
UC San Diego
UC San Diego Previously Published Works

Title
Zinc-finger PARP proteins ADP-ribosylate alphaviral proteins and are required for 
interferon-γ-mediated antiviral immunity.

Permalink
https://escholarship.org/uc/item/33g0k10d

Journal
Science Advances, 11(5)

Authors
Ryan, Andrew
Delgado-Rodriguez, Sofia
Daugherty, Matthew

Publication Date
2025-01-31

DOI
10.1126/sciadv.adm6812
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/33g0k10d
https://escholarship.org
http://www.cdlib.org/


Ryan et al., Sci. Adv. 11, eadm6812 (2025)     31 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

1 of 15

V I R O L O G Y

Zinc-finger PARP proteins ADP-ribosylate alphaviral 
proteins and are required for interferon-γ–mediated 
antiviral immunity
Andrew P. Ryan, Sofia E. Delgado-Rodriguez, Matthew D. Daugherty*

Viral manipulation of posttranslational modifications (PTMs) is critical to enable control over host defenses. Evi-
dence suggests that one such PTM, adenosine 5′-diphosphate (ADP)–ribosylation, is important for viral replica-
tion, but the host and viral components involved are poorly understood. Here, we demonstrate that several 
human poly(ADP-ribose) polymerase (PARP) proteins, including the zinc-finger domain containing PARP7 (TiPARP) 
and PARP12, directly ADP-ribosylate the alphaviral nonstructural proteins (nsPs), nsP3 and nsP4. These same hu-
man PARP proteins inhibit alphavirus replication in a manner that can be antagonized by the ADP-ribosylhydrolase 
activity of the virally encoded macrodomain. Last, we find that knockdown of any of the three CCCH zinc-finger 
domain containing PARPs, PARP7, PARP12, or the enzymatically inactive PARP13 (ZAP/ZC3HAV1), attenuates the 
antiviral effects of interferon-γ on alphavirus replication. Combined with evolutionary analyses, these data sug-
gest that zinc-finger PARPs share an ancestral antiviral function that can be antagonized by the activity of viral 
macrodomains, indicative of an ongoing evolutionary conflict between host ADP-ribosylation and viruses.

INTRODUCTION
Adenosine 5′-diphosphate (ADP)–ribosylation is a ubiquitous and 
reversible posttranslational modification of proteins that is found in 
all domains of life (1–5). The cycle of ADP-ribosylation begins with 
the enzymatic addition (i.e., “writing”) of ADP-ribose (ADPr) to a 
target protein by a variety of ADP-ribosyltransferases using the meta-
bolic cofactor NAD+ (nicotinamide adenine dinucleotide) as the sub-
strate (2–5). In addition to the wide range of target amino acids that 
can be modified, ADPr can also be added in either a monomeric form 
[mono-ADP-ribosylation (MARylation)] or large, branching or lin-
ear chains of variable size and structure [poly-ADP-ribosylation (PA-
Rylation)] (1–5). Recognition (i.e., “reading”) of ADP-ribosylation 
can be accomplished by diverse protein domains, including macro-
domains and WWE, BRCT, and PBZ domains, while the removal of 
ADPr (i.e., “erasing”) can be catalyzed by several distinct protein do-
mains, including macrodomains, ARH domains, and Nudix hydro-
lase domains (1, 5, 6).

In humans, intracellular ADP-ribosylation is catalyzed by mem-
bers of the 17-member PARP protein family (4). While the most well-
studied poly(ADP-ribose) polymerase (PARP), PARP1, resides in the 
nucleus and catalyzes poly-ADP-ribosylation, most human PARPs 
are cytoplasmically localized and catalyze MARylation (3, 4, 7). In ad-
dition to the PARP domain, human PARPs contain a breadth of as-
sociated protein domains and architectures, including RNA-binding 
zinc-finger domains, and ADPr-binding domains including WWE 
domains and macrodomains (3, 4, 7) (Fig. 1A). Notably, the protein 
targets and functional roles of many PARPs, especially the cytoplas-
mic MARylating enzymes, are poorly understood.

One emerging area of ADP-ribosylation function is in antiviral 
immunity and regulation of viral replication (8–12). Several human 
PARP genes are up-regulated during viral infection or upon cellular 
treatment with immune signaling cytokines including type I inter-
feron [interferon-α (IFN-α) and IFN-β] and type II interferon (IFN-γ) 

(8–10, 12). Likewise, numerous PARPs have been shown to either 
regulate antiviral signaling or directly repress viral replication, in-
cluding PARP7 (TiPARP), PARP9, PARP10, PARP12, PARP13 (zinc-
finger antiviral protein (ZAP) or ZC3HAV1), and PARP14 (8–14), 
although the importance of ADP-ribosylation in many of these pro-
cesses has not been determined. Consistent with the role of host 
PARPs in antiviral immunity, nearly one-third of human PARPs also 
display strong signatures of rapid evolution that are characteristic of 
genes engaged in evolutionary “arms races” with viruses (15, 16). 
Perhaps the most compelling argument for ADP-ribosylation being 
critical in the conflict between host immunity and viral replication is 
the presence of macrodomains in several families of important human 
viral pathogens, including Togaviridae [e.g., Semliki Forest virus 
(SFV) and chikungunya virus], Coronaviridae [e.g., SARS-CoV-2 
(severe acute respiratory syndrome coronavirus 2)], and Hepeviri-
dae (e.g., hepatitis E virus) (8–11, 17, 18). In many cases, the ability 
of the macrodomain to bind (“read”) or remove (“erase”) ADP-
ribosylation is critical to the replication success or pathogenesis of 
these viruses (12, 19–26), although the exact mechanisms behind 
these macrodomain-mediated processes are not fully elucidated.

Given the preponderance of evolutionary, genetic, and functional 
evidence for a host-virus conflict surrounding ADP-ribosylation, we 
set out in this work to test whether any specific host PARPs directly 
ADP-ribosylate alphavirus proteins, whether alphaviral macrodo-
mains can remove such ADP-ribosylation, and what effects perturba-
tion of host PARPs and viral macrodomains have on viral replication. 
Here, we reveal that the CCCH zinc-finger PARPs, PARP7 and 
PARP12, as well as the macrodomain-containing PARP15, can ADP-
ribosylate one or more nsPs from two alphaviruses, SFV and Sindbis 
virus (SinV). We also find that alphaviral macrodomains can effectively 
reverse the ADP-ribosylation catalyzed by PARP12 and PARP15 
and, to a lesser degree, PARP7. Consistent with alphaviral macrodo-
mains directly antagonizing the antiviral activity of host PARP-
mediated ADP-ribosylation, we find that overexpression of viral 
ADP-ribosylating PARPs (PARP7, PARP12, and PARP15) strongly 
inhibit an SFV replication reporter that lacks macrodomain activity, 
but this PARP-mediated antiviral effect is repressed when the viral 
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macrodomain is catalytically active. We further demonstrate that the 
antiviral activity of IFN-γ against another alphavirus, SinV, is strongly 
attenuated when we knock down any member of the CCCH zinc-
finger PARP family, including PARP7, PARP12, or the enzymatically 
inactive PARP13, or through chemical inhibition of PARP7. Last, we 
reveal that PARP7, PARP12, and PARP13 share a domain architecture 

