BIOLOGICAL
CHEMISTRY

Journal Pre-proof JBC &2

The catalytic tetrad of Aedes aegypti Argonaute 2 is critical for the antiviral activity of
the exogenous siRNA pathway

Krittika Dummunee, Rhys H. Parry, Lars Redecke, Margus Varjak, Benjamin .:?&%E.o,?s’
Brennan, Alain Kohl, Melanie McFarlane

PII: S0021-9258(25)00181-4

DOI: https://doi.org/10.1016/j.jbc.2025.108332

Reference: JBC 108332

To appearin:  Journal of Biological Chemistry

Received Date: 18 December 2024
Revised Date: 13 February 2025
Accepted Date: 15 February 2025

Please cite this article as: Dummunee K, Parry RH, Redecke L, Varjak M, Brennan B, Kohl A, McFarlane
M, The catalytic tetrad of Aedes aegypti Argonaute 2 is critical for the antiviral activity of the exogenous
siRNA pathway, Journal of Biological Chemistry (2025), doi: https://doi.org/10.1016/j.jbc.2025.108332.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

T® 2025 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and
Molecular Biology.


https://doi.org/10.1016/j.jbc.2025.108332
https://doi.org/10.1016/j.jbc.2025.108332

The catalytic tetrad of Aedes aegypti Argonaute 2 is critical for the antiviral activity of

the exogenous siRNA pathway.

Krittika Dummunee’, Rhys H. Parry?, Lars Redecke®#, Margus Varjak'®, Benjamin

Brennan, Alain Kohl'-¢", Melanie McFarlane'

"MRC-University of Glasgow Centre for Virus Research, Glasgow, UK

2School of Chemistry and Molecular Biosciences, The University of Queensland, St. Lucia,

Australia

3University of Lubeck, Institute of Biochemistry, Liibeck, Germany

4Deutsches Elektronen Synchrotron (DESY), Photon Science, Hamburg, Germany
5 Present address: Institute of Technology, University of Tartu, Tartu, Estonia

6 Present address: Centre for Neglected Tropical Diseases, Departments of Tropical Disease
Biology and Vector Biology, Liverpool School of Tropical Medicine, Pembroke Place,

Liverpool, UK

*Correspondence:
Melanie McFarlane: melanie.mcdonald@glasgow.ac.uk

Alain Kohl:_alain.kohl@lstmed.ac.uk

Benjamin Brennan: ben.brennan@glasgow.ac.uk

Running title: Analysis of Aedes aegypti AgoZ2 slicer function.



Keywords: RNA interference (RNAi), small interfering RNA (siRNA), Argonaute, RNA virus,

alphavirus, mosquito, antiviral.

Abstract

Viruses transmitted by biting arthropods, arboviruses, pose a significant global health and
economic threat. Climate change is exacerbating this issue by expanding the range of
disease-carrying vectors. Effective control of arbovirus transmission often relies on targeting
the vectors, making it crucial to understand the interactions between the virus and its vector.
The exogenous siRNA (exo-siRNA) pathway is a key antiviral defence mechanism in
mosquitoes such as Aedes aegypti. Argonaute 2 (Ago2) is a central protein in this pathway,
responsible for antiviral activity. While the PIWI domain of Ago proteins is known to mediate
slicing activity, not all Ago proteins possess this slicing function. To understand the antiviral
mechanism of Ago2 in Ae. aegypti, we aimed to confirm the presence of the catalytic tetrad, a
group of amino acids known to be crucial for slicing activity. Here, we confirmed the tetrad
(D740, E780, D812, and H950) in Ae. aegypti Ago2 and demonstrated its essential role in
antiviral and siRNA pathway activity. Our findings show that the catalytic tetrad is necessary
for the degradation of siRNA passenger strands. When the tetrad is absent, siRNA duplexes
accumulate, leading to a loss of siRNA pathway function. This underscores the critical role of

the tetrad in the antiviral defence mechanism of Ae. aegypti.



Introduction

Arboviruses are a group of viruses that can be transmitted to, and cause disease in,
susceptible hosts through the bite of an infected arthropod vector. These pathogens
encompass several unrelated families of viruses many of whom are of significant medical and
economic importance. Most arboviruses are RNA viruses from the families Togaviridae and
Flaviviridae and the class Bunyaviricetes. Significant examples include the alphavirus
chikungunya (CHIKV), the flaviviruses dengue (DENV) and Zika (ZIKV) viruses, and Rift Valley
fever virus (RVFV) from the bunyavirus family Phenuiviridae. Vectors responsible for the
transmission of arboviruses include mosquitoes, midges and ticks. In particular, the mosquito
species Aedes aegypti (Ae. aegypti) is a critical vector for human infecting arboviruses such
as CHIKV, ZIKV and DENV. With climate change increasing the geographical range of

mosquito habitats, populations may increasingly be at risk from mosquito-borne diseases.

