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Mono-ADP-ribosylation, a modification of both proteins and nucleic acids, is implicated in innate
immunity. Intracellularly, this modification is catalyzed by PARP enzymes, some induced in response
to interferons. Mono-ADP-ribosylation is reversed by hydrolases including proteins with
macrodomains, which are conserved across all kingdoms of life. Macrodomains encoded by certain
positive-sense single-stranded RNA viruses, such as Chikungunya virus and SARS-CoV-2,
antagonize host MARylation to enhance viral replication and suppress the immune response. While
macrodomain hydrolase activity is essential for CHIKV replication, in SARS-CoV-2 it predominantly
contributes to immune evasion, underscoring viral macrodomains as potential antiviral drug targets.
Efforts to develop macrodomain inhibitors include computational modeling, crystallography-based
methods, and in vitro assays. However, tools to study macrodomain activity directly in cells remain
rare. Here, we established a cell-based assay using PARP15 isoform 1, which we found forms nuclear
foci dependent on its ADP-ribosyltransferase activity. Enzymatically active macrodomains dissolve
these foci, enabling hydrolase activity monitoring in living cells. Using stable cell lines, this system
allows the screening of macrodomain inhibitors while simultaneously addressing cell permeability,
toxicity, and physiological relevance. Adaptable to various macrodomains, our platform offers a
versatile tool to study macrodomain function in living cells, analyzing mutants, and advancing drug

discovery efforts.

Macrodomains are highly conserved protein domains closely associated with
mono-ADP-ribosylation (MARylation), a posttranslational modification of
proteins and, recently identified as posttranscriptional modification of
RNA'". Intracellular MARylation is primarily catalyzed by some enzymes of
the ADP-ribosyltransferase diphtheria toxin-like (ARTD) family, commonly
known as the PARP family'. These enzymes consume NAD" to transfer a
single ADP-ribose to a substrate molecule, releasing nicotinamide.

A decade ago, hydrolase activity was attributed to several cellular
macrodomain-containing proteins, confirming MARylation as a reversible
post-translational modification® . These protein domains are present across
all kingdoms of life”"’. In addition, some positive-sense single-stranded
RNA ((+)ssRNA) viruses encode macrodomains, including Chikungunya
virus (CHIKV)'""?, a member of the Alphavirus genus, and SARS-CoV-

2% a representative of the Betacoronavirus genus'’.

Recent studies, including our own, have identified these viral macro-
domains as hydrolases that counteract intracellular MARylation'*™**. For
CHIKYV, macrodomain hydrolase activity is essential for viral replication.
Mutations that disrupt ADP-ribose binding and consequently abolish
hydrolase activity result in a replication-deficient virus'""*. One function of
the CHIKV macrodomain is the reactivation of the essential viral protease,
which is inhibited by intracellular PARP enzymes'. In contrast, while the
hydrolase activity of the SARS-CoV-2 macrodomain 1 has little effect on
viral replication, it significantly affects the immunomodulatory functions of
the macrodomain. Specifically, a hydrolase-lacking SARS-CoV-2 permits a
robust antiviral immune response, promoting viral clearance. Conversely,
an active SARS-CoV-2 macrodomain contributes to viral pathogenesis by
suppressing the innate immune response™. These findings establish viral
macrodomains as promising antiviral drug targets’"*.

Afull list of affiliations appears at the end of the paper.
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The findings summarized above, together with the recognition that
various PARP family members are linked to innate immunity23 , and the
SARS-CoV-2 pandemic, suggest that viral macrodomains represent
potential therapeutic drug targets. Therefore, substantial interest has been
dedicated to screening for compounds that inhibit viral macrodomain
activity. Recent efforts included in silico modeling, fragments screening,
crystallography-based approaches, and in vitro screening techniques,
focusing on identifying small molecules that bind in the catalytic pocket of
the macrodomain®. Furthermore, novel assays have been developed to
monitor macrodomain hydrolase activity in vitro® .

In this study, we developed an assay to investigate the hydrolase activity
of macrodomains in cellulo. While studying PARP15 in the context of stress
granule biology, a suggestion based on a previous report™, we noticed that
GFP-tagged PARP15 isoform 1 (PARP15.1) formed nuclear foci. These foci
were unrelated to stress granules. They appeared to be dependent on the
ADP-ribosyltransferase activity of PARP15.1. This led to the question
whether PARP15.1 foci formation can be used to measure MAR hydrolase
activity in cell nuclei. Indeed, we found that PARP15.1 foci dissolve in
response to catalytically active hydrolases. Building on these findings, we
established stable cell lines enabling us to monitor macrodomain hydrolase
activity and, consequently, the screening for small molecule inhibitors
directly in living cells. Furthermore, the cell lines provide a platform to study
macrodomain mutants and assess compounds that target PARP15 directly.
Together, the established system is easily adaptable to different macro-
domains and offers the advantage of simultaneously addressing compound
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Fig. 1 | PARP15.1 accumulates in nuclear foci dependent on its MARylation
activity. a In vitro ADP-ribosylation assay. Recombinant Hiss-PARP15cat or Hise-
PARP15cat-H559Y proteins were incubated with radioactively labeled **P-NAD"*
for 30 min at 30 °C. Proteins were separated by SDS-PAGE and visualized by
Coomassie blue (CB) staining. The incorporated radioactive label was visualized by
exposure to X-ray films (P). b The expression of PARP15.1 fusion proteins in
U20S-tdTomato-G3BP1/GFP-PARP15 or U20S-tdTomato-G3BP1/GFP-
PARP15-H559Y was induced by increasing doxycycline concentrations as indicated.
Protein expression was evaluated by immunoblotting 24 h post-induction. PARP15
fusion proteins were visualized using a GFP antibody. y-Tubulin was detected as
loading control. ¢ U20S-tdTomato-G3BP1/GFP-PARP15 or U20S-tdTomato-
G3BP1-GFP-PARP15-H559Y were treated with 0.5 ug/ml doxycycline for 16 h to
induce expression of GFP-PARP15.1 variants. Cells were fixed, and PARP15.1
localization investigated by confocal microscopy. PARP15.1 and its catalytically
inactive mutant (H559Y) are stained in green, G3BP1 in magenta. Nuclei were
visualized by Hoechst staining (blue). Scale bar, 10 uM.

toxicity, cell permeability, target engagement, and activity in a physiologi-
cally relevant setting.

Results

PARP15 isoform 1 forms nuclear foci dependent on its catalytic
activity

To study the subcellular localization of PARP15.1, doxycycline-inducible
lentiviral vectors were generated that express GFP-tagged PARP15.1 or a
catalytically inactive mutant, PARP15.1-H559Y. These proteins were
introduced into U20S cells, which express endogenously tagged tdTomato-
G3BP1%. Theloss of enzymatic activity of the H559Y mutant was confirmed
by in vitro ADP-ribosylation assays comparing the automodification
activities of the bacterially expressed catalytic domains of PARP15
(PARPI15cat) and PARP15cat-H559Y (Fig. 1a).

The expression of GFP-PARP15.1 fusion proteins was evaluated fol-
lowing overnight treatment with varying doxycycline concentrations, as
assessed by immunoblotting (Fig. 1b). Both GFP-PARP15.1 and GFP-
PARP15.1-H559Y showed dose-dependent expression in response to
doxycycline, which was used to determine the optimal concentration of
0.5 pg/ml for subsequent subcellular localization experiments. The parental
U20S-tdTomato-G3BP1 cell line allowed for a straightforward visualiza-
tion of stress granules because G3BP1 is a key factor for stress granule
formation®”’. Therefore, we compared the localization of tdTomato-
G3BP1 and GFP-PARPI15.1 using confocal microscopy (Fig. 1c). GFP-
PARP15.1-expressing cells were fixed and stained with Hoechst to visualize
nuclei. PARP15.1 displayed exclusive nuclear localization, whereas G3BP1
was cytoplasmic as expected. Moreover, wildtype GFP-PARP15.1 appeared
in small dot-like structures, which we refer to as foci in the following. In
contrast, the catalytically inactive H559Y mutant exhibited a diffuse nuclear
distribution (Fig. 1c). Recent studies have linked ADP-ribosylation to the
regulation of biomolecular condensates™. Based on these initial findings, we
hypothesized that PARP15 catalytic activity similarly regulates its own
nuclear foci formation.

