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The CCCH-type zinc finger antiviral protein (ZAP) in humans, specifically isoforms ZAP-L and ZAP-S, is a crucial
component of the cell’s intrinsic immune response. ZAP acts as a post-transcriptional RNA restriction factor, exhibiting its
activity during infections caused by retroviruses and alphaviruses.
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| 1. Introduction

Organisms have several ways of sensing and controlling viral infections. This recognition occurs mainly through the
detection of viral ribonucleic acid (RNA) or deoxyribonucleic acid (DNA) . This triggers intracellular signaling events that
ultimately result in the production of antiviral molecules 2. In order for the virus to replicate successfully, it is crucial to
evade the immune response of the host cell. As a result, the cell develops various recognition mechanisms and restriction
factors to control infection. One of these restriction mechanisms is the degradation of viral RNA (VRNA). There are several
cell intrinsic antiviral proteins that bind to RNA, regulate translation, and target it for decay, thereby interfering with
different stages of the virus replication cycle Bl. Some of these restriction factors are induced by type | interferons 4!,
which create an antiviral state in neighboring cells. The human CCCH-type zinc finger antiviral protein (ZAP) acts as a
post-transcriptional RNA restriction factor in the host cell for viruses such as retroviruses &, filoviruses [, alphaviruses [,
ZAP also inhibits RNA translation and targets the VRNA for degradation BI&I29 7AP is considered an interferon (IFN)-
stimulated gene (ISG) that can be induced by viral infection 4. It is capable of restricting several negative-sense single-
stranded RNA viruses 21 and positive-sense single-stranded RNA viruses [&: however, it is unclear what influence ZAP
has on double-stranded RNA (dsRNA) viruses and other higher-order structured RNAs. ZAP was discovered as a protein
with antiviral activity in rat cells that showed resistance to Moloney murine leukemia virus (MoMuLV or MMLYV) infection
131 |n the presence of the ZAP protein, some viruses, such as herpes simplex virus type 1 (HSV-1), yellow fever virus
(YFV) @ Zika virus (ZIKV), and dengue virus (DENV) 19, are able to grow normally. Interestingly, this ability is not
dependent on belonging to the same family, as coxsackievirus B3 24 but not poliovirus [, both from the Picornaviridae
family, was inhibited by ZAP.

There are four isoforms of ZAP: the short isoform ZAP (ZAP-S), the medium isoform ZAP (ZAP-M), the long isoform ZAP
(ZAP-L), and the extra-long isoform ZAP (ZAP-XL), with ZAP-S and ZAP-L being the most prevalent isoforms 131161 zAp-
L contains a poly(ADP-ribose) polymerase (PARP) domain and a CaaX motif, which undergoes S-farnesylation. This S-
farnesylation is necessary for its antiviral activity against some viruses, such as Sindbis virus (SINV) RAIL8 This S-
farnesylation appears to be the reason why ZAP-L is found in plasma membranes or membranous compartments (such
as endolysosomes and endoplasmic reticulum) inside cells, while ZAP-S is found in the cytoplasm L7181,

| 2. Zinc Finger Antiviral Protein—ZAP

The zinc finger antiviral protein (ZAP), also known as Poly(ADP-ribose) Polymerase-13 (PARP-13), ADP-Ribosyl-
Transferases Diphtheria Toxin-Like-13 (ARTD13), Zinc finger CCCH-type and antiviral 1, is encoded by the human gene
ZC3HAV1 (zinc finger CCCH-type containing, antiviral 1, Chromosome 7). ZAP belongs to the PARP protein family
(poly(ADP-ribose) polymerase), which uses nicotinamide adenine dinucleotide (NAD*) as a substrate to generate
modifications in acceptor proteins but lacks poly(ADP-ribosylation) activity 2312911201,

ZAP plays a role in the intracellular host cell’s immune system by detecting positive and negative single-stranded RNA
viruses from various families during infection. However, it does not bind to double-stranded RNA viruses (dsRNA) 2. zAp
exhibits antiviral properties by directing these viruses to degradation pathways and/or inhibiting their translation, thus
restricting viral replication. This prevents the accumulation of viral RNA in the cytoplasm and hinders the virus from
multiplying. The viruses affected by ZAP include murine leukemia virus (MLV), Sindbis virus (SINV), and the RNA
intermediate of the hepatitis B DNA virus, among others (Table 1) [EIIAL3I19][21](22][23]24]