Arboviruses actively replicate in vectors such as mosquitoes, triggering an immune response
to control the infection. In Ae. aegypti a critically important antiviral immune response is the
exogenous small interfering RNA (exo-siRNA) response [1-6]. The exo-siRNA response is
triggered by dsRNA, such as those generated as viral replication intermediates. Upon
detection of dsRNA, an endonuclease (Dcr2) cleaves the dsRNA into virus derived small
interfering RNAs (vsiRNAs) of mainly 21 nucleotides in length. These vsiRNAs are then
transferred to Ago2 in the RNA Induced Silencing Complex (RISC). Ago2 is a multi-functional
protein that can bind the vsiRNAs, unwind the duplex and degrade one of the siRNA strands,
termed the passenger strand. Ago2 can then use the remaining strand, termed the guide
strand, to locate and bind to complementary sequences present in viral genomes or mRNAs.
This will result in the degradation of target RNA and subsequent “silencing” of viral replication.
Overall the antiviral effects of the exo-siRNA pathway have been shown against arboviruses

of multiple families [7-36].

Ago? is relatively well conserved across mosquitoes, and functionally comparable to the Ago2

protein of the distant insect model Drosophila melanogaster which suggests critical conserved



core functions. The Ago2 protein of Ae. aegypti contains a conserved PIWI domain that is
essential for the endonuclease function of the Ago proteins, and the endonuclease activity of
Ago proteins is determined by the presence of a catalytic tetrad in the RNAse H fold consisting
of the amino acids DED(D/H/N) [37]. However intriguingly, not all Ago proteins contain the
DEDX sequence, for example Homo sapiens Ago1, and therefore do not all possess
endonuclease cleavage functionality [37]. In this study we aimed to determine whether the
DEDX domain is presentin Ae. aegypti-derived Ago2 and examine the relevance of this amino
acid tetrad for antiviral activity. We show that the catalytic tetrad is in fact present across known
mosquito Ago2 proteins, and that it is essential for exo-siRNA activity and therefore the
antiviral function of this effector protein. Finally, in the absence of a DEDX domain, the Ago2
endonuclease activity is lost, mediated by the failure to degrade the passenger strand of the

dsRNA duplex, thereby abrogating the antiviral function of Ago2.

Results

Identification of a DEDH catalytic tetrad in mosquito Ago2 proteins

Previous reports have identified a motif in the PIWI domain of Ago2 proteins which is well
conserved across multiple species of bacteria and yeast and even mammalian species such
as humans [37] (Fig. 1A). Here we assessed the presence and sequence of the catalytic tetrad
across vector species of mosquitoes, Ae. aegypti, Ae. albopictus, Anopheles gambiae and the
model organism Drosophila melanogaster. Multiple sequence alignment analysis revealed the
presence of a DEDH catalytic tetrad in all four species at amino acid positions D740, E780,
D812 and H950 (Fig. 1B). An AlphaFold3 prediction of the three-dimensional structure of wild-
type (wt) Ae. aegypti Ago2 shows that the DEDH residues are indeed surface exposed on the
groove in the centre of the protein and are biologically available, similar to that found in other
species where the siRNA and mRNA are loaded and they can perform the slicing function of

Ago2 [38] (Fig. S1A). Superposition of high confidence structural models of the Ae. aegypti



Ago2 PIWI domain comprising residues 719-963 and the corresponding part of D.
melanogaster Ago2 (residues 947-1189) (Fig. S1B) further confirmed the structural
conservation, particularly considering the positions of the DEDH residues composing the
catalytic tetrad. Upon mutation of all four of the DEDH residues no significant changes in the
PIWI domain fold are predicted suggesting any functional differences displayed by this mutant
is not due to protein misfolding (Fig. S1C). This can be attributed to the multiple sequence
alignment (MSA)-based structure prediction approach of AlphaFold3, which averages out the
impact of individual mutations on the structural model [39, 40]. However, the DEDH residues
are all located on the protein surface with side chains pointing away from the inner structure,

which makes an impact of the mutations on the overall structure of the PIWI domain unlikely.

Generation of cell lines expressing an Ago2 with a mutant catalytic tetrad

The CRISPR/Cas9 generated Ago2 KO cell line, AF525, was derived from exo-siRNA
competent embryonic Ae. aegypti AF5 cells. Indeed, AF525 cells have been shown to be RNAI
deficient with their silencing ability reduced by approximately 50% and have impaired antiviral
capabilities against alphaviruses and bunyaviruses which are sensitive to Ago2 action but not
ZIKV which is not affected by Ago2 silencing. Thus, these cells can be used to generate cell
lines expressing a protein of interest [26, 41]. After identification of the putative Ago2 DEDH
tetrad we generated a catalytic mutant, where all four of the DEDH residues were mutated, of
Ae. aegypti Ago2 in an expression construct pPUb-Zeo-2A2A-V5Ago2 we had previously
generated [16]. For this, AF525 cells were transfected with constructs expressing either the
Ago2, a catalytic tetrad negative mutant Ago2 (subsequently called Ago2mut) or eGFP as an
experimental control. Transfected cell cultures were grown and passaged in the presence of
a selection agent (Zeocin) for approximately 4 weeks to obtain AF525 cells stably expressing
V5-tagged Ago2, AgoZmut or eGFP. The cell lines (AF525-V5-eGFP, AF525-V5-Ago2 and
AF525-V5-Ago2mut) generated were screened for the expression of the overexpressed

proteins of interest by Western blotting (Fig. 2A). Two replicates of each cell line were



generated in parallel to ensure insertion of the genes does not impact the cell growth
characteristics. To further characterise the cell lines overexpressing the control, Ago2 or
Ago2mut the growth of the cultures was monitored by measuring cell density over time. Stable
AF525 cells expressing the genes of interest were seeded and counted every day for one
week. No differences in the growth kinetics were observed in the three cell lines at any time
point sampled (Fig. 2B and Fig. 2C). In addition, there were no discernible growth kinetic
differences in between the two batches of stable cell lines, and they were found to stably
express similar levels of the proteins of interest throughout multiple passaging (passage 20

shown in Fig. 2A). Thus, clone 1 of each cell line was selected for subsequent analysis.