Establishment of an assay that allows for studying PARP15
activity and the hydrolase activity of viral macrodomains in cells
Based on these initial findings, we tested whether co-expression of hydro-
Iytically active macrodomains was able to dissolve GFP-PARP15.1 foci in
the nucleus (as schematically depicted in Fig. 2a). We established a system
allowing for the specific recruitment of a GFP-targeting nanobody-mac-
rodomain fusion protein to mEGFP-PARP15.1". To achieve equimolar and
controllable expression of GFP-PARP15.1 and the 3xFLAG-NLS-
nanobody®™ (NBF) fusion proteins, the two parts were linked with a
T2A site. Furthermore, the sequence coding for the NB“** was followed by a
Gateway cassette integrated into a pcDNAS5/FRT/TO plasmid (Fig. 2b). This
construct allows for an easy recombination of any macrodomain or
respective mutant of interest into the plasmid using Gateway cloning.
Further, it can be used to generate stable doxycycline-inducible Flp-In
T-REx cells, e.g., in HeLa, HEK293 or U208 cells”.

We initially tested these constructs for expression and functionality
(Fig. 2¢, d). Therefore, we transiently transfected constructs that express
GFP-PARP15.1-T2A-NB“*-macrodomain fusions of SARS-CoV-2 and
CHIKV and mutants thereof in HEK293 cells. Protein expression was
analyzed by immunoblotting (Fig. 2c). From all constructs analyzed in this
study, GFP-PARP15.1 or GFP-PARP15.1-KR (a mutant in which two
ubiquitin acceptor lysines were changed to arginine, see below) as well as the
respective macrodomain fusions (Chikungunya virus macrodomain
(CHIKV MD) and the catalytically inactive mutant CHIKV MD V33E
(VE)) or SARS-CoV-2 macrodomain 1 (CoV2 MD) along with mutants
N40R, G130D, F132V, D22V, G48V, or G130V) were expressed as indi-
vidual proteins, confirming the functionality of the T2A site (Fig. 2¢).

To visualize the recruitment of the 3xFLAG-NLS-NB“*-macro-
domains to GFP-PARP15.1, U20S cells were transiently transfected with
the respective constructs, and the localization of the two fusion proteins was
analyzed by confocal microscopy (Fig. 2d). In the control experiment
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Fig. 2 | Exploiting PARP15.1 localization for assay development. a Schematic
representation of the assay illustrating foci formation of MARylated PARP15.1,
which is reversed upon hydrolase activity of a macrodomain (created in BioRender.
Verheugd, P. (2026) https://BioRender.com/zmla7k2). b Schematic representation
of constructs designed to generate cell lines stably expressing the indicated fusion
proteins. The integration of a T2A site between GFP-PARP15 and the 3xFLAG-
NLS-NB®" (a GFP-specific nanobody) enables the simultaneous expression of both
fusion proteins in equimolar ratios. Additionally, the inclusion of a Gateway cassette
downstream of the sequence encoding the NB'* facilitates recombination of various
macrodomains or their respective mutants for analysis. GFP green fluorescent
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protein, MD macrodomain, NLS nuclear localization signal, NB nanobody. ¢ The
indicated constructs were transiently expressed in HEK293 cells. Protein expression
was analyzed by immunoblotting. GFP-PARP15.1 was detected using a specific
PARP15 antibody, 3x-FLAG-NLS-NB®*" fusion proteins were visualized by an anti-
FLAG antibody. y-Tubulin served as loading control. d U20S cells were transiently
transfected with constructs as shown in (b) expressing GFP-PARP15.1 and the
indicated NB*, either without the MD, with the SARS-CoV-2 MD, the CHIKV
MD, or its catalytically inactive mutant (V33E). Cells were fixed, nuclei visualized by
Hoechst staining (blue) and localization of GFP-PARP15.1 (green) and 3xFLAG-
NLS-NB®" variants (red) determined by confocal microscopy.
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without expression of a macrodomain, GFP-PARP15.1 accumulated in
nuclear foci, corroborating our initial observations. Furthermore, signals
from the NBS™ stained with a FLAG-selective antibody and from the
fluorescence of the GFP-PARP15.1 fusion protein overlapped, demon-
strating that the 3x-FLAG-NLS-NB" was efficiently recruited to the GFP-
tagged fusion protein (Fig. 2d).

As hypothesized, fusion of the viral macrodomain from either SARS-
CoV-2 or CHIKV to 3xFLAG-NLS-NB®™ resulted in a uniform nuclear
distribution of GFP-PARP15.1, similar to the pattern observed with the
catalytically inactive PARP15.1-H559Y mutant (Fig. 1c). In contrast, when
the catalytically inactive CHIKV macrodomain variant (V33E), which
shows very limited deMARylation activity'®, was fused to the NB®™,
PARP15.1 retained its accumulation in nuclear foci (Fig. 2d).

In summary, our findings demonstrate that the accumulation of GFP-
PARPI5.1 in nuclear foci is MARylation-dependent. Recruitment of
hydrolytically active viral macrodomains effectively disrupts foci formation,
leading to a uniform nuclear distribution of GFP-PARP15.1, consistent with
reversing MARylation.

PARP15 inhibitors dissolve GFP-PARP15.1 foci

Based on our initial findings, we utilized pcDNA5/FRT/TO plasmids
encoding GFP-PARP15.1-T2A-3xFLAG-NLS-NB“, either fused or not to
a viral macrodomain, to generate stable HeLa Flp-In TRex cells”. These cells
enable doxycycline-dependent induction of the fusion proteins. To evaluate
their potential for future screenings, we tested PARP15.1 foci formation and
its dependence on MARylation activity by applying the recently developed
PARP15 inhibitors OUL232 and OUL243 (Figs. 3a, b, and S1)*. HeLa Flp-
In TRex cells expressing GFP-PARP15.1-T2A-3xFLAG-NLS-NB®" were
seeded for live-cell imaging. Protein expression was induced, and cells were
either left untreated or treated with DMSO (vehicle control), OUL232 or
OUL243. Nuclei were stained with SpyDNA, and GFP-PARP15.1 locali-
zation was subsequently analyzed via live-cell confocal microscope
(Figs. 3b and S1). In untreated or DMSO-treated control cells, GFP-
PARP15.1 exhibited nuclear foci. However, treatment with OUL232, which
inhibits PARP15 MARylation activity, disrupted foci formation, resulting in
a uniform nuclear distribution of GFP-PARP15.1.

To quantitatively assess foci formation versus uniform nuclear dis-
tribution as well as the numbers of foci per nucleus, we established an
analysis pipeline using CellProfiler*'. This pipeline enabled the automated
analysis of the obtained data from microscopic analysis (Fig. 3c). Applying
this pipeline to images from this inhibitor study revealed the proportions of
cells displaying uniformly distributed GFP-PARP15.1 (“spread”), distinct
nuclear foci, or a combination of both patterns (Fig. 3d, e, Supplementary
Data 1 and 2). In control samples (untreated or DMSO-treated), the
majority of cells displayed either PARP15.1 nuclear foci or a combination of
foci and spread signals, with only a small fraction of cells exhibiting uni-
formly distributed PARP15.1. Treatment with OUL232 resulted in a dose-
dependent increase of the proportion of cells with spread GFP-PARP15.1
localization, while the proportion of cells exhibiting foci or both localization
patterns decreased. Similarly, treatment with OUL243 also reduced the
number of cells displaying PARP15.1 foci and increased the proportion of
cells with uniformly distributed PARP15.1, albeit OUL243 having a less
potent response than OUL232, consistent with the reduced potency of the
former inhibiting PARP15 catalytic activity in vitro*’ (Fig. 3d, e). This trend
was further reflected in the number of GFP-PARP15.1 foci per nucleus.
Even at concentrations of 1.25uM, OUL232 significantly reduced the
number of nuclear foci, with complete ablation observed at 5 uM. In con-
trast, OUL243 required a concentration of 10 pM to significantly reduce foci
formation (Fig. 3e).

In summary, these findings demonstrate that the stable HeLa Flp-In
TRex cells expressing GFP-PARP15.1-T2A-3xFLAG-NLS-NB“* form
nuclear foci in a MARylation-dependent manner. Thus, this assay repre-
sents a reliable tool for screening and studying potential inhibitory com-
pounds targeting PARP15 catalytic activity in cells.

