromolar potency, IAL-MD0305 and IAL-MD0306.
Efforts to improve the compound potency using structure-based drug design was ham-
pered by the failure of either compound to yield ligand-bound crystal structures, and, as
the hits from the in vitro screening of the MIDAS library were more attractive, effort shifted
to those hits.

Complementation of this computational approach with the in vitro screening of
~12,000 compounds allowed us to gain more insights into the chemical matter amenable
for the active site of NSP3 Macl. The established HTRF assay [36] allowed a reliable
identification of hit compounds, considering that we observed a high reproducibility of pri-
mary screening hits confirming in dose-response titrations of the re-supplied compounds.
Taken together, the in vitro screening approach was performed with an overall hit rate
of 0.3%, yielding diverse hits with inhibitory activity of both, experimentally screening
molecules to explore the chemical space and developed FDA-approved drugs. Four MI-
DAS library-based compounds defined by different scaffold types were followed-up by
the characterisation of close analogues. Despite limitations in compound availability that
would allow a step-by-step analysis of the contributions of individual functional groups
and ring-systems attached to the core scaffold motif to the inhibitory activity on NSP3 Macl,
the characterisation of the selected analogues provided valuable SAR information, and the
tested substituents extending and/or modifying the core scaffolds allowed preliminary
exploration of the active site for NSP3 Macl targeting. Consistent observations for related
analogues regarding effects on the inhibitory activity of similar scaffold modifications
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also increased our confidence for the discovered hit compounds as being true NSP3 Macl
inhibitors. Of all characterised analogues, compounds classified to the scaffold type I
group generally showed the strongest NSP3 Macl inhibition, with IAL-MD0131 also being
crystallographically confirmed for target binding. The IAL-MDO0131 co-crystal structure
may also allow us to infer the binding mode of the other characterised analogues within this
group, considering their close structural similarity. As such, based on the orientation of the
pyrrolo[2,3-b]pyridine in the crystal structure, attachment of the amino group in compound
TAL-MDO0134 leads as assumed to a sterical clash within the adenosine binding pocket,
rationalising the observed drop of the IC5y compared to the primary hit. The scaffold type
I core motif, i.e., the pyrrolo[2,3-b]pyridine, is moreover present in variations in scaffold
types Il and III, which eases molecular docking studies for defining the binding site and ori-
entation of the molecules for the structure-guided design of follow-up compounds. Further
structural and biophysical studies that generally confirm the binding along with providing
NSP3 Macl targeting information of compounds belonging to the scaffold type II-1V groups
would greatly foster and complement the in vitro-based analogue characterisation.

Re-purposing drugs for new targets has the potential to considerably accelerate the
drug discovery and development process. Screening a library of FDA-approved molecules
led to the discovery of several new hits which have not been described in the literature so
far. This may partly be due to the different composition of the available library and partly
due to the different screening assay format, which hampers comparability. Cefatrizine,
dasatinib, and dihydralazine were previously described as NSP3 Macl inhibitors [30,51],
yet this could not be confirmed since they were not included in our library. Interestingly,
hydralazine was among the screened drug molecules that showed no NSP3 Mac1 inhibition
at the set screening concentration, thus potentially indicating that the second hydrazine
moiety notably contributes to the inhibitory activity. However, cefaclor, rabeprazole, and
telmisartan were also included in our FDA-approved compound library, for which we
could yet not measure any inhibitory activity on NSP3 Macl in our set-up compared to
other studies [51]. Furthermore, oxaprozin may present an example that could not be
identified in our screen for NSP3 Macl targeting, which is likely due to the assay format.
The binding of oxaprozin to NSP3 Mac1l was discovered by protein-based nuclear magnetic
resonance (NMR) screening experiments [37]. However, with the HTRF assay employed in
this study particularly detecting compounds displacing the ADP-ribose-conjugated peptide
from the active site of the macrodomain, the assay is less sensitive for identifying allosteric
binders that do not induce notable conformational changes of the active site. However,
we could confirm the inhibitory activity of suramin, which was identified as NSP3 Macl
hit, also by using a FRET-based screening assay [52]; however, we did not follow suramin
up due to its complex molecular structure and the potential overlap of these two studies.
Furthermore, thiomersal inhibited NSP3 Mac1 with an ICsy of 62.1 uM, which was also
identified as an inhibitor for MacroD1 with an ICsq of 5.2 uM in an AlphaScreen-based
assay format [53]. Possibly, thiomersal is able to target both macrodomains due to the
structural conservation of their folds.

Compared to the previous studies, our screen identified a series of antibiotic drug
molecules as inhibitors for NSP3 Macl. Although not all of them showed reproducibility
with confidence in the confirmatory dose-response titrations, we verified ceftazidime and
aztreonam with micromolar inhibitory activity on NSP3 Macl. Moreover, aztreonam was
confirmed for true NSP3 Macl targeting by crystallographic studies, providing insights
into its binding mode, which would have been potentially challenging to predict by com-
putational docking studies due to exploring regions of the macrodomain outside of the
well-defined ADP-ribose binding pocket. Aztreonam uses for NSP3 Mac1 inhibition motifs,
including Phel56 targeting with an aromatic system and the interaction with the oxyanion
site using a carboxylate group, as has been previously observed by low-molecular frag-
ments for targeting the domain [36]. Of note is that, albeit being a conserved fold, NSP3
Macl is subjected to evolutionary amino acid substitutions that have effects on ADP-ribose
binding and enhance the ability of SARS-CoV-2 to counteract host immune response [54]. It
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is therefore conceivable that substitutions, e.g., of Phe156 or in the oxyanion site, can evolve,
which may impair inhibitor binding as drug resistance strategy of the virus. Also of note is
that Phel56 (also targeted by the MIDAS hit compound IAL-MD0131) is unique to SARS-
CoV-2 amongst the 3-coronaviruses; however, it is found present in human macrodomains
including MacroD2 and PARP14 MD3. While being potentially advantageous for the de-
velopment of SARS-CoV-2 NSP3 Macl1 inhibitors that are selective over other viral Macl
variants, additional inhibitor interactions need to be considered and elaborated to achieve
selectivity over human macrodomains. Compared to fragments, aztreonam also provides
an underlying scaffold linking these motifs that additionally extends beyond the ADP-
ribose binding site, which could potentially be exploited for selectivity purposes over other
macrodomains [26]. As an FDA-approved drug, aztreonam furthermore possesses good
pharmacokinetic properties, and merging it with the fragment chemical matter could be
considered to develop potent NSP3 Macl inhibitors in future studies.
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Figure S3: Dose-response titrations of MIDAS compound library hits leading regarding NSP3 Macl
inhibitory activity.; Table S1: Data collection and refinement statistics for crystal structures described
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Abstract: Adenosine diphosphate (ADP)-ribosylation is a reversible post-translational modifica-
tion catalyzed by ADP-ribosyltransferases (ARTs). ARTs transfer one or more ADP-ribose from
nicotinamide adenine dinucleotide (NAD") to the target substrate and release the nicotinamide
(Nam). Accordingly, it comes in two forms: mono-ADP-ribosylation (MARylation) and poly-ADP-
ribosylation (PARylation). ADP-ribosylation plays important roles in many biological processes, such
as DNA damage repair, gene regulation, and energy metabolism. Emerging evidence demonstrates
that ADP-ribosylation is implicated in host antiviral immune activity. Here, we summarize and
discuss ADP-ribosylation modifications that occur on both host and viral proteins and their roles in
host antiviral response.

Keywords: ADP-ribosylation; PARylation; MARylation; post-translational modifications; viral infection;
antiviral response; IFN-I; innate immunity

1. Introduction

Rapid and appropriate cellular responses are essential for organisms to respond to
external stimuli. Post-translational modifications (PTMs) play an important role in this
process by modulating intracellular signal transduction pathways [1]. Mechanically, PTMs
regulate signaling pathways and gene expression mainly by affecting the catalytic activity of
the target protein or the interaction of the target protein with other molecules [2]. Adenosine
diphosphate (ADP)-ribosylation is an ancient PTM discovered around the 1960s [3]. ADP-
ribosyltransferases (ARTs) are responsible for ADP-ribosylation [4]. ARTs are a superfamily
consisting of 23 members, two of which are diphtheria toxin-like ADP-ribosyltransferase
(ARTD) and cholera-like ADP-ribosyltransferase (ARTC) [5]. The ARTD family includes
PARPs and TNKS (tankyrase), as detailed in Table 1. ARTs transfer one or more ADP-
ribose (ADPr) units from nicotinamide adenine dinucleotide (NAD™) to target proteins on
a variety of amino acids, including lysine (Lys), arginine (Arg), glutamate (Glu), aspartate
(Asp), and cysteine (Cys) [6], leading to mono-ADP-ribosylation (MARylation) or poly-
ADP-ribosylation (PARylation) of substrates. The human genome encodes 17 PARPs [7],
most of which share a common NAD* binding motif in their catalytic domain with a
similar secondary structure [8,9]. In these NAD* binding motifs, a histidine (His) residue
and a tyrosine (Tyr) residue are essential for positioning NAD* in a correct orientation,
and a conserved Glu residue is crucial for ADP-ribose transfer. The histidine-tyrosine-
glutamate motif (H-Y-E motif and variants thereof) is also known as the catalytic triad of
PARPs [10,11]. However, not all PARPs reserve these critical residues. For example, PARP13
lacks catalytic activity due to the substitution of a His residue on the key NAD"-binding
motif. Therefore, PARP13 is the only PARP family member with a catalytically inactive
domain [12,13]. In fact, only PARP1, 2, 3, TNKS1 and TNKS2 retain these residues and
catalytic PARylation [14], while the rest of PARPs (except PARP13) possess the MARylation
activity due to the substitution of the Glu residue [8,15,16]. In brief, the ability of PARPs
to catalyze MARylation or PARylation of their protein substrates depends on conserved
structural features such as the catalytic triad and the presence of certain cofactors.
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As for degradation of the poly-ADP-ribose chain, poly-ADP-ribose glycohydrolase
(PARG) and ADP-ribosyl-acceptor hydrolase (ARH) 3 are responsible for it. PARG can only
hydrolyze ribose-ribosyl O-glycosidic bonds, and the final product of hydrolysis is a MARy-
lated protein. While ARH3 can hydrolyze the bond between the amino acid side chain and
the ribose, thereby completely reversing ADP-ribosylation. The chemical bond between the
amino acid side chain and ribose is different from the ribose-ribose bond in the PAR chain,
which explains why different enzymes are required to accomplish the two reactions. More-
over, ARH1 is also an ADP-ribosylhydrolase, which can specifically hydrolyze MARylated
proteins at arginine residues [17,18]. In addition, three macrodomain-containing enzymes,
MacroD1, MacroD2, and TARGI, can also act as mono-ADP-ribosylhydrolases [19-21].
Notably, ARH3 acts primarily at the terminal sites of the PAR chains and the serine residues
of MARylated proteins, while MacroD1, D2, and TARGI are involved in hydrolyzing ADP-
ribosylation of acidic residues [2]. In a word, ADP-ribosylation is a fully reversible PTM.
The dynamic balance of ADP-ribosylation synthesis and degradation provides plasticity
for rapid cellular response to external signals.

ADP-ribosylation occurs in both prokaryotes and eukaryotes and is particularly preva-
lent in stress responses requiring rapid adaptation [22,23]. MARylation and PARylation are
involved in a variety of physiological and pathophysiological processes, including DNA
damage recognition, chromatin regulation, and oxidative stress response [24-30]. During
this last decade, several studies uncovered the roles of ADP-ribosylation in antiviral immu-
nity [31,32]. Of note is that there are many PARPs that perform antiviral functions without
their catalytic activity, and will not be discussed in detail here [15]. In this review, we
mainly summarize and discuss new findings on the role of ADP-ribosylation occurred on
the host and viral proteins in antiviral response. As to other substrates, such as nucleotides
or other small molecules, we will only give a brief introduction here (Table 1).

Table 1. The enzymes that catalyze ADP-ribosylation and their main functions in antiviral innate

immune response.

ADP-

Name Ribosylation Activity Other Names Roles in Antiviral Innate Immune Response

. PARylating EBNA1 and LANA [33,34]
PARP1 PARylation ARTD1 Degradation of IENAR1 [35]
PARP2 PARylation ARTD2 Not known
PARP3 PARylation ARTD3 Regulating PARP1 [31]
PARP4 MARylation ARTD4 Not known

. ARTD5 PARylating MAVS and promoting its degradation [36]
PARPSa PARylation Tankyrase 1 PARylating EBNAT1 [37]

. ARTD6 PARylating MAVS and promoting its degradation [36]
PARPSb PARylation Tankyrase 2 PARylating EBNA1 [37]
PARP6 MARylation ARTD17 Not known

. ARTD14, MARylating and inhibiting TBK1 [38]
PARP7 MARylation BAL3 MARylating PARP13 [23]
PARPS MARylation ARTD16 Not known

ARTD9 Forming a complex with DTX3L and MARylating ubiquitin at
PARP9 MARylation BALL ’ Gly76 [39]
Suppressing PARP14-mediated MARylation of STAT1 [40]

PARP10 MARylation ARTD10 MARylating nsP2 of CHIKV and promoting its degradation [41]
PARP11 MARylation ARTDI1 Targeting 3-TrCP and promoting IFNAR1 degradation [42]

Enhancing PARP12-mediated NS1 and NS3 ADP-ribosylation [43]
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Table 1. Cont.

ADP-

Name Ribosylation Activity Other Names Roles in Antiviral Innate Inmune Response
PARP12 MARylation ARTD12 Targeting NS1 and NS3 of ZIKV and promoting its degradation [44]
PARP13 Inactive ARTD13 Restricts viral replication [45-48]
PARP14 MARYylation ARTDS MARylating STA{/lI ;rﬁilgi‘z/;rllirﬁ% 11t?s) &l;(])sphorylation [40]
PARP15 MARylation ARTD7 Not known
PARP16 MARylation ARTD15 Not known

2. ADP-Ribosylation of Host Proteins

The innate immune system is the main defense mechanism of higher organisms against
pathogens such as viruses. It senses and responds to pathogen-associated molecular
patterns (PAMPs) through pattern recognition receptors (PRRs). During this process,
interferons (IFNs) are produced [50-52], enabling a rapid host response to viral infection.

Interferons are commonly classified into three types according to their receptor com-
plex, designated types I to III [53,54]. Type I IFN (IFN-I) comprises IFNo and IFNf3, and
most virus-infected cells are able to produce IFN-I to resist viruses. Type II IFN (IFN-II)
consists only of IFN-y, which is synthesized by certain immune cells. However, it can offer
resistance to a wide range of pathogens [55]. Type III IFN (IFN-III) includes IFN-A, which
can be produced by most cell types. IFN-III plays an important role in the innate immune
response of the intestinal and respiratory mucosal barriers [56-58]. Among the three types
of IFNs, IFN-I is well characterized and plays an important role in the host response against
viral infection [59-61]. After IFN-I is produced, it first binds to its membrane receptors
(IFNAR1 and IFNAR?2) to induce their dimerization and then initiates the autophosphory-
lation of Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2). Phosphorylated JAK1 and
TYK2 recruit and activate the signal transducers and activators of transcription 1 (STAT1)
and STAT2. Phosphorylated STAT1 and STAT2, together with IFN-regulatory factor 9
(IRF9), form a well-characterized complex, IFN-stimulated gene factor 3 (ISGF3). Then,
ISGEF3 translocates to the nucleus and binds to IFN-stimulated response elements (ISRE),
the promoter of IFN-stimulated genes (ISGs), leading to the expression of ISGs [62-66].
Eventually, these ISGs perform antiviral functions, and therefore host establishes the antivi-
ral status [59,67,68]. In addition, IFN affects several other processes, including cell growth,
differentiation, and apoptosis, as well as immune regulation [69-71].

IFN and IFN-induced ISGs are so important for the maintenance of host antiviral status
that their production undergoes complex and delicate regulation. ADP-ribosylation plays
an important role in this process. Here, we first focus on ADP-ribosylation modification that
occurs on proteins associated with IFN-I production and IFN-I-induced JAK-STAT signaling
pathway (Figure 1). These include several proteins such as Mitochondrial antiviral signaling
protein (MAVS), TANK-binding kinase 1 (TBK1) and STAT1. In addition, lots of ADP-
ribosylation that occurs on other host antiviral factors can also affect host antiviral response.
For example, PARP11 MARylates 3-transducin repeat-containing protein (3-TrCP) and
promote IFNAR1 ubiquitination and degradation, resulting in the downregulation of IFN-I
signaling and antiviral activity. Next, we will describe these contents in detail.
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Figure 1. ADP-ribosylation in IFN-I production and IFN-I-induced JAK-STAT signaling pathway.
During viral infection, (1) TNKS1 and TNKS2 interact with MAVS and catalyze its PARylation,
leading to the degradation of MAVS and impairment of IFN production. (2) PARP7 targets TBK1 and
catalyzes it mono-ADP-ribosylation, which suppresses the activation of TBK1 and downstream events.
(3) PARP11 mono-ADP-ribosylates 3-TrCP and mediates IFNAR1 ubiquitination and degradation,
thus acting as a negative regulator of IFN-I response. (4) PARP14 catalyzes mono-ADP-ribosylation
of STAT1 and prevents its phosphorylation, thus repressing the IFN-I response. PARP9 suppresses
PARP14-mediated MARylation of STAT1, which sustains STAT1 phosphorylation. (Created with
BioRender.com (accessed on 16 January 2023).

2.1. ADP-Ribosylation of Proteins Associated with the Signaling Pathway of IFN-I Production

MAUVS (also known as virus-induced signal adaptor [VISA]) is a key signaling molecule
that mediates antiviral innate immune response initiated by RNA viruses [72-75]. In this
process, retinoic acid-induced gene I (RIG-I) acts as a pattern recognition receptor to
recognize and bind viral RNA in response to RNA virus infection [76]. Subsequent confor-
mational change of RIG-I exposes its N-terminal caspase recruitment domain (2CARD),
which binds to the N-terminal CARD domain of MAVS and induces MAVS polymerization
at the mitochondrial outer membrane [77]. Active MAVS polymers recruit the tumor necro-
sis factor receptor-associated factor (TRAF) family to synthesize polyubiquitin chains that
activate TBK1 and IkB-kinase (IKK). Activated TBK1 and IKK first phosphorylate MAVS
so that phosphorylated MAVS can recruit IFN-regulatory factor 3 (IRF3) by binding to its
conserved positively charged surface. When TBK1 and IRF3 are in close proximity, IRF3
is phosphorylated by TBK1. Finally, phosphorylated IRF3 dissociates from MAVS and
translocates to the nucleus after forming a dimer, where it binds to the promoter of the
IFN-I gene and drives type I IEN production [50]. Therefore, the strict and subtle dynamic
regulation of MAVS is very important to antiviral immune response. PARP5a/Tankyrase 1
(TNKS1) and its homolog PARP5b/TNKS2 are known to catalyze the PARylation of their
substrates. The five ankyrin repeat (ANK) units at the N-terminus of TNKS1 and TNKS2
are the structural basis for their substrate recognition. The C-terminal catalytic domain is
responsible for the ADP-ribosylation of their substrates [78]. A recent study showed that
TNKS1 and TNKS2 can poly-ADP-ribosylate MAVS at Glu137 residue. After viral infection,
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TNKS1 and TNKS2 are upregulated and translocate from the cytosol to mitochondria,
interacting with MAVS and catalyzing its PARylation [36]. The PARylation of MAVS serves
as a signal for the ubiquitin E3 ligase Ring figure protein 146 (RNF146)-mediated K48-
linked polyubiquitination and subsequent degradation of MAVS [79], thereby negatively
regulating the innate immune response to RNA viruses.

