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ABSTRACT

One of the most recent advances in the analysis of viral RNA-cellular protein interactions is the
Comprehensive Identification of RNA-binding Proteins by Mass Spectrometry (ChIRP-MS). Here, we
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used ChIRP-MS in mock-infected and Zika-infected wild-type cells and cells knockout for the zinc finger

CCCH-type antiviral protein 1 (ZAP). We characterized ‘ZAP-independent’ and ‘ZAP-dependent’ cellular
protein interactomes associated with flavivirus RNA and found that ZAP affects cellular proteins
associated with Zika virus RNA. The ZAP-dependent interactome identified with ChIRP-MS provides
potential ZAP co-factors for antiviral activity against Zika virus and possibly other viruses. Identifying the
full spectrum of ZAP co-factors and mechanisms of how they act will be critical to understanding the
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ZAP antiviral system and may contribute to the development of antivirals.

Introduction

Emerging flaviviruses constantly threaten public health. The
National Institute of Allergy and Infectious Diseases classifies
flaviviruses — Zika virus, Japanese encephalitis virus (JEV),
yellow fever virus (YFV), and West Nile virus (WNV) as
a ‘Category B Priority’, the 2™ highest priority of emerging
pathogens and biodefense threats. Zika virus caused the human
epidemic in 2015 and persists in at least 89 countries. Japanese
encephalitis virus causes encephalitis in humans in the Asia-
Pacific region [1], with 68,000 annual cases and 15,000 deaths
[2]. There is a concern that JEV can be introduced into North
America given the large population of amplifying hosts — pigs
and wild boars, and susceptible Culex mosquitoes [3-5].
Japanese encephalitis virus keeps expanding - the 2022 JEV
outbreak in Australia with infections in swine herds, zoonotic
transmission, and human deaths was caused by genotype IV
which was not associated with outbreaks before [6]. West Nile
virus is the most common arthropod-borne virus in the US. In
2022, the US Centers for Disease Control and Prevention
reported 1,126 cases and 93 deaths. In 2023, there were 2,406
human cases in the US, including 1,599 neuroinvasive diseases.
The rising number of human cases caused by mosquito-borne
flaviviruses shows the lack or inefficiency of environmental
controls. There are no approved human vaccines for some
flaviviruses (i.e. Zika, WNV). Also, there are no licenced anti-
virals against flaviviruses because of a knowledge gap in cellular
pathways controlling infections, including the knowledge gap
in interactions of viral RNA with cellular proteins.

High-throughput methods enable global analysis of viral
RNA-cellular protein interactions. One of the most recent
advances in analysis of viral RNA-cellular protein interactions
are the Comprehensive Identification of RNA-binding
Proteins by Mass Spectrometry (ChIRP-MS) [7], where inter-
actions between cellular proteins and genomic RNA of several
viruses were profiled that advanced the fundamental knowl-
edge of RNA viruses and informed novel antivirals [8-11]. To
our knowledge, all these ChIRP-MS studies were done in
wild-type cell lines. And comparative ChIRP-MS studies on
viral RNA-cellular protein interactions in wild-type and
knockout (KO) cell lines are not reported.

The zinc finger CCCH-type antiviral protein 1, also known as
ZAP, ZC3HAV1, or PARP13, is a cellular protein with broad
antiviral activity. The protein was first characterized to inhibit
murine leukaemia virus [12] and later alphaviruses, filoviruses,
influenza virus, porcine reproductive and respiratory syndrome
virus, hepatitis B virus, human cytomegalovirus, human T cell
leukaemia virus type 1, and human immunodeficiency virus-1
[13-23]. The previous study in A549 cells showed JEV sensitivity
to ectopic and endogenous ZAP [24]. In the same study, Zika
virus was not sensitive to ectopic ZAP; the sensitivity of Zika
virus to endogenous ZAP was not tested [24]. Another study
using ZAP wild-type and ZAP knockout A549 cells showed that
wild-type Zika virus was also not sensitive to antiviral ZAP
effects [25]. However, our recent study revealed that Zika virus
was sensitive to endogenous ZAP in VERO cells. Specifically, we
observed reduced viral RNA, infectious titres, and Zika virus
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NS5 protein expression in wild-type cells compared to ZAP
knockout cells [26]. This discrepancy may be due to the different
cell lines used: previous studies utilized A549 cells derived from
human lung cancer tissue [24], while we used VERO cells from
a healthy monkey. Antiviral signalling for many cellular proteins
can be highly cell-specific [27]. Another factor is the species
difference: the previous study used a human cell line, and we
used an African green monkey cell line, a possible natural
reservoir host of Zika virus [28]. Species-specific ZAP effects
are documented [29,30], but comparative studies on ZAP anti-
viral activity between primates are lacking.