In silico analysis of the SARS-CoV-2 macrodomain identifies
catalytically important amino acids

To identify amino acids critical for ADP-ribose binding and thus potentially
hydrolase activity, an in silico alanine scan was conducted on the SARS-
CoV-2 macrodomain guided by the structure of an with ADP-ribose X-ray
structure (PDB ID: 7KQP)*. This computational technique systematically
replaces amino acid residues in a protein, for example, at the ligand binding
site interface, with alanine to evaluate their contributions to binding
energy". Alanine was selected due to its small size, nonpolar nature, and lack
of reactive side chain groups, making it a good choice to assess the energetic
contributions of side chain interactions. The alanine scan identified four key
residues predicted to be critical for ADP-ribose binding, namely N40, V49,
F132, and F156 (Fig. 4a). In addition, residues D22, G48, and G130 were
included in the analysis due to their high conservation across viral macro-
domains. Interestingly, the disruption of the corresponding positions N40
(CHIKV N24), V49 (CHIKV V33) and F132 (CHIKV Y114) in the CHIKV
macrodomain has been shown to impair hydrolase activity'*.

Subsequently, each of the identified residues was mutated to amino
acids other than the wild-type residue, and the impact of each substitution
was assessed by re-docking ADP-ribose to the macrodomain mutants. The
docking scores of the ADP-ribose in complex with macrodomain mutants
were then compared to those in complex with the wildtype macrodomain
(Fig. 4b). This procedure enabled the identification of the most disruptive
mutants for each critical position identified in the alanine scan (Fig. 4a).
Based on the results of the in silico mutational analyses, multiple sequence
analyses and previous mutation studies of the CHIKV macrodomain, three
specific mutants, N40R, G130D, and F132V were selected for experimental
validation and further computational studies.

The structural stability of these mutants was subsequently evaluated
using molecular dynamics simulations to predict potential local unfolding
events. All mutants demonstrated stable conformations with backbone
RMSD (root mean square deviation) values averaging 1.7 A (Fig. 4c).
Additionally, the secondary structures of all macrodomain mutants were
predicted to be preserved. However, RMSF (root mean square fluctuation)
analysis for the F132V mutant revealed slight conformational changes in the
side chains of residues within the ADP-ribose binding site (Fig. 4d).

A detailed analysis of the impact of each substitution on ADP-ribose
binding, compared to the wild-type macrodomain, revealed minor altera-
tions in the ADP-ribose binding pocket (Fig. 5a). While the adenosine
subpocket appeared unaltered, mutant-dependent variations were observed
in the diphosphate and distal ADP-ribose subpockets (Fig. 5b—d). Across all
three mutants, ADP-ribose consistently formed two hydrogen bonds in the
adenosine binding subpocket: one between D22 and the primary amine of
the adenine moiety, and the other between 123 and the adenine ring,
comparable to the wildtype macrodomain (Fig. 5b-d). However, in the
diphosphate and the distal ribose subpockets, the interaction patterns are
different among the mutants.

In detail, in the diphosphate subpocket, the number of contacts varied
among mutants. The N40R and F132V mutants displayed interaction patterns
similar to the wild-type macrodomain, with ADP-ribose forming hydrogen
bonds with the backbone of V49, S128, G130, 1131, and F132 (or V132 in the
case of the F132V mutant) (Fig. 5b, ¢). In contrast, the G130D mutant
maintained a comparable number of hydrogen bonds to the wildtype, but
these involved interactions with V49, §128, F132, D130, D50, L126, and G49
(Fig. 5d). Considering the distal ADP-ribose subpocket for the F132V and
G130D mutants, ADP-ribose formed hydrogen bonds with N40 and G46 as in
the wildtype, while the N40R mutant exhibited hydrogen bonding exclusively
through G46 (Fig. 5a-d). Concluding from the in silico interaction analyses,
the N40R, G130D, and F132V mutants are likely to reduce ADP-ribose
binding without affecting the structural integrity of the mutant macrodomains.

Evaluation of viral macrodomain mutants in cells
Next, we sought to use the developed in cellulo assay to evaluate the potential
hydrolase deficiencies of the SARS-CoV-2 macrodomain mutants, which
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were expressed to comparable levels (Fig. 2¢), as predicted from the previous
in silico analysis (Figs. 4 and 5). Therefore, we employed HeLa Flp-In T-REx
cells expressing GFP-PARP15.1-T2A-3xFLAG-NLS-NB“*-SARS-CoV-2
macrodomain or its mutant variants (N40R, G130D, and F132V) to analyze
GFP-PARPI5.1 foci formation (Fig. 6a). As shown before in our transient
assays, GFP-PARP15.1 formed nuclear foci in the absence of a

macrodomain, which were dissolved upon co-expression of the wild-type
SARS-CoV-2 macrodomain (Fig. 6b, c). Although the G130D substitution
in the catalytic cleft of the macrodomain was predicted to cause steric
hindrance of ADP-ribose binding and was confirmed as inactive in in vitro
deMARylation assays'’, co-expression of SARS-CoV-2 macrodomain
G130D resulted in spread GFP-PARP15.1 signals. Thus, this mutant was
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Fig. 3 | Evaluation and quantification of foci upon PARP15 inhibitor treatment.
a Schematic representation of the assay when used to evaluate small molecule
inhibitors targeting PARP15 (created in BioRender. Verheugd, P. (2026) https://
BioRender.com/a35t588). MARylation-dependent PARP15.1 foci are resolved upon
addition of OUL232 or OUL243, resulting in a shift from foci formation to a uni-
form, spread signal distribution. b-e HeLa-Flp-In TRex-GFP-PARP15.1-T2A-
3xFLAG-NB cells were treated with 1 pg/ml doxycycline to induce protein
expression. Additionally, the cells were treated or not with the indicated amounts of
compounds OUL232 or OUL243 overnight. DMSO served as the vehicle control.
One hour prior to analysis by confocal microscopy, SpyDNA was added to stain
nuclei. Live-cell imaging was performed using confocal microscopy.

b Representative confocal microscopy images showing GFP-PARP15.1 (magenta),
SpyDNA (blue) or the merged images. ¢ Schematic representation of the established

CellProfiler pipeline. d, e Images obtained from confocal microscopy were analyzed
with CellProfiler. d Data were plotted with ggplot in R to indicate percentages of cells
showing either nuclear foci (blue), uniformly distributed, spread signal (black), or a
combination of both (yellow) for the indicated treatments. e Boxplot overlaid with
individual values illustrating the number of foci per nucleus for the indicated
treatments, differentiating between foci only (blue), spread signal (black) or a
combination of both (yellow). Outliers were removed by the IQR method and p-
values were calculated using pairwise Wilcoxon test, adjusted by false discovery rate
applying the rstatix package in R. (**p < 0.01; ****p < 0.0001; ns, not significant; of
2-5 biological replicates, a total of 182 (control (n =4)); 103 and 56 (DMSO 0.05%
(n=3) and 0.1% (n = 2), respectively); 77, 95 and 147 (OUL232 1.25 uM (n = 3),
2.5uM (n=4) and 5 uM (n = 5), respectively); 103 and 59 (OUL243 5 uM (n = 3)
and 10 pM (n = 2), respectively) nuclei with GFP signal were evaluated).
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active in our cellular assay, unlike what was predicted from the in silico
analysis (Figs. 4 and 5) and in vitro assays'.

Additionally, we tested the N40R and F132V SARS-CoV-2 macro-
domain mutants that were predicted to lose hydrolytic activity in our in silico
analyses (Figs. 4 and 5). Co-expression of either of the two SARS-CoV-2
macrodomain mutants resulted in the retention of PARP15.1 nuclear foci,
consistent with a loss of hydrolytic activity (Fig. 6b, c). As controls, we
included the CHIKV macrodomain and its catalytically inactive mutant,
V33E. As expected and analogous to the SARS-CoV-2 macrodomain, the
CHIKV macrodomain disrupted GFP-PARP15.1 foci, leading to a uniform
nuclear distribution of the GFP signal. Co-expression of the CHIKV V33E

macrodomain mutant, however, allowed GFP-PARP15.1 to persist in nuclear
foci (Fig. 6b, c). These findings are consistent with previous biochemical and
in cellulo analyses showing that the V33E substitution in the catalytic cleft of
the CHIKV macrodomain results in a loss of hydrolase activity'® and does not
support efficient viral replication'”. The observed localization and distribution
patterns of GFP-PARP15.1 were further validated through quantitative
analysis using our CellProfiler pipeline (Fig. 6¢, Supplementary Data 1 and 3).