comprising a zinc-finger domain, two tandem WWE domains, and a 
PARP domain that originated in metazoans and exists across a wide 
variety of species. Together, these data indicate that the CCCH zinc-
finger PARPs are part of an ancient subfamily of PARP proteins that 
play an important role in the innate antiviral immune response but can 
be antagonized by the activity of viral macrodomains.
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Fig. 1. A subset of human PARP proteins ADP-ribosylates alphavirus nsPs. (A) Domain architecture schematics and amino acid lengths of human PARP proteins used 
in this work. Only the domains shown in the legend are marked on each PARP protein. Domain annotations were obtained from www.uniprot.org. MW, molecular weight. 
(B) Schematic of the alphaviral nsPs that make up the nonstructural polyprotein. Highlighted is the position of the viral macrodomain in nsP3. (C to F) Western blots 
probed for ADP-ribosylated proteins with the indicated PARPs and nsPs cotransfected in HEK293T cells. Expected positions of each individual PARP protein and nsP are 
shown, with those showing no specific ADP-ribosylation indicated in gray and those that are ADP-ribosylated in at least one lane indicated in black. Automodification of 
PARP7 and PARP12 indicated by blue stars and specific labeling of nsP3 and nsP4 are indicated in the appropriate lanes. Blots with all other PARP proteins are found in fig. 
S2. The decrease in automodification and FLAG-tagged protein expression in all lanes expressing nsP2 is likely caused by the known role of nsP2 in inhibiting host gene 
expression (34). All blots are representative of at least three independent biological replicate experiments.
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RESULTS
Human PARP7, PARP12, and PARP15 ADP-ribosylate 
individual viral nsPs
To determine whether any PARPs are able to ADP-ribosylate alpha-
viral nsPs, we cloned the cytoplasmic MARylating PARP proteins, 
PARP6 to PARP16, into mammalian expression plasmids (Fig. 1A). 
PARP9 and PARP13 are the only members of the PARP family that 
lack critical residues for catalysis (27) but were included because 
PARP9 has been reported to have some catalytic activity (28) and 
both have been shown to have either direct or indirect antiviral 
functions (29–31). The alphavirus nsPs, nsP1, nsP2, nsP3, and nsP4 
from SFV (see Fig. 1B), which form the replication complex in the 
host cell cytoplasm, were likewise cloned into mammalian expres-
sion plasmids. All cloned PARPs and SFV nsPs express in human 
embryonic kidney (HEK) 293T cells, although the protein accumu-
lation varies depending on the exact PARP or nsP construct (fig. S1).

All pairwise combinations of individual PARPs and individual nsPs 
were then cotransfected into HEK293T cells, and ADP-ribosylation 
was measured with an ADPr-specific antibody that is capable of 
recognizing both MARylated and PARylated proteins (antibody 
E6F6A) (32) (Fig. 1C and fig. S2). Although we observed automodi-
fication by several PARPs (Fig. 1, C to F, and fig. S2), as has been de-
scribed previously (33), we only observed modification of viral nsPs 
in four cases. Specifically, we observed ADP-ribosylation of nsP3 
by PARP7 and PARP15 and modification of nsP4 by PARP7 and 
PARP12. We further confirmed that viral protein modification me-
diated by PARP7, PARP12, and PARP15 was MARylation, as they 
could be detected by a MAR-specific antibody (antibody AbD33204) 
(fig. S3). In addition to observing the specific ADP-ribosylation sig-
nal at molecular weights and conditions that indicate specific viral 
protein modification, we also confirmed ADP-ribosylation of nsP3 and 
nsP4 by immunoprecipitating viral nsPs with an anti–hemagglutinin 
(HA) antibody and subsequently detecting PARP-mediated ADP-
ribosylation with both our anti-ADPr antibodies (fig. S4). We ob-
served no specific modification of nsP1 nor did we observe that nsP1 
coexpression altered any patterns of automodification. Expression of 
viral nsP2 caused a general decrease in overexpressed protein levels, 
including mCherry control and PARP proteins, and a concomitant 
decrease in automodification levels (Fig. 1, C to F), consistent with 
the known role of nsP2 in inhibiting host gene expression (34). Al-
though these experiments were performed using overexpressed indi-
vidual PARPs and nsPs, these biochemical data indicate that a subset 
of human PARP proteins has the potential to specifically ADP-
ribosylate alphavirus nsPs and served as a starting point for further 
investigation into the function of these specific PARPs and their an-
tagonism by viral macrodomains.

Macrodomain activity reverses host PARP ADP-ribosylation 
of viral proteins
One unexpected finding from our coexpression data was that the 
macrodomain-containing nsP3 protein did not reduce the ADP-
ribosylation of host or viral targets. The macrodomain from several 
alphaviral nsP3 proteins has previously been shown to be effective at 
removing ADP-ribosylation from substrates (35, 36). However, we 
saw little to no reduction in automodification in samples that con-
tained nsP3 (fig. S2). Moreover, we observed robust modification of 
nsP3 when coexpressed with PARP7 or PARP15 (Fig. 1, D and F), a 
result that is again inconsistent with the ADP-ribosylhydrolase activ-
ity of nsP3. We therefore hypothesized that the nsP3 we were using 

may not be fully active as an ADP-ribosylhydrolase, as we have re-
cently discovered for several other alphavirus macrodomains (36).

Our nsPs were derived from strain SFV4, which was the source 
strain for many currently used reporter and heterologous alphavirus 
expression systems (37, 38). We therefore wished to determine whether 
the SFV4 macrodomain may be distinct from other SFV strains. 
When comparing the 20 SFV polyproteins found in the nonredundant 
protein database, SFV4 was unique in having a single amino acid 
change from alanine to glutamic acid (A48E) within the macrodomain 
(Fig. 2A). Further investigation of diverse vertebrate-infecting alphavi-
ruses revealed that macrodomain position 48 never contained a 
charged residue with the exception of SFV4. Moreover, the only other 
alphaviruses that contain an glutamic acid at that position are insect-
specific alphaviruses, such as Eilat virus, that have lost the ability to 
replicate in vertebrate hosts (39) and lack ADP-ribosylhydrolase activ-
ity in the macrodomain (36) (Fig. 2B). To determine whether an A48E 
change might be predicted to alter macrodomain ADP-ribosylhydrolase 
activity, we mapped this position on the crystal structure of the Getah 
virus macrodomain solved in complex with ADPr (Fig. 2C) (40). Al-
though residue 48 is not part of the catalytic core of the macrodomain, 
it is packed against a critical loop that is involved in substrate binding 
and catalyzing the removal of ADPr from target proteins (Fig. 2C). We 
further used AlphaFold2 (41) to predict the structure of the SFV mac-
rodomain, either with an alanine or with a glutamic acid in residue 
48 (Fig. 2D). As expected, the presence of the glutamic acid shifts 
the structure of the loop on which it is present, further supporting 
the possibility that this substitution may alter macrodomain ADP-
ribosylhydrolase activity.

On the basis of this sequence and structural evidence, we hy-
pothesized that a substitution of alanine to the larger and charged 
glutamic acid at residue 48 could affect macrodomain catalytic ac-
tivity. We therefore created a variant of our SFV nsP3 protein, E48A, 
in which the glutamic acid at macrodomain position 48 was changed 
to an alanine to match all other SFV isolates. We found that this 
substitution greatly increased the ability of nsP3 to catalyze the re-
moval of PARP10 automodification relative to the original SFV4 
nsP3 (Fig. 3A). Moreover, this nsP3 variant catalyzed the removal of 
PARP10 auto-ADP-ribosylation to almost the same degree as the 
well-characterized archaeal macrodomain Af1521 (42). We also found 
that PARP15 is robustly able to ADP-ribosylate SFV4 nsP3 in its 
original, less enzymatically active form, while the E48A nsP3 shows 
little to no steady-state modification by PARP15 (Fig. 3B). These 
data are consistent with a model in which PARP15 ADP-ribosylates 
nsP3 but that modification can be removed by the active nsP3 mac-
rodomain. Because of the fact that many PARPs can modify proteins 
on aspartic and glutamic acids (2–5), we next wished to confirm that 
our E48A substitution did not simply remove the site for PARP15-
mediated ADP-ribosylation. We therefore inactivated the macrodo-
main in the active E48A background by introducing an alanine into 
the highly conserved N21 position of the macrodomain (36, 43). 
With this double-substituted nsP3, E48A/N21A, we observed ro-
bust PARP15-mediated modification of nsP3, indicating that cata-
lytically inactive nsP3 can be modification regardless of the amino 
acid at position 48 (fig. S5). We also observed that the active (E48A) 
macrodomain reduced the steady-state levels of PARP12-mediated 
ADP-ribosylation on nsP4 when expressed in trans, indicating that 
the nsP3 macrodomain can reverse ADP-ribosylation on other viral 
proteins (Fig. 3C). Under these biochemical conditions, we observed 
that PARP7-mediated automodification and transmodification of 
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nsP3 are mostly resistant to removal by the macrodomain-active 
(E48A) form of nsP3 (Fig. 3D). Although the basis for this biochem-
ical resistance observation remains unknown, PARP7 has previous-
ly been shown to ADP-ribosylate cysteines in a manner that would 
prevent macrodomain-catalyzed hydrolysis (44). Alternatively, 
PARP7 shows some of the highest levels of nsP modification despite 
showing the lowest level of protein accumulation of all tested PARPs 

based on our anti-FLAG Western blot (fig. S1). Such high levels of 
specific ADP-ribosylation activity may suggest that, in our biochem-
ical assays, macrodomain-mediated removal may not be able to 
strongly affect the steady-state levels of ADP-ribosylation as detect-
ed by our antibodies. Additional virology data (see below) indicate 
that macrodomain activity can effectively antagonize the activity of 
PARP7. Overall, these data not only indicate that the SFV4 macro-
domain has attenuated enzymatic activity but also support the model 
showing that alphaviral macrodomain activity can antagonize PARP-
mediated ADP-ribosylation of viral proteins.