ZAP binds viral RNA and evokes antiviral activity by med-
iating viral RNA degradation and translational inhibition [31].
It also interacts with various cellular proteins that may act as
co-factors, enhancing its antiviral effects [32]. Furthermore,
ZAP can augment other antiviral systems [14,26]. To better
understand ZAP-viral RNA-cellular protein interactions, here
we used Zika virus infection in wild-type and ZAP knockout
VERO cells as a model. Specifically, we used ChIRP-MS in
mock-infected and Zika-infected wild-type and ZAP knockout
cells to characterize ‘ZAP-independent’ and “ZAP-dependent’
cellular protein interactomes associated with flavivirus RNA.
Our findings suggest that ZAP influences cellular proteins
associated with Zika virus RNA.

Results

Endogenous ZAP affects flavivirus infection phenotypes
in VERO cells

While Zika virus was designated as ZAP-resistant in A549
cells [24,25], in our recent study, we showed that Zika virus is
sensitive to endogenous ZAP in VERO cells with reduced
levels of viral RNA, infectious titres, and NS5 protein expres-
sion [26]. Previously, we used the multiplicity of infection
(MOI) of 1 for comparative studies in VERO wild-type
(VERO-ZAP-WT) and knock-out (VERO-ZAP-KO) cell
lines [26]. Here to further confirm antiviral ZAP effects
against Zika virus, we conducted comparative studies in the
same cells with low MOI 0.01. We also included into the
comparative study JEV previously shown to be sensitive to
endogenous and ectopically overexpressed ZAP, and WNV
with unknown sensitivity to ZAP in VERO cells.

For all flaviviruses, we observed a significant (p < 0.0001)
reduction in E protein expression in VERO-ZAP-WT com-
pared to VERO-ZAP-KO cells (Figures 1(A,B,E,F,LJ) and
Figure. S1, S2, S3). All three flaviviruses also showed
a considerable reduction of NS5 protein expression in
VERO-ZAP-WT compared to VERO-ZAP-KO cells
(Figures 1(D,H,L)). The West Nile virus showed comparable
intracellular viral RNA loads (p=0.1875) in both VERO-
ZAP-WT and VERO-ZAP-KO cells (Figure 1(K)).
Consistent with the reduction of E and NS5 protein expres-
sion, Zika virus and JEV had significantly higher intracellular
RNA loads in VERO-ZAP-KO cells than in VERO-ZAP-WT
cells (p=0.0012 and 0.0007; Figures 1(C,G)).

Altogether, we confirmed ZAP antiviral effects against JEV
and Zika virus, and demonstrated, for the first time to our
knowledge, the sensitivity of WNV to ZAP in VERO cells.

Different infection phenotypes in VERO-ZAP-KO than in
VERO-ZAP-WT cells suggested ZAP effects mediated via
viral RNA binding activity which may involve interactions
with other cellular proteins. This motivated us to conduct
a ChIRP-MS study to characterize “ZAP-independent’ and
‘ZAP-dependent’ cellular protein interactomes associated
with Zika virus RNA.

