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Abstract

The zinc finger antiviral protein (ZAP) is a broad inhibitor of virus replication. Its best-charac-

terized function is to bind CpG dinucleotides present in viral RNAs and, through the recruit-

ment of TRIM25, KHNYN and other cofactors, target them for degradation or prevent their

translation. The long and short isoforms of ZAP (ZAP-L and ZAP-S) have different intracellu-

lar localization and it is unclear how this regulates their antiviral activity against viruses with

different sites of replication. Using ZAP-sensitive and ZAP-insensitive human immunodefi-

ciency virus type I (HIV-1), which transcribe the viral RNA in the nucleus and assemble viri-

ons at the plasma membrane, we show that the catalytically inactive poly-ADP-ribose

polymerase (PARP) domain in ZAP-L is essential for CpG-specific viral restriction. Mutation

of a crucial cysteine in the C-terminal CaaX box that mediates S-farnesylation and, to a

lesser extent, the residues in place of the catalytic site triad within the PARP domain, dis-

rupted the activity of ZAP-L. Addition of the CaaX box to ZAP-S partly restored antiviral

activity, explaining why ZAP-S lacks antiviral activity for CpG-enriched HIV-1 despite con-

servation of the RNA-binding domain. Confocal microscopy confirmed the CaaX motif medi-

ated localization of ZAP-L to vesicular structures and enhanced physical association with

intracellular membranes. Importantly, the PARP domain and CaaX box together jointly mod-

ulate the interaction between ZAP-L and its cofactors TRIM25 and KHNYN, implying that its

proper subcellular localisation is required to establish an antiviral complex. The essential

contribution of the PARP domain and CaaX box to ZAP-L antiviral activity was further con-

firmed by inhibition of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) repli-

cation, which replicates in double-membrane vesicles derived from the endoplasmic

reticulum. Thus, compartmentalization of ZAP-L on intracellular membranes provides an

essential effector function in ZAP-L-mediated antiviral activity against divergent viruses with

different subcellular replication sites.

Author summary

Cell-intrinsic antiviral factors, such as the zinc finger antiviral protein (ZAP), provide the

first line of defence against viral pathogens. ZAP acts by selectively binding CpG
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dinucleotides in viral RNAs, leading to their degradation or translation inhibition. Here,

we show that the ability to target these foreign elements is not only dependent on ZAP’s

N-terminal RNA-binding domain, but additional determinants in the central and C-ter-

minal regions also regulate this process. The PARP domain and its associated CaaX box,

are crucial for ZAP’s CpG-specific activity and required for optimal binding to the ZAP

cofactors TRIM25 and KHNYN. Furthermore, a CaaX box, known to mediate post-trans-

lational modification by a hydrophobic S-farnesyl group, caused re-localization of ZAP

from the cytoplasm and increased its association with intracellular membranes. The distri-

bution of the long isoform of ZAP to intracellular membranes was essential for inhibition

of both a ZAP-sensitized HIV-1 and SARS-CoV-2. Our work unveils how the determi-

nants outside the RNA-binding domain assist ZAP’s antiviral activity and highlights the

role of S-farnesylation and membrane association in this process.

Introduction

Cell-intrinsic antiviral factors are an important line of defence against viral pathogens.

Although diverse in structure and function, these proteins often share common characteristics

including broad antiviral activity conferred by targeting common aspects of viral replication,

interferon-stimulated gene expression and rapid evolution due to selective pressures imposed

by pathogens [1]. The zinc finger antiviral protein (ZAP, also known as PARP13 and encoded

by ZC3HAV1) is a broadly active antiviral protein that is induced by both type I and II inter-

ferons and is under positive selection in primates [2–5]. It restricts RNA and DNA viruses as

well as endogenous retroelements, with retroviruses and positive-strand RNA viruses being

the most commonly used viral systems to study ZAP [6].

ZAP directly binds viral RNA to inhibit translation and/or target it for degradation [3,7–9].

ZAP interacts with several cofactors to restrict viral replication including the 3’-5’ exosome

complex, TRIM25, KHNYN and OAS3-RNase L [10–14]. There are four characterized ZAP

isoforms, with the long (ZAP-L) and short (ZAP-S) isoforms being the most abundant [4,15].

All ZAP isoforms contain an N-terminal RNA-binding domain (RBD) and a central domain

that binds poly(ADP)-ribose [3,7,16,17]. ZAP-L and ZAP-S differ in that ZAP-L contains a

catalytically inactive C-terminal poly (ADP ribose) polymerase (PARP) domain [4]. ZAP dis-

tinguishes between self and non-self RNA at least in part by selectively binding to CpG dinu-

cleotides [18–20]. These are present at a low frequency in vertebrate genomes due to events

such as cytosine DNA methylation and spontaneous deamination of the 5-methylcytosine to

thymine [21]. However, many vertebrate viruses, including RNA viruses that do not have a

DNA intermediate, show CpG suppression in their genome and introducing CpG dinucleo-

tides into the genomes of diverse viruses inhibits their replication [18,22–30]. While CpG

dinucleotides in viral genomes may have multiple deleterious effects on replication [31–33],

since ZAP has been shown to specifically bind CpG dinucleotides in viral RNA and restrict

replication, it has been proposed that ZAP at least partially drives the CpG suppression

observed in many vertebrate RNA viruses [18,34,35].

ZAP was originally identified as a restriction factor for murine leukemia virus and can tar-

get several different retroviruses including primary isolates of HIV-1 [3,35–38]. ZAP restricts

HIV-1 replication when CpGs are enriched in the 5’ region of HIV-1 env more efficiently than

when CpGs are enriched in other regions of the viral genome and introducing CpGs into this

region creates a highly ZAP-sensitive HIV-1 [18,33,35]. This model ZAP-sensitive virus has

been used to characterize the role of CpG dinucleotides in ZAP-mediated restriction and
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study its cofactors such as TRIM25 and KHNYN [13,18,19,34]. While the RNA binding

domain (RBD) of ZAP is crucial for its selective antiviral activity [7,17,19,20], much less is

known about the functional relevance of the other domains and motifs.

While there has been substantial progress in understanding how ZAP restricts viral replica-

tion, several key questions remain. First, the specific contribution of ZAP binding to CpGs for

viral restriction is unclear, especially since ZAP can also restrict viruses with increased UpA

abundance and CpG abundance does not always predict ZAP-sensitivity [14,15,30,39,40]. Sec-

ond, while ZAP-L is often more antiviral than ZAP-S, depending on the experimental system

and virus being studied, the specific determinants in the PARP domain that lead to increased

antiviral activity and how this correlates with interactions between ZAP and cofactors remains

to be resolved. Third, ZAP-L is targeted to the cytoplasmic endomembrane system and it is not

clear whether this is required for inhibition of positive-strand RNA viruses that use these mem-

branes as viral replication compartments or is a core aspect of ZAP antiviral activity against

diverse viruses with different replication sites. To address these questions, we determined the

functional relevance of the individual domains in ZAP and their contribution to antiviral activ-

ity against CpG-enriched HIV-1 and SARS-CoV-2. In addition to residues in the RBD that

directly interact with a CpG dinucleotide, we identified that the PARP domain and CaaX box in

ZAP-L are required for its antiviral activity against both viruses. Both the PARP domain and

CaaX box were required for optimal interaction with ZAP cofactors KHNYN and TRIM25.

Our findings explain the difference in activity between the two main isoforms of ZAP and high-

light the functional contribution of C-terminal regions and proper subcellular localization for

ZAP-L to control important human pathogens such as HIV-1 and SARS-CoV-2.

Results

Both the RNA-binding domain and C-terminal domains of ZAP contribute

to its CpG specific activity

Full-length ZAP contains an RNA binding domain consisting of four CCCH zinc finger

domains, a central domain comprised of a fifth CCCH zinc finger and two WWE modules

plus a C-terminal PARP domain (Fig 1A) [3,4,16]. Early studies suggested that an N-terminal

portion of the protein containing the four zinc fingers is sufficient for at least partial antiviral

activity against diverse viruses or endogenous retroelements [3,8,36,41,42]. However, this was

characterised using overexpression experiments in cells expressing endogenous ZAP and

allowing for the endogenous and exogenous proteins to multimerise [17,43], complicating the

experimental interpretation. To compare how much of ZAP’s activity can be attributed to the

RBD itself, we initially tested two truncation mutants of the protein, containing either the first

256 amino acids or the last 649 amino acids. Importantly, to eliminate potential interactions

between endogenous and exogenous ZAP, these experiments were performed in ZAP CRISPR

KO HEK293T cells [33]. Co-transfection of a full-length ZAP-L expression vector (pZAP-L)

with wild-type HIV-1 (HIV-1WT) resulted in a modest inhibition at the highest concentration.

In contrast, a potent dose-dependent inhibition was observed for pZAP-L co-transfected with

pHIV-1env86-561CpG (a mutant containing additional 36 CpG dinucleotides introduced into

env nucleotides 86–561 [13], referred to in this manuscript as HIV-1CpG) (Fig 1B dashed

lines). The N-terminal or C-terminal portions of ZAP-L were not sufficient to inhibit HIV-

1CpG infectious virus yield, virion production or viral protein expression (Figs 1B and S1A).

Highlighting the importance of RNA binding for ZAP-L antiviral activity, deletion of the

RBD or five alanine substitutions in the proposed RNA binding groove (V72/Y108/F144/

H176/R189 – 5xRBM) [17,44] inhibited ZAP-L restriction of HIV-1CpG (Fig 1C). Mutating

residues that directly interact with the CpG dinucleotide, such as Y108 and F144, has been
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Fig 1. RNA binding is crucial for ZAP’s antiviral activity. (A) Schematic showing domain organisation of long isoform of ZAP

(ZAP-L): four N-terminal zinc fingers form RNA binding domain (RBD), fifth zinc finger (ZnF5) and two WWE domains are located in

the central part and catalytically inactive Poly(ADP-ribose) polymerase (PARP) domain is at the C-terminal part. (B) Infectious virus yield

measured by TZM-bl infectivity assay in relative light units per second [rlu/s] obtained from HEK293T ZAP KO cells co-transfected with

wild type (WT; black) HIV-1 and CpG-enriched mutant (CpG-high; red) viruses and increasing doses of pcDNA HA-ZAP constructs

encoding the full-length ZAP-L (dashed line), 1-256aa or 253-902aa parts of the protein (solid lines) (left panel). Area Under the Curve

(AUC) calculated from the same titration experiments (right panel). (C) Infectious virus yield from HEK293T ZAP KO co-transfected

with WT and mutant virus and increasing concentration of pcDNA HA-ZAP with truncated ZAP 253–902 (ΔRBD), ZAP-L mutant

unable to bind RNA (V72A/Y108A/F144A/H176A/R189A; 5xRBM) or ZAP-L with substitutions at positions in direct contact with bound
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reported to partially reduce ZAP antiviral activity on CpG-enriched HIV-1 while restriction of

wild type HIV-1 was increased, indicating that the CpG specificity for antiviral activity was

eliminated [19]. In contrast, mutating Y108 abrogated ZAP antiviral activity for Sindbis virus

[20]. Therefore, we tested the effect of ZAP Y108A on wild type or CpG-enriched HIV-1 and

observed a large loss of activity on HIV-1CpG and no increase in antiviral activity for HIV-1WT

(Fig 1C and 1D), which is consistent with the complete loss of function phenotype for this

mutation observed for Sindbis virus [20]. ZAP-L F144A had moderate antiviral activity on

HIV-1CpG and no activity on HIV-1WT (Fig 1C and 1D), indicating that it is a partial loss of

function mutation. Thus, the ZAP RBD, and the specific residues that bind to the CpG, are

necessary but not sufficient for restriction of CpG-enriched HIV-1, implying important effec-

tor functions elsewhere in the protein.

