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ABSTRACT OF DISSERTATION

ROLE OF AUTOPHAGY-RELATED GENES IN LIPID TRANSPORT FOR
EFFICIENT REPLICATION OF TOMBUSVIRUSES

Tombusviruses are positive-strand RNA viruses, which utilize numerous co-opted
host factors and massive de-novo synthesized membrane resources to modify host
membranes and form large viral replication organelles (VROs). Among plenty of host
cellular processes, autophagy emerges as a potential membrane resource for VROs
formation due to its ability to de-novo generate the double membrane structures, known as
autophagosomes. Besides, as an important host defense pathway, autophagy is also a target
for tombusviruses to prevent its antiviral activities. In this study, I identify the role of key
autophagy related genes, Atgll, Atg8, and Atg2, which are involved in autophagosome
formation, and the selective autophagy receptor NBR1, in tombusviruses replication.

Based on genomics studies, I found that deletion of Autophagy-related 11
(ATG11/FIP200), a component of the Atgl/13 complex involved in selective autophagy,
inhibited TBSV and the closely related carnation Italian ringspot virus (CIRV) replication
in yeast and similarly in plants. I demonstrated that Atgl1 directly interacts with the TBSV
p33 replication protein in vivo and in vitro, facilitating its recruitment into VROs.
Interestingly, I observed that the subverted Atgll affects the recruitment of additional
membrane contact site (MCS) proteins, such as Sacl, Scs2 VAP, and Osh6 OSBP1-like
proteins, to support the formation of the virus-induced MCS (vMCS), which is important
to sterol transfer to VROs. These results indicate a novel function of Atgll in TBSV
replication.

Additionally, I show that the highly conserved Atg8 autophagy regulator proteins
are co-opted by both TBSV and CIRV via direct interactions with their viral replication
proteins. Knockdown of Atg8f in Nicotiana benthamiana plants resulted in reduced
tombusvirus replication, thus indicating a pro-viral function for Atg8f. Using RavZ, a
Legionella effector that inhibits host autophagy through irreversible Atg8 deconjugation, I
demonstrated that Atg8-PE is essential for TBSV replication. Monitoring autophagy flux
activity via the ratio of GFP/GFP-Atg8 and Atg8-PE/Atg8 revealed that TBSV replication
inhibits host autophagy progress. One possible mechanism is non-PE conjugated Atg8
forming bio-condensates with NBR1 selective autophagy receptor, resulting in their



sequestration in condensates near and in VROs. Furthermore, NBR1 also appears to
facilitate the accumulation of phospholipids in VROs, indicating a complex and finely
regulated mechanism of exploitation of host autophagy by tombusviruses.

Also, Atg2 was identified as a pro-viral host factor, with its function and protein
structure closely related to its role as a lipid transfer protein (LTP), where its N-terminal
hydrophobic channel can nonspecifically bind and transfer various phospholipids crucial
for VRO formation. Subsequent experiments confirmed that silencing Atg2 in plants or its
deletion in yeast significantly reduces the enrichment of key phospholipids in VROs as
well as inhibits tombusviruses replication.

Overall, through the study of three specific autophagy-related genes, I have
identified three independent lipid transport pathways potentially exploited by the
tombusviruses. These pathways provide the virus with lipid sources, enabling the rapid
establishment of VROs and facilitating viral replication. Ultimately, these advancements
open up a new chapter in tombusvirus-host interactions.

KEYWORDS: Positive strand RNA virus, autophagy, membrane contact site,
phospholipids transfer, lipid transfer proteins
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CHAPTER 1.

INTRODUCTION

1.1  Tombusviruses

Tombusviruses, belonging to the positive-strand RNA virus family, are extensively
studied plant viruses with messenger sense RNA genomes (1). The prototypical species,
Tomato bushy stunt virus (TBSV), serves as a model for understanding various aspects of
(+)RNA virus replication, such as replicase assembly and large viral replication organelle
(VRO) formation (2-4).

The single-stranded positive-sense RNA genome of TBSV, approximately 4.8 kb
nucleotides long, is highly structured with unique features of a 5' non-capped end and a 3'
non-polyadenylated end (1). TBSV encodes five viral proteins: the 5’ proximally encoded
replication proteins p33 and p92 (5), and the 3’ proximally encoded capsid protein p42,
movement protein p22, and suppressor of gene silencing p19 (6). The replication proteins,
p33 and p92, are integral for viral replication, with p33 serving as a replication cofactor
involved in template RNA recruitment (7), functioning as the RNA chaperone for RNA
synthesis initiation (8), and host factor recruitment for VRO establishment (9, 10). p92, a
p33 UAG stop codon read-through product, possesses RNA-dependent RNA polymerase
(RdRp) activity and maintains the protein level at approximately a 1:20 ratio with p33 (5).
Both proteins have transmembrane domains, and the p33:p92 interaction contributes to the

assembly of the viral replicase and its association with subcellular membranes (11).



Tombusviruses, particularly TBSV, have become valuable model viruses for
studying (+)RNA virus replication in both yeast and plants. The yeast system relies on the
replication proteins p33 and p92, along with the trans-replication of defective interfering
(DI) RNAs (12). The prototypical DI-72 RNA, comprising four noncontiguous regions of
the viral RNA genome, is crucial for its ability to utilize the parental TBSV replication
machinery for self-replication, thus becoming an efficient replicon for TBSV replication
in yeast (13). The exploration of fundamental aspects of (+)RNA virus replication and
recombination has been significantly advanced by employing yeast as a surrogate host for
tombusviruses. In this model, essential replicase proteins, including p33, p92, and DI-72,
which serves as a viral replicon RNA (repRNA), are expressed to initiate viral replication.
Through genome and proteome-wide screens in yeast, numerous host genes influencing
TBSYV replication and viral RNA recombination have been identified, providing valuable
insights into the intricate mechanisms governing viral replication (14). Additionally, the
utilization of cell-free extract methods enables a more precise control of factors involved
in virus replication, thereby facilitating a deeper understanding of the viral replication
process (15). The plant system primarily utilizes the agrobacterium mediated Nicotiana
benthamiana transient expression system for TBSV genomic RNA replication as well as
sap inoculation (16).

Carnation Italian ringspot virus (CIRV), a tombusvirus closely related to TBSV,
exhibits similarities in sequence and replication mechanisms, p36 and RdRP p95, but
assembles its replicase complex on the outer membrane of mitochondria (17, 18).
Examining CIRV highlights the broad applicability of viral replication mechanisms in

different subcellular environments.



In summary, tombusviruses, particularly TBSV, offer a unique platform for
investigating various aspects of plant virus replication, host-pathogen interactions, and the
manipulation of host cell machinery during infection. The integration of yeast as a model
system further enhances our understanding of fundamental aspects of (+)RNA virus

biology.

1.2 Diverse lipids functions in the replication of positive-strand RNA viruses

Positive-strand RNA viruses induce membrane proliferation and the formation of
viral replication organelles in different subcellular locations (19-21). Notably, the
phospholipids predominantly constitute the primary membrane components of these de
novo formed viral replication factories. In eukaryotic cells, phosphatidylcholine (PC)
emerges as the predominant glycerophospholipid with a shape conducive to stable planar
bilayer organization, while also being recognized as a source signaling molecules (22).
The study of Brome mosaic virus (BMV) has uncovered the de novo synthesis of PC in the
perinuclear ER membrane, the site of BMV replication. This process involves the
recruitment of Cho2p (choline requiring 2), a host enzyme responsible for PC synthesis,
facilitated by the interaction with BMV replication protein la (23). In contrast,
phosphatidylethanolamine (PE), the second most abundant phospholipid, possesses a
small polar head group diameter relative to its fatty-acid chains, resulting in a conical
structure. This characteristic introduces negative curvature that promotes membrane fusion
(24). TBSV relies on PE not only for the assembly of VROs but also benefits from the
enrichment of PE within these VROs, which facilities virus replication (25). In the in vitro

study of the TBSV RdRp p92°°!, although phospholipids alone did not change the RdRp



activity of p92°, the combination of PE and PC with Ssalp Hsp70 resulted in a 2.5-fold
increase in RdRp activity of p92P°'. This enhancement was achieved by increasing the
binding of viral RNA to p92P°!, whereas phosphatidylglycerol (PG) and cardiolipin (CA
or CL) inhibited RdRp activity by inhibiting the viral RNA’s ability to bind to p92P°!. These
findings suggest that the TBSV RdRp can sense the cellular lipid environment to determine
the conditions favorable for VRO assembly and initiation of virus replication (26). Other
negatively charged phospholipids, such as phosphatidylserine (PS), PG,
phosphatidylinositol (PI), and phosphatidylinositol phosphates (PIPs), impart negative
charge to their enriched locations, potentially attracting specific or non-specific protein
effectors involved in various cellular pathways. Among them, PI is characterized by a
hydrophilic myo-inositol headgroup linking to the hydrophobic diacylglycerol (DAG)
backbone through a phosphodiester bond. The inositol headgroup can undergo reversible
phosphorylation at positions 3, 4, or 5 by Pl-kinases and dephosphorylation by PI-
phosphatases, generating seven distinct PIPs—namely, PI(3)P, PI(4)P, PI(5)P, P1(3,4)P2,
PI1(3,5)P2, P1(4,5)P2, and PI(3,4,5)P3—which are involved in multiple cellular membrane
trafficking events like secretion, vacuolar protein sorting (27, 28). The in vitro assay in
VeroE®6 cells has shown that POPG, PI but not POPC can significantly inhibit SARS-CoV-
2 infection, while additional research suggests that POPG and PI can exert antiviral effects
by directly binding to negative-strand RNA viruses (RSV and influenza A viruses (IAVs))
and preventing their attachment to host cells both in vivo and in vitro (29). However,
investigations into hepatitis C virus (HCV) and Aichi virus (AiV), both positive-strand
RNA viruses, have indicated the significance of phosphatidylinositol 4-kinase III alpha

and beta for their individual replication processes, leading to the accumulation of PI4P at



the replication sites (30, 31). The study of tombusviruses reveals the hijacking of Vps34
phosphatidylinositol 3-kinase (PI3K) into the viral replication organelles (VRO) during
TBSV and CIRV replication. This leads to the in sifu biosynthesis of PI3P, subsequently
recruiting Rab5-positive early endosomes and PE-rich membranes, thereby facilitating
viral replication (32). PI(4,5)P2 specifically bind to the N-terminal amphipathic helix of
HCV nonstructural protein SA (NS5A). This binding induces a conformational change in
the AH domain of NS5A, prolonging and stabilizing the interaction between NS5A and
TBC1D20, a Rab GTPase-activating protein (GAP) involved in ER-to-Golgi trafficking.
This interaction is crucial for HCV genome replication (33).

The involvement of different phospholipids in regulating distinct cellular processes
suggests their potential role in modulating positive-strand RNA virus replication through

interactions with viral replication proteins.

1.3 Lipids transport in positive-strand RNA virus replication

For the formation of viral replication organelles, pre-existing membrane organelles
within the cell serve as the primary membrane sources. Some viruses induce the negative
curvature to the donor membranes to form invagination-type viral replication complexes
(VRCs), as observed in TBSV on peroxisomes (21), CIRV on the outer membrane of
mitochondria (18), and Dengue virus and BMV on ER (20, 34). On the other hand, other
viruses use the subverted membranes to form protrusion-type VRCs by introducing
positive curvature, as seen with SARS-CoV-2 and HCV, which result in the formation of
single membrane, double membrane and multilamellar structures (19, 35). However, these

initial membrane components are not optimal for viral replication. Therefore, viruses



modulate membrane lipid composition through various mechanisms to optimize the
membrane environment for efficient replication.

The first approach involves the direct recruitment of lipid synthases or enzymes
related to lipid metabolism into the viral replication organelle. In addition to Cho2p,
phosphatidylinositol 4-kinase III alpha and beta, and VPS34 PI3K, as highlighted in
Section 1.2, producing PC, PI4P, and PI3P, respectively, positive-strand RNA viruses also
recruit other enzymes. These include fatty acid synthase (FASN), which is recruited by
DENV for synthesizing fatty acid chains, the main components of phospholipids (36), and
Psd2 phosphatidylserine decarboxylase facilitating the conversion of PS to PE, which has
been reported to be recruited by TBSV in the viral replication organelle (9). This process
enables the virus to obtain locally synthesized substantial quantity of lipids essential for
its replication and plays a pivotal role in reshaping the membrane composition to support
viral replication.

The second approach, which has gained significant attention in recent years,
involves non-vesicular lipid transport facilitated by the formation of viral-induced
membrane contact sites (VMCS). As the primary source of lipid synthesis (37), the ER
plays a crucial role as the main donor in non-vesicular lipid transport through vMCS. What
is particularly remarkable is that within the MCS, the lipid transfer proteins (LTPs) and
close physical proximity between the VROs and ER facilitate precise and rapid lipid
exchange, contributing to the robust replication of positive-strand RNA viruses.

Human rhinoviruses (HRVs), members of the Enterovirus genus within the
Picornaviridae family, are positive-strand RNA viruses responsible for causing the

common cold. To form their replication organelles on Golgi, HRVs utilize a PI4P-



cholesterol counter-currents system at vMCS between the ER and VROs. This intricate
interplay involves the coordinated actions of ER-associated PI4P phosphatase Sacl,
phosphatidylinositol (PI) transfer protein beta (PITPb), oxysterol-binding protein (OSBP)-
like proteins, and phosphatidylinositol 4-kinase class 3beta (PI14K3b). Crucially, OSBP1
plays a pivotal role in transporting PI4P from the virus hijacked membrane to the ER
membrane, facilitating the exchange for cholesterol. Simultaneously, Sacl on the ER
membrane converts PI4P to PI, while PITPb transports PI to the virus hijacked membrane.
Finally, PI4K3b on the viral subverted membrane enzymatically converts PI to PI4P,
completing the cycle for OSBP1-mediated transport (38).

TBSV employs a similar strategy to acquire phytosterols from plants and
ergosterols from yeasts for its replication, both of which are sourced from the ER
membrane through vMCS. This system involves lipid transfer proteins oxysterol binding
proteins (ORPs), VAP (VAMP-associated protein) proteins, and PI4P phosphatase Sacl
(39, 40). Additionally, the retromer complex, consisting of Vps26, Vps29, and Vps35, is
hijacked by the p33 protein into VROs to deliver the cargoes, including PI4Ka, which
facilitates the PI4P synthesis in VROs (9). In Chapter 2, we will introduce a scaffold
protein, Atgl1, originally known for its role in host-selective autophagy initiation. Atgl1
now reveals a novel function as a vital component of TBSV-induced vMCS. In this context,
it stabilizes the vMCS structure by anchoring its components together, promoting efficient

sterol enrichment in the VRO, and thereby enhancing the robust replication of TBSV.



1.4  Autophagy: Mechanisms and TBSV Interactions

Autophagy, also known as “self-eating”, is a fundamental cellular metabolic
process highly conserved in eukaryotes (41). Under normal conditions, cells maintain a
basal level of autophagy to support cellular homeostasis by recycling misfolded proteins
or damaged organelles (42). Additionally, autophagy can be activated in response to
various environmental stresses, including nutrient deficiency, drought, oxidative stress,
salt, and pathogen infections, highlighting its adaptive function in confronting diverse
challenges (43-45). There are two main types of autophagy: selective autophagy and bulk
autophagy, both involving the formation of double-membrane vesicles known as
autophagosomes (46, 47). These newly formed autophagosomes encapsulate cargos such
as protein aggregates, dysfunctional cellular organelles, and pathogens. Subsequently, they
fuse with vacuoles or lysosomes for degradation or recycling (48).

Autophagosome formation is initiated at the phagophore assembly site (PAS)
through the assembly of the pentameric Atgl kinase complex (49). Subsequently, multiple
functional units are recruited, including the Class III PI3-kinase complex I, which
comprises VPS34 PI kinase responsible for converting PI into PI3P, scaffold protein
VPSI15, activator Atg38, and regulatory subunits Atg6 and Atgl4 (50, 51). The Atg2-
Atgl8-Atg9 complex contributes to autophagosome nucleation and membrane expansion
(52-54). Additionally, two ubiquitin-like complexes play a pivotal role in decorating the
phagophore membranes with PE, facilitating phagophore expansion and closure (55). The
collective action of these units orchestrates the maturation of the isolation membrane into

a closed double-membrane autophagosome.



Notably, a key step in these ubiquitin-like systems is the PE conjugation of Atg8.
In this process, inactive Atg8 undergoes processing by the Atg4 protease, revealing its C-
terminal glycine (56). Subsequently, the activated Atg8 conjugates with the E2-like protein
Atg3 and then to the lipid PE through a hexameric ligase complex comprising Atg5, Atgl6,
and Atgl2 (57-59). This generation of Atg8-PE forms a coating on the phagophore
membrane, playing a fundamental role in autophagosome formation (60). After the
autophagosome membrane fuses with the lysosome/vacuole membrane and the inner
membrane degrades with cargo, the outer membrane Atg8 can be processed by Atg4 again,
released from PE, and recycled from the autophagosome membrane (61).

In Chapter 3, we will explore the role of Atg8 in TBSV replication. Our
investigation has two focal points. Firstly, as a marker for autophagic activity, we aim to
unravel the changes in host autophagic processes, as indicated by Atg8, during TBSV
replication. Secondly, given Atg8's ability to conjugate with PE, we will examine whether
Atg8 along with the core machinery of autophagy can be employed by the virus in
establishing its VROs. While exploring the functions of Atg8 and its partner NBR1, we
stumbled upon an interesting observation. NBR1, with its distinct condensate physical
state (62), appears to act as a pool capable of storing Atg8 to some extent. This peculiar
trait seems to be exploited by TBSV during infection, helping the virus trap Atg8
deconjugated from PE in the pool. This, in turn, restricts the subsequent initiation of
autophagy, thus inhibiting the antiviral function of autophagy.

Taking a broader perspective, autophagic activity necessitates substantial lipid
synthesis, transport, and finally the formation of double membrane vesicles. In Chapter 4,

we discuss the potential role of the lipid transfer protein Atg2 in TBSV replication.



Additionally, we explore the potential involvement of other autophagy-related proteins in
TBSV replication. Above all, we gain an insight into how TBSV strategically employs
autophagy-related proteins in different respects. This intricate utilization plays a pivotal

role in providing diverse and multifaceted support for TBSV replication.
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CHAPTER 2.

KEY TETHERING FUNCTION OF ATG11 AUTOPHAGY SCAFFOLD
PROTEIN IN FORMATION OF VIRUS-INDUCED MEMBRANE CONTACT
SITES DURING TOMBUSVIRUS REPLICATION

(This chapter was published in Virology, July 2022, vol. 572, Pages 1-16. Copyright ©
2024 Elsevier B.V.)

2.1  Introduction

Positive-strand (+)RNA viruses of eukaryotic organisms have small genomes and
they have to co-opt numerous host factors to support their replication inside the infected
cells. Virus replication depends on the biogenesis of viral replication organelles (VROs),
which cluster many membrane-bound viral replicase complexes (VRCs) (63-70). VRO
biogenesis requires membrane deformation, new lipid biosynthesis, phospholipid and
sterol transfer and co-opting vesicular trafficking (4, 69, 71-73). The membranous VROs
sequester the viral (+)RNA and viral and co-opted host proteins for efficient replication. In
addition, VROs also protect the viral (+)RNA and the dsSRNA replication intermediate from
recognition and elimination by the host innate immune system (74-76). The VROs

coordinate the viral replication process spatiotemporally (69, 71, 77, 78).

Tomato bushy stunt virus (TBSV), which is a small (+)RNA virus of plants, is
studied intensively to unravel the basic mechanism of viral RNA replication (79-82). TBSV
codes for two essential replication proteins, the p92 RdRp and the p33 replication protein,

which is the master regulator of VRO assembly and viral (+)RNA recruitment into VRCs
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(7, 83). TBSV replicon (rep)RNA replicates in the surrogate host yeast (Saccharomyces
cerevisiae) to a high level (80, 84, 85). Yeast-based genome-wide and proteome-wide
studies with TBSV led to the identification of numerous host factors co-opted for viral
RNA replication and recombination (64, 80, 86-88). Overall, TBSV depends on global
phospholipid and sterol biosynthesis (89-91). Formation of VRCs and activation of the
viral-coded p92 RdRp requires phosphatidylethanolamine (PE), phosphoinositide and

sterols (25, 26, 32, 40, 83, 92-94).

TBSV induces subcellular membrane proliferation and peroxisome aggregation in
both yeast and plant cells. One of the characteristic features of TBSV infection is the
formation of virus-induced membrane contact sites (VMCSs) (39, 80, 95, 96). vMCS forms
between the hijacked subdomain in the ER and the peroxisome with the help of p33
replication protein and co-opted host proteins. For example, a group of oxysterol-binding
proteins (OSBP in mammals, Osh proteins in yeast, and ORP proteins in plants) and ER-
resident VAP (VAMP-associated protein, Scs2 in yeast, VAP27-1, VAP27-2 and PVA12
proteins in plants) are critical for vMCS formation/function, which are essential for the
enrichment of sterols and phosphoinositides within VROs (39). In the absence of sterol or
phosphoinositide enrichment within VROs, tombusvirus p33 replication protein becomes
sensitive to proteasomal degradation (32, 83). The cytosolic Osh/ORP proteins and the ER-
resident VAP proteins must be recruited to vMCSs via protein-protein interactions with
p33 replication protein (39). A subdomain of ER, called ERAS (ER arrival site for COPI
vesicles), is important for vMCS formation. The main co-opted component of ERAS is the
SNARE complex, including the syntaxin18-like Ufel and Usel proteins (97, 98). Another

critical host protein in vMCS formation/function is the ER-resident Sac1 PI4P phosphatase,

12



which is needed for the directional transfer of sterols from the ER to the acceptor
membranes through converting PI(4)P phosphoinositide to PI phosphatidylinositol (40).
PI(4)P is used by oxysterol binding proteins to exchange for sterol/oxysterols/ergosterols
to allow transfer of these lipids at the MCS (99-103). The acceptor membranes (i.e.,
peroxisomal membrane for TBSV and mitochondrial membrane for CIRV) are recruited
into vMCS by TBSV p33/CIRV p36 replication proteins and co-opted Fis1 mitochondrial
fission protein (104). In spite of its significance in VRO biogenesis, the complete protein

composition of vVMCS is not yet known.

Role of the Atgl1 adapter and scaffolding protein in selective autophagy, such as
pexophagy and mitophagy, is to direct the cargo proteins and autophagy receptors to the
phagophore assembly site (PAS), recruit selected group of proteins to PAS in yeast and to
tether Atg9 vesicles (105-109). Atgl1 is an important hub that coordinates cargo selection,
membrane trafficking, membrane tethering, stabilize membrane curvature, and required for
membrane expansion of the autophagosome (110, 111). Moreover, Atgll is a large
conserved protein (protein with comparable functions is called FIP200, also called RBCC1
in mammals) with an ortholog in Arabidopsis thaliana and other plants, and it is expressed

during normal (stationary) conditions (108, 112-114).

We decided to characterize the molecular function of Atgll during TBSV
replication. We based our initial model of Atgl1 putative function in TBSV replication on
the known features of Atgl1, including interaction with Fis]1 mitochondrial fission protein,
which has been shown as a co-opted tethering protein during vMCS formation (104, 115).
Atgl1 also interacts with other characterized pro-viral host proteins, such as Vps34 PI3P

kinase, and Yptl (Rabl), Vps21 (Rab5) and Ypt7 (Rab7) small GTPases, all of which are
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recruited by TBSV for functions within the VROs (32, 80, 92, 116, 117). These features
place Atgl1 as a likely candidate to tether these host factors and membranes and act as an
assembly platform in VROs. Indeed, we find that Atgll is co-opted by the TBSV p33
replication protein into VROs formed from clustered peroxisomes. Atgl1 also binds to the
p36 replication protein of the closely-related carnation Italian ringspot virus (CIRV) in
VROs formed from clustered mitochondria. Instead of the canonical function as a selective
autophagy scaffold protein, Atgll is found to play a pro-viral role in facilitating the
formation of vMCS. This function of Atgl1 is likely performed in collaboration with the
p33/p36 replication protein and co-opted cellular vMCS proteins, such as the ER-resident
Scs2/VAP27 VAP tethering proteins, the oxysterol-binding proteins (Osh6é and ORP3),
Sacl PI4P phosphatase and Fisl mitochondrial fission protein within VROs. We propose
that Atgl1 serves as a co-opted tethering protein to facilitate the stable formation of vMCSs
involving peroxisomes and the ER membrane for TBSV and mitochondria and the ER
membrane in case of CIRV. Thus, tombusviruses usurp a key selective autophagy protein
for pro-viral functions. Altogether, co-opting Atgl1 is critical for tombusvirus VRO

biogenesis in yeast and plant cells.

2.2 Results

Atgll autophagy scaffold protein is required for tombusvirus replication.
Based on known interaction of Atgl1 with Fisl mitochondrial fission protein and Vps34
PI3K, which are key co-opted pro-TBSV host factors (32, 104), and other co-opted host
proteins (79, 85), Atgl1 has emerged as a highly connected putative candidate for TBSV

replication. To test the effect of Atgll on TBSV replication, we expressed tombusvirus
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p33 and p92°°! replication proteins and the replicon (rep)RNA in haploid yeast with ATG11
deletion. Northern blot analysis of repRNA level revealed ~4-fold reduced accumulation
of TBSV and the closely-related cucumber necrosis virus (CNV) in atgll1A yeast in
comparison with the WT yeast (Fig. 2.1A-B). Similar to TBSV and CNV, both of which
replicate using the peroxisomal membrane surfaces, the mitochondria-associated CIRV, a
closely-related tombusvirus, replication was also greatly reduced in atgl1A yeast (Fig.
2.1C). Plasmid-based expression of wt Atgl1 partially complemented CNV and CIRV
replication in yeast (Fig. 2.1C-D). Remarkably, the expression level of TBSV and CNV
p33 and the CIRV p36 replication proteins was also reduced in atgl 1A yeast (Fig. 2.1). In
addition, over-expression of Atgl1l enhanced CIRV replication and the accumulation of
p36 replication protein in WT yeast (Fig. 2.1C, lanes 4-6 versus 1-3). These data suggest
that Atgl1 is critical for tombusvirus replication in different subcellular niches. Because
of the observed major effect of Atgl1 on the replication of tombusviruses in yeast, Atgl1
emerges as a new pro-viral host factor whose function is characterized in more details

below.

Atgl1 autophagy-related protein has pro-viral functions in plants. Atgll is a
large protein in Arabidopsis with two predicted domains (supplementary Fig. S2.1), whose
function is not yet characterized in detail in plants (112, 113). The two Atgl1 proteins are
highly similar in Nicotiana benthamiana plants (supplementary Fig. S2.1). To study if
tombusviruses depend on Atgl1 functions in plants, first we tested if Atgl1 expression is
affected during TBSV infection in Nicotiana benthamiana plants. Semi-quantitative RT-
PCR and RT-qPCR analyses of Atgll mRNA levels in TBSV-infected versus mock-
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treated N. benthamiana leaves revealed up-regulation of Atgl1 mRNA level in the TBSV
inoculated leaves 2 days after inoculation (dpi), whereas no differences were seen after 1
dpi (Fig. 2.2A, lanes 7-9 versus 10-12 and the RT-qPCR graph, bottom panel).
Interestingly, Atgl1 mRNA level also increased in the systemically-infected leaves at 4
and 5 dpi (Fig. 2.2A, lanes 13-15 versus 16-18 and the RT-qPCR graph, bottom panel),
suggesting that TBSV replication induces high level of Atgll expression in N.

benthamiana plants.

Second, we silenced Atgll expression based on virus-induced gene-silencing
(VIGS) in N. benthamiana plants. We selected two regions in NbATG1 1, which are almost
identical in both NbATG11 genes (supplementary Fig. S2.2). VIGS-based knockdown of
Atgl1 in N. benthamiana led to ~2-to-3-fold reduction of CNV2K5©P (not expressing the
gene silencing suppressor protein), TBSV and CIRV RNAs, respectively, in the inoculated
leaves (Fig. 2.2B-D). Knockdown of Atgl1 level did not cause obvious phenotype in M.
benthamiana. Third, expression of the NbAtgll in N. benthamiana plants increased
CNV?2%KS©p and CIRV RNA accumulation (Fig. 2.2E-F). Altogether, these data confirmed

the pro-viral role of Atgl1 in supporting tombusvirus replication in yeast and plants.

Recruitment of Atgll into VROs in plants. To analyze if Atgl1 is co-opted by
TBSV into large VROs, we co-expressed RFP-tagged Atgl1 with BFP-tagged TBSV p33
replication protein and GFP-SKL peroxisomal marker protein in N. benthamiana cells
infected with TBSV, followed by confocal imaging. We found a high level of co-
localization of TBSV p33 replication protein and Atgll within VROs consisting of

aggregated peroxisomes (Fig. 2.3A, top two panels). We noted that Atgl1 was present in
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a portion of the VROs based on comparison of distribution of p33 and Atgl1 punctate
structures (Fig. 2.3A). Interestingly, the expression of p33 replication protein without
TBSYV infection led to the recruitment of Atgl1 into VRO-like structures to comparable
extent as the actively replicating TBSV did (Fig. 2.3A). Note that the expression of TBSV
p33 alone results in VRO-like structures with numerous aggregated peroxisomes, similar
to VROs during TBSV infection (118). In the absence of viral components, Atgl1 did not
localize to peroxisomes in plants (Fig. 2.3A, bottom panel). Expression of only the yeast
Atgl1-like domain of the NbAtgl1 (termed R2) also resulted in co-localization with p33-

BFP within VROs in N. benthamiana (Fig. 2.3B).

Similar confocal microscopy-based experiments with the closely-related CIRV,
which builds VROs using clustered mitochondria, revealed the high extent of co-
localization of RFP-Atgl1 with the CIRV p36-BFP replication protein and GFP-Tim21
mitochondrial membrane protein (Fig. 2.3C, top panel). The localization pattern of Atgl1
within the VROs during CIRV infection was similar to the pattern observed with TBSV
infection (compare Fig. 2.3A and 2.3C). In the absence of CIRV replication, Atgl1 did not
colocalize with mitochondrial marker in N. benthamiana (Fig. 2.3C). These data suggest
that Atgl1 is recruited into the large CIRV VROs with the help of the viral p36 replication
protein in plant cells. Based on these experiments, we conclude that Atgl1 autophagy-
related protein is efficiently recruited by the TBSV p33 and the CIRV p36 replication

proteins to VROs in N. benthamiana.

Tombusvirus replication proteins interact with Atgl1 in vitro and in yeast and

plants. To test if Atgll interacts with the tombusvirus replication proteins, we Flag-
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affinity purified the TBSV replication proteins from yeast expressing Hiss-tagged Atgl1.
The yeast membranous fraction containing the TBSV replicase was detergent-solubilized,
followed by Flag-purification of the tombusvirus replicase. These experiments confirmed
the presence of Atgl1 in the purified replicase preparations, which are active in vitro (Fig.

2.4A see also Fig. S2.3A).

To confirm direct interactions between TBSV p33 and Atgl1 protein, we used a
pull-down assay with MBP-tagged p33 and GST-Hise-tagged Atgll proteins affinity-
purified from E. coli (Fig. 2.4B). Similar interaction studies were performed with the CIRV
p36 replication protein using the pull-down assay (Fig. 2.4B). For the pull-down assay, we
used truncated TBSV p33 and CIRV p36 replication proteins missing the N-terminal and
the membrane-binding regions to aid their solubility in E. coli (Fig. 2.4B). Altogether, the
pull-down data show that the TBSV and CIRV replication proteins bind to Atgl1 host
protein in vitro, and the C-terminal domains of the replication proteins facing the cytosolic

compartment is involved in binding to Atgl1 (Fig. 2.4B).

To provide additional evidence for the interaction between the TBSV p33
replication protein and Atgl1 in vivo, we used protein proximity-labeling approach based
on E. coli-derived BirA biotin-ligase and AviTag, which serves as a biotin acceptor peptide
(119, 120). First, BirA was fused to p33 for targeting to the replication site, whereas
AviTag was fused to Atgl1 to monitor proximity to p33 in yeast cells. We co-expressed
BirA-p33 and Avi-Atgl1 in yeast under low biotin condition, followed by a brief biotin
pulse (Fig. 2.4C). This led to biotinylation of Avi-Atgl1 in yeast (Fig. 2.4C, lanes 1-2),
indicating the close proximity of p33 replication protein and Atgll in yeast cells. In

addition, streptavidin-based capturing of biotinylated proteins also resulted in the recovery
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of the biotinylated Avi-Atgl1 from yeast expressing BirA-p33 (Fig. 2.4C, second panel).
Avi-Atgl1 was not biotinylated when Hiss-p33 was expressed as a control, suggesting that
yeast does not have nonspecific biotin-ligase activity on Avi-Atgl1 (Fig. 2.4C, lanes 3-4).
Second, we expressed BirA-tagged p33 replication protein in N. benthamiana, which led
to biotinylation of Avi-tagged NbAtgl1 (Fig. 2.4D, lanes 1-2). The Avi-tagging of Atgl1
was necessary to detect the biotinylated Atgl1 in the presence of p33-Hise-BirA in N.
benthamiana (Fig. 2.4D, lanes 3-4, see also Fig. S2.3B). Third, in a reciprocal setting, co-
expression of BirA-tagged NbAtgl1 resulted in the biotinylation of Avi-tagged p33 in M.
benthamiana (Fig. 2.4E, lanes 1-2). In the absence of the BirA fusion, expression of Atgl1
did not lead to biotinylation of Avi-tagged p33 in N. benthamiana (Fig. 2.4E, lane 3).
Altogether, the above data confirm the close proximity of Atgll host protein and the

tombusvirus p33 replication protein in yeast and plant cells.

To provide additional evidence that the plant Atgl1 is recruited into VROs through
the interactions with the TBSV p33 or CIRV p36 replication proteins, we have conducted
bimolecular fluorescence complementation (BiFC) experiments in N. benthamiana leaves.
The BiFC signals revealed specific interactions between Atgll and the TBSV p33 and
p92°°! replication proteins within the VROs (Fig. 2.5A, also, see the bottom panel for the
negative control experiment). Furthermore, we tested the interaction between the C-
terminal Atgl1-like and the N-proximal Atgl7-like domains (see Fig. 2.3B) of the full-
length NbAtgl1 and the replication proteins via BiFC. Both domains were involved in the
interaction and recruitment of Atgl1 by the TBSV replication proteins into VROs, albeit
the Atgl 1-like domain interaction with p33 and p92°°' was more pronounced than Atgl7-

like domain in these experiments (Fig. 2.5B). Interestingly, the CIRV p36 replication
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protein showed similar interaction with Atgl1 and its two domains within the VROs (Fig.
2.5C). Thus, most of the interactions between Atgll and the tombusviral replication

proteins take place within the VROs in N. benthamiana.

Co-purification of co-opted vMCS proteins with the TBSV replicase is affected
by ATGI11 deletion in yeast. Although the canonical function of Atgll is based on its
scaffold function during the selective autophagy process (110, 111), we hypothesized that
tombusviruses might be able to exploit the tethering function of Atgl1 during replication.
Our model is based on the documented interaction of Atgl1 with Fis1 mitochondrial fission
protein, which is involved in virus-induced membrane contact site (VMCSs) formation
(104). TBSV induces the formation of vMCSs between the ER membrane and the
peroxisomal membrane to facilitate transfer of lipids, sterols and PI(4)P phosphoinositide

within VROs (39, 40, 95, 97).