The DEDH catalytic tetrad is essential for the antiviral function of Ago2

AgoZ2 is known to be critical for the antiviral activity of the exo-siRNA pathway in vitro, moreover
mosquitoes without Ago2, or where Ago2 has been experimentally silenced, are more
susceptible to arbovirus infection and infection of mosquitoes lacking Ago2 result in increased
mortality of the arthropod [7, 10, 27, 32, 35]. To determine whether the DEDH domain and
degradation of the RNA passenger strand are important for the antiviral function of Ago2,
AF525 cells stably expressing eGFP, Ago2 or Ago2mut were infected with an alphavirus,
Semliki Forest virus (SFV), expressing Firefly luciferase, FFLuc (SFV4(3H)-FFLuc), previously
described in [12]. FFLuc expression serves as a proxy for measurement of virus replication.
Regardless of the multiplicity of infection (MOI) tested, virus replication was significantly
reduced compared to eGFP expressing control cells in the Ago2 expressing AF525 cells (Fig.
3A). In contrast, virus replication in the Ago2mut expressing cells was not significantly different
from the eGFP expressing control cells. Further, different AF525 cells were infected with SFV
at MOI of 1 PFU/cell, and virus replication was measured by RT-qPCR, while infectious virus
production was measured by plaque assay. Viral genomic RNA levels were measured and
calculated relative to the expression of S7 ribosomal RNA and normalised to the amount of

SFV RNA present in the eGFP expressing cells. Viral genome expression in the SFV-infected



Ago2 expressing cells was significantly reduced compared to both the eGFP control and the
Ago2mut expressing cells (Fig. 3B). A similar result was observed when the virus yield from
infected cell cultures was assayed. Virus production was significantly reduced in Ago2
expressing AF525 cells compared to the e GFP control or Ago2mut expressing cells, with again
no significant difference in released virus titre found between the latter two conditions (Fig.
3C). We observed a reduction in viral genome copy numbers in Ago2mut cells compared to
control cells, although RNA levels are significantly higher than wild type Ago2 suggesting
perhaps some residual activity from another Ago or Ago-related protein such as Ago1. The
residual activity did not affect viral gene expression (Fig. 3A) or virus titres (Fig. 3C) indicating

that any residual activity reduction of viral RNA was not strong enough to have an effect.

The catalytic tetrad is required for exo-siRNA pathway activity

To investigate the role of our Ago2 DEDH mutant in the exo-siRNA pathway, we utilised our
previously described exo-siRNA sensor assay [25, 29]. The AF525 derived cell lines
expressing Ago2, Ago2mut and eGFP were transfected with plasmids expressing FFLuc and
Renilla luciferase, as well as dsRNAs targeting FFLuc or eGFP. The silencing abilities of the
wild type or mutant Ago2 were determined by measuring the level of FFLuc expression relative
to the control Renilla luciferase expression. In AF525 cells expressing Ago2 FFLuc expression
was reduced by almost 100% when dsFFLuc was transfected compared to the control
samples where eGFP dsRNA was used (Fig. 4). In comparison, in the AF525 cells expressing
eGFP, FFLuc expression was reduced by around 60% in cells transfected with dsFFLuc
compared to dseGFP (Fig. 4). This is in line with previous observations where a small amount
of silencing was retained in Ago2 knockout cells [26]. Importantly, AF525 cells expressing
Ago2mut were comparable to eGFP control where the silencing activity of Ago2 has been lost

due to the mutation in the catalytic tetrad (Fig. 4).



Mutation of the DEDH catalytic tetrad affects the small RNA processing function of

Ago2.

To evaluate the influence of the Ago2 catalytic tetrad on small RNA processing, the profiles of
vsiRNAs from Ago2, Ago2mut and eGFP expressing cells were determined. For this, cells
were infected with wt SFV at a MOI of 5 PFU/cell for 24 h and immunoprecipitation of V5
tagged Ago2, mutant Ago2 or eGFP was conducted on wt SFV-infected cells. Following
immunoprecipitation, RNAs bound to Ago2, Ago2mut or eGFP were extracted and analysed
by small RNA sequencing. Bioinformatic analysis of small RNA libraries revealed a strong
preference for 21 nt small RNA lengths in the Ago2 and Ago2mut libraries (Fig. S2).
Examination of vsiRNAs mapping to the SFV genome and antigenome across all treatments
(Fig. 5A) also indicated a strong bias towards vsiRNA lengths of 21 nt for both the genome
and antigenome derived reads. Coverage mapping of the 21 nt vsiRNAs demonstrated
variable distribution patterns of these small RNA across different SFV genomic regions (Fig.
5B). Notably, the overall small RNA quantities between the AF525 cell lines expressing Ago2
and Ago2mut cells were comparable, with no statistically significant differences observed
either in total or from either sense or antisense genomic strands (Fig. 5A & Fig. 5C), which is

not unexpected as the cells have functional Dcr2.