The presence of orthologs in certain animals, such as mammals, fish, and reptiles, indicates that ZAP has a distant origin
(1511251 A phylogenetic analysis revealed that the ZAP gene originated in tetrapods (28], Gongalves-Carneiro et al. (2021)
(28] tested ZAP-related proteins from tetrapods and found that these proteins have an antiviral role in human cells 28, ZAP
was initially described in Rat2 cells, where it reduced the replication of MMLV 13! and later in humans 12!,

ZAP is consistently expressed in human cells (hZAP) and has two main isoforms derived from alternative splicing. The
long isoform, known as ZAP-L or PARP-13.1, consists of 902 amino acids and is associated with the membrane (it
contains the YYV catalytic motif). The short isoform, called ZAP-S or PARP13.2, consists of 699 amino acids and is
located in the cytosol. Both isoforms originate from the same exon L&I927 | j et al. (2019) (28] discovered two additional
splice variants of ZAP in humans: ZAP-XL (extralong) and ZAP-M (medium). However, the ZAP-L and ZAP-S isoforms are
the most abundant 2218l Furthermore, they found that the longer isoforms (ZAP-L and ZAP-XL) have a greater impact on
alphavirus and hepatitis B virus (HBV) (DNA virus) compared to ZAP-S and ZAP-M 181, ZAP can be activated by viral
infection due to the presence of binding sites for the signal transducer and activator of transcription (STAT) and Interferon
Regulatory Factor 3 (IRF3) in its promoter 11281291130 7Ap-| s constitutively expressed in Huh7 cells and acts promptly
upon infection, whereas ZAP-S is expressed dependent on IFN signaling LAM8IL9N22)B1S2]33] Okydera et al. (2022) 24
found that treatment of human cells with polyinosinic-polycytidylic acid (poly IC), a Toll-like receptor 3 (TLR3) agonist,
upregulated ZAP-S expression. However, when cells were transfected with siRNA against IRF3 or siRNA against TRIM25,
the upregulation of ZAP-S was reduced upon treatment with poly-IC B4, The mechanisms through which IRF3 and
TRIM25 regulate ZAP-S expression need further clarification.

ZAP in humans has three structural domains: (1) an N-terminal RNA-binding domain (RBD) (amino acids [aa] 1-240) that
has four CCCH-type zinc fingers; (2) an integrated central domain (aa 241-700) that contains a TPH domain (TiPARP
homology region) containing a fifth zinc finger motif and two WWE modules (Domain in Deltex and TRIP12 homologues
(Thyroid Hormone Receptor Interactor 12)); and (3) catalytically inactive C-terminal poly(ADP-ribose) polymerase (PARP)-
like domain (aa 701-902) with a regulatory function [2[26135136137] (Fjgure 1). According to Kerns et al. (2008) [22],
although ZAP-S has a broader expression pattern than ZAP-L, expression of ZAP-L was observed in cell lymphocytes and
germline tissues 15,
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Figure 1. Schematic image of the protein domains of the two isoforms of human ZAP: ZAP-L and ZAP-S. ZnF1-4: four
CCCH-type zinc finger motifs. TPH (or TIPARP Homology domain (conserved among ZAP paralogs and containing a fifth
CCCH zinc finger motif). WWE motifs. CaaX: C is cysteine, A is usually two aliphatic amino acids, and X can be a variety
of amino acids.

The C-terminal poly(ADP-ribose) polymerase (PARP)-like domain is absent in ZAP-S (PARP-13.2 isoform) and
enzymatically inactive in ZAP-L, as it lacks the histidine, tyrosine, and glutamate (H-Y-E) catalytic triad 28, However, all
isoforms contain both the N-terminal and central domains 13I2LB940] (Figure 1). The targeting of ZAP-L to mem-branes
is possible due to the presence of the PARP domain that contains a cysteine (CaaX) motif, which mediates S-
farnesylation 28 (Figure 1). This explains its greater presence in vesicular compartments and the cytoplasmic membrane
inside the cell, while ZAP-S is mainly found in the cytoplasm BB, The hypothesis is that ZAP-L can inhibit viruses
whose entry into the cell occurs through endocytosis. Furthermore, it may have antiviral activity against viruses that
replicate in membrane-derived compartments B2l Another hypothesis is that ZAP-L is targeted to membranes to form
antiviral complexes with its cofactors to exert its antiviral activity. This hypothesis is the most accepted, as ZAP-L targets
VRNAs that have several replication sites and mechanisms [L2I[16]22][37][38][43][44]