To determine domains required for ZAP antiviral activity outside the RBD, we tested ZAP

mutants carrying deletions in the central domain (ZnF5 and WWE1 or WWE2) or the PARP

domain (Fig 2A). While deletions in the central domain partly reduced ZAP antiviral activity,

deletion of the PARP domain resulted in a large loss of activity against HIV-1WT or HIV-1CpG

(Fig 2A and 2B). All human PARP proteins except for ZAP and PARP9 can catalyse the trans-

fer of ADP-ribose to target proteins [45]. This lack of catalytic ability is due to a deviation

from the conserved triad motif “HYE” required for NAD+ cofactor binding and PARP cata-

lytic activity. Also the catalytic site present in active PARP domains is in a closed conformation

in ZAP-L because the NAD+ binding pocket is occluded by a hydrogen bond between H810

and Y826 on one side and a short alpha helix between residues 803 and 807 at the other [46].

Three residues in the PARP-like domain have been found to be under strong positive selection

in primates (Y793, S804, F805)—often a hallmark of pathogen-host interactions–and two of

these are located in this alpha helix [4,46] (Fig 2C). The residues under positive selection are

found on the surface of the domain and have been proposed to be a potential protein interac-

tion site [46]. Interestingly, mutation of the residues that are present in the triad motif posi-

tions, Y787, Y819 and V876 to alanine or H-Y-E abolishes ZAP’s inhibition of Sindbis virus

[47], suggesting that the PARP-like domain provides important function.

To determine if these residues modulate antiviral activity against CpG-enriched HIV-1 and

explain the apparent lack of inhibition by C-terminally truncated ZAP, we mutated ZAP’s resi-

dues 787, 819, 876 (canonical triad positions, pink) and 793, 804 and 805 (sites under positive

selection, green) within the PARP domain (Fig 2C). Mutation of the Y787, Y819 and V876 to

alanine resulted in a large loss of antiviral function (Fig 2D and 2E) though this was also associ-

ated with a substantial decrease in ZAP expression (S1 Fig). Mutation of these residues to

H-A-E did not alter ZAP expression but led to a significant loss of antiviral activity. Mean-

while, alanine substitutions at positions under positive selection did not affect the antiviral

phenotype (Fig 2D and 2E). Therefore, the residues in the positions that constitute the triad

motif in catalytically active PARPs, but not the rapidly evolving residues within the PARP-like

domain, contribute to the restriction of CpG-enriched HIV-1. However, this does not fully

account for the magnitude of the decrease in antiviral activity observed when the C-terminus

of ZAP-L was deleted (ZAP-LΔPARP, Fig 2A and 2B).

RNA CpG (Y108A and F144A) and (D, left panel) derived AUC values. (right panel) representative western blot of produced virions and

ZAP transfected (250ng) cells showing viral Env and Gag (p24) proteins as well as HA-tagged ZAP and GAPDH loading control. Mean of

n = 3 +/- SD. � p<0.05 for HIV-1 CpG compared to HIV-1 WT for the same ZAP construct. � p< 0.05 for the comparisons demarked by

the lines.

https://doi.org/10.1371/journal.ppat.1009726.g001
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Fig 2. Determinants of ZAP’s function located outside RBD. (A) Infectious virus yield from HEK293T ZAP KO co-transfected with WT

(black) and mutant (red) virus and increasing concentration of pcDNA HA-ZAP-L control (dashed line) or mutated pcDNA HA-ZAP with

deleted ZnF5 and first WWE domain (Δ511–563; ΔZnF5/WWE1), second WWE (Δ594–681; ΔWWE2) or PARP domain (Δ716–902;

ΔPARP). (B) Corresponding AUC values and representative western blot (250ng). (C) Position of studied residues in crystal structure of

ZAP’s PARP domain. Residues under positive selection in primates are shown in green, canonical triad positions in pink and residues
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The C-terminal CaaX box is crucial for ZAP antiviral activity against CpG-

enriched HIV-1

While ZAP-L has been reported to be more active than ZAP-S, the relative activity remains

unclear for many viruses and the experimental result could be affected by whether each iso-

form was expressed in the context of wild type cells expressing endogenous ZAP or in ZAP

knockout cells [4,15,47–49]. Therefore, we compared the antiviral activity of both isoforms on

HIV-1WT and HIV-1CpG in ZAP knockout cells. In agreement with the phenotype we observed

for ZAP-LΔPARP (Fig 2), when ZAP-S was expressed in ZAP knockout cells it displayed no

significant antiviral activity (Fig 3A and 3B). We also tested whether co-expression of both iso-

forms have additive or synergistic activity and found that ZAP-S had no additive effect against

CpG-enriched HIV-1, even in the presence of ZAP-L (S2 Fig).

The ZAP-L PARP domain ends with a well-conserved CVIS sequence that forms a CaaX

box (S3A Fig). This mediates a C-terminal post-translational modification through the addi-

tion of hydrophobic S-farnesyl group and ZAP-L S-farnesylation has been shown to be

required for full antiviral activity on Sindbis virus [48,49]. This virus enters a cell through

endocytosis and replicates its genome in cytopathic vesicles that are single membrane replica-

tion factories derived from the plasma membrane, endosomes, or lysosomes [50]. Therefore, it

has been proposed that ZAP-L localizes to these membranes to target incoming viruses that

enter cells through endocytic pathways or replicate in these membrane compartments [48,49].

However, HIV-1 does not replicate its genome or produce mRNAs in compartments formed

from cellular membranes like classical positive-strand RNA viruses. Instead, its genome and

mRNAs are produced from the integrated provirus using the same machinery as cellular

mRNAs [51]. Furthermore, HIV-1 entry and the pre-integration steps can be bypassed by

transfecting proviral plasmids, which will start the replication cycle at the gene expression step.

To evaluate the contribution of S-farnesylation for HIV-1 restriction, we mutated the cysteine

in the ZAP-L CaaX box to serine (C899S) and added the CaaX box to ZAP-S (ZAP-S + CVIS).

The C899S mutation in ZAP-L completely abolished its antiviral activity on a transfected HIV-

1CpG provirus while addition of the CaaX box to the C-terminus of ZAP-S resulted in a sub-

stantial increase in inhibition of HIV-1CpG (Fig 3B and 3C). Thus, the CaaX box is essential for

ZAP antiviral activity on CpG-enriched HIV-1 and can substantially enhance ZAP-S activity

even in the absence of the PARP domain. We also analysed whether the N-terminus of ZAP

was sufficient for antiviral activity in the presence of the CaaX box. The CVIS motif was added

to the first 256 or 352 amino acids of ZAP. The addition of the CVIS motif to ZAP 1–352 led

to a partial increase in antiviral activity against HIV-1CpG, comparable to that observed in the

case of ZAP-S + CVIS (Fig 3D), though it did not add antiviral activity to ZAP 1–256, suggest-

ing that there might be additional determinants of antiviral function present in the 256–352

region.

Because the closest paralogue to ZAP, PARP12, does not share the CpG-binding residues or

CaaX motif found in ZAP (S3B and S3C Fig), we tested whether it inhibits HIV-1WT or HIV-

1CpG and found that it had no antiviral activity on either virus (S3D and S3E Fig). Adding the

CaaX box to PAR12 did not mediate antiviral activity against either virus (S3C, S3D and S3E

Fig). However, a chimeric PARP12 protein containing the ZAP RBD in addition to the CaaX

forming the salt bridge which closes the NAD+ binding grove are shown in yellow. (D) Infectious virus yield from HEK293T ZAP KO co-

transfected with WT (black) and mutant (red) virus and increasing concentration of pcDNA HA-ZAP-L control (dashed line), missing PARP

domain or carrying amino acid substitutions in alternate triad motif (Y786H/Y818A/V875E, Y786A/Y818/V875A), or residues under positive

selection (Y793A/S804A/F805A) (solid lines). (E) Corresponding AUC values. Mean of n = 3 +/- SD. � p<0.05 for HIV-1 CpG compared to

HIV-1 WT for the same ZAP construct. � p< 0.05 for the comparisons demarked by the lines.

https://doi.org/10.1371/journal.ppat.1009726.g002
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Fig 3. Contribution of CaaX motif to ZAP’s antiviral activity. (A) Schematic showing ZAP-L, which contains PARP domain and CaaX

motif (amino acids “CVIS”) and short isoform of ZAP (ZAP-S). (B) Infectious virus yield from HEK293T ZAP KO co-transfected with

WT (black) and mutant (red) virus and increasing concentration of ZAP-L (dashed line), ZAP-S, ZAP-L with mutated crucial cysteine

(C899S) in CaaX or ZAP-S with added CVIS motif (solid lines). (C) Corresponding AUC values and representative western blot (250ng).

(D) Infectious virus yield from HEK293T ZAP KO co-transfected with both viruses and pcDNA encoding truncated ZAP (1–256 or

1–352) with added CVIS motif and corresponding AUC values. Mean of n = 3–5 +/- SD. � p<0.05 for HIV-1 CpG compared to HIV-1

WT for the same ZAP construct. � p< 0.05 for the comparisons demarked by the lines.

https://doi.org/10.1371/journal.ppat.1009726.g003

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 8 / 24

https://doi.org/10.1371/journal.ppat.1009726.g003
https://doi.org/10.1371/journal.ppat.1009726


box gained partial activity against HIV-1CpG (S3D and S3E Fig). This highlights that functional

differences between these two paralogs in both the RNA binding domain and the C-terminal

PARP-domain govern their antiviral activity.

As HIV-1 does not require intracellular membranes for producing genomic RNAs or

mRNAs, the requirement for the CaaX box in ZAP-L for full antiviral activity is not likely to be

due to it targeting specific sites of viral replication. However, the cytoplasmic endomembrane

system could be used as a platform to establish an antiviral complex. To confirm that ZAP

localization to membranes was dependent on the CaaX motif, we generated GFP-tagged ver-

sions of wild type and mutant ZAP. Importantly, the GFP-tag did not interfere with ZAP-L

antiviral activity (S4 Fig). Confocal microscopy of live HEK293T ZAP KO cells transfected

with GFP-ZAP (Fig 4A) showed that ZAP-S localized mainly to the cytoplasm, while ZAP-L

accumulated in the intracellular vesicular compartments, confirming previous reports [48,49].

The localization pattern for ZAP-L and ZAP-S was reversed for ZAP-L C899S and ZAP-S

+ CVIS, respectively. Therefore, vesicular localization appears to correlate with antiviral activ-

ity for CpG-enriched HIV-1 (compare Figs 3B and 4A).