ChIRP-MS uncovers ZAP-dependent Zika virus RNA
interactome

To define the ZAP-depended host protein interactome asso-
ciated with Zika genomic RNA, we used the RNA-directed
proteomic discovery method ChIRP-MS [7-11] in VERO-
ZAP-WT and VERO-ZAP-KO cell lines. We crosslinked
mock-infected and virus-infected cell lines with formaldehyde
to preserve viral RNA-protein complexes and applied bioti-
nylated oligonucleotides (Table S1A) tiling the entire Zika
virus RNA to enrich viral RNA-host protein complexes
(Figure 2(A)).

For the Zika virus comparative study in VERO-ZAP-WT
and VERO-ZAP-KO cells, we used equal MOIs for inocula-
tion to identify ZAP effects on infection phenotypes
(Figure 1). However, the different infection phenotypes in
VERO-ZAP-WT and VERO-ZAP-KO cells (Figure 1) pose
a challenge for ChIRP-MS study where it is essential to induce
equal Zika virus RNA loads in both cell lines for an accurate
comparison of ZAP-dependent and ZAP-independent inter-
actomes. Thus, before comparing viral RNA-host protein
interactions, we tested different Zika MOIs for inoculation
of ZAP-WT and ZAP-KO cells to ensure similar viral RNA
loads at the time of formaldehyde fixation and accurate com-
parative ChIRP-MS. For this, we incrementally increased the
MOI for VERO-ZAP-WT cells, as Zika virus caused a more
aggressive infection in VERO-ZAP-KO cells (Figure 1). The
multiplicity of infection 10 for VERO-ZAP-WT cells and
MOI 2 for VERO-ZAP-KO cells evoked similar Zika virus
loads. To exclude the effects of differential uptake of the
stimulus during MOI 10 inoculation of VERO-ZAP-WT
cells, during VERO-ZAP-KO MOI 2 inoculation we added
heat-inactivated Zika virus equivalent of MOI 8. After exten-
sive washing and 72 h incubation, the same Zika antigen loads
in VERO-ZAP-WT and VERO-ZAP-KO cells were confirmed
with viral E protein staining (Figure 2(B)). The same Zika
RNA loads in VERO-ZAP-WT and VERO-ZAP-KO cells
were also confirmed using Zika-specific RT-qPCR and next-
generation-sequencing (NGS) in sonicated cellular lysates
(input) and immunoprecipitated viral RNA-protein com-
plexes (enriched) (Figures 2(C,D)); Figure S4; Supplemental
Dataset 1). High RT-qPCR Zika loads and nearly entire Zika
genomic coverage with high NGS depth (Figures 2(C,D);
Figure S4) confirms that the ChIRP method efficiently recov-
ered the same high loads of viral RNA in both VERO-ZAP-
WT and VERO-ZAP-KO cells. Also, as expected, viral RNA
loads were consistently and considerably (around 10" differ-
ence) higher in enriched than in input samples in RT-qPCR
and NGS assays (Figures 2(C,D); Figure S4). Altogether, we
confirmed normalized viral loads and comparable enrichment

of viral RNA during ChIRP in VERO-ZAP-WT and VERO-
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Figure 1. ZAP affects JEV, Zika, and WNV infection phenotypes. Representative images of cells positive for JEV (A), Zika virus (E), and WNV (1) E protein (red staining) at 72 h (48 h
for WNV), MOI 0.01. Magnification x200. The experiment was done in 3 biological and 3 technical replicates. Figures represent the general patterns in all replicates. All 9
replicates for VERO-ZAP-WT and VERO-ZAP-KO cells are shown in Figure S1. The digital quantification of JEV (B), Zika (F), and WNV (J) positive cells in all
9 replicates from Figure S1. *Unpaired t-test: P < 0.05. In mock-infected cells digital sensitive counting represents the staining background. The fold increase of JEV (C), Zika
(G), and WNV (K) RNA loads in cell lysates collected at 1 h and 72 h (48 h for WNV) after inoculation. VERO-ZAP-WT and VERO-ZAP-KO cells were inoculated with MOI 0.01. Virus
inoculums were removed and replaced with media. Cell lysates were collected with a lysis buffer at 1 h post-inoculation (to normalize for leftover virus inoculum RNA) and at 48-
72 h. *Unpaired t-test: P < 0.05. The experiment was done in 3 biological and 2 technical replicates. (D, H, L) reduced flavivirus infection in VERO-ZAP-WT cells at 72 h (48 h for
WNV) represented by western blot for NS5 proteins. Normalized 50 pg of protein was used for all samples. Two biological replicates for each condition are shown.