As mentioned above, TBK1 is a key kinase that induces IFN-I production. PARP7
(TIPARP) is an ADP-ribosylase whose expression is upregulated by aryl hydrocarbon
receptor (AHR) [38,80]. AHR is a ligand-activated transcription factor that can be activated
by a variety of environmental xenobiotics. Therefore, there is a close connection between
AHR and innate immune signaling [80-83]. During viral infection, AHR-induced PARP7
can interact with TBK1 and catalyze its mono-ADP-ribosylation, which suppresses the
activation of TBK1 and subsequent phosphorylation of IRF3. Consistent with this, AHR-
deficient (Ahr~/~) MEFs and MEFs with PARP7-knockdown by siPARP7 show stronger
antiviral effects [38]. Thus, the AHR-PARP7 axis is a negative regulator of interferon
signaling. However, the ADP ribosylation site of TBK1 remains to be determined. It is
reported that PARP7 mainly modifies cysteines and acidic amino acids (glutamates and
aspartates), which also provides a basis for the determination of the ADP-ribosylation site
of TBK1 [84,85].

2.2. ADP-Ribosylation of Proteins Associated with IFN-I-Induced JAK-STAT Signaling Pathway

STAT1 stands out as a key functional component of the interferon signaling pathway,
and its post-translational modification profoundly affects signal transduction [86]. For
example, linear ubiquitination of STAT1 inhibits STAT1 activation and thus lowers the
strength of IFN-I antiviral signaling [66]. The ADP-ribosylation of STAT1 was first reported
by Iwata et al. [40]. It is PARP14 that catalyzes mono-ADP-ribosylation of STAT1 and
prevents its phosphorylation. Consistent with this, PARP14 silencing and STAT1 ribosy-
lation site mutation promote STAT1 phosphorylation and STAT1-driven ISG expression,
thus enhancing interferon signaling. Interestingly, PARP9 and PARP14 physically and
functionally interact with each other. Protein ribosylation assay and mass spectrometry
showed that PARP9 suppresses PARP14-mediated MARylation of STAT1, which sustains
STAT1 phosphorylation. In other words, PARP14 and PARP9 play opposite roles in this
process [40]. However, STAT1 SUMOylation also affects its phosphorylation, which in turn
affects interferon downstream events [87]. The ADP-ribosylation of STAT1 has therefore
been questioned and requires further evidence. It is worth noting that in mouse bone
marrow-derived macrophages (BMDMs), the mRNA level of PARP14 is significantly upreg-
ulated when stimulated by IFN{ or toll-like receptor (TLR) agonists such as polyinosinic-
polycytidylic acid (Poly (I: C)). Depletion of PARP14 results in a decrease in IRF3-mediated
IFN{ production and ISG expression, thereby impairing the interferon response [88]. Taken
together, PARP14 plays a complex role in the process of interferon resistance to pathogens.

2.3. ADP-Ribosylation of Other Host Antiviral Factors

B-TrCP is the ubiquitin E3 ligase of interferon-alpha/beta receptor 1 (IFNAR1) and
mediates IENAR1 ubiquitination and degradation [89]. 3-TrCP belongs to the F-box/WD40
repeats family, which contains an F-box motif and seven WD40 motifs [90]. Among them,
WD40 repeats are responsible for the binding of 3-TrCP to its protein substrate. PARP11 can
mono-ADP-ribosylate 3-TrCP in the WDA40 repeats. The MARylatopn of 3-TrCP inhibits
its ubiquitin-proteasome degradation and enhances the ability of 3-TrCP to interact with
IFNARI1, which in turn promotes IFNARI1 ubiquitination and degradation. The above
process ultimately results in the downregulation of IFN-I signaling and antiviral activity.
Moreover, viral infection could lead to the upregulation of PARP11, thus restricting IFN-I-
induced expression of ISGs and promoting ADP-ribosylation-mediated immune evasion
of the virus. Similarly, PARP11 knockdown significantly downregulates the protein level
of 3-TrCP and upregulates the protein level of IFNAR1, therefore enhancing the IFN-I-
activated signaling pathway and antiviral activity. Taken together, PARP11 and PARP11-
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mediate-MARylation are highly effective targets for improving the antiviral efficacy of
type-I interferon [42]. Consistent with this, a recent study shows that during Influenza A
viruses (IAV) infection, PARP1 activity could facilitate IAV-induced IFNAR1 degradation,
thus promoting virus propagation [35]. However, the substrate for this ADP-ribosylation
process remains to be determined.

Initially, PARP9 was also thought to be enzymatically inactive. PARPY was reported
to form a heterodimer complex with Deltex E3 ubiquitin ligase 3L (DTX3L) [91]. DTX3L
and PARP9 are relatively highly expressed in prostate cancer and breast cancer and share a
common promoter. Both genes are responsive to IFNy and activated in cells that express
a dominant active form of STAT1 [92]. In addition, the complex can interact with STAT1
to promote STAT1-mediated ISG expression and thus enhance antiviral response [93].
Interestingly, in 2017, a study found that PARP9 can display mono-ADP-ribosylation
activity in the case of DTX3L as its chaperone. DTX3L is an E3 ligase containing a RING
domain, and PARP9/DTX3L heterodimer still has an E3 ligase activity. In the presence
of high levels of NAD™, E1 and E2 enzymes, PARP9/DTX3L heterodimer exhibits ADP-
ribosyltransferase activity and catalyzes mono-ADP-ribosylation of ubiquitin (Ub) at Gly76,
which is involved in Ub conjugation to substrates. Therefore, the ADP-ribosylation of
the Ub restricts the E3 function of DTX3L. In this process, both the RING domain of
DTX3L and the catalytic domain of PARP9 are indispensable [39]. Although it has been
reported that PARP9/DTX3L can target host histone H2B]J to enhance ISG expression and
target encephalomyocarditis virus (EMCV) 3C protease to disrupt viral assembly as an
E3 ubiquitin ligase [93], current evidence shows that PARP9 can only ADP-ribosylate Ub.
It highlights the selectivity of ADP-ribosylation. However, the effect of PARP9-mediated
MARylation on the antiviral activity of PARP9/DTX3L remains to be further investigated.

In addition, PARP7 can MARylate other proteins that function in antiviral immunity,
such as PARP13. Recent studies have shown that PARP7 MARylates PARP13 at cysteines
(Cys), rather than glutamates (Glu) or aspartates (Asp) [23]. Of course, there are many
examples of PARP7 modifying these two amino acids, such as PARP7 MARylates x-tubulin
at glutamic acid and aspartic acid residues [84]. PARP13 is also a member of the PARP
family, which is considered to be catalytically inactive [13]. Even so, PARP13 is still
known for its antiviral activity [48]. PARP13 has shown antiviral activity against a variety
of DNA and RNA viruses, including influenza A virus, alphaviruses, filoviruses, and
human immunodeficiency virus 1 (HIV-1) [45-47,94]. Mechanistically, PARP13 can promote
interferon signaling by interacting with RIG-I and other ISGs. In addition, PARP13 can also
target viral RNA to induce its degradation [95-97]. Since the Cys residues in the zinc-finger
domains of PARP13 are responsible for the coordination of Zn?* [23,85], the MARylation
of these Cys residues may prevent RNA binding. Thus, the Cys MARylation of PARP13
appears to limit the antiviral response. Of note is that the MARylation of Cys in cells is more
stable than Glu/ Asp, suggesting that the MARylation site of protein targets regulates the
duration of the signal. Moreover, PARP14 can also MARylate PARP13 on several Glu/Asp
residues, providing a link for crosstalk among PARP family members [49].

3. ADP-Ribosylation of Virus-Encoded Proteins

Recent studies have found that viral proteins can also undergo ADP-ribosylation
modification. These include the Epstein-Barr nuclear antigen 1 (EBNA1) of Epstein-Barr
virus (EBV), the latency-associated nuclear antigen (LANA) of Kaposi’s sarcoma-associated
herpesvirus (KSHV), the nonstructural proteins NS1 and NS3 of Zika virus (ZIKV), the
nonstructural polyprotein nsP2 of Chikungunya virus (CHIKV), the nucleocapsid (N)
protein of coronavirus (CoVs) and the core proteins of adenovirus.

EBV is a human herpesvirus, and EBNAL1 is the only viral protein required for the
stable maintenance of the viral genome [98,99]. It is reported that PARP1 and TNKS can
interact directly with the EBNA1 protein and catalyze its poly-ADP-ribosylation, resulting
in the inhibition of OriP replication [33,37]. In the same way, PARP1 can also PARylate
LANA of KSHV. KSHYV, another human herpesvirus, is usually in the latent phase of disease
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as reported for EVB [34,100,101]. In latent replication, the KSHV genome is considered
to replicate once per cell cycle, and several potentially pathogenic genes such as LANA,
K-cyclin (ORF72), K15, and vFLIP (ORF71) are expressed [102]. Thus, the poly-ADP-
ribosylation of LANA appears to affect the maintenance of the viral genome. Taking the
above discussion together, PARP1- and TNKS-mediated ADP-ribosylation of viral proteins
inhibit viral replication and infection using a similar mechanism.

ZiKV is a mosquito-borne flavivirus with a single-stranded positive RNA genome [103,104],
and its nonstructural viral proteins NS1 and NS3 have been reported to be targeted by
PARP12 [44]. In this process, PARP12 is responsible for the initial MARylation reaction of
NS1 and NS3. Subsequent PARylation is performed by other PARPs. This modification of
NS1 and NS3 triggers their K48-linked ubiquitination and proteasome-mediated degrada-
tion. Since NS1 and NS3 are involved in viral replication and immune evasion [105,106], the
PARP-dependent degradation of NS1 and NS3 suppresses Zika virus infection and immune
evasion [44]. In addition, a recent study finds that PARP11 can enhance PARP12-mediated
NS1 and NS3 ADP-ribosylation and degradation, thus inhibiting Zika virus infection [43].
However, the exact mechanism remains to be elucidated. Again, the ADP-ribosylation of
ZiKV proteins shows the potent antiviral activity of this modification.

CHIKY is a mosquito-borne virus with a genome of approximately 11,800 nucleotides [107].
Early in infection, CHIKV encodes a nonstructural polyprotein (nsP). Subsequently, nsP
is cleaved into four separate nsP1—4 that together form a replication complex. In this
process, nsP2 functions as a key protease. Therefore, it is an important target for antiviral
drugs [108-111]. PARP10 can MARylate nsP2 and its protease domain and inhibit its prote-
olytic activity, thus restricting the processing of nsP and suppressing CHIKYV replication.
Interestingly, nsP3 is responsible for MAR hydrolase activity and can remove the MARyla-
tion modification from nsP2, thereby reactivating its proteolytic activity and promoting
CHIKYV infection [41,112,113]. In summary, ADP-ribosylation plays an indispensable role
in host antiviral response.

In addition, it has been reported that some viral proteins can undergo ADP-ribosylation,
but which PARP catalyzes this process, and the effect of ADP-ribosylation on viral infection
are still unclear. For example, the coronavirus (CoVs) nucleocapsid (N) protein is ADP-
ribosylated in cells during coronavirus infection, and the nsp3 macrodomain does not affect
ADP-ribosylation of the N protein. N protein ADP-ribosylation can only be detected in
the context of viral infection and cannot be detected in mock-infected cells. Interestingly,
nucleocapsid protein ADP-ribosylation is conserved in both «- and (3-coronaviruses [114].
This suggests that it is important for viral replication in the host or host resistance to the
virus. Future experiments are needed to explore the function of N protein ADP-ribosylation.
Another example is that adenovirus core proteins also undergo ADP-ribosylation during
viral infection and may play a role in virus decapsidation [115]. However, more details
remain to be explored.

4. ADP-Ribosylation of Nucleic Acid Molecules

It is of interest to mention that in addition to proteins, many nucleic acid molecules
can also undergo MARylation or PARylation modification [116-120], but we still know
relatively little about them. The first nucleic acid discovered to undergo ADP-ribosylation
was bacterial DNA, which results in an inhibition of bacterial DNA replication. The an-
titoxin DarG, a macrodomain protein, catalyzes this process [121]. This suggests that
ADP-ribosylation of nucleic acids may also be present in mammals. In fact, it has been
shown that PARP1 and PARP2 can PARylate the phosphorylated ends of double-stranded
or single-stranded DNA in vitro [122,123]. Similarly, PARP3 can MARylate DNA sub-
strates [124]. In addition, RNA can also serve as a substrate for ADP-ribosylation. In vitro
experiments showed that PARP10 can modify the 5'-phosphorylated termini of RNA [119].
Post-translational modifications of these nucleic acid molecules provide new insights into
the molecular mechanisms of ADP-ribosylation modifications mediated by PARPs. How-
ever, these in vitro experiments still need more validation, especially in vivo validation.
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We do not yet know whether PARPs are also sequence-specific when recognizing nucleic
acid molecules, which still requires more exploration. The next step is to explore whether
ADP-ribosylation occurs on viral genomes and whether it is related to antiviral immunity
response. This might provide a seed for subsequent studies.

5. Conclusions and Perspectives

As discussed above, ADP-ribosylation plays a complex function in antiviral response.
ADP-ribosylation of proteins involved in IFN-I signaling pathways generally weakens
antiviral responses, whereas inhibition of this process enhances antiviral signaling. Inter-
estingly, several of the rapidly evolving PARP genes, including PARP9, PARP10, PARP12,
PARP13, and PARP14, are upregulated by IFN, and overexpression of them upregulates
several antiviral effectors. Therefore, these PARPs are considered as ISGs [125-128]. ADP-
ribosylation of viral proteins often promotes their degradation and thus enhances the host
antiviral response, while viruses have also evolved strategies to reverse ADP-ribosylation
modifications. One common strategy is that viral macrodomains can degrade ADP-
ribosylation modification. As previously described, the nsP3 macrodomain of CHIKV
is able to remove the MARylation modification of nsP2. In addition, severe acute respi-
ratory syndrome coronavirus (SARS-CoV) macrodomain mutations significantly increase
the virus’s sensitivity to interferon. Similarly, mutations in the ADP-ribose binding region
of the Sindbis virus (SINV) macrodomain impair viral replication [129,130]. All these
suggest that viral macrodomains may play an important role in antiviral immune escape.
It appears that viral macrodomains are phylogenetically and structurally closely related
to cellular macrodomains. It is, therefore, not surprising that viral macrodomains can
hydrolyze ADP-ribosylation [41,131-133]. Together, these observations offer mechanisms
of how ADP-ribosylation functions in host-virus conflicts. It seems that ADP-ribosylation
can both enhance and restrict the antiviral response, depending on the specificity of the
substrate. Therefore, a thorough understanding of the role of ADP-ribosylation in the
antiviral response is crucial for the prevention and treatment of virus-associated diseases.

ADP-ribosylation plays such an important role in many biological processes, such
as innate immunity, that PARP inhibitors (PARPi) have also become a research hotspot in
recent years. For example, rucaparib inhibits PARP11-induced (3-TrCP ADP-ribosylation,
leading to a decrease in 3-TrCP level and an increase in IFNAR1 level [42]. Therefore,
rucaparib can effectively promote type-I IFN signaling pathway transduction and enhance
host antiviral activity. Other PARP inhibitors, such as olaparib, veliparib, and niraparib,
are still under experimental or clinical investigation with rapid progress [134,135]. How-
ever, there is still a long way to go in the development of PARP inhibitors due to the
difficulty of developing specific inhibitors for individual PARPs and the drug resistance of
PARP inhibitors.

Despite these notions, we would like to point out that only a few direct substrates of
ADP-ribosylation have been identified so far. Thus far, we do not have a deep understand-
ing of how PARPs select and interact with target substrates and how they are activated [116].
It might be interesting to define more broadly relevant substrates (both host and viral fac-
tors), which requires further exploration. Certainly, the identification of specific sites of
ADP-ribosylation is equally important. With the development of mass spectrometry tech-
niques and detection tools, it is possible to identify specific substrates for ADP-ribosylation
and map modification sites. This will contribute to a further understanding of the role of
ADP-ribosylation in antiviral response.
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Abstract: The chemical modification of cellular macromolecules by the transfer of ADP-ribose unit(s),
known as ADP-ribosylation, is an ancient homeostatic and stress response control system. Highly
conserved across the evolution, ADP-ribosyltransferases and ADP-ribosylhydrolases control ADP-
ribosylation signalling and cellular responses. In addition to proteins, both prokaryotic and eukaryotic
transferases can covalently link ADP-ribosylation to different conformations of nucleic acids, thus
highlighting the evolutionary conservation of archaic stress response mechanisms. Here, we report
several structural and functional aspects of DNA ADP-ribosylation modification controlled by the
prototype DarT and DarG pair, which show ADP-ribosyltransferase and hydrolase activity, respec-
tively. DarT/DarG is a toxin—antitoxin system conserved in many bacterial pathogens, for example
in Mycobacterium tuberculosis, which regulates two clinically important processes for human health,
namely, growth control and the anti-phage response. The chemical modulation of the DarT/DarG
system by selective inhibitors may thus represent an exciting strategy to tackle resistance to current
antimicrobial therapies.

Keywords: ADP-ribosylation; toxin-antitoxin; DarT/DarG; DNA modification; cell growth; phage

defence; antimicrobial resistance

1. Introduction

ADP-ribosylation is a reversible post-translational modification (PTM) found in all
three domains of life, as well as in several viruses [1-4]. It was identified in the 1970s as a key
enzymatic activity required for cholera and diphtheria toxin pathogenesis [5,6]. Since then,
the understanding of ADP-ribosylation has increased, from bacteria to mammals. Today;, it
is mainly known in the scientific community for its key role in DNA damage repair [7-10]
and for being the target of tailored cancer therapies [11-14]. However, the functions of ADP-
ribosylation are also vital for controlling many additional physiological processes, such
as transcription and translation [15-21], cell proliferation [22,23], and cell death [24-26]
along with stress and immune responses [27-33] and many others [34-36]. The control of
cell homeostasis in both prokaryotes and eukaryotes by ADP-ribosylation [19,34,35,37—41]

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.

makes this a PTM of great interest in many fields of human health.

ADP-ribosylation is characterised by the addition of ADP-ribose unit(s) from nicoti-
namide adenine dinucleotide (NAD™") onto cellular substrates with the release of nicoti-
namide [42,43]. Consistent with the number of ADP-ribose moieties attached, single or
multiple, the reaction is further differentiated into mono-ADP-ribosylation (MARylation)
and poly-ADP-ribosylation (PARylation), respectively [44]. It was originally discovered as
a PTM mainly targeting proteins [45], but it can also be covalently attached to additional
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macromolecules, including DNA [38,46-49] and RNA [48,50], as well as to small molecules
such as antibiotics [51], ATP, and ADP [36].

There is a balanced interplay between specialised enzymes, namely, ADP-ribosyltransferases
and ADP-ribosylhydrolases, which are responsible for the attachment and removal of the
modification from cellular targets, respectively. This interplay shapes ADP-ribosylation sig-
nalling [43,44,52-54]. The dysregulation of these enzymatic activities in humans thus has im-
plications in the pathogenicity of several diseases, above all, neurological disorders [55,56],
cancer [57,58], and bacterial- and viral-mediated infections, as discussed here [59-62].

ADP-ribosylation is currently known to be involved in a large number of infectious diseases
worldwide [63-66], including COVID-19 [33,60,61,67-72], Legionnaires” disease [73-77], and
the infectious diseases caused by the virulent M. tuberculosis. From a pathogenic point of view,
the mechanisms of ADP-ribosylation in M. tuberculosis infection involve the modification of
their own/endogenous targets rather than the host proteins, ultimately enabling the cell to
adapt within the host and to improve the biological fithess. Among these mechanisms, the
activity of the DarT/DarG toxin-antitoxin (TA) ADP-ribosylation system in M. tuberculosis targets
bacterial genomic DNA. As a result of DNA modification, ADP-ribosylation slows growth
and potentially induces bacterial persistence, a phenotypic state that correlates with antibiotic
resistance [38,40,78].

The excessive use of antibiotics to counteract pathogen infections has led to the
spread of antibiotic resistant “superbugs”, which currently represent a major public health
threat [79,80]. Antibiotic resistance occurs in a wide range of bacterial infections and
is determined by the activation of pathogen resistance/defence mechanisms, which also
enable the cells to become persistent and tolerant to antibiotics [81,82]. Bacterial TA systems
are widespread in Gram-negative and Gram-positive bacteria, and are involved in cell
regulatory mechanisms in response to stress stimuli [83-85], including antibiotic resistance.
Targeting TA modules such as the ADP-ribosylation DarT/DarG system can thus act as a
blueprint for designing alternative drugs to current therapeutic treatments of antibiotic-
resistant pathogens [86,87].