PARP7, PARP12, and PARP15 inhibit alphavirus replication 
and are antagonized by viral macrodomain activity
On the basis of our discovery that PARP7, PARP12, and PARP15 
ADP-ribosylate viral nsPs and that the viral macrodomain can an-
tagonize this activity, we next wished to determine whether these 
same PARPs affect SFV replication in a macrodomain-dependent 
way. To do this, we used the SFV replication reporter from which we 
isolated our SFV nsPs (45) and that we and others have used to study 
the effect of PARP13 on alphavirus replication (16, 46) (Fig. 4A). In 
this system, a gene encoding β-galactosidase (LacZ reporter) replac-
es the viral structural proteins on the viral subgenomic mRNA, al-
lowing the use of β-galactosidase activity as a readout for several 
steps of the viral replication cycle that are facilitated by viral nsPs, 
including viral transcription, genome replication, and protein pro-
duction and processing (45). To test the effects of PARP-mediated 
ADP-ribosylation and viral removal, we created two versions of the 
SFV replication reporter system. In the first version, we made a 
“macro active” version in which we introduced the E48A substitu-
tion in the macrodomain of nsP3 (Fig. 4B) on the basis of our obser-
vation that this substitution increases ADP-ribosylhydrolase activity 
and is representative of other SFV isolates. In the second version, we 
made a “macro inactive” SFV replication reporter by introducing an 
N21A substitution into the macrodomain-active site (Fig. 4B), as we 
did in data shown in fig. S5. Transfection of the isolated “macro ac-
tive” and “macro inactive” nsP3s from these viral replication report-
ers showed the expected ability (macro active) or lack of ability 
(macro inactive) to catalyze the ADP-ribosylhydrolysis of PARP10 
automodification (Fig. 4C).

Despite the fact that attempts to make macrodomain-inactivating 
substitutions in replication-competent chikungunya virus have pre-
viously been shown to rapidly revert to wild type (WT) (22), we 
found that our “macro inactive” reporter system still showed robust 
replication in HEK293T cells as measured by β-galactosidase activ-
ity (Fig. 4D). Moreover, overexpression of either the short or long 
isoforms on PARP13, which both inhibit replication of alphaviruses 
in a manner that does not require ADP-ribosylation activity (16, 46–
48), is equally effective at inhibiting SFV replication regardless of 
whether the macrodomain is active or inactive (Fig. 4E). PARP10, 
which we found does not modify any SFV nsPs in our biochemical 
assays, shows no antiviral activity relative to conditions in which no 
PARP is overexpressed. However, consistent with our biochemical 
data, overexpression of human PARPs that ADP-ribosylate alphavi-
ral nsPs had inhibitory effects that were dependent on the ability of 
the viral macrodomain to catalyze the removal of ADP-ribosylation. 
For instance, PARP12 expression had a small but significant inhibi-
tory effect on replication of the “macro active” SFV but a much stronger 
inhibitory effect against the “macro inactive” SFV (Fig. 4, E and F). 
Likewise, for PARP15, we observed significant inhibition of replication 

B

A

Semliki Forest virus (SFV4)
Semliki Forest virus (all other isolates)
Getah virus
Ross River virus
Bebaru virus
Mayaro virus
Una virus
O’nyong nyong virus
Chikungunya virus

Eilat virus

20

SFV
consensus
sequence

60

Macrodomain residue 48
(polyprotein residue 1384)

Getah virus (bound to ADP-ribose: PDB 6R0G)
SFV reference strain L10 (AlphaFold2 prediction)
SFV strain SFV4 (AlphaFold2 prediction)

A48

E48

Bound
ADP-ribose

Substrate binding loop
(residues 21-32)

D

Residue 48
Bound ADP-ribose
Substrate binding loop

C

Affected loop
(residues 45-53)

*

Fig. 2. Evolutionary and functional prediction for altered catalytic activity of 
the SFV4 macrodomain. (A) Consensus motif from an alignment of 20 SFV nsP3 
sequences surrounding position 48 (SFV4 numbering), indicating the high conser-
vation of the macrodomain sequence. SFV4 contains the sole difference in this 
region of the alignment, replacing a well-conserved alanine at position 48 (poly-
protein position 1384) with a glutamic acid. A list of all sequences used is found in 
data S1 (tab 1). The position of the conserved N21 residue used in this manuscript 
for inactivating macrodomain activity is indicated with an asterisk. (B) Alignment 
of the region surrounding residue 48 from diverse members of the “SFV complex” 
of alphavirus phylogeny. All members, except SFV4, have an A or S in position 48. 
Also included is the macrodomain from Eilat virus, an insect-specific virus that lacks 
the ability to replicate in vertebrate cells (39) and that lacks ADP-ribosylhydrolase 
activity (36). Among all alphaviruses, only the insect-specific viruses such as Eilat 
virus contain an E at position 48. A list of all sequences used is found in data S1 (tab 1). 
(C) Structure of the macrodomain from Getah virus [Protein Data Bank code: 6R0G; 
(40)] bound to ADPr (displayed in blue), showing the position of residue 48 (red) as 
directly in contact with the ADPr substrate binding loop (residues 21 to 32, dis-
played in dark gray). (D) Structural alignment of the Getah virus macrodomain 
with AlphaFold2 (41) predictions of the macrodomain from SFV4 and the macro-
domain from other SFV isolates. The residue 48 side chain is shown as sticks. The 
loop (residues 45 to 53) that is affected by E48 versus A48 is indicated, as is the 
substrate binding loop (residues 21 to 32), which contains several conserved resi-
dues including N21, N24, and G32.



Ryan et al., Sci. Adv. 11, eadm6812 (2025)     31 January 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 15

C

-
SFV4
nsP3

PARP10

nsP3

Af1521

PARP10

80

115

MW
(kDa)

-GAPDH

-HA

-FLAG

-ADPr (E6F6A)

PARP10

A

Macrodomain-
containing

protein

Af1521

115

SFV4
nsP3
E48A

65

50

30

PARP12

nsP4
nsP3

B

-
SFV4
nsP3

PARP15

nsP3

Af1521

PARP15

MW
(kDa)

-GAPDH

-HA

-FLAG

-ADPr (E6F6A)

nsP3

Af1521

80

SFV4
nsP3
E48A

65

65

50

30

D

MW
(kDa)

-
SFV4
nsP3

PARP7

nsP3

Af1521

PARP7

-GAPDH

-HA

-FLAG

-ADPr (E6F6A)
nsP3

PARP7

Af1521

80

SFV4
nsP3
E48A

65

80

65

50

30

nsP4

- -

Macrodomain-
containing

protein

PARP12
- +

PARP12
nsP4

80

65

65

MW
(kDa)

-GAPDH

-HA

-FLAG

-ADPr (E6F6A)