ZAP-KO cells, permitting quantitative comparison of proteins
associated with viral RNA between wild-type and ZAP-KO
cells.

Next, we used the Mass Spectrometry Interaction STatistics
(MiST) to analyse raw ChIRP-MS data (Supplemental
Dataset 2) previously applied in ChIRP-MS studies
[11,33,34]. We employed MiST with default parameters and
used the Singleton Filtering option to exclude proteins with
spectral counts in only one biological replicate, quantifying
proteins with a MiST score of 0.75 or above [11,33,34].
Additionally, we excluded proteins that had at least one spec-
tral count in any biological replicate of mock-infected wild-
type or ZAP-KO cells [11,32]. We applied three analytical
strategies to analyse ChIRP-MS data (Table S1):

For the first analytical strategy, using the raw ChIRP-MS
data with a total of 2,269 proteins (Table S1B), we identified
proteins specifically associated with Zika virus RNA in
VERO-ZAP-WT cells. We defined the resultant list of
enriched proteins as the ‘extended’ Zika virus RNA interac-
tome in VERO-ZAP-WT cells. This extended interactome
contains 383 proteins (Table S1C). We named this

interactome ‘extended’ because additional control criteria
were applied to narrow down and enrich the ‘ZAP-
dependent’ Zika virus RNA interactome (see below).

ChIRP-MS is a rather new technique in molecular biology;
the first time it was described for systemic identification of
cellular proteins interacting with cellular mRNA in 2015 [7].
From 2019, several virology groups have applied ChIRP-MS to
characterize interactions between cellular proteins and genomic
RNA of severe acute respiratory syndrome coronavirus 2, Ebola
virus, dengue virus, and Zika virus in wild-type ZAP-positive
cells [8-11]. Thus, we compared our extended Zika virus RNA
interactome in VERO-ZAP-WT cells with the Zika interactome
in Huh cells from a previous publication [10]. A similar num-
ber of proteins were reported here—383, and previously—395.
The comparison also showed a good reproducibility of 25.4%
between two protein sets (Table S1D). We consider 25.4%
a good reproducibility because studies were done in cells of
different species - nonhuman primates (VERO) and humans
(Huh), with different MOIs and sampling time points.

The specificity of our ChIRP-MS is also confirmed by physical
associations between Zika virus RNA and viral prM, C, E, NSI,
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Figure 2. ChIRP-MS study design and validation. (A) ChIRP-MS experimental design to compare viral RNA-host protein interactions in zap-positive and ZAP-KO cells.

ChIRP-MS was done in three biological replicates; each biological replicate consis

ted of lysed cells from four T-175 flasks for each experimental condition. (B) we

adapted normalized MOIs to induce similar Zika viral loads in ZAP-WT and ZAP-KO cells. Red staining represents a similar number of Zika virus E protein-positive cells

in WT and KO cells. Inserts — mock-infected cells. (C) the same Zika RNA loads in
cellular lysates. Enriched - immunoprecipitated viral RNA-protein complexes bound

ZAP-WT and ZAP-KO cells were also confirmed using RT-gPCR. Input - sonicated
to MyOne C1 magnetic beads at the last washing step before protein elution. RNA

was extracted from a 40 ul of cell lysate or bead suspension in the washing buffer representing each biological replicate and subjected to Zika virus-specific RT-qPCR;
dots represent ChIRP-MS biological replicates. (D) the same nearly entire Zika RNA genome coverage and NGS depth in ZAP-WT and ZAP-KO cells. Representative
data from one ChIRP-MS biological replicate for ZAP-WT and ZAP-KO cells. Input and Enriched are the same sample types as for RT-qPCR in C. Control NGS in mock-
infected cells did not show Zika-specific sequences (Figure S4). A red line shows the 10-nucleotide NGS depth threshold.