In this perspective, we discuss the structural and mechanistic aspects of DarT/DarG
toxin—antitoxin-mediated control of DNA ADP-ribosylation. In addition, we then address
the pathogenic role of the DarT/DarG TA pair as well as the therapeutic perspectives that
the modulation of this specific ADP-ribosylation signalling may have.

2. ADP-Ribosylation in Bacteria
2.1. NAD*-Dependent Endotoxins and Exotoxins Involved in ADP-Ribosylation Signalling

ADP-ribosylation sustains prokaryotic cells in both cell metabolic processes and
pathogenic mechanisms through the activity of NAD*-dependent enzymes, namely, endo-
toxins and exotoxins, respectively (Figure 1A-C).

The majority of endotoxins and exotoxins belong to the superfamily of ADP-ribosyltra
nsferase (ART) enzymes, which, despite limited sequence similarity, share a conserved
secondary structure and protein fold [2,88]. ARTs fall into three phylogenetically dis-
tinct clades according to the catalytic triad composition: (i) the diphtheria toxin-like
ARTs (ARTDs), characterised by the catalytic H-Y-[EDQ] triad; (if) the cholera toxin-like
ARTs (ARTCs), harbouring the R-S-E motif in the catalytic domain; and (iii) the tRNA
2’-phosphotransferase (TpT1/KptA) containing the H-H-h motif, with h containing any
hydrophobic residues [2,43,52]. In addition to these subgroups, in Staphylococcus aureus
and Streptococcus pyogenes, the microbial SirTMs, which belong to the Sirtuin superfam-
ily of enzymes, catalyse the lipoyl-dependent ADP-ribosylation of proteins following a
non-canonical deacylation reaction [89].
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Figure 1. Schematic representation of ADP-ribosylation reaction in bacterial meta-cell. (A) ADP-
ribosylation (ADPr) reaction is catalysed by NAD*-dependent diphtheria toxin-like ARTs ARTDs,
the cholera toxin-like ARTs ARTCs, or SirTMs, which transfer a single ADP-ribose unit on acceptors.
Macrodomain-containing hydrolases (Macrodomains) or DraG-related ADP-ribosylhydrolases re-
verse the reaction by generating free ADP-ribose and unmodified acceptor. Inset: ADP-ribose moiety
linked to acceptor substrates, which can be proteins, nucleic acids, or antibiotics. (B) Endotoxin-
mediated reaction. Endotoxins can modify proteins, nucleic acids, or antibiotics. ARTDs, ARTCs, and
SirTM modify endogenous bacterial substrates on different residues as indicated. ADP-ribosylated
(ADPr)-arginine: MARylation of arginine residue is performed by the DraT enzyme, and is re-
versed by the cognate DraG ADP-ribosylhydrolase. Further examples are provided in the text.
Lipoyl-dependent MARylation is carried out by SirTM and is dependent on prior lipoylation of the
lipoyl-carrier protein GeyH-L, by the lipoate-protein ligase A (LplA2). The modification is reversed
by the MacroD hydrolase, which is encoded within the same SirTM operon; ADP-ribosylated (ADPr)-
thymidine: the reaction is performed by the endotoxin DarT that modifies thymidine base on ssDNA;
the cognate DarG antitoxin reverses the modification; ADP-ribosylated (ADPr)-rifampicin: MARyla-
tion of the rifampin antibiotic is catalysed by Arr toxin. (C) Exotoxin-mediated reactions. ARTDs and
ARTCs modify host targets on different residues as indicated. ADP-ribosylated (ADPr)-diphthamide:
the reaction is catalysed by the toxins DTX, ChT, and ExoA, which irreversibly transfer ADP-ribose
on the residue diphthamide on the elongation factor 2; PR-Ubiquitination. SdeA toxin catalyses
the ADP-ribosylation (ADPr)-dependent ubiquitination of host proteins in a two-step reaction as
detailed in the text. The reaction is reversed by the phosphodiesterases DubA /B; ADP-ribosylated
(ADPr)-guanosine. The irreversible ADP-ribosylation on guanosine in dsDNA is performed by the
pierisin-like enzymes ScARP and Scabin.

The substrate selectivity of ARTs is provided by two conserved functional motifs called
the ARTT loop (ADP-ribosylating turn-turn), which is also known as the acceptor-loop
(A-loop), and the donor-loop (D-loop). The D-loop is exclusive to ARTDs. Both loop
structures are evolutionarily highly conserved, although their amino acid sequence and
length vary greatly among the ARTDs [43]. In comparison with eukaryotic ARTs, bacterial
enzymes show narrow amino acid residues specificity in host targets. Bacterial ARTs are in
fact able to MARYylate target proteins on several amino acid residues (i.e., arginine, cysteine,
threonine, asparagine, and glutamine for ARTCs, diphthamide for ARTDs) (Figure 1B,C).
Unlike some mammalian ART homologues (namely, PARP1 and PARP2) [90-92], bacterial
ARTs do not need specificity factors [43]. In addition, bacterial ADP-ribosyltransferases
can also modify nucleic acids (Figure 1B,C) [38,93]. Some bacterial ARTs, such as the ARTD
homologue Arr-ms from Mycobacterium smegmatis, can also ADP-ribosylate the hydroxyl
group at C23 of rifamycin and derivatives, thus inactivating antibiotics [51,94] (Figure 1B).
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ADP-ribosylation is a reversible PTM. Two structurally distinct families of ADP-
ribosylhydrolases, namely, DraG-related ADP-ribosylhydrolases (ARHs) and macrodomain-
containing ADP-ribosylhydrolases, revert ADP-ribosylation signalling in bacterial cells
(Figure 1A) [4].

DraG-related ARHs, from the founder DraG protein found in the nitrogen-fixing
bacterial species R. rubrum and A. brasilense [37,95], are compact and globular modules
with a typical domain length of 290-360 residues, with a central core motif comprising
13 orthogonal o-helices and a variable number of supplementary helices depending on the
organism and type. The divalent metal ions enable the correct positioning of the substrate
in the active site [53]. Structural studies on R. rubrum DraG hydrolase show that the de-
MARylation of substrates occurs via the opening of the ribose ring and the formation of
a protonated Schiff base. This substrate opening leads to a shift in metal coordination,
allowing a nucleophilic attack by a water molecule activated by Mn?* and resulting in a
tetrahedral intermediate. The proton transfer via D97 promotes intermediate collapse and
the release of arginine [96].

Macrodomain-containing hydrolases, harbouring the ADP-ribose-binding domain
known as the macrodomain, share a conserved o/ 3/« fold consisting of a six-stranded
mixed (3-sheet surrounded by five o-helices [53]. Substrate binding takes place in a
deep cleft on the top of the domain and several conserved interactions contribute to sta-
bilise the ligand—-macrodomain complex [53,54]. Based on ADP-ribosylhydrolase activity,
macrodomains are further classified into mono-ADP-ribosylhydrolases (including MacroD-
type and ALC1-like enzymes) and poly-ADP-ribosylhydrolases (PARG). Several bacterial
macrodomains have been characterised as belonging to MacroD-, ALC1-, and PARG-like
phylogenetically distinct groups that regulate a variety of cellular processes by deacetylat-
ing O-acetyl-ADP-ribose, and by hydrolysing MARylated targets, which include proteins
and RNA [50,97,98]. In addition, several enzymes such as the TARG1-type macrodomain
enzyme from Fusobacterium mortiferum ATCC 9817 [99] and the bacterial PARG from Ther-
momonospora curvata [97] have been reported to hydrolyse chains of ADP-ribose in vitro.
The finding of an endogenous bacterial PARG-processing enzyme in Deinococcus radiodurans
would seem to indicate an active prokaryotic PARylation machinery that may be involved
in the stress response, given that PARG disruption leads to PAR enrichment in treated cells
and loss of recovery after UV irradiation [100].

In a similar way to what happened for cancer treatment with the discovery of specific
inhibitors of PARP1/PARP2 and PARG, the in-depth understanding of the enzymatic reactions
and structural features of both bacterial ARTs and hydrolases promises important advances in
antimicrobial therapies, which may eventually help to tackle antibiotic resistance.

2.2. Functional Aspects of ADP-Ribosylation in Bacteria

From a functional point of view, endotoxins modify endogenous targets, thus reg-
ulating the oxidative stress response [89], morphological differentiation and antibiotic
production [101,102], and the maintenance of cell homeostasis in response to environmental
stimuli, as exemplified by the Rhodospirillum rubrum and Azospirillum brasilense DraT/DraG
system that regulates nitrogen fixation [37,95,96,103]. On the other hand, exotoxins promote
pathogenic mechanisms through the transfer of ADP-ribose onto host targets, which alters
signal transduction (e.g., CTX from Vibrio. cholerae; ETEC from Escherichia coli), cellular
cytoskeleton organisation along with membrane trafficking (e.g., C2 toxin from Clostridium
botulinum; ExoS toxin from Pseudomonas. aeruginosa), and protein synthesis (e.g., DTX from
Corynebacterium diphtheriae; ChT from Vibrio cholerae) [4,45,62]. Bacterial exotoxins appear
to be involved in the aetiology of important diseases [4,62,104]. Of these, SidE family effec-
tors regulate the pathogenicity of Legionella pneumophila by non-canonical phosphoribosyl
ubiquitination (Figure 1C), which interferes with the host physiological ubiquitination
machinery [73,76,105,106], ultimately leading to the impairment of mitophagy and the
secretory pathway [107]. The SdeA toxin, which is one of SidE family effectors released by
the pathogenic L. pneumophila, catalyses the ADP-ribosylation-dependent ubiquitination of
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host proteins in a two-step reaction. Firstly, SdeA transfers the ADP-ribose on arginine 42
of a ubiquitin (Ub) molecule to generate an ADP-ribosylated-Ub intermediate due to the
presence of an ARTC domain; the ADP-ribosylated-Ub intermediate is then converted to
phosphoribosyl-Ub by the SdeA phosphodiesterase activity and is then conjugated through
an ester linkage to a serine residue to target protein. Cognate phosphodiesterases DubA /B
revert the reaction (Figure 1C).

Of particular interest from this perspective is that recent discoveries have established
nucleic acids, such as genomic DNA and RNAs, as novel ADP-ribosylation targets [48-50],
which, although involved in crucial physiological processes, are not yet fully understood
in either mammals or prokaryotes [47,48,50,108]. To date, the ADP-ribosylation of DNA
has only been characterised in a few bacterial systems including pierisin-like members
and the DarT/DarG system. Pierisin and the pierisin-like ARTs represent a small group
of ARTC toxins that prevalently ADP-ribosylate DNA. Pierisin, which is the founder
of the family, has been identified in the cabbage butterfly species, Pieris rapae, where it
counteracts the non-habitual parasitoids [109]. Extracts from P. rapae are highly cytotoxic
toward insect and mammalian cells. In fact, pierisin induces irreversible host apoptosis
by ADP-ribosylating N2 amino groups of 2’-deoxyguanosine into double-stranded DNA
(dsDNA) in a non-conserved sequence manner, and as such, pierisin likely plays a role in
the defence mechanism [110]. Similarly, the bacterial pierisin-like Scabin from Streptomyces
scabies [111] and ScARP from Streptomyces coelicolor [112] are able to modify DNA on
the exocyclic amino group on guanine bases and most of its derivatives in either single-
stranded (ssDNA) or dsDNA. The disruption of ScCARP affects S. coelicolor morphological
differentiation, sporulation, and increased antibiotic production [101].

Unlike pierisin-like ARTCs, the DarT toxin from Thermus aquaticus and M. tubercu-
losis can specifically modify genomic ssDNA on thymidine in the conserved nucleotide
sequence NNTNTCN, which can strongly hinder bacterial cell growth and, in turn, can
have implications in antimicrobial susceptibility. Importantly, the cellular effects on the bac-
terial growth induced by DarT can be neutralised by DarG hydrolase, which, by reverting
DNA-ADP-ribosylation, acts as an antitoxin [38]. Section 3 details the DarT/DarG system.

3. The DarT/DarG ADP-Ribosylation-Dependent System
3.1. DarT Is a New PARP-Like Toxin and a Potential Molecular Target for Antimicrobial Therapy

ADP-ribosylation catalysed by DarT specifically targets the thymidine bases present
in conserved ssDNA sequence NNTNTCN in T. aquaticus and TTTT/A in M. tuberculosis,
respectively, thereby showing no activity on dsDNA and RNA or protein targets. Substrate
specificity toward a thymidine base also takes place for DarT toxin homologues, as high-
lighted in enteropathogenic E. coli DarT, which shows a preference for TCT/TTT sequences
by modifying the third thymidine base of these motifs [40]. From a structural point of view,
DarT can be considered a divergent ART enzyme given that it lacks the canonical catalytic
triad residues found in ARTD and ARTC bacterial endotoxins (Figure 2A). Compared to
bacterial ARTDs and ARTCs, DarT is very variable in terms of primary structure and motifs
in comparison with bacterial ARTDs and ARTCs (Figure 2A). Nevertheless, the overall ART
fold is maintained, as revealed by 3D resolution structural insights into Thermus sp. 2.9
DarT [78]. In fact, DarT is a PARP-like enzyme [78], as also predicted by phylogenetically
analyses, as it is closer to human ARTDs than bacterial ART counterparts (Figure 2B).
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Figure 2. Comparison of amino acid sequences and 3D structures of representative ARTs. (A)
Alignment of the partial sequences of the bacterial ARTs. ARTD members, which harbour the H-
Y-E catalytic residues, include: DTX, diphtheria toxin from C. diphtheriae; ETA, exotoxin A from P.
aeruginosa; Ch toxin, cholix toxin from V. cholerae; SrADP, toxin from Streptomyces roseifaciens; Arr-Ms,
rifamycin ADP-ribosylation toxin from Mycobacterium smegmatis; Cd-PARP, toxin from Clostridium
perfringens CD 160. ARTC members, which enclose R-S-E catalytic residues, include: CTX, cholera
toxin from V. cholerae; ScCARP, toxin from S. coelicolor; Scabin from S. scabies; 1T, iota toxin from
C. perfringens; DraT, dinitrogenase reductase ADP-ribosyltransferase from R. rubrum; SdeA, ADP-
ribosylation-dependent ubiquitination toxin from L. pneumophila. Divergent enzymes include: CtTptl,
Tptl RNA-phosphotransferase enzyme from Clostridium thermocellum; ParT, ADP-ribosylating toxin
of ParT/ParS TA system from Sphingobium sp. YBL2; TaDarT, DNA ADP-ribosylating toxin of
DarT/DarG TA system from T. aquaticus. The residues involved in catalysis are boxed on a light blue
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background. Identities or accepted amino acid substitutions are indicated in dark and light grey,
respectively. (B) Cartoon-stick model of Thermus sp. 2.9 DarT(E160A) (PDB:7OMW, [78]) showing
the NAD™ binding site in complex with NAD™, the amino acid residues involved in the catalytic
activity (blue), the regulatory ARTT-loop (red) and the donor-loop (light blue). Inset: the catalytic site
residues R51, H65, Y71, M78, H119, and E160A localise in proximity of nicotinamide in the active site.
Cartoon-stick models of the 3D structure of the human ARTD PARP1 (PDB:6BHYV, [113]), the bacterial
ARTD-toxin ExoA (PDB:2ZIT, [114]), and the bacterial ARTC-toxin ScCARP (PDB:5Z]5, [115]) are shown
as exemplars. (C) Cartoon-stick model of Thermus sp. 2.9 DarT(E160A) (PDB:7ONO, [78]) in complex
with ADP-ribosylated ssDNA showing the residues (dark red) involved in the interaction with ssDNA
(green). (D) Catalytic mechanism proposed for DarT-mediated ADP-ribosylation reaction of DNA.

Secondary structure elements are found conserved such as the fold of the central
six-stranded b-sheet core and the helices between strands 31 and 2 (31-2) and 32 and
3 ($2-3). Target DNA binds to a solvent-accessible channel placed orthogonally to the
NAD" molecule (Figure 2B,C) and is stabilised by the ARTT loop, which is known to affect
substrate specificity in ARTDs as mentioned before. The length of the ARTT loop in DarT
exceeds the ARTT loop of bacterial ARTDs and is instead comparable to loops found in
human ARTDs, including PARP1, PARP2, and PARP3, thus forming a stable scaffold for
the DNA target.

Given that the ARTT loop is found conserved in human ARTDs and that several
ARTDs also ADP-ribosylate DNA [47,116-118], it is tempting to speculate that the ARTT
loop plays a role in the interaction with the DNA target. The DNA binding site is located
in a groove enriched with basic amino acid residues that enable the formation of a series of
interactions that serve the sequence-specific ADP-ribosylation by DarT, with thymidine
targeted for ADP-ribosylation pointing orthogonally to the DNA backbone deep inside
the active site of DarT. Additional interactions between the DNA fragment and DarT side
chains and main chains, in addition to structural waters, stabilise the phosphate-ribose
backbone. DarT does not exhibit any NADase activity or auto-ADP-ribosylation activity
and shows a distinct catalytic mechanism in comparison with other ARTDs. DarT binds the
NAD" substrate within a large pocket with key interactions resulting in a binding mode
of constrained conformation. The adenine moiety is stabilised by hydrogen bonding to
the K28 and L30 backbone amides, the adenine-proximal ribose bonds with its 2’ and 3’
hydroxyl groups to T15/H13 and N19, respectively. On the other hand, the NAM moiety is
permanently maintained in position by 7— interaction with Y71 and hydrogen bonding
of its primary amide to I14 and intra-molecularly to the beta-phosphate [78]. DarT shows
a diverse arrangement of the catalytic site, wherein a key role is played by R51 residue,
which expands the canonical ART catalytic motifs” repertoire. ADP-ribosylation reaction
occurs in several steps including: (1) locking of the thymidine base in plane for ADP-
ribosylation by H119; (2) polarisation of the NAD* molecule for cleavage sustained by
Y71 and R51; (3) stabilisation of the oxocarbenium ion resulting from NAD™ cleavage by
M78; and (4) proton abstraction from N3 of the thymidine base by R51. The latter step
represents a new mechanism of ADP-ribosylation that has not been reported for other ARTs
(Figure 3C). In fact, DarT-mediated ADP-ribosylation requires the presence of both R51 and
E160 residues to perform the reaction, as NAD™ polarisation for cleavage is promoted by
R51, which, when mutated, results in a loss of DarT cytotoxicity and enzymatic activity.
This mechanism is different from the canonical NAD* polarisation generally found in ARTs,
where it is mediated by the interaction of the 2’/ hydroxyl group of the NAM ribose with
the conserved catalytic glutamate residue. These data show that a new motif also supports
the ADP-ribosylation reaction, which prompts the question as to whether DarT is an early
version of ARTDs or a more evolved form that specialised in ADP-ribosylation of DNA.
The advance in the understanding of such peculiar DarT enzymatic catalytic mechanisms
will surely help in designing specific small molecules able to modulate DarT activity. This
would represent an interesting molecular target for designing future antimicrobial strategies
(please see Section 4).
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Bacterial macrodomain-containing hydrolases
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Figure 3. Comparison of amino acid sequences and 3D structures of macrodomain-containing
hydrolases belonging to ALC1-like group. (A) Alignment of partial sequences of ALC1-like hydro-
lases from bacteria. MtDarG, DarG from M. tuberculosis; TaDarG, DarG from T. aquaticus; SCO6735,
macrodomain-containing hydrolase from S. coelicolor; FnTARG1, TARG1 homologue from F. mor-
tiferum. Identities are indicated in light blue. (B) Structural comparison between DarG from T.
aquaticus in complex with ADP-ribose (yellow line, PDB: 5SM3E, [38]), human TARGI in complex
with ADP-ribose (blue line, PDB:4J5S, [55]) and SCO6735 (red line, PDB:5E3B, [119]). (C) DarG from
T. aquaticus (cartoon) in complex with ADP-ribose (ball and stick). The catalytic K80 is shown in
light blue (left panel). Close up of the T. aquaticus DarG active site showing the residues involved in
ADP-ribose binding (right panel).