In conclusion, our assay not only provides a robust platform for testing
potential inhibitors targeting PARP15 activity but also facilitates the in
cellulo evaluation of hydrolase-deficient mutants by assessing the dis-
appearance or persistence of PARP15.1 nuclear foci.
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Fig. 5 | Structural evaluation of ADP-ribose binding to the SARS-CoV-2 mac-
rodomain and mutants. a Macrodomain wildtype in complex with ADP-ribose
(sites for substitution are indicated in magenta). Lower panel shows the

protein-ligand interaction diagram. b—d 3D representation of the indicated mutants
in complex with ADPr and 2D representation of the protein-ligand interactions to
the right site. b N40R mutant ¢ F132V mutant d G130D mutant.

Evaluation of recently published potential SARS-CoV-2 macro-
domain inhibitors in cells

Our assay provides the opportunity to screen for compounds targeting the
individual viral macrodomain in cellulo (Fig. 7a). Based on our findings
described above, we expected that inhibition of the macrodomain prevents
loss of MARylation and thus results in reappearance of PARP15.1 nuclear
foci. To evaluate this, we tested compounds that have been reported to target
the SARS-CoV-2 macrodomain in vitro>***. However, none of the tested
compounds showed effects on the PARP15.1 localization, suggesting that
they were not active in our in cellulo assay (Fig. 7b, ¢, Supplementary
Data 1 and 4). Thus, although these compounds were predicted to inhibit
the macrodomain or were found to interfere with SARS-CoV-2 replication,
possibly through inhibiting the macrodomain, they were nonfunctional in
our cell-based assay despite using high concentration of the compounds.

Evolving the in cellulo assay by employing PARP15-KR, a more
stable PARP15 mutant

When inducing protein expression in our stable cell lines in parallel, we
observed that protein levels of PARP15.1 wildtype and its catalytically
inactive PARP15.1-HY mutant varied considerably when analyzed in par-
allel (Fig. 8a). While PARP15.1 wildtype protein was barely detectable on
Immunoblots, the PARP15.1-HY mutant exhibited robust protein expres-
sion. Inhibiting PARPI15 catalytic activity with OUL232 increased
PARP15.1 protein abundance, suggesting that PARP15 is destabilized in
response to its MARylation function (Fig. 8a). In support, OUL232 did not
further stabilize PARP15.1-HY (Fig. 8a). Because protein turnover is often
mediated by ubiquitination, we substituted lysine residues at positions 128
and 132, which are unique to isoform 1 and are known as ubiquitin acceptor
sites (according to PhophoSitePlus), with arginine. This PARP15.1-K128/

135R (PARP15-KR) mutant was indeed more stable than the wild-type
protein, comparable to the catalytically inactive mutant (Figs. 8a and S2a).
Moreover, PARP15.1-KR formed foci efficiently, which appeared somewhat
larger and which is consistent with preserved MARylation activity (Fig. 8b).

Next, we expanded the repertoire of SARS-CoV2 MD mutants by
introducing D22V, G48V, and G130V variants'’, which we tested in the
PARP15.1-KR system due to its higher frequency of foci formation compared
with the wild-type protein (Figs. 8b-d and S2b). Expression of the SARS-
CoV2-MD wildtype, consistent with our previous findings, disrupted
PARP15.1-KR foci and resulted in a uniform nuclear signal (Fig. 8c). In
contrast, co-expression with the SARS-CoV2 MD D22V or G130V variants
led to persistence of PARP15.1-KR foci, indicating that these mutants are
hydrolytically inactive, in agreement with published data’. Though the G48V
mutant affected foci formation to a lesser extend, the proportion of cells with
both foci and spread signal still increased (Fig. 8¢, d, Supplementary
Data 1 and 5).

Finally, we tested a set of recently published MD inhibitors in the
improved assay employing PARP15.1-KR (Fig. 8e, ). Treatment with
compounds 5a, 5¢, or 6b resulted in minor effects on the nuclear distribution
of the GFP-PARP15.1-KR signal, comparable to the control treated with
DMSO, suggesting that these compounds are inactive against the SARS-
CoV2 MD in our in cellulo assay. In contrast, treatment with compounds 6d
and 6e restored partially PARP15.1-KR foci formation, indicating that these
inhibitors engage their target in cells (Fig. 8e, f, Supplementary
Data 1 and 6), consistent with recent reports™.

In summary, the establishment of the PARP15.1-KR mutant in our in
cellulo assay provides a more robust and reliable readout of foci formation
versus diffuse nuclear signal compared to the assay including the PARP15
wildtype protein. This enhanced system enabled us to characterize additional
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a Schematic representation of the assay when used to evaluate macrodomain
mutants (created in BioRender. Verheugd, P. (2026) https://BioRender.com/
j53d353). MARylation-dependent PARP15.1 foci are resolved upon recruitment of a
hydrolytically active macrodomains, resulting in a shift from foci formation to a
uniform, spread signal distribution. In contrast, mutations that disrupt hydrolase
activity (viral macrodomain mutants, such as CHIKV MD V33E or SARS-CoV-2
MD F132V, G130D, N40R, see b, ¢) preserve PARP15.1 foci formation. b Stable
HeLa Flp-In T-REx cells were induced for expression of GFP-PARP15.1 and the
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different 3xFLAG-NB“"-macrodomain fusion proteins by 1 pg/ml doxycycline
overnight. One hour prior to live-cell imaging using confocal microscopy, nuclei
were stained using SpyDNA. Representative images of each cell line are shown with
GFP-PARP15.1 in magenta, SpyDNA staining in blue and merged pictures. c Images
obtained from confocal microscopy were analyzed using the CellProfiler pipeline.
The data were plotted with ggplot in R to indicate percentages of cells showing either
nuclear foci (blue), uniformly distributed, spread signal (black), or both (yellow) in
the presence of the respective macrodomain variant.

SARS-CoV2 MD variants and, importantly, to assess the inhibitory potential
of newly reported MD inhibitors, supporting the suitability of this assay as a
screening platform for compounds targeting viral macrodomains.

Discussion
With the onset of the SARS-CoV-2 pandemic, viral macrodomains have
garnered attention as potential therapeutic targets due to their roles in

immunomodulation and viral replication’"*’. Numerous studies aimed at the
development of assays that facilitate the identification of small molecule
inhibitors targeting the SARS-CoV-2 macrodomain™>****7#*044- Most
of these approaches focused on identifying molecules that bind to the ADPr
binding pocket of the SARS-CoV-2 macrodomain®*"*****>* For example,
Schuller et al. used fragment-based crystallography to visualize high-
resolution binding modes of diverse fragments and explore the chemical
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Fig. 7 | Evaluation of compounds suggested to
interfere with the catalytic activity of the SARS-
CoV-2 macrodomain in cells. a Schematic repre-
sentation of the assay when used to investigate the
inhibitory potential of small molecular compounds
targeting the SARS-CoV-2 macrodomain (created
in BioRender. Verheugd, P. (2026) https://
BioRender.com/q91u685). Recruitment of a
hydrolytically active macrodomain results in reso-
lution of PARP15.1 foci. Inhibitory compounds
targeting the macrodomain preserve PARP15.1 foci
formation. b, c HeLa Flp-In T-REx cells were treated
with 1 pg/ml doxycycline to induce the expression of
GFP-PARP15.1-T2A-3xFLAG-NB“*-SARS-CoV -
2 macrodomain. The cells were treated with the
indicated inhibitors overnight. One hour prior to
evaluation by confocal microscopy, nuclei were
stained using SpyDNA. b Representative images
from confocal microscopy are shown with GFP-
PARP15.1 (magenta), SpyDNA (blue), or the
merged picture. ¢ Images from confocal microscopy
were evaluated with the CellProfiler Pipeline and
data plotted with ggplot in R. The percentage of cells
showing foci (blue), spread signal (black), or both
(yellow) is illustrated upon the indicated treatments.
For control the 3xFLAG-nanobody construct alone,
untreated cells, or DMSO vehicle was included.
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binding space of the SARS-CoV-2 macrodomain®**’. Promising candidates
were further investigated by biophysical techniques, such as homogenous
time-resolved fluorescence (HTRF) assay, differential scanning fluorimetry
(DSF), or isothermal titration calorimetry (ITC), all of which measure
binding of a ligand to a macrodomain®*. Brosey et al. analyzed previously
developed poly-ADP-ribose glycohydrolase inhibitor (PARG;) fragments to