To test the putative role of Atgl1 in vMCS formation, first we measured the amount
of co-purified VAP (VAMP-associated protein), namely the yeast ER-resident Scs2 VAP
protein, which is a tethering protein required for vMCS formation (39). We purified the
tombusvirus replicase from membrane fraction derived from atgl1A and WT yeasts,
followed by measuring the co-purified Hiss-Scs2 by western blotting. In comparison with
the replicase preparations from WT yeast, the replicase preparations from atgl 1A yeast
contained less Scs2 VAP (Fig. 2.6A, compare lanes 1-2 and 3-4). These observations
suggest that recruitment of Scs2 VAP protein to the viral replication compartment, likely

to vMCSs, is affected by Atgl 1.
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Another vMCS protein is Osh6 oxystrerol-binding protein, which must be recruited
from the cytosol to vMCSs via protein-protein interactions (39). In comparison with the
replicase preparations from WT yeast, the replicase preparations from atgll1A yeast
contained ~5-times less Osh6 (Fig. 2.6B, compare lanes 1-2 and 3-4). Thus, Atgl1 affects

the recruitment of Osh6 protein to vMCSs.

The third vMCS host protein tested was Fisl mitochondria/peroxisome fission
protein, which serves as a tether in the acceptor membrane (i.e, peroxisome) during vMCS
formation (104). The replicase preparations from atgl 1A yeast contained similar amounts
of Fis1 protein as in the replicase preparations from WT yeast (Fig. 2.6C, compare lanes
1-2 and 3-4). Thus, Fisl recruitment by p33 into vMCS does not depend on the co-opted
Atgll protein. This Atgll independency might be due to binding of p33 to the

mitochondrial/peroxisomal Fis1 prior to recruitment of the cytosolic Atgl1 into vMCS.

The fourth vMCS protein studied here was the ER-resident Sac1 PI4P phosphatase,
which forms a protein interaction hub with the syntaxinl8-like Ufel SNARE protein in the
ER to help formation of vMCS by the p33 replication protein (40, 97). Interestingly, the
replicase preparations from atgl 1A yeast contained ~6-times less amounts of Sacl protein
than present in the replicase preparations from WT yeast (Fig. 2.6D, compare lanes 1-2
and 3-4). These data suggest that in the absence of Atgl1, vMCS formation is likely less
efficient. In addition, Atgl1 likely participates in the early steps of vMCS formation, which

also depends on Sacl and Fisl (40, 104).
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Co-localization and protein proximity-labeling of Atgl1 and vMCS proteins.
First, we performed BiFC experiments with Atgll and Sacl vMCS protein in plants.
Interestingly, we found that the interaction between Atgl1 and Sacl takes place within a
limited portion of the large VROs induced by the TBSV p33 replication protein in M.
benthamiana (Fig. 2.7A). Similar picture was obtained for the interaction between Atgl1
and Sacl in VROs induced by the CIRV p36 replication protein (Fig. 2.7B). These data
strongly indicate that Atgll interacts with Sacl vMCS protein within VROs of
tombusviruses. We noted that Atgl 1 also interacts with Sacl in the absence of tombusvirus
infections in plant cells, albeit the interaction does not take place in the peroxisomal

membranes (marked by RFP-SKL, Fig. 2.7A).

We also used BirA-Atgl 1-based expression to show that the vMCS proteins Osh6,
Scs2 VAP and Sacl lipid phosphatase, which were individually Avi-tagged, were biotin-
labeled in yeast (Fig. 2.8). The expression of p33 replication protein did not influence the
extent of the above proximity-labeling. BirA-p33 expression also showed that the vMCS
proteins (Avi-Osh6, Avi-Scs2, Avi-Fisl and Avi-Sacl) were biotin-labeled in yeast (Fig.
2.8B-C), whereas eEF1 A (Avi-Tefl) translation elongation factor, which strongly interacts
with the p92 RdRp and the TBSV (+)RNA (121-123), was not biotin-labeled (Fig. S2.4).
Expression of Atgl1-BirA in N. benthamiana infected with CNV or mock-inoculated led
to the biotin-labeling of the Avi-tagged PVA12 VAP and ORP3 oxysterol-binding protein
(co-opted members of vMCS) (Fig. 2.8D). Based on these data, we suggest that Atgl1 is
localized in close proximity of the known vMCS proteins in yeast and plants. This supports

that Atgl1 is part of the tombusvirus-induced vMCS.
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Atgl1 contributes to vMCS functions. First, we tested the major function of the
virus-induced vMCSs, which is to facilitate the enrichment of sterols within internal
compartments (39), in the absence of ATGI1 in yeast. The re-distribution of ergosterols
(the sterol component in yeast) in yeast cells was monitored with filipin dye using
fluorescent microscopy (124). As documented previously (39, 40, 104), we found that
TBSYV replication resulted in redistribution of ergosterol mostly from the plasma membrane
to internal locations into punctate structures (Fig. 2.9). However, ATG11 deletion in yeast
greatly reduced the internal ergosterols in the presence of the TBSV components, based on
the much smaller-sized and dimmer lipid puncta than those observed in WT yeast (Fig.
2.9). We calculated ~4 times less number of yeast cells containing large internal puncta
(filling 20% or more of the cell volume) in case of atgl 1A versus WT yeasts replicating
TBSV (Fig. 2.9). Ergostrerol redistribution in atgllA yeast was comparable to the
ergosterol localization in fis1A yeast replicating TBSV (Fig. 2.9) as we documented before
(104). Fis1 mitochondrial fission protein acts as a co-opted tethering protein during vMCS
formation (104). Expression of Atgl1 from a plasmid in atgl 1A yeast replicating TBSV
led to efficient redistribution of ergosterol to internal locations, comparable to those
observed in WT yeast (Fig. 2.9). ATGII deletion in yeast caused some changes in
ergosterol distribution, resulting in ergosterol accumulation in both the plasma membrane
and in small punctate structures in the absence of the viral components (Fig. 2.9). These
ergosterol-containing punctate structures were frequently associated with the plasma
membrane. Overall, ergosterol distribution in atgl 1A yeast was mostly comparable with

that seen in WT yeast in the absence of the viral components (Fig. 2.9). These data suggest
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that the co-opted Atgl1 is involved in ergosterol enrichment, likely within vMCSs induced

by p33 replication protein in yeasts.

The second approach was based on the previous observation (104) that different
co-opted tethering proteins within vMCS affect the function of other tethering proteins,
thus influencing TBSV replication. For example, over-expression of tethering proteins in
yeast can partially complement the inhibitory effect of deletion of a different tethering
protein in vMCS on TBSV replication (104). Therefore, we made a double-deletion yeast
strain missing A7G11 and FISI. TBSV replication was decreased to ~half level in
atgl 1A/fis1A yeast strain when compared to the replication level in single deletion atgl 1A
or fislA yeast strains (Fig. 2.10A, lanes 8-10). The accumulation level of p33 was further
reduced in the double-deletion yeast strain as well, indicating reduced stability of p33 under
these conditions, likely due to reduced sterol enrichment at vMCS in atgl IA/fis]A yeast

strain (83).

Over-expression of Sacl PI4P phosphatase, which is a co-opted vMCS protein with
tethering function as well (40, 104) in atgl1A yeast led to partial recovery of TBSV
repRNA accumulation (Fig. 2.10B, lanes 4-6 versus 1-3). Therefore, we suggest that when
Sacl is abundant in cells, then Sacl could easily be recruited by the tombusvirus replication
proteins even in the absence of Atgll. These data suggest that Sacl scaffold function
partially complements the putative tethering function of Atgll at vMCS, but only when

Sacl is abundant due to over-expression.

Over-expression of Sacl in the double-deletion (atgl1A/fis1A) yeast strain only

resulted in partial complementation of TBSV replication (Fig. 2.10B, lanes 10-12 versus
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7-9). TBSV replication was very low under this condition, suggesting that the lack of two
tethering proteins (i.e., Atgl1l and Fisl) cannot be compensated by over-expression of a
single Sacl scaffold protein to fully support TBSV replication, likely due to incomplete
vMCS functions. Nevertheless, the single deletion yeast strains showed that the expression
of all these co-opted tethering proteins is needed to support robust TBSV replication, as
observed in WT yeast. This is likely due to the limited accessibility of these proteins in
yeast, thus “forcing” tombusviruses to compete with normal cellular processes to subvert

the host factors for pro-viral functions within vMCS.

Tombusvirus VROs become RNAi-sensitive in the absence of Atgl1 autophagy
protein in yeast. The VROs formed in WT yeast or in plants provide protection against
antiviral responses, including RNAi (40, 75, 104, 118). The ability of VROs to protect the
viral RNA can be tested using the reconstituted RNAi machinery from S. castellii with the
two-component DCRI and AGO] genes (75, 125). This approach allows for the probing of
the contribution of individual co-opted host factors to the protection of the viral RNAs (75,
104). We expressed the reconstituted RNAi machinery in atgl 1A yeast replicating TBSV
repRNA and compared it with the RNA protection provided in fislA and WT yeasts.
Interestingly, deletion of ATG1 gene in yeast led to poor protection of the TBSV RNA
(Fig. 2.11). The ~50% reduction of repRNA in atgl 1A expressing the RNAi components
was comparable with that observed in fis1A yeast strain (104), but less than that found in
WT yeast (Fig. 2.11). As previously found, VROs formed in WT yeast protected the viral

RNAs against the RNA1 machinery (Fig. 2.11) (75, 126). Based on these data, we suggest
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that similar to Fis1, Atgl1 is also needed for the biogenesis of the protective VROs against

the antiviral RNAi machinery.

2.3 Discussion

A surprising novel role of Atgll autophagy-related protein in the formation
of vMCS to support tombusvirus VRO biogenesis. A major emerging theme in
tombusvirus-host interactions is the complexity of the VRO biogenesis, which is central in
virus replication (4, 10, 80, 96, 127). The viral replication proteins act coordinately together
with many co-opted host proteins and subcellular membranes to provide the building
blocks, tethers, scaffolds for assembly platforms and enzymatic activities to create VROs
(32, 39, 40, 92, 128). Tombusviruses only provide the viral RNA, the p33 master regulator
and the p92 RdRp to support successful VRO assembly in yeast and plants (32, 39, 40, 92).
However, the list of the co-opted host components and the full arsenal of subverted
functions they provide for VRO biogenesis is growing, but it is still incomplete. In this
paper, we show evidence for a new co-opted host factor, the Atgl1 autophagy protein that

contributes to VRO biogenesis.

We find that Atg11 interacts with the viral replication proteins in vitro, in yeast and
plant, which leads to extensive recruitment of Atgl1 into VROs in cells. Protein proximity-
labeling, BiFC, pull-down assay, and the presence of co-purified Atgl1 in the tombusvirus
replicase preparations, all suggest direct interaction between Atgl1 and the viral replication
proteins. Deletion of Atgl1 in yeast and Atgl1 knockdown in plants has inhibitory effect

on the peroxisome-associated TBSV or the mitochondria-associated CIRV replication.

26



Therefore, this study establishes a novel, pro-viral function for the Atgll autophagy

scaffold protein.

The current work shows evidence that Atgl1 is involved in the formation of vMCS
and the biogenesis of VROs. Accordingly, Atgl1 is shown via BiFC to interact with the
co-opted Sacl PI4P phosphatase within VROs in plant cells. In addition, protein proximity-
labeling shows the presence of Atgll1 in the vicinity of Sacl, Fisl mitochondrial fission
protein, oxysterol transfer protein (Osh6 in yeast) and Scs2 VAP, which are the core
proteins involved in vMCS formation within VROs (40, 104, 118). Based on TBSV
replicase purification experiments, Atgl1 affected the recruitment of the core vMCSs-
localized proteins, such as the ER-resident VAP protein and Sacl and the cytosolic Osh6
protein into VROs. On the other hand, we did not find a role for Atgl1 in recruitment of
the peroxisomal/mitochondrial Fis1 into the tombusvirus replicase. Interestingly, the extent
of Atgl1 contribution to tombusvirus replication seems to be similar to that observed with
Fisl, Sacl, Osh proteins or VAP proteins (39, 40, 104). Via inducing vMCS formation,
these co-opted host proteins are needed to provide optimal lipid/membrane
microenvironment for TBSV replication within VROs. Similar to Atgl1, the core vMCS
proteins also contribute to p33 stabilization and protection of the viral RNA from
degradation by RNA1 and other nucleases (39, 40, 95). The p33 replication protein binds
to sterols in the membranes via its CRAC and CARC-like sequences, which are needed to
stabilize p33 in yeast or plants (83). Therefore, the reduced sterol enrichment in VROs in
the absence of one or more of the co-opted vMCS proteins results in reduction in p33 levels.

This low level of p33 was also observed in the absence of Atgl1 as well (Fig. 2.1).
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Overall, the data obtained with Atgl1 support the model that Atgl1 contributes to
vMCSs formation (Fig. 2.12). For example, biotin-labeling showed close proximity of p33
and Atgl1 to the hijacked core vMCS proteins during tombusvirus replication. Deletion of
Atgl1 resulted in reduced recruitment of core vMCS proteins by p33. In addition,
deletion/depletion of Atgll has similar inhibitory effects on TBSV replication and
protection of the viral RNA from RNAI1 as depletion of the above vMCSs proteins in yeast
and plants. The vMCS structure is unusually stable and abundant (39, 96) in comparison
with regular, more dynamic MCS structures in healthy cells. These stable vMCS structures
are essential for the robust tombusvirus-induced subcellular changes required for rapid and
efficient VRO formation, including lipid/sterol enrichment. We propose that the co-opted
Atgl1, based on its tethering and scaffolding function in selective autophagy (110, 111),
also provides comparable tethering and scaffolding function by stabilizing vMCSs within
VROs (Fig. 2.12). Similar picture might be valid for other unrelated human viruses, such
as enteroviruses, which also induce and stabilize vMCSs in order to manipulate the lipid
composition of the membranes within the viral replication compartment (95, 129, 130).
The possible autophagic role of Atgll in tombusvirus replication will be addressed in

subsequent works.

In summary, the roles of increasing number of co-opted host proteins with tethering
and scaffolding functions during VRO biogenesis suggest that the tombusviral VRO is an
elaborate and complex organelle-like structure. Based on complementation experiments, it
seems that the recruitment of the co-opted host tethering proteins, such as Atgl1, Fisl, the
VAP proteins, Sacl and Osh6 or ORP3 for viral replication is a rate-limiting step.

Nevertheless, tombusviruses need to efficiently recruit the core vMCS proteins to build
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VRO structures with optimal lipid composition. Moreover, by efficiently recruiting these
tethering proteins away from their canonical cellular functions, tombusviruses might affect
many cellular processes, which might lead to disease states in infected plants. It will be
interesting to learn if other (+)RNA viruses also exploit vMCS and tethering proteins for

their replication.

In conclusion, the co-opted Atgl1 scaffold protein is required for the formation of
membrane contact sites within VROs. This helps tombusviruses to enrich lipids and extend
membrane surfaces within VROs, which become ribonuclease-insensitive. The emerging
picture is that formation of tombusvirus VROs requires several co-opted tethering and
scaffold proteins. Targeting these pro-viral membrane-tethering proteins by inhibitors

could open up new antiviral strategies.

2.4  Materials and methods

Yeast strains and plasmid construction. Plasmids pJW1506 and pJW1234 were
obtained from Addgene (120). Yeast strain fislA was kindly provided by Dr. Agnes
Delahodde (University of Paris-Sud). To create atgl 1A and fis1 A/atgl 1A yeast strains, the
hygromycin resistance gene hphNTI was PCR-amplified from vector pFA6a—hphNT]1
(Euroscarf) (131) with primers #7890 and primers #7891 and the PCR product was
transformed into BY4741 and fis1A respectively. Plasmids constructed and primers used

in this study are listed in supplementary Table 2.1-2.4.

Virus RNA replication in yeast. To test repRNA replication, BY4741 (wild type)
and atgl 1A, fis1A and atg] 1 A/fis1 A yeast strains were transformed with plasmids HpGBK-

CUPI1-Flagp33/Gal10-DI72, LpGAD-CUP1-Flagp92 and UpYES2-NT. To test if plasmid-
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borne Atgl1 expression can rescue virus replication, atgl 1A yeast strain was transformed
with HpGBK-CUPI1-Flagp33/Gal10-DI172, LpGAD-CUPI1-Flagp92 and UpYES2-
HisATGI1. To test if over-expression of membrane contact sites-associated Sacl protein
can complement tombusvirus replication in atgl 1A yeast strain, wild type BY4741 and
atgl 1A yeasts were transformed with HpGBK-CUPI1-Flagp33/Gal10-DI72, LpGAD-
CUPI1-Flagp92 and UpYC-ScSacl. For CIRV replication assay, BY4741 and atgl 1A yeast
were co-transformed with plasmids HpESC-CUP1-Flagp36/Gal10-DI72 and LpESC-

CUPI1-Flagp95 with either UpYES2-NT or UpYES2-HisATG11.

The transformed yeasts were pre-grown in SC-ULH" (synthetic complete medium
without urea, leucine, and histidine) media supplemented with 2% galactose media and 100
uM BCS at 23 °C for 16 h. Then, the yeast cells were cultured in SC-ULH™ media

supplemented with 2% galactose and 50 pM CuSOy at 23 °C for 24 h.

For TBSV replication, yeast strain BY4741 and atgl1A were transformed with
pGBK-Gal-HisT33/Gal-DI72, pGAD-Gal-HisT92 and pYES2-NT. TBSV replication was
induced by growing cells at 23°C in SC-ULH™ medium supplemented with 2% galactose

for 24 h at 23°C.

To test the effect of RNAi on TBSV repRNA accumulation in yeast, we expressed
DCRI1 and AGOI proteins (75). BY4741 and atgl 1A yeast strains were transformed with
plasmids HpGBK-CUP1-Hisp33/Gal-DI-72 and LpGAD-CUP1-His92, UpESC-Ura (as a
control) or UpESC-Ura-Gall-HisAgo1-Gal10-HisDcrl. Transformed yeast cells were pre-
grown in SC-ULH™ media supplemented with 2% glucose and 100 uM BCS at 29 °C for
16 h. Then, yeasts were cultured in SC-ULH™ media supplemented with 2% galactose and

100 uM BCS at 23 °C for 24 h. Then, the yeast cells were cultured in SC-ULH™ media
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supplemented with 2% galactose and 50 uM CuSOg4 at 23 °C for 16 h. Total RNA and
protein extraction and northern-blot and western-blot analyses were done as described (12,

132).

To test the combined functions of Atgl1 and other vMCS proteins, we transformed
atgl 1A and atgl1A/fislA yeast strains with HpGBK-CUPI1-Flagp33/Gall0-DI72,
LpGAD-CUP1-Flagp92 and pYES2-NT or pYES2-Sacl (40). Yeast culturing, total RNA

extraction and northern-blot analyses were done as described above.

Virus replication in plants. To identify A7G11 gene sequence in N. benthamiana,
we used the sequence of Arabidopsis thaliana ATGI11 (AT4G30790) and performed a
BLAST search in the QUT Soll01 N. benthamiana predicted transcriptome v101
transcripts database. We find two hits, namely Nibenl101Scf09742g00014.1
and Niben101Scf02359g00022.1, the coding region of which shares 96.4% identity in
amino acid sequence (supplementary Fig. S2.1). A chimeric fragment composed of R2 and
R3, selected based on highly conserved region within two NbATGI11 transcripts, was
inserted into TRV2 vector (133) to generate pTRV2-NbATG11-R2+R3 (supplementary
Fig. S2.2). Agrobacterium C58C1 competent cells were transformed with pTRV2-
NbATGI11-R2+R3. N. benthamiana plants of 4-leaves stage were agroinfiltrated with
pTRV1 and pTRV2-NbATG11-R2+R3 or pTRV2-cGFP as a control (ODeoo 0.5). On the
10" day post agroinfiltration (dpai), upper leaves were agroinfiltrated to express CNV20kstop
or inoculated with TBSV or CIRV saps (16). To determine RNA accumulation of TBSV,
CNV, and CIRV, the inoculated leaves were collected at 2, 2.5 and 3 dpi, respectively.
Total RNA extraction and northern blot analyses were performed as described previously

(16). The accumulation of NbATG11 mRNA and internal reference control tubulin mRNA
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was determined by semi-quantitative RT-PCR with primers oligo-d(T) (for RT), #7938 and

#7939 for NDATG11 and #2859 and #2860 for tubulin mRNA (16).

To further test the pro-viral role of Atgl1, transient over-expression of Atgl1 in V.
benthamiana leaves was performed by co-agroinfiltration with pGD-ATG11-Myc (ODeoo
0.6) and pGD-P19 (ODsoo 0.1). Then the leaves were inoculated with either TBSV or CIRV
sap at 16 h post agroinfiltration and the inoculated leaves were collected at 2 and 3 dpi,
respectively. For CNV, N. benthamiana leaves were co-agroinfiltrated with CNV20Kstop
(ODsoo 0.4) and pGD-ATG11-Myc (ODgoo 0.6) and pGD-P19 (ODeoo 0.1), samples were
collected at 2.5 dpai. NbATGI11 protein level was determined by western blot assay using

anti-myc antibody. Total RNA extraction and northern blot analyses were described above.

Confocal laser microscope studies in plants. To analyze the subcellular
localization of NbATGI1 in the presence or absence of viral components in N.
benthamiana leaves, pGD-35S-BFP-p33, pGD-35S-BFP-C36, pGD-35S-RFP-NbATGI1,
pGD-35S-RFP-NbATG11-S1, pGD-35S-RFP-NbATGI11-R2, pGD-35S-GFP-SKL (as a
peroxisome marker) and pGD-35S-GFP-AtTim21 (as a mitochondrial marker) (92) were
transformed into agrobacterium strain C58C1. Then, agrobacterium suspensions with
different combinations were infiltrated into N. benthamiana leaves, followed by virus
inoculation with sap at 16 h post agroinfiltration. At 2.5 dpai, the agroinfiltrated leaves

were subjected to confocal laser microscopy (Olympus FV1200 and FV3000).

To detect interaction of NbATGI1 with TBSV p33 or CIRV p36 replication
proteins using bimolecular fluorescence complementation assay (BiFC), pGD-35S-T33-
cYFP, pGD-35S-C36-cYFP, pGD-35S-C-cYFP (as a negative control), pGD-35S-nYFP-

NbATGI11, pGD-35S-nYFP-NbATG11-R2, pGD-35S-nYFP-MBP (as a negative control),
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pGD-35S-RFP-SKL (as a peroxisome marker) and pGD-35S-RFP-AtTim21 (as a
mitochondrial marker) were transformed into agrobacterium strain C58CI1. The
Agrobacterium transformants with different combinations were used to infiltrate N.
benthamiana leaves, followed by virus inoculation with sap at 16 h post agroinfiltration.

At 2.5 dpai, the agroinfiltrated leaves were subjected to confocal laser microscopy.

To test if NDATGI11 interacts with AtSacl in the presence or absence of virus
infection, N. benthamiana leaves were co-agroinfiltrated with pGD-35S-nYFP-NbATG11,
pGD-35S-AtSacl-cYFP and either a combination of pGD-35S-BFP-p33 and pGD-35S-
RFP-SKL or pGD-35S-BFP-C36 and pGD-35S-RFP-AtTim21. The agro-infiltrated N.
benthamiana leaves at 16 hpai were inoculated with TBSV and CIRV sap, respectively,

and then were subjected to confocal laser microscopy at 2.5 dpai.

Protein co-purification assays. The FLAG-tag based replicase purification from
detergent-solubilized membrane fraction of yeast was performed as described (123). In
brief, plasmids HpGBK-CUP1-Hisp33/Gal-DI-72 and LpGAD-CUP1-His92 (as a control)
or HpGBK-CUP1-Flagp33/Gal-DI-72 and LpGAD-CUPI1-Flag92 were co-transformed
with UpYES2-HisATG11 into BY4741. To determine recruitment efficiency of MCS-
associated proteins by TBSV p33 into VROs in the presence or absence of Atgl1, HpGBK-
CUPI1-Flagp33/Gal-DI-72 and LpGAD-CUP1-Flag92 were co-transformed with UpYC-
Osh6, UpYC-Scs2, UpYC-Fisl and UpYC-Sacl respectively into BY4741 and atgl1A
yeasts. All transformed yeast cells were pre-grown in SC-ULH™ media supplemented with
2% glucose and 100 uM BCS at 29°C for 16 h. Then yeast cultures were re-suspended in
SC-ULH™ medium supplemented with 2% galactose and 100 uM BCS and grown at 23°C

for 24 h, followed by culturing yeast cells in SC-ULH™ medium supplemented with 2%
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galactose and 50 uM CuSQg at 23°C for 6 h. The cultures were resuspended and incubated
in 35 ml phosphate-buffered saline (PBS) buffer containing 1% formaldehyde for 1 h on
ice to cross-link proteins. Then, glycine (to 0.1M) was added to quench the formaldehyde
and the yeasts were incubated on ice for 5 min. Finally, yeast pellets were harvested after
washing twice with PBS buffer and proteins were FLAG affinity-purified as described

previously (123).

For the pull down assay (134), 100 pl crude lysate containing MBP, MBP-p33C (of
TBSV) or MBP-p36C (of CIRV) were incubated with 20 pl amylose resin at 4 °C for 1
hour. Then, the columns were washed with 800 ul washing buffer twice and then further
incubated with the same amount of affinity-purified GST-Hiss-ATG11 at 4 °C for 1 hour.
After incubation, the bound proteins from the columns were eluted with 30 ul SDS-loading

buffer, followed by boiling the samples for 10 min prior to loading to PAGE.

Protein proximity-labeling assay in yeasts. To detect close proximity of p33
replication protein and Atgll in yeasts, we transformed plasmids LpGAD-Gal-p92,
UpYC-Avi-ATGI11 (Avi-tag: GLNDIFEAQKIEWHW; a biotin acceptor) (120) and
LpESC-His-Gal-BirA-p33-Gal10-DI72 (or pESC-His-Gal-p33-Gall0-DI72 as control)
into BY4741 yeast strain. Transformed yeasts were pre-grown in 20 ml SC-ULH™ media
supplemented with 2% glucose at 29 °C for 20 h, followed by culturing yeast cells in 30
ml SC-ULH™ media supplemented with 2% galactose at 23 °C for 24 h. Subsequently, 500
nM Biotin were added to the yeast cultures, followed by shaking at 29 °C for 2 h. The yeast
cultures were centrifuged and washed with 1xphosphate buffer saline (PBS). Then, the
yeast cells were harvested and broken by glass beads and the membrane-fraction was

solubilized by treatment with Triton X-100 as described (123). The solubilized membrane
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fractions were added to the column filled with anti-strep-Tactin agarose to capture
biotinylated proteins (Strep-tactin resin, cat# No.2-1201-002 from IBA) according to
manufacturer’s recommendations. The captured proteins were eluted in SDS-loading dye,
followed by treatment in a heat block at 100 °C for 5 min. The purified Avi-Atgl1 was

detected by western-blotting with AP-conjugated anti-strep antibody.

To detect close proximity of p33 replication protein to the vMCS-associated
proteins Osh6, Sacl, Scs2 and Fisl in yeasts, we transformed plasmids LpGAD-Gal-p92
and LpESC-His-Gal-BirA-p33-Gal10-DI72 with one of the following plasmids: UpYC-
Osh6-Avi, UpYC-Avi-Sacl, UpYC-Avi-Fisl and UpYC-Avi-Scs2 into BY4741 yeast
strain. Transformed yeast cells were grown in 2 ml SC-ULH™ media supplemented with
2% galactose at 29 °C for 24 hours. Then 250 nM Biotin were added to cultures, followed
by growing the yeast cultures at 29 °C for 30 min. Biotinylated proteins were detected by

western-blotting using AP-conjugated anti-strep antibody.

To determine if overexpression of Atgl1 enhances the proximity of p33 replication
protein to these vMCS-associated proteins, plasmids HpESC-His-Gal-BirA-p33-Gal10-
DI72 and LpESC-Cup-ScATG11 (LpESC-Cup-EV as control) were co-transformed with
either UpYC-Osh6-Avi or UpYC-Avi-Scs2 into yeast strain BY4741-p92 (expressing
p92P°! from a chromosomal location (135). Transformed yeast cells were grown in 2 ml
SC-ULH™ media supplemented with 2% galactose and 50 uM CuSOs at 29 °C for 24 h.
Then 250 nM Biotin were added to cultures, followed by growing the yeast culture at 29
°C for 30 min. Biotinylated vMCS proteins were detected by western-blotting using anti-

strep antibody.
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To detect close proximity of Atgl1 to the vMCS-associated proteins Osh6, Sacl,
Scs2 and Fisl in yeast in the presence or absence of viral replication proteins, plasmids
LpESC-Gal-BirA-ATG11 and HpGBK-CUP1-Hisp33/Gal10-DI72, (or HpESC-Gal-EV
as control) were co-transformed with one of the following plasmids: UpYC-Osh6-Avi,
UpYC-Avi-Sacl, UpYC-Avi-Fisl and UpYC-Avi-Scs2 into yeast strain BY4741-p92.
Transformed yeast cells were grown in 2 ml SC-ULH™ media supplemented with 2%
galactose and 50 uM CuSOg at 29 °C for 24 h. Then, 250 nM Biotin were added to cultures,
followed by growing the yeast culture at 29 °C for 30 min. Biotinylated vMCS proteins

were detected by western-blotting using anti-strep antibody.

For time course assay, we transformed plasmids LpGAD-Gal-p92, UpY C-Osh6-
Avi and HpESC-His-Gal-BirA-p33-Gal10-DI72 into BY4741 and atgl 1A yeast strains,
respectively. Transformed yeast cells were pre-grown in 2 ml SC-ULH media
supplemented with 2% glucose at 29 °C for 16 h and then cultured yeast cells were washed
and resuspended in 2 ml SC-ULH™ media supplemented with 2% galactose with 250 nM
Biotin. The yeast cultures were grown at 29 °C for 6 h, 12 h, and 24 h, followed by detecting

the biotinylated Osh6 protein via western-blotting using anti-strep antibody.

Protein proximity-labeling assay in plants. To detect the close proximity of p33
replication protein and Atgll in plants, N. benthamiana leaves were agroinfiltrated with
pGD-p33-His-BirA (ODeoo 0.4), pGD-NbATGI11-HA-Avi (ODsoo 0.4) and pGD-P19
(ODs¢oo 0.2). Agroinfiltration with pGD-NbATG11-Myc (ODsoo 0.4) and pGD-p33-His
(ODso 0.4) was used as a control. The infiltrated leaves at 3 dpai were further infiltrated
with 200 uM Biotin. Then the infiltrated leaves after 40 min of biotin treatment were

harvested and subjected to protein extraction. Biotinylated Atgll1-HA-Avi protein was
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detected by western blotting using anti-strep antibody. Reciprocal experiments were done
via agroinfiltration of N. benthamiana leaves with pGD-NbATG1 1-His-BirA (ODeoo 0.4),
pGD-p33-HA-Avi (ODeoo 0.4) and pGD-P19 (ODsoo 0.2). Agroinfiltration with pGD-
ATG11-Myc (ODgoo 0.4) was used as a control. Biotinylated p33-HA-Avi protein was

detected by western blotting using AP-conjugated anti-strep antibody.

To test if virus infection might affect close proximity of vMCS proteins and Atgl1
in plants, we agroinfiltrated N. benthamiana leaves with pGD-P19 (ODgoo 0.1), pGD-
NbATG11-His-BirA (ODsoo 0.3) and either pGD-Avi-His-AtORP3 (ODgoo 0.3) or pGD-
Avi-His-AtPVA12 (ODggo 0.3) with or without pGD-CNV?2XSTOP (ODgy 0.3). We tested
three different time points, namely 31 h, 48 h, and 56 h via infiltration with 200 uM Biotin
at each time point. Then the infiltrated leaves after 40 minutes of biotin treatment were
harvested and subjected to protein extraction. The biotinylated vMCS proteins were

detected by western blotting using AP-conjugated anti-strep antibody.

Detection of Ergosterol distribution in yeasts. BY4741 and atgl 1 A yeast strains
were transformed with plasmids HpESC-Gal-Hisp33/Gal10-DI72, LpGAD-Gal-Hisp92
and UpYES2-ATGI11 (or UpYES2-NT as a control). Filipin dye-staining was used to
visualize ergosterol in yeast cells as described (39). Fixed yeast cells (2 pl resuspend
cultures) were spotted onto a poly-Lysine coated slide and examined in the ZEISS UV light

microscope with the DAPI filter set.
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Table 2.1: Plasmids constructed in chapter 2.

primers for

. insert ) vector
Plasmid ) ) X insert ) X
insert source | digestion . ) vector source digestion
name . amplificatio .
sites 1 sites
UpYES- Yeast genome | BamHI #5629 and BamHI
NT-ATG11 DNA and Sall #5630 UPYES-NT | \d Xhol
HpESC-
. HpESC-Gal-
Gal-BirA- #8339 and .
Hisp33/Gal PJW1234 BamHI #8340 Hisp33/Gal- BamHI
DI7> DI72
#8369 and
UpYC2- Belll | “u901/ | UpYC2-CT- | BamHI
Avi-His- UpYC-Scs2 and
3CS? Xhol #8370 and Vector and Xhol
#2991
UpYC2- | yeast genomic Bzrr‘ffl #7206and | UpYC2-CT- | BamHI
NT-Fisl DNA #6775 Vector and Xhol
Xhol
UpYC2- | yeast genomic Bglll #7831 and UpYC2-CT- BamHI
NT-Sacl DNA and Sall #7832 Vector and Xhol
}A{s Z}(Iizs: yeast genomic | Bglll #7831 and UpYC2-Avi- BamHI
Sacl DNA and Sall #7832 His-SCS2 and Xhol
HpESC-Gal-
}551?381& BirA- Bopp | #5680 and LpESC- BamH
SonTGl) | Hisp33/Gal- & #8416 SCcATG11
DI72
[AJ\I: Zlglzs: yeast genomic | BamHI #5629 and UpYC2-Avi- BamHI
SCATG11 DNA and Sall #5630 His-SCS2 and Xhol
Cl:lp]jjlflg_- yeast genomic | BamHI #5629 and LpESC-Cup- BamHI
SC};T G 1g1 DNA and Sall #5630 Flag and Sall
pGD-
nYEP ) Nobenthamian | BP™ | 47939and | pGD-nYFP- | BamHI
NbATGI1- DNA and #7940 MBP d Sall
S1(ATG17 ac Xhol anasa
LIKE)
pGD-
nYFP- N.benthamian BamHI #7941 and pGD-nYFP- BamHI
NDATGI1- DNA and #7942 MBP d Sall
S2(ATG11 ac Xhol and >a
LIKE)
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Table 2.1 (continued)

pGD-
nYFP- N.benthamian BamHI #7937 and pGD-nYFP- BamHI
NBATG1 a cDNA and #7938 MBP and Sall
(FULL Xhol
LENGTH)
pGD-RFP-
NbATG11 | N.benthamian BzrrldeI #7937 and GD-N-RFP BamHI
(FULL a cDNA Xhol #7938 p and Sal
LENGTH)
Iﬂgﬁ%ﬁﬁ: N.benthamian Bzrr‘ffl #7941and | oo oo | BamHI
a cDNA #7942 P and Sal
S2 Xhol
pGEX- pYES-NT- BamHI | #5629 and i BamHI
ScATGl1 ATGI11 and Sall | #5630 PGEX-HiIs-RE | 1 d Xhol
#7941 and
Ngi}/ (2}11 N.benthamian Bzrr‘ffl #8109; TRV2cmpry | BamHI
a cDNA #7977 and Pty and Xhol
S2+S3 Xhol
#8110
pGD- . BamHI
N.benthamian #7937 and BamHI
NbATG11- 4 cDNA and 43365 pGD-35S-L-p33 and Xhol
C-myc Xhol
HpESC-Gal-
pGD- . pGD-
BirA- Xhol #8420 and
NOATGII- | hip33/Gal- | andSall | #gaz1 | NOATGHInonst 1 Xhol
His-BirA DI72 op
p GE{ﬁVI_ A. thaliana BzrrldeI #4252 and pGD-Avi-His- BamHI
APVAL2 cDNA Xhol #4253 ScSCS2 and Xhol
pG]}?i'ﬁ“' A. thaliana Bzrlffl #5477 and | pGD-Avi-His- | BamHI
AtORP3A cDNA Xhol #5478 ScSCS2 and Xhol
p GE{ﬁVI_ A. thaliana Bzrrlféﬂ #3458 and | pGD-Avi-His- | BamHI
AtVAPT-1 cDNA Xhol #3459 ScSCS2 and Xhol
pGD-Avi- Belll #2&322 1a l;d BamHI
His- UpYC-Scs2 and pGD-35S-L-p33 h
3cSCS? Xhol #8370 and and Xhol
#2991
pGD- | HPESC-Gal- -} BamHl 306 and BamHI
P33 ; Hisp33/Gal- and 46793 pGD-35S-L-p33 4 Xhol
nonstop DI72 Xhol an 0
pGD-P33- PIW1506 Xhol #8422 and pGD- Xhol and
HA-Avi and Sall #8423 P33nonstop Sall
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Table 2.1 (continued)

HpESC-Gal-
pGD-P33- BirA- Xhol #8420 and pGD- Xhol and
His-BirA Hisp33/Gal- | and Sall #8421 P33nonstop Sall
DI72
pGD- N.benthamian BamHI #7937 and pGD-P33-HA- BamHI
NDATGII- cDNA and #8366 Avi and Xhol
HA-Avi 4 Xhol v
pGD- A. thaliana | BamHI | #7644 and BamHI
c\ilzg;gf i cDNA and Pstl #7645 pGD-cYFP-NT and Pstl

Table 2.2: Plasmids described in previous studies of chapter 2.