3.2. DarG Macrodomain-Containing Hydrolase Counteracts DarT Toxicity

The macrodomain-containing hydrolase DarG from T. aquaticus reverts DNA-ADP-
ribosylation adduct on the thymidine base as observed in overexpressing E. coli cells with
the consequent rescue of cell growth [38]. DarG antitoxins, which were characterised in T.
aquaticus and M. tuberculosis, show a 56.4% sequence identity and a low sequence similarity
to other bacterial macrodomain-containing hydrolases (Figure 3A).

DarG antitoxins share a resemblance to human terminal ADP-ribose glycohydro-
lase 1 (TARG1), and thus belong to the phylogenetically distinct ALC1-like sub-class
of macrodomains. The ALC1-like macrodomain-containing enzymes bear similarity to
the macrodomain fold found in the human chromatin-remodelling enzyme, ALC1 (Am-
plified Liver in Cancerl), which does not possess enzymatic activity, but interacts with
PAR and catalyses PARP1-dependent nucleosome remodelling upon DNA damage [120].
From a functional point of view, members of the ALC1-like class display mono-ADP-
ribosylhydrolase activity by hydrolysing the acyl-ADP-ribose ester bond by lysine residue,
also exemplified by TARG1. The K84 nucleophilically attacks the C1” atom of the distal
ribose, leading to the formation of a lysyl-ADP-ribose intermediate with the release of the
de-ADP-ribosylated E/D residue. The lysyl-intermediate is then resolved by residue D125,
which frees the ADP-ribose, and restores the K84 residue [55].

The DarG macrodomain adopts a typical macrodomain fold composed of a six-
stranded mixed f sheet arranged between four a helices and one 3j¢-helical element.
The ligand-binding pocket of the DarG macrodomain is made up of four surface loops
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where the bound ADP-ribose is located, and it interacts with neighbouring amino acid
residues by forming hydrogen bonds (Figure 3B). The finding of W83 at the entrance of
the cleft to stack with thymidine base for a correct position and K80 mostly involved in
catalysis reflects the corresponding residues found in TARGL1. The ligand-binding pocket
is stabilised by the formation of hydrogen bonds. Key residues are found conserved, in-
cluding K80, which is free to access the thymidine-ribose bond, and which is located in
an equivalent position of K84 in TARG1. In fact, the mutation of K80A results in inactive
DarG with a loss of hydrolase activity, similarly to the corresponding mutation on catalytic
lysine in TARG1 [55]. However, the DarG catalytic mechanism remains unclear and needs
further investigations.

The great similarity in the structural fold encountered between bacterial DarG and
human TARG1 (Figure 3B) suggests that TARG1 plays a role in reversing ADP-ribosylation
from DNA. Experimental evidence shows that the overexpression of DarT in human
TARG1 knockout cell lines induces a strong DNA damage response due to replication
fork progression arrest and cell death, and that the reintroduction of TARGI activity is
required for the reversal of DarT genotoxic effects. This indicates that TARGI is the
main macrodomain enzyme in human cells that acts as a DNA repair factor analogously
to DarG [121].

Similar reversal activity has been described for the macrodomain hydrolase SCO6735,
known for its regulatory role in antibiotic production in S. coelicolor [102]. SCO6735 has
been identified as a functional homologue of DarG as it neutralises DarT activity by
hydrolysing the thymidine-linked DNA-ADP-ribosylation [119]. Structural studies have
shown that SCO6735 has a notable structural similarity to T. aguaticus DarG and human
TARG], even though TARGI1 and SCO6735 also de-MARylate protein targets while DarG
does not [119]. The overall macrodomain fold in SCO6735 is conserved (Figure 3B); the
superimposition of the SCO6735 crystal structure with TARG1 and DarG in complex with
ADP-ribose revealed a putative active site confined by three loops. The diphosphate and
distal ribose are located between two loops, namely, the phosphate-binding (PB) and
substrate-binding (SB) loop. The central loop in SCO6735 is five amino acids longer than
DarG and TARG1 and provides Streptomyces hydrolase the ability to reverse ADP-ribose
from thymidine-linked ADP-ribosylation and from aspartate/glutamate-linked proteins.
The catalytic mechanism relies on the correct arrangement of the V25 and Q85 residues and
a catalytic water molecule within the active site that sits between these residues and the
diphosphate of the ADP-ribose. The mutation of Q85, located in an equivalent position to
the catalytic lysine in DarG and TARG1 (K80 and K84, respectively), leads to a complete
loss of activity. These observations suggest a diversification of catalytic reaction in this
sub-class of macrodomain hydrolases, providing the rationale for the design of selective
inhibitors or even agonists [119].

3.3. DarT/DarG TA System Molecular Mechanisms and Biological Functions

Bacterial genes encoding toxin and cognate antitoxin are frequently organised into
operons, whose gene expression is regulated at a transcriptional and translational level.
Under certain physiological conditions, the antitoxin protects the cell from the harmful
effects of the toxin through a blockade or neutralising toxin activity [83,122,123]. Under
stress conditions, the toxin is released and free to specifically impair one or more of
several different cell events including DNA replication, translation, cytoskeleton formation,
and membrane integrity [85,124,125]. More than 10,000 putative TA systems have been
predicted by bioinformatic analyses [126,127], which can be classified into different types
based on the nature of the antitoxin (non-coding RNA or protein) and on the interaction
mode between the toxin and antitoxin components (Table 1) [85,125].
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Table 1. Classification of TA systems with the related targets and affected cellular functions.

TA Types Toxin Antitoxin Interaction Mode Main Targets AffeIfted Cellular References
rocesses
. . Interference with . Biosynthesis of
Type -1 Protein Noncoding RNA toxin mRNA Bacterial membrane cell membrane [128]
DNA gyrase, EF-Tu
elongation factor, DNA replication,
B . - Protein-protein genomic DNA, translation,
Type I Protein Protein interaction phosphoribosyl nucleotide [38,39,129,130]
pyrophosphate metabolism
synthetase
Type III Protein Noncoding RNA Seques:igirrllg of the mRNA Translation [131]
. . Competition for Cytoskeletal
Type IV Protein Protein cellular targets proteins Cell morphology [132]
. Hydrolysis of toxi Bi hesis of cell
Type V RNA Protein Y roﬁz}iﬁg toxin Cell membrane losnyi:mi)srla?r?e ce [133]
Complex formation
Type VI Protein Protein resistant to -sliding clamp DNA replication [134]
proteolysis
Chemical
Type VIL Protein Protein modification of the Biofilm Biofilm [135]
toxin
Noncoding Targeting of YhcB inner

Type VIII RNA mRNAs mRNAs membrane protein Cell morphology [136]

In type II TA systems, the toxin effects are mainly counteracted by the direct binding
of antitoxin to cognate toxin through protein—protein interaction, forming a stable toxin—
antitoxin complex [83,87,137]. As summarised in Table 2, type II toxins include endoribonu-
cleases that target mRNA, rRNA, and tRNA; ribosome-poisoning protein acetyltransferases
that target tRINAs; topoisomerase inhibitors; cell wall inhibitors; and enzymes generating
PTMs that target a diverse array of cellular targets, with the majority of them involved in
the downregulation of cell metabolism [138,139].

Table 2. Bacterial toxins displaying post-translational modification activity in type II TA systems.
Toxin Bacterium PTM Targets Affected B.l ological References
Functions
HipA E. coli K12 Phosphorylation of Gltx Persistence induction [140,141]
HipT E. coli O127: H6 Phosphorylation of TrpS Cell growth inhibition [142]
Doc E. coli Phosphorylation of EF-Tu Persistence induction [130]
P. aeruginosa, .
FicT E. coli and Yersinia Adenylylation of Cell growth inhibition [143]
L DNA-gyrase and TopolV
enterocolitica
Fic-1 P. fluorescens 2P24 Adenylylation of DNA Persistence induction [144]
gyrase GyrB
VbhT Bartonella schoenbuchensis T4SS effector Secretlofn of virulence [145]
actors
DarT M. tuberculosis ADP-ribosylation of DNA el growth inhibition [38,40,78,146]
Phage defence
ParT Sphingobium sp. YBL2 ADP-ribosylation of Prs Cell growth inhibition [39]
Trel Serratia proteamaculans ADP-ribosylation of FtsZ Cell death [147]
MbcT M. tuberculosis NAD* degradation Cell death [148]
TacT Salmonella typhimurium Acetylation of tRNAs Translation inhibition [149]
. . Acetylation of e
AtaT/AtaT2 E. coli O157:H7 MOtAtRNAs Translation inhibition [150]

KacT Klebsiella pneumoniae Acetylation of tRNA Translation inhibition [151]
ItaT E. coli HS Acetylation of tRNA Translational inhibition [152]
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A

Stall in DNA replication and inhibition of cell growth

ADP-ribosylation is a new player in TA biology. DarT/DarG TA was initially ascribed
to type II, but it is now recognised as a type II/IV hybrid system, as DarT toxicity is mainly
abrogated by DarG enzymatic activity by removing the DNA-ADP-ribose adduct rather
than by TA complex assembly, as detailed below.

DarT catalyses the MARylation of NNTNTCN and TTTT/A motifs in ssDNA genomic
sequences in T. aquaticus and M. tuberculosis, respectively. This enzymatic activity results in
the formation of a thymidine ADP-ribose adduct that is recognised by the DNA damage
repair system as a DNA lesion [38,78] (Figure 4A). It seems that M. tuberculosis uses this
system to introduce adducts at the origin of DNA replication (OriC), which controls
replication and cell growth. DarT highly ADP-ribosylates genomic DNA in DarG-depleted
M. tuberculosis cells, leading to the activation of DNA damage response (Figure 4A). As a
final outcome, the recruitment of DNAB, the replicative helicase interacting with ssDNA at
the OriC and driving DNA branch migration during replication, may be impaired at cell
division [38,78].

B
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Figure 4. Schematic representation of DarT/DarG TA system biological functions. (A) DarT/DarG
system in the regulation of bacterial cell growth. DarT-mediated ADP-ribosylation of ssDNA on
thymidine found in consensus sequences causes a stall of DNA replication and concomitant arrest
of cell growth. The activity of the DarG antitoxin counteracts DarT activity through the removal of
ADP-ribose from the marked thymidine on ssDNA: DarG-mediated removal of ADP-ribose enables
the replication to proceed and cell growth to re-establish. (B) The DarT/DarG system and the anti-
phage response. Upon entry of the phages, the DarT1 and DarT2 endotoxins ADP-ribosylate viral
DNA, which is unable to replicate. The overall downregulation of cell metabolic processes triggers
the abortive infection programme, which leads to the host cell death and prevents viral progeny
spreading in order to protect the bacterial cell population.

The ADP-ribosylation of genomic DNA can be counteracted by the DarG antitoxin,
which reverts DNA-ADP-ribose adducts [38] (Figure 4A), thus acting as a non-canonical
DNA repair factor specific for ADP-ribosyl-thymidine adducts and re-establishing bacterial
cell replication. The exquisite specificity of DarG reversal has been confirmed by in vitro
experiments, where human macrodomain-containing hydrolases such as MacroD1 or PARG
and DraG-related ADP-ribosylhydrolase ARH3 were unable to remove ADP-ribose from
genomic DNA [78]. Further investigations support the protective role of DarG against
DarT-mediated toxic effects, as the activation of the DNA damage response leads to cell
death in M. tuberculosis DarG-depleted cells [153]. The same molecular mechanisms are
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shared by DarT/DarG TA systems from other species, such as in the enteropathogenic
E. coli, where the ADP-ribosylation of genomic TCT or TTT DNA sequences can affect
bacterial growth and viability [40]. Notably, complementation studies show that T. aquaticus
DarG bears mutations in the hydrolase domain, namely, in the catalytic K80 residue, yet
negatively affects DarT activity, thus suggesting that the antitoxin effect of DarG can also
pass through additional mechanisms [38]. Consequently, the DarT/DarG TA pair can be
considered a novel hybrid TA system.

In addition to the DarG antitoxin, the DarT-mediated DNA adducts can be also
repaired by the sequential action of RecF-mediated homologous recombination, which
leads to the conversion of a single-strand lesion into a double-strand lesion, which is then
repaired by the nucleotide excision repair (NER) pathway [40].

The finding that the DarT/DarG system is also present in other bacterial species
including the pathogenic P. aeruginosa, Acinetobacter baumannii, and K. pneumoniae [40]
suggests a conserved role in pathogenic bacteria. However, the triggers that specifically
induce DarT toxin activity remain unknown.

3.4. Functional Outcomes of DarT/DarG System in Prokaryotic Immunity

TA systems regulate several physiological processes including plasmid stabilisa-
tion and cell viability [154], persister cell formation [82,155], stress response [156], and
biofilms [157] as well as multidrug resistance [86], pathogenicity [158], and defence from
bacteriophages [139,159]. Overall, TA systems behave like versatile modulators of bacte-
rial physiology that exploit the same biochemical mechanism to regulate a wide range of
different activities.

With regard to phage defence, several bacterial strains harness diverse anti-phage
defence systems relying on: (i) the degradation of phage nucleic acids by acting through
restriction endonucleases and the CRISPR-Cas system; (ii) abortive infection-activating
mechanisms that kill the bacterial population before phage replication; and (iii) the inhibi-
tion of DNA and RNA synthesis through the production of small molecules with inhibitory
activity, which in turn sustains bacterial immunity [160,161].

The DarT/DarG TA system modulates the anti-phage response through the ADP-ribosylation
of viral DNA and the consequent induction of the abortive infection mechanism [146] (Figure 4B).
As already mentioned above, abortive infection is a well-conserved mechanism within bacterial
immunity, and is widespread in Gram-positive and Gram-negative bacteria, where cell death
takes place prior to the maturation of the phage progeny, thus preventing the spread of phages
to neighbouring cells and protecting the bacterial population.

TA systems are known to have a pivotal role in the immunity of bacteria against phages,
as their activation upon phage infection leads to cell death or growth arrest [131,162-165].
The role of ADP-ribosylation in bacterial immunity is exemplified by the DarT1/DarG1 and
DarT2/DarG2 TA systems, which are found in the defence islands of the E. coli MG1655
bacterial genome, which are homologues of T. aquaticus DarT/DarG [146]. DarT toxin is
conserved in both systems, whereas DarG1 and DarG2 belong to two different subfamilies;
DarGl1 encloses a putative YbiA-like fold, while DarG2 harbours a highly conserved
macrodomain. Both DarT1/DarG1 and DarT2/DarG2 protect E. coli cells from natural
bacteriophage infections, given that DarT1 and DarT2 are involved in ADP-ribosylation
of viral DNA, with the consequent hindering of the phage’s genome replication, RNA
synthesis, and assembly of mature/infective virions (Figure 4B).

DarT1/DarGl and DarT2/DarG2 appear to target different phages (i.e., RB69 and
T5/SEC 18, respectively) and are active under different growing conditions (DarTG1 during
fast growth, DarTG2 during slow growth). These findings may suggest that a different reg-
ulatory mechanism activates the two DarT/DarG systems [146]. The molecular mechanism
that unleashes the DarT toxin remains elusive; yet, though a still-unknown phage-derived
trigger that frees the DarT toxin to exert an anti-phage response may perhaps explain
it. The finding of phage mutants that exhibit spontaneous resistance to this immunity
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system by interfering with DarT/DarG activity adds another layer of complexity to the
bacteria-phage conflicts [146].

A more comprehensive understanding of DarT/DarG biology may also result in
the rational design of selective phage-based therapies as an alternative to antibiotics for
treating resistant pathogens by manipulating endogenous anti-phage responses [166,167].
As such, small molecules inhibiting DarT may be exploited to counteract bacterial defence
mechanisms against phages, which, to date, represent the most real alternative to antibiotics.

4. Exploitation of DarT/DarG Biology for a Rational Design of Antimicrobial Agents

Antibiotic resistance and the recurrence of bacterial infections are two of the most
urgent threats to future global public health, with implications for all areas of medicine [168].
Antibiotic treatment misuse in humans and animals has accelerated the generation of
antibiotic-resistant bacterial strains. In addition, the lack of novel effective antibacterial
compounds, also due to poor investment in antimicrobial research, has increased this
concern [168,169]. In fact, in the past 15 years, only one new class of antibiotics against
Gram-positive bacteria has been introduced into clinical practice. The majority of antibiotics
on the market are based on existing drugs selected to overcome the resistance acquired
by bacteria against their related compounds [170]. Therefore, in order to tackle antibiotic
resistance and recurring infections, it is imperative to search for antibacterial agents that
rely on innovative modes of action.

Current antibiotics mostly target bacterial enzymes, ribosomal RNA, cell wall con-
struction, and cell membrane function. Despite being widely used for the treatment of
diverse infectious diseases, antibiotic treatments are not effective enough to eradicate highly
resistant pathogens such as those referred as to ESKAPE. These resistant pathogens include
E. coli, S. aureus, K. pneumoniae, A. baumanii, P. aeruginosa, and Enterobacter species, which
are considered a priority by the World Health Organization for the urgent need of alterna-
tive therapeutics to antibiotic treatments. Therefore, alternative approaches to eradicate
bacterial infection have been explored to deliver new therapies with clinical utility [171].

Mono-ADP-ribosyltransferase toxins are produced by pathogenic bacteria to infect the
host cell with the impairment of vital molecular pathways [62]. These exotoxins exploit the
host intracellular NAD™ to accomplish bacterial infection, which, in turn, causes a decrease
in the level of NAD" in the host, resulting in energy store depletion, immune evasion, or cell
death [172]. In addition, some pathogens can also modulate NAD" metabolism to support
their fitness through the activity of pathogenic-specific enzymes such as NADases, or by
the modulation of the activity of host NAD"-dependent enzymes (i.e., Sirtuins, PARPs,
and CD38) [172,173]. Very recently, the pharmacological inhibition of PARPs in patients
affected by diabetes mellitus has been reported to decrease intracellular M. tuberculosis
(Mtb) in human macrophages, identifying PARP targeting as a potential novel strategy
for host-directed therapy against M. tuberculosis and possibly against other infectious
diseases [174].

With regard to NAD*-targeting toxins, the therapeutic inhibition of NAD"-dependent
reactions in bacteria is still in its infancy and mainly relies on the chemical modulation of
the NAD" interaction pocket within the ART domain in order to block enzymatic activity.
In the last two decades, antimicrobial strategies against ADP-ribosylating toxins have been
proposed given that they are expected to provide new drug targets to disarm antibiotic-
resistant bacteria. Different strategies, starting from the combination of PARP inhibitors,
have been tested on P. aeruginosa Exotoxin A, V. cholerae Cholix toxin, V. splendidus Vis
toxin, S. scabies Scabin toxin, Bacillus cereus Certhrax toxin, Paenibacillus larvae C3larvin,
and PIx2A ([175] and the references therein). Such strategies have been searched for
using ARTD non-specific inhibitors such as PJ34 [176], largely known for targeting human
ARTD:s (i.e., PARPs), polyphenolic extracts [177], and small molecules from the screening
of synthetic libraries [178-180]. These attempts have led to the identification of lead
compounds that can be further modified and explored in drug design. A promising
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approach relies on the use of natural compounds from plant origin that can hinder bacterial
infections [181,182].

Protein—protein interactions (PPIs) have emerged as promising drug targets [183-186]
and intensive efforts have led to the clinical use of PPI modulators as next-generation
therapeutics in cancer treatments [187]. With regard to infectious diseases, the treatment
of HIV/AIDS with the antiretroviral drugs enfuvirtide and maraviroc, which target host-
pathogen interactions, provides a successful example of PPI-based drugs [188]. Since PPIs
naturally occur in bacteria and regulate a multitude of cellular processes, bacterial protein—
protein interactions are considered to be good candidates as a target for antibiotic drug
discovery; however, to date, they are still underexplored [189,190].

Toxin—antitoxin systems represent a substantial pool of interactions within bacteria [83,191]
that can be exploited for the development of advanced antibiotics [189-191]. Diverse PPl-based
approaches have led to the discovery of peptides and small-molecule compounds that interfere
with PPIs in TA systems, with the impairment of translation, cell wall synthesis, and lipase
activity. However, no inhibitors are currently used in clinics. Given that DarG counteracts DarT
activity even through the formation of a DarT-DarG complex, a PPI-based approach may be
also considered in order to interfere with DarT function.