assess their interaction with the SARS-CoV-2 ADPr binding pocket, pro-
viding additional structural insights”. Similarly, Ni et al. determined by co-
crystallization that the remdesivir analog GS441524 binds to the SARS-CoV-
2 macrodomain’s ADPr pocket, which was confirmed by ITC studies®.
Other studies have employed displacement assays using ADP-
ribosylated peptide tracers to measure competitive binding of potential
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inhibitors. While these assays effectively evaluate binding, they are unable to
assess the hydrolytic activity of the macrodomain due to the nature of the
tracer peptide. Moreover, the binding affinities of these tracers can vary
significantly across different macrodomains, limiting their applicability to a
broad spectrum of macrodomains™********, For instance, Gahbauer et al.
performed in silico design of merged fragments and, as a second approach,

large library docking to identify potential SARS-CoV-2 macrodomain
inhibitors. These candidates were subsequently evaluated using ITC, DSF,
and HTRF assays, followed by structural studies via crystallographic soaking
experiments. However, these compounds with promising binding profiles
displayed poor cell permeability. Also, effects on viral pathogenicity or
immunomodulation remain unexplored under physiological conditions.
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Fig. 8 | Advanced assay system using PARP15.1-KR, a more stable version of
PARP15.1. a Stable U20S Flp-In TREx cells were induced by 0.5 pg/ml doxycycline
for the expression of GFP-PARP15.1 (wt, -HY, -KR). The cells were treated subse-
quently with DMSO or OUL232 as indicated. Cell lysates were separated and ana-
lyzed for protein abundance via immunoblotting. b Representative images from
confocal microscopy indicating the localization pattern of GFP-PARP15.1 and
mutant variants (magenta) in the stable U20S Flp-In TREx upon doxycycline-
induced expression. Nuclei were stained using SpyDNA, applied one hour prior to
live-cell imaging (blue). ¢ Stable HeLa Flp-In T-REx cells were induced for
expression of GFP-PARP15.1-KR and the indicated 3xFLAG-NB“*-macrodomain
fusion proteins by 1 ug/ml doxycycline overnight. One hour prior to live-cell

imaging by confocal microscopy, nuclei were stained using SpyDNA. Representative
images of each cell line are shown with GFP-PARP15.1-KR (magenta), SpyDNA
(blue) and merged. d Images obtained from confocal microscopy were analyzed
using the CellProfiler pipeline. The data were plotted with ggplot in R to indicate
percentages of cells showing either nuclear foci (blue), uniformly distributed, spread
signal (black), or both (yellow) in the presence of the respective macrodomain
variant. e Stable HeLa Flp-In T-REx cells were induced for expression of GFP-
PARP15.1-KR and the SARS-CoV2 MD wt and subsequently left untreated, treated
with DMSO or the indicated inhibitors overnight. Representative images of each
condition are shown with GFP-PARP15.1-KR (magenta), SpyDNA (blue) and
merged. f As in (d), but here upon treatment with the indicated inhibitors.

This highlights not only the potential limitations of the identified molecules
but also the need for suitable cell-based assays to evaluate these leads in more
biologically relevant settings™.

Recent advances have focused on the development of assays, which
directly assess the enzymatic activity of macrodomains.’>**"’. The so-called
ADPr-Glo assay, a luminescence-based assay, measures the de-MARylation
activity of macrodomains by quantifying free ADP-ribose. This is subse-
quently converted to AMP via the ADP-ribose pyrophosphatase NudF.
AMP levels are then quantified using a commercially available AMP-Glo
assay. While effective, this method involves multiple enzymatic steps
requiring extensive controls and countermeasures”. A more streamlined
approach developed by Ildefeld et al. leverages HTRF to monitor macro-
domain hydrolase activity’’. This assay uses an auto-MARylated PARP10
catalytic domain coupled to a terbium-cryptate as a substrate and exploits
subsequent specific interaction with GFP-labeled PARP14 macrodomains 2
and 3****. In all these in vitro assays, parameters are highly controlled with
only limited reaction partners, yet they fail to address critical properties,
such as cell permeability, cytotoxicity, and antiviral or immunomodulatory
effects, all of which are essential for evaluating therapeutic potential in
physiologically relevant conditions. The lack of robust cell-based assays
remains a significant barrier to fully characterize the therapeutic efficacy of
potential macrodomain inhibitors.

One notable advance toward cellular studies was made by Russo et al.,
who developed a method to assess macrodomain hydrolase activity in cells.
They observed that treatment with type I or II interferons increased ADP-
ribose fluorescence intensity in a PARP9/DTX3L-dependent manner,
which can be modulated by expression of the SARS-CoV-2 macrodomain.
While promising, this approach relies on antibody staining of fixed cells
prior to confocal microscopy-based analysis, which is time-consuming and
likely limits its throughput and scalability™.

In the current study, we describe a novel in cellulo assay for evaluating
hydrolase activity of both cellular and viral macrodomains, including the
SARS-CoV-2 and the CHIKV macrodomains. This assay exploits the
observation that MARylated PARP15.1 forms nuclear foci, a pattern dis-
rupted by hydrolytically active macrodomains (Figs. 1-3). This phenom-
enon can be visualized in live cells, providing a straightforward,
physiologically relevant readout for macrodomain hydrolase activity.
Importantly, the catalytic domain of PARP15 has been validated as a sui-
table substrate for multiple viral macrodomains'®, making this assay readily
adaptable to study diverse macrodomains and mutants thereof. However,
the relatively low expression of PARP15.1 in cells has made the analysis
somewhat challenging. Therefore, to further improve our assay, we devel-
oped the PARP15-K128R/K135R mutant, which is more stable than wild-
type PARP15 due to the substitution of the two ubiquitin acceptor lysines
with arginine. This results in a more robust and reliable readout of hydrolase
activity in cells.

Using this PARP15.1 in cellulo assay, we analyzed SARS-CoV-2
macrodomain mutants to investigate their hydrolase activity. Based on in
silico analyses of the macrodomain structure in complex with ADP-ribose,
potentially critical amino acids in the ADPr binding pocket were substituted
(N40R, G130D, and F132V) (Figs. 4 and 5). In addition, we included pre-
viously identified catalytically inactive mutant variants (D22V, G48V, and
G130V)", which we analyzed in our advanced assay system based on

PARP15-KR (Fig. 8c, d). In agreement with previous in vitro findings',
mutations at positions N40 or F132 of the SARS-CoV2 MD significantly
diminished hydrolase activity (Fig. 6). The G130V mutant completely
abolished catalytic activity in vitro'’, and was inactive in cells (Fig. 8c, d). In
contrast, the G130D substitution retained hydrolase activity in cells (Fig. 6b,
¢), which is likely attributed to the specific amino acid substitution. Fur-
thermore, the D22V and G48V mutant variants revealed a loss of hydrolase
activity (Fig. 8c, d), consistent with published in vitro data'.

In addition, we also tested recently identified compounds, including
the remdesivir analog GS-441524*, MDOLL-0229" and a series of small
molecules (Z853_0023, Z8539_0029, Z3122, LL1_0023, LRH-0003, Z8539)
identified by Gahbauer et al.””. Despite their promising binding profiles and
application at high concentrations, none of these compounds showed
hydrolase inhibitory activity in cells (Fig. 7). This underscores the critical
need to evaluate candidate inhibitors in cell-based systems that account for
physiological factors. A plausible explanation for the lack of activity may be
poor cell-permeability, as previously noted for compounds identified by
Gahbauer and colleagues™, or poor target engagement in cells.