The predominant size of siRNAs in mosquito cells is 21nt in length with a complementary
overlap of 19nt and a 2nt overhang on each strand. When active, Ago2 will cleave one of the
strands termed the “passenger” strand into two molecules of 12nt and 9nt in length. While
there are limited differences between the absolute numbers of bound small RNAs mapping to
the SFV genome or antigenome between Ago2 or Ago2mut proteins (Fig. 5C), given the role
of the Ago2 catalytic tetrad in the cleavage of the passenger strand of the siRNA duplex into
12 and 9mers [42, 43] we investigated the abundance and composition of vsiRNA duplexes
between all treatments. To remove the confounding potential increase of vsiRNAs observed

in the AF525 cells expressing Ago2mut we calculated the abundance of 21nt pairs of reads



overlapping between 1-21nt and normalized to the number of million reads in each library. This
analysis showed an increased accumulation of virus derived small RNA duplexes across all
sizes of overlap for Ago2mut (Fig. 6A). Additionally, both the Ago2 and Ago2mut groups
demonstrated the highest z-score probabilities for 19nt overlapping vsiRNA duplexes. The
higher z-scores provided increased confidence that the majority of the siRNAs present in the
sample are of 19nt in length with 2nt overlaps. Notably, the Ago2mut sample displayed a z-
score of 2.42, whereas there was a lower z-score of 2.08 for Ago2 sample, indicating a higher
probability of 19nt overlaps with Ago2mut (Fig. 6B). Finally, when examining the most
abundant 21nt vsiRNA duplex species, those with overlaps of 18 to 21nt, we observed a
statistically significant increase in the number of vsiRNA duplexes, normalised per million,
bound to Ago2mut compared to Ago2 (Fig. 6C). The magnitude of this increase is not observed
in the SFV specific raw reads (S2 Table) indicating this increase is not solely due to increased
virus replication in these cells. Collectively the results indicate that the catalytic tetrad mutant
Ago2 has a higher proportion of vsiRNA duplexes compared to functional Ago2, and the 21nt
vsiRNA duplexes are more likely to overlap by 19nt in the Ago2mut expressing cell samples,
suggesting that the passenger strands of these vsiRNA duplexes were not being processed

into the 9 and 12mer products and duplexes remain intact thus interrupting Ago2 activity.

Discussion

The exo-siRNA pathway is a critical antiviral control mechanism across the phylum
Arthropoda. Considering the importance of this pathway, there are still gaps in understanding
its regulation, control and function in mosquitoes. A large proportion of the knowledge has
been assumed based on findings observed in the model insect D. melanogaster [44].
However, there have been important differences observed between studies in model systems
such as D. melanogaster and vector mosquitoes. For example, the piRNA pathway, an
important antiviral response in Ae. aegypti[9, 16, 22, 23] does not show similar antiviral activity

in D. melanogaster [45]. Had these studies only been performed in model insects this vital



arbovirus control pathway would not be known, limiting our virus control strategies. With
technological advances, we are no longer restricted to available tools and reagents, it is now
vital that assumptions are assessed in vector species to allow advancement of arthropod
control strategies and improved understanding of arbovirus-vector interactions and

transmission.

Our group has identified domains of Ae. aegypti Dcr2 that are responsible for siRNA size
regulation [46] and vsiRNA production [47], however Ae. aegypti Ago2 remains understudied.
To overcome this, we identified and investigated the slicing function of Ago2. Recently, Jin et
al. (2021) reviewed the presence and role of the Argonaute catalytic tetrad, which was shown
to be composed of the amino acid motif, DEDX; showing that when the tetrad was absent from

Argonaute, the protein lost the reported slicing function [37].

We therefore first sought to determine if this tetrad was found in Ago2 derived from Ae. aegypti.
We confirmed the presence of the tetrad in three vector species by multiple sequence
alignment. Alignment of the Ago2 sequences to D. melanogaster Ago2 identified conserved
amino acids D1002, E1042, D1074 and H1212 that are in comparable positions within the

PIWI domain.

After confirmation of the presence of the tetrad we next wanted to identify a role for the DEDH
tetrad in the function of Ae. aegypti Ago2. The DEDH domain was mutated to alanine and cell
lines stably expressing the mutant or wild type Ago2 were generated. Using these cell lines,
we showed that by mutating the catalytic tetrad exo-siRNA pathway activity is lost, thus
confirming the essential nature of Ago2 and slicing activity in this pathway. Moreover, mutation
of the catalytic tetrad resulted in an increase in SFV replication and production of infectious
virions. Interestingly, in accordance with the initial observations by Scherer et al (2021), a
small level of silencing activity is retained in cells in the absence of Ago2 as determined by
silencing assays. The reason for this is still unknown however, the presence of Ago1 or other
Ago related proteins in the cells may account for this observation. However, reintroduction of

wild type Ago2 resolves the silencing impairment and that introduction of the DEDH mutant



AgoZ2 does not have any effect. The residual activity of the siRNA pathway is also observed
when we measured virus RNA levels but not when comparing luciferase protein levels or titres.
We hypothesise that this may be due to the inherently unstable nature of the RNA, in which
small levels of activity are more obvious in contrast to when we measure more stable protein

levels.