From this perspective, we have discussed the recent advances in the regulatory role
exerted by the DarT/DarG hybrid TA system in the control of cell growth and abortive
infection, strictly relying on ADP-ribosylation signalling. Within this framework, targeting
DarT activity may represent a valuable alternative strategy for the therapeutic treatment
of highly resistant pathogenic bacteria, such as M. tuberculosis, by preventing persistence
activation. In addition, the availability of high-resolution-structure DarT provides the
rationale for designing selective drugs to use as antimicrobial agents with less daunting
side effects for the host.

PARP inhibitors for the therapeutic manipulation of ADP-ribosylation have been
proposed for a wide range of disorders both in human and animal models, including
cardiovascular, inflammatory, autoimmune, and neurological disorders [57]. In contrast,
targeting ADP-ribosylation as a therapeutic intervention to counteract infectious diseases
and related antibiotic resistant bacterial strains has been much less explored, with the
exception of viral-mediated disease, where ADP-ribosylation is emerging as a crucial
process in host-pathogen conflicts [69,71]. The growing body of evidence for the critical
role of NAD™ as a co-factor of enzymes involved in bacterial physiology and the pathogenic
mechanism as well as in host—pathogen interactions, also including viral-mediated diseases,
highlights the importance of investigating these molecular pathways in order to find novel
therapeutic strategies.

5. Conclusions

Recent discoveries have established DNA and RNA as the novel ADP-ribosylated
substrates [48-50]. In mammals, the reversible ADP-ribosylation of DNA is mediated by
PARP1, PARP2, and PARP3, which can ADP-ribosylate phosphorylated DNA termini on
ds-DNA in vitro following a phosphorylation-dependent ADP-ribosylation mechanism;
however, the functional outcomes remain unknown [116-118,192].

Recently, the reversible PARP1-mediated PARylation of ssDNA that targets adenosine
residues has also been identified both in vitro and in vivo, where it does not seem to be
activated by DNA strand breaks [193]. Other human PARPs, such as TRPT1, PARP10,
PARP11, PARP12, and PARP15, appear to target the 5-phosphorylated end of single-
stranded RNA in vitro [47-50], giving rise to a novel RNA capping mechanism.

Several PARPs also have a role in the antiviral response through the inhibition of
the virus life cycle at different stages, from transcription to translation, as exemplified by
PARP7 and PARP13, which are involved in the exosome degradation of viral RNAs, and
PARP12, which is responsible for the impairment of viral translation through the direct
binding of viral RNA, and by the downregulation of cellular processes such as translation
([194] and the references therein). The importance of ADP-ribosylation-dependent systems
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in the antiviral response is highlighted by the fact that several viruses, such as alphaviruses
and coronaviruses, have evolved macrodomains to counter hosts’ defensive processes
controlled by ADP-ribosylation [33,53,60,195-198]. Viral macrodomains represent potential
targets of antiviral drugs [69-71,199-201]. The role of ADP-ribosylation in antiviral and
stress response, for instance, involving the ADP-ribosylation of viral genetic material, are
reminiscent of the DNA modifications observed in lower organisms, where the transfer
of ADP-ribose on nucleic acids results in the defence mechanism'’s response. DarT/DarG
represents one of the most ancient ADP-ribosylation-dependent systems with a role in
bacterial immunity (e.g., against viral infections) as well as in the stress response. The mod-
ulation of the DarT/DarG system may also help the design of new effective antimicrobial
agents in this context.

Anti-phage defence mechanisms have been extensively studied. However, many
aspects still need clarification [202]. Several molecular processes underlie the anti-phage
defence, which is mostly based on the degradation of the viral genome (e.g., restric-
tion/modification enzymes, CRISPR-Cas systems, Argonaute proteins), the inhibition
of DNA and RNA synthesis (e.g., chemical defence, secondary metabolite, nucleotide deple-
tion), and abortive infection [160]. Abortive infection takes place through several molecular
mechanisms, which include CRISPR-Cas and TA systems, among others [160]. A new
group of retrons, belonging to prokaryotic reverse transcriptases, have been characterised
to confer resistance to a wide range of phages [203,204]. Intriguingly, they share a tripartite
module organisation reminiscent of TA systems, and are composed of reverse transcriptase,
a multicopy single-stranded DNA (msDNA) and RcaT, an additional element protein [205].
Retrons can also be potentially used in genome editing, as they catalyse the polymerisation
of DNA from an RNA template [204].

The systems mentioned above are just a few examples of the great diversity of de-
fence systems found or predicted in bacterial cells to resist phage attack. In fact, a large
number of genes encoding for different defence systems are found on the bacterial genome
within chromosome regions known as “defence islands”, some of which are estimated
to contain more than 100 defence genes [202]. Overall, such co-localisation of different
defence genes suggests a functional link between the defence systems, including a possible
coregulation mechanism.

More than 10,000 TA systems have been found on bacterial genomes, with many bac-
terial species encoding dozens of TA modules. For instance, E. coli K12 and M. tuberculosis
encode more than 30, and at least 80, different TA systems [146], thus suggesting that
different molecular activities support TA systems in their functional outcomes. DarT/DarG
represents the first TA system that induces the stress response by growth control and
abortive infection by ADP-ribosylating host genomic DNA and viral DNA with the con-
comitant inhibition of host DNA replication and cell growth. More recently, a ParT /ParS
TA system from Sphingobium sp. YBL2 was found to hinder nucleotide metabolism with
the induction of a persistence state by ADP-ribosylating target protein [39], highlighting
NAD" as a key component for triggering the prokaryotic immune response [173].

The wide distribution of ADP-ribosylation systems across all domains of life highlights
the importance of this modification throughout evolution [1-4,62,206,207]. Overall, we
believe that our review highlights the emergence of a new and exciting research area in
the ADP-ribosylation field with implications in the regulation of cellular functions still to
be discovered.
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Abstract: Bacterial exotoxins with ADP-ribosyltransferase activity can be divided into distinct clades
based on their domain organization. Exotoxins from several clades are known to modify actin at
Argl77; but of the 14-3-3 dependent exotoxins only Aeromonas salmonicida exoenzyme T (AexT) has
been reported to ADP-ribosylate actin. Given the extensive similarity among the 14-3-3 dependent
exotoxins, we initiated a structural and biochemical comparison of these proteins. Structural modeling
of AexT indicated a target binding site that shared homology with Pseudomonas aeruginosa Exoenzyme
T (ExoT) but not with Exoenzyme S (ExoS). Biochemical analyses confirmed that the catalytic activities
of both exotoxins were stimulated by agmatine, indicating that they ADP-ribosylate arginine residues
in their targets. Side-by-side comparison of target protein modification showed that AexT had
activity toward the SH2 domain of the Crk-like protein (CRKL), a known target for ExoT. We found
that both AexT and ExoT ADP-ribosylated actin and in both cases, the modification compromised
actin polymerization. Our results indicate that AexT and ExoT are functional homologs that affect
cytoskeletal integrity via actin and signaling pathways to the cytoskeleton.

Keywords: 14-3-3 activated bacterial exotoxins; actin; ADP-ribosylation; Aeromonas salmonicid; protein
refolding; type III secretion system; Pseudomonas aeruginosa

1. Introduction

Aeromonas and Pseudomonas are ubiquitous Gram-negative bacteria that can cause in-
fections in a range of tissues. The planktonic Aeromonas species are opportunistic pathogens
of diverse aquatic animals; they can display resistance to multiple antibiotics and can
cause serious economic damage to fisheries [1]. The most common clinical manifestation of
aeromonads is seafoodborne gastroenteritis caused by Aeromonas salmonicida. Both aeromon-
ads and pseudomonads cause difficult to treat wound and airway infections [2—4], with
pseudomonads being among the principal causative agents of nosocomial infections [5].

Contact with eukaryotic target cells triggers signalling cascades in Pseudomonas aerug-
inosa leading to the expression of the transcription factor ExsA, which in turn regulates
the expression of all type III secretion system (T3SS) genes [6]. These genes encode the
structural components of the T3SS needle apparatus as well as four exotoxins [7], and their
expression is the major determinant of virulence in Pseudomonas [8]. Expression of the
ADP-ribosyltransferase (ART) toxin exotoxin-S (exoenzyme-S; ExoS) and the phospholipase
ExoU is mutually exclusive in nearly all Pseudomonas isolates examined [8,9]. A second ART
exotoxin, ExoT, is expressed in a majority of clinical isolates [9]. Presence of either ExoS or
ExoT has been shown to be sulfficient to induce morphological changes in infected cultured
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cell lines [10,11]. In addition, ExoT stimulates apoptosis in infected host cells [12]. In A.
salmonicida AexT, an ortholog of ExoS and ExoT, is also injected via a T3SS; AexT appears
to be the major determinant of virulence in Aeromonas strains [13]. Fish gonad RTG-2 cells
infected with A. salmonicida undergo cell rounding whereas infection with a mutant strain
devoid of AexT does not affect cell morphology [13].

Generally, ADP-ribosyl transferases catalyze the formation of a posttranslational modifi-
cation that affects or determines the activities and the fates of a multitude of proteins within
human cells [14]. Diverse pathogenic bacteria have evolved mechanisms to employ ADP-
ribosylation in generating a replication competent niche for themselves. ADP-ribosylating
toxins that target eEF-2, trimeric G-proteins, as well as actin and other cytoskeletal pro-
teins and their regulators including small GTPases have been identified [15-17]. A dis-
tinct clade of ADP-ribosylating bacterial toxins, with P. aeruginosa ExoS as their found-
ing member, get activated by binding to host-derived 14-3-3 proteins upon their T3SS-
dependent delivery into the host cytosol [18]. Most members of this clade, including
Pseudomonas ExoT [19] and Aeromonas AexT [20], combine a GTPase activating protein
(GAP) domain with an ART domain [21]. Whereas the GAP domains of ExoS, ExoT
and AexT appear to target the same host GTPases, the ART domain specificities differ
between the three exotoxins [7,19,20,22-24]. ExoS has been shown to affect host cell mor-
phology by ADP-ribosylation of Ras homologs, vimentin, and the microfilament linked
ezrin/radixin/moesin (ERM) proteins [7,25]. ExoT is known to inactivate Ras-mediated
phagocytosis through ADP-ribosylation of the SH2 domain of the ubiquitous upstream regu-
latory factors CT10 regulator of kinase protein (CRK) and the CRK-like protein (CRKL) [24].
Although affecting the host cell cytoskeleton by various means, neither ExoS nor ExoT have
been shown to ADP-ribosylate actin [7,26]. Therefore, it was unexpected that AexT from A.
salmonicida was reported to modify actin [20], which is a common target protein for toxins
of other clades [16,17,21,27].

Given the implications of these pathogens it is of continued interest to characterize
their T3SS effectors. The recent determination of the crystal structures of Pseudomonas
ExoS and ExoT ART domains [28] provided a new opportunity to address this aim. Here,
we modelled the structure of the ART domain of AexT and predicted its target protein
binding surface to be more similar to that of ExoT. This observation prompted us to purify
full length AexT and ExoT proteins and to analyze their ADP-ribosyltransferase activities
toward different target proteins. We present evidence supporting previous findings that
both exotoxins catalyze arginine-linked ADP-ribosylation. We found that both AexT and
ExoT modified actin, previously the only known target for AexT. Additionally, both AexT
and ExoT modified the SH2 domain of CRKL, previously the only known target for ExoT.
Thus, a common in vitro target specificity could be inferred from conserved surface features
of the two exotoxins. Together, these results expand the known repertoire of virulence
mechanisms in P. aeruginosa and A. salmonicida that lead to disruption of the cytoskeleton in
infected host cells.

2. Results
2.1. Structural Model of AexT

Phylogenetic analyses indicated a close relationship between AexT and the more well-
characterized 14-3-3 dependent ART toxins [21]. Alignment of the C-terminal sequences
of AexT, ExoS and ExoT illustrates the near-perfect conservation of the 14-3-3 interaction
sites (Figure 1a). These consist of (i) a recently discovered extensive hydrophobic surface
patch with contributions of residues V414-LLSA(x8)RV-L429 (AexT sequence numbering);
and (ii) the two “LDLA” boxes that interact with the phosphopeptide binding grooves in
each monomer of the 14-3-3 dimer [28]. This sequence conservation confirms that AexT
is a member of the 14-3-3 dependent ART toxins. The AexT GAP domain shares lower
sequence homology with ExoS and ExoT than the latter share with one another. Although
all three exotoxins share more than 80% homology within their ART domains, the AexT
ART domain is more similar to ExoT than to ExoS (Figure 1b).
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Figure 1. Homology model of the ART domain of Aeromonas salmonicida AexT. (a) Alignment of the C-
terminal sequences of AexT and Pseudomonas aeruginosa ExoS and ExoT. The hydrophobic interaction
site with 14-3-3 is underlined in blue and the LDLA-boxes are underlined in grey. (b) Extent of
sequence homology (expressed as identity/similarity) between the GAP domains (red background)
and ART domains (grey background) of the three exotoxins. (¢) Homology model of the ART
domain of AexT (color gradient from yellow (N-terminus) to red (C-terminus)), based on the ExoT
structure (PDB: 6GNN). A carbaNAD+ molecule (sticks) was modeled based on the ExoS structure
(PDB: 6GNK) to indicate the location of the active site. The 14-3-33 homodimer is shown in grey
(different shades for each monomer). (d) Close-up of the active site containing ExoT inhibitor
STO1101, with key side chains shown as sticks. (e) Electrostatic surface model of the AexT ART
domain, showing the hydrophobic 14-3-3 binding site in light grey and a 14-3-3 monomer as grey
ribbon. (f,g) Surface representation of the AexT ART domain colored for sequence conservation with
either ExoT (f) or ExoS (g). Arrowheads indicate the location of the target binding sites (see text).
Green, identity; yellow, similarity; grey, divergence.

To explore the phylogenetic relationship within this clade of ART toxins for new
insights into AexT functions, we constructed a homology model of the ART domain of
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AexT based on our recent crystal structure of the 14-3-33:ExoT ART domain complex [28].
The quality of the model is good, with 2% of side chains in disallowed regions of the
Ramachandran plot and an overall quality score of 0.68 determined by the QMEAN
server [29] (Figure Sla in the Supplementary document). The model aligns with a root mean
square deviation of 1.4 A over all Ca-atom pairs with a model produced by AlphaFold [30]
(Figure S1b). A heterotrimer model of AexT with the 14-3-33 homodimer is illustrated
in Figure 1c. The signature motif of toxins in this clade, the conserved R-S-E triad [21]
within the dinucleotide binding site, is in the expected position in our model (residues R306,
5364, E403 of AexT; Figure 1d). Additionally, the surface of the AexT model shares the
hydrophobic surface features in the 14-3-3 binding site with ExoT and ExoS (Figure 1e) [28].

Analysis of the AexT surface residues that are conserved with either ExoT or ExoS
provided an important clue to shared functions among the three toxins: The overall number
of conserved residues is similar in both pairwise comparisons; however, there is a prominent
ridge of surface residues near the NAD+ binding site that is strictly conserved between
AexT and ExoT, but divergent between AexT and ExoS (Figure 1f,g). This surface region
coincides well with the surface that has been implicated in target protein recognition [19,31].
Furthermore, we noted that the canonical ExE motif, involved in catalysis in most ADP-
ribosylating toxins, appears to be extended to 398ExxExE403 (AexT numbering) in AexT
and ExoT exclusively. Fehr and co-workers found that the first and second, rather than
second and third, glutamate of the motif were essential for catalysis in AexT (residues
E401 and E403; Figure 1d) [20]. The conservation of these extended motifs among AexT
and ExoT may be related to a shared target spectrum. In summary, structural modeling
suggested a near homology of target recognition sites in AexT and ExoT, which was not
anticipated previously. This prompted us to compare target protein ADP-ribosylation
catalyzed by recombinant AexT and ExoT.

Table 1. Multimeric states of exotoxin-chaperone complexes in solution.

AexT-ART: FL-AexT: ExoT-ART: FL-ExoT:

14-3-38 14-3-34 14-3-3f 14-3-38 14-3-38
Theoretical Exotoxin 27.503 52.658 26.689 51.067

MW (kDa) 14-3-3p * 28.534 29.356 28.534 29.356 29.356

Complex 84.571 ** 111.370 ** 83.757 ** 109.779 ** 58.712 ***
Mass
Measured 85+ 19 106 + 23 81+ 18.8 107 + 69 61+ 12.8
MW (kDa) *++* Photometry
a SEC-MALS 82.323 ND 82.352 ND 57.506

* With or without affinity tag, depending on protocol (see Materials and Methods); ** Assuming heterotrimer of
two 14-3-33 molecules and one toxin molecule; *** Assuming homodimer; **** Means £ S.D. ND, not determined.

2.2. Recombinant Production of Full-Length Exotoxins

Exotoxin target protein modification has previously been investigated for full-length
recombinant AexT [20] and both the recombinant ExoT ART domain in isolation and the
full-length toxin secreted into mammalian cell cultures. [24,26,32] To achieve a comparative
analysis, we determined that it was necessary to establish protocols for the recombinant
production of the full-length and ART domain constructs of both AexT and ExoT. While
the ART domains could be produced to satisfactory quantity and purity by purification
from the soluble fractions of E. coli lysates, the full-length toxins were purified by refolding
the proteins from the insoluble fractions (Figure S2). Purification of functional ExoT, as
judged by its NAD+ glycohydrolase activity, was strongly aided by addition of purified
14-3-3f3 protein in excess (Figure S2b) and therefore, 14-3-33 protein was added also during
the refolding of AexT.

Recombinant ExoT and ExoS ART domains in complex with 14-3-33 were previously
shown to form both heterotrimers and heterotetramers. [28] Here, we employed mass
photometry to analyze the solution properties of the purified proteins. The results indicated
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that both ART domains and full-length exotoxins formed mainly heterotrimers with 14-
3-3p (Figure 2a—d and Table 1). Heterotrimer formation was confirmed by analytical size
exclusion chromatography in case of the ART domains (Figure 2f,g and Table 1). Full-
length exotoxin complexes could not be assessed by this method, and exotoxin constructs
in the absence of 14-3-3 protein could not be assessed by either of the two methods,
due to extensive protein aggregation during the experiment. Using mass photometry
at ~15 nM protein concentration, heterotrimers were apparently unstable, as indicated
by the presence of the 57-kDa 14-3-33 homodimer peaks (Figure 2a—e). In contrast, in
analytical size exclusion chromatography, the peak concentration was estimated to ~6 pM.
Under these conditions, single peaks were observed indicating stable complexes. Together,
these results suggest that Kp values describing the affinities of AexT and ExoT for 14-3-3f3
homodimers would lie in the mid-nanomolar range. For comparison, the affinity of the
homologous ExoS-ART domain for 14-3-33 homodimers has been determined to a Kp of
roughly 40 nM [28].
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Figure 2. Solution properties of the recombinant exotoxins. (a—e) Size distributions of the 14-3-3f3
complexes of AexT-ART (a) and full-length (b) as well as ExoT-ART (c) and full-length proteins
(d) measured using mass photometry. (f-h) Size distributions of the 14-3-33 complexes of AexT-ART
(f) and ExoT-ART (g) assessed by analytical size exclusion chromatography. Size determinations of
14-3-33 homodimers by each method are shown for comparison (e,h). ART, ADP-ribosyltransferase
domain; FL, full-length protein.
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Figure 3. Steady-state kinetic parameters of the recombinant exotoxins. (a—d) Co-substrate depen-
dent N®-etheno-NAD+-glycohydrolase activities of the indicated exotoxins, in presence of 14-3-3f3.
(e-h) Agmatine dependent N°-etheno-NAD+-glycohydrolase activities of the indicated exotoxins, in
presence of 14-3-33. The enzymatic parameters derived from these experiments are given in Table 2.

Representative experiments are shown (n = 3).

Table 2. Steady-state kinetic parameters of the recombinant exotoxins.

NAD+Glycohydrolysis/Automodification =~ +Agmatine Modification

Type of Reaction
Exotoxin Construct 1 Ky (NAD+) 2 eat 3 Keat 3
AexT-ART 81+1.5 0.13 3.96
AexT-FL 10.9 +£2.0 0.24 7.05
ExoT-ART 10.1+1.0 0.09 3.37
ExoT-FL 6.6 +£0.2 0.62 15.0
1

L ART, ADP-ribosyltransferase domain; FL, full-length protein; both as 14-3-33 complexes. 2in uM. 3 in min~ 1.
Original data shown in Figure 3.