(GS441524, a nucleoside analog of AMP, was initially shown to inhibit
the SARS-CoV-2 RNA-dependent RNA polymerase, reducing viral RNA
synthesis and thus replication®*. GS441524 binds to and inhibits the SARS-
CoV-2 macrodomain with a K, of roughly 10 uM in vitro, as demonstrated
by crystallography and ITC". Considering that the concentration of ADP-
ribose and of MARylated proteins is low under unstressed conditions™ and
that GS441524 is taken up by cells’™*, we expected some inhibition of
catalytic activity. However, our results indicate that the SARS-CoV-2 MD is
not targeted by GS441524 in a cellular context. Similarly, the MDOLL-0229,
which was identified via a peptide displacement assay and subsequently
validated in a SARS-CoV-2 replication assay, failed to inhibit hydrolase
activity in our in cellulo system. In the original study, pretreatment of Calu-3
cells with MDOLL-0229 and IFNy prior to infection with SARS-CoV-2
reduced plaque-forming units, suggesting antiviral activity and cell
permeability”’. However, target engagement in cells was not addressed, and
our results raise the possibility that the observed reduction in viral repli-
cation may be due to indirect effects rather than specific inhibition of
macrodomain activity.

As none of the previously tested inhibitors exhibited functionality in
our system, we expanded the inhibitor analysis by a set of pyrollo-
pyrimidine-based compounds recently identified as SARS-CoV2 MD
inhibitors (Fig. 8d, )™, In contrast to the earlier compounds, but consistent
with the published data, compounds 6d and 6e, previously shown to inhibit
the MD and consequently the replication of murine hepatitis virus
(MHV)”, also displayed inhibitory effects in our system.

In summary, our assay provides a valuable tool to study the hydrolytic
activity of various macrodomains under physiologically relevant conditions.
In addition, it allows to evaluate the catalytic activity of PARP15 in cells. It
enables the evaluation of the effects of candidate inhibitory compounds of
the catalytic activities of both macrodomains and PARP15, while simulta-
neously assessing cell toxicity and cellular availability of such candidate
compounds. However, the detection of effects on PARP15 MARylation
alone might not fully reflect inhibition of macrodomain-dependent sig-
naling or viral replication. Complementary analysis, such as assessing viral
propagation, will be necessary to fully validate the functional impact of
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candidate compounds. Nonetheless, this live-cell imaging approach repre-
sents a significant advancement to directly evaluate macrodomain inhibi-
tors, bridging the gap between in vitro biochemical assays and more
complex physiological or viral models.

Material and methods

Cell lines and cell cultures

U20S-tdTomato-G3BP1 (provided by Paul Taylor, St. Jude Children’s
Hospital, Memphis, USA)*, U20S-tdTomato-G3BP1/EGFPm-PARP15
(this study), U20S (originally obtained from DSMZ, ACC 785) and stable
U20S Flp-In T-Rex (provided by Dorothee Dormann, Johannes Gutenberg
University, Mainz, Germany), stable HeLa Flp-In T-REx cells (originally
provided by Steven Taylor, the University of Manchester, Manchester, UK),
as well as HEK293 cells (originally obtained from DSMZ, ACC 305) were
cultivated in DMEM supplemented with 10% heat-inactivated fetal calf
serum (FCS) at 37 °C in 5% CO,. Stable HeLa Flp-In T-REx cell lines were
additionally supplemented with 15 pg/mL Blasticidin S (Invivogen, ant-bl-
5b) and 200 pg/mL Hygromycin B (Invivogen, ant-hg-1) for selection
during every second passage. Thawed cells were regularly tested for
mycoplasma. Therefore, genomic DNA was isolated using the peqGOLD
tissue DNA Mini Kit (Peglab, 123396) and subsequently a PCR was per-
formed to detect potential mycoplasma DNA using specific primers (GPO-
1: 5-ACTCCTACGGGAGGCAGCAGTA-3/, MGSO: 5-TGCAC-
CATCTGTCACTCTGTTAACCTC-3')".

U20S§-tdTomato-G3BP1-EGFPm-PARP15.1 and -PARP15.1-H559Y
were constructed via lentiviral transduction. To generate lentiviral particles,
HEK293T cells were transiently transfected with pLIX403-EGFPm-
PARP15.1 or pLIX403-EGFPm-PARP15.1-H559Y, psPAX2, and pCMV-
VSV-G using the calcium phosphate precipitation method. Two days after
transfection, the supernatant containing mature lentiviral particles was
collected and filtered using a 0.45 um sterile filter. For lentiviral transduc-
tion, U20S-tdTomato-G3BP1 cells were grown to 40% confluence, and
normal DMEM replaced by 1 mL 10x Polybrene-DMEM, before adding
4.5 mL of the virus-containing supernatant and 4.5 mL DMEM. Six hours
after transduction, the polybrene-containing medium was replaced by
normal DMEM. This procedure was repeated the next day. Cells were
selected using 1 ug/mL Puromycin.

U20S Flp-In TREx cells were transfected with pcDNA5/FRT/TO-
EGFPm-PARPI15.1, -PARP15.1-HY, or PARP15.1-KR whereas HeLa Flp-
In T-REx cells were transfected with pcDNAS5/FRT/TO-EGFPm-
PARPI15.1-T2A-3xFLAG-NLS-NB®", -SARS-CoV-2 MD, -SARS-CoV-2
MD N40R, SARS-CoV-2 MD G130D, SARS-CoV-2 MD F132V, -CHIKV
MD, or CHIKV MD V33E, or pcDNA5/FRT/TO-EGFPm-PARP15.1KR-
T2A-3xFLAG-NLS-NB®"-SARS-CoV-2 MD, -SARS-CoV2 MD D22V,
-SARS-CoV2 MD G48V, or -SARS-CoV2 MD G130V and pOG44 (Invi-
trogen) using Lipofectamine 3000 according to the manufacturer’s protocol.
Cells were selected for efficient integration using 15 pg/mL blasticidin S
(Invivogen, ant-bl-5b) and 200 pg/mL hygromycin B (Invivogen, ant-hg-1).

Reagents and antibodies

The following reagents were used in this study: 8-NAD™ (Sigma-Aldrich,
N6522), ¥P-NAD" (Hartmann, FP-321), Protease inhibitor cocktail
(Sigma-Aldrich, P8340; MedChem Express, HY-K0011), polybrene (Hex-
adimethrinbromid, Sigma Aldrich, 107689), doxycycline (Sigma-Aldrich,
D9891), Z8539_0023 (Enamine-ID: Z5010894404; 4-hydroxy-1-{4-[(phe-
nylcarbamoyl)amino]benzamido}-2.3-dihydro- 1H-indene-2-carboxylic
acid), Z8539_0029 (Enamine-ID: Z5010894407; 1-{4-[(cyclopropylcarba-
moyl)amino]benzamido}-2,3-dihydro- 1H-indene-2-carboxylic acid),
73122 (Enamine-ID: Z5389393122; 3-(4-bromophenyl)-3-({7H-pyr-
rolo[2,3-d]pyrimidin-4-yl}formamido)propanoic acid), LL1_0023 (Enam-
ine-ID: 75030903496, 8-fluoro-6-{7-fluoro-9H-pyrimido[4,5-b]indol-4-
yl}-6-azaspirol[3.4]octane-8-carboxylic acid), LRH-0003 (Enamine-ID:
75265428218, 1-({7-fluoro-9H-pyrimido[4,5-b]indol-4-yl}amino)pyrrolo-
din-2-one), Z8539 (Enamine-ID: Z4718398539, 1-{4-[(cyclopropylcarba-
myol)amino]benzamido}-4-hydroxy-2,3-dihydro-1H-indene-2-carboxylic