While we have shown that by mutating the DEDH catalytic tetrad of Ago2 the antiviral and
siRNA pathway functions of Ago2 are compromised the effect of catalytic tetrad loss was still
to be determined. To this end we performed small RNA sequencing of small RNAs bound to
Ago2. The size and distribution of the siRNAs mapping to SFV were not significantly different
between the Ago2 wild type and the Ago2 mutant indicating that Dcr2 processing is not
affected by the mutation in Ago2, and the functions of both proteins are separate. Interestingly,
we observed some siRNAs in the eGFP pulldown fractions which is unexpected. We
hypothesise that in the absence of Ago2 SFV replication is high resulting in increased Dcr2
processing of siRNAs. Due to eGFP being a notoriously “sticky” protein it is perhaps
unsurprising that some siRNAs either “stick” to eGFP or are carried through the pulldown
process due to the increased numbers. Importantly there are at least 3 times more reads
associated with Ago2 compared to eGFP. The presence of siRNAs after eGFP pulldown has
also been observed previously [16]. Importantly, we observed a significant increase in the
number of 19nt vsiRNA duplexes present in the Ago2 DEDH mutant samples in comparison
with the functional Ago2. This suggests that even though the Dcr2 is producing the small RNAs
and Ago2 can bind these, mutant Ago2 is unable to unwind and degrade the passenger strand
of the siRNA meaning there is, an accumulation of vsiRNA duplexes. These data confirm the
slicing role of the DEDH mutant in Ae. aegypti and its critical evolutionary conserved

importance in antiviral responses.



Experimental Procedures

Cell Culture

AF525 cells, an Ago2 knockout cell line derived from Aag2-AF5 cells by CRISPR/Cas9 [26,
41] were maintained in Leibovitz's L-15 medium supplemented with 10% fetal bovine serum
(Gibco), 10% tryptose phosphate broth (Gibco), and penicillin-streptomycin (final
concentration 100 units/mL, 100 ug/mL; Gibco) and maintained at 28°C. Baby hamster kidney
cells-21 (BHK-21 (PHE 85011433)) were cultured in Glasgow modified Eagle’s medium
(Gibco) supplemented with 10% FBS, 10% tryptose phosphate broth (TPB) and penicillin-
streptomycin (final concentration 100 units/mL, 100 pg/mL; Gibco) and maintained at 37°C

with 5% CO..

Plasmids
pCMV-SFV4(3H)-FFLuc [12] [48], pCMV-SFV4 [49], pPUb-Zeo-2A2A-V5-eGFP [16], pPUb-
Zeo-2A2A-V5-Ago2 [16], pGL3-PUb [50] and pPUb-RLuc [29] were used for experiments

performed in this study.

Ago2 mutant generation

A DNA fragment of Ae. aegypti Ago2 nucleotide 2089-2919 containing D740A, E780A, D812A
and H950A mutations was designed and synthesized by Thermo Fisher Scientific. The DEDH
mutant fragment was amplified using gene specific primers containing overhangs homologous
to the pPUb-Zeo-2A2A-V5-Ago2 vector. In addition, pPUb-Zeo-2A2A-V5-Ago2 was linearized
by PCR. Primer sequences can be found in S1 Table. All PCRs were performed using
Phusion™ High-Fidelity DNA polymerase (Thermo Fisher Scientific). The PCR products were
column purified using PCR purification kit (Qiagen) and DNA concentration was measured
using a nanodrop spectrophotometer. The PCR products were digested with Dpnl to remove
residual plasmid DNA. The digested DNA was column purified using PCR purification kit

(Qiagen). The DEDH fragment was joined into the linearized pPUb-Zeo-2A2A-V5Ago2 vector



by homologous recombination using In-Fusion Snap Assembly Mastermix (Takara). DHS5a
bacteria (Thermo Fisher Scientific) were used for transformations following the manufacturer’s

instructions. pPUb-Zeo-2A2A-V5-Ago2mut generation was confirmed by sequencing.

Production of stable cell lines

To produce stable cell lines, 1 confluent T25cm? flask of AF525 cells was transfected with 5
Mg of the appropriate plasmid linearized with Notl using Dharmafect2 (Dharmacon), following
the manufacturer’s protocol. Duplicate transfections were carried out for each plasmid. At 24
h.p.t., the growth medium was replaced and zeocin was added as a selection marker to a final
concentration of 100 pyg/ml (InvivoGen). Dead cells were removed, and fresh medium was
replaced every 3 or 4 days for approximately one month until the cells became confluent. Once
confluency was reached cells were passaged in the presence of zeocin at a concentration of

200 pg/ml (InvivoGen).

dsRNA production

To synthesise dsRNA targeting eGFP and FFLuc, DNA was amplified from pPUb-Zeo-2A2A-
V5eGFP and pGL3-PUb using gene-specific primers incorporating the T7 RNA polymerase
promoter sequences at the 5’ end. PCR was carried out using KOD Hot Start DNA Polymerase
(Novagen). dsRNA was produced using the MEGAscript RNAI kit (Thermo Fisher Scientific)
following the manufacturer’s protocol. The resulting purified DNA products were in vitro
transcribed using T7 RNA polymerase followed by RNAse A and DNase | treatment. The
dsRNA was then purified by column purification and concentration measured using a nanodrop

spectrophotometer.