184



Pathogens 2022, 11, 1497

a

P %
By

B2 Jee

49 |

—AexT

FL

ey

L]

(=]
[

1004
80+
60+
40=

20=

% Remaining ADP-ribose

(=]
L

2.3. Enzymatic Properties of AexT and ExoT

To establish basic enzymatic properties of our AexT and ExoT constructs, we employed
an assay of NAD+ glycohydrolase activity in which the dinucleotide analog eNAD+ was
used as co-substrate, resulting in a fluorescence increase upon its hydrolysis to ¢ ADP-
ribose [33]. The result indicated that, in the absence of target protein (i.e., when eNAD+
was either hydrolyzed or processed in an auto-ADP-ribosylation reaction), both AexT
and ExoT processed eNAD+ with a Ky value in the low micromolar range (Figure 3 and
Table 2). This was independent of whether the full-length proteins or the isolated catalytic
domains were analyzed and indicated a dinucleotide affinity in the range of published
values for other ADP-ribosylating bacterial toxins using the same assay (Table 2) [34]. Next,
we analyzed AexT and ExoT activities in presence of agmatine, an analog for arginine [35].
Addition of agmatine led to a 20- to 30-fold increase in k.. These results confirm previous
analyses [20,36] showing that both AexT and ExoT can modify arginine residues (Figure 3
and Table 2).
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Figure 4. Exotoxin ADP-ribosylation and its removal by ADP-ribosylhydrolases. (a,b) Exotoxins
were incubated with biotin-NAD+ and subsequently with the ADP-ribosylhydrolases indicated.
Membranes were probed with streptavidin-HRP. (a) AexT; (b) ExoT. Uncropped images and loading
controls are shown in Figure S3. (c¢) Quantification of exotoxin ADP-ribosylation from the mem-
branes shown above. (d,e) Plate reader-based overlay assay using MacroGreen (see Materials and
Methods). Shown are quantification of GFP signal indicating ADP-ribosylation after incubation with
the ADP-ribosylhydrolases indicated. Significance levels: p > 0.05 (ns), p < 0.05 (*), p < 0.001 (***),
p <0.0001 (****); n = 8. ART, ADP-ribosyltransferase domain; FL, full-length protein.

We wanted to further validate these findings by analyzing whether arginines were
the only target residues for AexT and ExoT. To do this, we employed the residue specific
ADP-ribosylhydrolases ARH1, ARH3, and MacroD2. We set up reactions that enable
NAD-+glycohydrolase and automodification activities of full-length exotoxins. We included
10% NO-biotin-NAD+ in the reaction buffer to analyze the results by Western blotting and
detection using streptavidin-HRP. We analyzed exotoxins treated either with the arginine-
ADP-ribosyl specific ADP-ribosylhydrolase ARH1 [37] or with the carboxyl-ADP-ribosyl
specific MacroD2, [38] or with the serine-ADP-ribosyl specific ARH3 [39]. This revealed that
AexT was capable of efficiently modifying itself, which has not been documented before
(Figure 4a). Furthermore, ARH1 efficiently removed ADP-ribosyl from both AexT and
ExoT, suggesting that automodification in both exotoxins occurred primarily at arginine
residues (Figure 4). Neither ARH3 nor MacroD2 activities resulted in major reduction of
ADP-ribosylation levels. However, ARH3 treatment gave a weak but significant reduction
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in ADP-ribosyl levels on both exotoxins. These results were confirmed by the MacroGreen
assay (Figure 4d,e) that measures binding of an engineered Af1521 macrodomain [40], fused
to GFP [41], to ADP-ribosylated protein immobilized on a microtiter plate. We conclude
that both AexT and ExoT ADP-ribosylate themselves primarily on arginine residues.
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Figure 5. ADP-ribosylation of canonical AexT and ExoT targets by both exotoxins. (a,b) Exotoxin
constructs were incubated with biotin-NAD+ and purified 3-actin. Membranes were probed with
streptavidin-HRP. C2] toxin, a known actin specific ADP-ribosyltransferase, and PARP10 ART domain,
a strongly auto-ADP-ribosylating enzyme, were included for comparison. (c¢) ADP-ribosylation of
CRKL constructs by exotoxin ART domains. Reactions were processed as in the previous panels.
Uncropped images and loading controls are shown in Figure S4. ART, ADP-ribosyltransferase
domain; FL, full-length protein.

Since AexT and ExoT have been reported to modify different target proteins, we
sought to confirm those observations by analyzing ADP-ribosylation of purified AexT and
ExoT target proteins by Western blotting. Both AexT (Figure 5a) and ExoT (Figure 5b)
ADP-ribosylated actin, albeit with lower efficiency than the Clostridium C2I subunit. We
observed that the isolated ART domain of AexT was more efficient at modifying actin
than the full-length toxin, while the relationship was reversed for ExoT. We cannot exclude
that low levels of actin modification by full-length AexT were caused by misfolding of
the re-folded toxin; but this appears as an unlikely explanation in the light of the efficient
automodification of AexT (Figures 4a and 5a). Actin modification might still be significant
in infected cells, where the ratio of actin over AexT is likely much higher than under our
experimental conditions. The experiments shown in Figure 5a,b also reveal that AexT and
ExoT automodification occurs only in the full-length exotoxins. This may explain the differ-
ences in NAD+ glycohydrolase rates observed between the ART domain and full-length
constructs (Table 2): Whereas the ART domains catalyze NAD+ glycohydrolysis only, the
full-length exotoxins catalyze both the glycohydrolysis reaction and their automodification.
Interestingly, Pseudomonas ExoS automodification occurs in its GAP domain and suppresses
the activity of that domain [42]. Our results imply that AexT and ExoT might employ the
same mechanism of autoregulation.

AexT has been suggested to target actin exclusively [20] and be unable to modify the
CRK proteins, which are known ExoT targets. However, we show here that both toxins
were able to modify the SH2 domain of the CRK-like protein (CRKL) and the modification
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appeared to be more efficient when the SH2 domain was presented in the context of the full-
length protein (Figure 5¢). This experiment was carried out with the ART domain constructs
in order to avoid overlap of automodified full-length toxins with the CRKL constructs,
which have similar mobility in SDS-PAGE (see loading controls in Supplementary materials
Figure 54).
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Figure 6. ADP-ribosylation of actin in THP-1 cell lysates. Exotoxin:14-3-3 complex or C2I and excess
biotin-NAD+ were added to cell lysates. The reactions were processed by Western blotting followed
by detection using streptavidin-HRP. (a) AexT constructs; (b) ExoT constructs. Uncropped images,
alternative exposures and loading controls are shown in Figure S5. ART, ADP-ribosyltransferase
domain; FL, full-length protein.

Modification of actin has not been reported for ExoT, to the best of our knowledge.
Therefore, we explored this observation further. When incubated with cell lysates, ExoT
as well as AexT and C2I modified a protein with a mobility in SDS-PAGE indicative of
actin (Figure 6). All ADP-ribosylating toxins analyzed so far modify actin at residue
R177 [43] and AexT is no exception [20]. ADP-ribosylation at R177 is known to block
actin polymerization [44]. To test the effect of AexT and ExoT on the extent of actin
polymerization, we conducted a sedimentation assay that is illustrated in Figure 7a. While
actin ADP-ribosylation by C2I abolished actin polymerization, ADP-ribosylation by both
AexT and ExoT led to partial inhibition of polymerization (Figure 7b). AexT and ExoT
ART domain constructs were more efficient than the respective full-length proteins in
preventing actin polymerization. This can likely be explained by the fact that actin ADP-
ribosylation competed with automodification only in the case of the full-length exotoxins
(Figure 5a,b). Nevertheless, these results show that AexT mediated ADP-ribosylation of
actin compromises actin polymer formation. Furthermore, they suggest that ExoT can
ADP-ribosylate actin on the same target residue as AexT and toxins from other clades.
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Figure 7. Exotoxin mediated modification compromises actin polymerization. (a) Schematic repre-
sentation of the F-actin sedimentation assay employed. Exotoxin:14-3-3 complex and NAD+ were
added to monomeric actin. After incubation to allow actin ADP-ribosylation, actin polymeriza-
tion was induced and allowed to proceed to steady-state before actin polymers were sedimented.
(b) The Coomassie stained SDS-PAGE gel shows equal amounts of pellet and supernatant frac-
tions containing actin polymers and monomers, respectively. ART, ADP-ribosyltransferase domain;
FL, full-length protein.

3. Conclusions

We show that Pseudomonas ExoT and Aeromonas AexT are homologous toxins that
share actin and CRK-proteins as targets in vitro. The existence of common targets for these
two exotoxins was suggested by homology modeling (Figure 1) that placed conserved
AexT residues in the experimentally determined target recognition site of ExoT [31]. Our
data suggest a new mechanism for the ADP-ribosyltransferase activitiy of each toxin:
ExoT might modify cellular actin to prevent polymerization; and AexT might affect the
integrity of the microfilament system via CRK proteins and possibly contribute to induction
of apoptosis. Therefore, it will be important to re-examine the ADP-ribosyltransferase
activities of ExoT and AexT to test these findings in models of Pseudomonas and Aeromonas
infection. If inhibitors of the exotoxin:14-3-3 interaction can be developed, they will be
helpful tools to test exotoxin effects on host cell invasion and spreading of the pathogens
within infected tissue. This would contribute to clarification whether these exotoxins are
feasible targets toward development of therapeutic agents.
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4. Materials and Methods
4.1. Materials

Fine chemicals and growth media were purchased from Merck Life Science AB, Solna,
Sweden. 1,N®-biotin-NAD+ (biotin-NAD+) was obtained from BPS Bioscience, San Diego,
Ca, USA, and 1,N°-etheno-AMP (¢AMP) and -NAD+ (¢eNAD+) were obtained from Merck
Life Science AB, Solna, Swedenand Jena Bioscience, Jena, Germany, respectively.

4.2. Structural Homology Model of AexT

The AexT, ExoT and ExoS sequences were downloaded from Uniprot (accession
numbers Q93Q17, Q91788, and G3XDAI1, respectively) and aligned in Jalview [45] with
the ClustalO algorithm. Given the sequence similarities within the ART domains, we
used the structure of ExoT-ART:14-3-33 (PDB: 6GNN) [28] as a template and modelled the
AexT-ART domain structure using SWISS-MODEL [46]. Model quality was assessed using
Molprobity [47], which resulted in a score of 2.08, a clash score of 2.02, and 4.08% outliers
in the Ramachandran plot. The model was superimposed with the ExoT-ART:14-3-3f3
structure using Chimera 1.16 [48].

4.3. Molecular Cloning

The cDNA fragment encoding the ART domain of AexT (AexT-ART; residues 252-475),
codon-optimized for expression in Escherichia coli strains, was obtained from GeneArt
(Thermo Fisher Scientific, Gothenburg, Sweden). For co-expression with 14-3-3f3, the
fragment was sub-cloned into the Ncol and EcoRI sites of a modified pET vector to obtain
an N-terminal hexahistidine fusion. The ExoT ART domain (ExoT-ART; residues 235-457)
sub-cloned in the corresponding vector was described earlier. [28] The hexahistidine tag
on the ART domains enabled co-purification of un-tagged 14-3-3f3 in the toxin chaperone
complex. The cDNAs encoding full-length AexT and ExoT were amplified by PCR from
whole cell lysates of Aeromonas salmonicida strain A449 and Pseudomonas aeruginosa strain
PAK, respectively. These cDNAs were inserted into pNIC28 (GenBank: EF198106) using
ligase independent cloning. A cDNA encoding Clostridium botulinum C2I toxin subunit
(residues 6-428), codon-optimized for expression in E. coli strains, was obtained from
GeneArt (Thermo Fisher Scientific, Gothenburg, Sweden) and sub-cloned into the Ncol
and BamHI sites of pET28 to obtain an N-terminal hexahistidine fusion. Human CRKL
GST fusion plasmids (pGEX-2T) coding for either the SH2-SH3-SH3 domains, residues
7-303 or the SH3-SH3 domains, residues 115-303 were obtained from Addgene (#36400 and
#36403). [49,50] Expression vector pNIC-H102 encoding the SH2 domain (residues 1-98)
with an N-terminal decahistidine tag were obtained from Open Biosystems, Huntsville, Ga,
USA (OHS4902). The expression plasmids for human 14-3-33, ARH1, ARH3, MacroD2 and
PARP10 have been described [28,41].

4.4. Protein Expression and Purification

Bovine cytosolic actin (f3- and y-isoform mixture) was purified from calf thymus and
the isoforms were separated by chromatography on hydroxyapatite as described [51]. All
other proteins were expressed in either E. coli BL21(DE3)T1R (Merck Life Science AB, Solna,
Sweden) carrying the pRARE2 plasmid (Karolinska Institutet Protein Science Facility)
or BL21(DE3) (New England Biolabs, C2530H). Expression cultures were set up in 2 L
Schott flasks containing 1.5 L Terrific Broth supplemented with the appropriate antibiotics.
Cells were grown at 37 °C in a LEX Bioreactor (Epiphyte3) until ODggy reached 2. The
temperature was reduced to 18 °C and protein overexpression was induced with 0.5 mM
IPTG for 16 h. Cells were pelleted by centrifugation at 4600 x g at 4 °C and resuspended in
lysis buffer (2.5 mL per gram of wet cell weight; 50 mM HEPES-NaOH pH 7.5, 500 mM NaCl,
10% glycerol, 1 mM TCEP supplemented with one tablet protease inhibitor cocktail (cat. no.
S8830; Merck Life Science AB, Solna, Sweden,) and 5 pl. benzonase (cat. no. E1014; Merck
Life Science AB, Solna, Sweden). The suspension was sonicated on ice (Sonics VibraCell;
100 W with a 0.5-inch tip) for 4 min in 10 s intervals and subsequently centrifuged at
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22,000x g for 25 min at 4 °C. The supernatant was clarified using a 0.45 um filter prior
to chromatography.

Immobilized metal affinity chromatography (IMAC) was carried out using 5 mL
HiTrap TALON columns (Cytiva, Uppsala, Sweden) on an AKTA Pure system. The bound
proteins were eluted with 50 mM HEPES-NaOH pH 7.5, 500 mM NaCl, 300 mM imidazole,
10% glycerol, and 1 mM TCEP over a 10-column volume gradient. Peak fractions were
analyzed by SDS-PAGE (NuPage 4-12% Bis-Tris gels; Invitrogen, Thermo Fisher Scientific,
Gothenburg, Sweden) and Coomassie staining [52] before subsequent purification steps.

AexT-ART:14-3-33 complex was further purified by cation exchange chromatography.
Pooled IMAC fractions were desalted and injected in a 5 mL HiTrap Heparin HP column
(Cytiva, Uppsala, Sweden) equilibrated in 20 mM MES pH 6.0, 1 mM MgCl,, 1 mM TCEP.
The bound proteins were eluted with a 10-column volume gradient of the same buffer but
containing 1 M NaClL

For all proteins (except for full-length exotoxins; see 4.5), size exclusion chromatogra-
phy (SEC) was carried out using a HiLoad 16/600 Superdex 75 pg column (Cytiva, Uppsala,
Sweden) equilibrated in 50 mM HEPES-NaOH pH 7.5, 300 mM NaCl, 10% glycerol, 0.5 mM
TCEP. Individually expressed 14-3-3(3 was further purified by hydrophobic interaction chro-
matography as described [28]. Protein purity was verified by SDS-PAGE and pure fractions
were pooled and concentrated with Vivaspin centrifugal concentrators (cat. no. 2614025 or
similar Merck Life Science AB, Solna, Sweden). Samples were frozen in aliquots and stored
at-80 °C.

4.5. Protein Recovery from Inclusion Bodies

For full-length AexT and ExoT, protein overexpression and bacterial cell lysis were
performed as described above. The supernatant insoluble fraction containing the inclusion
bodies was resuspended in wash buffer A (100 mM Tris-HCl pH 7.5, 500 mM NaCl, 2 M
Urea, 10 mM EDTA, 5 mM TCEP, 2% Triton X-100; 5 mL per gram of wet cell weight) using
a glass-glass tissue homogenizer. The suspension was centrifuged at 15,000 x g for 15 min
at 4 °C to pellet inclusion bodies. This washing step was performed three times. Then, the
pellet was resuspended in wash buffer B (100 mM Tris-HCI pH 7.5, 10 mM EDTA; 5 mL per
gram of wet cell weight). The suspension was centrifuged at 15,000 x g for 10 min at 4 °C,
and the supernatant was discarded. The pellet was resuspended in solubilization buffer
[6.6 M guanidine hydrochloride (GdnHCI), 50 mM Tris-HCI pH 8; 1 mL per 20-40 mg
inclusion bodies], using a tissue homogenizer. The suspension was incubated for 2-3 h at
room temperature under constant stirring. Cell debris and non-solubilized material were
removed by centrifugation at 50,000 g for 20 min. For ExoT, the supernatant was incubated
with Ni-NTA agarose (Qiagen, Kista, Sweden) at room temperature overnight under gentle
shaking. The beads were collected by low-speed centrifugation and washed twice with 6 M
GdnHCI, 50 mM Tris-HCl pH 8 and once with 6 M GdnHCl, 50 mM Tris-HCI pH 8.0, 12 mM
imidazole. ExoT was eluted in 6 M GdnHCl, 50 mM Tris-HCI pH 8.0, 400 mM imidazole
and the Ni-NTA bead eluate was diluted to a final concentration of 0.1 mg/mL with
6 M GdnHCl, 50 mM Tris-HCl1 pH 8.0. For the AexT-containing supernatant, the protein
concentration was kept at 2 mg/mL. Both proteins were dialyzed at room temperature
under gentle stirring, using high retention seamless cellulose tubings (14 kDa cut-off; cat.
no. D0405; Merck Life Science AB, Solna, Sweden). Each dialysis step was performed in
approximately 80 mL buffer per ml of protein solution for at least 2h, using the following
buffers with decreasing GAnHCl concentration: Buffer A (4 M GdnHCI, 50 mM Tris-HC1
pH 7.5), buffer B (2 M GdnHCI, 50 mM Tris-HCI pH 7.5), buffer C (0.5 M GdnHCl, 50 mM
Tris-HCI pH 7.5), buffer D (50 mM Tris-HCl pH 7.5, 300 mM NaCl, 10% glycerol, 0.5 mM
TCEP). Before starting the final dialysis step, purified 14-3-33 was added in approximately
equimolar concentrations to the exotoxins to assist refolding. The refolded proteins were
separated from aggregates by centrifugation at 4000 x ¢ for 5 min and SEC was performed
as above but sing a HiLoad 16/600 Superdex 200 pg column (Cytiva). Protein purity was
verified by SDS-PAGE and pure fractions were pooled and concentrated with Vivaspin
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20 centrifugal concentrators (30 kDa MWCO, cat. no. GE28-9323-61, Merck Life Science
AB, Solna, Sweden). The proteins were frozen in aliquots and the degree of refolding was
evaluated by measuring enzymatic activity.