In addition to membrane-associated localization, ZAP-L has previously been shown to

localize to stress granules, which are membraneless cytoplasmic structures, and localization to

stress granules has been proposed to correlate with ZAP antiviral activity against Sindbis virus

[44,52,53]. To determine if the CaaX box regulates ZAP-L localization to stress granules, we

characterized the localization of the ZAP isoforms and mutant proteins that have differential

subcellular steady state localization using poly(I:C) transfection to induce stress granules. As

expected, GFP-ZAP-L and GFP-ZAP-S both localized to stress granules defined by G3BP

puncta (S5 Fig). However, stress granule localization was not affected by mutation or transfer

of the CaaX box, indicating that stress granule localization does not correlate with antiviral

activity against CpG-enriched HIV-1.

To confirm that the ZAP-L membrane localization observed in the immunofluorescence

experiments correlated with association with cellular membranes by subcellular fractionation,

we isolated the cytoplasmic (C), membrane (M) and insoluble fractions (I) of HEK293T cells

and found that ZAP-L, but not ZAP-S, was present in the membrane-enriched fraction (Fig

4B). This association could be disrupted by washing the cell lysates in 0.5M salt buffer (S6 Fig).

Since this treatment did not affect membrane association of calnexin, ZAP S-farnesylation

may mediate only a weak association with the cytoplasmic face of target membranes. Isolation

of cytoplasmic and membrane fractions from ZAP knockout cells transfected with ZAP-L or

ZAP-S expression vectors confirmed that while ZAP-L was present at comparable levels in

both fractions, the ZAP-L C899S mutant protein had substantially increased cytoplasmic local-

ization (Fig 4C). However, while ZAP-S-CVIS re-localizes to resemble ZAP-L localization (Fig

4A), its membrane association failed to survive the subcellular fractionation (Fig 4C), suggest-

ing a weaker interaction. This, in keeping with its only partial gain of antiviral activity (Fig 3B

and 3C), further indicates the importance of the integrity of the PARP domain in ZAP-L activ-

ity against CpG-enriched HIV-1.

We then determined whether ZAP targeting to intracellular membranes is required for it to

interact with the cofactors required to mediate its antiviral activity against CpG-enriched

HIV-1. Pulldown of GFP-tagged ZAP isoforms and mutants revealed that ZAP-L coimmuno-

precipitated endogenous KHNYN more efficiently than ZAP-S, and the 1–256 and 1–352

truncation mutants bound even lower levels of KHNYN (Fig 5A and 5B). The same pattern

was observed for TRIM25, which confirms previous observations that TRIM25 preferentially

interacts with ZAP-L [11]. ZAP-S containing the CaaX box showed a gain of interaction with

the cofactors. However, ZAP-L C899S bound more KHNYN than ZAP-S, indicating that both
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Fig 4. Cellular distribution of ZAP-S, ZAP-L and their CaaX motif mutants. (A) Confocal microscopy images of live HEK293T ZAP KO cells 24h after

transfection with 250ng of GFP-tagged ZAP isoforms or ZAP-L with inactivated CaaX (C899S) and ZAP-S with added CaaX motif (+CVIS). Size bar 10μm.

(B) Representative western blot and quantification of ZAP present in cell fractionation samples of parental HEK293Ts (mean of n = 5) or (C) ZAP KO cells
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S-farnesylation as well as the PARP domain itself, likely play important roles in this

interaction.

The CaaX box is required for ZAP-L antiviral activity against SARS-CoV-2

Having established the determinants in ZAP required to restrict a virus that produces its

RNAs in the nucleus, we sought to compare these data with SARS-CoV-2, which replicates

exclusively in the cytoplasm. In contrast to the Sindbis virus replication compartments created

from membrane invaginations in the plasma and endosomal membranes, SARS-CoV-2 repli-

cates in double membrane vesicle compartments derived from the ER [54,55]. ZAP inhibits

the replication of SARS-CoV-2 isolates representative of those found early in the pandemic,

particularly after interferon γ (IFN-γ) treatment, which induces both ZAP-S and ZAP-L

expression (Fig 6A) [5,56]. In late 2020, several SARS-CoV-2 variants of concern emerged,

including B.1.1.7 (also known as alpha) [57,58]. This variant has been reported to be more

resistant to type I interferon than the early lineage isolates [59,60]. Since ZAP is a component

of the IFN-γ-mediated antiviral response [5], we tested whether this cytokine inhibited SARS-

CoV-2 B.1.1.7. IFN-γ pre-treatment of A549-ACE2 cells inhibited an early lineage SARS-CoV-

2 (England/02/2020) to a similar extent as the B.1.1.7 isolate 212, and both replicated better in

ZAP knockout cells pre-treated with IFN-γ (Figs 6B and S7). This indicates that B.1.1.7 does

not have decreased ZAP sensitivity. Of note, B.1.1.7 is defined by 14 non-synonymous muta-

tions, 3 deletions and six synonymous mutations [58]. While CpG dinucleotides are strongly

suppressed in SARS-CoV-2 [5,61], these large genomes still have>400 CpGs and the lineage-

specific changes in B.1.1.7 lead to a decrease of only two CpG dinucleotides.

Both isoforms of ZAP have previously been reported to inhibit SARS-CoV-2 [5,56]. To test

the ZAP determinants required to restrict SARS-CoV-2, we co-transfected ZAP knockout

HEK293T cells with plasmids encoding human ACE2 and the indicated ZAP isoform or

mutant protein, followed by infection with SARS-CoV-2 England/02/2020. Detection of intra-

cellular N protein and viral RNA in the supernatants two days post-infection confirmed that

both ZAP-L and ZAP-S restrict viral replication with similar efficiency, though ZAP-S is

expressed at higher levels than ZAP-L (Fig 6C, 6D and 6E). Transferring the CaaX box to

ZAP-S did not substantially increase its antiviral activity. Because the CpG abundance in

SARS-CoV-2 is suppressed [5,61], it is not clear whether ZAP targets CpGs in the viral RNA

or another motif. Since Y108 is a direct CpG contact residue that is required for ZAP antiviral

activity on CpG-enriched HIV-1 (Fig 1C and 1D), we tested ZAP-L Y108A on SARS-CoV-2

and found a partial decrease in antiviral activity (Fig 6C and 6D). Similarly, mutating the YYV

motif in place of the PARP catalytic triad moderately decreased ZAP-L activity against SARS-

CoV-2. Importantly, ZAP-L restriction was abolished when the CaaX box was mutated, even

though this mutant protein was expressed at higher levels (Fig 6C and 6D), highlighting the

importance of S-farnesylation for ZAP-L to inhibit SARS-CoV-2. Thus, the determinants of

restriction by ZAP-L are similar for a retrovirus that synthesizes its RNA in the nucleus and

SARS-CoV-2, which replicates in compartments derived from the ER.

Discussion

Herein, we have characterised the role of CpG binding residues in the RBD for ZAP-mediated

restriction of HIV-1 and SARS-CoV-2 and how the C-terminal PARP domain and CaaX

following transfection of 60ng HA-ZAP constructs (mean of n = 3). Cytoplasmic (C), membrane (M) and insoluble (I) fractions are shown. Calnexin serves

as a marker for membrane protein and G3BP and GAPDH are cytoplasmic protein controls.

https://doi.org/10.1371/journal.ppat.1009726.g004
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box promote the high antiviral activity of ZAP-L. The RBD is identical in both ZAP-L and

ZAP-S. Within this four zinc finger domain structure, ZnF2 specifically accommodates a CpG

in its binding pocket [19,20]. We found that mutating residues that directly contact the CpG

Fig 5. ZAP cofactors KHNYN and TRIM25 bind most efficiently to wild type ZAP-L. Upper left panel: Representative western blot of

GFP-ZAP isoforms and mutant proteins expressed in HEK293T ZAP KO cells. Upper right panel: GFP-ZAP, TRIM25 and KHNYN co-

immunoprecipitated using GFP-binding magnetic beads. Input and pulldown samples were stained for GFP as well as endogenous KHNYN

and TRIM25. Lower panels: quantification of KHNYN and TRIM25 co-immunoprecipitated with GFP-ZAP normalized to the relative GFP

signal. Mean of n = 5 + SD. � p< 0.05 for the sample compared to ZAP-L. � p< 0.05 for the comparisons demarked by the lines.

https://doi.org/10.1371/journal.ppat.1009726.g005
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Fig 6. ZAP-L requires the CaaX box to restrict SARS-CoV-2. (A) Western blot showing IFNγ-mediated induction of ZAP-L and S in A549-ACE2 cells. (B)

IFNγ treatment restricts early-pandemic SARS-CoV-2 strain England02 and B.1.1.7 variant of concern infection less potently in CRISPR ZAP cells than
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decrease its antiviral activity against CpG-enriched HIV-1 and SARS-CoV-2. In contrast to a

previous report [19], we did not observe a change in the specificity of ZAP for CpG-enriched

HIV-1 compared to wild type HIV-1; we found that mutating Y108 and F144 decreased the

overall antiviral activity of ZAP-L. The reason for this discrepancy is unclear, though the previ-

ous study ectopically expressed TRIM25 and ZAP constructs in a TRIM25/ZAP double knock-

out cell line. Mutating Y108 partially decreased ZAP-L antiviral activity for SARS-CoV-2,

which could indicate that ZAP interacts with other motifs in the viral RNA in addition to

CpGs. While it is clear that ZAP binds CpG dinucleotides in the context of single-stranded

RNA, how the surrounding sequence and structural context of the CpG affect ZAP binding

and antiviral activity as well as the role for non-CpG binding sites in viral RNA is still unclear

[6,14,18–20,30,33,35,39,40].

Several studies have shown that ZAP-S has antiviral activity against diverse viruses includ-

ing retroviruses, alphaviruses, Ebola virus, hepatitis B virus and SARS-CoV-2 [3,5,8,36,41,62].

However, many of these studies overexpressed ZAP-S in cells expressing endogenous ZAP-L

and multimerization between the ectopic and endogenous ZAP could allow ZAP-S antiviral

activity could mask the individual contribution of ZAP isoforms in viral restriction. By

expressing ZAP constructs in ZAP knockout cells, we found that ZAP-S had little or no antivi-

ral activity on HIV-1, though it was active against SARS-CoV-2. The antiviral activity of

human ZAP-L and ZAP-S isoforms has been controversial [4,15,48,49]. While ZAP-L is usu-

ally more antiviral than ZAP-S, both have antiviral activity against some viruses when

expressed on their own. For example, we show that ZAP-S appears to have little or no antiviral

activity for CpG-enriched HIV-1 but it does inhibit SARS-CoV-2. Interestingly, some of the

ZAP cofactors, such as TRIM25 and KHNYN, appear to interact better with ZAP-L than

ZAP-S. However, ZAP-L and ZAP-S may form different antiviral complexes to target viruses

with diverse replication strategies. In addition to TRIM25 and KHNYN, ZAP has been shown

to interact with the 3’-5’ RNA exosome complex, the deadenylase PARN, the decapping com-

plex DCP1A-DCP2 and the 5’–3’ exoribonuclease Xrn1 to target RNA for degradation [10,36].