Plasmid name

Source

HpGBK-Gal-HisT33/Gal-DI-72

Dr. Kai Xu (University of Kentucky)

LpGAD-Gal-HisT92

Dr. Kai Xu (University of Kentucky)

HpGBK-CUP1-Hisp33/Gal-DI-72

[1] Barajas et al., 2009

LpGAD-CUP1-Hisp92

[1] Barajas et al., 2009

HpESC-CUP1-Hisp36/Gal-DI-72

Dr. J. Pogany (University of
Kentucky)

LpESC-CUP1-Hisp95

Dr. J. Pogany (University of
Kentucky)

UpYC-ScOsh6

[2] Barajas et al., 2014

UpYC-ScScs2

[2] Barajas et al., 2014

pESC-Ura-Gal10-HisDcr1

[3] Kovalev et al., 2017

pESC-Ura-Gall-HisAgo1-Gal10-HisDcrl

[3] Kovalev et al., 2017

HpGBK-CUP1-Flagp33/Gal-DI-72

[1] Barajas et al., 2009

LpGAD-CUP1-Flag92

[1] Barajas et al., 2009

pGD-35S-p19

[4] Xu and Nagy, 2016

pMALCc-2X-T33C

4] Xu and Nagy, 2016

pMALc-2X-C36C

4] Xu and Nagy, 2016

pGD-35S-T33-BFP

4] Xu and Nagy, 2016

pGD-35S- C36-BFP

4] Xu and Nagy, 2016

pGD-35S-GFP-SKL

4] Xu and Nagy, 2016

pGD-35S-GFP-AtTim21

pGD-35S8-T33-cYFP

4] Xu and Nagy, 2016

pGD-35S-C36-cYFP

4] Xu and Nagy, 2016

pGD-358-C-cYFP

4] Xu and Nagy, 2016

pGD-35S-nYFP-MBP

4] Xu and Nagy, 2016

pGD-35S-RFP-SKL

[
[
[
[
[
[4] Xu and Nagy, 2016
[
[
[
[
[

4] Xu and Nagy, 2016
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Table 2.2 (continued)

pGD-35S-RFP-AtTim21 [4] Xu and Nagy, 2016
PJIW1234 [S5]Jan et al., 2014
PJIW1506 [S5]Jan et al., 2014

pYC-Osh6-TEV-AVI Dr. Nick. Kovalev
HpESC-Gal-Hisp33/Gal-DI72 Dr. Tadas. Panavas
LpGAD-Gal-His92 Dr. Daniel. Barajas
pGD-P33-Myc Dr. Zhike. Feng
pGBK-ADH-DI72 Dr. Tadas. Panavas

Table 2.3: Reference of table 2.2.

[1]

Barajas, D., Li, Z., and Nagy, P.D. (2009b). The Nedd4-type Rsp5p ubiquitin
ligase inhibits tombusvirus replication by regulating degradation of the p92
replication protein and decreasing the activity of the tombusvirus replicase. J
Virol 83, 1175111764

[2]

Barajas, D., Xu, K., de Castro Marti'n, L.F., Sasvari, Z., Brandizzi, F., Risco, C.,
and Nagy, P.D. (2014b). Co-opted oxysterol-binding ORP and VAP proteins
channel sterols to RNA virus replication sites via membrane contact sites. PLoS
Pathog 10, e1004388.

[3]

Kovalev, N., Inaba, J.I., Li, Z. and Nagy, P.D. (2017) .The role of co-opted
ESCRT proteins and lipid factors in protection of tombusviral double-stranded
RNA replication intermediate against reconstituted RNA1 in yeast. PLoS Pathog
13, €1006520.

[4]

Xu, K., and Nagy, P.D. (2016). Enrichment of phosphatidylethanolamine in viral
replication compartments via co-opting the endosomal Rab5 small GTPase by a
positive-strand RNA virus. PLoS Biol 14, €2000128.

[5]

Jan CH, Williams CC, Weissman JS. (2014). Principles of ER cotranslational
translocation revealed by proximity-specific ribosome profiling. Science
346(6210):1257521.

Table 2.4: Primers used in chapter 2.

Name Sequence(5' to 3")
CGCGGATCCATGGCAGACGCTGATGA
#5629/ATG11/BamHI/F ATATAGC
ACGCGTCGACTCAAACTCCCTGGTAT
#5630/ATG11/Sall/R GAAACCAC
4#3339/BirA/BamHL/F CGGGATCCATGAé(C}GATAACACCGTG
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Table 2.4 (continued)

#8340/BirA/BamHI/3XGSS/nonstop/R

CGGGATCCTCCACCGGACCCTCCTGA
GCCACCAGATTTTTCTGCACTACGCAG
G

ATTGAATGGCATGAGTCAGAAAATTT

#8369/Avi/TEV/His/F GTATTTTCAAGGAGGGGGTTCTCATC
ATC
CGGCTCGAGTTAGCTAGCTCTGTAGA
#2991/SCS2/Nhel/STOP/Xhol/R ACCATCCTAAAAC

GAAGATCTATGGGTTTGAATGATATTT

#8370/Bglll/Avi/F TTGAAGCTCAAAAAATTGAATGGCAT
GAGTCA
. CGCGGATCCATGACCAAAGTAGATTT
#7206/Fis1-S/BamHI/F TTGGCC
. CCGCTCGAGTTACCTTCTCTTGTTTCT
#6775/Fis1/Xhol/R TAAGA
CTGAAGATCTATGACAGGTCCAATAG
#7831/ScSacl/BglIl/F TGTACGTTC
ACGCGTCGACTTAATCTCTTTTTAAAG
#7832/ScSacl/Sall/R GATCCGGC
#5680/BglTl/YFP/F GAGAGATCTAT(?F((}:(iAGGTTCTCATCA

#8416/BirA/nonstop/Bgll/3XSGG/R

GAAGATCTTCCACCGGACCCTCCTGA
GCCACCAGATTTTTCTGCACTACGCAG

G
CGCGGATCCATGGCAGACGCTGATGA
#5629/ATG11/BamHI/F ATATAGC
ACGCGTCGACTCAAACTCCCTGGTAT
#5630/ATG11/Sall/R GAAACCAC

#8421/His-BirA/3XGGS/Xhol/F

ACCGCTCGAGGGTGGCTCTGGAGGGT
CAGGTGGTTCCATGGGAGGTTCTCAT

CATCA
: ACGCGTCGACTTATTTTTCTGCACTAC
#8420/BirA/Sall/R GCAGG
GGAGGGATCCACCATGGATACCATCA
#4326/p92/AUG/Bam/Nco/KozakF AGAGGATGCTG
#6793/CNV/p33nostop/Xhol/R GCCGCTCGAGTT{F gﬁCACCAAGGGAC
ACGCGGATCCATGCCGATGTATGAAT
#7939/NbATG11/VIGS/S1/BamHI/F GCCATGAG
#7940/NbATG11/VIGS/S1/stop/Xhol/ | ACCGCTCGAGTCACAGTCCCATGGAA
R GCCAAAATATC

#7941/NbATG11/VIGS/S2/BamHI/F

ACGCGGATCCATGGCTGCAAATAAAC
AGCTAACG
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Table 2.4 (continued)

#7942/NbATG11/VIGS/S2/stop/Xhol/

ACCGCTCGAGTCATAACATGGCTACT

R GTCACTACGAAG
ACGCGGATCCATGAGTTCATCAAATG
#7937/NbATG11/BamHI/F CTTCATCAGG
ACCGCTCGAGTCAGGAAGTAGGTGAT
#7938/NbATG1 1/stop/Xhol/R GAATGAATGG
CGCGGATCCATGGCAGACGCTGATGA
#5629/ATG11/BamHI/F ATATAGC
ACGCGTCGACTCAAACTCCCTGGTAT
#5630/ATG11/Sall/R GAAACCAC
CTTCGTAGTGACAGTAGCCATGTTAC
#8109/NbATG11/combS2+S3/F AGCAATATCGTAGCCATTC
#7977/NbATG11/VIGS/S3/stop/Xhol/ | ACCGCTCGAGATGGTCTCTGATAGCT
R AGTTCCAC

#8110/NbATG11/combS2+S3/R

TAACATGGCTACTGTCACTACGAAG

#8365/NbATG1 1/nonstop/Xhol/myc

ACCGCTCGAGCTACAGATCCTCTTCTG
AGATGAGTTTTTGTTCCCCGGAAGTA

GGTGATGAATGAATGG
#4253/At2g45140-VAP/stp/Xhol/R CGGCTCGAGTCAT(? TCCTCTTCATAAT
#4252/At2g45140-VAP/BamHI/F GCCGGATCCAT%AAC(}:TAACGAGCTTCT
GCCGCTCGAGTTAACTAGTAGCAGAG
#5478/ ATORP3A/SPE/STP/XHO/R AGATCTTGGAATTG
CGGCGGATCCCCCGGGATGGCTTCTA
#5477/ ATORP3A/BAM/XMA/F ACGATCCAAAAAAC
GCCGGATCCATGAGTAACATCGATCT
#3458/VAP27-1/BamHI/F GATTGGG
CGGCTCGAGTTAGCTAGCTGTCCTCTT
#3459/VAP27-1/Nhel/STOP/Xhol CATAATGTATCC
#8499 /HA/Avi/Sall/R ACGCGTCGACTTAr(FjTCATGCCATTCAA
. ACCGCTCGAGGGAGGTTCATACCCAT
#8423/HA/Avi/Xhol/F ACGACGTCCCA

#8366/ NbATG1 1/nonstop/Xhol/R

ACCGCTCGAGGGAAGTAGGTGATGAA
TGAATGG
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Figure 2.1. Atgll autophagy scaffold protein is an essential host factor for tombusvirus
replication in yeast.

(A-B) Deletion of ATG11 inhibits TBSV, and CNV RNA replication in yeast. Top panels:
northern blot analyses of repRNA using a 3’ end specific probe demonstrate reduced
accumulation of repRNA in atgl 1A yeast strain in comparison with the WT (BY4741)
yeast strain. The replication proteins Hise-p33 and Hise-p92P°' of TBSV were expressed
from plasmids from the galactose-inducible GALI promoter, whereas the Flag-p33 and
Flag-p92 of CNV were expressed from plasmids from the copper-inducible CUPI
promoter. The DI-72(+) replicon (rep)RNA was expressed from the GALI(0 promoter.
Hise-Atgl1 was expressed from the GALI promoter from a plasmid. Second panel:
northern blot with 18S ribosomal RNA specific probe was used as a loading control.
Bottom images: western blot analysis of the level of Hiss-tagged proteins and Flag-tagged
proteins with anti-His or anti-Flag-antibodies, respectively. Coomassie blue-stained SDS-
PAGE was used as protein loading control. (C) Deletion of ATGI1 inhibits CIRV
replication in yeast. Top panel: northern blot analyses of repRNA The CIRV Flag-p36 and
Flag-p95P°' were expressed from plasmids from the CUPI promoter. Hiss-Atgl1l was
expressed from the GALI promoter from a plasmid. See further details in panel A-B. (D)
Complementation of atgllA yeast strain with plasmid-borne Atgll enhances CNV
replication. Hiss-Atgl1 was expressed from the GALI promoter from a plasmid. See
further details in panel A-B. Each experiment was repeated three times.
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A. Atg11 mRNA induction / N. benthamiana
TBSV TBSV

TBSV

1 dpi mock 2 dpi mock 4 dpi mock
Atg11-
[ — ] <A
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

tubulin

mRNA
. aTBSV gRNA
P el < FRNA
8 - 3 TBSV C. N. benthamiana [TBSV
control Atg11 KD
— % [qgRNA
RT-qPCR e e - sgRNA1
el B wos [ sgRNA2
12 3 4 5 6
1 dpi 2 dpi 5 dpi ( 10048 29+15 % RNA ]
[—— "
B. N. benthamiana ICNV ;'_?‘(‘;:1
S ———
e m
5y ﬂ W e > “ = |4s9RNATE N penthamiana ICNV
- i N e en W e < sgRNA2 Atg11 O/E control
2 3 4 5 6 7 8 9 10 Y ———— O PIY
(10010 35¢9 % RNA ) ' '

<rRNA e < O w mes o «sgRNA1
(e e———-——— <]

-

ATGH! -' . e we e [qsgRNA2
_mRNA12345678910
< tubulin (13745 100220 % RNA )

mRNA
D. N. benthamiana ICIRV - - - gRNA
control Atg11 KD B - — — — — — — arRNA
T e W e e e [QIRNA o= NAtgﬂ-myc
’ ; 4sgRNA1 F. N, benthamiana ICIRV
i - e . 4sgRNA2  Atg11 OE control
1 2 3 4 5 6 7 8 9 10 RNA
( 100£2 44+2 % gRNA ) . e e [
[r—r—————] - Y - e
- - -

 ATG11 <qsgRNA2

R i . <\mRNA 1 2 3 4 5 6
(16020 100£14 % RNA )
mRNA ] <rRNA

Figure 2.2

46



Figure 2.2. The effect of Atgl 1 on tombusvirus replication in N. benthamiana plants.

(A) Top panel: Induction of Atgl 1 mRNA expression in the inoculated leaves (1 and 2 dpi,
respectively) or systemically-infected leaves (4 dpi) of N. benthamiana plants infected with
TBSV was detected by semi-quantitative RT-PCR. Middle panel: Semi-quantitative RT-
PCR of tubulin mRNA was used as a control. Middle panel: Ribosomal RNA is shown as
a loading control in an ethidium-bromide stained agarose gel. Note that the TBSV gRNA
is also visible in this gel. Bottom panel: Graph: Real time RT-qPCR analysis of Atgll
mRNA levels in the agroinfiltrated leaves (1 and 2 dpi, respectively) or systemically-
infected leaves (5 dpi) of N. benthamiana plants agroinfiltrated with pPCAM-TBSV or pGD
empty vectors as control. (B-D) Top panel: The accumulation of the CNV, TBSV and
CIRV genomic (g)RNA in Atgl1-silenced (Atgl1 KD) N. benthamiana plants 2.5, 2 and
3 dpi, respectively, in the inoculated leaves was measured by northern blot analysis.
Agroinfiltration of pGD-CNV2%%stP or sap inoculation with TBSV and CIRV was done 10
days after silencing of Atgll expression. Agroinfiltration of tobacco rattle virus (TRV)
vector carrying NbAtgl1-R2+R3 or 3’-terminal GFP (as a control) sequences was used to
induce VIGS. Second panel: Ribosomal RNA is shown as a loading control in a northern
blot or in an ethidium-bromide stained agarose gel. Third panel: Semi-quantitative RT-
PCR analysis of NbAtgl1 mRNA level in the silenced and control plants. Fourth panel:
Semi-quantitative RT-PCR analysis of tubulin mRNA level in the silenced and control
plants. Each experiment was repeated three times. (E-F) Overexpression of Atgll
stimulates CNV and CIRV gRNA accumulation in N. benthamiana plants.

(Note: Experiments in Figure 2.2 A were in collaboration with Dr. Wenwu Lin)
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Figure 2.3. Recruitment of Atgl1 by the TBSV p33 and the CIRV p36 replication proteins
into VROs in N. benthamiana.

(A) Confocal microscopy images show efficient co-localization of TBSV p33-BFP
replication protein and the RFP-Atgl1 within VROs consisting of clustered peroxisomes,
marked by GFP-SKL peroxisomal matrix marker in N. benthamiana leaves. Expression of
these proteins from the 35S promoter was done after co-agroinfiltration into N.
benthamiana leaves. The plant leaves were either TBSV-infected or mock-inoculated as
shown. Scale bars represent 10 um. (B) Co-localization of the R2 domain of Atgl1 with
TBSV p33 in plant cells. See further details in panel A. (C) Confocal microscopy images
show efficient co-localization of CIRV p36-BFP replication protein and the RFP-Atgl1
within VROs consisting of clustered mitochondria, marked by GFP-AtTim21
mitochondrial marker in N. benthamiana leaves. See further details in panel A. Scale bars
represent 10 um. Each experiment was repeated.

(Note: Experiments in Figure 2.3 were in collaboration with Dr. Wenwu Lin)
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Figure 2.4. Interaction between tombusvirus replication proteins and Atgl 1.

(A) Co-purification of the yeast Hiss-Atgll with TBSV Flag-p33 and Flag-p92°°
replication proteins from detergent-solubilized subcellular membranes. Top two panels:
western blot analysis of co-purified Hise-Atg11 (lanes 1-2) with Flag-affinity purified Flag-
p33 and Flag-p92°°!. Hise-tagged proteins were detected with anti-His antibody, while
Flag-p33 was detected with anti-Flag antibody. The negative control was from yeast
expressing Hise-p33 and Hise-p92P°! purified in a Flag-affinity column (lane 3). Samples
were cross-linked with formaldehyde. Bottom two panels: western blot of total Hise-Atgl1
and Flag-p33 in the total yeast extracts. (B) Pull-down assay including the yeast GST-Hise-
Atgl1 and either the MBP-tagged TBSV p33 or CIRV p36 replication proteins. Note that
we used the soluble C-terminal region of TBSV p33 or CIRV p36 replication proteins,
which lacked the N-terminal trans-membrane domain. Top panel: western blot analysis of
the captured yeast GST-Hiss-Atgl 1 with the MBP-affinity purified p33/p36 was performed
with anti-His antibody. The negative control was the MBP (lane 1). Middle panel:
Coomassie-blue stained SDS-PAGE of the captured MBP-p33, MBP-p36 and MBP.
Bottom panels: western blot analysis of GST-Hiss-Atgl1 in total extracts. Coomassie-blue
stained SDS-PAGE of the MBP-p33, MBP-p36 and MBP in total extracts. Each
experiment was repeated three times. (C) Protein proximity-labeling with biotin in yeast.
P33 replication protein was fused to BirA biotin ligase, whereas Atgl1 was fused to Avi-
tag. Biotin treatment lasted for 2h. Top image shows the western blot analysis of the
biotinylated Avi-Atgll in total protein extract, whereas the second image shows the
streptavidin-based purified biotinylated Avi-Atgl1. Biotinylated Avi-Atgl1 was detected
with streptavidin-conjugated AP. Bottom image shows western blot analysis of BirA-Hiss-
p33 in total protein extracts. Yeast expressing Hise-p33 and Avi-Atgll was used as a
negative control. (D) Protein proximity-labeling with biotin in N. benthamiana.
Agroinfiltration was used to express p33 replication protein, which was fused to BirA
biotin ligase, and Atgl1-Avi-tag. Biotin treatment lasted for 40 min. Top image shows the
western blot analysis of the biotinylated Atgl1-Avi detected with streptavidin-conjugated
AP in total protein extracts. See further details in panel C. (E) Reciprocal protein
proximity-labeling with biotin in N. benthamiana. Agroinfiltration was used to express
Atgl1-Hise-BirA, and p33-HA-Avi-tag replication protein. See further details in panel D.

(Note: Experiments in Figure 2.4 A and B were in collaboration with Dr. Wenwu Lin)
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Figure 2.5. BiFC studies of the interaction between Atgl 1 and replication proteins within
VROs in N. benthamiana.

(A) Top two panels: Interaction between TBSV p33-cYFP replication protein and the
nYFP-Atgl1 protein was detected by BiFC. The merged images show the efficient co-
localization of RFP-SKL with the BiFC signal, indicating that the interaction between p33
replication protein and Atgl1 occurs in VROs in clustered peroxisomal membranes. Third
panel: Interaction between TBSV p92-cYFP replication protein and the nYFP-Atgll
protein was detected by BiFC. Bottom panel: negative BiFC control. (B) Interaction
between TBSV p33-cYFP or p92-cYFP replication proteins and the R1 (Atgl7-like) or R2
(Atgl1-like) domains of Atgl1 proteins were detected by BiFC. See further details in panel
A. (C) Interactions between CIRV p36-cYFP replication protein and the nYFP-Atgl1
protein or the R1 or R2 domains of Atgll were detected by BiFC. The merged images
show the efficient co-localization of RFP-AtTim21 with the BiFC signal, indicating that
the interaction between p36 replication protein and Atgl1 occurs in VROs consisting of
aggregated mitochondria. See further details in panel A. Scale bars represent 10 pm. Each
experiment was repeated three times.

(Note: Experiments in Figure 2.5 were in collaboration with Dr. Wenwu Lin)
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Figure 2.6. Atgl 1 facilitates the recruitment of the cellular ER-resident VAP protein, Sacl
and Osh6 proteins into tombusvirus replication compartment.

(A) Co-purification of the yeast Hiss-Scs2 VAP protein with TBSV Flag-p33 and Flag-
p92°°! replication proteins from subcellular membranes of WT or atg11A yeast strains. Top
two panels: western blot analysis of co-purified Hiss-Scs2 detected with anti-His antibody,
whereas Flag-p33 was detected with anti-Flag antibody. Samples were cross-linked with
formaldehyde. Bottom panel: western blot of total Hise-Scs2 in the total yeast extracts. (B)
Co-purification of the yeast Hise-Osh6 with TBSV Flag-p33 and Flag-p92°P° replication
proteins from subcellular membranes of WT or atgl 1A yeast strains. See further details in
panel A. (C) Co-purification of the yeast Hiss-Fisl with TBSV Flag-p33 and Flag-p92°°!
replication proteins from subcellular membranes of WT or atgl 1A yeast strains. See further
details in panel A. (D) Co-purification of the yeast Hiss-Sacl with TBSV Flag-p33 and
Flag-p92P°' replication proteins from subcellular membranes of WT or atg1 1A yeast strains.
See further details in panel A. Each experiment was repeated.
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Figure 2.7. Interaction between Atgl1 and Sacl PI4P phosphatase protein within VROs in
N. benthamiana.

(A) BiFC approach was used to demonstrate interaction between nYFP-Atgl1 and cYFP-
Sacl proteins within the TBSV p33-BFP-positive VROs (B) or CIRV p36-BFP-positive
VROs. Expression of the above proteins from 35S promoter was done after co-
agroinfiltration into N. benthamiana leaves infected with either TBSV or CIRV or mock-
inoculated. Scale bars represent 10 pm. Each experiment was repeated.

(Note: Experiments in Figure 2.7 were in collaboration with Dr. Wenwu Lin)
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Figure 2.8. Protein proximity-labeling of vMCS proteins with biotin in yeast and plants.

(A) Proximity labeling with BirA-Atgl1 of the Avi-tagged Osh6, Sacl and Scs2 vMCS
proteins. Hiss-p33 was co-expressed in the marked samples. Biotin treatment lasted for 30
min. Top image shows the western blot analysis of the biotinylated Avi-tagged proteins
detected with streptavidin-conjugated AP in total protein extracts. Bottom image shows
western blot analysis of vMCS proteins via anti-His antibody in total protein extracts. (B)
Proximity labeling with BirA-p33 of Avi-tagged Osh6, Scs2 Fisl and Sacl vMCS proteins.
Atgl1 was co-expressed in the marked samples. Biotin treatment lasted for 30 min. Top
image shows the western blot analysis of the biotinylated Avi-tagged proteins detected with
streptavidin-conjugated AP in total protein extracts. Bottom image shows western blot
analysis of vMCS proteins via anti-His antibody in total protein extracts. (C) Control
experiment for proximity labeling with BirA-p33 of Avi-Osh6. See panel B for further
details. (D) Proximity labeling with Atgl1-BirA of the Avi-tagged ORP3 oxysterol-
binding protein and PVA12 VAP protein, which are core vMCS proteins. The time points
were 31 h (lanes 1, 4, 8 and 11); 48 h (lanes 2, 5, 9 and 12); and 56 h (lanes 3, 6, 10 and
13) after agroinfiltration. Biotin treatment lasted for 60 min. Plants were infected with CNV
or not-infected as shown. Top image shows the western blot analysis of the biotinylated
Avi-tagged proteins detected with streptavidin-conjugated AP in total protein extracts.
Bottom image shows western blot analysis of vMCS proteins via anti-His antibody in total
protein extracts.
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Figure 2.9. Atgll affects sterol re-localization to internal sites in yeast replicating TBSV
RNA.

Fluorescent microscopic images of yeast cells stained with the filipin dye. Decreased level
of re-localization of ergosterols to internal punctate structures in atgl 1A yeast replicating
TBSV (second row from left) in comparison with WT yeast (first row from left) or atgl 1A
yeast expressing Atgl1 from a plasmid (third row from left). Yeasts expressed the p33 and
p92 replication proteins and the TBSV repRNA. We also show the previously characterized
effect of Fisl deletion on sterol distribution in fis1 A yeast replicating TBSV, which results
in reduced ergosterol re-distribution from the plasma membrane to internal punctate
structures, similar to that observed in atgl 1A yeast. The control fluorescent microscopic
images of yeast cells lacking viral components are shown in the panels on the right. Note
that filipin stains ergosterols present mostly in the plasma membrane in virus-free WT or
atgl 1A yeast cells. We calculated the percentage of yeast cells, which represented
ergosterol-rich membranes filling 20% or more of the intracellular space in yeast versus
minimal or no intracellular puncta. We have based our calculations on total of ~100 or
more yeast cells for each experiment. The bottom panel illustrates the representative size
and distribution of sterol-rich punctate structures and the plasma membrane. Each
experiment was repeated.
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Figure 2.10. Double-deletion of ATGI1 and FISI further decreases tombusvirus RNA
accumulation in yeast.

(A) Replication of the TBSV repRNA was measured by northern blotting 24 h after
initiation of TBSV replication in the shown yeast strains. The accumulation level of
repRNA was normalized based on the ribosomal (r)RNA. TBSV RNA accumulation in
atgl 1A yeast strain was taken as 100% in each experiment. The third panel shows the
accumulation of Hise-p33 based on western blotting with anti-His antibody. (B)
Complementation of ATGI11 and FISI deletion or double-deletion by over-expression of
Sacl vMCS protein yeast. Northern and western blots with anti-His antibody were done as
described in panel A. Each experiment was repeated.
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Figure 2.11. Deletion of ATG11 sensitizes tombusvirus RNA to RNAi-based degradation
in yeast.

Co-expression of S. castellii AGO1 and DCRI in atgl 1A and fis1A yeasts reduces TBSV
repRNA accumulation to a larger extent than in WT yeast (BY4741). Top panel:
Replication of the TBSV repRNA was measured by northern blotting 24 h after initiation
of TBSV replication. The accumulation level of repRNA was normalized based on the
ribosomal (r)RNA. Note that the TBSV repRNA, p33 and p92 replication proteins were
expressed from plasmids. Each sample is obtained from different yeast colonies. Yeast
strain not expressing RNAi components is taken as 100% in each experiment. Average
value and standard deviation is calculated from all the biological repeats. Ribosomal RNA
is shown as a loading control. Each experiment was repeated three times.
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Figure 2.12. A model on the functional role of the Atgl 1 autophagy scaffold protein in the
formation of virus-induced vMCS.

(A) Expression of the abundant p33 replication protein of TBSV leads to p33 molecules-
driven efficient recruitment of Atgll to vMCS. P33 and Atgll bind to other vMCS
proteins, including the ER-resident VAP tethering protein and Sacl PI4P phosphatase, the
peroxisomal Fis1 mitochondria fission protein and the cytosolic oxysterol-binding proteins
(ORP). The cellular PI4K kinase and Ufel and Usel SNARE complex are also recruited
into vMCS. We propose that all these interactions lead to the tethering of the peroxisomal
membranes to the subdomains of the ER membrane, resulting in the formation and
stabilization of vMCSs. (B) The interplay between the co-opted ORP proteins, PI(4)P
phosphoinositide and Sac1 facilitates the enrichment of sterols and other lipids within the
peroxisomal membranes. These processes render the peroxisomal membranes highly
suitable for the formation of VROs needed for virus replication. Please note the related
CIRV co-opts similar set of host proteins and builds similar virus-induced vMCS structures
utilizing mitochondrial membranes, instead of peroxisomes, and the ER membranes.
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1. AT4G30790
2. Niben1015cf09742g00014.1
3. Niben1015Scf02359g00022.1

MSSSNASSGVVQVGKLLVHIAENGQSYELNCDEYTLVDAVQQFLESVSGIPIGDQLLLCLDPVKLELHCPLSTYKLPSDDR

-MSGSFTESFADDGKLLLCVAENGHSFEFQCSETTSVESVMRFVESVSGIALSDQLLLSLDMKLEPQKLLSAFGLPASDR 79
MSSSNASSGVVQVGKLLVHIAENGQSYELNCDEYTLVDAVQQFLESVSGIPIGDQLLLCLDVKLELHCPLSTYKLPSDDG 80
3 MSSSNASSGVVQVGKLLVHIAENGQSYELNCDEYTLVDAVQQFLESVSGIPIGDQLLLCLDVKLELHCPLSTYKLPSDDR 80

EVILFNKARMRSNAPPPLPEEVEIIDIPDPPLPSSSHDPHPLDDATDPALKALPSYERQFRENEQIGHATVSNSGMIEET™ APG17 domain
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3 EVILFNKARMRSNAPPPLPEEVEIIDIPDPPLPSSSHDPHPLDDATDPALKALPSYERQFRFHFQSGHAIYSRSQMRIET 160

1 CERLTREQKVQQRAVEVATRNLEQYYRVIYQNFLEFMKRYKHQHRLHSDLLMNFGRDIEKLRSAKIHPYLQTESRKCLLD 239
CERLLREQKVQERALGIARGNLDHFYGMIVQNYNDFLKCYSQQYRSHSNLLSNFGRDIEKLRSCKLHPALQTANRKCLLD 240
3 CERLFREQKVQERALGIARGNLDHFYGMIVQNYNDFLKCYSQQYRSHSNLLSNFGRDIEKLRSCKLHPALQTVNRKCLLD 240
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FVKEENLRKLAEDCSGSHRQFENKVTEFKHEFGELEHNAKHLFSTRGSHIIREVELAIRDHQKYVSEQKSIMQALSKDVN 320
3 FVKEENLRKLAEDCSGSHRQFENKVTEFKHEFGELEHNAKHLFSTRGSHIIREVELAIRDHQKYVSEQKSIMQALSKDVN 320

1 TVKKLVDDCMSSQVSSSLRPHDAVSALGPMYEVHDKNHLPKMQACYNSISELLDFCKNKKNEMNNFVHGYMQKITYVTYI 399
2 MVKKLVDDCLANQLSSSLRPHDAVSALGPMYECHEKSYLPKMQACDGEVSNLVDFCKDKKNEMNILVHSYMQKVAYIQYT 400
3 MVKKLVDDCLANQLSSSLRPHDAVSALGPMYECHEKSYLPKMQACDGEISNLVDFCKDKKNEMNILVHSYMQKVAYIQYT 400

1 IKDAKLQFPVFREAMVRQDDLFADLKLVRGVGPAYRACLAEVVRRKASMKLYMGMAGQLAEKLAMKRETEVRKREEFLKT 479
2 IKDIRCKFAVFQEALRRQVDLFEHLKVLRGIGPAYRACLAEVVRRKAAMKLYMGMAGQLAERLATRRETEVRRREEFLRV 480
3 IKDIRCKFAVFQEALRRQGDLFEHLKVVRGIGPAYRACLAEVVRRKAAMKLYMGMAGQLAERLATRRETEVRKREEFLRV 480

ST RDIEASHGENDT PNHCDVNITPFDTKLLDVEISDIDRYAPEYL GLSSRSEKHGTLKSPLSMS DGSQLAETE-
1| HGPFVPRDVLASMGLYDTPTQCDVNVAPYDTSLLNIEISDVDRYAPEFLVGLHS---KIASLKSSLTMSGDSSLSAEPEE 556
NSTYTIPRDILASMGLYDTPNHCOVNITPFDTKLLDVETISDIDRYAPEYLFGLSSRSEKHGTLKSPLSMSNDGSQLAETE- 550
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Figure S2.1. Sequence alignment of the Arabidopsis Atgll (AT4G30790) and the N.
benthamiana Atgl1 (Nibenl01Scf09742g00014.1 and Niben101Scf02359g00022.1) amino
acid sequences. The ATG17-like APG17 and Atgl 1-like domains are indicated.

(Note: Experiments in Figure S2.1 were in collaboration with Dr. Wenwu Lin)
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Figure S2: Sequence alignment for NbATG11-

silencing

R2:

CLUSTAL 0(1.2.4) multiple sequence alignment
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GCTGCAAATAAACAGCTAGCGAAGGAGTTGGACGAAAAGAAAGAATTGGTTAACACCCTC 6@
GCTGCAAATAAACAGCTAACGAATGAGTTGGACGAAAAGAAAGAATTGGTTAACACCCTC 6@
e
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TTATTTTCTACCAGAGGTTCACATATTATTAGGGAAGTGGAACTAGCTATCAGAGACCAT
TTATTTTCTACCAGAGGTTCACATATTATTAGGGAAGTGGAACTAGCTATCAGAGACCAT
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Figure S2.2. Sequence alignment of the R2 and R3 regions of NbATG11 genes used for the
VIGS experiments.
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FIGURE S3
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Figure S2.3. Supplement to Figure 2.4.