80

SFV4
nsP3
E48A

SFV4
nsP3
E48A

0.00 1.00 0.80 0.06 0.00 1.00 0.91 0.05

0.00 1.00 0.84 0.06

0.00 1.00 0.00 1.78

Fig. 3. The macrodomain activity of SFV nsP3 affects PARP-mediated labeling. (A) Assay for the ADP-ribosylhydrolase activity of the indicated macrodomain-
containing protein. Coexpression of PARP10 with nsP3 from the original SFV4 sequence (“SFV4”), a version in which E48A substitution is introduced (“SFV4 E48A”), or a 
macrodomain of archaeal origin with high enzymatic activity (“Af1521”). The E48A substitution that restores SFV4 nsP3 to the consensus sequence increases ADP-
ribosylhydrolase activity when tested against PARP10. Numbers at the bottom of the anti-HA blot indicate quantification of bands for macrodomain-containing proteins 
(nsP3 in lanes 2 and 3 and Af1521 in lane 4). (B) Coexpression of PARP15 with the indicated macrodomain-containing protein. Unlike the original SFV4 nsP3 protein, co-
expression of PARP15 with SFV4 nsP3 E48A shows no accumulation of ADP-ribosylation, consistent with macrodomain-catalyzed removal of the PARP15-mediated ADP-
ribosylation. (C) Coexpression of PARP12 with SFV nsP3 and nsP4. Coexpression of the active SFV4 nsP3 (E48A) results in a decreased signal of ADP-ribosylation on nsP4, 
indicative of macrodomain-catalyzed removal of PARP12-mediated ADPr-ribosylation of nsP4. (D) Coexpression of PARP7 with the indicated macrodomain-containing 
protein. PARP7 modification of nsP3 is not as sensitive to macrodomain-mediated removal as PARP15 modification of nsP3. Likewise, Af1521 is less effective at removing 
PARP7 automodification relative to near-complete removal of PARP10 automodification by Af1521 (A). All experiments were performed in HEK293T cells, and blots are 
representative of two (C) or three or more (A), (B), and (D) independent biological replicate experiments.
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of the macrodomain-active SFV; however, the effect of PARP15 over-
expression on SFV replication was amplified when the virus encoded 
an inactive macrodomain (Fig. 4, E and F). We also observed this same 
potentiated antiviral effect with PARP7 against the macrodomain-
inactive SFV replicon despite our biochemical data suggesting that 
steady-state PARP7-mediated modifications are largely resistant to 
macrodomain ADP-ribosylhydrolase activity, leaving open the possi-
bility that other macrodomain functions including ADPr-binding 
could antagonize PARP7 (Fig. 4, E and F). Thus, unlike PARP13, the 
antiviral effects of PARPs indicate that ADP-ribosylate viral proteins 
are antagonized by viral macrodomain activity.

Zinc-finger PARPs display anti-alphavirus activity during 
IFN-γ immune activation
We next asked whether the PARPs that we identified as being able to 
modify viral proteins, and that we found have antiviral activity when 
overexpressed, are able to inhibit viral infection when endogenously 

expressed in the context of immune activation. To do this, we turned 
to a different alphavirus, SinV, which is a model full-replication 
competent alphavirus that has been used in studies of PARP13 anti-
viral activity (29, 46–49) and macrodomain function (23, 24, 50–52).

We first wished to determine whether the same PARP proteins 
that modify SFV nsPs also modify SinV nsPs. We therefore created 
overexpression constructs expressing SinV nsP3 and SinV nsP4. 
Unlike with SFV4, we observed that the “WT” SinV nsP3 had robust 
ADP-ribosylhydrolase activity, as we had seen previously with the 
SinV macrodomain alone (36) (Fig. 5A). We therefore also created 
an nsP3 with an N21A substitution as we did for SFV nsP3 to fully 
inactivate the ADP-ribosylhydrolase activity of nsP3 (Fig. 5A). Sim-
ilar to the case with SFV nsP4, we observed robust ADP-ribosylation 
of SinV nsP4 when coexpressed with PARP7 or PARP12 (Fig. 5B). 
We observed no PARP7-mediated labeling of either catalytically ac-
tive or catalytically inactive nsP3, suggesting that nsP3 sequence 
evolution may shape the ability of this viral protein to be a target for 
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Fig. 4. The macrodomain activity of SFV nsP3 affects PARP-mediated antiviral activity. (A) Schematic of the SFV4 β-galactosidase reporter constructs (45) used in 
these studies. (B) Macrodomain sequences from the SFV consensus (see Fig. 2A), SFV4, and the “macro active” and “macro inactive” versions used in these studies. (C) Assay 
for ADP-ribosylhydrolase activity of the indicated macrodomain-containing SFV nsP3s on PARP10 automodification in HEK293T cells. Blots are representative of three in-
dependent biological replicate experiments. (D) β-Galactosidase output of SFV replication reporters with a catalytically active macrodomain (“macro active”) compared 
to catalytically inactive macrodomain (“macro inactive”) in HEK293T cells. “−” indicates a condition in which an empty cloning vector (pQCXIP) was transfected in place of 
the SFV4 reporter. (E) SFV4 replication reporters with active or inactive macrodomains tested against a variety of PARP proteins in HEK293T cells. PARP13S (ZAP-S) and 
PARP13L (ZAP-L) lack a catalytically active PARP domain and thus have anti-alphavirus activity that is independent of ADP-ribosyltransferase activity. In contrast, the anti-
viral activities of PARP7, PARP12, and PARP15 are dependent on the ADP-ribosylhydrolase activity of the SFV macrodomain. “−” indicates a condition in which a negative 
control vector expressing 3×FLAG-mCherry was transfected. Under these conditions, no PARP was transiently overexpressed, although HEK293T cells do endogenously 
express several PARPs (F) Normalized fold change of SFV replication with an active versus inactive macrodomain. Data from (E) were normalized for each treatment to the 
SFV macro inactive condition. (D) to (F) N = 5 biological replicates. (D) and (F) Data were analyzed using unpaired Student’s t tests. (E) Data were analyzed using the two-
way ANOVA with Šidák’s post test. **P < 0.01; ****P < 0.0001; n.s., not significant.
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PARP7. In spite of the lack of nsP3 labeling, we still hypothesized that 
PARP7 and PARP12 may have anti-SinV activity similar to their anti-
SFV activity based on their ability to ADP-ribosylate SinV nsP4.

We next tested whether endogenous PARP proteins have antiviral 
activity. To do this, we used human Huh7 cells, which respond ro-
bustly to both type I (IFN-α and IFN-β) and type II (IFN-γ), and 
which we and others have previously used to study the antiviral ef-
fects of PARP13 against SinV (46, 53). We therefore infected human 
Huh7 cells with SinV and used small interfering RNA (siRNA) to 
knock down the expression of PARP7, PARP12, or the remaining 
member of the CCCH zinc-finger PARP proteins, PARP13 (fig. S6). 
Because of the fact that SinV is potently inhibited by IFN-γ (54, 55) 
and that IFN-γ stimulates cellular ADP-ribosylation (56–58), we per-
formed knockdowns with or without pretreatment with IFN-γ. Con-
sistent with these previous reports, we observed an IFN-concentration 
dependent inhibition of SinV replication, resulting in a 100- to 1000-
fold decrease in viral titers at 100 U/ml IFN-γ (Fig. 6, A to C). We 
found that silencing of any of the zinc-finger PARP proteins, PARP7 
(Fig. 6A), PARP12 (Fig. 6B), or PARP13 (Fig. 6C), resulted in partial 
or complete restoration of viral replication in the presence of IFN-γ. 

In contrast, we saw no effect of silencing PARP10 in these assays (fig. 
S7), consistent with the lack of effect of PARP10 in our SFV reporter 
assays. In addition, we found that treatment of the cells with the small 
molecule Phthal01, which inhibits PARP7 but not the other MARy-
lating PARPs at the concentrations used (44) (fig. S8), attenuates the 
antiviral effects of IFN-γ against SinV (Fig. 6D). We only observed 
this PARP-specific antiviral effect when the innate immune response 
was stimulated with IFN-γ but not IFN-α and not when we inhibited 
PARP1/PARP2 with a known specific inhibitor of those proteins (59) 
(Fig. 6E). These data thus reveal a role for all three zinc-finger PARP 
proteins in IFN-γ–dependent antiviral activity against alphaviruses.