NS2A, NS2B, NS3, and NS5 proteins in only infected cells, while
all mock-infected replicates were negative (Table SIE). The
enrichment of viral proteins provides evidence that ChIRP-MS
covers interactions across the entire length of viral RNA [8].
Analysis of the MiST abundance score and absolute spectral
counts showed that the viral NS3 and NS5 proteins were most
strongly recovered (Table S1E; NS3 MiST abundance score 0.167,

NS5 MiST abundance score 0.304; NS3 mean spectral counts 39,
NS5 mean spectral counts 102), which is consistent with previous
ChIRP-MS Zika virus study where NS3 and NS5 were also most
abundant [10]; and with direct-binding function of flavivirus NS3
—RNA helicase, and NS5—RNA-dependent RNA polymerase.
Analysis of top interacting cellular proteins with the highest
spectral counts and GO enrichment analysis also suggested the
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specificity of ChIRP-MS. All top 15 interacting proteins (except  enriched pathways with at least two-fold enrichment represent
NCOAS5) with the highest spectral counts (Figure 3(A)) are nucleic acid/RNA binding and RNA biology processes
known factors of RNA biology, including RNA binding, RNA  (Figure 3(D)).

splicing, and RNA helicase activities (Table S1C). Gene For the second analytical strategy, we identified proteins spe-
Ontology enrichment analysis also showed that all seven cifically interacting with Zika virus RNA in VERO-ZAP-KO cells.

Extended Zika virus RNA interactome
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Figure 3. Top ChIRP-MS proteins and GO pathways identified in the extended, ZAP-independent, and ZAP-dependent Zika virus RNA interactomes. Mean spectral
counts are shown for proteins in (A, B, C). Spectral counts for all three biological replicates are shown in tables S1C, F, H. The top proteins with unknown functions in
RNA biology are highlighted in grey. For GO pathways in (D, E, F), GO identification numbers and FDR-adjusted P values are shown in parentheses. All GO processes
were overrepresented.
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For specificity, we applied the same strategy as above: We selected
the Singleton Filtering MiST option to exclude proteins with
spectral counts in only one biological replicate and quantify
proteins with the MiST score of 0.75 or above [11,33,34]. We
also excluded all proteins with a single spectral count in at least
one of the three biological replicates in mock-infected wild-type or
ZAP-KO cells. We defined the resultant list of enriched proteins
as a ZAP-independent’ Zika virus RNA interactome. We defined
this interactome as ZAP-independent because associated cellular
proteins were discovered in VERO-ZAP-KO cells showing the
ZAP-independent nature of interactions. The ZAP-independent
interactome contains 116 proteins (Table S1F). As expected, most,
13 out of 15 top cellular interacting proteins with the highest
spectral counts are known factors in RNA biology (Figure 3(B);
Table S1F). Zika virus proteins were identified in only infected
VERO-ZAP-KO cells (Table S1G).

Finally, to discover the “ZAP-dependent’ Zika RNA interac-
tome in VERO-ZAP-WT cells, in addition to the above specificity
exclusion criteria in MiST settings and mock-infected cells, we
excluded proteins that had at least one spectral count in at least
one of the three biological replicates in VERO-ZAP-KO cells
infected with Zika virus. The ZAP-dependent interactome con-
tains 209 proteins (Table S1H). The ZAP-dependent Zika RNA
interactome has more proteins than ZAP-independent—209 ver-
sus 116 proteins. The difference in 93 proteins between interac-
tomes in ZAP-WT and ZAP-KO cells is rational because in the
previous study a tandem mass spectrometry showed that 114
cellular proteins interact with the overexpressed immunoprecipi-
tated ZAP large isoform in uninfected cells [32]. Other large-scale
interactome studies in uninfected cells have identified more than
250 potential cellular proteins that may potentially interact with
ZAP [32,35-38].