It is not yet well established whether the two isoforms (ZAP-L and ZAP-S) of ZAP in humans have different roles or
overlap in antiviral activity. ZAP-L is known to inhibit alphaviruses and HBV better than ZAP-S 18], Although both isoforms
have the N-terminal domain, they seem to restrict viruses in different ways, as will be discussed later.

A mutation in the cysteine 88 to arginine (ZAPC88R) in the zinc fingers domain of ZAP has been observed to result in the
complete loss of antiviral activity 3. The interference of the second (ZnF2) and fourth zinc finger (ZnF4) motifs appears



to inhibit the antiviral activity of ZAP, while mutations in other ZnF motifs have a milder impact on the protein’s function 24
(48] Meagher et al. (2019) 44 showed that the ZnF2 motif contains a pocket that selectively packs CG dinucleotides, while
ZnF3 contains a binding pocket for guanine and cytosine and ZnF4 for cytosine 481471, ZAP forms a dimer that binds to
ZAP-responsive element (ZRE) sequences in the target viral RNA, and these ZREs are specific to ZAP [B6140148] (Fjgyre
1). Yang et al. (2022) [& found that mutations affecting the binding of both ZAP and TRIM25 to RNA interfere with antiviral
activity against Sindbis virus (SINV). They discovered that mutations in the ZnF of both ZAP-S (mutation in ZnF1 or ZnF3)
and ZAP-L (mutation in ZnF1) affected SINV RNA binding. Furthermore, the mutation in ZnF4 of ZAP-L increased SINV
replication, but mutations in ZnF from ZAP-S did not, possibly due to the greater antiviral activity of ZAP-L compared to
ZAP-s B,

| 3. RNA Recognition by ZAP

The target mRNA region to which the ZAP protein binds is rich in CpG (cytosine-phosphate-guanine) dinucleotides, which
are two adjacent nucleotides in a linear sequence. After binding, a decrease in VRNA in the cytoplasm is observed,
indicating degradation of RNA or translational repression 42, Each ZAP molecule binds to a CpG, allowing it to form an
oligomer in the target viral RNA BAE8I47] This specificity is due to an integrated pocket that accommodates only CpG
dinucleotide sequences and is contained within a larger RNA-binding domain [L1I[241143]

In vertebrate genomes, the cytosine of a CpG dinucleotide is prone to methylation. This is due to the presence of DNA
methyltransferases, enzymes that catalyze the conversion of cytosines in a CpG context to 5-methylcytosine. Methylation
is followed by deamination and mutation, resulting in the gradual replacement of CpG dinucleotides by TpG and CpA B9,
However, CpGs in RNA viruses are not subject to the same methylation and mutation pressure. Therefore, ZAP has little
effect on human mRNA, as vertebrate cells have a suppressed CpG dinucleotide frequency Bl. Some viruses have
evolved genomes that are suppressed by CpG-enriched segments, avoiding detection by ZAP 9. Based on this, some
viruses can modify their CpG dinucleotides in order to develop live attenuated vaccines. Other studies have demonstrated
that ZAP detection of foreign genomes also involves RNA secondary structures containing stem loops with conserved
sequences, such as “GGGUGG" and “GAGGG” 24, Altering this conserved region leads to diminished RNA recognition
and a decrease in ZAP’s antiviral function B2, |t is worth noting that ZAP sensitivity to alphaviruses does not correlate with
CpG dinucleotide content 28, Further analysis is needed to determine whether ZAP binding to a specific region of
alphavirus RNA is due to structural reasons or linear sequence motifs. Nguyen et al. (2023) 58 found that in the genome
of ZAP-sensitive alphaviruses (Ross River virus (RRV), Sindbis virus (SINV)), there were three 500 bp sequences
correlated with CpG in the non-structural protein (nsP) gene region, compared to ZAP-resistant alphaviruses
(o’nyong’nyong virus (ONNV), chikungunya virus (CHIKV)). Furthermore, the nsP2 region of ZAP-sensitive alphaviruses is
crucial for ZAP sensitivity, and its binding is CpG-dependent 23],