Whether these proteins have preferential interaction with ZAP-L or ZAP-S is not known. In

addition, both ZAP-L and ZAP-S also have been shown to regulate cellular mRNA expression

and, depending on the transcript, the different isoforms could have differential activity

[44,49,52,63], which could itself contribute to their differential activity against some viruses.

ZAP-S has also been reported to regulate RIG-I signalling [64].

How determinants in the C-terminal domain of ZAP-L control its potent antiviral activity

is crucial for a complete understanding of this antiviral pathway. The PARP domain is catalyti-

cally inactive but contains a C-terminal S-farnesylation motif, CVIS, that is required for full

antiviral activity against HIV-1, SARS-CoV-2 and Sindbis virus [48,49]. This post-translational

modification mediates ZAP-L localization to the cytoplasmic endomembrane system. While

stress granules have been suggested as a site of ZAP’s antiviral activity against Sindbis virus

[53], the CVIS is not required for its location to these intracellular sites, implying that stress

granules are not required for efficient ZAP-L restriction of CpG-enriched HIV-1 or SARS--

CoV-2. Interestingly, the association between ZAP and cellular membranes appears relatively

weak, in line with evidence that protein farnesylation itself is not sufficient for stable associa-

tion with membranes [65,66]. There could be a dynamic exchange of ZAP-L between

CRISPR Control cells. SARS-CoV-2 RNA in the supernatant was measured by qRT-PCR. Mean of n = 3 + SD. (C) Viral RNA in the supernatant of HEK293T

ZAP KO cells transfected with pcDNA encoding human ACE2 and indicated ZAP isoforms/ mutants or GFP control plasmid, 48h after infection with

SARS-CoV-2 England 2 strain at 0.01 MOI. Quantification of qRT-PCR detecting viral nucleocapsid (N) RNA in the cell supernatant and (D) SARS-CoV-2 N

protein levels in the infected cells, with a representative western blot (E). Mean of n = 4 + SD. � p< 0.05 for the sample compared to GFP. � p< 0.05 for the

comparisons demarked by the lines.

https://doi.org/10.1371/journal.ppat.1009726.g006
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membrane binding and the cytosol, which would allow ZAP-L to dynamically localize between

membranes and stress granules [44,52]. ZAP-L has been shown to localize to endosomal com-

partments, the ER and nuclear membrane [44,48,49,67]. Appending the CaaX box to ZAP-S

was sufficient to confer partial antiviral activity against CpG-enriched HIV-1, in agreement

with previous Sindbis virus data [49]. As adding a CaaX box to ZAP-S does not confer full anti-

viral activity against CpG-enriched HIV-1, the catalytically inactive PARP domain appears to

play an important role in ZAP-L function. This is consistent with the decrease in ZAP-L antivi-

ral activity against CpG-enriched HIV-1 and SARS-CoV-2 when the residues in place of the

catalytic triad in the PARP domain are mutated. Similar results have previously been reported

for ZAP-L activity against Sindbis virus [47].

There are at least two potential hypotheses for why ZAP-L is localized to the cytoplasmic

endomembrane system. First, it could localize to cytoplasmic membranes to target viruses that

enter the cell through endocytosis or replicate in specific compartments derived from these

membranes. This hypothesis has been proposed to explain why the OAS1 p46 isoform, which

has a CaaX box and is prenylated, is more antiviral against several positive strand RNA viruses

than the p42 isoform that does not contain a CaaX box [68,69]. This hypothesis is also consis-

tent with previous studies demonstrating that ZAP-L is more active than ZAP-S against Sind-

bis virus [15,48,49]. However, a second hypothesis is that ZAP-L is targeted to cytoplasmic

membranes to promote antiviral complex assembly with its cofactors, and our data is more

consistent with this possibility. We have shown that the CaaX box is required for ZAP-L antivi-

ral activity against CpG-enriched HIV-1 and SARS-CoV-2, which differ in their replication

sites, and do not replicate in compartments formed from the plasma and endosomal mem-

branes like Sindbis virus. In addition, ZAP-L targets RNA and DNA viruses with a broad

range of replication sites and mechanisms [4,5,15,35,40,42,47–49,62,70–73]. Our data show

that mutating the CaaX box moderately decreases ZAP co-immunoprecipitation with

KHNYN and TRIM25, suggesting that membrane localization enhances the assembly of the

ZAP-L antiviral complex. Of note, the PARP domain, and other regions outside of the RBD

also appear to promote complex assembly. The nature of the ZAP antiviral complex is still

poorly understood, with the specific cofactors required for the inhibition of different viruses

and their localization yet to be elucidated. Defining the list of cellular proteins required for

ZAP activity against a broad range of viruses with different replication strategies, solving the

structure of the ZAP antiviral complex binding interfaces, and determining the specific subcel-

lular sites of cofactor interaction with ZAP are necessary to elucidate how ZAP forms an anti-

viral complex to restrict viral replication.

Materials and methods

Expression constructs and cloning

Previously described pcDNA3.1 HA-ZAP-L and ZAP-S constructs [33] were rendered

CRISPR-resistant by introducing synonymous mutations within exon 6. Primers were synthe-

sized by Eurofins, and all PCRs were performed with Q5 High Fidelity DNA Polymerase

(NEB). Monomeric enhanced GFP fused to N-terminus of ZAP via a flexible linker

(GGGGSGGGGSGGGG) was synthesized by Genewiz and the full-length ZAP cDNA was

reconstituted using an internal PsiI site. Specific mutations and deletions were generated using

Q5 site-directed mutagenesis or Gibson Assembly (NEB) cloning. pcDNA3.1 HA-PARP12

was generated by PCR amplifying the PARP12 coding sequence (Dharmacon) and ligating

into EcoRI/EcoRV sites of pcDNA3.1 using T4 DNA ligase (NEB). Construct sequence iden-

tity was confirmed by restriction enzyme digestion and Sanger sequencing (Genewiz). pHIV-
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1NL4-3 and pHIV-1env86-561CpG in pGL4 were described previously [13,28]. pcDNA N-termi-

nally C9-tagged human ACE2 construct was kindly provided by Dr Nigel Temperton.

Cell lines and culture

Human Embryonic Kidney (HEK) 293T cells were obtained from the American Type Culture

Collection (ATCC). Hela and HEK293T CRISPR ZAP KO (exon 6) cells were described previ-

ously [13,33]. TZM-bl reporter cells (kindly provided by Drs Kappes and Wu and Tranzyme

Inc. through the NIH AIDS Reagent Program) express CD4, CCR5 and CXCR4 and contain

the β-galactosidase genes under the control of the HIV-1 promoter [74,75]. A549-ACE2 were

previously described [76]. Cells were cultured in Dulbecco’s modified Eagle medium with Glu-

taMAX (Gibco) supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin and

100 μg/ml streptomycin, and grown at 37˚C in a humidified atmosphere with 5% CO2.

Transfection and HIV-1 infectivity assay

HEK293T ZAP KO cells (0.15–0.2mln) were seeded in 24-well plates and transfected the fol-

lowing day using PEI MAX (3:1 PEI to DNA ratio; Polysciences) with 500 ng pHIV-1 and

0–250 ng pcDNA3.1 protein expression construct. The total amount of DNA was normalized

to 1 μg using pcDNA3.1 GFP vector. Media was changed the following day and cell-free virus-

containing supernatants and cells were harvested two days post-transfection. To measure

infectious virus yield, 10.000/well TZM-bl cells were seeded in a 96-well plate and infected in

triplicate. Two days later, viral infectivity was determined using the Gal-Screen kit (Applied

Biosystems) according to manufacturer’s instructions. β-galactosidase activity was quantified

as relative light units per second using a microplate luminometer.

SARS-CoV-2 infection

hCoV-19/England/02/2020 (EPI_ISL_407073) or B.1.1.7 212 (hCoV-19/England/204690005/

2020 (EPI_ISL_693401) were obtained from Public Health England. A549 cells constitutively

expressing ACE2 expressing either a non-targeting sgRNA or ZAP targeting sgRNA that

knocks out ZAP expression were seeded at 7.5 x 104 cells/well in a 24-well plate. The cells were

pretreated with IFN-γ for 16-hours and infected with each virus at MOI 0.01. Two days later

the virus in the supernatant was harvested and quantified using qRT-PCR.

HEK293T ZAP KO cells (0.2 mln) were seeded in 12-well plates. The following day, the

cells were transfected using PEI MAX with 100 ng pcDNA C9-ACE2 and either 400 ng

pcDNA ZAP or GFP control vector. At 24 hours post-transfection, the cells were infected with

hCoV-19/England/02/2020 at MOI 0.01 (prepared and tested as previously described in [76–

78]. After 1 hour (h), cells were washed in PBS to remove the inoculum. Virus-containing cell-

free supernatants and cell lysates were harvested two days later.

Quantitative Real-Time PCR

RNA from infected cell supernatants was extracted using QIAamp viral RNA mini kit (Qia-

gen) and cDNA was synthesized using the High Capacity cDNA RT kit (ThermoFisher Scien-

tific) following the manufacturer’s instructions. The relative quantity of nucleocapsid (N)

RNA was measured using a SARS-CoV-2 (2019-nCoV) CDC qPCR N1 probe (IDT DNA

Technologies). qPCR reactions were performed in duplicates with Taqman Universal PCR

mix (ThermoFisher Scientific) using the Applied Biosystems 7500 real-time PCR system. Rela-

tive SARS-CoV-2 RNA abundance was calculated by normalizing to a SARS-CoV-2 genome

calibration curve using NATtrol SARS-Related Coronavirus 2 stock (ZeptoMetrix Corp).

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 16 / 24

https://doi.org/10.1371/journal.ppat.1009726


SDS-PAGE and immunoblotting

HIV-1 virions were concentrated by centrifugation at 18,000 RCF through a 20% sucrose cush-

ion for 1.5 hours at 4˚C. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer

containing cOmplete EDTA-free protease inhibitor (Roche) and 10U/ml benzonase nuclease

(Santa Cruz). Cell lysates and concentrated virions were then reduced in Laemmli buffer and

boiled for 10min at 95˚C. Samples were separated on gradient 8–16% Mini-Protean TGX pre-

cast gels (Bio-Rad) and transferred onto 0.45 μm pore nitrocellulose. Membranes were blocked

in 5% milk and probed with mouse anti-HA (#901514, Biologend), rabbit anti-HA (#C29F4,

Cell Signalling), rabbit anti-GAPDH (#AC027, Abclonal), mouse anti-G3BP (#611126, BD),

rabbit anti-calnexin (#ab22595, abcam), rabbit anti-ZAP (#GTX120134, GeneTex), rabbit

anti-GFP (#ab290, abcam), mouse anti-KHNYN (#sc-514168, SantaCruz), mouse anti-

TRIM25 (#610570, BD), rabbit anti-SARS-CoV-2 N (#GTX135357, GeneTex), rabbit anti-

ACE2 (#ab108209, abcam), mouse anti-HIV-1 p24 [79] or rabbit anti-HIV-1 Env

(#ADP20421, CFAR), followed by secondary DyLight conjugated anti-mouse 800 (#5257S,

Cell Signalling), anti-rabbit 680 (5366S, Cell Signalling), HRP conjugated anti-mouse (#7076S,

Cell Signalling) or anti-rabbit (#7074S, Cell Signalling). HRP chemiluminescence was devel-

oped using ECL Prime Reagent (Amersham). Blots were visualized using LI-COR and Image-

Quant LAS 4000 Imagers.