Virus production and titration
SFV4 and SFV(3H)-FFLuc virus stocks were produced by transfecting pCMV-SFV4 or pCMV-

SFV(3H)-FFLuc [12, 48] into BHK-21 cells (PHE 85011433) using DharmaFECT 2 reagent



(Horizon Discovery). Briefly, approximately 3 x 10° BHK-21 cells per well were plated in 6-
well plates and 24 h later transfected with 1 pg of plasmid per well. Three days later once
extensive CPE was observed, the supernatant was collected and clarified centrifugation at
2000 rpm for 5 mins at 4°C. The clarified supernatant was then added to a T175cm? flask
containing 80% confluent BHK-21 cells in GMEM containing 2% FBS and 10% TPB and
penicillin-streptomycin (final concentration 100 units/mL, 100 pug/mL; Gibco). The cells were
incubated at 37°C for two-three days until extensive CPE was observed, thereafter the
supernatant was collected and clarified by centrifugated at 2000 rpm for 20 mins at 4°C. The
clarified supernatant was aliquoted and stored at -70°C. For stock titration via plaque assay,
BHK-21 cells were plated in 12-well plates at a density of 1.8x105 cells/well. After removing
medium, 200 uL of 10-fold serial dilutions of the virus stocks were added to the cells. The
plates were incubated at 37°C for 1 hour before overlayed with 2 mL of a mixture composed
of a 1:1 ratio of 2XMEM containing 4% FBS and 1.2% Avicel. After 48 h incubation 1 mL of
10% formalin (Merck) was added and incubated for 1 hr. Cells were stained with 0.1% toluidine

blue (Merck) for 20 mins.

Western blotting

Cells were lysed in 1X LDS loading dye (Thermo Fisher Scientific) and 1X reducing agent
(Thermo Fisher Scientific) and lysates were stored at -20°C. Nucleic acid was digested by the
addition of benzonase (Merck). Samples were denatured by boiling at 95°C for 5 mins and
then run on a 4-12% bis-tris gel (Thermo Fisher Scientific). LiCor Chameleon ladder (LiCor)
was used to determine molecular weight. Gels were run at 110V for 1.5 h. Protein was
transferred onto a nitrocellulose membrane by semi-dry transfer at 15V for 30 mins. The
membrane was then blocked in blocking buffer (5%milk-PBS-T) for one hour and washed in
1X PBS-T 3 times before incubation with the primary antibody (anti-V5 (1:2000) (Abcam
ab27671) + and anti-tubulin (1:2000) (Merck T5168)) overnight at 4°C. The membrane was

then washed in 1X PBS-T 3 times before being incubated with LI-COR fluorescent secondary



antibody (goat anti-mouse IgG (1:5000) (LI-COR)) for 1 hour at RT. Finally, the membrane was
washed in 1X PBS-T twice followed by a final wash with water. Proteins were visualised on a

LI-COR Odyssey DLx Imaging system.

RNAIi reporter assays

AF525-V5-eGFP, AF525-V5-Ago2 and AF525-V5-Ago2mut cells were seeded at a density of
2.3 x 10° cells per well in a 24-well plate. After 24 h cells were co-transfected with 50ng of
pPUb-FFLuc and 20 ng pPUb-RLuc and 20 ng of dsRNA targeting either FFLuc or eGFP as
control. Transfection was carried out with Dharmafect2 (Horizon Discovery) following the
manufacturer’s instructions. At 24 h.p.t. cells were lysed in 1X Passive Lysis Buffer (Promega)
and luciferase activities were measured using a Dual-Luciferase Reporter Assay System

(Promega).

Small RNA immunoprecipitation assay (IP) and RNA extraction

Cells expressing eGFP, Ago2 or Ago2mut (AF525-V5-eGFP, AF525-V5-Ago2 and AF525-V5-
Ago2mut cells described earlier) were seeded at a density of 7.6 x 10° cells per T25cm? flask.
24 h after plating the cells were infected with SFV4 at a MOI of 5. At 24 h.p.i., the cells were
pelleted and lysed in 700 pL of IP lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgClo,
0.5% NP-40 with protease inhibitors (cOmplete EDTA-free tablets, Roche) and phosphatase
inhibitors (PhosSTOP, Roche). Lysates were centrifuged at 16000g for 20 mins. 50 pL
supernatant was removed and stored at -20°C for confirming protein expression (before
immunoprecipitation) by immunoblotting. The remaining supernatant was transferred to tubes
containing 20 L of protein G beads coupled to V5 antibody resuspended in IP lysis buffer and
rotated at 4°C overnight. The following day, the proteins were washed three times with wash
buffer (50 mM Tris pH 7.5, 200 mM NaCl, 1 mM EDTA, 1% NP-40 with protease inhibitors
(cOmplete EDTA-free tablets, Roche) and eluted with 60 pL of 100 mM TEAB + 5% SDS. 10

WL of the eluted sample was stored for western blotting. Following immunoprecipitation, the



eluate was treated with 5 pL of proteinase K (Merck) (20 mg/ml) and incubated for 1 h at 50°C
to remove all protein. 1 mL of TRIzol reagent (Thermo Fisher Scientific) was added to the
eluted sample and processed according to the manufacturer’s instructions, and then

precipitated using glycogen as a carrier.