(A) Western blot analysis of co-purified yeast Hiss-Atgl1 with TBSV Flag-p33 and Flag-
p92°°! replication proteins from detergent-solubilized subcellular membranes. See further
details in Figure 2.4A. (B) Western blot analysis of accumulation of Atgl1-myc and p33-
myc in N. benthamiana. See further details in Figure. 2.4D.
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FIGURE S4
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Figure S2.4. Supplement to Figure 2.8.

Lack of proximity labeling with BirA-p33 of Avi-tagged Tefl protein in yeast. Avi-Tefl
was co-expressed in the marked samples. Avi-Osh6 co-expression with BirA-p33 served
as a positive control. Biotin treatment lasted for 30 min. Western blot analysis show the

detection of the biotinylated Avi-tagged proteins with streptavidin-conjugated AP in total
protein extracts. See further details in Figure 2.8B.

77



CHAPTER 3.

SUBVERSION OF SELECTIVE AUTOPHAGY FOR THE BIOGENESIS OF
TOMBUSVIRUS REPICATION ORGANELLES INHIBITS AUTOPHAGY

(This chapter was published in Plos Pathogens, March 14, 2024. 20(3): e1012085.
Copyright © 2024 Kang et al.)

3.1 Introduction

Positive-strand (+)RNA viruses infect and cause many diseases in eukaryotic
organisms. (+)RNA viruses have small genomes and they have to co-opt numerous host
factors to support their replication inside the infected cells. Virus replication depends on
the biogenesis of viral replication organelles (VROs), which cluster many membrane-
bound viral replicase complexes (VRCs) (63-70). VRO biogenesis requires usurping
various intracellular organelles, membrane deformation, new lipid biosynthesis,
phospholipid and sterol transfer and co-opting vesicular trafficking (4, 69, 71-73). The
membranous VROs sequester the viral (+)RNA and viral and co-opted host proteins for
efficient replication. In addition, VROs also protect the viral (+)RNA and the dsRNA
replication intermediate from recognition and elimination by the host innate immune
system (74-76, 136-140). Altogether, the VROs coordinate the viral replication process
spatiotemporally (64, 69, 71, 77, 78).

Tomato bushy stunt virus (TBSV), which is a small (+)RNA virus of plants, is
studied intensively to unravel the basic mechanism of viral RNA replication (79-82). TBSV
codes for two essential replication proteins, the p92 RdRp and the p33 replication protein,
which is the master regulator of VRO assembly and viral (+)RNA recruitment into VRCs
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(7, 83). TBSV replicon (rep)RNA replicates in the surrogate host yeast (Saccharomyces
cerevisiae) to a high level (80, 84, 85). Yeast-based genome-wide and proteome-wide
studies with TBSV led to the identification of numerous host factors co-opted for viral
RNA replication and recombination (64, 80, 86-88, 141). Overall, TBSV depends on global
phospholipid and sterol biosynthesis (89-91). Formation of viral replicase complexes
(VRCs) and activation of the viral-coded p92 RdRp requires phospatidylethanolamine
(PE), phosphoinositides and sterols (25, 26, 32, 40, 83, 90, 92-94).

TBSV induces subcellular membrane proliferation and peroxisome aggregation in
both yeast and plant cells. One of the characteristic features of TBSV infection is the
formation of virus-induced membrane contact sites (VMCSs) (39, 80, 95, 96). vMCS forms
between the hijacked subdomain in the ER and the peroxisome with the help of p33
replication protein and co-opted host proteins, such as oxystrerol-binding proteins, ER-
resident Sacl PI4P phosphatase and VAP proteins and Fisl mitochondrial fission protein
(39, 40, 104). vMCS function is essential for the enrichment of sterols and
phosphoinositides within VROs (39) to protect TBSV replication protein from proteasomal
degradation (32, 83). In addition to subversion of peroxisomes by TBSV and mitochondria
by the closely related carnation Italian ringspot virus (CIRV), these viruses also co-opt a
subdomain of ER containing a SNARE complex, including the syntaxin18-like protein (97,
98). Moreover, tombusviruses hijack Rab5-positive endosomes, Rabl-positive COP II
vesicles and the retromer tubular transport carriers. These co-opted vesicles provide
membranes, lipids, and lipid synthesis and modification enzymes for VRO biogenesis (9,

92,117, 128).
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Autophagy plays an important role in maintaining cellular homeostasis and also in
defense against invading pathogens in plants and animals. Autophagy is initiated by
autophagy-related proteins (ATGs) at the phagophore assembly site (PAS) by recruitment
of cargo proteins or damaged organelles, followed by maturation into autophagosome
(105-109). The autophagosomes are double-membrane organelles, which deliver the
cargoes into vacuoles for degradation and recycling. Recent studies revealed an important
antiviral role of autophagy that leads to degradation of viral proteins or virions. However,
several viruses block autophagy or utilize autophagy to degrade host defense factors,
whereas other viruses exploit autophagy to support virus replication (110, 111, 142-148).
Autophagy also targets plant viruses and it is a major player in antiviral innate immunity
(149-155). Several plant viruses manipulate the autophagy machinery to inhibit antiviral
defenses in plants (156-160). However, plant viruses also exploit autophagy for pro-viral
functions (145, 161, 162).

ATGS is a ubiquitin-like protein that is essential for autophagy (163, 164). ATGS8
is activated through sequential steps by several ATG proteins, ultimately leading to
lipidation of ATGS. ATGS conjugated to phosphatidylethanolamine (PE) is bound to the
phagophore membrane and it interacts with several ATG proteins and also with cargo
receptor proteins, such as NBR1 (149, 165, 166). Together with the cargoes, a fraction of
ATGS-PE is delivered to the vacuole by the matured autophagosome for degradation.

We have previously found that ATG11 selective autophagy scaffold protein is
recruited by the TBSV p33 replication protein into VROs (167). The co-opted ATG11

facilitates the formation of vMCS, thus playing a pro-viral role. The findings that
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tombusviruses usurp a key selective autophagy protein for pro-viral functions open the
question: Do tombusviruses usurp additional autophagy proteins or membranes?

In this work, we demonstrate that the key autophagy protein, ATGS, is recruited
into TBSV VROs via interaction with the p33 replication protein. Moreover, NBR1
selective autophagy protein is also subverted by p33. Knockdown of ATG8f or NBR1 in
Nicotiana benthamiana led to decreased TBSV and CIRV replication, suggesting pro-viral
function of selective autophagy in tombusvirus replication. Co-opting the above autophagy
proteins into the VROs resulted in reduced autophagic flux, suggesting that tombusviruses
regulate the autophagy pathway in plants. We observed that a fraction of the usurped
ATGS8f or NBR1 formed biomolecular condensates associated with VROs, likely trapping
those proteins away from the general autophagy pathway. Overall, tombusviruses hijack
selective autophagy to provide phospholipid-rich membranes for replication and to regulate

the antiviral authophagic flux.

3.2 Results

Recruitment of ATGS8 into tombusvirus VROs in plants. To learn if additional
autophagy component(s) is usurped by TBSV into VROs, we selected small ubiquitin-like
ATGS key autophagy protein, based on the ability of ATG8 to bind most cargo receptors
and core autophagy proteins (163). Confocal imaging showed that co-expression of GFP-
tagged ATG8f2 (called ATGS8f hereafter) with BFP-tagged TBSV p33 replication protein
and RFP-SKL peroxisomal marker protein in N. benthamiana cells infected with TBSV
led to the accumulation of GFP-ATGS8f in TBSV VROs. Higher magnification of the

images showed that GFP-ATGS{ partially co-localized with the TBSV p33 replication
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protein in the VRO representing clustered peroxisomes (Fig 3.1A, top panels). GFP-ATGS8f
also formed small punctate structures within the VROs. Induction of autophagy via
darkness treatment of N. benthamiana plants (168) did not interfere with the recruitment
of GFP-ATG&8f into VRO (Fig 3.1A, middle panels). However, we noted ~4-fold increased
number of small punctate structures containing GFP-ATGS8f within the VROs after
darkness treatment. GFP-ATGS8f was localized in the cytosol of N. benthamiana cells in
the absence of TBSV infection (Fig 3.1A).

Confocal microscopy-based experiments showed that the closely-related CIRV,
which usurps clustered mitochondria for replication, co-opted GFP-ATGS8f into VROs
marked with the CIRV p36-BFP replication protein and RFP-Tim21 mitochondrial
membrane protein (Fig 3.1B, top panels). After darkness treatent of N. benthamiana, the
localization pattern of GFP-ATGS8f within the CIRV VROs was similar to the pattern
observed with TBSV VROs (compare Fig 3.1A and 3.1B). Also, we counted ~4-fold
increased number of small punctate structures containing GFP-ATGS8f within the CIRV
VROs after darkness treatment.

To test if additional members of the ATGS8 protein family were also co-opted by
TBSV, we selected ATG8a and ATG8i. Interestingly, both GFP-ATG8a and GFP-ATGS8i
were usurped into TBSV and CIRV VROs, forming small number of punctate structures
(Fig 3.1C and S3.1A-C Fig). We also found that the minus stranded replicon RNA, which
is the replication intermediate and marks the site of virus replication (104, 169) was co-
localized with p33 replication protein and ATGS8a in the replication compartment in M.
benthamiana replicating the closely-related cucumber necrosis (CNV) helper virus, which

supplied the RdRp (S3.2 Fig). Therefore, we suggest that ATGS8a is recruited to VROs that
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are active in viral RNA synthesis. Based on these experiments, we conclude that ATGS8
autophagy-related proteins are efficiently recruited by tombusviruses to VROs in M.
benthamiana.

To test if additional core autophagy proteins were recruited into tombusvirus
VROs, we performed confocal microscopy experiments, which revealed that GFP-ATG4,
GFP-ATGla, GFP-ATG101, and GFP-ATGS core autophagy proteins were co-localized
with TBSV p33 replication proteins within VROs marked by RFP-SKL peroxisomal
marker (S3.3 Fig). We also tested the plant specific autophagy adaptor protein SH3P2, a
BAR domain protein, which participates in membrane deformation of phagophore
assembly site (170, 171). Moreover, SH3P2 is targeted by the Xanthomonas effector
protein, XopL, for degradation to suppress autophagy (172). Interestingly, GFP-SH3P2 is
re-localized to the VROs in the presence of p33 replication protein (S3.3 Fig). Taken
together, several autophagy proteins are re-localized to TBSV VROs, suggesting that

TBSV hijacks the autophagy machinery in plant cells.

Tombusvirus replication proteins interact with ATGS8 in plants. To test if the
TBSV p33 replication protein interacts with ATGS8f, bimolecular fluorescence
complementation (BiFC) experiments were conducted in N. benthamiana leaves. The BiFC
signals revealed specific interaction between TBSV p33 replication protein and ATG8f and
the interaction occurred in the VROs marked with RFP-SKL peroxisomal marker (Fig
3.2A, and the bottom panel for the negative control experiment). BiFC assays showed that
the CIRV p36 replication protein interacted with ATG8f within the VROs (Fig 3.2B).

Similar experiments also showed interactions between the TBSV p33 or CIRV p36
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replication proteins and ATGS8a (Fig 3.2C), and TBSV p33 or CIRV p36 and ATGSi
(S3.1D Fig) in VROs. Thus, bulk of the interactions between the tombusviral replication
proteins and ATGS takes place within the VROs in N. benthamiana.

To confirm interactions between the TBSV p33 replication protein and ATG8f, we
performed protein proximity-labeling approach. This was based on E. coli-derived BirA
biotin-ligase and Avi tag, which serves as a biotin acceptor peptide (119, 120). The BirA
was fused to p33, which targets the fusion protein to VROs (167). The Avi tag was fused
to ATGS8f to monitor proximity to p33-BirA in plant cells. Co-expression of p33-BirA and
Avi-ATGS8f in N. benthamiana led to biotinylation of Avi-ATGS8f (Fig 3.2D, lanes 1-2).
Co-expression of Myc-tagged p33 (absence of the BirA fusion), and Avi-ATGS8f did not
lead to its biotinylation in N. benthamiana, thus excluding endogenous biotin ligase activity
in plant (Fig 3.2D, lanes 3-4). GFP-BirA was expressed in N. benthamiana to measure
basal level of biotinylation of Avi-ATGS8f (Fig. 3.2D. lanes 8-10). Altogether, the above
data confirm the close proximity of ATGS8f autophagy protein to the tombusvirus p33
replication protein in plant cells.

To further confirm interactions between the TBSV p33 replication protein and
ATGS8, we performed three additional assays. The first one was based on affinity-
purification of Flag-p33 from detergent-solubilized membrane fraction of plants
expressing YFP-ATGSf (Fig 3.2E) or Hise-ATG8a (S3.4A Fig) (104). The negative control
was plants expressing Hiss-p33 and YFP-ATGS8f or Hise-ATG8a. The second interaction
assay was a pull-down assay with MBP-tagged p33 or MBP-p36 and GST-6xHis-tagged
ATGS8a purified from E. coli (Fig 3.2F). For the pulldown assay, we used N-terminally

truncated TBSV p33 and CIRV p36 replication proteins lacking their membrane-binding
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regions to aid their solubility in E. coli. Altogether, the pulldown data suggest that the
replication proteins of TBSV and CIRV use their C-terminal domains facing the cytosolic
compartment to directly interact with ATG8a protein in vitro. Additional pulldown
experiments also showed that the very N-terminal region of TBSV p33 (1-82 aa, lacking
the membrane-binding regions) bound with ATG8f (S3.4B Fig). Mutagenesis of the
predicted ATG8-binding motif (AIM1) within the N-terminal region did not completely
eliminate binding to ATG8f, whereas deletion of the N-terminal 36 aa eliminated binding
to ATGS8f (S3.4B Fig). These data suggest that p33 sequences outside of AIM1 contribute
to binding to ATGS8f. The third interaction assay was based on the split-ubiquitin-based
membrane yeast two-hybrid assay (MYTH) (173). We found that both ATG8a protein and
the yeast SCATGS protein interacted with the full-length TBSV p33 replication protein in
yeast (S3.4C Fig).

Protein proximity-labeling also showed close proximity of ATG4, ATG101 and
ATGS autophagy proteins to the tombusvirus p33 replication protein in plant cells (S3.5A
Fig). We confirmed the interactions of ATG4, ATGS and ATG101 with the TBSV p33
replication protein using affinity-purification of Flag-p33 from detergent-solubilized
membrane fraction of plants (S3.5B Fig). BiFC studies demonstrated interactions between
TBSV p33 and SH3P2 autophagy adaptor protein and ATG8f and SH3P2 in the VROs
(S3.6A-B Fig). These data suggest that the TBSV p33 replication protein actively recruits

several autophagy proteins via protein-protein interactions into VROs.

ATGS autophagy protein facilitates tombusvirus replication in plants. The

robust recruitment of ATG8 autophagy protein into VROs might have an effect on
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tombusvirus replication. To test this possibility, we silenced ATG8f expression using
virus-induced gene-silencing (VIGS) in N. benthamiana plants. The region selected in
NbATGS8f was specific to the highly similar f1 and f2 members of the ATGS8 gene family.
Knockdown of ATG8fin N. benthamiana led to ~3-fold reduction of TBSV and the closely
related cucumber necrosis virus (CNV2%5P) ‘which does not express the gene silencing
suppressor protein) replication, and ~6-fold reduction of CIRV RNA accumulation in the
inoculated leaves (Fig 3.3A-C). Knockdown of ATGS8f level did not cause obvious
phenotype in N. benthamiana. Silencing of ATG8f expression did not affect the expression
of ATG8a or ATGSi (S3.7 Fig). Knockdown of ATGS8a in N. benthamiana plants also
reduced TBSV RNA accumulation by >2-fold (Fig 3.3D), whereas knockdown of ATGS8i
did not have much effect on TBSV replication (S3.1E Fig). Based on the most pronounced
effect of ATG8f knockdown on tombusvirus replication, we focused on ATGSf in
subsequent studies.

To test if ATG8f expression is affected during TBSV infection in N. benthamiana
plants, RT-qPCR analysis was performed. Comparison of ATG8f mRNA levels in TBSV-
infected versus mock-treated N. benthamiana leaves revealed 2-fold up-regulation of
ATGS8f mRNA level in the TBSV inoculated leaves 2 days after inoculation (dpi) (Fig
3.3E). Interestingly, ATG8f mRNA level was ~20-fold higher in systemically-infected
leaves in comparison with similar leaves in the control uninfected plants (Fig 3.3E). These
data indicate that TBSV replication induces high level expression of ATGS8f in M.
benthamiana plants.

During autophagy process, ATG8 becomes lipidated by the ATG12-ATG5-ATG16

complex, making ATGS8-PE (phosphatidylethanolamine), which is membrane bound and
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shows enhanced activities (163). To test if ATGS lipidation is important during TBSV
infections, we knocked down ATGS5 via VIGS in N. benthamiana. TBSV RNA
accumulation was reduced by ~4-fold in ATGS knockdown plants (Fig 3.3F), suggesting
a role of ATGS lipidation in TBSV replication. To test the combined role of the ATGS8
family members and ATGS lipidation in TBSV replication, we expressed RavZ protease,
which is an effector protein from Legionella bacterium (174, 175). RavZ has been shown
to cleave lipidated LC3 (an ATGS ortholog) of the mammalian host, effectively destroying
LC3/ATGS8 function in autophagy (174, 175). We confirmed that expression of RavZ
protease inhibited general autophagy in N. benthamiana based on ‘free” GFP analysis using
GFP-ATGS8f (Fig 3.3G, lane 2 versus 4). This assay is based on that autophagy pathway
sends GFP-ATGSf into the vacuole for degradation. However, the GFP portion of the
fusion protein is relatively stable in the vacuole and the protease-driven degradation
process results in the release of ‘free” GFP from the fusion protein, which can be detected
via western blotting (176). In addition, expression of RavZ eliminated the ATG8f-PE form
in plant cells (Fig 3.3H, lanes 1-2 versus 3-4). We found that expression of RavZ inhibited
TBSV replication by >2-fold in N. benthamiana (Fig 3.3I). Altogether, the above data
confirmed that ATG8 members, especially ATGS8{, play pro-viral roles in tombusvirus
replication in plants. Moreover, the inhibitory effect of RavZ effector expression on TBSV

replication also supported the role of lipidated ATGS.

NBRI1 selective autophagy receptor is recruited into TBSV VROs. Because
ATGS participates in both bulk and selective autophagy pathways (163), we tested if TBSV

usurps NBR1 selective autophagy receptor (149, 166, 177) into VROs. Confocal imaging
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showed that co-expression of eGFP-NBR1 with BFP-tagged TBSV p33 replication protein
and RFP-SKL peroxisomal marker protein in N. benthamiana cells infected with TBSV
led to the accumulation of eGFP-NBR1 in TBSV VROs (Fig 3.4A). Interestingly, eGFP-
NBRI1 formed different patterns within the VROs. These included small punctate structures
within the TBSV and CIRV VROs (Fig 3.4A-B), similar to those seen with ATGS8f (Fig
3.1A). Several puncta showed the co-localization of eGFP-NBR1 with the replication
proteins (see enlarged panel Fig 3.4A-B), whereas other puncta were enriched with mostly
eGFP-NBR1. eGFP-NBRI1 also formed larger puncta, which did not co-localize with p33
replication protein, but were associated with the VROs (Fig 3.4A, central panel). BiFC
experiments showed interaction between TBSV p33 and NBR1 within the VROs (Fig
3.4C). Two types of patterns were present in BiFC images, one forming mostly circles
around the peroxisomes (top image, Fig 3.4C) and the other type showing small puncta
(bottom image, Fig 3.4C). To confirm interactions between the TBSV p33 replication
protein and NBR1, we performed protein proximity-labeling approach with p33-BirA and
Avi-NBR1. Co-expression of p33-BirA and Avi-NBRI1 in N. benthamiana led to
biotinylation of Avi-NBR1 (S3.5 Fig, lanes 13-14). Co-expression of Myc-tagged p33
(absence of the BirA fusion), and Avi-NBR1 did not lead to its biotinylation in M.
benthamiana (S3.5 Fig, lanes 15-16). Altogether, the above data confirm the close
proximity of NBR1 selective autophagy receptor to the tombusvirus p33 replication protein
in plant cells. Interaction between CIRV p36 replication protein and NBR1 was also
observed by BiFC (Fig 3.4D). These data support the model that TBSV and CIRV hijack

NBRI1, and the selective autophagy.
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NBR1 is known to interact with ATGS8f in plant cells (149, 177). Indeed, we
observed that eGFP-NBR 1 co-localized with RFP-ATG8f and p33-BFP replication protein
in small puncta within the VROs (Fig 3.5A). Using BiFC by co-expressing nYFP-NBR1
and cYFP-ATGSf in N. benthamiana infected with TBSV, we found that the co-opted
NBR1 and ATGSf interacted within the VROs marked with TBSV p33-BFP (Fig 3.5B).
Interestingly, the interacting eGFP-NBR1 and RFP-ATG8f were mostly present in
punctate structures associated with the VROs. Moreover, when eGFP-NBR1 and RFP-
ATGSf together formed larger puncta, then p33 replication protein and the co-opted
peroxisomes seemed to be excluded from the puncta. However, the puncta and the co-opted
peroxisomes were always located in close vicinity within the VROs (Fig 3.5B). This
suggests maturation of eGFP-NBR1 and RFP-ATGS8f puncta into “bodies” sequestering
eGFP-NBR1 and RFP-ATGS8f within VROs.

To test if ATGS8f affects the recruitment of NBR1 into the VROs, we knocked down
ATGSf levels via VIGS in N. benthamiana infected with TBSV. Confocal microscopy
analysis showed that eGFP-NBR1 was efficiently recruited into the VROs marked either
by p33-BFP or RFP-SKL in ATGS8f knockdown cells (Fig 3.6A). Expression of RavZ
protease, which eliminates ATGS8-PE (Fig 3.3H), did not interfere with the subversion of
NBRI1 to the TBSV VROs (Fig 3.6B). Knocking down NBRI1 levels via VIGS in N.
benthamiana infected with TBSV did not seem to inhibit the recruitment of GFP-ATG8f
into VROs (Fig 3.6C). Expression of RavZ protease did not interfere with the subversion
of ATGS8f to the TBSV VROs (S3.8 Fig), suggesting that TBSV p33 could recruit the

nonlipidated ATG8f to the VROs. Thus, NBR1 and ATGS8f are co-opted by p33 replication
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protein seemingly separately into VROs. However, we cannot exclude that the co-opted

NBR1 and ATG8f is recruited as a complex by p33 into VROs in WT plants.

The co-opted NBR1 autophagy receptor promotes tombusvirus replication in
plants. Knockdown of NBR1 in N. benthamiana via VIGS resulted in ~2-fold decrease in
TBSV replication and >3-fold reduction of CIRV RNA accumulation in the inoculated
leaves (Fig 3.7A-B). Knockdown of NBR1 mRNA level did not cause phenotype in N.
benthamiana. These experiments suggest that subversion of NBR1 by p33 has a pro-viral
role in tombusvirus replication in plants.

To test if TBSV infection affects NBR1 expression in N. benthamiana plants, we
used RT-qPCR analysis, which showed increased production of NBR1 mRNA at 48 h post
inoculation in comparison with mock-treated N. benthamiana leaves (Fig 3.7C). These data

suggest that TBSV replication induces NBR1 expression in N. benthamiana plants.

Enrichment of PE in TBSV VRO membrane is affected by ATG8 and NBR1.
We have previously shown that TBSV induces the remarkable enrichment of PE within
membranes of VROs (25). To determine if ATGS8 and the selective autophagy pathway
plays a role in PE enrichment within VROs, we tested PE distribution in ATG8f and NBR1
knockdown N. benthamiana protoplasts (single cells without the cell wall) infected with
TBSV. Confocal microscopy was used to detect the subcellular distribution of PE by
applying biotinylated duramycin peptide and streptavidin conjugated with Alexa Fluor 405
(25, 92). Interestingly, PE enrichment was low within TBSV VROs in ATG8f knockdown

protoplasts (Fig 3.8A), whereas PE was highly enriched within VROs in control protoplasts
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(Fig 3.8A). To confirm the role of ATGS in PE-enrichment in TBSV VROs, we expressed
RavZ protease in N. benthamiana infected with TBSV. Confocal microscopic analysis of
protoplasts expressing RavZ protease showed reduced enrichment of PE within the TBSV
VROs (Fig 8A). NBR1 knockdown also reduced PE enrichment within TBSV VROs in
protoplasts (Fig 3.8B). Altogether, these data support the role of ATG8f and NBR1 and the
selective autophagy pathway in PE enrichment within TBSV VRO membranes in N.
benthamiana. Thus, TBSV utilizes the selective autophagy pathway to contribute PE and

membranes to the biogenesis of VROs in plants.

Enrichment of PI(3)P within the TBSV replication compartment is affected by
ATGS and NBR1. Previously, we have shown that TBSV infection induces the production
and enrichment of PI(3)P within VRO membranes, which facilitates viral replication (9,
32, 117). The autophagic membranes are enriched in PI(3)P (163, 178). Therefore, we
tested if recruitment of ATG8 or NBR1 by the TBSV p33 replication protein could affect
enrichment of VRO membranes with PI(3)P. ATGS8f level was knocked down via VIGS
and the accumulation of PI(3)P was determined in N. benthamiana protoplasts infected
with TBSV. In comparison with the control protoplasts, PI(3)P accumulation within the
TBSV VROs was poor (barely detectable) in ATGSf silenced protoplasts (Fig 3.9A). We
also expressed RavZ protease to destroy ATGS8 activities in N. benthamiana infected with
TBSV, followed by detecting PI(3)P accumulation using RFP-2xFYVE biosensor in
VROs. RFP-2xFY VE selectively binds to PI(3)P in cells, including plant cells (9, 179).

RavZ expression inhibited the accumulation of PI(3)P in TBSV VROs, confirming the role
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of ATGS in facilitating PI(3)P production in TBSV VROs (Fig 3.9B). NBR1 knockdown

also reduced PI(3)P accumulation within TBSV VROs in protoplasts (Fig 3.9C).

ATGSf promotes the recruitment of VPS34 PI3 kinase into VROs. VPS34 PI(3)
kinase is recruited to autophagic membranes to produce PI(3)P from PI phospholipid (163).
TBSV has been shown to hijack VPS34 into VROs to produce PI(3)P (9, 32). Usurping
ATGS8 and the selective autophagy pathway might be one of the ways for TBSV to
efficiently co-opt the cytosolic VPS34. This idea was tested by co-expressing GFP-VPS34
and p33-BFP in ATGS8f knockdown N. benthamiana infected with TBSV. Quantification
of fluorescent signals in VROs by confocal microscopic analysis revealed reduction in
VPS34 amount in ATGS8f knockdown N. benthamiana in comparison with the control
plants (Fig 3.10A-B). We also conducted BiFC experiments between nYFP-VPS34 and
p33-cYFP in ATGS8f knockdown plants. Interestingly we observed ~40% decrease in the
BiFC signals in ATGS8f knockdown versus control plants (Fig 3.10C-D). These findings
support the role of ATGS8f and the autophagy pathway in subversion of VPS34 PI3K by
TBSV in N. benthamiana. Yeast has only one ATG8 gene and we used the null mutant
(atg8A) to purify Flag-p33 from the detergent-solubilized membrane fraction.
Interestingly, the co-purified HA-tagged VPS34 was ~4-fold less from atg8A yeast than
from the WT yeast (Fig 3.10E, lanes 2-3 versus 1). This finding further supports the role

of autophagy pathway in subversion of VPS34 PI3K by TBSV.

Tombusvirus replication protein inhibits autophagic flux in N. benthamiana.

Hijacking of ATG11 (167), NBR1, ATGS8 and VPS34 and several other key autophagy
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components by tombusviruses into VROs might affect the autophagy pathway in infected
cells. On the other hand, viral proteins are known to induce autophagy, leading to their
degradation (180). To test these possibilities, we expressed p33-GFP and followed its
degradation in N. benthamiana. However, we did not detect the released ‘free” GFP derived
from p33-GFP in N. benthamiana (Fig 3.11A, lane 2). This suggests that p33 does not
induce the complete autophagy pathway and p33 is not a substrate of autophagy under the
conditions used. Accordingly, inhibition of autophagic degradation via ConA or E64d
treatments did not alter p33 levels in N. benthamiana (Fig 3.11B). To test if induced bulk
autophagy pathway could target p33 replication protein, we applied darkness treatment of
plants (168) expressing p33-GFP. Interestingly, p33 was a poor autophagy substrate even
under induced conditions in N. benthamiana (Fig 3.11A, lanes 3-4). In contrast, the control
eGFP-ATGS8f was a good autophagy substrate after darkness treatment of N. benthamiana
expressing eGFP-ATGS8f (Fig 3.11A, lane 1). To further test the effect of tombusviruses
on the autophagy pathway, we infected N. benthamiana expressing eGFP-ATGS8f with
TBSV or the closely-related CNV. Interestingly, autophagic degradation of eGFP-ATGS8f
was not observed (Fig 3.11C, lanes 1 versus 4; Fig 3.11D, lanes 1 versus 5) suggesting that
TBSV and CNV infections poorly induced the complete autophagy pathway in M.
benthamiana. The basal level of autophagic flux was low in in N. benthamiana without
darkness treatment (Fig 3.11C, lanes 1 versus 2 and 3; Fig 3.11D, lanes 1 versus 2-4). To
test the possible effect of tombusviruses on the autophagy pathway, we induced autophagy
via darkness or AZD8055-treatment (181) of N. benthamiana expressing eGFP-ATGS8f and
infected with either TBSV or CNV. Interestingly, reduced autophagic degradation of

eGFP-ATGS8f was observed in CNV or TBSV-infected versus non-infected plants (Fig
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3.11C-D). To identify which TBSV proteins inhibit the autophagic degradation of eGFP-
ATGSf, we expressed p33 and p92 replication proteins together with DI-72 replicon RNA,
and separately, the coat protein and the movement protein of TBSV in N. benthamiana
followed by darkness treatment. These experiments revealed that only the replication
system inhibited the autophagic degradation of eGFP-ATGSf (Fig 3.11E).

We also performed another assay, which is based on lipidation of ATGS.
Conjugation of ATGS8 with PE is needed for the autophagy pathway (163). The ATG8f
lipidation assay revealed that expression of p33 replication protein or TBSV infection of
N. benthamiana reduced ATG8f-PE conjugation by ~2-fold (Fig 3.11F), suggesting that
TBSYV infection interferes with the activation of autophagy to some extent.

We also observed that autophagy-driven degradation of eGFP-NBR1 was inhibited
in TBSV-infected N. benthamiana (Fig 3.12A). Autophagic flux was also inhibited by
TBSV in NBR1 knockdown plants (Fig 3.12B). However, the inhibition of autophagic flux
by TBSV was less pronounced than in the control plants, suggesting that inhibition of
autophagic flux by TBSV requires NBR1. Similarly, ATG8f lipidation assay revealed that
TBSV infection of NBR1 silenced N. benthamiana reduced ATGS8f-PE conjugation to
lesser extent than in control plants (Fig 3.12C). Altogether, these data suggest that
hijacking of NBR1 by TBSV facilitates the inhibition of autophagy. It is likely that
hijacking NBR1 (single gene) is more robust than the efficient hijacking of the ATGS8
family (multiple genes) by the TBSV p33, which might explain why TBSV targets NBR1

selective autophagy receptor to inhibit selective autophagy.
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The co-opted ATG8f and NBR1 are present in biomolecular condensates
associated with TBSV VROs. We frequently observed round shaped puncta formed by
ATGS8f and NBR1 associated with TBSV or CIRV VROs in confocal images of plant cells
(Fig 3.1 and 3.5A). Frequent round shaped puncta were also found using BiFC based on
ATGS8f and NBR1 (Fig 3.5B) in TBSV-infected cells. It is known that LC3/ATG8 and
p62/NBR1 form condensates under some conditions (182). Therefore, we performed FRAP
experiments on plant cells infected with TBSV. N. benthamiana also co-expressed eGFP-
NBR1 and RFP-ATGS8f and TBSV p33-BFP to mark the VROs. After photobleaching a
portion of the VROs, we followed the recovery of fluorescent signals within the bleached
area. As expected, the fluorescent signal for the membrane-bound p33-BFP did not recover
(Fig 3.13A). This is likely due to limited movement of p33 anchored to the VRO
membrane. On the other hand, the fluorescent signals for both eGFP-NBR1 and RFP-
ATGS8fin VROs were partially recovered after 180 sec (Fig 3.13A). The fluorescent signals
for both eGFP-NBR1 and RFP-ATGS8f, when they formed larger puncta associated with
VROs, were also partially recovered after 180 sec (S3.9A Fig). The fluorescent signals
were also partially recovered after 180 sec when RFP-ATG8f and eGFP-NBR1 were
expressed separately in N. benthamiana, which also expressed p33-BFP (S3.9B-C Fig).
These findings could be explained that a significant fraction of eGFP-NBR1 and RFP-
ATGS8f molecules are present in condensates within the VROs, which allow some internal
molecular movement. Interestingly, fluorescent signals for other co-opted core autophagy
proteins, such as ATG4, ATGS and ATG101, were also partially recovered in 60-180 sec
after photobleaching of portions of VROs (S3.10 Fig). The only exception was ATGla,

whose fluorescent signal was not recovered in VROs (S3.10 Fig). Thus, co-opted core
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autophagy proteins seem to be present and sequestered in condensate-like substructures in
VROs.

We also performed FRAP experiments in combination with BiFC between nYFP-
NBR1 and ¢cYFP-ATGSf in plant cells infected with TBSV. The VROs were marked with
p33-BFP. Interestingly, the BiFC signals within the VROs were partially recovered after
180 sec (Fig 3.13B). This suggests that NBR1 and ATGS8f are present in the same
condensates within the VROs. Treatment of condensates with 1,6-hexanediol disrupts
weak hydrophobic interactions, which could dissolve condensates (183, 184). We found
that treatment of plant cells infected with TBSV by 1,6-hexanediol partially dissolved the
punctate structures containing NBR1 and ATGS8f within the VROs (Fig 3.13C). On the
contrary, 1,6-hexanediol treatment did not significantly affect the distribution of
membrane-bound p33 within the VROs (Fig 3.13C). In the negative control experiments,
treatment of plants cells with digitonin did not affect the punctate structures containing
NBR1 and ATG8f within the VROs (Fig 3.13C). Overall, these results may suggest that a
significant portion of NBR1 and ATGS8f is sequestered within condensate-like

substructures within the TBSV VROs.