4.6. Analysis of Protein Solution Properties

The oligomeric states of the exotoxin:14-3-33 complexes were analyzed using mass
photometry on a REFEYN TwoMP mass photometer. Microscopy slides (24 x 50 mm)
were rinsed consecutively with milli-Q water, isopropanol, and milli-Q water and dried
under a clean nitrogen stream. A row of 2 x 3 silicone gasket wells (Grace Biolabs,
Merck Life Science AB, Solna, Sweden) was placed onto a slide. Protein batches were
thawed and diluted to approximately 100 nM in buffer containing 20 mM HEPES-NaOH
pH 7.5, 50 mM NaCl, 4 mM MgCl,, 0.5 mM TCEP. The focus was adjusted to a well
containing 15 pL buffer before 3 uL of protein solution was added, yielding a final protein
concentration of approximately 16 nM. The landing events within the recorded frame
(900 x 354 pixels) were measured for 60 s at a frame rate of 496 Hz and at least 4900 events
were recorded per acquisition. Data were analyzed using DiscoverMP software (REFEYN,
Oxford, UK). For calibration, a native PAGE marker (Invitrogen, Thermo Fisher Scientific,
Gothenburg, Sweden) was used. Oligomeric states were also characterized by analytical size
exclusion chromatography (OMNISEC; Malvern Panalytical, Uppsala, Sweden) equipped
with a Superdex 200 Increase 10/300 GL column (Cytiva, Uppsala, Sweden) equilibrated in
50 mM HEPES-NaOH pH 7.5, 300 mM NaCl and 1 mM TCEP. The detectors were calibrated
with bovine serum albumin. Protein aliquots were filtered with 0.2 um centrifugal filters
and kept at 4 °C until injected into the column. Each sample was injected in duplicates
of 120 pL, corresponding to 50-60 ug of protein per injection. Proteins were eluted at
0.5 mL/min. Data were analyzed using OMNISEC v11.32 software (Malvern Panalytical).
One of two reproducible runs was chosen for analysis. The refractive index and measured
molecular weight parameters were re-plotted in Prism (GraphPad Software LLC, DanDiego,
CA, USA).

4.7. Enzymatic Analyses

In general, exotoxin assays contained 200 nM exotoxins and 2-2.5-fold molar excess of
14.3.33 in 20 mM HEPES-NaOH pH 7.5, 50 mM NaCl, 4 mM MgCl,, 0.5 mM TCEP. The
source of 14-3-33 depended on the production protocol (see Sections 4.3—4.5). In reactions
containing agmatine (Merck Life Science AB, Solna, Sweden), eNAD+ was kept at 25 uM.
For negative control reactions, eNAD+ or toxin was omitted. Measurements were carried
out in black flat-bottom half-area non-binding 96-well plates (Corning CLS3993; Merck
Life Science AB, Solna, Sweden) in final volumes of 50 pL. Enzymatic reactions, at room
temperature (ca. 22 °C), were started by the addition of eNAD+, and fluorescence was
followed over time in a CLARIOstar multimode plate reader (BMG Labtech, Ortenberg,
Germany) using Aex = 302/20 nm (filter) and Aem = 410/20 nm (monochromator). All
kinetic parameters were determined based on fluorescence increase in the linear time
range. Fluorescence intensities were related to concentrations of the fluorescent product
using dilution series of e AMP. Kinetic parameters were calculated using Prism (GraphPad
Software LLC, DanDiego, Ca, USA).

For detection of ADP-ribosylation by Western blotting, enzymatic reactions were
performed with 100 pM NAD+ (Figure 5a,b and Figure 6) or 50 uM NAD+ (Figure 5c) con-
taining 10% biotin-NAD+. Enzyme concentrations were 1 uM 14-3-3 dependent exotoxins
with 2-2.5-fold molar excess of 14-3-3f3, 20 nM Clostridium botulinum C2I toxin subunit,
and 2 uM PARP10 catalytic domain. For the experiments depicted in Figures 5c and 6,
the concentration of exotoxins was reduced to 0.5 uM. Target protein concentrations were
10 uM purified protein or 0.5 mg/mL total protein for reactions containing cell lysate.
Reactions (2040 pL in 20 mM HEPES-NaOH 7.5, 50 mM NaCl, 4 mM MgCl,, 0.5 mM
TCEP) were started by the addition of either NAD+ or toxin. Reactions were incubated
for 1 h at room temperature and stopped by addition of Laemmli buffer and heating at
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95 °C for 4 min. Automodification reactions prior to ADP-ribosylhydrolase treatment were
conducted essentially as above, with 1 M 14-3-3 dependent exotoxins, 2-2.5-fold molar
excess of 14-3-3 3 and 5 uM NAD+. After 1 h of incubation, the reactions were stopped by
addjition of 100 uM inhibitor STO1101 [53]. After 20 min of incubation at room temperature,
(ADP) ribosylhydrolases ARH1, MACROD?2 and ARH3 were added at 10 uM, followed
by incubation for 2 h. Reactions were stopped with Laemmli buffer and heating at 95 °C
for 4 min. Proteins were separated on 4-12% Bis-Tris polyacrylamide gels (Invitrogen,
Thermo Fisher Scientific, Gothenburg, Sweden) and transferred onto a PVDF membrane in
transfer buffer (3% (m/v) Trizma, 14.4% (m/v) glycine and 10% (v/v) methanol) for 1h at
160 mA. Ponceau-S staining of the membrane served as a control for loaded protein and
transfer efficiency. Membranes were de-stained, blocked for 1 h in 1% BSA in TBST, and
incubated for 1 h in 0.5 pg/mL HRP-linked Streptavidin (cat. no. 21126; Thermo Fisher
Scientific, Gothenburg, Sweden) in 1% BSA in TBST. Proteins modified with biotin-NAD+
as co-substrate were visualized with SuperSignal™ West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific, Gothenburg, Sweden). Images were obtained using
a ChemiDoc imaging system (Bio-Rad, Solna, Sweden) and densitometric analysis was
performed in Image Lab software (Bio-Rad, Solna, Sweden).

Target residue specificity of the exotoxins was also determined using a macrodomain-
GFP fusion overlay assay [41]. Auto-ADP-ribosylation reactions of 250 nM exotoxin and
2-2.5-fold molar excess of 14-3-33 were carried out in reaction buffer (25 mM HEPES-NaOH
pH 7.5, 100 mM NacCl, 0.2 mM TCEP, 4 mM MgCl,) in the presence of 1 mM NAD+ at
room temperature for 30 min. The reactions were transferred into a 96-well high-binding
plate (Nunc MaxiSorp™; Thermo Fisher Scientific, Gothenburg, Sweden). Proteins were
allowed to bind to the plate for 30 min. To remove NAD+, the wells were rinsed three
times with reaction buffer and then blocked for 5 min with 1% BSA in reaction buffer.
The wells were rinsed twice before ARH1, MacroD2, or ARH3 were added at 1.5 uM in
reaction buffer. After 1h of incubation, the wells were rinsed twice with reaction buffer and
then washed with 1 mM ADP-ribose in reaction buffer for 10 min. The wells were rinsed
three times with TBST buffer, blocked again with 1% BSA in TBST buffer and rinsed twice.
1 uM of eAF1521-GFP [41] was added for detection of remaining ADP-ribose and three
rinsing steps in TBST buffer were performed to remove unbound eAF1521-GFP. 150 uL
TBST buffer was added to the wells for measurement. GFP fluorescence was measured on
a CLARIOstar multimode reader (BMG Labtech, Ortenberg, Germany) using a filter set
of Aex =470/15 nm and Aem = 515/20 nm. The data were normalized to the background
signal (blank wells) and the percentage of remaining ADP-ribose was determined by
comparison to auto-modification control reactions with no ADP-ribosylhydrolases added.
The normalized data were plotted in Prism (GraphPad Software) and the significance was
determined with a Welch ANOVA test, in which the mean of each column was compared
to the mean of the auto-modification reaction.

4.8. Preparation of Cell Lysates

THP-1 human monocytic leukemia cells were grown in RPMI medium supplemented
with 10% fetal bovine serum and 1% penicillin/streptomycin. 300x10° cells were harvested
and washed in 2 mL ice-cold D-PBS and subsequently lysed in 800 uL hypotonic buffer
(50 mM Tris-HC1 pH 7.5) supplemented with protease and phosphatase inhibitor cock-
tails (Complete, 11504400 and PhosSTOP EASYpack, 04906845001, respectively; Roche,
Basel, Switzerland). The cells were resuspended by vortexing and pipetting thoroughly
during 20 min incubation on ice. Protein concentration was determined using Bradford
reagent (Bio-Rad). Before freezing, 80uL of 200 mM HEPES-NaOH pH 7.5, 500 mM NaCl,
40 mM MgCl,, 5 mM TCEP and 0.1% benzonase were added.

4.9. Actin Polymerization Assay

Bovine cytosolic 3-actin in G-actin buffer (20 mM HEPES-NaOH pH 7.5, 0.2 mM CaCly,
0.2 mM ATP, 0.5 mM TCEP) was thawed and diluted 1:1 in fresh G-actin buffer. The sample
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was centrifuged for 15 min at 21,000x g, 4 °C, and the supernatant was transferred to a new
tube. 200 uM NAD+, 10 pM {3-actin, and either 800 nM exotoxin:14-3-33 complex or 20 nM
Clostridium botulinum C2I toxin subunit in G-actin buffer were added in 100 pL reactions
and the samples were incubated for 30 min at room temperature. Actin polymerization was
triggered by the addition of 100 mM KCl and 2 mM MgCl,. The samples were transferred
into airfuge tubes (cat. no. 342630; Beckman Coulter, Bromma, Sweden). After 45 min at
room temperature, actin polymers were sedimented by ultracentrifugation in a Beckman
Coulter Airfuge (A-100/18 rotor) for 15 min at 30 psi (corresponding to roughly149,000x g).
The supernatant was separated from the pellet and the pellet was resuspended in 100 uL
G-actin buffer. Equal volumes of supernatant and pellet fractions were loaded on a 4-12%
NuPage Bis-Tris gel (Invitrogen, Thermo Fisher Scientific, Gothenburg, Sweden) and
subjected to gel electrophoresis. The gel was stained with Coomassie.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pathogens11121497/s1, Supplementary Information document containing
Figures S1-S5.
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Abstract: Non-structural protein 3 (nsp3) from all coronaviruses (CoVs) contains a conserved
macrodomain, known as Macl, that has been proposed as a potential therapeutic target for CoVs
due to its critical role in viral pathogenesis. Macl is an ADP-ribose binding protein and ADP-
ribosylhydrolase that promotes replication and blocks IFN responses, though the precise mechanisms
it uses to carry out these functions remain unknown. Over the past 3 years following the onset of
COVID-19, several groups have used high-throughput screening with multiple assays and chemi-
cal modifications to create unique chemical inhibitors of the SARS-CoV-2 Macl protein. Here, we
summarize the current efforts to identify selective and potent inhibitors of SARS-CoV-2 Macl.

Keywords: coronavirus; SARS-CoV-2; macrodomain; Macl; ADP-ribosylation; inhibitors;
ADP-ribosylhydrolase

1. Introduction

The advent of COVID-19 highlighted both the importance of rapid responses to viral
outbreaks and the necessity of a diverse toolset in implementing those strategies. Though
the historic rollout of the COVID-19 vaccines was instrumental to global recovery, there
remains a need for ready-made, fast-acting antivirals that can be rapidly deployed when
needed. While a vaccine’s development timeline may begin in the early stages of a future
pandemic, a plethora of drug-based solutions may be developed in the interim. One
promising antiviral drug target is the highly conserved coronavirus macrodomain, known
as Macl.

Macrodomains are small globular protein domains that display a mixed «-f3-o sand-
wich fold structure that is highly conserved across all forms of life [1]. Previous studies
have established ADP-ribose as their target ligand [2,3]. ADP-ribosylation is the modi-
fication of proteins and nucleic acids via the addition of ADP-ribose subunits by ADP-
ribosyltransferases (ARTs) [4]. This occurs with either single subunits or polymers of
ADP-ribose, known as mono-ADP-ribosylation (MARylation) or poly-ADP-ribosylation
(PARylation). ADP-ribosylation regulates intracellular processes, including DNA damage
repair, protein degradation, stress responses, and immune signaling [4]. Furthermore,
macrodomains are found in several families of positive-sense RNA viruses and one family
of DNA viruses and promote their replication and pathogenesis [5].

SARS-CoV-2 Macl is contained within non-structural protein 3 (nsp3) and belongs
to the MacroD-type class, characterized via hydrolysis activity against MARylation [6]
and also includes human macrodomains MacroD1, MacroD2, PARG, and the PARP9 and
PARP14 N-terminal macrodomains. It shares three major regions of homology with re-
lated coronaviruses, namely, NAAN and GGG motifs in loop 1 between 33 and «2, a GIF
motif in loop 2 between 36 and «5, and a VGP motif between 35 and «4 [7]. Previous
biochemical characterizations of ligand binding within the cleft have implicated several
stabilizing interactions with ADP-ribose. A conserved interaction between the D22 residue
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and the N6 of the adenine is critical for substrate binding, while hydrogen bonds between
N40 and distal ribose are conserved in catalytically active macrodomains [7,8]. Compar-
isons between the SARS-CoV-2 Macl and human MacroD-type macrodomains reveal a
sequence similarity at or below 38%, suggesting a potential for the specific inhibition of
viral macrodomains [7], though it should be noted that human macrodomains also encode
the previously highlighted structural motifs.

Macl is a critical factor for the replication and/or pathogenesis of all CoVs where it
has been tested, including MHV, MERS-CoV, and both SARS-CoV and SARS-CoV-2 [9-11].
Point mutations in the Macl-binding pocket sensitize CoVs to ART activity and IFN
signaling [10,12]. More recently, we demonstrated that a complete deletion of Macl in
MHYV and MERS-CoV was not recoverable. However, a Macl deletion in SARS-CoV-2
was easily recovered, indicating that it is not essential for replication. However, the Macl
deletion virus was highly sensitive to IFN-y signaling and replicated poorly and caused no
disease in mice [11]. Recombinant alphaviruses and HEV with macrodomain mutations
also result in severe defects in virus replication, indicating that macrodomains clearly play
important roles during infection. However, the precise function of viral macrodomains
in the viral lifecycle remains unclear, though mutational analysis indicates that it targets
multiple stages of the lifecycle [13-15]. Together, these studies comprise a framework that
has established viral macrodomains as druggable targets. Macl inhibitors could be used
as probes to better understand the function of Mac1l during infection or could be used as
antiviral therapeutics. Here, we will comprehensively review the collective efforts among
multiple groups to identify and develop SARS-CoV-2 Macl inhibitors with the aim of
highlighting emerging techniques and chemotypes.

2. Virtual and Crystallography Screens Identify Several Macl Interacting Compounds

Several groups initially focused on determining the structure and biochemical activ-
ities of Mac1 and related macrodomains [1,6,8,16]. Dozens of different Macl structures
in complex with a variety of ligands are available in the PDB. These structures have in-
cluded not only the main substrate of Macl and ADP-ribose (Figure 1A,B), but also several
nucleotides and compounds, including HEPES, MES, GMP, cAMP, and ADP-ribose-2"-
phosphate [17,18]. These structural analyses have revealed three pockets near the active
site of the enzyme. The two pockets that comprise the adenosine binding site have the
highest solvent exposure and together are the preeminent site of interest for ligand design.
One especially interesting ligand that has been crystallized with Macl is G5441524 (1),
the active metabolite of remdesivir, an approved anti-CoV drug that is well known for
its ability to inhibit CoV polymerase [18]. Compound 1 (Kp = 10.8 £ 1.8 uM) and the
phosphonated version, 2, demonstrated low micromolar binding affinity against Macl
(Kp =8.6 £ 2.5 uM) (Figure 1C). Tsika et al. found that, when used in 500-fold excess,
1 can inhibit Macl ADP-ribosylhydrolase activity, and this activity was specific for the
SARS-CoV-2 Macl, as other viral or human macrodomains were not similarly affected [19].
However, isothermal titration calorimetry (ITC) data demonstrated that the compound
bound to SARS- and MERS-Macl proteins, but with reduced affinity. These results raise
the possibility that remdesivir’s Macl inhibitory activity may play a small role in its antivi-
ral activity against SARS-CoV-2. However, this hypothesis has not been formally tested.
Also, due to its inhibitory activity against the CoV polymerase, remdesivir would not
make for a useful Macl-specific inhibitor, though it may indicate a potential role as a dual
polymerase/Macl inhibitor.

Concurrent with these structural efforts, several groups have performed virtual screens
and biochemical binding assays to identify potential Mac1 inhibitors. Babar et al., Pandey
et al,, Singh et al., Selvaraj et al., and Russo et al. each used virtual screening to identify
several compounds that had docking scores as good or better than ADP-ribose [20-23].
However, none of these compounds have yet to be confirmed to interact or inhibit Mac1
in biochemical assays. Russo et al. tested 69 different virtual screen hits in a cell-based
de-MARylation assay, but none of them demonstrated any inhibition of enzyme activity.
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OH W

GS-441524, 1
K= 10.8  1.8uM

OH W
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Figure 1. The structure of SARS-CoV-2 Macl. (A) SARS-CoV-2 Macl complexed with ADP-ribose
within the active site (PDB 6WQ]). (B) Coordination of ADP-ribose with the binding pocket of Macl
is reliant on a network of coordinated hydrogen bonds, critically with residues D22, N40, and a GIF
motif at 130-132. (C) GS-441524, the active metabolite of remdesivir, with its phosphonated version.

Knowing that poly(ADP-ribose) glycohydrolases (PARGs) are structurally related to
Macl, and that there are several PARG inhibitors, Brosey et al. utilized virtual screening
and scaffold optimization to identify PARG-inhibitor-related morpholine-based structures
that might also bind to Mac1 [24]. From this work, the group discovered two compounds,
PARG-345 (3) and PARG-329 (4), that interacted with Macl via crystallography. Both
compounds anchor the methylxanthine head in the adenine binding site. The morpholine
group on PARG-345 interacts with N40 while the sulfonyl linker makes backbone contacts
with the G130 and F132 residues of Loop 2 (Figure 2A). Conversely, the thio-urea of PARG-
329 interacts with Macl1 largely through water-mediated contacts. The morpholine group
extends further into the active site but loses the hydrogen bonding with N40 (Figure 2B).
While these compounds interact with Macl, demonstrating Kp values of between 16.6 and
32 uM, no further reports have been published demonstrating any inhibitory activity of
these compounds.

To streamline fragment screens, Bajusz et al. developed a new strategy of assembling
fragment libraries that utilize confirmed binding pharmacophores [25]. Their pilot library,
termed SpotXplorer0, utilized ~3000 experimental protein—fragment structures from the
PDB which were then used to generate pharmacophore sets via the FTMap protein-mapping
algorithm. The validated workflow, when applied to the SARS-CoV-2 Macl, identified five
small fragments that crystallized with Macl: SX003, SX005, SX048, SX051, and SX054 (5-9)
(Figure 3). Compounds 5, 6, and 9 bind in the adenine binding site of Macl and all target
the aromatic sidechain of F156, utilizing n-7 stacking interactions, while 7 and 8 occupy
the proximal ribose site. None of these molecules were tested for Macl inhibition, but they
could offer viable starting points for further compound iteration.
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Figure 2. Morpholine-based compounds PARG-345 and PARG-329 bind the Macl active site.
(A) Crystallography shows that PARG-345 (PBD 7LG7) makes several hydrogen bonds within the
Macl-binding pocket, with the methylxanthine group binding at the adenine binding site. (B) PARG-329
(PDB 7KXB) binds in the same orientation; however, it interacts with Macl primarily through water-
mediated contacts (waters not shown for clarity) and takes on a more strained conformation [24].

S§X003, 5 SX005, 6 SX048, 7 SX051, 8 SX054, 9

Figure 3. Small binding fragments were identified using SpotXplorer0-generated pharmacophore sets
that were mapped to Mac1 via the FTMap algorithm. All interact with the F156 side chain through
m-7 stacking [25].

Schuller et al. took crystallographic screening to the next level by performing a
crystallography screen of >2500 diverse fragments, which identified 214 Macl-binding
fragments [26]. In addition, they also used computational docking of 20 million frag-
ments, from which they tested 60 fragments and confirmed 20, for a total of 234 confirmed
Macl binders. Of these hits, about 80% occupied the active site of the enzyme, while
the remaining hits were scattered across the surface of the protein and in a conserved
pocket near K90. The most common and effective structure amongst these fragments was a
7H-pyrrolo[2,3-d]pyrimidine, a component of compounds 10 and 11 (Figure 4), which use
hydrogen bonds with D22, 123, and 7t interactions with F156 to anchor fragments in the
adenine-binding pocket. Many compounds also included carboxylic acid (e.g., 10), which
formed hydrogen bonds with the backbone amides of F156 and D157 in the “oxyanion” sub-
site (Figure 4). Combined with Bajusz et al.’s screen, a notable hallmark of these fragment
screens was the identification of fused heterocyclic rings that anchor the fragments to D22,
123, and /or F156. In addition to crystallography, several fragments also showed a thermal
shift with Macl in a differential scanning fluorimetry (DSF) assay, had measurable binding
via ITC, and showed the inhibition of Mac1 activity in a peptide displacement assay using a
homogenous time-resolved fluorescence assay (HTRF) similar to the previously developed
AlphaScreen assay (10-13) [27]. The ICs values for inhibition ranged from 180 uM (10) to
more than 2 mM (13), which are reasonable values for fragments. These fragments would
prove to serve as excellent starting points for further inhibitor derivatization (see below).
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Figure 4. A large crystallography screen identifies several small-molecule Mac1 binders. (A) Frag-
ments identified from crystallography screen for Mac1 binders. (B) A 7H-pyrrolo[2,3-d]pyrimidine
moiety anchors fragment 10 within the adenine binding site (PDB 5RSG) [26].