Additionally, viruses with increased CpG dinucleotide content do not always guarantee sensitivity to ZAP. Studies have
reported that ZAP is able to restrict viruses with abundant UpA (uracil-phosphate-adenine) dinucleotides L8IE7I54]55](56]
Further research is needed to demonstrate the binding of ZAP to the UpA sequence, the mechanisms behind this binding,
and its antiviral role. Goncalves-Carneiro et al. (2022) B4 found that the number, spacing, and surrounding sequence of
CpG dinucleotides in the env gene are important for ZAP sensitivity. With this understanding, it is possible to study the
generation of a mutant virus genome with modifications that act as a live attenuated vaccine and are precisely prevented
by the ZAP protein, as proposed by the author B2, ZAP can bind to RNA with a low frequency of CpG dinucleotides, as
the location of these CpG motifs is crucial for these viruses to be restricted 431441 This demonstrates that key points in the
understanding of ZAP’s restriction of VRNA still need to be elucidated.

| 4. Cofactors Required by ZAP for its Antiviral Activity

Given that ZAP lacks RNase activity, it relies on other mechanisms for its antiviral activity. One such mechanism involves
its interaction with a cellular polyadenylate-specific ribonuclease (PARN), which degrades the poly(A) tail. ZAP can also
recruit an exosomal complex that contains exoribonucleases with 3'-5’ activity, such as ribosomal RNA-processing protein
46/exosome complex component (RRP46/EXOSC5) and ribosomal RNA-processing protein 42/exosome complex
component (RRP42/EXOSCY7), resulting in the cleavage of viral RNAs 481381 Elements bound to ZAP can also engage
the decapping complex (decapping protein 1 (DCP1) and DCP2) through the RNA helicase p72 (DDX17), leading to the
removal of the 5’ cap structure of the mRNA. Additionally, the 5’-3’ Exoribonuclease 1 (XRNL1) is involved in the process of
viral RNA degradation 28l Further studies are needed to investigate the interaction between ZAP isoforms and these
proteins with antiviral activities to determine whether there is a preference in the interaction of these proteins with ZAP-L
or ZAP-S.



It has also been suggested that ZAP can be observed in cytoplasmic RNA stress granules, even in the absence of viral
infection. These stress granules determine the fate of mMRNAs that are not involved in translation, either stabilizing them or

directing them towards degradation pathways. This suggests that ZAP may be involved in the regulation of cellular mMRNA
[27][32]

Since ZAP lacks nuclease activity, it recruits proteins such as TRIM25 to act as cofactors in mediating its antiviral activity
(9166 |t js important to identify all the accessory proteins, including those with endonuclease domains, that interact
with the N-terminal domain of ZAP to better understand its mechanism of inhibiting viral replication. This highlights the
involvement of other host factors that contribute to the innate immune response in addition to the ZAP protein. To gain a
better understanding of ZAP’s antiviral activity and its mechanism of action, it is crucial to describe these cofactors in
more detail.

4.1. Tripartite Motif Containing 25 (TRIM25)

TRIM25 is a member of the tripartite motif (TRIM) family of proteins, which play a role in supporting the host’s innate
immune response to viral infections €2, |t is an E3 ubiquitin ligase enzyme that is induced by type | IFN 3], The protein
consists of an N-terminal RING domain, followed by a B-box type 1 domain, a B-box type 2 domain, a coiled-coil domain
(CCD), and a C-terminal SPRY domain 82, TRIM25 has the ability to bind to RNA, which is crucial for its subcellular
localization and antiviral activity 4. Additionally, TRIM25 can modify ZAP-S and ZAP-L through K48- and K63-linked
polyubiquitin B2,

TRIM25 enhances the antiviral activity of ZAP (Figure 2), but the mechanism behind this cooperation is not well
understood. While TRIM25 can bind to both single-stranded and double-stranded RNA €4, the involvement of ZAP in this
process is not fully understood. ZAP and TRIM25 are both interferon-stimulated genes in human cells 3. According to Li
et al. (2017) B¥, TRIM25 lacking the RING domain or coiled-coil domain loses its ability to stimulate ZAP’s antiviral
function B4,
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Figure 2. TRIM25 acts as a cofactor of ZAP. ZAP binds to the CpG sequence in viral RNA and, upon sequential binding of
TRIM25 and catalytic activation, induces downstream signaling to inhibit viral replication.