3.3 Discussion

A complex interplay between selective autophagy and the tombusvirus
replication protein supports VRO biogenesis. VRO biogenesis, which is the central step
in tombusvirus replication, is a complex process depending on multiple interactions
between tombusvirus and its host (80, 96, 127). The master regulator and major driver of

VRO biogenesis is the TBSV p33 replication protein, which subverts many co-opted host
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proteins and subcellular membranes (32, 39, 40, 92, 128). The list of subverted proviral
host factors now includes several autophagy proteins. VIGS-based knockdown of ATG8f
and ATGS core autophagy proteins and NBR1 selective autophagy receptor demonstrated
the dependency of TBSV and the closely related CIRV replication on autophagy. We
showed that the efficient recruitment of ATG8f and NBR1 by p33 replication protein into
VROs contributed/enriched important lipids, such as PE and PI(3)P and VPS34 PI3K, to
the VRO membranes. We have shown previously that these lipids are critical for spherules
formation, the sites of viral replication, in host cells (9, 25, 32, 92, 185). The autophagy
membranes are enriched in PE and PI(3)P (178). Interestingly, TBSV also hijacks Rab5-
positive endosomes and retromer tubular vesicles to further increase PE and PI(3)P lipids
in VRO membranes (9, 25, 32, 92, 185). Subversion of multiple pathways and vesicles by
TBSV to build VRO membranes seems to be necessary for robust and efficient viral
replication. In addition, hijacking multiple pathways by TBSV could be advantageous in
different hosts and cells, which could differ in various lipid resources.

Although TBSV usurps lipids from the autophagy membranes, we think it is
unlikely that TBSV directly utilizes the double-membrane autophagy compartment for
virus replication. Numerous previous publications showed that TBSV and other
tombusviruses use either the limiting membrane of peroxisomes or the outer mitochondrial
membrane for virus replication (39, 75, 96, 186-191). We propose that TBSV hijacks the
autophagosome lipids/membranes during the early membrane expansion phase and

repurposes the lipids for membrane proliferation in VROs.
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Subversion of ATG8f and NBR1 by p33 replication protein leads to reduced
autophagy flux during virus replication. The emerging picture from this work is that, by
usurping ATG8f and NBR1 and other autophagy components, such as ATGla, ATG4,
ATGS, ATG101 and SH3P2, TBSV inhibits the autophagic flux in plants. Accordingly, we
found that p33 replication protein was not prone to degradation by autophagy. Moreover,
p33 expression or TBSV infection inhibited the autophagic degradation of ATGS8f and
NBR1 under induced conditions (darkness or AZD8055 treatments of plants). In addition,
TBSV moderately inhibited the lipidation of ATGS8f, which is needed for the autophagy
pathway (163). Yet, we found that TBSV replication depended on the lipidation of ATGSH,
based on (i) expression of RavZ protease that eliminated the lipidated form of ATG8 and
inhibited TBSV replication; (ii) knockdown of ATGS, which is part of the ATG12-ATGS5-
ATG16 complex that lipidates ATGSs, also resulted in inhibition of TBSV replication.
Thus, it seems that TBSV regulates the activity of the autophagy pathway to provide
lipid/membrane resources for VRO biogenesis without turning on the antiviral activity of

autophagy (Fig 3.14).

ATGS8f and NBR1 are sequestered by p33 replication protein into condensates
associated with VROs during virus replication. How can TBSV inhibit the activation of
the antiviral selective autophagy? We observed that a large fraction of ATG8f and NBR1
autophagy receptor was sequestered into small punctate structures within the VROs. FRAP
analysis showed the partial fluorescent signal recovery for ATG8f and NBR1, but not for
the membrane-anchored p33 replication protein, within the VROs. The fluorescent signal

recovery for ATGS8f also suggests that ATGS8f is not lipidated within the puncta since
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membrane association would significantly limit the movement of ATG8f-PE within the
VROs. We also found that the co-opted ATG8f and NBR1 interacted with each other within
the puncta in VROs. Therefore, the emerging picture is that TBSV sequesters and “traps”
the inactive ATG8f and NBR1 and other co-opted core autophagy proteins within
condensates associated with VROs to regulate the autophagy pathway in N. benthamiana
(Fig 3.14). Moreover, it seems that overexpression of NBR1 promoted the ‘trapping’ of
ATGSf in large puncta within VROs.

We previously demonstrated that the TBSV p33 and the CIRV p36 replication
proteins organize condensate formation by co-opted cytosolic proteins, such as glycolytic
and fermentation enzymes and the proteasomal RPN11 protein interaction ‘hub’ within the
VROs. The p33 replication protein organized condensate substructure co-exists with the
membranous substructure within the VROs. These substructures are likely hold together
by the co-opted ER membranes and actin filaments, which form meshwork in the VROs.
We propose that the co-opted autophagy proteins are also sequestered into the condensate
substructure of the VROs, not inside the spherules (Fig 3.14). Altogether, sequestration of
autophagy proteins in condensates associated with VROs might explain the inhibitory
effect of TBSV infection on the autophagy pathway.

Interestingly, SARS-CoV-2 also induces condensates containing p62 (similar
functions to the plant NBR 1) and trapping selective ER-phagy receptors via the viral ORF8
protein (192). The ORF8/p62 condensate formation leads to inhibition of ER-phagy and
increased viral replication. In uninfected cells, the p62 condensate (also called p62 body)
contains ubiquitinated cargoes and is degraded by autophagy to maintain cellular

homeostasis (62, 182, 193, 194). Several negative-strand RNA viruses replicate in
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membraneless condensates formed by replication proteins and viral RNA in addition to co-
opted host proteins (195-197). Condensates formation is also observed during immune
responses against infecting viruses (197-200). Plant RNA virus movement depends on
condensate formation (201). Plant potyviruses induce RNA granules to facilitate virus
replication (202). Therefore, it seems that several RNA viruses exploit condensates for
various viral functions.

Altogether, tombusviruses hijack the selective autophagy pathway in order (i) to
enrich PE and PI(3)P lipids and VPS34 PI3K in VROs; (ii) to inhibit the antiviral
autophagic flux; and (iii) to sequester and trap ATG8 and NBR1 in condensates associated
with VROs. Overall, tombusviruses exploit autophagy for pro-viral functions. Other
viruses also exploit autophagy for viral replication. Turnip mosaic virus co-opts NBR1,
ATGS8fand TIP1, which allows the viral replicase to associate with the tonoplast membrane
to promote viral replication (145). Zika virus and Dengue virus were shown to induce
lipophagy and suppress ER-phagy by cleaving the ER-phagy receptor (FAM134B) (203,
204). Coronaviruses, enteroviruses and hepatitis C virus induce autophagy to hijack the
double-membrane autophagosomes for replication or virion assembly (205). The most
frequent cases of viral exploitation of autophagy are based on viral protein-driven
degradation of antiviral proteins, such as AGO1, suppressor of gene silencing 3 (SGS3) or
SGS3/RDR6 bodies (159, 206-208). The emerging picture is that the interplay between
autophagy and viruses is amazingly diverse, indicating forever lasting arms race between

viruses and their hosts.

100



3.4 Materials and methods

Plant materials and plasmids. Wild type N. benthamiana plants were potted in
soil and placed in growth room at 25°C under a 16 h light/8 h dark cycle. The nucleotide
sequences of N. benthamiana genes NbATGS (KX369397.1), NbATG8a (KX120976),
NbATG8f2 (MG733107) and NbNBR1 (MG710800) were downloaded from NCBI
GenBank. Total RNA extraction from N. benthamiana leaves was used for gene
amplification. Reverse transcription was performed with Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV RT) (Promega) with Oligo(dT). Plasmids constructed
(Table 3.1) plasmids from previous works (Table 3.2) and primers used in this study are

listed in (Table 3.3).

Virus replication in plants. Virus induced gene silencing (VIGS) in M.
benthamiana was performed as described in (133). The cDNA of NbATGS8f2 5’-terminal
fragment of 205 bp in length (#8554: CGGGATCCATGGCTAAGAGCTCATTCAAG
and #8576: CCGCTCGAGCTCAATTTGATTCTCTTGCG) was selected to insert into
TRV2 vector, to generate pTRV2-NbATGS8f, which was used for VIGS in N. benthamiana.
Agrobacterium competent cells C58C1 were transformed with pTRV2-NbATGS8f. N.
benthamiana plants of 4-leaves stage were agroinfiltrated with pTRV1 and pTRV2-
NbATGS8f or pTRV2-cGFP as a control (ODsoo 0.5). On the 9th day post agroinfiltration
(dpai), upper leaves were agroinfiltrated to express CNV2%P or inoculated with TBSV or
CIRV saps (16). To determine RNA accumulation of TBSV, CNV, and CIRV, the
inoculated leaves were collected at 2, 2.5 and 3 dpi, respectively. Total RNA extraction

and northern blot analyses were performed as described previously (16). The
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transcriptional accumulation of NbATG8 mRNA and internal reference control tubulin
mRNA was determined by semi-quantitative RT-PCR with primers oligo-d(T) (for RT),
#8554 and #8555 (for PCR to detect NbATGS8f) and #2859 and #2860 (for PCR to detect
tubulin mRNA) (16, 167).

To analyze the function of NbATG8a in tombusvirus replication, the 5’-terminal
fragments of 224 bp in length (#7877:
ACGCGGATCCATGGCCAAAAGCTCCTTCAAATTGG and #8575:
CCGCTCGAGTTCTCAGCACTAAGCTTT) was selected to insert into TRV2 vector, to
generate pTRV2-NbATGS8a, which was used for VIGS in N. benthamiana. Agrobacterium
competent cells C58C1 were transformed with pTRV2-NbATGS8a. N. benthamiana plants
of 4-leaves stage were agroinfiltrated with pTRV1 and pTRV2-NbATGS8a or pTRV2-cGFP
as a control (ODsoo 0.5). On the 9th day post agroinfiltration, the upper leaves were
infiltrated with agrobacterium harboring virus infectious clone CNV20k*°? or inoculated
with TBSV or CIRV sap. Total RNA extraction and northern blot analyses were described
above.

To analyze the function of NbNBR1 in tombusvirus replication, the fragment of
400 bp in length (#8580: CGGGATCCATAGTGGGGAGGAGAAGG and #8581:
CCGCTCGAGTGACCCCTTTTATATGGG) was inserted into the TRV2 vector to
generate pTRV2-NbNBR1, which was used for VIGS in N. benthamiana. Agrobacterium
competent cells C58C1 were transformed with pTRV2-NbNBR1. N. benthamiana plants
of 4-leaves stage were agroinfiltrated with pTRV1 and pTRV2-NbNBR1 or pTRV2-cGFP

as a control (ODsoo 0.5). On the 9th day post agroinfiltration, the upper leaves were

102



inoculated with TBSV or CIRV sap. Total RNA extraction and northern blot analyses were
described above.

To analyze the function of NbATGS in tombusvirus replication the NbATGS 3°-
terminal fragment of 384 bp in length (#7749:
CCGCTCGAGCTTACATAAACAGACCTG and #7750:
CGGGATCCATATGGTGATGGGTTCTTG) to insert into TRV2 vector, to generate
pTRV2-ATGS, which was used for VIGS in N. benthamiana. N. benthamiana plants of 4-
leaves stage were agroinfiltrated with pTRV1 and pTRV2-NbATGS or pTRV2-cGFP as a
control (ODeoo 0.5). On the 9th day post agroinfiltration, the upper leaves were infiltrated
with agrobacterium harboring virus infectious clone CNV20k*°? or inoculated with TBSV

or CIRV sap. Total RNA extraction and northern blot analyses were described above.

Confocal laser microscope studies in plants. To analyze the subcellular
localization of NbATG8f, NbATG8a and NbNBRI1 in the presence or absence of viral
components in N. benthamiana leaves, pGD-35S-p33-BFP, pGD-35S-C36-BFP, pGD-
35S-GFP-NbATGSf, pGD-35S-GFP-NbATG8a, pGD-35S-GFP-NbNBR1, pGD-35S-
RFP-SKL (as a peroxisome marker) and pGD-35S-RFP-AtTim21 (as a mitochondrial
marker) (92) were transformed into agrobacterium strain C58C1. Then agrobacterium
cultures with different combinations were infiltrated into N. benthamiana leaves, followed
by virus inoculation with TBSV or CIRV sap at 16 h post agroinfiltration. At 2.5 dpai, the
agroinfiltrated leaves were subjected to confocal laser microscopy with Olympus FV3000.

To detect interactions between NbATG8f and NbNBR1 and TBSV p33 or CIRV

p36 replication proteins, bimolecular fluorescence complementation (BiFC) assay was
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performed. pGD-35S-T33-cYFP, pGD-35S-C36-cYFP, pGD-35S-C-cYFP (as a negative
control), pGD-35S-nYFP-NbATGS8f, pGD-35S-nYFP-NbNBR1, pGD-35S-nYFP-MBP
(as a negative control), pGD-35S-RFP-SKL (as a peroxisome marker) and pGD-35S-RFP-
AtTim21 (as a mitochondrial marker) were transformed into agrobacterium strain C58CI1.
The Agrobacterium transformants with different combinations were used to infiltrate N.
benthamiana leaves. At 2.5 dpai, the agroinfiltrated leaves were subjected to confocal laser
microscopy.

To test if NbDATGSf interacts with NbNBR1 in the presence or absence of TBSV
p33, N. benthamiana leaves were co-agroinfiltrated with pGD-35S-nYFP-NbNBR1, pGD-
35S-NbATGS8f-cYFP, pGD-35S-BFP-p33 and pGD-35S-RFP-SKL. The agroinfiltrated M.
benthamiana leaves were subjected to confocal laser microscopy at 2.5 dpai.

To observe the subcellular distribution of PE (phosphatidylethanolamine) in plant
mesophyll protoplasts, first we silenced ATG8f and NBRI, respectively, in N.
benthamiana via VIGS as above for 10 d. Then, the top leaves were agroinfiltrated to
express p33-RFP (pGD-p33-RFP), p19 (pGD-p19) with or without RavZ expression (128).
Protoplasts were isolated from the agroinfiltrated leaves of N. benthamiana 2 d later. The
protoplasts were fixed with 3.7% paraformaldehyde and stained with duramycin as
described previously (25).

To observe the subcellular distribution of PI(3)P (Phosphatidylinositol 3-
phosphate) in plant mesophyll protoplasts, protoplasts were isolated from N. benthamiana
leaves 2 dpi after the agroinfiltration with pGD-p33-BFP, pGD-p19 with or without RavZ.
The protoplasts were fixed with 3.7% paraformaldehyde and incubated with purified anti-

PI(3)P mouse antibody (Echelon Biosciences Inc. Cat#Z-P003) as described previously
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(9). RFP-2xFYVE was used as a PI(3)P biosensor to visualize PI(3)P distribution upon
virus replication in plant leaves (32).

To detect interaction of AtVps34 with TBSV p33 replication protein based on BiFC
assay, plasmids pGD-35S-T33-cYFP, pGD-35S-nYFP-AtVps34, pGD-35S-RFP-SKL (as
a peroxisome marker) were transformed separately into agrobacterium strain C58CI.
Mixed agrobacterium cultures were used to infiltrate ATG8f-silenced and control leaves
separately (see above). At 2 dpai, the agroinfiltrated leaves were subjected to confocal laser

microscopy using the same laser power.

Protein proximity-labeling assay in plants. To detect the close proximity of p33
replication protein and NbATGS8f in plants, N. benthamiana leaves were agroinfiltrated
with pGD-p33-His-BirA (ODeoo 0.4), pGD-His-Avi-NbATG8f (ODesoo 0.4) and pGD-P19
(ODegoo 0.1) (120, 167). Agroinfiltration with pGD-P33-Myc (ODeoo 0.4) was used as a
control. The infiltrated leaves at 3 dpai were further infiltrated with 50 uM Biotin. Then
the infiltrated leaves, after 40 minutes of biotin treatment, were harvested and subjected to
protein extraction. Biotinylated His-Avi-NbATGS8f protein was detected by western-

blotting using Strep-AP (167).

Protein purification from yeast. S. cerevisiae strain BY4741 (MATa his3Al
leu2 A0 met15A0 ura3A0) was purchased from Open Biosystems and stored in a -80°C
refrigerator. Yeast strain atg8A was generated as described previously from the BY4741
parental strain by replacing ATG8 ORF with a hphNT1 cassette sequentially using

homologous recombination (131).
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For co-purification of VPS34 protein with the TBSV p33/p92 replication proteins
from yeasts, plasmids HpGBK-CUP1-Hisp33/Gal-DI-72 and LpGAD-CUP1-His92 (as a
control) or HpGBK-CUPI1-Flagp33/Gal-DI-72 and LpGAD-CUP1-Flag92 were co-
transformed with UpYES-HA-ScVPS34 into yeast strain BY4741 and atg8A. All
transformed yeasts were pre-grown in SC-ULH ™ media supplemented with 2% glucose and
100 uM BCS at 29°C for 16 h. Then, yeast cultures were resuspended in SC-ULH medium
supplemented with 2% galactose and 100 pM BCS and grown at 23°C for 24 h, followed
by culturing yeast cells in (N7) SC-ULH™ medium supplemented with 2% galactose and 50
uM CuSOgq at 23°C for 6 h. Finally, yeast pellets were harvested after washing twice with

PBS buffer and proteins were Flag-affinity purified as described previously (123).

Protein purification from N. benthamiana. Various combinations of expression
vectors were co-agroinfiltrated into N. benthamiana leaves and samples were harvested at
2.5 days post agroinfiltration and ground in a cooled mortar in GEN buffer (10% [v/v]
glycerol, 25 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 10 mM DTT, 0.5% [v/v]
Triton X-100 and protease inhibitor cocktail). The supernatants were incubated with anti-
Flag M2 affinity agarose (Sigma-Aldrich) in Bio-spin chromatography columns (Bio-rad)
for 2 h at 4°C on a rotator, followed by washing with the washing buffer (10% [v/v]
glycerol, 25 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, ImM DTT and 0.1%

[v/v] Triton X-100). Elution of purified proteins was as described above (123).

Pull-down assay. For expression of MBP or MBP-tagged p33C (C-terminal

portion of the TBSV p33) and p33C mutant, plasmids pMALc-2X, pMALc-2X-T33C,
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pMALc-2X-T33C-F32A/V35A and pMALc-2X-T33C-37-82 were transformed into
Epicurion BI21-codon-plus (DE3)-R1L cells, followed by IPTG induction. After
sonication, 500 ul lysates were incubated with 30 ul amylose resin (NEB) in Bio-spin
chromatography columns for 2 h at 4°C, followed by five times washing with column
buffer (209). The amylose columns containing the MBP or MBP-tagged p33C or p33C
mutants were then incubated with 3 ug of the purified GST-Hise-NbATGST for 2 h at 4°C.
Then, the washed beads were incubated in 1x SDS loading buffer for 15 min at 85°C. The
MBP-tagged proteins were analyzed by SDS-PAGE followed by coomassie staining and
GST-Hise-tagged proteins were separated by SDS-PAGE for protein gel blot analysis with

anti-His antibody (209).

Monitoring autophagic activity in plants. To measure the autophagic activity in
plants during TBSV replication, we employed the free-GFP release assay (176). N.
benthamiana leaves were agroinfiltrated with pGD-eGFP-ATGS8f (ODeoo 0.4) and different
agrobacterium combinations. The infiltrated leaves at 1.5 dpai were exposed to darkness
for 16 h or infiltrated with 10 uM AZD8055 (181). Then leaf samples were harvested and
subjected to protein extraction. Free GFP was detected by western blotting using anti-GFP
antibody.

NbATGSf-II (PE conjugation) detection assay was performed to detect the
autophagic activity (56, 176). N. benthamiana leaves were agroinfiltrated with pGD-Flag-
ATGS8f (ODsoo 0.3) and different agrobacterium combinations. At 2 dpi, leaf samples were
harvested and subjected to protein extraction. Total protein was loaded onto 15%

polyacrylamide gels containing 6 M urea to separate ATG8f-PE from unconjugated
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ATGS8f. NbATGS8f-I and NbATGS8f-1I forms were detected by western blotting using anti-
Flag antibody.

The effect of autophagic degradation on p33 protein levels was tested by using
autophagic inhibitors. After 2 days post-agroinfiltration to express p33-Flag in whole M.
benthamiana leaves, half-leaf inhibitor treatment was conducted. In brief, either 1 pM
ConA or 100 uM E64d was infiltrated at the left side of each N. benthamiana leaf and the
right side of leaves was treated with 0.5% DMSO as a control. After treatment for 12 h,
leaf samples were harvested for total protein extraction and western blot analysis with anti-

Flag antibody was performed as above.

FRAP assay. FRAP assays were performed using an Olympus FV3000 confocal
microscope (210). N. benthamiana leaves were agroinfiltrated with different
agrobacterium combinations. After 48 h, target region was bleached for 10 s at intensity of
30% at 405 nm laser. Fluorescence recovery was recorded over 180 s with 60 s interval.
Mean fluorescence intensity was quantified by Image J and the values were normalized to
background.

We applied 1,6 Hexanediol to characterize the VRO-associated condensates (211,
212). N. benthamiana leaves were agroinfiltrated with different agrobacterium
combinations. After 48 h, leaves were infiltrated with 10% 1,6 hexanediol (dissolved in 10
pg/ml digitonin) or digitonin (10 pg/ml) as negative control. Images of VROs were
recorded over 30 min with 10 min intervals.

Quantification and statistical analysis. Statistical analysis was performed using

GraphPad Prism 8 software. Details of the statistical tests and sample sizes are provided in
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the figure legends. Results with a p value of less than 0.05 were considered statistically
significant, while results with a p value greater than 0.05 were considered statistically non-

significant (ns).
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Table 3.1: Plasmids constructed in chapter 3.

. insert primers for vector
Plasmid . . . . ) .
name insert source | digestion insert vector source | digestion
sites amplification sites
pabD- N Bamil | ygssaand | pGD-nYFP- | BamHI
nYFP- benthamiana and 43555 MBP and Sall
NbATGSf2 cDNA Xhol
pab: N BamHl | yessaand | pGD-2X-35s- | BamHI
eGFP- benthamiana and 43555 «GFP and Sall
NbATGSf2 cDNA Xhol
pGD- N. . Belll #8558 and pGD-nYFP- BamHI
nYEP- | benthamiana | oair | #8559 MBP and Sall
NbNBR1 cDNA
pab- N Belll | #8558and | pGD-2X-35s- | BamHI
CGFP- | benthamiana | sy | #8559 ¢GFP and Sall
NbNBR1 cDNA
pTRV2- | , th;vwana Bzrlffl #7877 and | pTRV2-empty | BamHI
NbATGS8a <DNA Xhol #8575 vector and Xhol
pTRV2- benth]c\z/ﬁiana Bzrr?dHI #8554 and pTRV2-empty BamHI
NbATGSf -DNA Xhol #8576 vector and Xhol
pTRV2- | th;vwana Bzrlffl #8580 and | pTRV2-empty | BamHI
NbNBR1 <DNA Xhol #8581 vector and Xhol
pTRV2- | th];/"niana Bzrr‘f(fn #7749 and | pTRV2-empty | BamHI
ATGS5 -DNA Xhol #7750 vector and Xhol
pGD- N BamHl | o554 and | pGD-cYFP- | BamHI
cYFP-Flag- | benthamiana and 43555 Flae-MCS and Sall
NbATGSf2 cDNA Xhol &
pabD- N Bamil | ygssaand | pGD-3XFlag- | BamHI
3XFlag- benthamiana and 43555 MCS and Sall
ATGSf cDNA Xhol
pGD-RFP- benth]c\z/ﬁiana Belll #8558 and pGD-2X-35s- BamHI
NbNBR1 and Sall #8559 RFP and Sall
cDNA
pGD-RFP- | th;vwana Bzrlffl #8554and | pGD-2X-35s- | BamHI
ATGSf DNA Xhol #8555 RFP and Sall
pGEi'S’_“l' benth]j"mana Bzrr‘ffl #8554 and | pGD-Avi-His- | BamHI
NBATGSE DNA Khol #8555 ScSCS2 and Xhol
pGD-p33- PIW1234 Xhol #8420 and pGD- Xhol and
His-BirA and Sall #8421 T33/nonstop SAP
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Table 3.1 (continued)

I%C(}lg’- A. thaliana BamHI #8544 and pGD-nYFP- BamHI
A(SH3P2 cDNA and Sall #8545 MBP and Sall
ep ((}}FI;__ A. thaliana BamHI #8544 and pGD-2X-35s- BamHI
AISH3P? cDNA and Sall #8545 eGFP and Sall
5 gg;_ A. thaliana | BamHI | #8844 and | pGD-2X-35s- | BamHI
AATGA cDNA and Sall #8845 eGFP and Sall
ep ((}}FI;__ ben th]c\z/;niana BamHI #8827 and pGD-2X-35s- BamHI
NbATGa -DNA and Sall #8828 eGFP and Sall
pGD-BFP- ben th];]ﬁiana BamHI #8827 and pGD-2X-35s- BamHI
NbATG]la <DNA and Sall #8828 BFP and Sall
pGD-RFP- A. thaliana BamHI #8844 and pGD-2X-35s- BamHI
AtATG4 cDNA and Sall #8845 RFP and Sall
5 (C}}g;. ben th];]ﬁiana BamHI #8832 and pGD-2X-35s- BamHI
NbATGS <DNA and Sall #8833 eGFP and Sall
pGDRFP- | N BamHI | #8832and | pGD-2X-35s- | BamHI
NbATGS | 7 S | and sall #8833 RFP and Sall
o | | BamHI | #883and | pGD-2X-35s- | BamHI
NbATG101 <DNA and Sall #8837 eGFP and Sall
pGD-RFP- ben th]c\z/r'niana BamHI #8836 and pGD-2X-35s- BamHI
NbATGI101 <DNA and Sall #8837 RFP and Sall
p G]}?i-ﬁw- A. thaliana BamHI #8844 and pGD-Avi-His- | BamHI
AATGA cDNA and Sall #8845 ScSCS2 and Xhol
pGIg{ﬁVI' ben th];/"niana BamHI | #8832and | pGD-Avi-His- | BamHI
NbATGS -DNA and Sall #8833 ScSCS2 and Xhol
OB AV | BamHI | #8836and | pGD-Avi-His- | BamHI
NbATG101 <DNA and Sall #8837 ScSCS2 and Xhol
pGD- N . BamHI #8556 and pGD-nYFP- BamHI
nYFP- benthamiana and 48557 MBP nd Sall
NbATGSi cDNA Xhol e
paD- N BamHI | o556 and | pGD-2X-35s- | BamHI
eGFP- benthamiana and 43557 «GFP and Sall
NbATGSi cDNA Xhol
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Table 3.1 (continued)

pTRV2- | thilvwana Bzrlffl #8556and | pTRV2-empty | BamHI
NbATGSi <DNA Xhol #8577 vector and Xhol
Bglll
pMal-T33- pGD-35S- and #4000 and Mal-EV BamHI
N82aa T33-BFP #5710 P and Sall
Xhol
pMal-T33-

N82- pGDT';’;f kP- iﬁgl #4000 and Mal.EV BamHI
F32AA/V35 F32A/V35A Xhol #5710 and Sall
pMal-T33- | POD-IYEP- | Belll - g005 g BamHI

N37-82 133 and #5710 PMal-EV 1 4nd Sall
F32A/V35A Xhol
pGD-YFP- N. BamHI
3XHA- benthamiana and #8;85 54 Sasnd pGD-YFP il?lrrg:lll
ATGS8f cDNA Xhol
GD- HpESC-Gal-
o G%P-His- pGD-2X-35s- Xhol #8420 and BirA- Xhol and
) eGFP and Sall #8421 Hisp33/Gal- SAP
BirA
DI72
pGEX-His- N BamHI | 554 and BamHI
Atg8f benthamiana and 43555 pGEX and Sall
cDNA Xhol
Table 3.2: Plasmids described in previous studies of chapter 3.
Plasmid name Source

pGD-35S-p19

1] Xu and Nagy, 2016

pGD-35S-T33-BFP

1] Xu and Nagy, 2016

pGD-35S- C36-BFP

1] Xu and Nagy, 2016

pGD-35S-GFP-SKL

1] Xu and Nagy, 2016

pGD-35S-GFP-AtTim21

1] Xu and Nagy, 2016

pGD-35S8-T33-cYFP

pGD-35S-C36-cYFP

1] Xu and Nagy, 2016

pGD-35S-C-cYFP

1] Xu and Nagy, 2016

pGD-35S-nYFP-MBP

1] Xu and Nagy, 2016

pGD-35S-RFP-SKL

1] Xu and Nagy, 2016

pGD-35S-RFP-AtTim21

[
[
[
[
[
[1] Xu and Nagy, 2016
[
[
[
[
[

1] Xu and Nagy, 2016

PIW1234

[2] Jan et al., 2014

pGD-P33-Myc

Dr. Zhike. Feng

pGD-YFP-RavZ

[3] Inaba et al., 2019
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Table 3.2 (continued)

pGD-GFP-AtVps34 [4] Feng et al., 2019
pGD-Avi-His-ScSCS2 [5] Kang et al., 2022
pGD-nYFP-VPS34 [4] Feng et al., 2019
pEsc-Vps34-3xHA [4] Feng et al., 2019
pGBK-His-p33-DI72 [6] Barajas et al., 2009
pGAD-His-p92 [6] Barajas et al., 2009
pGBK-Flag-p33-DI72 [6] Barajas et al., 2009
pGAD-Flag-p92 [6] Barajas et al., 2009

Table 3.3: Reference for table 3.2.

[1]

Xu, K., and Nagy, P.D. (2016). Enrichment of phosphatidylethanolamine in viral
replication compartments via co-opting the endosomal Rab5 small GTPase by a
positive-strand RNA virus. PLoS Biol 14, ¢2000128.

[2]

Jan CH, Williams CC, Weissman JS. (2014). Principles of ER cotranslational
translocation revealed by proximity-specific ribosome profiling. Science
346(6210):1257521.

[3]

Inaba, J. I., Xu, K., Kovalev, N., Ramanathan, H., Roy, C. R., Lindenbach, B. D.,
& Nagy, P. D. (2019). Screening Legionella effectors for antiviral effects reveals
Rab1 GTPase as a proviral factor coopted for tombusvirus
replication. Proceedings of the National Academy of Sciences, 116(43), 21739-
21747.

[4]

Feng, Z., Xu, K., Kovalev, N., & Nagy, P. D. (2019). Recruitment of Vps34 PI3K
and enrichment of PI3P phosphoinositide in the viral replication compartment is
crucial for replication of a positive-strand RNA virus. PLOS pathogens, 15(1),
€1007530.

[5]

Kang, Y., Lin, W., Liu, Y., & Nagy, P. D. (2022). Key tethering function of
Atgl1 autophagy scaffold protein in formation of virus-induced membrane
contact sites during tombusvirus replication. Virology, 572, 1-16.

[6]

Barajas, D., Li, Z., & Nagy, P. D. (2009). The Nedd4-type RspSp ubiquitin ligase
inhibits tombusvirus replication by regulating degradation of the p92 replication
protein and decreasing the activity of the tombusvirus replicase. Journal of
virology, 83(22), 11751-11764.

Table 3.4: Primers used in chapter 3.

Name Sequence(5' to 3")
43554/NbATGRE/BamHL/F CGGGATCCATGGACA"%}AAGAGCTCATTC
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Table 3.4 (continued)

ACCGCTCGAGCTACAGCTCGTTCGGG

48555/NbATGS/Xhol/R oo
ACGTGATCAATGGCCATGGAGTCTGC
#8558/NDNBR1/Bell/F TATTGTCATCAAGGTCAAG
15550 NENBR/SallR ACGCGTCGACCTACTGCTCTCCAGCA
ATAAG
ACGCGGATCCATGGCCAAAAGCTCCT
47877/NbATG8a/BamHI/F T

#8575/TRV-NbATG8a/Xhol/R

CCGCTCGAGTTCTCAGCACTAAGCTTT

#8576/TRV-NbATG8f1/Xhol/R

CCGCTCGAGCTCAATTTGATTCTCTTG
CG

#8580/TRV-NbNBR1/BamH/F

CGGGATCCATAGTGGGGAGGAGAAG
G

#8581/TRV-NbNBR1/Xhol/R

CCGCTCGAGTGACCCCTTTTATATGGG

#7749/TRV-NbATGS5/BamH/F

CCGCTCGAGCTTACATAAACAGACCT
G

#7750/TRV-NbATGS5/Xhol/R

CGGGATCCATATGGTGATGGGTTCTT
G

#8421/His-BirA/3XGGS/Xhol/F

ACCGCTCGAGGGTGGCTCTGGAGGGT
CAGGTGGTTCCATGGGAGGTTCTCAT
CATCA

#8420/BirA/Sall/R

ACGCGTCGACTTATTTTTCTGCACTAC
GCAGG

#8937/NbATG8{-qPCR/F GGGCAATTTGTCTATGTCATTCG
#8938/NbATG8{-gPCR/R AGGAAACCATCTTCATCCTTCTT
#8994/NbNBR1-qPCR/F CCCTAGTGGAGCATCTAAT
#8995/NbNBR1-qPCR/R GGCATCTAACGCATCATC
48544/SH3P2/BamL/F CGCGGATCCATG(A}éTGCAATTAGAAA
48545/SH3P2/SallR ACGCGTCGACTCi(gAAAACTTCGGAC
48844/ ATGA/F AcGCGGATCCA/I;}:GAGGCTTTATGTG
48845/ ATGA/R ACGCGTCGACTCAGAGCATTTGCCAG
TCATC
4#8827/ATG1a/F ACGCGGATCCA(T}SS(C}TCAATCGATGA
ACGCGTCGACTTAAGGAGAGCAGTGT
#8828/ATG1a/R TAAGC
48832/ ATGS/F ACGCGGATCCATng(}}AAGTAAAGGGG
48833/ ATGS/R ACGCGTCGACCTATATGGTGATGGGT

TCTTG
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Table 3.4 (continued)

ACGCGGATCCATGAATTGTGAAGTTT

#8836/ATG101/F ATGAA
#8837/ATG101/R ACGCGTCGACTGC(QSTCE}T GAGCATAGTT
#8556/ATGSI/F CGCGGATCCA&%%%%AAGGCTTTCAA
#8557/ATGSI/R ACCGCTCGAC&E%AAAA%T(?TTTGCACGA
1#6532/eGFP/F/Bglll GGAAGATCTATGG&“GAGCAAGGGCGA

#8875/TBSV P33/F32A/V35A/R

TCTCAGAACCACACGACACGCCAATT
GAGCGATGTTCACCGGAACTGT

#8874/TBSV P33/F32A/V35A/F

GCTCAATTGGCGTGTCGTGTGGTTCTG
AGA

#810/TBSV P33/Xhol/R

GGAGCTCGAGCTATTTGACACCCAGG
GAC

#4000/TBSV P33/Bglll/F

CCAGAGATCTATGGAGACCATCAAGA
GAATG

#1593/TBSV P33/stop/Xhol/R

CGGCTCGAGCTATTTGACACCCAGGG
ACTCCTGT

#5710/TBSV P33/82aa/Xhol/R

CCGCTCGAGTTAATCACCCCTCTGCCG
TC

#5707/TBSV P33/37aa/Bglll/F

GGAAGATCTCGTGTGGTTCTGAGATA
CATGAG
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Figure 3.1. Recruitment of ATGS by the TBSV p33 and the CIRV p36 replication proteins
into VROs in N. benthamiana.