Zinc-finger PARPs contain an ancient protein architecture 
involved in antiviral defense
Our data above revealed that all three human CCCH zinc-finger do-
main containing PARPs can inhibit alphavirus replication (Fig. 4) 
and are important for IFN-γ–mediated antiviral activity (Fig. 6) in 
human cells. We therefore wished to determine what molecular fea-
tures are conserved among these three proteins and how broadly 
zinc-finger PARP proteins are represented across the tree of life.
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We first wished to determine what conserved protein architec-
ture exists between PARP7, PARP12, and PARP13. On the basis of 
existing annotations (Fig. 1A), each of these human PARP proteins 
contains at least one CCCH-type zinc-finger domain, at least one 
WWE domain, and a PARP domain. In addition to those annotated 
domains, aligning human PARP7, PARP12, and PARP13 revealed a 
clear conservation that overlaps the C-terminal zinc-finger domain 
and two WWE domains that are annotated in PARP12 (Fig. 7A). 
Further analysis revealed that the residues that are important for the 
zinc-finger domain and both WWE domains are conserved across 
these proteins (60) (Fig. 7B). Notably, recent structural data on 
PARP13 indicate that this tandem configuration of a zinc-finger do-
main followed by two WWE domains forms a single structural unit 
that can bind to PAR and potentiates the antiviral activity of PARP13 
(60). These data indicate that this putative PAR-binding module 
(zinc-finger-WWE-WWE), followed by a PARP domain, character-
izes this subgroup of human PARP proteins (Fig. 7C). Notably, the 
other two PARPs that contain WWE domains, PARP11 and PARP14 
(Fig. 1A), only contain a singular WWE domain rather than the 
zinc-finger-WWE-WWE architecture found in the PARP7, PARP12, 
and PARP13 subgroup.

We next searched for this domain architecture throughout eu-
karyotic and prokaryotic genomes. By performing iterative sequence 
homology searches with PSI-BLAST, as well as domain architecture 
searches using InterPro (see Materials and Methods), we found that 

this PAR-binding-PARP domain architecture only exists in certain 
metazoan lineages and is notably lacking from nonmetazoan eukary-
otes and hexapods (e.g., insects) and nematodes (e.g., Caenorhabditis 
elegans) (Fig. 7D). Using phylogenetic analyses, we were able to clear-
ly identify a clade of vertebrate PARP7-like proteins and a clade of 
vertebrate PARP12/13–like proteins. In addition, several other meta-
zoan lineages, including cnidarians (e.g., corals and anemones), echi-
noderms (e.g., starfish), spiralians (e.g., mollusks), and crustaceans 
(e.g., crabs), have proteins containing a PAR-binding-PARP domain 
architecture, often with additional zinc-finger domains that are char-
acteristics of vertebrate PARP12/13–like proteins (Fig. 7E). The two 
PAR-binding-PARP domain proteins in the sea anemone Nematostella 
vectensis (protein accession XP_048581669.1 and XP_001636351.2) 
are encoded by two of the most up-regulated genes in response to 
2,3-cyclic guanosine monophosphate-adenosine monophosphate, a 
potent activator of antiviral immunity in both cnidarians and mam-
mals (61). Together, these results indicate that human PARP7, PARP12, 
and PARP13 shared an ancient domain architecture that is associated 
with antiviral immunity across a vast range of metazoan evolution.

DISCUSSION
Increasing evidence indicates that ADP-ribosylation plays an im-
portant role at the intersection of viral replication and host antiviral 
immunity. While a variety of genetic, evolutionary, and virology 
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studies supports a function for ADP-ribosylation in the immune re-
sponse and for viral macrodomains in opposing host immunity (8–12), 
the exact molecular players in this conflict over ADP-ribosylation 
have remained mostly elusive. To begin to address these questions, 
here, we set out to determine whether any human PARPs could spe-
cifically modify alphavirus proteins, whether alphavirus macrodo-
mains could remove those modifications, and whether human PARPs 
that could modify viral proteins are components of the antiviral im-
mune response against alphaviruses.

First, we used biochemical assays to reveal that three human 
PARPs, PARP7, PARP12, and PARP15, can specifically modify nsPs, 
nsP3 and nsP4, from the model alphavirus, SFV. By coexpressing 
these proteins in human cells, we find robust modification that is 
both PARP and viral protein specific and have band intensities sim-
ilar to those seen with PARP automodification. Although these pos-
itive results indicate a clear PARP-mediated nsP modification, it is 
worth noting that the absence of obvious labeling by this method 
does not eliminate the possibility that other PARP-mediated nsP 
modifications may occur at levels below our limit of detection. We 
similarly found that PARP7 and PARP12 can label nsP4 from a re-
lated alphavirus, SinV. These data indicate that PARP7 and PARP12 
share the ability to ADP-ribosylate the viral nsP4 protein across di-
verse alphaviruses, likely as a result of the strong degree of conserva-
tion of the nsP4 protein that encodes the viral RNA-dependent 
RNA polymerase.

There are important limitations to these biochemical data, which 
we viewed as a first step in identifying PARP activities that may be 
directly antagonized by viral macrodomains. First, our analyses rely 
on overexpressed PARPs and overexpressed individual viral pro-
teins. During infection, viral nsPs are expressed together, first as a 
polyprotein and then assembled into replication complexes, and ac-
cumulate to lower levels than we are expressing them here. More-
over, structural viral proteins, which are not considered here, are 
also expressed during infection. Our biochemical assays do not mir-
ror this viral context of these viral nsPs and structural proteins. As 
such, while we can conclude that the modifications that we describe 
are possible, detection of modification of viral proteins during infec-
tion by human PARPs will be an important next step in studies on 
PARP-mediated antiviral immunity.

Despite these limitations, we find that the same PARPs that mod-
ify SFV-overexpressed nsPs also inhibit replication of a SFV viral 
reporter. Although the exact mechanism by which these PARPs lead 
to viral inhibition requires further study, ADP-ribosylation is known 
to have a variety of modulatory functions, including disrupting 
protein-protein and protein-RNA interactions and promoting protein 
degradation (1–5). Alternatively, despite the concordance of PARPs 
that modify viral proteins and PARPs that we find inhibit SFV repli-
cation, it is possible that the antiviral functions of PARP7, PARP12, 
and PARP15 rely on modification of host proteins or host or viral 
RNA. Additional point mutations that eliminate ADP-ribosylation of 
viral nsPs will be needed to validate the role of nsP ADP-ribosylation 
for the antiviral activity of PARP7, PARP12, and PARP15. However, 
we find that the macrodomain activity of the virus being tested has a 
critical impact on the efficacy of the antiviral effects of PARP7, 
PARP12, and PARP15. For instance, PARP12 has a minimal (~10%) 
inhibitory effect on replication of a variant of SFV that has a fully ac-
tive macrodomain but has a substantial (>50%) inhibitory effect on 
replication of a macrodomain-mutant SFV reporter. These results, 
which correlate with the biochemical data showing that an active 

macrodomain can reverse the PARP12-mediated ADP-ribosylation 
of viral nsP4, further support a model in which viral macrodomain 
activity has evolved to reverse the inhibitory effects of host antiviral 
PARPs. These data are also consistent with a recent in vivo data in 
mice that show that PARP12 is a critical player in the antiviral im-
mune response against a coronavirus in which the macrodomain 
has been inactivated (26). More unexpected was our data indicating 
that the PARP7-mediated antiviral effect was potentiated by viral 
macrodomain inactivation. On the basis of our biochemical data 
showing that PARP7 automodification and transmodification of 
nsP3 were resistant to macrodomain-mediated removal, we initially 
predicted that PARP7 antiviral activity would also be largely resis-
tant to viral macrodomain activity. In contrast, we observed that a 
macrodomain-active SFV replicated to nearly threefold higher lev-
els than a macrodomain-inactive SFV in the presence of PARP7 
(Fig. 4F). Although in-depth analysis of PARP7 biochemical activity 
on specific targets during viral infection, as well as macrodomain 
activity, will be required to reconcile our biochemical and viral rep-
lication data, our results together indicate that macrodomains can 
antagonize the antiviral activity of PARP7, PARP12, and PARP15.