Co-immunoprecipitation

HEK293T ZAP KO cells were seeded at 0.3–0.4 mln/ml in 10 cm dishes and transfected the

following day with 10 μg pcDNA GFP or pcDNA GFP-ZAP plasmid using PEI MAX. Cells

were harvested two days later and ZAP was immunoprecipitated using GFP-Trap magnetic

agarose kit (Chromotek) following the manufacturer’s instructions.

Confocal microscopy

For live-cell microscopy, ~75.000 HEK293T ZAP KO cells were seeded onto poly-Lysine

coated 24-well glass-bottom plates and transfected with 250 ng pcDNA3.1 GFP-ZAP using

PEI MAX. Cells were visualized 24 h later using a 100x oil-immersion objective equipped

Nikon Eclipse Ti-E inverted CSU-X1 spinning disk confocal microscope.

To visualize ZAP relocalization to stress-granules, ~50.000 Hela ZAP KO cells were seeded

onto poly-Lysine coated 24-well glass-bottom plates and transfected with 125 ng pcDNA

encoding GFP-ZAP using LT1 transfection reagent. 40 h post-transfection, cells were trans-

fected with 100 ng poly(I:C) using Lipofectamine 2000 (Invitrogen) and fixed 6 h later in 2%

PFA. Cells were blocked and permeabilized for 30min in PBS containing 0.1% TritonX and

5% Normal Donkey Serum (Abcam), stained overnight with mouse anti-G3BP (BD, #611126,

1:200 dilution), followed by 2 h staining with secondary donkey anti-mouse Alexa Fluor 546

antibody (Invitrogen, A10036, 1:500 dilution) and 1μg/ml DAPI.

Cell fractionation

HEK293T and HEK293T ZAP KO cells (0.6–0.8 mln) were seeded in 6-well plates. The follow-

ing day, ZAP KO cells were co-transfected using PEI MAX with 60 ng pcDNA HA-ZAP con-

structs and 940 ng pcDNA3.1 empty vector. Cells were harvested two days later, washed in

PBS and processed using ProteoExtract Native Membrane Protein Extraction Kit (Sigma). Sol-

uble cytoplasmic, membrane protein and insoluble fractions were isolated according to the

manufacturer’s instructions, with the addition of three 1 ml PBS or high salt washes between
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extraction buffer I and II. The insoluble debris fraction was resuspended in RIPA buffer, soni-

cated and reduced in Laemmli buffer by boiling at 95˚C for 10min.

ZAP sequence analysis

Protein sequences of human ZAP-L orthologs were downloaded from the NCBI database

(https://www.ncbi.nlm.nih.gov/). Sequences were aligned using ClustalW2 (https://www.ebi.

ac.uk/Tools/msa/clustalw2/) and logo plots were generated using WebLogo online tool

(https://weblogo.berkeley.edu/logo.cgi) (ref). ZAP PARP domain models were made using

PyMOL based on PDB 2X5Y.

Data analysis

The area under the curve (AUC) and statistical significance (unpaired two-tailed Student’s t-

test) were calculated using Prism Graph Pad. Data are represented as mean ± SD.

Supporting information

S1 Fig. Effect of expressed ZAP mutants on viral protein levels. Representative western

blots of the experiments shown in (A) Fig 1B and (B) Fig 2D.

(TIF)

S2 Fig. Antiviral effect of ZAP-L and ZAP-S co-overexpression. Infectious virus yield from

HEK293T ZAP KO cells co-transfected with wild type (WT; black) HIV-1 and CpG-enriched

mutant (CpG-high; red) viruses and increasing doses of pcDNA HA-ZAP constructs encoding

ZAP-L (dashed lines), ZAP-S or 1:1 ratio of both isoforms up to 250ng each (solid lines). Val-

ues were normalized to infectivity in the absence of ZAP for each virus (100%). Mean of n = 5

+/- SD. Lower panel: representative western blot (250ng HA-ZAP).

(TIF)

S3 Fig. Determinants of CpG-specific antiviral function in ZAP and PARP12. (A) Logo

plot of C-termini of mammalian and bird ZAP-L orthologues from NCBI database. Highly

conserved serine 901 determines targeting by cellular farnesyl transferase which prenylates

highly conserved cysteine 899. (B) Alignment of RNA-binding domains of human ZAP and its

paralogue PARP12. Four zinc fingers (grey boxes) and ZAP residues interacting with CpG

dinucleotide in bound RNA (highlighted in pink) are indicated. (C) Schematic showing the

domain organisation of ZAP-L, PARP12 and PARP12/ZAP chimeric constructs. (D) Infec-

tious virus yield from HEK293T ZAP KO co-transfected with WT (black) and mutant (red)

virus and increasing concentration of pcDNA HA-ZAP-L CTRL (dashed line), PARP12, or

ZAP/PARP12 chimera (solid lines). (E) corresponding AUC values and representative western

blot (250ng). Mean of n = 3+/- SD. � p<0.05 for HIV-1 CpG compared to HIV-1 WT for the

same ZAP construct. � p< 0.05 for the comparisons demarked by the lines.

(TIF)

S4 Fig. CpG-specific antiviral activity of HA and GFP tagged ZAP isoforms. Infectious

virus yield from HEK293T ZAP KO cells co-transfected with wild type (WT; black) HIV-1 and

CpG-enriched mutant (CpG-high; red) viruses and increasing doses of pcDNA ZAP with N-

terminal hemagglutinin tag (HA) or monomeric enhanced green fluorescent protein (GFP)

tag. Mean of n = 3 +/- SD.

(TIF)

S5 Fig. Re-localization of ZAP isoforms and their CVIS mutants to stress-granules. HeLa

ZAP KO cells were transfected with 125ng GFP-ZAP (green) and stained for stress-granule
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marker G3BP (red) following treatment with 100ng of poly(I:C). DAPI staining shows cell

nuclei (blue).

(TIF)

S6 Fig. Effect of 0.15M-1M NaCl washes on ZAP’s membrane localization. Western blot

and protein quantification following fractionation of HEK293T cells. Cytoplasmic (C), mem-

brane (M) and insoluble (I) fractions are shown, with relative levels of endogenous ZAP-L and

ZAP-S, as well as controls calnexin (membrane fraction control), and G3BP, GAPDH and

TRIM25 (cytoplasmic fraction controls).

(TIF)

S7 Fig. ZAP depletion in A549-ACE2 cells. Western blot of CRISPR control and ZAP

CRISPR A549-ACE2 cells demonstrating that ZAP has been knocked out in the ZAP CRISPR

cells.

(TIF)
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Resources: Dorota Kmiec, Marı́a José Lista, Mattia Ficarelli, Chad M. Swanson, Stuart JD Neil.

Supervision: Dorota Kmiec, Chad M. Swanson, Stuart JD Neil.

Validation: Dorota Kmiec, Chad M. Swanson, Stuart JD Neil.

Visualization: Dorota Kmiec, Chad M. Swanson, Stuart JD Neil.

Writing – original draft: Dorota Kmiec, Chad M. Swanson, Stuart JD Neil.

Writing – review & editing: Dorota Kmiec, Mattia Ficarelli, Chad M. Swanson, Stuart JD

Neil.

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 19 / 24

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009726.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009726.s007
https://doi.org/10.1371/journal.ppat.1009726


References
1. Kluge SF, Sauter D, Kirchhoff F. SnapShot: antiviral restriction factors. Cell. 2015; 163(3):774– e1.

https://doi.org/10.1016/j.cell.2015.10.019 PMID: 26496613

2. Ryman KD, Meier KC, Nangle EM, Ragsdale SL, Korneeva NL, Rhoads RE, et al. Sindbis virus transla-

tion is inhibited by a PKR/RNase L-independent effector induced by alpha/beta interferon priming of

dendritic cells. J Virol. 2005; 79(3):1487–99. https://doi.org/10.1128/JVI.79.3.1487-1499.2005 PMID:

15650175

3. Gao G, Guo X, Goff SP. Inhibition of retroviral RNA production by ZAP, a CCCH-type zinc finger protein.

Science. 2002; 297(5587):1703–6. https://doi.org/10.1126/science.1074276 PMID: 12215647

4. Kerns JA, Emerman M, Malik HS. Positive selection and increased antiviral activity associated with the

PARP-containing isoform of human zinc-finger antiviral protein. PLoS genetics. 2008; 4(1):e21. https://

doi.org/10.1371/journal.pgen.0040021 PMID: 18225958

5. Nchioua R, Kmiec D, Muller JA, Conzelmann C, Gross R, Swanson CM, et al. SARS-CoV-2 Is

Restricted by Zinc Finger Antiviral Protein despite Preadaptation to the Low-CpG Environment in

Humans. mBio. 2020; 11(5):e01930–20. https://doi.org/10.1128/mBio.01930-20 PMID: 33067384

6. Ficarelli M, Neil SJD, Swanson CM. Targeted Restriction of Viral Gene Expression and Replication by

the ZAP Antiviral System. Annu Rev Virol. 2021; 8(1):265–283 https://doi.org/10.1146/annurev-

virology-091919-104213 PMID: 34129371

7. Guo X, Carroll JW, Macdonald MR, Goff SP, Gao G. The zinc finger antiviral protein directly binds to

specific viral mRNAs through the CCCH zinc finger motifs. J Virol. 2004; 78(23):12781–7. https://doi.

org/10.1128/JVI.78.23.12781-12787.2004 PMID: 15542630

8. Bick MJ, Carroll JW, Gao G, Goff SP, Rice CM, MacDonald MR. Expression of the zinc-finger antiviral

protein inhibits alphavirus replication. J Virol. 2003; 77(21):11555–62. https://doi.org/10.1128/jvi.77.21.

11555-11562.2003 PMID: 14557641

9. Zhu Y, Wang X, Goff SP, Gao G. Translational repression precedes and is required for ZAP-mediated

mRNA decay. EMBO J. 2012; 31(21):4236–46. https://doi.org/10.1038/emboj.2012.271 PMID:

23023399

10. Guo X, Ma J, Sun J, Gao G. The zinc-finger antiviral protein recruits the RNA processing exosome to

degrade the target mRNA. Proc Natl Acad Sci U S A. 2007; 104(1):151–6. https://doi.org/10.1073/pnas.

0607063104 PMID: 17185417

11. Li MM, Lau Z, Cheung P, Aguilar EG, Schneider WM, Bozzacco L, et al. TRIM25 Enhances the Antiviral

Action of Zinc-Finger Antiviral Protein (ZAP). PLoS Pathog. 2017; 13(1):e1006145. https://doi.org/10.

1371/journal.ppat.1006145 PMID: 28060952

12. Zheng X, Wang X, Tu F, Wang Q, Fan Z, Gao G. TRIM25 Is Required for the Antiviral Activity of Zinc

Finger Antiviral Protein. J Virol. 2017; 91(9):e00088–17. https://doi.org/10.1128/JVI.00088-17 PMID:

28202764

13. Ficarelli M, Wilson H, Pedro Galao R, Mazzon M, Antzin-Anduetza I, Marsh M, et al. KHNYN is essential

for the zinc finger antiviral protein (ZAP) to restrict HIV-1 containing clustered CpG dinucleotides. Elife.