As expected, most, 12 out of 15 top interacting proteins with
the highest spectral counts in the ZAP-dependent interactome
are known factors in RNA biology (Figure 3(C); Table S1H).
Comparative GO enrichment analysis between ZAP-
independent and ZAP-dependent interactomes showed only
one enriched pathway related to RNA biology in ZAP-KO
cells and six enriched RNA biology pathways in ZAP-WT
cells, including ‘helicase activity’ with the highest fold enrich-
ment (Figures 3(E,F)). Accordingly, among the top 15 proteins
in the ZAP-dependent interactome, four proteins were RNA
helicases (Table S1H). In total, 11 RNA helicases were enriched
in the ZAP-dependent interactome - DDX42, DDX56, DDX27,
DDX50, DDX52, DDX23, DDX54, DDX18, DHX57, DDX47,
and one uncharacterized RNA helicase (Tables S1H, I).

Altogether, using ChIRP-MS and MiST analysis, we character-
ized the cellular interactome associated with Zika virus RNA,
including Extended, ZAP-independent, and ZAP-dependent
interactomes.

ZAP wild-type and knockout VERO cells express DDX RNA
helicases

ZAP binds cellular mRNA and affects gene expression,
including antiviral and immune resolution transcriptional
responses [39,40]. Thus, it was unclear whether the enrich-
ment of RNA helicases in the ChIRP ZAP-dependent Zika
interactome (Tables S1H; Figures 3(C,F)) and the depletion

of RNA helicases in the ChIRP ZAP-independent Zika
interactome (Tables S1F; Figures 3(B,E)) were exclusively
due to direct ZAP-viral RNA-cellular RNA helicase inter-
actions in ZAP-WT cells and the lack of such interactions
in ZAP-KO cells or ZAP-mediated effects on cellular RNA
helicase mRNAs also played a role. Therefore, we quantified
the protein levels of four selected helicases (DDX23,
DDX27, DDX42, and DDX50) using Western blot in
MOCK and infected ZAP-WT and ZAP-KO cells (the
same MOI and sampling time as for the ChIRP-MS experi-
ment). DDX42 and DDX27 were chosen because they were
among the top three enriched helicases (Table S1I). DDX23
and DDX50 are known to have antiviral activity [41,42].

Western blot analysis revealed expression of all four
RNA helicases in both VERO-ZAP-KO and VERO-ZAP-
WT cells, under mock condition and during Zika virus
infection (Figure 4(A)). The expression of DDX23 and
DDX27 was lower in both MOCK and Zika virus-infected
ZAP-KO cells compared to ZAP-WT cells (DDX23 p=
0.0374; p =0.0471; DDX27 p < 0.0001; p = 0.0004), although
ZAP-KO cells still showed prominent DDX23 and DDX27
expression (Figures 4(A,B)). Zika virus infection signifi-
cantly reduced DDX27 expression in both cell lines (ZAP-
KO p=0.415 ZAP-WT p=0.001) (Figure 4(A,B)). The
expression of DDX42 was significantly lower in mock-
infected ZAP-WT than in ZAP-KO cells (p =0.0179). Zika
virus infection considerably reduced DDX42 expression in
both cell lines, but the comparative expression in ZAP-KO
and ZAP-WT cells during infection was similar (p=
0.2139) (Figures 4(A,B)). The expression of DDX50 was
lower in both MOCK and Zika virus-infected ZAP-KO
cells compared to ZAP-WT cells (MOCK p =0.0001; Zika
p <0.0001), although ZAP-KO cells still showed prominent
DDX50 expression (Figures 4(A,B)). The Zika virus infec-
tion did not affect DDX50 expression in either cell line
(Figures 4(A,B)).