RNA extraction from cells

Cells were lysed in 1 mL TRIzol (Thermo Fisher Scientific) and total RNA extraction was
performed as described in the manufacturer’s protocol. RNA concentrations were measured

by nanodrop spectrophotometer.
cDNA synthesis

cDNA synthesis from extracted RNA was performed using SuperScript Il (Thermo Fisher

Scientific) and oligo(dT)1s primer (Promega) as described in the manufacturer’s instructions.

qPCR analysis

gPCR was performed on transcribed cDNA using SYBR green mastermix (Thermo Fisher
Scientific) on an Applied Biosystems Quant Studio 3 machine. MIQE guidelines for g°PCR can

be found in https://doi.org/10.5525/gla.researchdata.1795.

Small RNA library construction and sequencing

Small RNA library construction and sequencing were undertaken at BGI (Beijing Genomics
Institute) using their Small RNA Library Construction Protocol (DNBSEQ). Briefly, around 1 pg
isolated total RNA from each sample were size selected for 15-40 nt via PAGE gel. The size-
selected sRNA then underwent 3’ adaptor ligation (70°C, 2 mins; ice for 1 min; 25 C, 2 h; held
at 4°C, followed by 5 adaptor ligation (70°C, 2 mins; ice for 1 min; 25°C, 1 h; held at 4°C).

Reverse transcription was then conducted by adding RT-Primer to the reaction solution (65°C,


https://doi.org/10.5525/gla.researchdata.1795

3 mins; ice for 1 min). A Reverse Transcription Reaction Mixture, consisting of FS Reaction
Buffer Mix, RNase Inhibitor, and RT Enzyme, was prepared on ice and added to the tube
(42°C, 60 mins; 70°C, 15 mins). The reaction was then held at 4°C. cDNA amplification utilized
a PCR Primer Mix, with an initial denaturation at 95°C for 3 mins (1 cycle, followed by 16-17
cycles of amplification (98°C for 20 secs, 56°C for 15 secs, 72°C for 15 secs), and a final
extension at 72°C for 10 mins. The reaction was then held at 4°C. The PCR products were
purified using PAGE gel, dissolved in EB solution, and circularized to form ssCir DNA libraries.
The final prepped libraries were assessed with an Agilent Technologies Fragment bioanalyzer,

and sequenced on a DNBSEQ-G400 instrument, configured for 50 bases single-end read.

Small RNA sequencing and analysis

Basecalled fastq files were quality and adapter trimmed using the fastp tool (v0.23.2) [51]
retaining 16-30 nt reads under default conditions. The clean, timmed reads were then mapped
to the SFV genome (GenBank ID: KP699763) using Bowtie2 (v2.4.5) [52], with the sensitive
mapping flag (—sensitive). Trimming and mapping statistics summary is available in S2 Table.
The histogram of mapped read lengths and first base pair bias was generated using

viral_sRNA tools/3_bam_sRNA histogram.sh script, which utilises samtools (v1.16.1).

Output BAM files from Bowtie2 were filtered to include only the 21nt reads. Coverage statistics
for each position of the SFV genome were extracted using bedtools genome coverage tool
(v.2.27.1) [53] and visualized using GraphPad Prism (v10.0.2). To determine overlapping
vsiRNA pairs, overlapping pairs of 21nt reads and their overlap probabilities (z-score) were
calculated using the small RNA signatures Python script signature.py (Christophe
Antoniewski, 2014), with the following conditions (--minquery 21 --maxquery 21 --mintarget 21
--maxtarget 21 --minscope 1 --maxscope 21), read pairs were then normalized to number of

million reads per library [54].



Data analyses

Viral small RNA metrics, coverage and overlapping pairs analysis was visualized using
GraphPad Prism (v10.0.2). All graphs and statistical analyses were prepared using GraphPad

Prism (v.10.0.2).

Data availability

Data underlying figures are available under https://doi.org/10.5525/gla.researchdata.1795.

Small RNA sequencing generated for this study have been deposited in the NCBI Sequence
Read Archive (SRA), available under accession number PRJNA1057508. Scripts utilized for
the small RNA analysis are available from in the viral sRNA tools GitHub repository at

https://qgithub.com/rhparry/viral sSRNA tools.
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This article contains supporting information. References for primer sequences contained in

Table S1 are [10, 55, 56].
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Figure legends

Fig. 1. Multiple sequence alignment of DEDH domain across vector mosquitoes. A) Schematic
diagram of the domain structure of Ago2. B) Ago2 sequences from D. melanogaster (UniProt ID:
Q9VUQ5), An. gambiae (UniProt ID: AOA453Z118), Ae. aegypti (UniProt ID: C5J0H4) and Ae.
albopictus (UniProt ID: I3VLAG) were aligned using Benchling (https://www.benchling.com/), and
conserved amino acids D740, E780, D812 and H950 were identified relative to D. melanogaster Ago2

sequence.