2019; 8:e46767. https://doi.org/10.7554/eLife.46767 PMID: 31284899

14. Odon V, Fros JJ, Goonawardane N, Dietrich I, Ibrahim A, Alshaikhahmed K, et al. The role of ZAP and

OAS3/RNAseL pathways in the attenuation of an RNA virus with elevated frequencies of CpG and UpA

dinucleotides. Nucleic Acids Res. 2019; 47(15):8061–83. https://doi.org/10.1093/nar/gkz581 PMID:

31276592

15. Li MMH, Aguilar EG, Michailidis E, Pabon J, Park P, Wu X, et al. Characterization of Novel Splice Vari-

ants of Zinc Finger Antiviral Protein (ZAP). J Virol. 2019; 93(18):e00715–19. https://doi.org/10.1128/

JVI.00715-19 PMID: 31118263

16. Xue G, Braczyk K, Goncalves-Carneiro D, Ong H, Dawidziak DM, Zawada K, et al. Poly(ADP-ribose)

potentiates ZAP antiviral activity. bioRxiv. 2020:2020.12.17.423219.

17. Chen S, Xu Y, Zhang K, Wang X, Sun J, Gao G, et al. Structure of N-terminal domain of ZAP indicates

how a zinc-finger protein recognizes complex RNA. Nat Struct Mol Biol. 2012; 19(4):430–5. https://doi.

org/10.1038/nsmb.2243 PMID: 22407013

18. Takata MA, Goncalves-Carneiro D, Zang TM, Soll SJ, York A, Blanco-Melo D, et al. CG dinucleotide

suppression enables antiviral defence targeting non-self RNA. Nature. 2017; 550(7674):124–7. https://

doi.org/10.1038/nature24039 PMID: 28953888

19. Meagher JL, Takata M, Goncalves-Carneiro D, Keane SC, Rebendenne A, Ong H, et al. Structure of

the zinc-finger antiviral protein in complex with RNA reveals a mechanism for selective targeting of CG-

rich viral sequences. Proc Natl Acad Sci U S A. 2019; 116(48):24303–9. https://doi.org/10.1073/pnas.

1913232116 PMID: 31719195

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 20 / 24

https://doi.org/10.1016/j.cell.2015.10.019
http://www.ncbi.nlm.nih.gov/pubmed/26496613
https://doi.org/10.1128/JVI.79.3.1487-1499.2005
http://www.ncbi.nlm.nih.gov/pubmed/15650175
https://doi.org/10.1126/science.1074276
http://www.ncbi.nlm.nih.gov/pubmed/12215647
https://doi.org/10.1371/journal.pgen.0040021
https://doi.org/10.1371/journal.pgen.0040021
http://www.ncbi.nlm.nih.gov/pubmed/18225958
https://doi.org/10.1128/mBio.01930-20
http://www.ncbi.nlm.nih.gov/pubmed/33067384
https://doi.org/10.1146/annurev-virology-091919-104213
https://doi.org/10.1146/annurev-virology-091919-104213
http://www.ncbi.nlm.nih.gov/pubmed/34129371
https://doi.org/10.1128/JVI.78.23.12781-12787.2004
https://doi.org/10.1128/JVI.78.23.12781-12787.2004
http://www.ncbi.nlm.nih.gov/pubmed/15542630
https://doi.org/10.1128/jvi.77.21.11555-11562.2003
https://doi.org/10.1128/jvi.77.21.11555-11562.2003
http://www.ncbi.nlm.nih.gov/pubmed/14557641
https://doi.org/10.1038/emboj.2012.271
http://www.ncbi.nlm.nih.gov/pubmed/23023399
https://doi.org/10.1073/pnas.0607063104
https://doi.org/10.1073/pnas.0607063104
http://www.ncbi.nlm.nih.gov/pubmed/17185417
https://doi.org/10.1371/journal.ppat.1006145
https://doi.org/10.1371/journal.ppat.1006145
http://www.ncbi.nlm.nih.gov/pubmed/28060952
https://doi.org/10.1128/JVI.00088-17
http://www.ncbi.nlm.nih.gov/pubmed/28202764
https://doi.org/10.7554/eLife.46767
http://www.ncbi.nlm.nih.gov/pubmed/31284899
https://doi.org/10.1093/nar/gkz581
http://www.ncbi.nlm.nih.gov/pubmed/31276592
https://doi.org/10.1128/JVI.00715-19
https://doi.org/10.1128/JVI.00715-19
http://www.ncbi.nlm.nih.gov/pubmed/31118263
https://doi.org/10.1038/nsmb.2243
https://doi.org/10.1038/nsmb.2243
http://www.ncbi.nlm.nih.gov/pubmed/22407013
https://doi.org/10.1038/nature24039
https://doi.org/10.1038/nature24039
http://www.ncbi.nlm.nih.gov/pubmed/28953888
https://doi.org/10.1073/pnas.1913232116
https://doi.org/10.1073/pnas.1913232116
http://www.ncbi.nlm.nih.gov/pubmed/31719195
https://doi.org/10.1371/journal.ppat.1009726


20. Luo X, Wang X, Gao Y, Zhu J, Liu S, Gao G, et al. Molecular Mechanism of RNA Recognition by Zinc-

Finger Antiviral Protein. Cell reports. 2020; 30(1):46–52 e4. https://doi.org/10.1016/j.celrep.2019.11.

116 PMID: 31914396

21. Holliday R, Grigg GW. DNA methylation and mutation. Mutat Res. 1993; 285(1):61–7. https://doi.org/

10.1016/0027-5107(93)90052-h PMID: 7678134

22. Karlin S, Doerfler W, Cardon LR. Why is CpG suppressed in the genomes of virtually all small eukaryotic

viruses but not in those of large eukaryotic viruses? J Virol. 1994; 68(5):2889–97. https://doi.org/10.

1128/JVI.68.5.2889-2897.1994 PMID: 8151759

23. Greenbaum BD, Levine AJ, Bhanot G, Rabadan R. Patterns of evolution and host gene mimicry in influ-

enza and other RNA viruses. PLoS Pathog. 2008; 4(6):e1000079. https://doi.org/10.1371/journal.ppat.

1000079 PMID: 18535658

24. Simmonds P, Xia W, Baillie JK, McKinnon K. Modelling mutational and selection pressures on dinucleo-

tides in eukaryotic phyla—selection against CpG and UpA in cytoplasmically expressed RNA and in

RNA viruses. BMC genomics. 2013; 14:610. https://doi.org/10.1186/1471-2164-14-610 PMID:

24020411

25. Atkinson NJ, Witteveldt J, Evans DJ, Simmonds P. The influence of CpG and UpA dinucleotide frequen-

cies on RNA virus replication and characterization of the innate cellular pathways underlying virus atten-

uation and enhanced replication. Nucleic Acids Res. 2014; 42(7):4527–45. https://doi.org/10.1093/nar/

gku075 PMID: 24470146

26. Tulloch F, Atkinson NJ, Evans DJ, Ryan MD, Simmonds P. RNA virus attenuation by codon pair deopti-

misation is an artefact of increases in CpG/UpA dinucleotide frequencies. Elife. 2014; 3:e04531. https://

doi.org/10.7554/eLife.04531 PMID: 25490153

27. Gaunt E, Wise HM, Zhang H, Lee LN, Atkinson NJ, Nicol MQ, et al. Elevation of CpG frequencies in

influenza A genome attenuates pathogenicity but enhances host response to infection. Elife. 2016; 5:

e12735. https://doi.org/10.7554/eLife.12735 PMID: 26878752

28. Antzin-Anduetza I, Mahiet C, Granger LA, Odendall C, Swanson CM. Increasing the CpG dinucleotide

abundance in the HIV-1 genomic RNA inhibits viral replication. Retrovirology. 2017; 14(1):49. https://

doi.org/10.1186/s12977-017-0374-1 PMID: 29121951

29. Fros JJ, Dietrich I, Alshaikhahmed K, Passchier TC, Evans DJ, Simmonds P. CpG and UpA dinucleo-

tides in both coding and non-coding regions of echovirus 7 inhibit replication initiation post-entry. Elife.

2017; 6:e29112. https://doi.org/10.7554/eLife.29112 PMID: 28960178

30. Fros JJ, Visser I, Tang B, Yan K, Nakayama E, Visser TM, et al. The dinucleotide composition of the

Zika virus genome is shaped by conflicting evolutionary pressures in mammalian hosts and mosquito

vectors. PLoS Biol. 2021; 19(4):e3001201. https://doi.org/10.1371/journal.pbio.3001201 PMID:

33872300

31. Theys K, Feder AF, Gelbart M, Hartl M, Stern A, Pennings PS. Within-patient mutation frequencies

reveal fitness costs of CpG dinucleotides and drastic amino acid changes in HIV. PLoS genetics. 2018;

14(6):e1007420. https://doi.org/10.1371/journal.pgen.1007420 PMID: 29953449

32. Caudill VR, Qin S, Winstead R, Kaur J, Tisthammer K, Pineda EG, et al. CpG-creating mutations are

costly in many human viruses. Evol Ecol. 2020; 34(3):339–59. https://doi.org/10.1007/s10682-020-

10039-z PMID: 32508375

33. Ficarelli M, Antzin-Anduetza I, Hugh-White R, Firth AE, Sertkaya H, Wilson H, et al. CpG Dinucleotides

Inhibit HIV-1 Replication through Zinc Finger Antiviral Protein (ZAP)-Dependent and -Independent

Mechanisms. J Virol. 2020; 94(6):e01337–19. https://doi.org/10.1128/JVI.01337-19 PMID: 31748389

34. Goncalves-Carneiro D, Takata MA, Ong H, Shilton A, Bieniasz PD. Origin and evolution of the zinc fin-

ger antiviral protein. PLoS Pathog. 2021; 17(4):e1009545. https://doi.org/10.1371/journal.ppat.