Overall, we confirmed that ZAP-WT and ZAP-KO cells
express all four tested RNA helicases - DDX23, DDX27,
DDX42 and DDX50. However, ZAP knockout was associated
with reduced DDX23, DDX27, and DDX50 expression in both
MOCK and infection conditions. These reduced cellular
expressions of DDX23, DDX27 and DDX50 suggest that ZAP-
mediated effects on cellular RNA helicase mRNAs may con-
tribute to the depletion of RNA helicases in the ChIRP ZAP-
independent Zika interactome. In contrast, DDX42 expression
was even in ZAP-KO and ZAP-WT cells during Zika virus
infection, indicating that direct interactions between ZAP,
viral RNA, and cellular RNA helicases in ZAP-WT cells may
play the central role in the enrichment of RNA helicases in the
ChIRP ZAP-dependent Zika interactome.

Discussion

All previous ChIRP-MS studies on a viral RNA-cellular pro-
tein interactome were done in wild-type cell lines [8-11], and
comparative ChIRP-MS studies in wild-type and KO cells
were not reported. Here, using ChIRP-MS in ZAP-WT and
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Figure 4. The expression of RNA helicases in VERO-ZAP-WT and VERO-ZAP-KO cells. Cells were mock infected or infected with normalized Zika virus MOIs; MOI 2 or
10 for VERO-ZAP-KO and VERO-ZAP-WT cells, respectively, as described for ChIRP in supplemental materials and methods. Cells were sampled at 72 h after mock or
virus infection. (A) green bands represent DDX23 (96 kDa), DDX27 (90 kDa), DDX42 (117-120 kDa), and DDX50 (83 kDa) RNA helicases. Red bands represent $-actin
loading control (42 kDa). Western blot was done in 3 biological replicates for each experimental condition. (B) the expression of DDX RNA helicases was quantified as

described in supplemental material and methods.

ZAP-KO cells, we delineated ZAP-independent and ZAP-
dependent cellular protein interactomes associated with Zika
virus RNA. We showed that such experimental approach is
feasible by normalizing MOIs and viral loads in ZAP-WT and
ZAP-KO cells. Despite extensive research on ZAP’s antiviral
activity, to our knowledge, this study is the first to explore the
ZAP-dependent interactome specifically associated with
viral RNA.

ZAP requires RNA helicases as co-factors: ZAP’s
N-terminus interacts with the N- and C-terminal domains of
DDX17 that promotes ZAP-mediated degradation of murine
leukaemia reporter virus [43]. However, our ChIRP-MS Zika
data do not contain p72 DEAD-box RNA helicase (DDX17)
(Table S1B). DHX30 interacts with ZAP, and the knockdown
of DHX30 reduces ZAP’s antiviral activity against murine
leukaemia reporter virus [44]. Accordingly, we identified
DHX30 in ChIRP-MS data (Table S1B); however, it was
excluded from further interactome-specific analysis with our
rigorous specificity cut-off. Interestingly, we found that 11
RNA helicases were enriched in the ZAP-dependent interac-
tome - DDX42, DDX56, DDX27, DDX50, DDX52, DDX23,
DDX54, DDX18, DHX57, DDX47, and one uncharacterized
RNA helicase. In contrast, in the ZAP-independent interac-
tome, no RNA helicases were enriched. The limitation is that
our experimental design does not allow to identify the specific
nature of interactions between Zika virus RNA and cellular
proteins. We do not know yet which cellular proteins interact
with only ZAP bound to viral RNA, which interact with ZAP
and viral RNA, and which proteins have strict viral RNA
dependency during interactions with ZAP. ZAP binds to

single-stranded viral RNA and potentially to single overhangs
in double-stranded RNA [45,46]; RNA helicases can bind to
double-stranded RNA, single overhangs in double-stranded
RNA and single-stranded RNA; these make interactions
between ZAP, viral RNA, and RNA helicases spatially possi-
ble. Additional research is necessary to determine if the RNA
helicases identified in this study function as co-factors for
ZAP in its antiviral activity, specifically ZAP-mediated degra-
dation of viral RNA.