acid)’; OUL232 (MedChem express HY-148566), OUL 243"; GS441524
(Tocris, #7227, (2R3R4S,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-
y1)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-carbonitrile);
MDOLL-0229"; the pyrollo-pyrimidine-based compounds (7H-pyr-
rolo[2,3-d]pyrimidin-4-yl)-L-tryptophanate (5a), (7H-pyrrolo[2,3-d]pyr-
imidin-4-yl)-L-tryptophanate (5¢), (S)-2-((7H-pyrrolo[2,3-d]pyrimidin-4-
yl)amino)-N-((2-chloropyridin-4-yl)methyl)-3-(1H-indol-3-yl)propena-
mide (6b), (S)-2-((7H-pyrrolo[2,3-d]pyrimidin-4-yl)amino)-3-(1H-indol-
3-yl)-N-(pyridin-2-ylmethyl)propenamide (6d), (R)-2-((7H-pyrrolo[2,3-d]
pyrimidin-4-yl)amino)-3-(1H-indol-3-yl)-N-(pyridin-2-ylmethyl)prope-
namide (6e)”. TALON metal affinity resin (Takara, 635501), anti-GFP
(Rockland, 600-101-2015, WB: 1:2000), anti-gamma-Tubulin (Sigma-
Aldrich, GTUS88, WB: 1:2000), anti-GAPDH (Santa Cruz, sc-32233, WB
1:2000), anti-PARP15 (Proteintech, 18126-1-AP, WB: 1:2000), anti-FLAG
(Sigma Aldrich, F3165, clone M2, WB: 1:5000, IF: 1:500), goat-anti-mouse-
HRP (Jackson Immunoresearch, 115-036-068, WB: 1:10000), rabbit-anti-
goat-HRP (Santa Cruz, sc-2768, WB: 1:5000), goat-anti-rabbit IgG (Cell
Sinalling, 7074P2, WB: 1:2000), goat-anti-mouse-Alexa-Flour-633 (Invi-
trogen, A21052, IF: 1:500), Spy650-DNA (tebu-bio, sc501, 1:1000), Immu-
Mount (Epredia, 9990402), Hoechst33258 (Sigma-Aldrich, 94403), Lipo-
fectamine 3000 (Thermo Scientific, L3000001), NEBuilder HiFi’DNA°As-
sembly°Master Mix (NEB, E2621L), CloneAamp™ HiFi PCR Premix
(Takara Bio, 639298), Gateway™ BP Clonase™ II Enzym-Mix (Thermo
Scientific, 11789020), Gateway™ LR Clonase™ II Enzym-Mix (Thermo Sci-
entific, 11791020), AflII (New England Biolabs, R0520S), Nhel-HF (New
England Biolabs, R3131), Agel-HF (New England Biolabs, R3552).

Cloning and mutagenesis

Cloning of GW-pcDNAS5/FRT/TO-EGFPm-PARP15.1-T2A-3xFLAG-
NLS-NB™ was achieved via Gibson assembly as follows: first, we generated
a plasmid encoding the 3xFLAG-NLS-NB*. A nanobody®" construct"’
was opened using Nhel and Agel restriction enzymes for the insertion of
3xFLAG-NLS, which was amplified in two steps via nested PCR. The
3xFLAG sequence was amplified using primer 1_for and primer 1_rev with
GW-pCMV-3xFLAG as template (Table 1). The product from this reaction
was used as template for the next amplification with primers primer 1_for
and primer la_rev. Primers were designed in that way that they allowed for
Gibson assembly of the final PCR product with the opened nanobody“™
construct, resulting in a 3xFLAG-NLS-NB“* construct.

Thereafter, three fragments were generated to be cloned via Gibson
assembly into GW-pcDNA/FRT/TO to gain the final construct GW-
pcDNAS5/FRT/TO-EGFPm-PARP15.1-T2A-3xFLAG-NLS-NB®*,  First,
EGFP was amplified using GWpEGFPm as a template and the following
primers primer 2_for and primer 2_rev, resulting in a EGFPm-fragment
with overhangs for assembly with the GWpcDNA5/FRT/TO backbone at
the 5’ end and PARP15.1 at the 3’ end.

Second, the PARP15.1 fragment was generated via nested PCR. In a first
step, PARP15.1 was amplified using GWpEGFPm-PARP15.1 as template and
primer 3_for and primer 3_rev as oligos. The product resulting from this PCR
was amplified using primer 3_for and primer 3a_rev. This resulted in a
PARP15.1 fragment with overhangs to GFP at the 5 end and containing part
of the T2A site at the 3’ end for Gibson assembly. Third, the part harboring the
3xFLAG-NLS-NB* fragment was generated. Therefore, the previously gen-
erated 3xFLAG-NLS-NB®™ construct was used as a template and amplified via
nested PCR. For the first amplification primer, 4_for and primer 4_rev were
used. The resulting product was subsequently amplified using primer 4a_for
and primer 4_rev. This resulted in a 3xFLAG-NLS-NB“ fragment containing
part of the T2A site at the 5 end and overhangs for assembly with the GW-
PcDNA/FRT/TO backbone. Finally, the GW-pcDNAS5/FRT/TO was opened
using the AFIII restriction enzyme, and the three fragments were inserted via
Gibson assembly, resulting in the final GW-pcDNA5/FRT/TO-mEGEFP-
PARP15.1-T2A-3xFLAG-NLS-NB®" construct.

Viral macrodomains were ordered as gBlocks from IDT and cloned by
BP-reaction using the Gateway™ BP Clonase™ II Enzyme-Mix into GW-
pDONRZeo. In a second step, the macrodomains were recombined into the
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Table 1 | Oligos used to amplify the diverse fragments for Gibson assembly to generate the GW-pcDNA5/FRT/TO-mEGFP-

PARP15.1-T2A-3xFLAG-NLS-NB®? construct

Primer 1_fwd

ttagtgaaccgtcagatccgatgGACTACAAAGACCATGAC

Primer 1_rev

CACCTTCCTC CTTAGGCTTGTCATCGTCATCCTTG

Primer 1a_rev

CTGCACCTGCATGGTGGCGAgacctccactgccCACCTTCCTCTTTTTC

Primer 2_for ccggactctagcegtttaaacgccaccatggtgagcaag
Primer 2_rev GCCTGGCGCAGCCATCGAAGCTTGAGCTCG
Primer 3_for CGAGCTCAAGCTTCGATGGCTGCGCCAGGC
Primer 3_rev cagggagccgcggccctcAGCCGTGAAAGTTATG

Primer 3a_rev

CTCCACGTCGCCGCAGGTCAGcagggagccgcggeccte

Primer 4_for

gagaaccccggccccatgGACTACAAAGAC

Primer 4a_for

CTGACCTGCGGCGACGTGGAGgagaaccccggccce

Primer 4_rev

CAAACTTGTGATAGCGCTGGATACTGTCAC

GW-pcDNAS5/FRT/TO-mEGFP-PARP15-T2A-3xFLAG-NLS-NB*
construct by LR-reaction using the Gateway™ LR Clonase™ I Enzyme-Mix.
All constructs were validated by sequencing.

To generate the PARP15.1-K128/135R mutant, a gBlock (IDT) con-
taining Stul and BstBI restriction sites was synthesized, enabling replace-
ment of the original sequence with the mutant insert upon restriction
digestion and ligation.

Expression test of GFP-PARP15 and 3xFlag-NB®™

HEK293 cells were transiently transfected with GW-pcDNA5/FRT/TO-
EGFPm-PARP15.1-T2A-3xFLAG-NLS-NB* or GW-pcDNA5/ERT/TO-
EGFPm-PARP15.1-T2A-3xFLAG-NLS-NB%®-viral macrodomain using
the calcium phosphate precipitation method. Two days after transfection,
cells were lysed in RIPA buffer (10 mM Tris, pH 7.4; 150 mM CaCl; 1% NP-
40; 1% DOC; 0.1% SDS; PIC), sonicated, and lysates centrifuged. Samples
were separated by SDS-PAGE and analyzed via immunoblotting.

Evaluation of PARP15.1 protein expression and stability

Stable U20S Flp-In TREx- pcDNAS5/FRT/TO-EGFPm-PARP15.1, -HY, or
-KR were seeded in 6-well plates. Protein expression was induced with
0.5 pg/ml Doxycycline for 16 h. Cells were either left untreated or were
treated with DMSO (vehicle control) or OUL232 (10 uM) overnight. Fol-
lowing treatment, cells were harvested and lysed using RIPA lysis buffer
(10 mM Tris, pH 7.4; 150 mM CaCl; 1% NP-40, 1% DOGC; 0,1% SDS; PIC).
Lysates were sonicated and subjected to SDS-PAGE followed by Western
blotting to analyze protein expression. Similarly, stable HeLa Flp-In T-Rex-
pcDNA5/FRT/TO-EGFPm-PARP15.1KR-T2A-3xFLAG-NLS-NBS*-
SARS-CoV-2 MD, -SARS-CoV2 MD D22V, -SARS-CoV2 MD G48V, or
-SARS-CoV2 MD G130V cells were tested for protein expression.

Purification of Hisg-tagged fusion proteins

Hise-tagged fusion proteins were expressed in E. coli Lemo21 (DE3).
Fusions were enriched and purified via affinity chromatography using
TALON metal affinity resin according to standard protocols.