The same group later performed another molecular docking screen followed by crystal-
lography screens of the top hits [28]. After docking approximately 400 million compounds,
124 were selected for further testing via crystallography and HTRF. Of these 124 compounds,
many either bound to Macl1 via crystallography (47 compounds) or demonstrated the inhi-
bition of binding in the HTRF assay with ICsy values ranging from 42 to 504 uM (14-17)
(Figure 5A). These hits consistently targeted the adenosine binding pocket, with those com-
pounds that showed activity in the HTRF assay typically consisting of a pyrrolopyrimidine
or pyrrolopyridine head group (in blue, Figure 5A) that bound in the adenine binding
pocket and stack with F156 and used acidic moieties to interact with the oxyanion subsite,
similar to the results obtained from their fragment screen. However, two compounds, Z7873
(16) and Z6923 (17), instead utilized a tricyclic pyrimidoindole scaffold (in red, Figure 5A)
that is closely related to the pyrrolopyrimidine head group. This series was the starting
point for optimization towards low-micromolar Mac1 inhibitors by this same group, as
outlined below. The top compound from these screening efforts was Z3122 (18), with an
ICsg of 2.5 uM (Figure 5B). This molecule was identified by screening for molecules that
docked in the “open” state of the phosphate-binding region, though via crystallography
it was shown to bind in the “closed” state. This molecule uses the commonly identified
pyrrolopyrimidine to interact with the adenine binding site, a carboxylic acid to make
contact in the oxyanion subsite, but notably has a 4-bromobenzyl ring that extends further
into the phosphate-binding region than other compounds (Figure 5C).
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Figure 5. Additional crystallography screening hit compounds. (A) Binding to Macl by compounds
14-17 is facilitated by either pyrrolopyrimidine (blue) or tricyclic pyrimidoindole (red) head group.
(B,C) The structure of the top compound from this crystallography screen, 18 (B), and its binding to
Macl (PDB 5559) (C) [28].

3. High-Throughput Screening Using Both Binding and Enzyme Assays Have
Identified Several Mac1 Inhibitors

Most assays that have been used to identify Macl inhibitors are based on inhibiting
Macl binding to ADP-ribosylated peptides. However, a significant aspect of its function
is its ability to remove ADP-ribose from proteins through hydrolysis. Dasovich et al.
developed a novel technique for the evaluation of ADP-ribosylhydrolase activity, the
luminescence-based ADPR-Glo assay, to serve as a high-throughput alternative to gel-
based measures of Macl enzyme activity and inhibition [29]. This approach utilizes co-
incubation of an ADP-ribosylated substrate, Macl, and the NudF phosphodiesterase.
Hydrolyzed ADP-ribose is cleaved by NudF into AMP, the levels of which can be quantified
as luminescence with the AMP-Glo kit. Dasovich et al. applied this technique to over
3000 compounds from the Selleck-FDA and LOPAC libraries and identified dasatinib (19)
as a compound with the specific, dose-dependent inhibition of Macl [29]. This compound
had an IC5p between 37.5 and 57.5 uM (Figure 6A). Surface plasmon resonance analysis
confirmed specificity for SARS-CoV-2 Macl over the human MacroD2, and molecular
docking revealed that only 15 out of 25 contacting residues were conserved between the
two enzymes, potentially explaining the selectivity. Dasatinib extended into multiple
pockets within the active site of Macl (Figure 6B), but biochemical data indicate that it will
require further optimization to be a potent Macl inhibitor.
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Figure 6. Dasatinib was identified as a Macl inhibitor using the ADPr-Glo assay. (A) Chemical
structure of dasatinib and its measured ICsy value. (B) Molecular modeling of dasatinib into the
Mac1-binding pocket [29].

A novel high-throughput ADP-ribose binding assay developed by Sowa et al. is based
on the known cysteine ADP-ribosylation of the «; subunits of heterotrimeric G proteins
(Gay) via pertussis toxin (PtxS1) [30]. Because the ADP-ribose is attached to a cysteine,
it is unlikely to be hydrolyzed by macrodomains, which are only known to hydrolyze
ADP-ribose from proteins at acidic residues. In this assay, a YFP-fused Gg; subunit is
co-incubated with a CFP-fused ADP-ribose binding protein of interest. Close proximity
between the YFP and CFP fluorophores produces a fluorescence energy transfer (FRET)
signal that correlates with the substrate binding affinity. Applying this technique, Wazir
et al. identified three derivatives of a 2-amine-3-methylester thiophene scaffold with high
affinity and specificity for SARS-CoV-2 Macl1 [31]. The initial top hit, 20, contains a seven-
membered aliphatic ring fused with a heteroaromatic thiophene ring and a cyclohexenyl
group fused to a central amine linkage (Figure 7). This compound had an ICs of 14 pM
for SARS-CoV-2 Macl and showed greater levels of inhibition of Mac1 at 100 uM (~80%
inhibition at 100 uM) than alternative binding partners PARP9 MD1 (~70% inhibition at
100 uM) or ALC1 (~60% inhibition at 100 uM). The crystal structures of this compound
complexed with SARS-CoV-2 Macl show that the fused aliphatic and thiophene ring
structure forms hydrophobic interactions with F156, while the carbonyl oxygen of the
methyl ester group forms hydrogen bonds with the 123 backbone. Iterating on the basic
structure of 20 led to the development of derivative 21, which substitutes the cyclohexenyl
unit from 20 with a saturated cyclohexanyl unit in an (R,R)-trans configuration. Further
iteration on this structure produced 22, which substitutes an eight- rather than a seven-
membered aliphatic ring fused to the thiophene ring. Both 21 and 22 show improvements
in ICsp (2.7 pM and 2.1 uM, respectively). Crystal structures of 22 complexed with SARS-
CoV-2 Macl reveal similar interactions as in 20, except for a substituted hydrogen bonding
interaction between the carboxylate and 132 [31]. Notably, hydrophobic interactions with
F156 are enhanced due to the larger eight-membered aliphatic ring and a slight change in
F156 orientation. This compound demonstrated improvements in selectivity against ALC1
and also inhibited macrodomains from SARS-CoV (64% inhibition at 100 uM) and MERS-
CoV (43% inhibition at 100 uM), suggesting the suitability of this scaffold as a selective
inhibitor of viral macrodomains.

Roy et al. utilized a previously published AlphaScreen assay and, as an orthogonal
assay, a novel fluorescence polarization (FP) assay to screen ~38,000 compounds from
the Analyticon, 3D Biodiversity, and Peptidomimetics libraries [32]. Following HTS, the
selected compounds were further tested for Macl binding affinity using thermal shift
assays and for their inhibition of hydrolysis activity using the ADP-Glo assay developed
by Dasovich et al. [29]. Of those screened, the highest-performing compounds included
compounds FS2MD-1 (23) and FS2MD-6 (24) with ICs( values of 6.1 and 8.5 uM, respectively
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(Figure 8). Compound 23 contained thienopyrimidine and resembled previously identified
compounds from Ekblad and Schuller [26,27]. Compound 24, which is comprised of a
B-alanine core, an N-chlorobenzyl group, a methoxy benzoyl group, and a piperazine
amide, was the highest-performing compound in the study. In addition to its low ICs, the
compound demonstrated highest ATy, values at 1.67 £ 0.21 °C and showed substantial
enzyme inhibition in both the ADP-Glo and gel-based assays.
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Figure 7. Macl binding compounds featuring fused aliphatic and thiophene ring structures [31].
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Figure 8. Top hit compounds were identified via high-throughput screening using an AlphaScreen
assay. (A) Compound 23 contains a thienopyrimidine head group (blue) resembling the pyrrolopyrim-
idine head groups in compounds identified by Schuller et al. (B) Compound 24 contains a S-alanine
core, a chlorobenzyl group, a methoxy benzoyl group, and a piperazine amide [32].

Schuller et al. utilized both virtual and high-throughput screening using the HTRF
assay described previously to identify novel Macl inhibitors [33]. The virtual screen-
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ing of 125,000 compounds from the BioAscent library in addition to HTRF screening
of 1786 compounds identified two molecules, IAL-MDO0305 (25) and IAL-MDO0306 (26),
with IC5ys of 28 and 18 uM, respectively (Figure 9A). Next, the screening of 10,100 small
molecules from the Manchester Institute Diversity Set (MIDAS), as well as an array of
FDA-approved compounds, identified four primary scaffold types, three of which con-
tained a pyrrolopyridine core (Figure 9B). Preliminary SAR was able to be gathered due
to the availability of several derivatives from each of these scaffold types. Scaffold type I,
characterized by a furanyl-pyrrolo[2,3-b]pyridine structure, yielded six compounds with
ICs values below 9 uM and one at 25.3 pM. The top compound from this set, IAL-MD0131,
27, contains a morpholine amide and had an ICsg of 4.9 pM. Co-crystallization of 27 with
SARS-CoV-2 Macl showed ligand binding at the adenosine binding site of the ADP-ribose
binding pocket (Figure 9C). This was mediated via interactions between the scaffold back-
bone and the residues 123 and F156, resembling those established by ADP-ribose. Scaffold
type Il was characterized by a pyridinyl-pyrrolo[2,3-b]pyridine, with the top-performing
compound from this scaffold being IAL-MDO0128, 28, with an ICsy of 3.1 pM. Scaffold
III was characterized by a thiophenyl-pyrazolo[3,4-b]pyridine core with the most potent
compound identified also containing a morpholino amide IAL-MDO0051, 29, with an ICs; of
13 uM. Scaffold type IV was defined by phenylquinoline-4-carboxylic acid, and the most
potent derivative identified in this series was IAL-MD0031, 30, with an ICsy of 19 uM.
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Figure 9. Macl inhibitors identified through HTS with the HTRF assay. (A) Hits from the BioAscent
library. (B) Example small-molecule hits generated from the Manchester Institute Diversity Set with
primary scaffold types highlighted in blue. (C) Crystal structure of 27 within the Macl-binding
pocket (PDB 8C19) [33].
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Additionally, an in vitro screen of FDA-approved compounds revealed several an-
tibiotics with inhibitory activity against SARS-CoV-2 Macl. Aztreonam, 31, a monocyclic
beta-lactam, demonstrated an ICsy of 29.3 uM and was similarly co-crystallized with SARS-
CoV-2 nsp3 (Figure 10). These structures revealed that, rather than binding within the
ADP-ribose binding pocket, the compound occupies an adjacent groove coordinated by
hydrogen bonding of the carboxylic acid group to the oxyanion subsite of Macl by coordi-
nating over a water molecule to the backbone amides of A154 and P125. This observation,
combined with the frequency of carboxylic acid groups in a number of already identified
Macl inhibitors, caused researchers to speculate that this functional group may play similar
roles in other compounds. Interestingly, both 27 from the MIDAS library and 31 show
mi-7t stacking with F156 similar to ADP-ribose and many other compounds identified by
multiple groups.
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Figure 10. Beta-lactam antibiotic Aztreonam binds Mac1 [33].

4. Early Efforts in the Optimization of Fragment Hits to Potent Mac1 Inhibitors
In Vitro

Sherrill et al. synthesized and assayed primary and secondary amino acid derivatives
that served as iterations on the high-performing 7H-pyrrolo[2,3-d]pyrimidine scaffolds
previously identified by Schuller et al. [26,34]. From this optimization, the three highest-
performing amino acid derivatives—two secondary and one primary—were demonstrated
to have ICsq values less than 24 uM (Figure 11), a nearly 10-fold improvement over the
original fragments. The two secondary amino acid derivatives, 32 and 33, incorporated
piperidine rings with a carboxylic acid attached at the three- or four-position. As ex-
pected, molecular modeling revealed a common feature of hydrogen bonding between
the pyrrolopyrimidine core and the D22 and 123 residues of Mac1, while the carboxylic
acid moiety from the six-membered piperidine makes hydrogen bonds with the oxyan-
ion subsite. Several primary amino acid derivates also demonstrated significant Mac1
inhibitory activity, including valinate and S-amino acid derivates. Of the primary amino
acid derivates, the addition of tryptophanate was the most potent, resulting in compound
34, which had an ICs of 6.1 uM. This result was confirmed in a FRET-based assay, which
also showed that 33 had a high level of specificity for coronavirus macrodomains. Finally,
the differential scanning fluorimetry of 34 resulted in thermal shift values of >4 °C, which
was within 0.2 °C of ADP-ribose. Molecular modeling indicates that the tryptophan moiety
extends deep into the phosphate-binding pocket, likely accounting for the increased po-
tency (Figure 11). Nearly all ester derivatives of each tested compound were less potent
inhibitors of Macl-ADP-ribose binding when compared to their carboxylic acid counter-
parts, suggesting that the carboxylic acid group is important to efficient Macl binding.
However, several methyl- and ethyl-esters had only mildly reduced activity, indicating the
feasibility of creating neutral Macl inhibitors using this backbone.
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Figure 11. Primary and secondary amino acid derivatives of 10 showed improved Mac1 binding.
(A) Compounds 32-34 improve the ICs of 10 20- to 30-fold. (B) Molecular model of 34 with Macl
demonstrates that the tryptophan extends deep into the phosphate-binding pocket [34].

Gahbauer et al. utilized fragment merging to create the most potent Macl inhibitors
yet to date. Using an automated fragment-linking approach, termed Fragmenstein, they
virtually merged fragment hits and modeled them into the Macl-binding pocket [28]. These
merged molecules were then used as templates to search for available chemical matter in
the Enamine REAL database. They ultimately tested 13 molecules for interactions with
Macl via crystallography and thermal shift analysis. Eight of these hits bound to Macl
via crystallography, while seven of them induced a thermal shift. Additional analogs of
the merger between ZINC922 (35) and ZINC337835 (36) were purchased, allowing for
some initial SAR (Figure 12A). The most potent molecules from these mergers were Z8515
(38) and 78539 (39), with ICs( values of 10.3 and 1.1 uM, respectively. These compounds
share a phenylurea group that stacks with F156 but differ in that Z8539 has a cyclopropyl
group that extends further into the adenine binding pocket. Furthermore, upon chiral
separation, it was found that the (R,R) steroisomer, Z8601 (40), had an even better IC5 value
of 0.5 uM. The improved efficacy was explained through crystallography, showing that the
indane group of the (R,R) stereoisomer flipped into the phosphate-binding domain and
hydrogen bonds with the backbone oxygen of L126 (Figure 11B). Importantly, these highly
potent inhibitors had minimal to no effect against human macrodomains. Next, further
modifications to these fragments were created at the cyclopropyl moiety, the phenylurea,
and the acid-carrying indane group. From here, several compounds were created with
ICsp values ranging from 0.4 to 83.8 uM, including at least five with sub-micromolar
ICxys. Z28539_0023 (41), where the cyclopropyl group was replaced by a phenyl group
(ICs0. = 0.5 uM, thermal shift of 9 °C), and Z8539_0072 (42), where an alcohol group was
added to the central benzene (ICsy = 0.4 uM) (Figure 12B), along with 40, which are the
most potent SARS-CoV-2 Macl inhibitors derived to date.
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Figure 12. Compounds identified via computational fragment-linking. (A) Progressive modifications
of 37 led to compounds with sub-uM ICs( values (modifications highlighted in yellow). (B) Structures
of highly potent compounds 40 and 42 (PDB 55Q)J, 5SQW). (C) Fragment-linking identified neutral
compound with potent inhibitor activity [28].

As mentioned above, many of the most potent inhibitors use carboxylic acids to interact
with the oxyanion subsite. To address this issue, Gahbauer et al. identified analogs linking
the pyrrolopyrimidine or pyrimidoindole to small functional moieties containing hydrogen
bond donors or acceptors (e.g., sulfones, hydroxyls, pyridines, or ketones) [28]. Out of
124 possible compounds, 20 were ultimately tested, and 14 were found to bind to the SARS-
CoV-2 Macl protein via crystallography and 4 via HTRE. The most promising molecule,
LRH-003 (43), had an IC5p of 1.7 uM, not far from the most potent acidic compounds
(Figure 12C).

5. Discussion/Conclusions

The advancements in applied modeling and biochemical techniques have greatly
expanded the repertoire of candidate SARS-CoV-2 Macl inhibitors within the last few
years. There remain, however, significant challenges which must be addressed before this
objective can be fully realized. The presence of acidic side chains in several of the identified
compounds has raised potential concerns regarding membrane permeability. However, the
potency of several neutral modifications indicates that developing potent cell permeable
inhibitors is highly feasible [28,34].
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Another major challenge will be to move inhibitor testing from in vitro assays to
demonstrating efficacy in cell-based activity and virus replication assays. Russo et al.
recently developed an immunofluorescent-based assay for testing inhibitor efficacy in cell
culture [23]. This assay is based on the observation that MARylation is drastically increased
in cells following polyl:C or IFN-y treatment. This assay, and potentially others, should
allow for cell-based testing, though the dynamic range of these assays may not be very large.
Alhammad et al. recently demonstrated that a recombinant SARS-CoV-2 bearing a full
Macl1 deletion had only minor defects in virus replication, unless cells were pretreated with
IEN-vy, though the virus was extremely attenuated in mice [11]. These results indicate that
testing inhibitors for SARS-CoV-2 inhibition in cell culture will be difficult. However, MHV
and MERS-CoV Macl-deleted viruses were unrecoverable, indicating that Macl is critical
for their ability to replicate. Thus MHV /MERS-CoV may be excellent viruses to test Macl
inhibitors. In fact, Wazir et al. recently showed that 22 was not toxic to cells and inhibited
MHYV replication in a dose-dependent manner at mid-high micromolar concentrations,
as might be expected considering it is unknown what the ICs of 22 would be for MHV
Macl. Identifying Macl targets and biomarkers during infection could substantially aid in
demonstrating inhibitor efficacy, making the pivot from in vitro to in situ testing a critical
next step for identified compounds.

However, while the SARS-CoV-2 Macl has a highly conserved structure and function,
variations between coronavirus macrodomains demonstrate the difficulty of applying
identified compounds as broad-spectrum antivirals. Commonly identified features such as
-7t stacking between F156 and heterocycles, such as pyrrolopyrimidine groups or hydrogen
bonding to D22, feature in some of the strongest candidates. However, both SARS- and
MERS-CoV encode asparagine in place of F156 [7]. The reliance of many compounds on
interacting with the F156 residue creates the possibility for a resistant mutant to arise,
though it is currently unclear how such a mutation would affect overall SARS-CoV-2 fitness.
This illustrates the inherent difficulty in designing drugs that can inhibit multiple viral
macrodomains, as many within the same family contain slight variations in their overall
binding scheme that undercut the potency of the established inhibitors. In cases where
SARS-CoV-2 Macl inhibitors were tested against related macrodomains from SARS- and
MERS-CoV, they demonstrated some activity, but it was generally much less than their
activity against the SARS-CoV-2 Macl [19,31,32,34]. However, as inhibitor development
becomes more advanced, there should be opportunities to develop more broad-spectrum
inhibitors, or at least SAR should indicate minor changes that could quickly change the
specificity of a particular compound from one macrodomain to another.

Despite these challenges, the future of macrodomain inhibitor development is bright,
as more compounds with low-to-sub-micromolar activity continue to be identified. With
several groups currently working to develop Macl1 inhibitors, it is likely that there will
soon be compounds with mid- to even low-nanomolar affinity activity and have appro-
priate ADME and PK properties for cell and animal testing. With any luck, these efforts
will soon fully unlock the potential of utilizing Macl inhibitors as research tools and
even antiviral therapeutics.
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