Fig. 2. Growth curve and stability analysis of the AF525-V5-eGFP, AF525-V5-Ago2 and AF525-
V5-Ago2mut cell lines. (A) Western blot analysis of cell lysates generated from the stable cell lines
after initial generation (passage 0) and after long-term passage (passage 20). VV5-tagged proteins are
present in corresponding lanes confirming stable protein expression when probed with an anti-V5
antibody. Anti-tubulin was used as a loading control. Both cell line clones are indicated on the western
blot image. Relative protein expression levels are indicated below image. Protein expression levels
were measured by calculating the density of each band normalised to the corresponding tubulin band
and calculated relative to cell line 1. (B & C) A total of 8x10* cells were seeded into 24 well plates, and
the number of cells present in the monolayer enumerated at the time points indicated for both clone one
(B) and clone two (C) of each stable cell line. Points represent the average + SD of three independent

experiments.

Fig. 3: Effect of catalytic domain mutant on antiviral activity of Ago2. AF525 cells stably expressing
eGFP (AF525-V5-eGFP; black), Ago2 (AF525-V5-Ago2; pink) and Ago2mut (AF525-V5-Ago2mut; teal)
were (A) infected with SFV4(3H)-FFLuc at differing MOls (0.1, 1, and 10 PFU/cell) and virus replication
assessed 24 h post infection (h.p.i.) by measuring FFLuc activity in infected cell monolayers. (B)
infected with wt SFV at a MOI of 1 PFU/cell and relative virus RNA level was assessed at 24 h.p.i. by
RT-gPCR(C) infected with wt SFV at a MOI of 1 PFU/cell and virus titre was assessed at 24 h.p.i. by
plaque assay. Bars show average +SEM of three independent experiments performed in triplicate.
Significance was determined by One way ANOVA. Here, ns: non-significant, *: p<0.05, **: p<0.01, ***;

p<0.001, ****: p<0.0001.



Fig. 4. Effect of the Ago2 catalytic tetrad on exo-siRNA pathway activity. AF525 cells stably
expressing eGFP (AF525-V5-eGFP), Ago2 (AF525-V5-Ago2) and Ago2mut (AF525-V5-Ago2) were
transfected with plasmids expressing FFLuc and Renilla luciferases and either dsRNA to FFLuc
(dsFFLuc; pink) or eGFP (dseGFP; black). Luciferase activities in each cell line were determined by
calculating activity relative to the dseGFP-transfected control. Cells were lysed at 24 h post-transfection
(p.t.). Bars show average of three independent experiments +SEM performed in triplicate. Significance

was assessed by an 2way ANOVA, ns: non-significant, ****: p<0.0001.

Fig 5. Mutation in the catalytic tetrad of Ago2 in AF525 cells has limited effect on the magnitude
of 21nt vsiRNA reads produced in response to SFV infection. Small RNA analysis of AF525 cells
stably expressing eGFP, Ago2 and Ago2mut, and infected with SFV (MOI 5 PFU/cell), analysed at 24
h.p.i. (A) Histogram of 21nt vsiRNAs that mapped to the SFV genome (positive) or antigenome
(negative) with colours indicating the nt prevalence of the first base for each read length. Shown as
mean % mapped reads (Y axis, percentage reads) from three independent experiments. Error bars
show standard error of mean. (B) Coverage of SFV-derived 21nt vsiRNAs over the viral genome,
genomic (magenta) or antigenomic (cyan) sense RNAs are shown (Y axis, vsiRNA reads per million)
from three independent experiments. Error bars show standard error of mean. (C) Mean number of 21
nt viral RNAs per million reads mapping to the SFV genome (magenta, +) and antigenome (cyan, -) of
all treatments. Graph indicates a mean value of three (n = 3) independent repeats with the range of
values given. Ordinary one-way ANOVA with Tukey’s multiple comparisons test used to compare

groups. Here, ns: insignificant *: p<0.05, and ***: p<0.0001. GenBank ID for SFV: KP699763.

Fig 6. Mutation of the catalytic tetrad in Ago2 increases the absolute number of SFV derived
vsiRNA duplex pairs. Samples as described in Fig. 5 were reanalysed for bioinformatic analysis. (A)
Number of overlapping 21nt vsiRNA pairs, normalized per million mapped SFV reads, with the most
abundant vsiRNA duplex pairs indicated by the orange background as 21nt reads overlapping by 18-
21nt. (B) Probability z-score of overlapping 21nt vsiRNA reads across conditions, e.g., eGFP, Ago2 or

Ago2mut samples. (C) Number of most abundant 21nt vsiRNA duplexes overlapping by 18-21nt across



conditions, e.g., eGFP, Ago2 or Ago2mut samples. normalized to number of million mapped reads. All
graphs indicate a mean value of three (n = 3) independent repeats with the range of values indicated.
Ordinary one-way ANOVA with Tukey’s multiple comparisons test was used to compare groups in (C)

with * p<0.05 and ***: p<0.0001.
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