In vitro ADP-ribosylation assay

The ADP-ribosylation reaction was carried out in ADP-ribosylation buffer
(50 mM Tris, pH 8.0, 2mM TCEP, 4mM MgCl,, 0,1% NP-40) in the
presence of 50 uM -NAD" and 1 uCi y-*P-NAD" in a final volume of
30 pl. Reactions were incubated at 30 °C for 30 min and stopped by the
addition of SDS sample buffer and subsequent heating at 95 °C for 5 min.
Samples were separated by SDS-PAGE, and protein visualized by Coo-
massie brilliant blue staining of the gels. Thereafter, the gels were dried and
exposed to X-ray films for the detection of the incorporated label.

Compound screening in cells
For inhibitor screening, 40,000 cells/well were seeded into a p-Slide 8-well
ibiTreat 1.55 mm Coverslip (IBIDI, 80826-90) in 250 ul DMEM + 10%

FCS. After 6 h, cells were induced with Doxycyclin (1 pg/ml) and treated
with compounds for 16 h. One hour prior to analysis by confocal micro-
scopy, Spy650-DNA (tebu-bio, sc501) (1:1000) was added to the cells to
visualize the nuclei.

Colocalization of 3xFlag-NLS-NB with GFP-PARP15 foci

U20S cells were transiently transfected with pcDNAS5/FRT/TO-mEGFP-
PARP15.1_T2A_3xFLAG-NLS-NB®® or pcDNAS5/FRT/TO-mEGFP-
PARP15_T2A_3xFLAG-NLS-NB®*-macrodomain (SARS-CoV-2 MDI,
CHIKV MD or CHIKV MD V33E) using Lipofectamine3000 according to
the manual. Cells were fixed with 3.7% paraformaldehyde for 20 min at
room temperature, quenched with 50 mM NH,CI in PBS + 0.1% Triton-
X100 for 5min in the dark at RT, then permeabilized and blocked in
PBS + 0.1% Triton-X100 + 1% BSA at room temperature for 30 min. Fixed
cells were stained with a-Flag (Sigma Aldrich, F3165, Clone M2) 1:500 in
PBS + 0.2% BSA for 45 min at 37 °C in a wet chamber, washed and incu-
bated with goat-anti-mouse-Alexa-Flour-633 (Invitrogen, A21052) 1:500 as
described before. Nuclei were stained with Hoechst33258 (SigmaAldrich)
diluted to 1 ug/ml in ddH,O. Samples were mounted with Immu-Mount
(Epredia, 9990402).

For imaging of fixed cells (initial PARP15.1. localization or FLAG co-
staining): Images were captured using a Zeiss LSM710 Confocal Laser
Scanning Microscope equipped with an AxioCam (Zeiss) and
C-Apochromat 40x water immersion objective. For all pictures, the pinhole
was set 1 airy unit for the longest wavelength and dimensions of 1024 x 1024
pixels (initial PARP15.1 localization studies) or 1180 x 1180 pixels (FLAG
co-staining) were chosen. Pictures were taken in plane mode with beam
splitters MBS 488/561/633 and MBS 405.

For initial PARP15.1 localization studies, the EGFP fluorochrome
(emission wavelength of 528 nm) was excited at a wavelength of 488 nm by
an argon laser and detected at 494-562nM bandpass filter. The
Hoechst33258 staining (emission wavelength of 453 nm) was excited at
352 nm and detected using a 410-496 nm band pass filter.

For FLAG co-staining, the EGFP fluorochrome (emission maximum:
509 nm) was excited at a wavelength of 488 nm by an argon laser and
detected using a 488 nm single-channel photomultiplier (PMT) and a
494-582 nm bandpass filter. The Hoechst33258 staining was excited at a
wavelength of 405nm by a Diode 405-30 laser and detected using a
410-484 nm bandpass filter. The AF633 fluorochrome was excited at a
wavelength of 633nm by helium-neon laser and detected using a
638-747 nm bandpass filter.

For live-cell imaging: images were captured using a Zeiss LSM710
confocal laser scanning microscope equipped with an AxioCam (Zeiss) and
C-Apochromat 40x water immersion objective. For all pictures, the pinhole
was set 1 airy unit for the longest wavelength and dimensions of 980 x 980
pixels was chosen. The EGFP fluorochrome (emission maximum: 509 nm)
was excited at a wavelength of 488 nm by an argon laser and detected using a
488 nm single-channel photomultiplier (PMT) and a 493-557 nm bandpass
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filter. The Spy650DNA was excited at a wavelength of 633 nm by helium-
neon laser and detected using a 644-735 nm bandpass filter.

Images were analyzed for nuclear foci or spread GFP signal using a
CellProfiler pipeline adapted from https:/github.com/CellProfiler/
examples/tree/master/ExampleSpeckles (Supporting Table 1).

Statistics and reproducibility

Postprocessing of the Nuclei-file resulting from the CellProfiler analysis and
visualization of results was done using R™ in RStudio with the following
packages: tidyverse, ggplot2, ggpubr, ggthemes, scales and rstatix. For the
jitter plot, p-values were calculated with pairwise Wilcoxon test, adjusted by
false discovery rate, and outliers were removed using the IQR method. To
ensure reproducibility, experiments in which cultured cells were used for
microscopy were performed at least three times, documenting at least six
different frames with cells. In vitro experiments using recombinant purified
proteins were performed twice. Expression profiles of proteins induced by
doxycycline in the stable cells were performed once, as this was only for
testing and confirming stable expression of the protein of interest.

Computational analyses

The crystal structure of the SARS-CoV-2 macro domain Macl complexed
with its indigenous ligand ADP-ribose (PBD ID: 7KQP) is reported in the
Protein Data Bank with a resolution of 0.88 A. After the removal of all water
molecules, one monomer of the dimeric crystal structure was used for all the
following steps.

An in silico alanine scan was performed with the ABS-scan
webserver”. Using this application, the in silico mutagenesis was carried
out with the Modeler library on all residues within 4.5 A of the complexed
ligand and was followed by energy minimization of the complex using
conjugate gradient and steepest descent algorithms, successively. The
binding poses of the single-point mutated complexes were rescored
employing the AutoDock 4.1 force field. Utilizing the Schrodinger Work-
space application, 21 single point mutants were generated for seven different
positions (ASP 22, ASN 40, GLY 48, VAL 49, GLY 130, PHE 132, and PHE
156), respectively. The binding pose of ADP-ribose in each of the mutated
structures was refined using Schrodinger’s MM-GBSA protocol. Applying
the Schrodinger Glide standard protocol™, ADP-ribose was redocked into
all in silico mutated protein structures. The centers of the Glide grids were
specified by the crystal structure complex. Default settings were used for the
grid generation as well as for the molecular docking procedure. Following
the docking, the binding poses were subjected to post-docking minimization
to optimize the overall geometry of ADP-ribose.

Subsequently, changes in stability and flexibility of the point mutants
N40R, G130D and F132V were evaluated by unbiased molecular dynamics
simulations in GROMACS 2021.77. All simulations were performed using
the AMBER ff99SB-ILDN force field for protein and ions, while the TIP3P
model was used for explicit water molecules®. Hydrogen bonds were
restrained by the LINCS algorithm™. Particle-mesh Ewald scheme with a
grid spacing of 1.2 A was applied for the calculation of long-range inter-
actions, while the short-range electrostatic as well as van der Waals inter-
actions were calculated with a distance cutoff of 12 A. In all simulations,
protein and solvent were coupled to separate heat baths. The velocity-rescale
method® was employed to control the temperature, while the Parrinello-
Rahman method®' was used for pressure coupling, Prior to the molecular
dynamics simulation, each system was minimized with the steepest descent
algorithm. In a heating approach, each system was gradually heated to 310 K
for 2 ns and subsequently equilibrated in a NVT ensemble for 10 ns while
applying position restraints on the protein. Further equilibration was
achieved in an NPT ensemble for 10 ns without any position restraints,
followed by a 500 ns production run.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Image data are available in the BioImage Archive (http://www.ebi.ac.uk/
bioimage-archive) under the accession number S-BIAD1673. The
uncropped gels and membranes are included in the Supplementary
Information.

Code availability
The R-code used to visualize the data obtained from microscopy is available
at https://doi.org/10.5281/zenodo.18451034%.
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