Such an inference about viral macrodomains antagonizing antivi-
ral PARPs would suggest that macrodomain enzymatic activity 
would therefore be highly conserved. We recently discovered the re-
current loss of macrodomain ADP-ribosylhydrolase activity in sev-
eral independent lineages of alphaviruses (36). In addition to those 
examples, we now find that one isolate of SFV, SFV4, also has a mac-
rodomain with attenuated ADP-ribosylhydrolase activity, which fur-
ther supports the unexpected lack of conservation of full enzymatic 
activity in alphaviruses. However, the discovery that SFV4 contains a 
catalytically attenuated macrodomain has potential implications be-
yond the work described here. SFV4 was one of the first enveloped 
viruses from which a molecular clone was created and was subse-
quently used to create a system for heterologous protein expression 
that has been used for more than 30 years (62). Consequently, this 
system, commonly referred to as pSFV1 or its derivatives, has been 
used as a platform for the development of a variety of heterologous 
expression, vaccine development, and antitumor delivery systems 
(38, 63–66). Although our data indicate that macro active and macro 
inactive reporters replicate equally well in HEK293T cells, we expect 
that the macrodomain hypomorph that exists in SFV4 may affect the 
efficacy of some of these SFV4-based heterologous delivery systems 
when used in an in vivo setting in which the innate immune response 
is expected to be active. Despite other evidence that supports a re-
quirement for macrodomain activity in replication of alphaviruses 
including chikungunya and SinVs even in the absence of IFN stimu-
lation (21, 22, 24, 50), these data on SFV4 and our previous data on 
other alphaviral macrodomains (36) indicate that full macrodomain 
enzymatic activity may not be universally required. One important 
point that may distinguish these effects is that the viral macrodo-
main “function” likely encompasses many different biochemical ac-
tivities (1, 6, 8, 17). These potentially separable activities include 
ADP-ribosylhydrolase activity to remove MAR from a target pro-
tein, which is the activity that we are measuring in this study, but also 
bind to both MAR and PAR and ADP-ribosylhydrolase activity that 
reduces the sizes of PAR chains (e.g., PAR hydrolase activity) (50). 
As such, it is possible that certain activities, such as MAR ADP-
ribosylhydrolase activity, are dispensable for some viruses, but other 
activities are required, and that requirements between alphaviruses, 
coronaviruses, and other macrodomain-containing viruses will differ. 
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Further research into the viral macrodomain sequence and function-
al diversity among and within viral groups will likely reveal subtly 
which substitutions are tolerated, and which viruses can tolerate 
them, to shed light on the constraints on this important viral enzy-
matic activity.

We find that PARP7 and PARP12 not only modify alphavirus pro-
teins and inhibit replication of our SFV reporter system but are also 
important for the IFN-γ–mediated innate antiviral immune response. 
Using knockdown or chemical inhibition, we find that PARP7 and 
PARP12 are each important for inhibition of SinV after IFN-γ pre-
treatment. Although we did not test for effects of PARP15 on the basis 
of the fact that it is primarily expressed in immune cells (expression 
data from www.proteinatlas.org), we did also test the effect of knock-
down of the third zinc-finger PARP, PARP13. These data, which re-
vealed that PARP13 knockdown entirely eliminates the anti-alphaviral 
activity of IFN-γ (Fig. 6C), further support the involvement of the 
entire zinc-finger PARP subfamily in the antiviral effects of IFN-γ. 
Additional studies will be required to determine the mechanistic link 
between IFN-γ– and PARP-mediated antiviral effects, especially in 
light of recent data that revealed that macrodomain mutant SARS-
CoV-2 is highly sensitive to the antiviral effects of IFN-γ (67) and that 
overall levels of ADP-ribosylation in the cell are increased upon 
IFN-γ treatment (56–58). Clearly, there is an important connection 
between IFN-γ, PARP-mediated ADP-ribosylation, and antiviral im-
munity that warrants additional study.

Last, it is notable that the PARPs we find are important for the 
IFN-γ antiviral response; PARP7, PARP12, and PARP13 comprise a 
single, ancestrally related subfamily of PARPs. Our evolutionary 
analyses indicate that these PARPs are characterized by a domain 
architecture that contains a zinc-finger domain followed by two 
WWE domains, recently characterized in PARP13 as a single struc-
tural unit able to bind PAR (60), followed by a PARP domain. The 
conservation of this putative PAR-binding domain in this subfamily 
of antiviral PARPs may provide a link between increased PAR upon 
immune stimulation (56–58) and their role in the antiviral response, 
although we have yet to confirm that PARP7 and PARP12 can bind to 
PAR through their Znf-WWE-WWE domain. Such a model show-
ing that PARP7 and PARP12 can ADP-ribosylate viral proteins and 
may be able to bind to ADP-ribosylated substrates, and that PARP13 
lacks the ability to ADP-ribosylate but requires PAR-binding for its 
antiviral activity (60), suggests that ADPr addition and recognition 
may serve as a positive feedback loop to facilitate antiviral activity. 
PARP7 ADP-ribosylates PARP13 (44), revealing the possibility that 
PARP7, PARP13, and possibly PARP12 function synergistically to-
gether during the IFN-γ antiviral response. Such combined antiviral 
effects of PARPs have been previously observed during coronavirus 
infection (25). Consistent with a model in which PARP7, PARP12, 
and PARP13 function together, the ancestral domain configuration 
of PAR-binding-PARP has been duplicated and subfunctionalized 
across different metazoans, potentially providing different configu-
rations of this synergistic antiviral complex. For instance, PARP12 
and PARP13 are recently duplicated paralogs of each other (68) in 
which PARP13 has lost catalytic activity and PARP7 lacks the RNA-
binding zinc-finger domains that exist in vertebrate PARP12/13 and 
in ancestral metazoan proteins in this gene family. Such changes in 
paralog number, domain structure, and enzymatic activity are char-
acteristic of host genes involved in host-virus evolutionary arms races, 
including other PARPs (15, 36, 69). Despite these evolutionary in-
novations, the two PARP12-like paralogs that exist in the cnidarian 

N. vectensis are up-regulated along with other immune genes by the 
same chemical signal that activates the innate immune response in 
humans (61), suggestive of conservation of the antiviral role of zinc-
finger PARPs across a broad range of metazoans. Thus, together, our 
work reveals a direct molecular conflict between zinc-finger PARPs 
and viral macrodomains, a critical role for zinc-finger PARPs in the 
human IFN-γ–mediated antiviral immune response, and a deep con-
servation of zinc-finger PARP structure and function that predicts 
their broader antiviral function throughout metazoan evolution.

MATERIALS AND METHODS
Plasmids and constructs
For PARP overexpression, coding sequences of PARP6, PARP7, PARP8, 
PARP9, PARP10, PARP11, PARP12, PARP13S, PARP13L, PARP14, 
PARP15, and PARP16 were cloned into the pcDNA5/FRT/TO back-
bone (Thermo Fisher Scientific, Waltham, MA) with an N-terminal 
mCherry, P2A linker, and 3×FLAG epitope tag. For SFV nsP over-
expression, the nsP1, nsP2, nsP3, and nsP4 sequences were cloned 
from the SFV4 reporter system pSMART-LacZ-2B (45) into the 
pQCXIP backbone with an N-terminal HA tag. SinV nsPs nsP1, 
nsP2, nsP3, and nsP4 were amplified from the infectious clone SINV 
TE/5′2J-GFP (29) (a gift from C. Rice, Rockefeller University) and 
cloned into the pQCXIP vector backbone (Takara Bio, San Jose, CA) 
with an N-terminal HA tag. Single-point mutations to create cata-
lytically active and inactive mutants of macrodomain constructs 
were performed using overlapping stitch polymerase chain reaction 
(PCR). All inserts were fully sequenced to verify that no mutations 
arose during cloning.

Cell culture and transient transfection
Human immortalized cell lines (HEK293T or Huh7) were routinely 
tested for mycoplasma infection using a PCR kit and kept at a low 
passage number. HEK293T cells were obtained from American Type 
Culture Collection (Manassas, VA), and the Huh7 cells were a gift 
from R. Savan (University of Washington). Cells were grown in com-
plete media using Dulbecco’s modified Eagle’s medium (Gibco, Billings, 
MT) with 10% (v/v) fetal bovine serum (Peak Serum, Wellington, CO) 
and 1% (v/v) penicillin/streptomycin (Invitrogen, Carlsbad, CA). 
For transient transfections (coexpression, ADPr analysis, and SFV 
replication assays), HEK293T cells were seeded a day before trans-
fection in a 24-well plate with 500 μl of media per well such that they 
would be at 60% confluency the following day for transfection. Cells 
were transfected using 500 ng of total plasmid DNA with 1.5 μl of 
Transit-X2 transfection reagent (Mirus Bio, Madison, WI) in 100 μl of 
Opti-MEM (Invitrogen) per well.