(A) Confocal microscopy images show efficient co-localization of TBSV p33-BFP
replication protein and GFP-ATGS8f within VROs consisting of clustered peroxisomes,
marked by RFP-SKL peroxisomal matrix marker in N. benthamiana leaves. The
expression of these proteins, driven by the 35S promoter, was achieved through co-
agroinfiltration into N. benthamiana leaves. The plant leaves were either TBSV-infected
and applied darkness treatment (to induce bulk autophagy) or mock-inoculated as shown.
The VROs are marked with arrows. The enlarged images of VROs (boxed) are shown on
the right. Scale bars represent 10 um. The graph shows the number of ATG8f puncta /
VRO. Error bars represent SD (n = 10). Student t-test was used to statistically analyze the
data (****P <0.0001). (B) Confocal microscopy images show efficient co-localization of
CIRV p36-BFP replication protein and GFP-ATG8f within VROs consisting of clustered
mitochondria, marked by RFP-AtTim21 mitochondrial marker in N. benthamiana leaves.
See further details in panel A. (C) Confocal microscopy images show co-localization of
TBSV  p33-BFP replication protein and GFP-ATG8a within VROs in N.
benthamiana leaves. Note that ATGS8a localized in both the cytosol and nucleus in the
absence of tombusvirus infection. See further details in panel A. Each experiment was
repeated.
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Figure 3.2. Interaction between ATGS8 and tombusvirus replication proteins within VROs
in N. benthamiana.

(A) Interaction between TBSV p33-cYFP replication protein and the nYFP-ATGS{ protein
was detected by BiFC. The merged images show the co-localization of RFP-SKL with the
BiFC signal, indicating that the interaction between p33 replication protein and ATG8f
occurs in VROs in clustered peroxisomal membranes. The VROs are marked with arrows.
Scale bars represent 10 um. Each experiment was repeated three times. (B) Interaction
between CIRV p36-cYFP replication protein and the nYFP-ATGS( protein were detected
by BiFC. The merged images show the co-localization of RFP-AtTim21 with the BiFC
signal, indicating that the interaction between p36 replication protein and ATG8f occurs in
VROs consisting of aggregated mitochondria. See further details in panel A. (C)
Interactions between TBSV p33-cYFP or CIRV p36-cYFP replication proteins and the
nYFP-ATG8a protein were detected by BiFC. See further details in panel A. (D) Protein
proximity-labeling with biotin inN. benthamiana. N. benthamiana leaves were
agroinfiltrated to express p33 replication protein, which was fused to BirA biotin ligase,
and Avi-tagged ATGS8f. Note that both fusion proteins carry a 6xHis tag. Biotin treatment
lasted for 40 min. The image shows the western blot analysis of the biotinylated Avi-
ATGSIf detected with streptavidin-conjugated AP in total protein extracts. p33-myc was
used as a negative control to show plant does not have biotin ligase activity. GFP-BirA was
expressed (lanes 8-10) to measure basal level of biotinylation of Avi-ATGS8f. The
experiments were repeated. (E) Co-purification of YFP-ATGS8f with TBSV Flag-p33
replication protein from subcellular membranes. N. benthamiana leaves were
agroinfiltrated to express YFP-ATGS8f with TBSV Flag-p33. Top two panels: western blot
analysis of co-purified YFP-ATGS8f detected with anti-YFP antibody, while Flag-p33 was
detected with anti-Flag antibody. The negative control was from plants expressing YFP
purified on a Flag-affinity column. Bottom two panels: western blot of input YFP-ATGSH,
YFP and Flag-p33 in the total protein extracts. (F) Pull-down assay including Hise-
NbATGS8a and the MBP-tagged TBSV p33 or CIRV p36 replication proteins. Note that we
used the soluble C-terminal region of TBSV p33 or CIRV p36 replication proteins, which
lacked the N-terminal domain. Top panel: western blot analysis of the captured Hiss-
NbATG8a with the MBP-affinity purified p33C/p36C was performed with anti-His
antibody. The negative control was the MBP (lanes 1). Middle panel: Coomassie-blue
stained SDS-PAGE of the captured MBP-p33C, MBP-p36C and MBP. Bottom panels:
western blot analysis of Hise-NbATGS8a in total extracts. Coomassie-blue stained SDS-
PAGE of the MBP-p33C, MBP-p36C and MBP in total extracts. Each experiment was
repeated three times.
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Figure 3.3. The effect of ATGS on tombusvirus replication in N. benthamiana plants.

(A-B) Top panel: The accumulation of the CNV and TBSV RNAs in ATGS8f-silenced
(ATGS8f KD) N. benthamiana plants 2.5 and 2 dpi, respectively. The genomic (g)RNA
levels in the inoculated leaves were measured by northern blot analysis. Agroinfiltration of
pGD-CNV2Kstop or inoculation with TBSV sap was done 10 days after silencing of ATG8f
expression. Agroinfiltration of tobacco rattle virus (TRV) vectors carrying either ATG8f
or 3’-terminal GFP (as a control) sequences was used to induce VIGS. Second panel: Semi-
quantitative RT-PCR analysis of ATG8f mRNA level in the silenced and control plants.
Third panel: Semi-quantitative RT-PCR analysis of tubulin mRNA level in the silenced
and control plants. (C) Top panel: The accumulation of the CIRV RNAs in ATG8{-silenced
(ATG8f KD) N. benthamiana leaves at 3 dpi. See more details in panel A. Bottom panel:
Ribosomal (r)RNA is shown as a loading control in an ethidium-bromide-stained agarose
gel. (D) The accumulation of the TBSV RNAs in ATG8a-silenced (ATG8a KD) M.
benthamiana leaves at 2 dpi. See more details in panel A. (E) Real time RT-qPCR analysis
of the expression of ATG8f mRNA in the TBSV-inoculated leaves (2 dpi) or systemically
infected leaves (5 dpi) of N. benthamiana plants. The same amounts of total RNA extracts
were used in RT-qPCR analysis. (F) Accumulation of the TBSV RNAs in ATGS5-silenced
(ATGS KD) N. benthamiana leaves at 2 dpi. See more details in panel A. (G) The effect
of Legionella RavZ effector on autophagy flux. The plants expressed GFP-ATGS8f and
either exposed to darkness to induce bulk autophagy or not as shown. The released ‘free’
GFP band is marked with an arrowhead. The left two lanes include samples from plants
co-expressing RavZ and GFP-ATGS{, which show lack of released ‘free’ GFP band. Total
protein extracts were immunoblotted with anti-GFP antibody. The RavZ and GFP-ATGS8f
proteins were expressed via agroinfiltration. (H) The effect of Legionella RavZ effector on
ATGS81-PE conjugation. The two lanes on the right display plants expressing Flag-ATGSH{,
where both Flag-ATGS8f and Flag-ATGS8{-PE are present as marked by arrowhead. The left
two lanes show that RavZ expression eliminated the Flag-ATGS8f-PE band, but not the
Flag-ATGS8f band. Total protein extracts were loaded on 15% polyacrylamide gels
containing 6 M urea and immunoblotted with anti-Flag antibody. (I) Top panel: The
accumulation of the TBSV RNAs in N. benthamiana leaves expressing RavZ at 2 dpi. The
RavZ protein was expressed via agroinfiltration. The control leaves were agroinfiltrated
with the same amounts of bacteria with ‘empty’ plasmid. See more details in panel A.
Bottom panel: Ribosomal RNA is shown as a loading control in an ethidium-bromide-
stained agarose gel. Each experiment was repeated three times.
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Figure 3.4. Recruitment of NBRI selective autophagy receptor by the TBSV p33 and the
CIRYV p36 replication proteins into VROs in N. benthamiana.

(A) Confocal microscopy images show co-localization of TBSV p33-BFP replication
protein and the eGFP-NBR1 within a VRO consisting of clustered peroxisomes, marked
by RFP-SKL peroxisomal matrix marker in N. benthamiana leaves. The expression of
these proteins, driven by the 35S promoter, was achieved through co-agroinfiltration into
N. benthamiana leaves. The plant leaves were either TBSV-infected, or mock-inoculated
as shown. Note that eGFP-NBR1 formed different patterns as visible in the enlarged
images on the right. Scale bars represent 10 um. See further details in Fig 1A. (B) Confocal
microscopy images show co-localization of CIRV p36-BFP replication protein and the
eGFP-NBR1 within a VRO consisting of clustered mitochondria, marked by RFP-
AtTim21 mitochondrial marker in N. benthamiana leaves. See further details in panel A.
(C) Interaction between TBSV p33-cYFP replication protein and the nYFP-NBR1 protein
was detected by BiFC. The merged images show the co-localization of RFP-SKL with the
BiFC signals, indicating that the interaction between p33 replication protein and NBR1
occurs in VROs. The interacting proteins formed different patterns as visible in the
enlarged images on the right. (D) Interaction between CIRV p36-cYFP replication protein
and the nYFP-NBRI1 protein was detected by BiFC. See further details in panel C above.
Each experiment was repeated.
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Figure 3.5. Interaction between the co-opted ATGSf and NBR1 proteins within VROs in N.
benthamiana.

(A) Confocal microscopy images show co-localization of TBSV p33-BFP replication
protein and the co-opted RFP-ATGS8f and eGFP-NBR1 within a VRO consisting of
clustered peroxisomes in N. benthamiana leaves. The expression of these proteins, driven
by the 35S promoter, was achieved through co-agroinfiltration into N. benthamiana leaves.
The VROs are marked with arrows. Scale bars represent 10 pum. (B) BiFC approach was
employed to demonstrate interaction between nYFP-NBR1 and ¢YFP-ATGSf proteins
associated with the TBSV p33-BFP-positive VROs. Co-agroinfiltration into N.
benthamiana leaves was used for protein expression. ‘EV’ represents plant cells not
expressing p33-BFP. Scale bars represent 10 um. Each experiment was repeated.
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Figure 3.6. Separate subversion of ATGSf or NBRI by TBSV p33 replication protein into
VROs.

(A) Confocal microscopy images show co-localization of eGFP-NBR1 and p33-RFP (top
two panels), or eGFP-NBR1 and RFP-SKL co-expressing cYFP-p33 (bottom panels),
within VROs in ATGS8f-silenced (ATG8f KD) or control N. benthamiana cells. The
expression of these proteins, driven by the 35S promoter, was achieved through co-
agroinfiltration into N. benthamiana leaves. TRV vector carrying MBP sequences was used
as a VIGS control. Scale bars represent 10 pum. The VROs are marked with arrows. (B)
Confocal microscopy images show co-localization of RFP-NBR1 and p33-BFP in .
benthamiana cells. The plants either expressed GFP-RavZ effector (top panel), or pGD
vector as control (bottom panel). See further details in panel A. (C) Confocal microscopy
images show co-localization of GFP-ATGS8f and p33-BFP in NBR1-silenced (NBRI
KD) N. benthamiana cells. See more detail in panel A. Scale bars represent 10 um. Each
experiment was repeated.
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Figure 3.7. The effect of NBR1 on tombusvirus replication in N. benthamiana plants.

(A) Top panel: The accumulation of TBSV RNAs in NBRI-silenced (NBR1 KD)
inoculated leaves of N. benthamiana at 2 dpi was measured by northern blot analysis. Sap
inoculation with TBSV was done 10 days after silencing of NBRI1 expression.
Agroinfiltration of TRV vector carrying NBR1 or 3’-terminal GFP (as a control) sequences
was used to induce VIGS. Second panel: Ribosomal RNA is shown as a loading control in
an ethidium-bromide stained agarose gel. Third panel: Semi-quantitative RT-PCR analysis
of NBR1 mRNA level in the silenced and control plants. Fourth panel: Semi-quantitative
RT-PCR analysis of tubulin mRNA level in the silenced and control plants. Each
experiment was repeated three times. (B) The accumulation of CIRV RNAs in NBR1-
silenced (NBR1 KD) inoculated leaves of N. benthamiana at 2.5 dpi was measured by
northern blot analysis. Sap inoculation with CIRV was done 10 days after silencing of
NBRI1 expression. See further details in panel A above. (C) Real time RT-qPCR analysis
of the induction of NBR1 mRNA expression in the TBSV-inoculated leaves (2 dpi) of N.
benthamiana plants. The same amounts of total RNA extracts were used in RT-qPCR
analysis. Each experiment was repeated three times.
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Figure 3.8. Contributions of ATGSf and NBRI to PE enrichment in the viral replication
compartment in N. benthamiana protoplasts.

(A) Top panel: Confocal microscopy images reveal poor PE enrichment in VROs marked
with p33-RFP in protoplasts prepared from ATG8f-silenced (ATG8f-KD) N. benthamiana
(top image). Central panel: PE enrichment is visible in VROs in control N. benthamiana
protoplasts. Differential interference contrast (DIC) images are shown on the right. PE
distribution is detected by a staining probe using biotinylated duramycin peptide and
streptavidin conjugated with Alexa Fluor 405. Bottom panel: Confocal microscopy images
show poor PE re-distribution into VROs in N. benthamiana protoplasts co-expressing RFP-
p33 and RavZ. Scale bars represent 10 pum. The fluorescence intensity of Duramycin was
quantified within the VROs marked with arrows using Image J. Error bars represent SD
(n=10). Student t-test was used for statistical analysis (***P <0.001, ****P <(.0001). (B)
Confocal microscopy images show poor PE re-distribution into VROs marked with p33-
RFP in NBR1-silenced (NBR1-KD) N. benthamiana protoplasts (top image). TRV vector
carrying partial GFP sequences was used as a VIGS control. See more details in panel A
above. Each experiment was repeated three times.
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Figure 3.9. ATGS and NBRI contribute to PI(3)P enrichment within the viral replication
compartment in N. benthamiana plants and protoplasts.

(A) Confocal microscopy images reveal poor PI(3)P enrichment in VROs marked with
p33-BFP in ATGSf-silenced (ATG8f-KD) N. benthamiana protoplasts. PI(3)P enrichment
is visible in VROs in control N. benthamiana protoplasts. PI(3)P distribution is detected
by PI(3)P antibody and then incubated with anti-mouse secondary antibody conjugated
with Alexa Fluor 568. Scale bars represent 10 um. The fluorescence intensity for PI(3)P
was quantified within the VROs marked with arrows using Image J. Error bars represent
SD (n=10). Student t-test was used for statistical analysis (***P <0.001, ****P <0.0001).
(B) Confocal microscopy images show reduced enrichment of PI(3)P in VROs in M.
benthamiana leaves co-expressing RFP-2xFYVE protein, p33-BFP and RavZ. Note that
RFP-2xFY VE selectively binds to PI(3)P. PI(3)P enrichment is visible in VROs in control
N. benthamiana cells. Scale bars represent 10 um. See more details in panel A above. (C)
Confocal microscopy images show PI(3)P distribution in NBR1-silenced (NBR1-KD) or
TRV2-cGFP control (bottom image) N. benthamiana protoplasts expressing p33-BFP. See
more details in panel A above.
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Figure 3.10. ATGSf promotes the enrichment of VPS34 PI3 kinase within VROs in N.
benthamiana plants and yeast.

(A) Confocal microscopy images show co-localization of TBSV p33-BFP replication
protein and the AtVPS34-GFP, the PI(3) kinase, in ATG8f-silenced (ATG8f-KD) (top
image) or TRV2-MBP control (bottom image) N. benthamiana cells. (B) Quantitative GFP
fluorescence intensity values were measured for ~50 samples to calculate relative
AtVPS34-GFP levels in VROs. The statistical analysis was performed using a t-test, and
the results showed a significant difference between the two groups (p < 0.05). Each
experiment was repeated. (C) BiFC-based assay was used to measure the effect of ATG8f
knockdown on enrichment of VPS34 in VROs. N. benthamiana plants expressed TBSV
p33-cYFP and AtVps34-nYFP in ATGS8f-silenced (ATG8f-KD) (left panels) or TRV2-
MBP control (right panels). (D) YFP fluorescence intensity values were quantified using
Image J. YFP fluorescence intensity in control was arbitrarily set as 1. Error bars represent
SD (n=60). Student t-test was used for statistical analysis of data (****P <0.0001). (E)
Co-purification of HA-VPS34 with Flag-p33 from either atg8A or WT (BY4741) yeasts.
The membrane fraction of yeasts was detergent-solubilized and Flag-p33 was purified on
the anti-Flag column, followed by elution. Western blotting was used to detect the co-
purified HA-VPS34 using anti-HA antibody. Bottom panels: western blot of input HA-
VPS34 in the total yeast extracts.
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Figure 3.11. TBSV replication protein inhibits autophagic flux in N. benthamiana.

(A) Agroinfiltrated N. benthamiana plants expressing GFP-p33 were exposed to darkness
for 16 h to induce bulk autophagy (lanes 3 and 4) or kept under normal condition (lane 2).
Total protein extracts were probed using western blot with anti-GFP antibody. N.
benthamiana plants expressing GFP-ATGS8f were used as a control (lane 1). The released
‘free’ GFP is marked with an arrowhead. (B) TBSV p33-Flag was expressed in N.
benthamiana plants via agroinfiltration. 2.5 days latter, the agroinfiltrated leaves were
treated with either 1 uM ConA or 100 uM E64d to inhibit autophagic degradation and
samples were taken after 16 h. Western blotting was done with anti-Flag antibody. (C)
Expression of GFP-ATG8f in N. benthamiana infected with CNV2%sP (Janes 4-6) or pGD
vector as the control (lanes 1-3) was done through agroinfiltration. At 1.5 dpi, two plants
from each group were exposed to darkness for 16 h. Total protein extracts were probed
using western blot with anti-GFP antibody. The released ‘free’ GFP is marked with an
arrowhead. Autophagic flux was measured based on the ratio of GFP/GFP-ATGS{ using
Image J software. (D) Expression of GFP-ATGS8f in N. benthamiana infected with TBSV
(lanes 5-8) or pGD vector as the control (lanes 1-4) was done through agroinfiltration. The
same leaves were infiltrated with 10 uM AZD8055 to induce bulk autophagy at 1.5 dpi or
with 10 uM DMSO. Total protein extracts were obtained 8 h later and probed using western
blot with anti-GFP antibody. The released ‘free’ GFP is marked with an arrowhead.
Autophagic flux was measured based on the ratio of GFP/GFP-ATGS8{f using Image J
software. (E) Expression of GFP-ATGS{ (i) with the pGD vector as the control (lanes 1-
2), (i1) with TBSV p33/p92/repRNA combination (lanes 3-6), (iii) with the TBSV coat
protein (CP) (lanes 7-10) or (iv) with the movement protein (MP) (lanes 11-14) in N.
benthamiana leaves was done through agroinfiltration. At 1.5 dpi all plants underwent 16
h darkness treatment. See more details in panel B above. The statistical analysis was
performed using an ANOV A-test, and the results showed a significant difference between
the control and ‘p33/p92/repRNA combination group’ (p < 0.05), while no significant
difference between the control and CP or MP. (F) Expression of Flag-ATGS8f (1) with the
pGD vector as the control (lanes 4-6), (ii)) with TBSV (lanes 1-3) (iii) with
p33/p92/repRNA combination (lanes 7-9), or (iv) with TBSV p33 in N. benthamiana
leaves was done through agroinfiltration. At 2 dpai, total protein extracts were obtained
and probed using western blot with anti-Flag antibody. Autophagic flux was measured
based on the ratio of ATG8f-PE/ATGSf using Image J software. The statistical analysis
was performed using an ANOVA-test. ** (p <0.01), **** (p <0.0001). Each experiment
was repeated.
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Figure 3.12. NBRI1 affects inhibition of autophagic flux by TBSV in N. benthamiana.

(A) Agroinfiltrated N. benthamiana plants co-expressing eGFP-NBR1 and either TBSV
(lanes 1-3) or pGD vector control (lanes 4-6) were exposed to darkness for 16 h to induce
bulk autophagy. Total protein extracts were obtained at 2 dpi and probed using western
blot with anti-GFP antibody. The released ‘free’ GFP is marked with an arrowhead. (B)
VIGS was used to obtain NBRI1-silenced (NBR1-KD) or control (TRV2-MBP) N.
benthamiana plants. Then, 10 days later, agroinfiltration was used to co-express GFP-
ATGSf and either TBSV (lanes 3-4 and 7-8) or pGD vector control (lanes 1-2 and 5-6).
Plants were exposed to darkness for 16 h to induce bulk autophagy. Total protein extracts
were obtained and probed using western blot with anti-GFP antibody. The released ‘free’
GFP is marked with an arrowhead. Autophagic flux was measured based on the ratio of
GFP/GFP-ATGS8f using Image J software. We used the controls (1.0 value) for
normalization of inhibition of autophagy by TBSV for each group. (C) VIGS was used to
obtain NBR 1-silenced (NBR1-KD) or control (TRV2-MBP) N. benthamiana plants. Then,
10 days later, agroinfiltration was used to co-express Flag-ATG8f and either TBSV (lanes
3-4 and 7-8) or pGD vector control (lanes 1-2 and 5-6). At 2 dpi, total protein extracts were
obtained and probed using western blot with anti-Flag antibody. Autophagic flux was
measured based on the ratio of ATG8f-PE/ATGS8f using Image J software. We used the
controls (1.0 value) for normalization of inhibition of autophagy by TBSV for each group.

Each experiment was repeated. The statistical analysis was performed using an ANOVA-
test. * (p <0.05).

139



A. FRAP

p33-BFP RFP-ATGSf merged

pre-bleaching

RFP-
p33-BFP ATGSf

c
= :
[*]
[}
o
2
13
1.5
2
[
3
B. FRAP g0
p33-BFP merged 3 irEATGSE
=
o @
£ 2 0.5
S o
] o
2 E
-g [ L p33-BFP
s T T T T
0 60 120 180 sec
p33-BFP RFP-ATGSf merged DIC
Cc
o
c
£
Q
©
Q
2
7]
o
=1 —_
]
T
@
c
2
1.5 2
g &
] p
(%]
e
s 1.0
2 ;
] -
[*] -
2 i
50.5 B
=]
[
v e P33-BFP
T T T T
0 60 120 180 sec
s
b=
8
Qo

Figure 3.13

140



Figure 3.13. ATGSf and NBRI are present in condensates associated with the TBSV VRO:s.

(A) Agroinfiltrated N. benthamiana leaves co-expressing p33-BFP, eGFP-NBR1 and RFP-
ATGS8f were used in fluorescence recovery after photobleaching (FRAP) assay. Confocal
images were taken before and after photobleaching for 180 sec. Time ‘0 s’ indicates the
time of photobleaching. Scale bars represent 10 um. Right panel: Quantification of FRAP
signals of p33-BFP, eGFP-NBR1 and RFP-ATG&f in the photobleached area was done at
the indicated time points after photobleaching. (B) FRAP analysis shows the fluorescence
recovery of the BiFC signals after photobleaching within a single VRO induced by TBSV
p33-BFP in a N. benthamiana cell. Agroinfiltrated N. benthamiana plants co-expressed
nYFP-NBR1 and cYFP-ATGS8f and p33-BFP. The graph shows the extent of fluorescence
recovery in four individual VROs. (C) Agroinfiltrated N. benthamiana leaves co-
expressing p33-BFP, eGFP-NBR1 and RFP-ATGSf for 1.5 d were treated with 10% 1,6-
hexanediol or digitonin (control) for 30 min with 10 min intervals. Confocal images of four
individual VROs were taken every 10 min. Scale bars represent 10 um. Each experiment
was repeated three times.
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Figure 3.14. A model on subversion of selective autophagy for tombusvirus replication and
inhibition of antiviral autophagy via sequestration of NBRI and ATGS8fin VRO-associated
condensates.

(#1) The TBSV p33 replication protein recruits ATG8f and NBR1 and other core
autophagy proteins into VROs formed from clustered peroxisomes. The CIRV p36
replication protein performs comparable recruitment into VROs formed from clustered
mitochondria. The co-opted ATG8f and NBRI1 are sequestered and ‘trapped’ in
condensates associated with VROs. (#2) Hijacking the autophagy pathway results in
recruitment of VPS34 PI3 kinase and enrichment of phospholipids, such as PE and PI(3)P
phosphoinositide needed for VROs biogenesis. (#3) Sequestration of ATG8f and NBR1 in
VRO-associated condensate leads to inhibition of antiviral cellular autophagy, thus
facilitating tombusvirus replication.
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Figure S3.1. Role of ATG8a and ATGSi in tombusvirus replication in N. benthamiana.

(A) Confocal microscopy images show co-localization of CIRV p36-RFP replication
protein and BFP-ATGS8a within VROs in N. benthamiana leaves. See further details in Fig
1A. (B) Confocal microscopy images show co-localization of TBSV p33-BFP replication
protein and GFP-ATGS8i within VROs consisting of clustered peroxisomes, marked by
RFP-SKL peroxisomal matrix marker in N. benthamiana leaves. The expression of these
proteins, driven by the 35S promoter, was achieved through co-agroinfiltration into N.
benthamiana leaves. The plant leaves were TBSV-infected as shown. Scale bars represent
10 um. (C) Confocal microscopy images show co-localization of CIRV p36-BFP
replication protein and the GFP-ATGS8i within VROs consisting of clustered mitochondria,
marked by RFP-AtTim21 mitochondrial marker in N. benthamiana leaves. See further
details in panel A. (D) BiFC experiments revealed interaction of nYFP-ATGS8i with both
TBSV p33-cYFP and CIRV p36-cYFP replication proteins. The merged images show co-
localization of RFP-SKL (top panel) or RFP-AtTim21 (bottom panel) with the BiFC
signals, indicating that the interactions take place in VROs. Scale bars represent 10 um.
(E) Top panel: The accumulation of the TBSV genomic (g)RNA in ATGS8i-silenced
(ATGS81 KD) N. benthamiana plants at 2 dpi is shown in an ethidium-bromide stained gel.
Inoculation with TBSV sap was done 10 days after silencing of ATG8i expression. TRV
vectors carrying either ATGS8i or 3'-terminal GFP (as a control) sequences were used to
induce VIGS. Second panel: Semi-quantitative RT-PCR analysis of ATG81 mRNA level
in the silenced and control plants. Third panel: Semi-quantitative RT-PCR analysis of
tubulin mRNA level in the silenced and control plants. The bottom two panels were from
the same gels, respectively. Each experiment was repeated.

145



S2 FIG
p33-BFP

CNV

mock

RFP-MS2-CP merged

Figure §3.2

146

dyzsin-vyNudaa(-)



Figure S3.2. Co-localization of the minus-strand of replicon RNA with ATG8a in VROs in
N. benthamiana leaves infected with CNV.

The (-)replicon RNA [(-)repRNA-MS2hp)] is based on DI-72 replicon RNA. However, it
also carries 6 copies of the 19 nt long hairpin sequence from the MS2 phage, which is
specifically recognized by the RFP-tagged MS2-CP (coat protein). Note that the hairpin
structures form only on the minus strand RNAs, which are made during replication. RFP-
MS2-CP is localized to the nucleus in the absence of replication of (-)repRNA-MS2hp (no
helper CNV infection). Confocal microscopy images show the co-localization of the minus
strand (-)repRNA-MS2hp, which is the replication intermediate, with GFP-ATG8a within
the VRO. The VRO is marked by TBSV p33-BFP. Expression of the above proteins and
the (-)repRNA-MS2hp was from 35S promoter via co-agroinfiltration into N. benthamiana
leaves also infected with CNV to provide the replication proteins. Scale bars represent 10
um. The experiment was repeated.

(Note: Experiments in Figure S3.2 were in collaboration with Dr. Wenwu Lin)
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Figure §3.3. Recruitment of core ATG proteins by the TBSV p33 replication protein into
VROs in N. benthamiana.

Confocal microscopy images show co-localization of TBSV p33-BFP replication protein
and ATG proteins (GFP-AtATG4, GFP-NbATGS, GFP-NbATG1a, GFP-NbATG101, and
GFP-AtSH3P2) within VROs consisting of clustered peroxisomes, marked by RFP-SKL
peroxisomal matrix marker in N. benthamiana leaves. Control experiments included the
localization of the above ATG proteins in the absence of TBSV p33-BFP replication
protein. The expression of these proteins, driven by the 35S promoter, was achieved
through co-agroinfiltration into N. benthamiana leaves. Scale bars represent 10 um. Each
experiment was repeated.
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Figure S3.4. Additional experiments to confirm interactions between tombusvirus
replication proteins and ATGS.

(A) Co-purification of Hise-NbATG8a with TBSV Flag-p33 and Flag-p92P° replication
proteins from subcellular membranes of yeast. Top two panels: western blot analysis of co-
purified Hiss-NbATG8a detected with anti-His antibody, while Flag-p33 was detected with
anti-Flag antibody. The negative control was from yeast expressing Hiss-p33 purified on a
Flag-affinity column (lane 1). Samples were cross-linked with formaldehyde. Bottom two
panels: western blot of input Hise-NbATG8a and Flag-p33 in the total yeast extracts. (B)
Pulldown assay including GST-Hise-ATG8f and the MBP-tagged TBSV p33 replication
protein. Note that we used the soluble N-terminal region (1-82 aa) of TBSV p33, which
contains the predicted AIM1 motif (NIFQLV). The F and V amino acids were mutated to
As to eliminate the canonical AIM1 in p33-1-82AA (S4B Fig, lane 2). Top panel: western
blot analysis of the eluted MBP-p33 protein was performed with anti-MBP antibody. The
negative control was the MBP (lane 4). Middle panel: Western blot analysis of the eluted
GST-Hise-ATG8f from the GST column. Bottom panels: Coomassie-blue stained SDS-
PAGE of affinity-purified MBP-p33 proteins and MBP from E. coli. (C) The split
ubiquitin-based MY TH assay was used to test binding between either GST-Hise-ScATGS
or GST-Hise-NbATG8a and TBSV p33 protein in yeast. The bait p33 was co-expressed
with the shown prey proteins. The bait p33 and the empty prey vector (NubG) were used
as negative controls, and the bait p33 and ScSSA1 as a positive control, respectively. The
right panel shows the interactions, whereas the left panel demonstrates that comparable
amounts of yeasts were used for these experiments.

(Note: Experiments in Figure S3.4 A and C were in collaboration with Dr. Wenwu Lin)
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Figure S3.5. Interactions between TBSV p33 replication protein and core ATG proteins
in N. benthamiana.

(A) Protein proximity-labeling was performed with Dbiotin inplanta. N.
benthamiana leaves were agroinfiltrated to express p33 replication protein, which was
fused to BirA biotin ligase, and Avi-tagged ATG proteins (Avi-ATG4, Avi-ATGS, Avi-
ATGI101 and Avi-NBR1). Biotin treatment lasted for 40 min. The image shows the western
blot analysis of the biotinylated Avi-ATG proteins and Avi-NBRI1 detected with
streptavidin-conjugated AP in total protein extracts. The experiment was repeated. (B) Co-
purification of ATG proteins (Hise-ATG4, Hise-ATGS, or Hise-ATG101) with TBSV Flag-
p33 replication protein from N. benthamiana plants. Top two panels: western blot analysis
of co-purified Hise-ATG proteins detected with anti-His antibody, whereas Flag-p33 was
detected with anti-Flag antibody. Bottom panel: western blot of total Hiss-ATG proteins in
the total protein extracts.
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Figure §3.6. SH3P2 interacts with TBSV p33 replication protein and ATGS8f within VROs
in N. benthamiana.

(A) Interaction between TBSV p33-cYFP replication protein and the nYFP-SH3P2 protein
was detected by BiFC. The merged images show the co-localization of RFP-SKL with the
BiFC signals, indicating that the interaction between p33 replication protein and SH3P2
occurs in VROs in clustered peroxisomal membranes. Scale bars represent 10 um. (B)
BiFC assay was conducted to demonstrate the interaction between nYFP-SH3P2 and
cYFP-ATGS8f proteins within the p33-BFP-positive VROs. The expression of proteins was
achieved via co-agroinfiltration into N. benthamiana leaves. Scale bars represent 10 um.
Each experiment was repeated three times.
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Figure §3.7. Semi-quantitative RT-PCR analysis of mRNA levels of ATGS family members
in ATGSf silenced plants.

The semi-quantitative RT-PCR analysis was conducted on the same set of plant samples to
assess the effectiveness of ATGS8f silencing. The second panel shows comparable mRNA
levels of ATG8a and bottom panel for ATGSi, indicating selective gene silencing of
ATGS8f. Top panel: Semi-quantitative RT-PCR analysis of tubulin mRNA level in the
ATGSf-silenced (lanes 4-6) and control (lanes 1-3) plants. The panels were from the same
gels, respectively. The experiment was repeated.
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Figure S3.8. Nonlipidated ATGSf is recruited by TBSV p33 replication protein into VROEs.

Confocal microscopy images show co-localization of RFP-ATGS8f and p33-BFP in V.
benthamiana cells. The leaves either expressed GFP-RavZ effector (top panel), or pGD

vector as control (bottom panel). The VROs are marked with arrows. See further details in
Fig 6B. The experiment was repeated.
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Figure §3.9. FRAP analysis of ATGSf and NBR1 shows their presence in condensates
associated with the TBSV VROs.

(A) Agroinfiltrated N. benthamiana leaves co-expressing p33-BFP, eGFP-NBR1 and RFP-
ATGS8f were used in fluorescence recovery after photobleaching (FRAP) assay. Confocal
images were taken before and after photobleaching for 180 sec. Time ‘0O s’ indicates the
time of photobleaching. Note that we selected a large punctate structure for
photobleaching. Scale bars represent 10 um. (B-C) Agroinfiltrated N. benthamiana leaves
co-expressing p33-BFP and RFP-ATGSf (B) or p33-BFP and RFP-NBR1 (C) were used
in a FRAP assay. Confocal images were taken before and after photobleaching for 180-360
sec. Time ‘0 s’ indicates the time of photobleaching. Scale bars represent 10 pm.
Quantification of FRAP signals of p33-BFP, RFP-ATG8f and RFP-NBRI in the
photobleached area was done at the indicated time points after photobleaching. Confocal
images of four individual VROs were taken. Scale bars represent 10 um. Each experiment
was repeated three times.
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Figure S3.10. FRAP analysis of core ATGS proteins in the TBSV VROs.

(A) Agroinfiltrated N. benthamiana leaves co-expressing p33-BFP, and one of following:
RFP-ATG4, BFP-ATGla, RFP-ATG101 and RFP-ATGS were used in FRAP assays.
Confocal images were taken before and after photobleaching for 60-180 sec. Time ‘0 s’
indicates the time of photobleaching. Quantification of FRAP signals of p33-BFP, RFP-
ATG4, BFP-ATGla, RFP-ATG101 and RFP-ATGS in the photobleached area was done
at the indicated time points after photobleaching. Confocal images of four individual VROs
were taken. Each experiment was repeated three times.
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CHAPTER 4.

FUNCTIONAL ROLE OF ATG2 AS A LIPID TRANPORT PROTEIN IN
TOMBUSVIRUS REPLICATION

4.1 Introduction

Positive-strand RNA viruses are infectious to eukaryotic organisms, causing a
series of diseases (213-215). With relatively small genomes, positive-strand RNA viruses
co-opt a variety of host factors to facilitate their replication in host cells (9, 10). One critical
step of this replication process is the biogenesis of viral replication organelles (VROs),
housing numerous membrane-bound viral replicase complexes (VRCs). For smaller-
genome viruses like TBSV, the typical size range of VROs is around 40 nm-70 nm, while
larger-genome viruses like coronaviruses may have VROs reaching sizes up to 250 nm.
(96, 216). VROs play a pivotal role in sequestering viral (+) RNA as well as co-opted host
proteins to support efficient replication through concentrating the key elements of
replication in a specific area inside the cells (4). Additionally, the VRCs serve a physical
protective function by shielding the viral (+) RNA by re-modeling host cellular membranes
to escape from host antiviral immune system, such as RNA interference (RNA1) in plants
and mammals (217, 218). Collectively, for positive-strand RNA viruses, the successful
establishment of stable and complete VROs is crucial for their replication, subsequent
proliferation, and transmission among host cells.