In addition to RNA helicases, ZAP requires other co-factors. It
lacks intrinsic RNase activity but recruits the 5 and 3° RNA
degradation machinery [24,47]. The E3 ubiquitin ligase TRIM25
is important for ZAP activity against alphaviruses by increasing
inhibition of viral translation [48,49]. ZAP also interacts with the
cytoplasmic protein KHNYN to inhibit CpG-enriched HIV-1
[50]. Riplet, a protein known to play a central role in activating
the retinoic acid-inducible gene I (RIG-I), has been recently
identified as a ZAP co-factor that augments the restriction of
HIV-1 [51]. However, the full complexity of cellular proteins
essential for ZAP antiviral activity is unknown. Large-scale inter-
actome studies in non-infected cells have identified more than 250
proteins that may interact with ZAP [32,35-38]. Notably, there
were no large-scale ZAP interactome studies in the context of viral
infection [35]. Thus, our ZAP-dependent ChIRP-MS interactome
(Table S1H) provides a highly specific list of potential ZAP co-
factors, including 11 RNA helicases for future mechanistic and
functional studies.

It is known that DDX RNA helicases not only facilitate
viral RNA degradation but also act as viral RNA sensing
proteins contributing to cellular innate immune signalling,
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type I IFN production, and antiviral response [52-57]. Also,
viruses can abduct cellular RNA helicases to support their
lifecycle and promote infectivity [58,59]. Cellular RNA heli-
cases often interact with microbial genomes and evoke their
properties in the complex with different adaptor proteins
[52-54,56,60-62]. Thus, ZAP may play a dual role in med-
iating RNA helicase-dependent antiviral and proviral effects.
Before our ChIRP-MS study, such co-factor/adaptor role of
ZAP in interactions between viral RNA and cellular RNA
helicases was not considered.

Interestingly, Western blot analysis showed that ZAP expres-
sion is associated with higher levels of at least three RNA helicases
—DDX23, DDX27 and DDX50—since their expression was
reduced in both MOCK and infected ZAP-KO cells as compared
to ZAP-WT cells (Figure 4). Thus, ZAP may indirectly contribute
to antiviral cellular responses by maintaining the expression of
RNA helicases, which are known to have antiviral activity, includ-
ing DDX23 and DDX50 [41,42].

Another interesting finding is that Zika virus infection
considerably reduced the expression of DDX23, DDX27 and
DDX42 in ZAP-WT cells (Figure 4), as well as ZAP (Figure
S3) under our experimental conditions (72 h post-infection).
These observations may indicate Zika virus strategies for
evading cellular immune responses, warranting further
investigation.

The primary limitation of this study is its focus on an
associative ChIRP-MS comparison between ZAP-WT and
ZAP-KO cells. While conducting functional studies could
provide further insights, it falls beyond the scope of this
work. Nonetheless, our ZAP-dependent interactome offers
the scientific community a valuable resource for future studies
on ZAP, its co-factors, and viral RNA interactions. It would
also be interesting to compare ChIRP-MS interactomes across
different ZAP-WT and ZAP-KO cell lines infected with var-
ious viruses. Our strict filtering approach to identify the ZAP-
dependent interactome, which excluded proteins from the
ZAP-independent interactome even with a single MS spectral
count in ZAP-KO cells, might be seen as too rigorous.
However, it ensures a highly specific list of potential ZAP co-
factors. Additionally, we have made available the raw and
extended ZAP interactome databases (Table SI1B, C;
Supplemental Dataset 2), allowing others to apply their own
filtering approaches.

Conclusions

Together, the ZAP-dependent interactome identified with
ChIRP-MS provides potential ZAP co-factors for antiviral activity
against Zika virus and possibly other viruses. Identifying the full
spectrum of ZAP co-factors and mechanisms of how they act will
be critical to understand the ZAP antiviral system and may con-
tribute to the development of antivirals.

Materials and methods

Details of ChIRP-MS, cells, viruses, comparative infection
studies, RT-qPCR, Western blot, and statistics are in
Supplemental Materials and Methods.
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