Immunoblotting
ADP-ribosylation assays were performed as previously described 
(36). Briefly, HEK293T cells were transfected in 24-well plates with 
100 ng of plasmid expressing the indicated viral nsP and 250 ng of 
plasmid expressing the indicated PARP. Cells were harvested 20 hours 
after transfection. As has been previously used (44), we added velipa-
rib (VWR, Radnor, PA), a selective PARP1/PARP2 inhibitor (70, 71), 
to culture media to a 1 μM final concentration 1 hour before harvest 
to inhibit PARP1 activity and therefore reduce background PARP1-
mediated ADP-ribosylation. At the time of harvest, media were as-
pirated, phosphate-buffered saline (PBS) was added to cells and 
aspirated, and then plates were frozen at −80°C. After at least 1 hour 

http://www.proteinatlas.org
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at −80°C, plates were thawed on ice for 10 min and 75 μl of ADPr 
lysis buffer [50 mM tris (pH 7.4), 150 mM NaCl, 1 mM MgCl2, 1% 
(v/v) Triton X-100, 1× protease inhibitor (Sigma-Aldrich, St. Louis, 
MO), 1 μM PDD00017273 (PARG inhibitor, Sigma-Aldrich), 1 μM 
veliparib, and 1 mM dithiothreitol] was added to each well. After 
10 min of incubation on ice, lysates were transferred and centrifuged 
at 10,000g at 4°C for 5 min. The resulting supernatant was transferred 
to a new tube, and 4× NuPAGE LDS sample buffer (Invitrogen) con-
taining 5% (v/v) β-mercaptoethanol (VWR) was added. Samples 
were heated to 95°C for 10 min and briefly centrifuged before being 
loaded onto a 4 to 12% bis-tris SDS–polyacrylamide gel electropho-
resis gel (Invitrogen) and electrophoresed in 1× Mops (Invitrogen) 
running buffer. Samples were then wet transferred onto a nitrocellu-
lose membrane and blocked with PBS-T containing 5% (w/v) bovine 
serum albumin for 1 hour. This was followed by incubation over-
night at 4°C with primary antibodies for mono/poly-ADPr [anti-
poly/mono-ADPr antibody, E6F6A, Cell Signaling Technology, 
Danvers, MA; (32)], mono-ADPr (Mono-ADP-Ribose antibody, 
AbD33204, Bio-Rad), anti-FLAG M2 (Sigma-Aldrich), anti-HA 
(Sigma-Aldrich), or anti-GAPDH (Cell Signaling Technology). Mem-
branes were then rinsed three times in PBS-T and then incubated 
with the appropriate horseradish peroxidase–conjugated secondary 
antibodies (Thermo Fisher Scientific, Pittsburg, PA). Membranes were 
then rinsed three times in PBS-T, and developed with SuperSignal West 
Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific), 
and imaged on a Bio-Rad GelDoc (Bio-Rad, Hercules, CA). Infor-
mation on biological replicates is indicated in each figure legend.

Immunoprecipitation of HA-tagged nsP3 and nsP4
HEK293T cells were transfected in six-well plates with 1000 ng of 
plasmid expressing PARP7 and 1000 ng of plasmid expressing the in-
dicated viral nsP from SFV4. Cells were harvested 20 hours after 
transfection. One hour before harvesting cells, veliparib (VWR) was 
added to culture media to a final concentration of 1 μM to inhibit 
PARP1 activity. At the time of harvest, PBS was added to cells and 
aspirated, and the plate was then frozen at −80°C. After at least 1 hour 
at −80°C, plates were thawed on ice for 10 min and 500 μl of ADPr 
lysis buffer [50 mM tris (pH 7.4), 150 mM NaCl, 1 mM MgCl2, 
1% (v/v) Triton X-100, 1× protease inhibitor (Sigma-Aldrich, St. Louis, 
MO), 1 μM PDD00017273 (PARG inhibitor, Sigma-Aldrich), 1 μM 
veliparib, and 1 mM dithiothreitol] was added to each well. After 
10 min of incubation on ice, lysates were transferred and centrifuged 
at 10,000g at 4°C for 5 min. After centrifugation, 50 μl of lysate was 
transferred to a new tube, mixed with 50 μl of 2× NuPAGE LDS sam-
ple buffer (Invitrogen), and heated to 97°C for 5 min to serve as “In-
put” control samples for immunoblots. The remaining 450 μl of lysate 
was then transferred to Protein LoBind tubes (Eppendorf SE, Hamburg, 
Germany), and 40 μl of 1:1 (antibody:lysis buffer) monoclonal anti-
HA agarose antibody (Sigma-Aldrich, A2095) bead mix was added to 
each tube. Lysates and beads were then incubated on a rotator for 
3 hours at 4°C. Following incubation, samples were washed three 
times by centrifuging at 800g, discarding the supernatant, and adding 
1 ml of fresh ADPr lysis buffer. After the final wash, the supernatant was 
discarded and 100 μl of 2× NuPAGE LDS sample buffer (Invitrogen) 
containing 5% (v/v) β-mercaptoethanol (VWR) was added to the 
beads. Samples were heated to 97°C for 5 min and briefly centrifuged 
before being loaded, along with “Input” samples from above, onto a 
4 to 12% bis-tris SDS–polyacrylamide gel electrophoresis gel 
(Invitrogen) and electrophoresed in 1× Mops (Invitrogen) running 

buffer. Immunoblots for mono/poly-ADPr, mono-ADPr, FLAG, 
HA, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were 
performed as described above.

SFV replication reporter assays
For SFV replication assays, pSMART-LacZ-2B was mutated to ei-
ther have an active macrodomain (E48A in macrodomain number-
ing and E1384A in polyprotein numbering) (“macro active”) or have 
an inactive macrodomain [N21A (N1357A) in the context of the 
E48A (E1384A) substitution] (“macro inactive”). To measure SFV 
replication activity, 200 ng of the above pSMART-LacZ-2B con-
structs was cotransfected with 300 ng of PARP expression plasmids 
into HEK293T cells. SFV replication reporter assays were performed 
with five wells per condition, where the corner wells of each plate 
were left untransfected to minimize plate edge effects. Twenty hours 
after transfection, plates were freeze-thawed three times and then 
4-methylumbelliferyl β-d-galactopyranoside (MUG, Thermo Fisher 
Scientific) was added to each well to a final concentration of 150 μg/ml. 
The plates were then read for maximal change in fluorescence emis-
sion over 15 time points (5 min) with an excitation wavelength of 
380 nm and an emission wavelength of 450 nm. Information on bio-
logical replicates is indicated in each figure legend.

Viral stocks and viral infections
GFP (green fluorescent protein)–expressing SinV was generated by 
in vitro transcription from SINV TE/5′2J-GFP, electroporated into 
BHK cells, and further amplified on BHK cells as previously de-
scribed (29). All SinV samples were titrated on BHK cells by infect-
ing cells for 90 min; replacing the media with an overlay of Dulbecco’s 
modified Eagle’s medium, fetal bovine serum complete medium, and 
0.6% (w/v) carboxymethylcellulose; and staining with crystal violet 
the following day.

For viral infections of Huh7 cells, cells were plated in 24-well 
plates and infected the following day with 25,000 plaque forming 
units (PFUs) of SinV, corresponding to a final multiplicity of infec-
tion of ~0.1 based on estimates of ~250,000 cells per well at the point 
of infection. Infections were allowed to proceed for 20 hours before 
the supernatant was harvested and frozen at −80°C. This superna-
tant was later titrated to determine PFU-per-well values for each 
condition. Where indicated, IFN-γ (BioLegend) or IFN-α (Abcam) 
was added 8 hours before viral infection. For infections involving 
the PARP7-selective inhibitor Phthal01 (a gift of M. Cohen, Oregon 
Health Sciences University) (44) and the PARP1/2 inhibitor olaparib 
(59), the drug or dimethyl sulfoxide control was added 1 hour before 
IFN induction. Information on biological replicates is indicated in 
each figure legend.

siRNA treatment and RT-qPCR
Huh7 cells were grown in a six-well plate, with at least two wells being 
used for each siRNA condition. Dicer-substrate siRNA (DsiRNA) 
against PARP7 (hs.Ri.TIPARP.13.2), PARP10 (hs.Ri.PARP10.13.2 
and hs.Ri.PARP10.13.3), and PARP13 (hs.Ri.ZC3HAV1.13.1) were 
obtained from Integrated DNA Technologies. An additional PARP13L-
specific DsiRNA (sense: rGrGrArArUrCrUrArUrCrUrGrUrUr-
CrGrArArUrArArUrUTT; antisense: rArArArArUrUrArUrUrC
rGrArArCrArGrArUrArGrArUrUrCrCrArC) as described in (46) 
was obtained from Integrated DNA Technologies. A SMARTPool of 
four individual siRNAs against PARP12 was obtained from Horizon 
Discovery (M-013740-01-0005). When cells were approximately 
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50% confluent, 80 pmol of gene-specific DsiRNA or negative control 
nontargeting DsiRNA (Integrated DNA Technologies, 51-01-14-04) 
was added along with 4 μl of Lipofectamine 2000 (Invitrogen) to each 
well. These plates were incubated overnight, and then the wells of the 
same treatment were pooled before being split into 24-well plates, 
where the final infection experiments would take place. Information 
on biological replicates is indicated in each figure legend.