Tomato Bushy Stunt Virus (TBSV), a small positive-strand RNA virus of plants,
has emerged as an excellent model organism for unraveling the molecular mechanisms of
positive-strand RNA virus replication within the host cells (9, 10, 167, 211, 219). TBSV
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encodes five proteins, with two replication proteins, the p92 RNA-dependent RNA
polymerase (RdRp) and the p33 replication protein, playing an important role in the
establishment of VROs (1, 4). p33 serves as a master regulator in template RNA
recruitment (7), RNA synthesis initiation (8), and host factors recruitment (9, 10). The
assembly of the viral replicase and its association with subcellular membranes are
facilitated by the transmembrane domains of p33 and p92, along with p33:p92 interaction
(11). An extensive genome-wide screen and gene function analysis conducted with TBSV
in yeast and plants identified numerous pro-viral host factors involved in viral RNA
replication and VROs establishment (14, 167, 211). These factors participate in various
cellular physiological processes, including the synthesis and metabolism of nucleic acids,
proteins, and lipids, as well as intracellular transport, targeted protein degradation, and
recycling processes (9, 10, 32, 167, 211, 220).

TBSV primarily establishes its own VROs in plants and yeast by hijacking and
aggregating peroxisomes (21). In the process of VROs formation induced by TBSV, a
pivotal event is the establishment of virus-induced membrane contact sites (VMCS) (39).
The formation of the vMCS is advantageous for the rapid and substantial acquisition of
necessary lipid components from the endoplasmic reticulum (ER) to the virus VROs. This
enables the modification of peroxisome membrane composition, leading to the formation
of specific negative curvature by phosphatidylethanolamine (PE) enrichment and a
membrane environment conducive to TBSV replication (25). There are two main types of
MCS under discussion currently. The first type involves oxysterol-binding proteins acting
as lipid transfer proteins (LTP), binding to phosphatidylinositol 4-phosphate (PI4P)

enriched on the virus hijacked acceptor membrane. The assistance of ER-resident VAP
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(VAMP-associated protein) and a phosphoinositide (PI) gradient formed by Sacl PI4P
phosphatase facilitates the specific exchange of sterols from the ER membrane to the VRO-
associated membrane, contributing to the formation and structural stability of VROs (39,
40). In addition to these three main proteins, previous studies have identified other host
proteins, ER-resident soluble NSF attachment protein receptor (SNARE) proteins, Fisl
mitochondrial fission protein and Atgl1 autophagy related scaffold protein, participating
in vMCS formation (97, 167, 211). Although these proteins are not directly involved in
lipid exchange, their significance is in triggering vMCS formation and maintaining its
structural stability, facilitating sustained lipid exchange.

In contrast to the MCS type mentioned above, which exchanges sterols with PI4P
specificity and modifies membrane component precisely, another MCS type involves the
rapid and bulk transport of various phospholipids from the donor membrane to the acceptor
membrane through the specific bridge-like LTPs (221). An example is vacuolar protein
sorting 13 homologue (Vpsl3), where its C-terminus selectively binds to the receptor
membrane, determining the direction of lipid transport, while its N-terminus forms a
nonspecific glycerolipids binding hydrophobic channel, facilitating the rapid and bulk
transport of multiple lipids (222, 223). The formation of these two types of MCS
overcomes the drawbacks of ATP-consuming and slow lipid vesicular trafficking, enabling
efficient exchange of specific lipid types. This assists the virus in rapidly modifying
subverted host membranes to establish VROs, promoting extensive proliferation and
dissemination.

Autophagy-related protein 2 (Atg2) is a crucial component in the intricate

machinery of autophagy, contributing significantly to the autophagosome formation
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process (224-226). As a core member of the ATG proteins, one of the distinguishing
features of Atg2 is its involvement in lipid transfer protein activities (53, 227). In vitro
studies have demonstrated that both the full-length Atg2A protein and its N-terminal
fragment possess the ability to bind and transport lipids. Furthermore, the analysis of lipids
using liquid chromatography/tandem mass spectrometry has demonstrated that Atg2A
predominantly associates with glycerophospholipids, such as phosphatidylcholine (PC),
PE, phosphatidylinositol (PI), and phosphatidylserine (PS), exhibiting nonspecific binding
(227). Despite the apparent absence of well-defined functional domains, Atg2 protein
exhibits a conserved structural region in its N-terminus known as the chorein N region.
This domain is conserved not only in Atg2 but also in Vps13. Crystallographic analysis of
SpAtg2™ has revealed that this N-terminal sequence forms a hydrophobic cavity,
facilitating the binding of acyl chains of phospholipids (53, 227). In its important role in
autophagosome formation, Atg2 physically tethers the growing edge of the phagophore to
the ER while utilizing its lipid-binding and transport functions to supply essential
phospholipids from the ER, promoting the expansion of the isolating membrane (228).

In this study, we demonstrate the recruitment of the key autophagy protein, Atg2,
into TBSV VROs through its interaction with the p33 replication protein. Deletion of Atg2
in yeast and knockdown of Atg2 in Nicotiana benthamiana resulted in decreased TBSV
and CIRV replication, indicating a pro-viral role for Atg2 in tombusvirus replication.
Phospholipid analysis of PE, PI3P, and PS—essential for TBSV replication—in atg2A
yeast and Atg2-KD plants, highlights the importance of Atg2 in enriching the necessary
phospholipids within VROs (9). This work unveils a critical proviral function for Atg2,

acting as a lipid transfer protein, in the establishment of TBSV viral replication organelles.
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4.2  Results

Atg2 autophagy related protein exhibits pro-viral function in TBSV
replication in yeast. To investigate the role of autophagy-related proteins in TBSV
replication, I conducted targeted yeast mutant screening to identify host proteins involved
in this process. Using the yeast replication system, I separately expressed the tombusvirus
p92P°! and p33 replication proteins, along with the replicon (rep)RNA DI72, in both
BY4741 yeast wild type strain and the Atg2 knock-out strain (atg2A). Northern blot
analysis of repRNA accumulation indicated a decrease in TBSV replication by
approximately 60% in the atg2A strain compared to the control (Fig 4.1A, lanes 4-6 versus
lanes 1-3).

To determine if Atg2 is necessary for tombusvirus replication in different
subcellular environments, I analyzed the replication of CIRV, which replicates in the outer
membrane of mitochondria, in both the atg2A yeast mutant strain and the BY4741 wild
type strain. Northern blot results showed about a 70% reduction in repRNA levels in the
atg2 A mutant strain (Fig 4.1B, lanes 4-6 versus lanes 1-3). However, partial recovery of
replication levels was observed in the mutant strain with plasmid-based Atg2 expression
(Fig 4.1B, lanes 7-9 versus lanes 4-6). Additionally, in the BY4741 strain, overexpression
of plasmid-based Atg2 enhanced CIRV replication when co-expressed with replication
proteins p36, p95*° (Fig 4.1B, lanes 10-12 versus lanes 1-3).

These combined results indicate that Atg2, an autophagy-related protein, acts as a

pro-viral factor in different subcellular environments. This discovery provides new insights
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into the intricate dynamics of tombusvirus-host interactions and presents Atg2 as a critical

factor in the virus replication process.

Pro-viral function of Atg2 in TBSV replication in plant host. To study whether
tombusviruses rely on Atg2 functions in plants, I initially employed virus-induced gene
silencing (VIGS) to suppress Atg2 expression in N. benthamiana. The reduction of Atg2
expression levels did not lead to obvious phenotypic changes in N. benthamiana. After
silencing the Atg2 gene, I inoculated the plants with TBSV sap by rubbing the leaves and
then collected leaf samples at 1.5 days post-inoculation (dpi) for RNA extraction. Northern
blot analysis revealed that the TBSV genomic RNA level in the Atg2 knockdown (Atg2-
KD) plants was reduced by approximately 65% compared to the control (Fig 4.2A). I also
examined CNV2%K5p 3 closely related virus to TBSV lacking a gene-silencing suppressor,
and CIRV, which replicates on the outer membrane of mitochondria. The viral genomic
RNA levels of both CNV2%K5©P and CIRV showed a significant decrease in the Atg2-KD
plants, with about a 60% reduction for CNV2%5P (Fig 4.2B) and a 50% reduction for
CIRYV (Fig 4.2C), relative to the controls. Overall, these results highlight the pro-viral role
of Atg2 in facilitating tombusvirus replication in both yeast and plant.

Subsequently, I analyzed the relative mRNA levels of Atg2 in both mock-treated
control plants and plants inoculated with TBSV sap at 2 dpi using real-time RT-qPCR. The
results showed a significant four-fold increase in Atg2 expression following TBSV
inoculation (Fig 4.2D top panel). Similarly, upon CIRV inoculation, Atg2 expression
significantly increased by six-fold (Fig 4.2D bottom panel). These findings indicate that

tombusviruses infection induces an up-regulation of Atg2 mRNA levels.
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Subcellular colocalization of Atg2 with tombusvirus-induced VROs in plants.
To study if Atg2 is co-opted within TBSV-induced VROs during viral replication, I used
an Agrobacterium-mediated transient expression system in N. benthamiana leaves to co-
express GFP-tagged Atg2, BFP-tagged TBSV replication protein p33, and RFP-tagged
peroxisome luminal marker SKL. Confocal fluorescence microscopy showed that at 2 dpi
tobacco epidermal cells simultaneously expressed all three fluorescently tagged proteins.
The locations of VROs were indicated by the aggregation of peroxisomes indicated by
RFP-SKL, which was induced by the TBSV replication protein p33. Notably, the GFP-
Atg? signal colocalized with BFP-p33 within the VROs, suggesting that Atg?2 is indeed co-
opted during TBSV replication (Fig 4.3A). Conversely, in control plants without viral
components (mock), GFP-Atg2 did not colocalize with the RFP-SKL peroxisome marker,
highlighting the specific subcellular localization of Atg2 within virus-induced VROs
during TBSV replication (Fig 4.3A).

I also examined the subcellular localization of Atg2 during CIRV replication. In
this experiment, 1 utilized the same Agrobacterium-mediated co-infiltration to
simultaneously express GFP-tagged Atg2, BFP-tagged CIRV replication protein p36, and
RFP-tagged mitochondrial membrane marker Tim21 in N. benthamiana leaves. Confocal
fluorescence microscopy revealed the VROs formed by CIRV, marked by aggregated
mitochondria with RFP-Tim21, and the colocalization of GFP-Atg2 with BFP-p36 within
these VROs (Fig 4.3B). In control plants lacking viral components, Atg2 did not colocalize
with the mitochondrial marker Tim21 (Fig 4.3B). These results suggest that Atg2 is co-

opted within VROs during tombusvirus replication.
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Atg2 interacts with tombusvirus replication protein in VROs. To test whether
Atg2 co-opted in VROs during viral replication is due to its interaction with tombusvirus
replication proteins, I first conducted a bimolecular fluorescence complementation (BiFC)
experiment in N. benthamiana leaves. Confocal fluorescence microscopy results revealed
an interaction between Atg2 tagged with the nYFP fragment and p33 tagged with cYFP in
the epidermal cells. This interaction led to the reconstitution of a fluorescent YFP molecule.
The BiFC signal localized with clustered peroxisomes indicated by RFP-SKL, suggesting
that Atg2-p33 interaction takes place in VROs (Fig 4.4A). Additionally, employing the
same approach, I examined the interaction between Atg2 and the CIRV replication protein
p36in N. benthamiana. The BiFC results indicated that these proteins also interacted within
plant cells, with this interaction occurring in clusters of mitochondria marked by a
mitochondrial marker RFP-Tim21, indicative of CIRV VROs (Fig 4.4B). The above results
suggest that Atg2 is recruited to VROs for functional roles through direct interactions with
tombusvirus replication proteins p33 and p36.

To further validate the interaction between Atg2 and TBSV p33, I carried out a co-
immunoprecipitation (co-IP) experiment in N. benthamiana. After purifying Flag-tagged
p33 from the plant membrane fraction using a Flag affinity column, western blot analysis
showed the presence of HA-tagged Atg2 in the purified fraction alongside Flag-p33 (Fig
4.4C, left lane). In contrast, purification of control Flag-MBP did not lead to co-purification
of HA-Atg2, indicating that the co-purification of HA-Atg2 with TBSV replication protein
p33 was specific (Fig 4.4C, right lane). This result suggested that Atg2 interacts with p33

in plants, providing further evidence of their association in the viral replication process.

171



Atg2 facilities PE enrichment during TBSV replication. In our previous
research, we demonstrated that PE is a crucial membrane component in the formation of
TBSV-induced VROs (25). Considering that Atg2 is an LTP with the ability to bind and
transfer PE, I investigated whether Atg2 participates in the transport and enrichment of PE
within TBSV-induced VROs. I utilized biotinylated duramycin peptide, a bio-sensor
molecule that specifically binds to PE, followed by using streptavidin conjugated with
Alexa Fluor 405 to detect PE distribution. Confocal fluorescence microscopy was used to
observe the intracellular distribution of PE. In yeast, [ observed the formation of large VRO
structures in the control BY4741 strain co-expressing GFP-labeled TBSV replication
proteins p33, p92P°, and DI72. After fixing the yeast cells with 3.7% formaldehyde, I
treated the yeast cell walls with Zymolyase-20T (Seikagaku, America) to create
spheroplasts. Subsequently detection revealed significant co-localization of the duramycin
signal within the GFP-p33 marked VROs, indicating substantial PE accumulation in VROs
in WT yeast (Fig 4.5A). However, in the atg2A mutant yeast strain, there was an
approximately 70% reduction in the duramycin fluorescence signal within the VROs,
suggesting that atg2 deficiency significantly impairs the ability of TBSV to enrich PE in
VROs (Fig 4.5B).

To further investigate the impact of Atg2 on the enrichment of PE during TBSV
replication in plant cells, I silenced the expression of the Atg2 gene in N. benthamiana by
VIGS. At 10 dpi, RFP-labeled TBSV replication protein p33 was expressed in the upper
leaves of both control and Atg2-KD plants via agrobacterium-mediated transient

expression. Two days later, [ isolated protoplasts from the agroinfiltrated leaves, fixed them
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with 3.7% formaldehyde, and used the duramycin biosensor method to show the
subcellular distribution of PE in plant cells. Confocal microscopy revealed the formation
of VROs indicated by RFP-p33 in protoplasts of both the control and Atg2-KD plants (Fig
4.5C). However, compared to the control protoplasts, the intensity of the duramycin signal
within the VROs was significantly reduced by about 80% in the Atg2-KD protoplasts (Fig
4.5D). This result suggests that the enrichment of PE within VROs is compromised in
Atg2-KD plants. In summary, the co-opted Atg2 plays a vital role in the enrichment of PE

within VROs during TBSV replication, both in yeast and plants.

Atg2 promotes PI3P enrichment in TBSV induced VROs. To investigate the
role of Atg2 in the enrichment of PI3P during TBSV-induced VRO formation, I conducted
experiments in both yeast and N. benthamiana. Previous research has highlighted the
critical role of PI3P, despite its minor proportion in membrane composition, in TBSV-
induced VRO formation (32, 126). Atg2 is a non-specific phospholipid-binding LTP
capable of binding and transferring the PI3P precursor PI (227). Considering that PI in
VROs is phosphorylated to PI3P by Vps34p PI3K, which is recruited to VROs by the p33
replication protein (32), I employed the PI3P-specific FYVE peptide biosensor for this
study (229). In yeast, I co-expressed RFP-FVYE, along with GFP-tagged TBSV replication
proteins p33, p92P°, and DI72 in the control group. Confocal microscopy results showed
colocalization of RFP-FYVE signal within GFP-p33 indicated VROs, suggesting PI3P
enrichment in TBSV formed VROs (Fig 4.6A). However, in the atg2A strain, the intensity
of RFP-FYVE signal colocalized within GFP-p33 indicated VROs was significantly

reduced by about 80%, suggesting low PI3P levels in VROs (Fig 4.6B).
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Similarly, in N. benthamiana, 1 used the RFP-FYVE biosensor to monitor the
subcellular distribution of PI3P. First, I used VIGS to silence Atg2 expression in N.
benthamiana. 10 days later, agrobacterium-mediated transient expression was performed
to co-express BFP-p33 and RFP-FYVE in the upper leaves of both control and Atg2-KD
plants. Fluorescence microscopy observations showed an accumulation of punctate RFP-
FYVE signals on TBSV-induced VROs marked by BFP-P33 in control plant cells (Fig
4.6C), whereas the intensity of RFP-FYVE signals aggregated in VROs was reduced by
about 70% in Atg2-KD plant cells (Fig 4.6D). In conclusion, Atg2 plays an important role
in facilitating the enrichment of PI3P within VROs during TBSV replication in both yeast

and plants.

Atg2 contributes to the enrichment of PS in TBSV induced VROs formation.
In previous studies, it was found that phosphatidylserine (PS) decarboxylases Psd1p and
Psd2p, which catalyze the conversion of PS to PE, significantly promoting TBSV
replication when no other sources of PE synthesis are available (92). This implies that PS,
as a precursor of PE, plays a crucial role in TBSV replication. Additionally, in vitro
experiments using giant unilamellar vesicles (GUVs) containing a certain proportion of PS
also indicated a facilitatory effect on TBSV replication (9). These findings suggest the
importance of PS in TBSV replication. To investigate whether Atg2 is involved in the
enrichment of PS in VROs during TBSV replication, I utilized the PS-specific binding
Lactadherin C2 (LactC2) peptide as a biosensor to examine PS distribution within cells
(230). In yeast, I co-expressed GFP-labeled LactC2 with RFP-labeled TBSV replication

proteins p33, p92*, and DI72. Confocal microscopy results showed that in BY4741
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control yeast, the GFP-LactC2 signal colocalized with TBSV VROs, as indicated by RFP-
p33. This suggests an enrichment of PS in the VROs formed by TBSV, while PS is mostly
present in the inner leaflet of the plasma membrane (PM) in the absence of TBSV (Fig
4.7A) (231). However, in the atg2A mutant yeast strain, the GFP-LactC2 signal
colocalizing with RFP-p33 was significantly reduced by about 60% (Fig 4.7B), indicating
that the atg? deficiency impairs the ability of TBSV to enrich PS in VROs.

Similarly, in N. benthamiana, 1 used the GFP-LactC2 biosensor to detect PS
distribution. After silencing the Atg2 gene using VIGS, at 10 dpi, I co-expressed GFP-
LactC2 and BFP-p33 in the upper leaves of both control and Atg2-KD plants. Fluorescence
microscopy results revealed strong colocalization of the GFP-LactC2 fluorescence signal
with BFP-p33 indicated TBSV VROs in the control plants, along with punctate GFP-
LactC2 signals around the VROs (Fig 4.7C). Compared to the control plants, TBSV VROs
in Atg2-KD plant cells showed a significant reduction of about 30% in GFP-LactC2
fluorescence intensity, with the punctate signals almost completely absent (Fig 4.7D).
These results demonstrate that Atg2 plays a key role in facilitating the enrichment of PS

within VROs during TBSV replication.

Independent role of Atg2 in TBSV replication beyond ATGS8f and Atgll-
mediated lipid and sterol enrichment in VROs. In our prior research, it was
demonstrated that TBSV can suppress host autophagy, a key defense mechanism against
microbial invasion that might compromise virus replication within host cells. Notably,
TBSV not only inhibits this autophagic response but also manipulates autophagy-related

pathways to its advantage as mentioned in chapter 3. This includes exploiting the Atg8-PE
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pathway to enhance the accumulation of phospholipids within VROs, thereby boosting
viral replication. Additionally, the Atgl1 scaffold protein exhibits a novel role during
TBSYV replication by participating in stabilizing vMCS. This stabilization ensures a steady,
non-vesicular supply of sterols essential for the maturation of TBSV VROs. Given that
Atg? is an autophagy-related gene and a lipid transfer protein typically functioning at MCS,
I explored whether the function of Atg2 in facilitating phospholipid enrichment in TBSV
VROs is independent of the previously identified autophagy-related proviral pathways.
First, I silenced Atg5 in N.benthamiana plants using VIGS. Atg5 is involved in Atg8-PE
conjugation, a process previously shown to be crucial for Atg8’s proviral function. At 10
dpi, I co-infiltrated CNV?%P along with either Atg2-expressing constructs or empty
controls into the Atg5-KD plants. Two days later, leaf samples were collected for
CNV?2%ksiop replication analysis. Northern blot results showed that compared to the controls,
expression of Atg2 in Atg5-KD plants led to a partial recovery of about 30% in CNV?20kstop
genomic RNA levels (Fig 4.8A), suggesting that Atg2's role in promoting TBSV
replication is likely independent of the Atg8 pathway.

Subsequently, I silenced Atgl1 in N. benthamiana using VIGS to determine if the
proviral function of Atg2 is independent of the Atgll. At 10 dpi, CNV?%P was co-
infiltrated with Atg2-expressing constructs or controls into Atgl1-KD plants. Northern blot
analysis of total RNA from 2 dpi inoculated leaf samples revealed that compared to the
controls, Atg2 expression in Atgl1-KD plants led to a partial recovery of about 50% in
CNV?2%sop genomic RNA levels (Fig 4.8B), indicating that the proviral function of Atg2 is

also likely independent of the Atgl1 function.

176



In summary, these results indicate that Atg2 facilitates lipid enrichment in TBSV

VROs through a mechanism independent of both the Atg8 and Atgl1 functions.

4.3  Discussion

Positive-strand RNA viruses are known for manipulating host cell machinery to
support their replication and survival (19, 33, 232). TBSV, in particular, exemplifies this
intricate interplay between viruses and host cellular processes. TBSV utilizes various host
cell processes, including autophagy and lipid metabolism, to facilitate its replication (25,
32,92, 126, 167).

In this study, I employed yeast and plants as model organisms to investigate TBSV
replication. Targeted screening among yeast mutants with autophagy-related genes
identified Atg2 as a potential proviral host factor contributing to TBSV replication. The
observed subcellular co-localization of Atg2 with TBSV replication protein p33 alongside
their interaction, indicates that Atg?2 is recruited by p33 to function within the virus induced
VROs during TBSV replication. Considering the role of Atg2 as a LTP in the ER-
autophagosome MCS during autophagosome formation, it is possible that Atg2 similarly
operates within vMCS between ER and VROs, thereby playing a critical role in TBSV
VROs formation. To validate this hypothesis, I checked the distribution of specific lipids,
PE, PI3P, and PS, which are crucial to TBSV replication, in yeast atg2A strain and Atg2-
KD plant cells. The results show that the absence or reduced expression of Atg2
significantly reduces the enrichment of these lipids in TBSV VROs. These results suggest

that Atg2 is involved in binding and transferring key phospholipids to TBSV VROs,
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thereby facilitating rapid VRO formation, membrane proliferation, and extensive viral
replication.

Our previous studies have demonstrated that TBSV can suppress host autophagy—
a crucial defense mechanism—ypotentially to avoid cellular responses that could inhibit its
replication. This suppression, however, is coupled with a strategic exploitation of
autophagy-related pathways. Our study on Atg2, an autophagy-related gene and LTP,
shows its important role in facilitating lipid accumulation within TBSV VROs. This
function of Atg2 is particularly noteworthy as it likely operates independently of other
autophagy-related pathways involving Atg8-PE and Atgl1, suggesting a unique mode of
action during viral replication. This sophisticated strategy introduces an additional
potential phospholipid resource for TBSV replication, potentially reflecting an
evolutionary adaptation that may be applicable to other positive-strand RNA viruses.
Investigating whether similar mechanisms exist in other viruses could provide valuable
insights into universal strategies employed by viruses and potential pan-viral therapeutic
targets.

In addition, the independent role of Atg2 from Atg8 and Atgl1 in TBSV replication
suggests a complex network of interactions within the host cell exploited by the virus.
Viruses, including TBSV, can selectively and strategically hijack host cellular pathways.
This strategic hijacking represents a fine-tuned evolutionary adaptation, aiming to optimize
replication efficiency while minimizing damage to the host cell, thus ensuring viral survival
and transmission. Moreover, understanding the selective hijacking of specific components
of host cellular processes can reveal new aspects of autophagy process, potentially leading

to broader applications in understanding cellular autophagy process and disease
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mechanisms beyond viral infections. Our study paves the way for future research into the
molecular mechanisms by which viruses manipulate host autophagy pathways. It would be
fascinating to explore how TBSV, and similar viruses balance the suppression of autophagy
as a defense mechanism while simultaneously exploiting autophagy-related processes for
their benefit.

The ability of TBSV to manipulate host lipid metabolism is further evident in our
observations on the enrichment of specific lipids such as PE, PI3P, and PS within VROs
(9, 25, 32, 92). These lipids are crucial for the integrity and functionality of VROs, and our
data suggest that Atg2 plays a significant role in their accumulation. During the formation
of TBSV VROs, the ER serves as a primary lipid source (37). The virus orchestrates the
formation of numerous vMCS between the ER and VRO containing membranes, such as
those on peroxisome membranes, to enable non-vesicular lipid transport (39, 167, 211).
This transport process includes not only specific modification of peroxisome membrane
components through sterol exchange from the ER membrane for PI4P enriched on the
VROs membrane, a process involving Osh proteins, but also the non-specific binding and
transfer of phospholipids by Atg2, an LTP. The Atg2 leads to a rapid and substantial
enrichment of phospholipids necessary for VRO formation, thereby facilitating extensive
viral replication. Similar to the formation of VROs, the formation of any newly synthesized
cellular organelles involves MCS and extensive lipid transfer through these sites.
Independent of its role in autophagy, Atg2 has been found to function as an LTP within
MCS, facilitating lipid transfer in lysosome repair (233). This raises an intriguing prospect
that other LTPs, due to their capacity for rapid and extensive lipid transfer, might also be

co-opted by viruses and hijacked into VROs or, more specifically, into vMCS, to fulfill
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their roles as LTPs. This aspect of TBSV replication provides a novel perspective on the
importance of lipid dynamics within viral life cycles and suggests potential directions for
therapeutic intervention. Future research could focus on developing inhibitors that disrupt
the interaction between viral proteins and lipid transfer proteins, including but not limited
to Atg2. Such strategies could impede the formation of functional VROs, offering new
approaches to combat viral infections. This study not only advances our understanding of
TBSV replication mechanisms but also opens new insights for studies in the field of cell
biology.

In conclusion, our study, based on the investigation of Atg2's impact on TBSV
replication mechanisms in both yeast and plant hosts, unveils broader implications of virus-
host interactions, particularly in the context of autophagy and lipid metabolism. The
intricate interplay between viral replication strategies and host cellular responses highlights
the complexity of these interactions and virus fine-tuned exploitation of host cellular
processes during evolution. These insights provide fundamental theoretical support for
future research into novel antiviral strategies targeting the specific host factors and
pathways utilized by viruses like TBSV. Simultaneously, this study also is helpful in
enhancing our understanding of cell biology by utilizing TBSV as a tool to manipulate
specific cellular processes. Such an approach not only advances our knowledge of viral
mechanisms but also enriching our comprehension of the dynamic nature of host-pathogen

interactions.
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4.4  Materials and methods

Yeast strain. S. cerevisiae strain BY4741 (MATa his3A1 leu2 A0 met1 5A0 ura3A0)
was purchased from Open Biosystems and stored in a -80°C refrigerator. Y east strain atg2A
was generated and described previously was generated from the BY4741 parental strain by

replacing Atg2 ORF with a hphNT1 cassette sequentially using homologous recombination
p g Alg p q y g g

(131).

Plant materials and plasmids. Wild type N. benthamiana plants were potted in
soil and placed in grow room at 25°C under a 16-h-light/8-h-dark cycle. GenBank
accession numbers of N. benthamiana genes analysed in this study are as follows: NbAtg2
(KU561373), NbAtg5 (KX369397). To clone Atg2 gene in plants, we used the sequence
of Arabidopsis thaliana Atg2 (AT3G19190). RNA extraction from N. benthamiana and A.
thaliana leaves was used for gene amplification. Reverse transcription was catalysed by
Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) (Promega) with

Oligo(dT). Plasmids constructed and primers used in this study are listed in Table.

Virus RNA replication in yeast. To test repRNA replication, BY4741 (wild type)
and atg2A strains were transformed with plasmids HpGBK-Gall-Hisp33/Gall10-DI72,
LpGAD-Gall-Hisp92 and UpYES2-NT. To test if plasmid-borne Atg2 expression can
rescue virus replication, atg2A strain was transformed with HpGBK-Gal1-Hisp33/Gal10-
D172, LpGAD-Gall-Hisp92 and UpYES2-HisAtg2. To test if over-expression of Atg2 can
increase tombusvirus replication in yeast, wild type BY4741 yeast was transformed with

HpGBK-Gall-Hisp33/Gal10-DI72, LpGAD-Gall-Hisp92 and UpYES-ScAtg2. For CIRV
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replication assay, BY4741 and atg2A yeast were co-transformed with plasmids HpESC-
CUPI1-Flagp36/Gal10-DI72 and LpESC-CUPI1-Flagp95 with either UpYES2-NT or
UpYES2-HisAtg?2.

For TBSV replication, the transferred yeasts were grown in SC-ULH— medium
supplemented with 2% galactose for 48 h at 23°C.

For CIRV replication, the transformed yeasts were pre-grown in SC-ULH"
(synthetic complete medium without urea, leucine, and histidine) media supplemented with
2% galactose media and 100 uM BCS at 23 °C for 16 h. Then, the yeast cells were cultured

in SC-ULH™ media supplemented with 2% galactose and 50 uM CuSOy at 23 °C for 24 h.

Virus replication in plants. Virus induced gene silencing (VIGS) in Nicotiana
benthamiana was performed as described in published work (234). The NbAtg2 N-terminal
fragment of 500 bp in length (#9058:
CGGGATCCCCAATCGTCGAAGGATAATCTTAGA and #9059:
CCGCTCGAGTCCTGTTGATCGCTGTGCATTATTCTG) was selected to insert into
TRV2 vector, to generate pTRV2-NbAtg2, which was used for VIGS in N. benthamiana.
Agrobacterium competent cells C58C1 were transformed with pTRV2-NbAtg2. N.
benthamiana plants of 4-leaves stage were agroinfiltrated with pTRV1 and pTRV2-
NbAtg2 or pTRV2-cGFP as a control (ODsoo, 0.5). On the 10th day post
agroinfiltration(dpai), upper leaves were infiltrated with agrobacterium harboring virus
infectious clone CNV?%sP or inoculated with TBSV or CIRV sap. To determine RNA
accumulation of TBSV, CNV, and CIRYV, the inoculated leaves were collected at 2, 2.5 and

3 dpi, respectively. Total RNA extraction and northern blot analyses were performed as
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described previously (16).The transcriptional accumulation of NbAtg2 mRNA and internal
reference control fubulin mRNA was determined by semi-quantitative RT-PCR with
primers oligo-d(T) (for RT), #8939: ACGCagatctATGTTTCCGTGGAATTTCGCG and
#8940: TTTTGCAAAGCCCTGTCCTTTTC (for PCR to detect NbAtg2) and #2859 and

#2860 (for PCR to detect tubulin mRNA) (16).

Real-time RT-qPCR. Real-time quantitative RT-qPCR was also used for the
detection of N. benthamiana Atg2 expression level after TBSV and CIRV inoculation. Six-
to-eight-leaf stage N. benthamiana plants were inoculated with TBSV sap, CIRV sap, or
mock. Samples were collected 2 d post-inoculation from infected leaves for TBSV and 3 d
post-inoculation from infected leaves for CIRV. Total RNA was isolated and used for RT-
qPCR. Primer Pairs (#9060: GCAATTGGGCTTGGAGTGCATTTG and #9061:
CCTGTCGGGCATCTCTAGGTTGAT) were designed using RT-qPCR Tool from
Integrated DNA Technologies
(https://www.idtdna.com/scitools/Applications/Real TimePCR/). The qPCR reactions were
prepared using Applied Biosystem Power UP SYBR green master mix (Thermo Fisher
Scientific) in a 96 well plate and the Eppendorf’s Mastercycler ep realplex instrument and
primers used in this assay are listed in Table S. qPCR progarm conditions were selected

following the Power Up SYBR green master mix user manual recommendations.

Confocal laser microscope studies in plants. To analyze the subcellular
localization of Atg2 in the presence or absence of viral components in N. benthamiana

leaves, pGD-35S -p33-BFP, pGD-35S-C36-BFP, pGD-35S-GFP-Atg2, pGD-35S-RFP-
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SKL (as a peroxisome marker) and pGD-35S-RFP-AtTim21 (as a mitochondrial marker)
(92) were transformed into agrobacterium strain C58C1. Then agrobacterium suspension
with different combinations were infiltrated into N. benthamiana leaves. At 2.5 dpai, the
agroinfiltrated leaves were subjected to confocal laser microscopy.

To detect interaction of Atg2 with TBSV p33 or CIRV p36 replication proteins
using bimolecular fluorescence complementation assay, pGD-35S-T33-cYFP, pGD-35S-
C36-cYFP, pGD-35S-C-cYFP (as a negative control), pGD-35S-nYFP-Atg2, pGD-35S-
nYFP-MBP (as a negative control), pGD-35S-RFP-SKL (as a peroxisome marker) and
pGD-35S-RFP-AtTim21 (as a mitochondrial marker) were transformed into agrobacterium
strain C58C1. The Agrobacterium transformants with different combinations were used to
infiltrate N. benthamiana leaves. At 2.5 dpai, the agroinfiltrated leaves were subjected to
confocal laser microscopy.

To observe the distribution of PE (phosphatidylethanolamine) in plant mesophyll
protoplasts, protoplasts were isolated from N. benthamiana leaves 2 dpi after the
agroinfiltration with pGD-p33-RFP, pGD-p19. The protoplasts were fixed with 3.7%
paraformaldehyde and staining with duramycin as described previously (25).

To observe the distribution of PI(3)P (phosphatidylinositol 3-phosphate) in plants,
RFP-2xFYVE was used as a PI(3)P biosensor to visualize PI(3)P distribution upon virus
replication as described previously (32).

To observe the distribution of PS (phosphatidylserine) in plants, pGD-35S -p33-
BFP, pGD-35S-EV (as a negative control), pGD-35S-LactC2 (as the biosensor of PS),
pGD-35S-RFP-SKL (as a peroxisome marker) and pl9 were transformed into

agrobacterium strain C58C1. The Agrobacterium transformants with different
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combinations were used to infiltrate N. benthamiana leaves. At 2 dpai, the agroinfiltrated

leaves were subjected to confocal laser microscopy.

Confocal laser microscope studies in yeasts. To observe the distribution of PE in
yeasts, wild type BY4741 yeast strain and atg2A were transferred with HpGBK-CUP-GFP-
p33, LpGAD-CUP-Hisp92 and UpYES-DI72. After cultures were induced and harvested,
the yeast cells were fixed with 3.7% formaldehyde for 40 min at room temperature in dark,
washed twice with 0.1 M potassium phosphate (pH 7.5), and then re-suspended in SPP (0.1
M potassium phosphate pH 7.5, 1.2 M sorbitol) with zymolase 20T (1 mg/ml). Cells were
incubated at 30 °C for 1 hour, and then incubated with SPP with 0.1 M Glycine for 15 min
to quench free aldehyde groups. Spheroplasts were collected after washing twice with SPP,
and then add 0.2% Triton X 100 to suspend the spheroplasts at 30°C, 10°. Use 3% BSA to
block cells 1 h and incubated cells with biotin conjugated duramycin overnight at 4 °C.
Fixed cells were washed and incubated with Streptavidin conjugated with Alexa Fluor®
405 (Life Technologies, Cat. #: S-32351) for 1 h before imaging.