The ubiquitination of ZAP by TRIM25 does not seem to be crucial for ZAP’s antiviral activity. When Li et al. (2017) B2
used a ZAP-S 7UbA mutant that cannot be ubiquitinated, there was still inhibition of SINV replication. This suggests that
other factors are involved in TRIM25-mediated upregulation of ZAP’s antiviral activity. The same group discovered that in
the absence of TRIM25, ZAP-mediated SINV translation was reduced 2. Other authors €& propose that TRIM25-
mediated ubiquitination of other substrates leads to the activation of the antiviral state €€,

Gongcalves-Carneiro et al. (2021) [28 observed that the functional interaction between TRIM25 and ZAP is inherently
protein—protein via the N-terminal ZAP zinc finger domain and the C-terminal SPRY domain of TRIM25, and this
interaction is not RNA-dependent. A hypervariable sequence in the N-terminal domain of ZAP was important for the
species-specific dependence of the ZAP protein on TRIM25 [281(67],

In addition to acting as a cofactor of ZAP, TRIM25 can also affect the expression of both ZAP isoforms by regulating
alternative splicing, which is necessary for effective ZAP-S expression 8. Yang et al. (2022) [ demonstrated that the
ZAP and TRIM25 interaction acts to inhibit the translation of Japanese encephalitis virus (JEV) in 293T cells transfected
with replication-defective JEV replicon RNA reporter and subsequently transfected with a reporter gene to measure



luciferase activity [&. Further studies are needed to clarify the downstream mechanisms after TRIM25 and ZAP interaction,
as well as the impact of ZAP ubiquitination on its antiviral activity. Furthermore, studies are needed to verify in what viral
contexts TRIM25 regulates ZAP expression.

4.2. KH and NYN Domain Containing (KHNYN)

KHNYN, a cytoplasmic protein containing an NYN ribonuclease domain, has been identified as an accessory protein for
the antiviral activity of ZAP. It targets viral RNAs for degradation 2. In cells lacking ZAP but expressing high levels of
KHNYN, there was no substantial inhibition of genomic RNA (QRNA) abundance of HIV-1 with CpGs introduced in the Env
protein (HIV-1EnvCpG86-561). However, in the absence of KHNYN, viruses multiplied more successfully, demonstrating
that KHNYN decreases HIV-1 RNA containing CpG dinucleotides in a ZAP-dependent manner. The authors also observed
through the immunoprecipitation assay that KHNYN interacts with ZAP-S and ZAP-L. The KH-like domain and NYN
domain endonuclease are required for the antiviral activity of KHNYN. Furthermore, KHNYN decreases Gag and Env
expression and virion production. The same group also found that the KHNYN interaction with ZAP is important for the
inhibition of HIV-1 containing clustered CpG dinucleotides, and this inhibition requires TRIM25. ZAP and KHNYN can
directly interact to form a heterodimer, but TRIM25 is not required for this interaction €2 (Figure 3). ZAP targets KHNYN
to CpG dinucleotides in viral RNA for cleavage 9. Kmiec et al. (2021) 3] demonstrated that the PARP domain containing
the CaaX motif in ZAP-L is essential for a more efficient interaction with KHNYN and TRIM25 compared to the ZAP-S
interaction with these two cofactors. When ZAP-S received the CaaX box, there was a benefit in the interaction with the
cofactors, whereas when the CaaX box was mutated, the viral restriction by ZAP-L was overturned £2l. Additionally, they
observed that the PARP and CaaX box were essential for antiviral activity against CpG-enriched HIV-1 and SARS-CoV-2.
The vesicular localization of ZAP-L seems to correlate with its antiviral action against CpG-enriched HIV-1, and S-
farnesylation for ZAP-L was important to inhibit SARS-CoV-2 since this virus replicates in compartments originating from
the endoplasmic reticulum (ER) 2,
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Figure 3. KHNYN acts as a cofactor for the antiviral activity of ZAP. KHNYN interaction with ZAP is important for the
inhibition of HIV-1 containing clustered CpG dinucleotides, and this inhibition requires TRIM25.