Quantification of knockdown was performed by reverse tran-
scription quantitative PCR (RT-qPCR) following siRNA treatment 
as described above. Each siRNA treatment condition was performed 
in biological triplicate under conditions containing the final con-
centration of IFN-γ (100 U/ml). Cells were centrifuged at 500g for 
1 min to pellet cells. Total RNA was then extracted using the Mon-
arch Total RNA Miniprep Kit (New England BioLabs) according to 
the kit protocol. RNA concentrations and purity were measured using 
the NanoDrop Lite spectrophotometer (Thermo Fisher Scientific). 
For cDNA synthesis, 2 μg of total RNA was reverse transcribed using 
the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific) in a final reaction volume of 20 μl. Quantitative PCR, mea-
sured in technical quadruplicate, was performed in a 96-well plate us-
ing the StepOnePlus Real-Time PCR System (Bio-Rad) and the Luna 
Universal qPCR Master Mix (New England BioLabs). Each reaction 
contained 10 μl of 1× qPCR Master Mix, 0.5 μM each of forward and 
reverse primers (see table S1), 2 μl of template DNA, and nuclease-
free water (Thermo Fisher Scientific) to a final volume of 20 μl. Cy-
cling protocol conditions were as follows: initial denaturation at 95°C 
for 60 s, followed by 40 cycles of denaturation at 95°C for 15 s and 
extension at 60°C for 30 s. Relative gene expression was quantified 
using the comparative CΤ (ΔΔCΤ) method with GAPDH as the inter-
nal control. Results are presented as the fold change relative to a non-
targeting siRNA treatment control.

Evolutionary and structural analyses of 
alphavirus macrodomains
All sequences used in viral macrodomain evolutionary analyses, list-
ed by accession number and viral species, are shown in data S1 (tab 
1). All nonredundant SFV nsP1 to nsP3 or nsP1 to nsP4 sequences 
(20 total), as well as additional polyprotein sequences from other vi-
ruses shown in data S1 (tab 1), were downloaded from the National 
Center for Biotechnology Information nonredundant database. Se-
quences were aligned in Geneious Prime 2022.1.1 (www.geneious.
com/) software using Clustal Omega (72). The region corresponding 
to the SFV4 macrodomain (residues 1337 to 1496 from protein acces-
sion AKC01667.1) was extracted and realigned using Clustal Omega 
with two rounds of iterative refinement. The SFV consensus sequence 
shown in Fig. 2A was generated using Geneious software.

Structural models for the SFV4 macrodomain and SFV4 macro-
domain with E48A substitution (representative of all other SFV iso-
lates) were predicted using AlphaFold2 via the ColabFold package 
(41). The resulting structural models were compared to the experi-
mentally determined model of the Getah virus macrodomain solved 
in complex with ADPr [Protein Data Bank code: 6R0G; (40)] using 
PyMOL (The PyMOL Molecular Graphics System, version 2.1, 
Schrödinger, LLC.).

Presence of PAR-binding-PARP domain architecture 
in metazoans
Sequences for human PARP7 (accession NP_001171646.1), PARP12 
(accession NP_073587.1), and PARP13 (accession NP_064504.2) 

were aligned using Clustal Omega with two rounds of iterative re-
finement. Sliding window sequence identity shown in Fig. 7A was 
generated in Geneious using a five-residue sliding window.

On the basis of the conservation of the PAR-binding domain 
(zinc-finger domain followed by two WWE domains) and PARP do-
main across all three human PARPs, we comprehensively searched for 
this domain architecture in two ways. First, we searched InterPro 
(www.ebi.ac.uk/interpro/search/ida/) (73) using the “Search By Do-
main Architecture” feature. Searching for proteins with a domain 
combination of a CCCH-type zinc-finger domain (InterPro entry: 
IPR000571) and then one or more WWE domains (InterPro entry: 
IPR004170), followed by a PARP domain (InterPro entry: IPR012317), 
yielded 349 proteins, all of which were from the metazoan clades 
shown in Fig. 7D (Cnidaria, Spiralia, Crustacea, and Deuterostoma).

To identify proteins that may not be represented in InterPro, we 
also performed iterative PSI-BLAST (74) searches as follows. The 
PAR-binding-PARP region of the human PARP12 (residues 270 to 
698 of accession NP_073587.1) was used as a search query for the 
RefSeq database using PSI-BLAST with a e-value cutoff of 1 × 10−5. 
To only capture proteins with PAR-binding-PARP architectures, only 
sequences with a sequence coverage cutoff of 90% or higher were re-
tained for the next round. After two additional rounds of PSI-BLAST 
searching, the resulting 3159 sequences were analyzed by the organ-
ism clade. All sequences corresponded to the clades shown in Fig. 7D 
(Cnidaria, Spiralia, Crustacea, and Deuterostoma).

Phylogenetic analyses of PAR-binding-PARP 
domain–containing proteins
To generate a phylogeny of metazoan PAR-binding-PARP contain-
ing proteins, we downloaded full-length sequences for the 3159 pro-
teins identified from our PSI-BLAST searches described above. 
Sequences were aligned using Clustal Omega (no iterative refine-
ment), and incomplete and poorly aligning sequences were removed. 
To eliminate closely related sequences and reduce the total sequence 
number, sequences with >80% identity were reduced to a single 
unique sequence using CD-HIT with a 0.80 sequence identity cutoff 
(75), and human PARP7, PARP12, and PARP13 were added back in. 
The resulting 790 sequences are listed in data S1 (tab 2), including 
the accession number, species name, and GenBank annotation. All 
790 full-length sequences were aligned using Clustal Omega with 
two rounds of iterative refinement, and maximum likelihood phylo-
genetic trees were generated using IQ-TREE (76). IQ-TREE phylog-
enies were generated using the “-bb 1000 -alrt 1000” commands 
for generation of 1000 ultrafast bootstrap (77) and SH-aLRT sup-
port values. The best-fitting substitution model was determined by 
ModelFinder (78) using the “-m AUTO” command. The resulting 
consensus phylogenetic tree was visualized using FigTree (http://tree.
bio.ed.ac.uk/software/figtree/). Complete IQ-TREE–generated phy-
logenetic tree output, including bootstrap branch support, is shown 
in data S2. A second IQ-TREE phylogeny was generated using just 
the PAR-binding-PARP region of the protein alignment, correspond-
ing to residues 270 to 698 of PARP12. That phylogenetic tree, which 
shows the same overall topology as the tree shown in Fig. 7E, is in-
cluded in data S2.

Statistical analyses
Information on biological replicates is indicated in each figure leg-
end. Statistical analyses on viral replication and RT-qPCR were per-
formed using GraphPad Prism 9 (version 9.5.1). All experiments 
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were performed at least in triplicate (N ≥ 3; exact values indicated in 
figure legends), with all data points displayed along with the means ± 
SD. Data were analyzed with the two-way analysis of variance (ANOVA) 
using Šidák’s multiple comparison analysis. Asterisks (*) are used to 
indicate statistical significance [*P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; n.s., not significant (P > 0.05)]. Maximum likelihood 
phylogenetic analyses were performed using IQ-TREE, using 1000 ul-
trafast bootstraps for branch support.

Supplementary Materials
The PDF file includes:
Figs. S1 to S8
Table S1
Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data S1 and S2
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