To observe the distribution of PI(3)P in yeasts, wild type BY4741 yeast strain and
atg2 A were transferred with HpGBK-CUP-GFP-p33, LpGAD-CUP-Hisp92 and UpYES-
2XFYVE. After cultures were induced and harvested, the yeast cells were resuspended in
1XPBS before imaging.

To observe the distribution of PS in yeasts, wild type BY4741 yeast strain and
atg2 A were transferred with HpGBK-CUP-GFP-p33, LpGAD-CUP-Hisp92 and UpYES-
LactC2. After cultures were induced and harvested, the yeast cells were resuspended in

1XPBS before imaging.
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Protein co-purification assays. The FLAG-tag based replicase purification from
detergent-solubilized membrane fraction of N. benthamiana plant was employed in this
study. Firstly, plasmids pGD-Flag-p33 were co-infiltrated with pGD-YFP-Atg2 or pGD-
YFP (as a control) into N. benthamiana. 2.5 dpi, harvest infiltrated leaves, each combo
need ~2¢ fresh leaves. The ground the fresh leaves in a cooled mortar in GEN buffer (10%
[v/v] glycerol, 25 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, 10 mM DTT, 0.5%
[v/v] Triton X-100 and protease inhibitor cocktail). The supernatants were incubated with
anti-Flag M2 affinity agarose (Sigma-Aldrich) in Bio-spin chromatography columns (Bio-
rad) for 2 h at 4°C on a rotator, followed by washing with the washing buffer (10% [v/v]
glycerol, 25 mM Tris-HCI, pH 7.5, 1 mM EDTA, 150 mM NaCl, ImM DTT and 0.1%
[v/v] Triton X-100). Elution of purified proteins was achieved by 1XSDS-loading dye with
85°C heating 10 min, after elution, adding B-ME in eluted protein and 85°C water bath

another 10 min.

Quantification and statistical analysis. Statistical analysis was performed using
GraphPad Prism 8 software. Details of the statistical tests and sample sizes are provided in
the figure legends. Results with a p value of less than 0.05 were considered statistically
significant, while results with a p value greater than 0.05 were considered statistically non-

significant (ns).
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Table 4.1: Plasmids constructed in chapter 4.

. insert primers for vector
Plasmid . S . .
insert source | digestion msert vector source digestion
name . : : )
sites amplification sites
pGD- Addgene Bglll
eGFP-Lact- plasmid and #8;85 71 Seénd pGD-eGFP-NT il?lrgglll
C2 #22852 Xhol
pGD-
eGFP- | A thaliana | U™\ gsgrgand | oo ) Bamdl
AtATG2- cDNA #8879 P
EcoRI EcoRI
NT
pGD- .
GFP- A. thaliana EcoRI #8880 and pGD-eGFP- EcoRI
AtATG2 cDNA and Sall #8839 AtATG2-NT and Sall
pGD-
nYEP-Flag | A thaliana | P2 | wggrgand | oo Banl
AtATG2- cDNA #8879 | P
EcoRI EcoRI
NT
pGD-
CYFP-Flag- | A thaliana | P3N uggzgand | o | B
AtATG2- cDNA #8879 | P
EcoRI EcoRI
NT
pGD-YFP-
3XHA- | A.thaliana | ™| ggg78and | pGD-yre- | Baml
AtATG2- cDNA #8879 3XHA-NT
NT EcoRI EcoRI
pGD- A. thaliana EcoRI #8880 and pGD-nYFP- EcoRI
nYEP-Flag- | " ha and Sall | #8830 | TIA-AIATG2- | qaa
AtATG2 NT
pGD- A. thaliana | EcoRl | #8880and | POPCYEP- | pooRy
CYEP-Flag-| " DNA | andSall | #8839 | TR&AATG2- | san
AtATG2 NT
POD-YEP- | liana EcoRI #8880 and pGD-YFP- EcoRI
SXHA- cDNA and Sall #8839 3XHA- and Sall
AtATG2 AtATG2-NT
TRV2- N BamHL 40058 and BamHI
ATG? benthamiana and 49059 TRV2-EV and Xhol
cDNA Xhol
pYES2- yeast genomic #9080 and Xhol and
ATG2 DNA Xhol 49081 PYESSNT | gap
PYES2- Addgene Belll | 42751 and BamHI
eGFP-Lact- plasmid and 48759 pYES2-eGFP and Sall
C2 #22852 Xhol
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Table 4.2: Plasmids described in previous studies of chapter 4.

Plasmid name Source

pGD-35S-p19 1] Xu and Nagy, 2016

pGD-35S-T33-BFP 1] Xu and Nagy, 2016

pGD-35S- C36-BFP 1] Xu and Nagy, 2016

pGD-35S-T33-cYFP 1] Xu and Nagy, 2016

pGD-35S-C-cYFP 1] Xu and Nagy, 2016

pGD-35S-nYFP-MBP 1] Xu and Nagy, 2016

pGD-35S-RFP-SKL 1] Xu and Nagy, 2016

[
[
[
[
pGD-35S-C36-cYFP [1] Xu and Nagy, 2016
[
[
[
[

pGD-35S-RFP-AtTim21 1] Xu and Nagy, 2016

Addgene plasmid #22852 [2] Yeung et al., 2008
pGD-RFP-2XFYVE [3] Feng et al., 2019
pYES-RFP-2XFYVE [3] Feng et al., 2019
pGBK-His-p33-DI72 [4] Barajas et al., 2009
pGAD-His-p92 [4] Barajas et al., 2009
pGBK-Flag-p33-DI72 [4] Barajas et al., 2009
pGAD-Flag-p92 [4] Barajas et al., 2009
HpESC-CUP1-Hisp36/Gal-DI-72 [4] Barajas et al., 2009
LpESC-CUP1-Hisp95 [4] Barajas et al., 2009

Table 4.3: Reference for table 4.2.

[1]

Xu, K., and Nagy, P.D. (2016). Enrichment of phosphatidylethanolamine in viral
replication compartments via co-opting the endosomal Rab5 small GTPase by a
positive-strand RNA virus. PLoS Biol 14, ¢2000128.

[2]

Yeung T, Gilbert GE, Shi J, Silvius J, Kapus A, Grinstein S. (2008). Membrane
phosphatidylserine regulates surface charge and protein localization. Science.
319(5860):210-3. 10.1126/science.1152066

[3]

Feng, Z., Xu, K., Kovalev, N., & Nagy, P. D. (2019). Recruitment of Vps34 PI3K
and enrichment of PI3P phosphoinositide in the viral replication compartment is
crucial for replication of a positive-strand RNA virus. PLOS pathogens, 15(1),
€1007530.

[4]

Barajas, D., Li, Z., & Nagy, P. D. (2009). The Nedd4-type Rsp5p ubiquitin ligase

inhibits tombusvirus replication by regulating degradation of the p92 replication

protein and decreasing the activity of the tombusvirus replicase. J. Virol, 83(22),
11751-11764.
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Table 4.4: Primers used in chapter 4.

Name

Sequence(5' to 3")

#8751/Lact-C2/BglIl F

GGAAGATCTATGTGCACTGAACCCCT
AGG

#8752/Lact-C2/Xhol R

ACCGCTCGAGCTAACAGCCCAGCAGC
TCC

#8839/AtAtg2/Sall R

ACGCGTCGACTTATCGGTGTTGGTCCT
GCTTC

#8878/AtAtg2-NT/BamHI F

ACGCGGATCCATGGTGTTTCCGTGGA
ACATTG

#8879/AtAtg2-NT/Ecol R

CAGAGAATTCAACCTGCCTATGAT

#8880/AtAtg2-CT/Ecol F

GGTTGAATTCTCTGCGTATAATA

#9058/TRV2-Atg2/BamHI F

CGGGATCCCCAATCGTCGAAGGATAA

TCTTAGA
CCGCTCGAGTCCTGTTGATCGCTGTGC
#9059/TRV2-Atg2/Xhol R ATTATTCTG
#9080/ScAtg2/Xhol F ACCGCTCGAGA”};(éiiATTTTGGTTACC
ACCGCTCGAGTTACGAATCAGTCCGA
#9081/ScAtg2/Xhol R TTGGAC
#8939/NbAtg2/Bglll F ACGCAGATCTA](":((}}”EI;;FCCGTGGAATTT
#8940/NbAtg2/mid R TTTTGCAAAGCCCTGTCCTTTTC
#9060/NbAtg2/qRCR F GCAATTGGGCTTGGAGTGCATTTG

#9061/NbAtg2/qRCR R

CCTGTCGGGCATCTCTAGGTTGAT
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Figure 4.1. Atg? lipid transfer protein is a proviral host factor for tombusvirus replication
in yeast.

(A) Deletion of ATG?2 inhibits TBSV RNA replication in yeast. Top panels: northern blot
analyses of repRNA using a 3’ end specific probe demonstrate reduced accumulation of
repRNA in atg2A yeast strain in comparison with the WT (BY4741) yeast strain. The
replication proteins Hise-p33 and Hiss-p92P°' of TBSV were expressed from plasmids from
the galactose-inducible GALI promoter. The DI-72(+) replicon (rep)RNA was expressed
from the GALI0 promoter. Hiss-Atg2 was expressed from the GALI promoter from a
plasmid. Second panel: Ribosomal RNA is shown as a loading control in an ethidium-
bromide-stained agarose gel. (B) Deletion of ATG2 inhibits CIRV replication in yeast. Top
panel: northern blot analyses of repRNA. The CIRV Flag-p36 and Flag-p95°° were
expressed from plasmids from the GA/I promoter. Hiss-Atg2 was expressed from the GAL ]
promoter from a plasmid. Complementation of atg2A yeast strain and overexpression of
Atg?2 with plasmid-borne Atg2 enhances CIRV replication. Hise-Atg2 was expressed from
the GALI promoter from a plasmid. See further details in panel A. Each experiment was
repeated three times.
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Figure 4.2. The effect of Atg2 on tombusvirus replication in N. benthamiana plants.

(A-C) Top panel: The accumulation of the TBSV, CNV and CIRV genomic (g)RNA in
Atg2-silenced (Atg2 KD) N. benthamiana plants 2 dpi, 2.5 dpi and 3 dpi, respectively.
(g)RNA level in the inoculated leaves was measured by northern blot analysis.
Agroinfiltration of pGD-CNV2%sP or inoculation with TBSV sap or CIRV sap was done
10 days after silencing of A¢g2 gene expression. Agroinfiltration of TRV vector carrying
NbdAtg2 or 3'-terminal GFP (as a control) sequences was used to induce VIGS. Second
panel: Ribosomal RNA is shown as a loading control in an ethidium-bromide-stained
agarose gel. Third panel: Semi-quantitative RT-PCR analysis of NbAzg2 mRNA level in
the silenced and control plants. Bottom panel: Semi-quantitative RT-PCR analysis of
tubulin mRNA level in the silenced and control plants. Each experiment was repeated. (D)
Real time RT-qPCR analysis the induction of A7zg2 mRNA expression in the inoculated
leaves (2 dpi) of N. benthamiana plants infected with TBSV (left) and CIRV (right). Error
bars represent SD (n = 3). t-test statistically analyzed the data (**P < 0.01, ***P <0.001).
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Figure 4.3. Recruitment of Atg2 by the TBSV p33 and the CIRV p36 replication proteins
into VROs in N. benthamiana.

(A) Confocal microscopy images show efficient co-localization of TBSV p33-BFP
replication protein and the GFP-Atg2 within VROs consisting of clustered peroxisomes,
marked by RFP-SKL peroxisomal matrix marker in N. benthamiana leaves. The
expression of these proteins, driven by the 35S promoter, was achieved through co-
agroinfiltration into N. benthamiana leaves. Scale bars represent 10 um. (B) Confocal
microscopy images show efficient co-localization of CIRV p36-BFP replication protein
and the GFP-Atg2 within VROs consisting of clustered mitochondria, marked by RFP-
AtTim21 mitochondrial marker in N. benthamiana leaves. See further details in panel A.
Scale bars represent 10 pm. Each experiment was repeated.
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Figure 4.4. Interaction between Atg2 and tombusvirus replication proteins in N.
benthamiana.

(A) Interaction between TBSV p33-cYFP replication protein and the nYFP-Atg2 protein
was detected by BiFC. The merged images show the efficient co-localization of RFP-SKL
with the BiFC signal, indicating that the interaction between p33 replication protein and
Atg2 occurs in VROs in clustered peroxisomal membranes. (B) Interactions between CIRV
p36-cYFP replication protein and the nYFP-Atg2 protein were detected by BiFC. The
merged images show the efficient co-localization of RFP-AtTim21 with the BiFC signal,
indicating that the interaction between p36 replication protein and Atg2 occurs in VROs
consisting of aggregated mitochondria. See further details in panel A. Scale bars represent
10 um. Each experiment was repeated three times. (C) Co-IP assay of the interaction of
TBSV p33 and Atg2 in plants. N. benthamiana plants was agroinfiltrated to express Flag-
taged p33 replication protein and YFP-Atg2. Top two panels: western blot analysis of co-
purified YFP-Atg2 protein detected with anti-YFP antibody, whereas Flag-p33 was
detected with anti-Flag antibody. Bottom panel: western blot of total YFP-Atg2 protein in
the total protein extracts.
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Figure 4.5. Contributions of Atg2 to PE enrichment in the viral replication compartment
in N. benthamiana protoplasts and yeast spheroplasts.

(A) Confocal microscopy images show the PE distribution with GFP-p33 in BY4741 wild
type yeast spheroplasts (top set of panels) and Atg2-knock out (atg2A) yeast spheroplasts
(bottom set of panels). Spheroplasts were prepared by zymolase 20T (1 mg/ml). Scale bars
represent 1 um. (B) The fluorescence intensity of Alexa Fluor 405 fluorescence indicating
duramycin for PE in yeast VROs was quantified. Error bars represent SD (n=15). t-test
statistically analyzed the data (****P <0.0001). (C) Confocal microscopy images reveal
PE enrichment and colocalization with RFP-p33 in N. benthamiana protoplasts (top image),
whereas in Atg2-silenced (Atg2-KD) N. benthamiana protoplasts (bottom image), PE
shows a more even cellular distribution, even in the presence of RFP-p33. Differential
interference contrast (DIC) images are shown on the right. PE distribution is detected by a
staining probe using biotinylated duramycin peptide and streptavidin conjugated with
Alexa Fluor 405. Scale bars represent 10 um. Each experiment was repeated. (D)
Quantitative Alexa Fluor 405 fluorescence intensity values were measured for 15 samples
to calculate relative PE level in VRO. The statistical analysis was performed using a t-test,
error bars represent SD (n=15), and the results showed a significant difference between
the two groups (****P <0.0001). Each experiment was repeated.
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Figure 4.6. Atg2 promotes PI(3)P enrichment within the viral replication compartment in
N. benthamiana plants and yeasts.

(A) Confocal microscopy images show PI(3)P distribution detected via RFP-2xFYVE
protein with GFP-p33 in BY4741 wild type yeast (top group of images) and atg2A yeast
(bottom group of images). Scale bars represent 1 um. (B) The fluorescence intensity of
RFP-2XFYVE indicating distribution of PI(3)P in VROs was quantified. Error bars
represent SD (n = 15). t-test was used to statistically analyze the data (****P <0.0001). (C)
Confocal microscopy images show the distribution of PI(3)P detected via RFP-2xFYVE
protein enrichment and colocalization with p33-BFP in N. benthamiana (top group of
images), whereas in Atg2-silenced (Atg2-KD) N. benthamiana plants (bottom group of
images), PI(3)P shows a more even cytosolic cellular distribution, even in the presence of
p33-BFP. Differential interference contrast (DIC) images are shown on the right. Scale bars
represent 10 um. (D) RFP intensity values were measured for 15 samples to calculate
relative PI3P level in VRO. The statistical analysis was performed using a t-test, error bars
represent SD (n=15), and the results showed a significant difference between the two
groups ((****P <(0.0001). Each experiment was repeated.
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Figure 4.7. Atg2 contributes to PS enrichment within the viral replication compartment in
N. benthamiana plants and yeast.

(A) Confocal microscopy images show the PS distribution with BFP-p33 in BY4741 wild
type yeast (top group of images) and atg2A yeast (bottom group of images). Scale bars
represent 1 um. (B) The fluorescence intensity of GFP-LactC2 indicating PS in VROs was
quantified. Error bars represent SD (n=15). t-test statistically analyzed the data
(**P <0.01). (C) Confocal microscopy images show co-localization of TBSV p33-BFP
replication protein and the distribution of PS detected via GFP-LactC2 protein, in Atg2-
silenced (Atg2-KD) (bottom group of images) or TRV2-MBP control (top group of images)
N. benthamiana plants. (D) Quantitative GFP fluorescence intensity values were measured
for 50 samples to calculate relative PS level in VRO. The statistical analysis was performed
using a t-test, error bars represent SD (n=50), and the results showed a significant
difference between the two groups (**p < 0.01). Each experiment was repeated.
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Figure 4.8. Atg2’s pro-viral role in N. benthamiana plants is autophagy-independent and
unrelated to Atgl I-mediated pathway.

(A) Top panel: The accumulation of CNV genomic (g)RNA in N. benthamiana plants 2 dpi.
(g)RNA level in the inoculated leaves was measured by northern blot analysis.
Agroinfiltration of (TRV) vector carrying 3’-terminal GFP (as a control) (lane 1-3) or
NbAtg5 (lane 4-9) sequences was used to induce VIGS. Agroinfiltration of pGD-
CNV20Ksop with pGD-empty vector (lane 1-6) or pGD-Atg2 (lane 7-9) was done 10 days
after silencing A7g5 gene expression. Second panel: Ribosomal RNA is shown as a loading
control in an ethidium-bromide-stained agarose gel. Third panel: Semi-quantitative RT-
PCR analysis of NbAzg5 mRNA level in the silenced and control plants. Bottom panel:
Semi-quantitative RT-PCR analysis of tubulin mRNA level in the silenced and control
plants. Each experiment was repeated. (B) Top panel: The accumulation of the CNV
genomic (g)RNA in N. benthamiana plants 2 dpi. (2)RNA level in the inoculated leaves
was measured by northern blot analysis. Agroinfiltration of (TRV) vector carrying 3'-
terminal GFP (as a control) (lane 1-3) or NbA¢g// (lane 4-9) sequences was used to induce
VIGS. Agroinfiltration of pGD-CNV2%s°P with pGD-empty vector (lane 1-6) or pGD-
Atg2 (lane 7-9) was done 10 days after silencing Azg/] gene expression. Second panel:
Ribosomal RNA is shown as a loading control in an ethidium-bromide-stained agarose gel.
Third panel: Semi-quantitative RT-PCR analysis of NbAzg// mRNA level in the silenced
and control plants. Bottom panel: Semi-quantitative RT-PCR analysis of tubulin mRNA
level in the silenced and control plants. Each experiment was repeated.
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CHAPTER 5.

CONCLUSIONS AND PERSPECTIVES

5.1 Conclusions

Autophagy is a pivotal cellular metabolic mechanism for maintaining cellular
homeostasis, clearing damaged cell organelles, and preventing the invasion of pathogens
(235-238). During the formation of autophagosomes, a set of intracellular lipid synthesis
and membrane expansion mechanisms are involved in the development of these double-
membrane structures (53, 239, 240). Considering that VRO formation requires similar
membrane remodeling and lipid synthesis, these mechanisms could become potential
targets for viruses. Thus, while viruses may shut down host autophagy, they can hijack
proteins involved in autophagosome formation to facilitate VRO formation, turning these
potentially threatening autophagy-related proteins into proviral factors for viral replication.
Nonetheless, autophagy itself is a cellular defense against pathogenic invasion and remains
a double-edged sword for viruses, with the potential to recognize and clear viral proteins
and particles.

In the second chapter of this study, I explored the impact of the autophagy scaffold
protein Atgll, which participates in selective autophagy during the initial stages of
autophagy, on viral replication. In this part of the study, Atgll, as an autophagy-related
protein, displayed a novel function in viral replication by stabilizing vMCS in conjunction
with Fisl. This stability was evident in yeast mutant strains lacking Atgll, where the

quantity of vMCS-related proteins, such as Osh proteins, and ER-resident proteins like
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Sacl PI4P phosphatase and Scs2 VAP protein, co-purified with TBSV replication proteins,
significantly decreased compared to the wild type BY4741 strain, while the quantity of
Fisl on the acceptor membrane did not change significantly. This function, seemingly
independent of cellular autophagy, could involve other autophagy-related proteins or
represent a viral strategy to hijack Atgll into VROs and competitively occupy Atgll
through interactions with other proteins, potentially inhibiting autophagy. However, the
stabilizing role of Atgl1 in vMCS seems critical, as overexpression of Atgll in yeast or
plants did not inhibit but rather enhanced TBSV replication. This suggests that viral
suppression of autophagy might occur through various mechanisms beyond just one
component. Despite our focus on vMCS stability and its impact on sterol enrichment within
VROs, other studies have reported the specific transfer of PS by Osh proteins (241),
suggesting that tombusviruses might also enrich PS within VROs through a similar vMCS,
which would similarly promote TBSV replication.

The formation of autophagosomes, a hallmark event following autophagy induction,
occurs in both selective autophagy and bulk autophagy (242). The conjugation of Atg8 with
PE marks a critical event in membrane expansion during this process (59). In the third
chapter of this study, I discussed the role of Atg8 in TBSV replication. Atg8 is an
evolutionarily conserved gene that has evolved into a gene family in higher eukaryotes like
plants and animals (243, 244). In the model plant Arabidopsis thaliana, Atg8 comprises a
family of nine members, whose functional redundancy is not entirely clear. A study in .
benthamiana identified Atg8f’s involvement in the cooperative process of TuMV
replication (145). In my study, I specifically silenced three members of the Atg8 family in

N. benthamiana — Atg8a, Atg8f, and Atg8i individually. The silencing results showed that
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Atg8a and Atg8f knockdown inhibited TBSV replication to some extent, while Atg8i did
not affect TBSV replication, suggesting functional differences among Atg8 family
members. These differences might arise because different Atg8 gene family members take
part in different cellular events or if there is temporal and spatial specificity of gene
expression, which means the gene expression in different stages of plant growth and in
different plant tissues. Further studies on Atg8f revealed that using a Legionella effector,
RavZ, which permanently removes Atg8's C-terminus, preventing Atg8-PE conjugation,
and inhibiting TBSV replication (175). This result showed that the active form of Atgs,
Atg8-PE, is crucial for viral replication and the enrichment of PE and PI3P within VROs.
Besides, the active form of Atg8-PE typically represents active autophagy within host cells.
Using ratios of GFP/GFP-Atg8 and Atg8-PE/Atg8 to measure autophagy activity in host
cells post-viral disturbance, we found that autophagy levels were significantly suppressed.
This indicates that, while tombusviruses require a certain level of autophagic activity,
primarily reflected in membrane expansion mechanisms, subsequent autophagic pathways
are inhibited, ultimately preventing viral clearance. This led us to focus on the Atg8-related
selective autophagy receptor NBR1.

NBRI1 is a complex protein evolutionarily. In animals, p62 and NBR1 exist as
separate proteins, but in plants, NBR1 has been identified, but not p62 (245). NBR1 has
been extensively studied as a selective autophagy receptor, but recent studies have found
that p62 in animals can exist in a condensate state within cells (246, 247). In SARS-Cov2-
related research, it was discovered that ER-phagy receptors FAM134B and ATL3 interact
with the dimeric viral protein ORF8 and are brought into condensates formed by ORFS8

and p62, thereby preventing ER-phagy and favoring viral replication (246). In our study,
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we also found that Atg8 and NBR1 BiFC signals aggregated in large spherical structures
in and around VROs. Through Fluorescence Recovery After Photobleaching (FRAP) and
1,6-hexanediol treatment, we confirmed these large spherical structures as condensates
formed by ATG8 and NBR1. Given that Atg8-PE is not conducive to condensate formation,
this prompted our investigation into whether Atg8 within these condensates is in the PE-
conjugated form. Surprisingly, silencing NBR1 enhanced cellular autophagy activity,
which had been suppressed by TBSV, leading us to deduce that the condensate formed by
NBR1 and ATGS8 near VROs serves to hijack and trap Atg8, preventing its recycling for
cellular autophagic activity. This effectively suppresses host cell autophagy while ensuring
the preservation of membrane expansion mechanisms. Whether viruses use autophagic
membrane synthesis and expansion mechanisms to establish their VROs, or whether they
directly utilize formed phagophores or isolating membranes through fusion, remains
uncertain. However, it is clear that Atg8, a core member of autophagic membrane
expansion, and its active form, Atg8-PE, play a crucial role in the formation of tombusviral
VROs.

During the formation of the autophagosome, a key event is the establishment of
autophagosome-ER MCS (227, 248). Through these MCS, Atg2, functioning as an LTP,
plays a critical role in lipid transport during the phagophore assembly site (PAS) formation
(225). In Chapter 4 of this study, I investigated whether TBSV-induced VROs, which also
form MCS with the ER, utilize Atg2 to acquire the necessary phospholipid components for
VRO formation. My results indicate that Atg2, an autophagy-related gene, is hijacked by
TBSV into the VROs and function as a pro-viral host factor. Similar to Atgl1, another

autophagy-related protein involved in a different type of vMCS, overexpression of Atg2 in
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yeast facilitates viral replication. This suggests that both Atgll and Atg2 are not directly
affecting autophagic activity in host cells but are more involved as tools in the host cellular
autophagic process. Atg2, as an LTP, contributes essential phospholipids not only for
autophagosome formation in autophagy but is also involved in lysosome repair
independent of autophagy (233). This discovery highlights Atg2's versatile function
beyond just autophagic processes. Such flexibility also makes Atg2 useful to viruses,
leading to its hijacking into VROs. Here, Atg2 assists in VRO formation by transferring
phospholipids from the ER through vMCS. In chapter 2, we introduce a type of vMCS
involving Atgl1, this type vMCS is characterized by specific lipid exchange mediated by
Osh proteins, exchanging PI4P enriched on the VROs membrane for sterols from the ER
membrane. This exchange specifically alters the host membrane components used by
viruses to establish VROs. In contrast, Atg2 acts as a bridge-like LTP protein in another
type of vMCS. The N-terminal region of Atg2 forms a hydrophobic channel capable of
non-specifically binding and transferring various phospholipids, including PE, PI, PS, and
PC, all of which are crucial for viral replication (53, 227). The combined actions of these
two MCS types provide viruses with a rapid and targeted source of lipids, facilitating the
formation of viral VROs and enabling robust viral replication.

In study of TBSV exploitation of host cellular membranes to establish VROs, an
important aspect is how the virus secures the essential lipid resources for VROs formation.
This process is initiated by the viral replication protein p33, which anchored itself within
ERAS subdomain. This anchoring is achieved through interactions between p33 and
SNARE proteins, Ufel and Usel, creating a foundational platform for VRO membrane

development (97). Once localized, p33 orchestrates the expansion of the membrane and
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shapes it into spherical structures, employing a variety of strategies including the utilization
of different sources of lipids from the host. There are three key lipid sources identified as
contributing to this developmental process:

The first way for lipid acquisition involves exploiting the cellular vesicle-
trafficking pathway. Notably, the TBSV replication protein p33 hijacks both Rab5-positive
early endosomes and ER-derived Rab1-positive COPII vesicles into VROs as lipid sources
(92, 128). These lipids enable TBSV to expand the membrane surface and create an optimal
membrane microenvironment for its replication. While the direct contribution of
phagophores to lipid delivery for TBSV VROs remains to be fully elucidated, it is evident
in chapter 3 that Atg8, especially its active form Atg8-PE, play a crucial role in enriching
PE and PI3P within the VROs. Moreover, the suppression of A7G8 gene expression reduces
the accumulation of Vps34 PI3K in VROs, suggesting that autophagic processes involving
Atg8 might supply lipids to VROs in a manner similar to early endosomes, which not only
provide lipids directly but also provide lipid-synthesizing enzyme Vps34 PI3K.

The second strategy employed by TBSV through establishment of vMCS at the
ERAS subdomain facilitates fast and substantial lipid acquisition necessary for viral
replication, leading to the rapid establishment of VROs and extensive viral replication. One
form of vMCS involves ORP proteins, VAP proteins, and Sacl PI4P phosphatase to
exchange PI4P enriched on viral membranes for sterols on the ER, supported by Fisl and
the Atgl1 scaffold protein along with p33 to maintain stability and long last of these MCS
for continuous lipid acquisition (39, 40, 104, 167). The second form of vMCS involves
ATG2, a LTP that utilizes its unique structure to form a hydrophobic channel at the N-

terminus. This channel non-specifically captures essential phospholipids from the ER and
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transfers them through the MCS (227). This process is not only direct and rapid, facilitating
the bulk transfer of lipids over short distances without the complex involvement seen in
vesicle trafficking pathways but also operates without ATP consumption, significantly
benefiting virus replication under limited cellular resources (221).

The third mechainsm TBSV employs is the in situ synthesis of phospholipids,
which is facilitated by enzymes critical for lipid synthesis and modification. These enzymes
include Psd2, a PS decarboxylase that converts PS to PE, is hijacked by p33 along with
Rab5-positive early endosomes (92). Previous research has revealed that p33 hijacked the
retromer complex, comprising Vps26, Vps29, and Vps35, to transport cargo enzymes, such
as Psd2, Vps34 PI3K, and PI4Ka into the VROs (9). These enzymes enable the de novo
synthesis of critical lipids, including PE, PI3P, and PI4P, directly within the VROs.

In summary, the TBSV has developed sophisticated strategies to secure essential
lipids for the formation of VROs, crucial for its replication. The viral replication protein
p33 acts as a master regulator to interact and co-opt with numerous host factors to establish

different ways to utilize host cell lipid sources for its own replication (Fig 5.1).

5.2 Perspectives

Based on previous research, we understand that viruses exploit a wide range of host
cellular lipids to establish VROs (9, 25, 32, 97). These diverse lipid sources enable viruses
to rapidly construct VROs. The newly formed VROs not only protect viral genomic RNA
and proteins from host immune recognition and clearance but also concentrate viral
proteins within the VRO membranes and provide catalytic surfaces for RdRp to synthesize

RNA. This, in turn, facilitates extensive and robust viral replication within the VROs (39,
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93). In the three chapters of this study, we explored the roles of three distinct autophagy-
related genes in TBSV replication. We observed that they participate in lipid enrichment
during TBSV VRO formation in three different forms. These findings provide a new major
chapter in TBSV replication and further corroborate our previous conclusions that host cell
lipid metabolism is critical for the establishment of VROs.

Interestingly, previous studies using GUVs have revealed that varying proportions
of lipid components significantly impact TBSV replication (9). Notably, the representative
lipids involved include PE, PI3P, PS, and sterols. This suggests that the specific lipid
makeup of the VROs plays a crucial role in the virus's ability to replicate efficiently. The
intricate balance and combination of these lipids within the VROs are therefore key
determinants of the viral replication process. Understanding the precise lipid composition
that favors TBSV replication could provide valuable insights into the virus-host interaction
and pave new ways for potential therapeutic interventions aimed at disrupting these crucial

lipids enrichment.

Precision in host membrane remodeling by TBSV. With TBSV encoding merely
five proteins, and p33 as its master regulator for VRO formation, the virus demonstrates an
extraordinary ability to precisely control host membrane components to create an optimal
replication micro-environment. This phenomenon highlights a sophisticated interplay
between TBSV proteins and the host cellular machinery, demonstrating the virus’s ability
to fine tune the host membrane constituents to proportions conducive to TBSV replication.
A critical question arises from this intricate virus-host interaction: how does TBSV

precisely exploit various intracellular physiological pathways to adjust the membrane
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composition of VROs to a specific ratio that favors viral replication? It is challenging with
current experimental methods to accurately dissect the proportional consistency of
membrane components within individual viral replication complexes (VRCs). However,
observations from electron microscopy reveal that, despite some extended size variations
among VRCs, a regulatory mechanism should exist to ensure the balanced ratio of various
lipids, thus facilitating the establishment and morphology of VROs (9). This mechanism
likely involves the transport of excess lipids out of the VRC or their conversion into other
lipids with a higher proportional representation. Identifying the precise nature of this

regulatory mechanism needs further investigation in the future.

Function of non-lipid related ATG proteins in VROs. The recruitment of
numerous autophagy-related (ATG) proteins to VROs may represent a strategic viral
manipulation rather than an incidental occurrence. TBSV might specifically target ATG
proteins involved in membrane dynamics and lipid transport to utilize the cellular
autophagic machinery for viral benefits. However, it is noteworthy that many ATG protein,
which do not directly participate in lipid metabolism or membrane synthesis, are also
recruited to VROs. The involvement of these non-lipid related ATG proteins in TBSV
replication presents a fascinating research direction. These proteins may contribute to the
creation of a favorable micro-environment for viral replication, potentially by providing
structural support, mediating protein-protein interactions, or modulating host defense
mechanisms. Understanding their roles could uncover novel aspects of how TBSV exploits
host autophagy processes for its own replication. It is still an open question if autophagic

membranes contribute to VRO biogenesis. Future research should aim to elucidate the
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molecular mechanisms by which TBSV utilizes host autophagy pathway, particularly its
strategy for balancing the suppression of autophagy—typically a host defense

mechanism—while co-opting autophagy-related processes for its replication.

Collaboration within the Atg2 complex and other LTPs. In the study of
autophagy, Atg2 functions with Atg9 and Atgl8, forming a complex integral to the
nucleation of PAS and development of isolation membranes of phagophore (54, 226, 249).
Interestingly, the role of Atg9 as a lipid scramblase is critical for the even distribution of a
large amount of phospholipids acquired through LTP transfer across both inner and outer
leaflets of membranes, a process that is critical for membrane formation and integrity
during autophagy (240). However, it remains unclear whether, during TBSV replication,
Atg?2 is recruited individually by the virus or along with Atg9 and Atgl8 as part of a
complex into VROs. Furthermore, the involvement of additional ATG proteins alongside
Atg2, potentially including the lipid scramblase activity of Atg9, might play a pivotal role
in altering the composition of VRO membranes. Identifying these proteins and elucidating
their contribution to VRO formation could uncover novel mechanisms by which TBSYV,
and potentially other viruses, manipulate host lipid metabolism for replication advantages.

An important question for future investigation involves determining whether the
Atg?2 functions as a single unit within VROs, or if additional LTPs are co-recruited with
Atg2. Such investigation could reveal the elaborate strategies of TBSV for host cellular
manipulation. The function of these proteins in lipid transfer and membrane remodeling is
likely crucial for the rapid and efficient formation of VROs. Investigating the potential

engagement of other LTPs in VRO formation, along with examining TBSV's broader
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impact on host cellular physiological activities, is crucial for deepening our understanding

of the complexities of host-pathogen interactions.
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Figure 5.1. TBSV employed different lipid resources for VROs establishment.

The schematic illustrates the three primary lipid resources through which TBSV acquires
the lipids necessary for replication from the host cell.

(Created with BioRender.com)
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