Further studies are needed to assess how TRIM25 is induced for the interaction between KHNYN and ZAP, the
downstream mechanisms after this interaction on viral RNA, and the viral context in which this occurs.

4.3. Exosome

The exosome complex contains a 3'-5' exoribonuclease activity that contributes to the processing and/or degradation of
RNA molecules. It is a multisubunit complex that, in humans, has a core containing nine subunits. This includes six
proteins with the PH RNase domain (hRrp41p, hRrp42p, hRrp43p, hRrp46p, PM/Scl-75, and Mtr3), as well as three RNA-
binding proteins (Rrp40, Rrp4, and Csl4). There are both nuclear and cytoplasmic forms of the exosome, but it is in the
cytoplasm where the degradation of mRNAs containing AU-rich elements (ARESs) within their 3’ untranslated regions
occurs B8l ZAP targets ZRE-containing mRNAs but not ARE mRNAs [, When ZAP binds to the ZRE-containing mRNA,
it can require the RNA-processing exosome complex 28 The N-terminal domain of human ZAP, which contains the
exosome-interacting domains, interacts with the exosome component hRrp42 9. |nhibition of this component leads to a
reduction in the action of ZAP 48l Guo et al. (2007) 8 found that ZAP binds to the C-terminal fragment of hRrp46p and
that depletion of hRrp46p leads to a decrease in ZAP activity 28, The initiating step of the 3'-5' decay pathway is the
removal of the Poly-A tail by Poly(A) ribonuclease (PARN) 8l followed by degradation of the mRNA from the 5-end by



5'-3' exoribonucleases (XRNs) or from the 3-end /4. The interaction between the exosome and ZAP was observed by
immunoprecipitation assay 2731,

More studies are needed to verify in which context this exosome recruitment occurs by ZAP in the presence of other
cofactors.

4.4. p72 RNA Helicase

p72 RNA helicase, also known as p72 DEAD-box RNA helicase or DDX17 M43l is involved in the regulation of RNA
structure. It contains a conserved motif Asp-Glu-Ala-Asp (DEAD) and is responsible for ATP-dependent RNA helicase
activity. This helicase catalyzes the rearrangement of RNA structure and plays a role in various metabolic processes,
including transcription 8, translation, RNA degradation /4, and pre-mRNA processing/alternative splicing 8. In a study
by Chen et al. (2008), it was found that both the N- and C-terminal domains of p72 RNA helicase bind to ZAP, a protein
linked to mRNA, in an RNA-independent manner 28, This interaction enhances the efficiency of ZAP in inhibiting virus
replication by targeting mRNAs for degradation through the exosome. Additionally, p72 RNA helicase recruits the
Dcpl:Dcp2 decapping enzyme to the 5-end of viral RNAs, inhibiting cap-dependent mRNA translation initiation and
inducing viral RNA degradation. It also recruits the complex exoribonuclease XRN1 4879 (Figure 4). Although p72 RNA
helicase does not directly interact with the exosome 22, it forms an antiviral complex with it when recruited by ZAP. When
p72 RNA helicase is depleted using siRNA, ZAP’s antiviral activity is decreased. Further studies are needed to determine
which isoforms of ZAP p72 RNA helicase enhance its efficiency against viruses.
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Figure 4. System of cofactors required by ZAP to target viral RNA for degradation. DDX17 increases the efficiency of ZAP
by inhibiting virus replication by targeting mRNAs for degradation via the exosome and recruitment of Dcpl:Dcp2
decapping enzyme to the 5'-end of viral RNAs, inhibiting cap-dependent mRNA translation initiation. ZAP interacts with a
cellular polyadenylate-specific ribonuclease (PARN), which is a 3’-exoribonuclease that removes poly(A) tails from the 3’
end of RNAs.
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