1009545 PMID: 33901262

35. Kmiec D, Nchioua R, Sherrill-Mix S, Sturzel CM, Heusinger E, Braun E, et al. CpG Frequency in the 5’

Third of the env Gene Determines Sensitivity of Primary HIV-1 Strains to the Zinc-Finger Antiviral Pro-

tein. mBio. 2020; 11(1):e02903–19. https://doi.org/10.1128/mBio.02903-19 PMID: 31937644

36. Zhu Y, Chen G, Lv F, Wang X, Ji X, Xu Y, et al. Zinc-finger antiviral protein inhibits HIV-1 infection by

selectively targeting multiply spliced viral mRNAs for degradation. Proc Natl Acad Sci U S A. 2011; 108

(38):15834–9. https://doi.org/10.1073/pnas.1101676108 PMID: 21876179

37. Miyazato P, Matsuo M, Tan BJY, Tokunaga M, Katsuya H, Islam S, et al. HTLV-1 contains a high CG

dinucleotide content and is susceptible to the host antiviral protein ZAP. Retrovirology. 2019; 16(1):38.

https://doi.org/10.1186/s12977-019-0500-3 PMID: 31842935

38. Zhu M, Ma X, Cui X, Zhou J, Li C, Huang L, et al. Inhibition of avian tumor virus replication by CCCH-

type zinc finger antiviral protein. Oncotarget. 2017; 8(35):58865–71. https://doi.org/10.18632/

oncotarget.19378 PMID: 28938603

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 21 / 24

https://doi.org/10.1016/j.celrep.2019.11.116
https://doi.org/10.1016/j.celrep.2019.11.116
http://www.ncbi.nlm.nih.gov/pubmed/31914396
https://doi.org/10.1016/0027-5107%2893%2990052-h
https://doi.org/10.1016/0027-5107%2893%2990052-h
http://www.ncbi.nlm.nih.gov/pubmed/7678134
https://doi.org/10.1128/JVI.68.5.2889-2897.1994
https://doi.org/10.1128/JVI.68.5.2889-2897.1994
http://www.ncbi.nlm.nih.gov/pubmed/8151759
https://doi.org/10.1371/journal.ppat.1000079
https://doi.org/10.1371/journal.ppat.1000079
http://www.ncbi.nlm.nih.gov/pubmed/18535658
https://doi.org/10.1186/1471-2164-14-610
http://www.ncbi.nlm.nih.gov/pubmed/24020411
https://doi.org/10.1093/nar/gku075
https://doi.org/10.1093/nar/gku075
http://www.ncbi.nlm.nih.gov/pubmed/24470146
https://doi.org/10.7554/eLife.04531
https://doi.org/10.7554/eLife.04531
http://www.ncbi.nlm.nih.gov/pubmed/25490153
https://doi.org/10.7554/eLife.12735
http://www.ncbi.nlm.nih.gov/pubmed/26878752
https://doi.org/10.1186/s12977-017-0374-1
https://doi.org/10.1186/s12977-017-0374-1
http://www.ncbi.nlm.nih.gov/pubmed/29121951
https://doi.org/10.7554/eLife.29112
http://www.ncbi.nlm.nih.gov/pubmed/28960178
https://doi.org/10.1371/journal.pbio.3001201
http://www.ncbi.nlm.nih.gov/pubmed/33872300
https://doi.org/10.1371/journal.pgen.1007420
http://www.ncbi.nlm.nih.gov/pubmed/29953449
https://doi.org/10.1007/s10682-020-10039-z
https://doi.org/10.1007/s10682-020-10039-z
http://www.ncbi.nlm.nih.gov/pubmed/32508375
https://doi.org/10.1128/JVI.01337-19
http://www.ncbi.nlm.nih.gov/pubmed/31748389
https://doi.org/10.1371/journal.ppat.1009545
https://doi.org/10.1371/journal.ppat.1009545
http://www.ncbi.nlm.nih.gov/pubmed/33901262
https://doi.org/10.1128/mBio.02903-19
http://www.ncbi.nlm.nih.gov/pubmed/31937644
https://doi.org/10.1073/pnas.1101676108
http://www.ncbi.nlm.nih.gov/pubmed/21876179
https://doi.org/10.1186/s12977-019-0500-3
http://www.ncbi.nlm.nih.gov/pubmed/31842935
https://doi.org/10.18632/oncotarget.19378
https://doi.org/10.18632/oncotarget.19378
http://www.ncbi.nlm.nih.gov/pubmed/28938603
https://doi.org/10.1371/journal.ppat.1009726


39. Goonawardane N, Nguyen D, Simmonds P. Association of Zinc Finger Antiviral Protein Binding to Viral

Genomic RNA with Attenuation of Replication of Echovirus 7. mSphere. 2021; 6(1):e01138–20. https://

doi.org/10.1128/mSphere.01138-20 PMID: 33408233

40. Gonzalez-Perez AC, Stempel M, Wyler E, Urban C, Piras A, Hennig T, et al. The Zinc Finger Antiviral

Protein ZAP Restricts Human Cytomegalovirus and Selectively Binds and Destabilizes Viral UL4/UL5

Transcripts. mBio. 2021; 12(3). https://doi.org/10.1128/mBio.02683-20 PMID: 33947766

41. Muller S, Moller P, Bick MJ, Wurr S, Becker S, Gunther S, et al. Inhibition of filovirus replication by the

zinc finger antiviral protein. J Virol. 2007; 81(5):2391–400. https://doi.org/10.1128/JVI.01601-06 PMID:

17182693

42. Goodier JL, Pereira GC, Cheung LE, Rose RJ, Kazazian HH Jr. The Broad-Spectrum Antiviral Protein

ZAP Restricts Human Retrotransposition. PLoS genetics. 2015; 11(5):e1005252. https://doi.org/10.

1371/journal.pgen.1005252 PMID: 26001115

43. Law LM, Albin OR, Carroll JW, Jones CT, Rice CM, Macdonald MR. Identification of a dominant nega-

tive inhibitor of human zinc finger antiviral protein reveals a functional endogenous pool and critical

homotypic interactions. J Virol. 2010; 84(9):4504–12. https://doi.org/10.1128/JVI.02018-09 PMID:

20181706

44. Todorova T, Bock FJ, Chang P. PARP13 regulates cellular mRNA post-transcriptionally and functions

as a pro-apoptotic factor by destabilizing TRAILR4 transcript. Nature communications. 2014; 5:5362.

https://doi.org/10.1038/ncomms6362 PMID: 25382312

45. Vyas S, Matic I, Uchima L, Rood J, Zaja R, Hay RT, et al. Family-wide analysis of poly(ADP-ribose)

polymerase activity. Nature communications. 2014; 5:4426. https://doi.org/10.1038/ncomms5426

PMID: 25043379

46. Karlberg T, Klepsch M, Thorsell AG, Andersson CD, Linusson A, Schuler H. Structural basis for lack of

ADP-ribosyltransferase activity in poly(ADP-ribose) polymerase-13/zinc finger antiviral protein. J Biol

Chem. 2015; 290(12):7336–44. https://doi.org/10.1074/jbc.M114.630160 PMID: 25635049

47. Glasker S, Toller M, Kummerer BM. The alternate triad motif of the poly(ADP-ribose) polymerase-like

domain of the human zinc finger antiviral protein is essential for its antiviral activity. J Gen Virol. 2014;

95(Pt 4):816–22. https://doi.org/10.1099/vir.0.060988-0 PMID: 24457973

48. Charron G, Li MM, MacDonald MR, Hang HC. Prenylome profiling reveals S-farnesylation is crucial for

membrane targeting and antiviral activity of ZAP long-isoform. Proc Natl Acad Sci U S A. 2013; 110

(27):11085–90. https://doi.org/10.1073/pnas.1302564110 PMID: 23776219

49. Schwerk J, Soveg FW, Ryan AP, Thomas KR, Hatfield LD, Ozarkar S, et al. RNA-binding protein iso-

forms ZAP-S and ZAP-L have distinct antiviral and immune resolution functions. Nat Immunol. 2019; 20

(12):1610–20. https://doi.org/10.1038/s41590-019-0527-6 PMID: 31740798

50. Romero-Brey I, Bartenschlager R. Membranous replication factories induced by plus-strand RNA

viruses. Viruses. 2014; 6(7):2826–57. https://doi.org/10.3390/v6072826 PMID: 25054883

51. Frankel AD, Young JA. HIV-1: fifteen proteins and an RNA. Annu Rev Biochem. 1998; 67:1–25. https://

doi.org/10.1146/annurev.biochem.67.1.1 PMID: 9759480

52. Leung AK, Vyas S, Rood JE, Bhutkar A, Sharp PA, Chang P. Poly(ADP-ribose) regulates stress

responses and microRNA activity in the cytoplasm. Mol Cell. 2011; 42(4):489–99. https://doi.org/10.

1016/j.molcel.2011.04.015 PMID: 21596313

53. Law LMJ, Razooky BS, Li MMH, You S, Jurado A, Rice CM, et al. ZAP’s stress granule localization is

correlated with its antiviral activity and induced by virus replication. PLoS Pathog. 2019; 15(5):

e1007798. https://doi.org/10.1371/journal.ppat.1007798 PMID: 31116799

54. Wolff G, Limpens R, Zevenhoven-Dobbe JC, Laugks U, Zheng S, de Jong AWM, et al. A molecular

pore spans the double membrane of the coronavirus replication organelle. Science. 2020; 369

(6509):1395–8. https://doi.org/10.1126/science.abd3629 PMID: 32763915

55. Frolova EI, Gorchakov R, Pereboeva L, Atasheva S, Frolov I. Functional Sindbis virus replicative com-

plexes are formed at the plasma membrane. J Virol. 2010; 84(22):11679–95. https://doi.org/10.1128/

JVI.01441-10 PMID: 20826696

56. Lee S, Lee YS, Choi Y, Son A, Park Y, Lee KM, et al. The SARS-CoV-2 RNA interactome. Mol Cell.

2021; 81(13):2838–50 e6. https://doi.org/10.1016/j.molcel.2021.04.022 PMID: 33989516

57. Martin DP, Weaver S, Tegally H, San EJ, Shank SD, Wilkinson E, et al. The emergence and ongoing

convergent evolution of the N501Y lineages coincides with a major global shift in the SARS-CoV-2

selective landscape. Cell. 2021; 184(20):5189–5200.e7. https://doi.org/10.1016/j.cell.2021.09.003

PMID: 34537136

58. Rambaut A, Loman N, Pybus O, Barclay W, Barrett J, Carabelli A, et al. Preliminary genomic characteri-

sation of an emergent SARS-CoV-2 lineage in the UK defined by a novel set of spike mutations. https://

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 22 / 24

https://doi.org/10.1128/mSphere.01138-20
https://doi.org/10.1128/mSphere.01138-20
http://www.ncbi.nlm.nih.gov/pubmed/33408233
https://doi.org/10.1128/mBio.02683-20
http://www.ncbi.nlm.nih.gov/pubmed/33947766
https://doi.org/10.1128/JVI.01601-06
http://www.ncbi.nlm.nih.gov/pubmed/17182693
https://doi.org/10.1371/journal.pgen.1005252
https://doi.org/10.1371/journal.pgen.1005252
http://www.ncbi.nlm.nih.gov/pubmed/26001115
https://doi.org/10.1128/JVI.02018-09
http://www.ncbi.nlm.nih.gov/pubmed/20181706
https://doi.org/10.1038/ncomms6362
http://www.ncbi.nlm.nih.gov/pubmed/25382312
https://doi.org/10.1038/ncomms5426
http://www.ncbi.nlm.nih.gov/pubmed/25043379
https://doi.org/10.1074/jbc.M114.630160
http://www.ncbi.nlm.nih.gov/pubmed/25635049
https://doi.org/10.1099/vir.0.060988-0
http://www.ncbi.nlm.nih.gov/pubmed/24457973
https://doi.org/10.1073/pnas.1302564110
http://www.ncbi.nlm.nih.gov/pubmed/23776219
https://doi.org/10.1038/s41590-019-0527-6
http://www.ncbi.nlm.nih.gov/pubmed/31740798
https://doi.org/10.3390/v6072826
http://www.ncbi.nlm.nih.gov/pubmed/25054883
https://doi.org/10.1146/annurev.biochem.67.1.1
https://doi.org/10.1146/annurev.biochem.67.1.1
http://www.ncbi.nlm.nih.gov/pubmed/9759480
https://doi.org/10.1016/j.molcel.2011.04.015
https://doi.org/10.1016/j.molcel.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21596313
https://doi.org/10.1371/journal.ppat.1007798
http://www.ncbi.nlm.nih.gov/pubmed/31116799
https://doi.org/10.1126/science.abd3629
http://www.ncbi.nlm.nih.gov/pubmed/32763915
https://doi.org/10.1128/JVI.01441-10
https://doi.org/10.1128/JVI.01441-10
http://www.ncbi.nlm.nih.gov/pubmed/20826696
https://doi.org/10.1016/j.molcel.2021.04.022
http://www.ncbi.nlm.nih.gov/pubmed/33989516
https://doi.org/10.1016/j.cell.2021.09.003
http://www.ncbi.nlm.nih.gov/pubmed/34537136
https://virologicalorg/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://doi.org/10.1371/journal.ppat.1009726


virologicalorg/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-

defined-by-a-novel-set-of-spike-mutations/563. 2020.

59. Thorne LG, Bouhaddou M, Reuschl A-K, Zuliani-Alvarez L, Polacco B, Pelin A, et al. Evolution of

enhanced innate immune evasion by the SARS-CoV-2 B.1.1.7 UK variant. bioRxiv.

2021:2021.06.06.446826. https://doi.org/10.1101/2021.06.06.446826 PMID: 34127972

60. Guo K, Barrett BS, Mickens KL, Hasenkrug KJ, Santiago ML. Interferon Resistance of Emerging

SARS-CoV-2 Variants. bioRxiv. 2021:2021.03.20.436257. https://doi.org/10.1101/2021.03.20.436257

PMID: 33758840

61. Digard P, Lee HM, Sharp C, Grey F, Gaunt E. Intra-genome variability in the dinucleotide composition

of SARS-CoV-2. Virus Evol. 2020; 6(2):veaa057. https://doi.org/10.1093/ve/veaa057 PMID: 33029383

62. Mao R, Nie H, Cai D, Zhang J, Liu H, Yan R, et al. Inhibition of hepatitis B virus replication by the host

zinc finger antiviral protein. PLoS Pathog. 2013; 9(7):e1003494. https://doi.org/10.1371/journal.ppat.

1003494 PMID: 23853601

63. Seo GJ, Kincaid RP, Phanaksri T, Burke JM, Pare JM, Cox JE, et al. Reciprocal inhibition between intra-

cellular antiviral signaling and the RNAi machinery in mammalian cells. Cell Host Microbe. 2013; 14

(4):435–45. https://doi.org/10.1016/j.chom.2013.09.002 PMID: 24075860

64. Hayakawa S, Shiratori S, Yamato H, Kameyama T, Kitatsuji C, Kashigi F, et al. ZAPS is a potent stimu-

lator of signaling mediated by the RNA helicase RIG-I during antiviral responses. Nat Immunol. 2011;

12(1):37–44. https://doi.org/10.1038/ni.1963 PMID: 21102435

65. Hofemeister H, Weber K, Stick R. Association of prenylated proteins with the plasma membrane and

the inner nuclear membrane is mediated by the same membrane-targeting motifs. Mol Biol Cell. 2000;

11(9):3233–46. https://doi.org/10.1091/mbc.11.9.3233 PMID: 10982413

66. Michaelson D, Ali W, Chiu VK, Bergo M, Silletti J, Wright L, et al. Postprenylation CAAX processing is

required for proper localization of Ras but not Rho GTPases. Mol Biol Cell. 2005; 16(4):1606–16.

https://doi.org/10.1091/mbc.e04-11-0960 PMID: 15659645

67. Go CD, Knight JDR, Rajasekharan A, Rathod B, Hesketh GG, Abe KT, et al. A proximity-dependent bio-

tinylation map of a human cell. Nature. 2021; 595(7865):120–4. https://doi.org/10.1038/s41586-021-

03592-2 PMID: 34079125

68. Soveg FW, Schwerk J, Gokhale NS, Cerosaletti K, Smith JR, Pairo-Castineira E, et al. Endomembrane

targeting of human OAS1 p46 augments antiviral activity. Elife. 2021; 10: e71047. https://doi.org/10.

7554/eLife.71047 PMID: 34342578

69. Wickenhagen A, Sugrue E, Lytras S, Kuchi S, Noerenberg M, Turnbull ML, et al. A Prenylated dsRNA

Sensor Protects Against Severe COVID-19. Science. 2021 Sep 28;eabj3624. https://doi.org/10.1126/

science.abj3624 PMID: 34581622

70. Liu CH, Zhou L, Chen G, Krug RM. Battle between influenza A virus and a newly identified antiviral

activity of the PARP-containing ZAPL protein. Proc Natl Acad Sci U S A. 2015; 112(45):14048–53.

https://doi.org/10.1073/pnas.1509745112 PMID: 26504237

71. Moldovan JB, Moran JV. The Zinc-Finger Antiviral Protein ZAP Inhibits LINE and Alu Retrotransposi-

tion. PLoS genetics. 2015; 11(5):e1005121. https://doi.org/10.1371/journal.pgen.1005121 PMID:

25951186

72. Lin YT, Chiweshe S, McCormick D, Raper A, Wickenhagen A, DeFillipis V, et al. Human cytomegalovi-

rus evades ZAP detection by suppressing CpG dinucleotides in the major immediate early 1 gene.

PLoS Pathog. 2020; 16(9):e1008844. https://doi.org/10.1371/journal.ppat.1008844 PMID: 32886716

73. Peng C, Wyatt LS, Glushakow-Smith SG, Lal-Nag M, Weisberg AS, Moss B. Zinc-finger antiviral protein

(ZAP) is a restriction factor for replication of modified vaccinia virus Ankara (MVA) in human cells. PLoS

Pathog. 2020; 16(8):e1008845. https://doi.org/10.1371/journal.ppat.1008845 PMID: 32866210

74. Platt EJ, Wehrly K, Kuhmann SE, Chesebro B, Kabat D. Effects of CCR5 and CD4 cell surface concen-

trations on infections by macrophagetropic isolates of human immunodeficiency virus type 1. J Virol.

1998; 72(4):2855–64. https://doi.org/10.1128/JVI.72.4.2855-2864.1998 PMID: 9525605

75. Derdeyn CA, Decker JM, Sfakianos JN, Wu X, O’Brien WA, Ratner L, et al. Sensitivity of human immu-

nodeficiency virus type 1 to the fusion inhibitor T-20 is modulated by coreceptor specificity defined by

the V3 loop of gp120. J Virol. 2000; 74(18):8358–67. https://doi.org/10.1128/jvi.74.18.8358-8367.2000

PMID: 10954535

76. Winstone H, Lista MJ, Reid AC, Bouton C, Pickering S, Galao RP, et al. The Polybasic Cleavage Site in

SARS-CoV-2 Spike Modulates Viral Sensitivity to Type I Interferon and IFITM2. J Virol. 2021; 95(9):

e02422–20. https://doi.org/10.1128/JVI.02422-20 PMID: 33563656

77. Seow J, Graham C, Merrick B, Acors S, Pickering S, Steel KJA, et al. Longitudinal observation and

decline of neutralizing antibody responses in the three months following SARS-CoV-2 infection in

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 23 / 24

https://virologicalorg/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://virologicalorg/t/preliminary-genomic-characterisation-of-an-emergent-sars-cov-2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mutations/563
https://doi.org/10.1101/2021.06.06.446826
http://www.ncbi.nlm.nih.gov/pubmed/34127972
https://doi.org/10.1101/2021.03.20.436257
http://www.ncbi.nlm.nih.gov/pubmed/33758840
https://doi.org/10.1093/ve/veaa057
http://www.ncbi.nlm.nih.gov/pubmed/33029383
https://doi.org/10.1371/journal.ppat.1003494
https://doi.org/10.1371/journal.ppat.1003494
http://www.ncbi.nlm.nih.gov/pubmed/23853601
https://doi.org/10.1016/j.chom.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24075860
https://doi.org/10.1038/ni.1963
http://www.ncbi.nlm.nih.gov/pubmed/21102435
https://doi.org/10.1091/mbc.11.9.3233
http://www.ncbi.nlm.nih.gov/pubmed/10982413
https://doi.org/10.1091/mbc.e04-11-0960
http://www.ncbi.nlm.nih.gov/pubmed/15659645
https://doi.org/10.1038/s41586-021-03592-2
https://doi.org/10.1038/s41586-021-03592-2
http://www.ncbi.nlm.nih.gov/pubmed/34079125
https://doi.org/10.7554/eLife.71047
https://doi.org/10.7554/eLife.71047
http://www.ncbi.nlm.nih.gov/pubmed/34342578
https://doi.org/10.1126/science.abj3624
https://doi.org/10.1126/science.abj3624
http://www.ncbi.nlm.nih.gov/pubmed/34581622
https://doi.org/10.1073/pnas.1509745112
http://www.ncbi.nlm.nih.gov/pubmed/26504237
https://doi.org/10.1371/journal.pgen.1005121
http://www.ncbi.nlm.nih.gov/pubmed/25951186
https://doi.org/10.1371/journal.ppat.1008844
http://www.ncbi.nlm.nih.gov/pubmed/32886716
https://doi.org/10.1371/journal.ppat.1008845
http://www.ncbi.nlm.nih.gov/pubmed/32866210
https://doi.org/10.1128/JVI.72.4.2855-2864.1998
http://www.ncbi.nlm.nih.gov/pubmed/9525605
https://doi.org/10.1128/jvi.74.18.8358-8367.2000
http://www.ncbi.nlm.nih.gov/pubmed/10954535
https://doi.org/10.1128/JVI.02422-20
http://www.ncbi.nlm.nih.gov/pubmed/33563656
https://doi.org/10.1371/journal.ppat.1009726


humans. Nat Microbiol. 2020; 5(12):1598–607. https://doi.org/10.1038/s41564-020-00813-8 PMID:

33106674

78. Brown JC, Goldhill DH, Zhou J, Peacock TP, Frise R, Goonawardane N, et al. Increased transmission

of SARS-CoV-2 lineage B.1.1.7 (VOC 2020212/01) is not accounted for by a replicative advantage in

primary airway cells or antibody escape. bioRxiv. 2021:2021.02.24.432576.

79. Chesebro B, Wehrly K, Nishio J, Perryman S. Macrophage-tropic human immunodeficiency virus iso-

lates from different patients exhibit unusual V3 envelope sequence homogeneity in comparison with T-

cell-tropic isolates: definition of critical amino acids involved in cell tropism. J Virol 1992; 66:6547–6554.

https://doi.org/10.1128/JVI.66.11.6547-6554.1992 PMID: 1404602

PLOS PATHOGENS C-terminal PARP and CaaX is essential for CpG-mediated restriction

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009726 October 25, 2021 24 / 24

https://doi.org/10.1038/s41564-020-00813-8
http://www.ncbi.nlm.nih.gov/pubmed/33106674
https://doi.org/10.1128/JVI.66.11.6547-6554.1992
http://www.ncbi.nlm.nih.gov/pubmed/1404602
https://doi.org/10.1371/journal.ppat.1009726

