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Diverse single-stranded RNA viruses employ different host cellular organelles or
membrane systems to compartmentalize their replication intermediates and proviral
factors, ensuring robust replication. Replication of Bamboo mosaic virus (BaMV), an
Alphaflexiviridae family, is tightly associated with chloroplasts and dynamic cytosolic
viral replication complex (VRC) clusters. BAMV VRC clusters comprise double-stranded
viral RNA, BaMV replicase (Repg,\y), and mitochondrial outer membrane protein,
voltage-dependent anion channel (VDAC). In this study, we demonstrate that host
glycolytic enolase (ENO) binds to untranslated regions of BAMV RNA independently
of ENO hydrolytic activity. However, the structural integrity of ENO is essential for
its direct interaction with Repg,\y> and its positive regulating role in BaMV replication
and the size of BaMV VRC clusters. Additionally, ENO, pyruvate kinase (PYK), and
VDAC colocalize within cytosolic BaMV VRC clusters embedded in the convoluted
endomembrane reticulum (ER) along with ER-targeted viral movement proteins under
BaMYV infection. This association suggests that the ENO-PYK-VDAC metabolon, with
ENO serving as a scaffold to link chloroplasts and mitochondria, may play a pivotal
role in BaMV robust replication. Collectively, our findings offer significant insights into
how glycolytic ENO acts in BaMV replication.
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Viruses are obligate parasites that commandeer host proteins, cellular machineries, metabolic
resources, and internal membranous structures to accomplish their replication and dissem-
ination. Virus infection is a dynamic process that causes host cell spatiotemporal reorgan-
ization for replication and intracellular trafficking. Diverse membrane systems, such as
endoplasmic reticulum (ER), mitochondria, chloroplasts, tonoplasts, vacuoles, Golgi appa-
ratus, peroxisomes, and plasma membrane are used by Zombusviruses, Tobamoviruses,
Hordeiviruses, Potyviruses, and Potexviruses as viral replication organelles (VRO) (1-3) or
to form viral replication complexes (VRCs) to support robust virus replication through
interactions between host proteins and versatile viral proteins or viral RNA (1, 4-6). Diverse
host factors (HFs) within the VRC are recruited from different organelles, and the VRC
changes their form and constituents over time during virus replication and intracellular
movement. Thus, how viruses utilize cell (endo)membrane systems and enable interorga-
nelle communication to establish a VRC enriched in host proviral factors that can shield
their double-stranded RNA replication intermediates from the host RNA silencing sur-
veillance system is an engrossing question.

Virus infection not only alters the host metabolism to generate energy and macromol-
ecules beneficial for viral propagation, but also physically hijacks metabolic enzymes into
virions and the VRC. For example, Dengue virus (DENV) N3 protein interacts with fatty
acid synthase to regulate DENV VRC formation (7); Zomato bushy stunt virus (TBSV)
replicase proteins P92 and P33 recruit glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), fructose-bisphosphate aldolase, and enolase (ENO) to stimulate plus-strand
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Viruses are obligate parasites
that often use internal
membranous structures to create
environments enriched with host
factors, providing a protection
environment for replication.
Previous evidence shows that
Bamboo mosaic virus (BaMV)
hijacks nucleus-encoded
chloroplast proteins for RNA
targeting to chloroplasts and for
subgenomic RNA transcription
within chloroplasts. Moreover,

it recruits several cytoplasmic
proteins and mitochondria outer
membrane protein, voltage-
dependent anion channel (VDAC)
into BaMV replication complex,
which is essential for its
replication. In this study, we
identified pivotal role of the
glycolytic enzyme enolase (ENO)
in BaMV replication by
maintaining ENO-VDAC
metabolon, which depends on
ENO structural integrity, and
connects the chloroplasts and
mitochondria. Our findings reveal
that BaMV replication requires
dynamic and sequential
interactions between these two
intracellular organelles.

synthesis by generating ATP-enriched compartments (8-10); and Rice dwarfvirus Pns11 ~ The authors declare no competing interest.
protein, a component of viroplasm, interacts with S-adenosyl-L-methionine synthetase
(SAMS) to increase ethylene production for plant counterdefense (11). Notably,
host-encoded ENO is also packed into virions (12), but it plays an antiviral role in HIV
infection (13) and prevents HIV-1 integration (14).

ENO is a ubiquitous and conserved Mg**-bound metalloenzyme that catalyzes the revers-
ible conversion of 2-phosphoglycerate (2-PG) to phosphoenolpyruvate (PEP) in the glycolysis
pathway (15). In plants, glycolysis primarily takes place in the cytosol, as well as in some
plastids of nonphotosynthetic tissues, mediated by various isozymes (16). It is a multifunc-
tional protein, acting as an enzyme, scaffold, chaperone, receptor (15), and HF for
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Hepatitis Bvirus (HBV) (17) and TBSV (8) replication. As a positive
regulator of both HBV and TBSYV, it suppresses the interferon sig-
naling pathway (17) or cooperates with several ATP-generating
glycolytic enzymes to form a VRO (8). Furthermore, ENO also
regulates immune responses in Arabidopsis thaliana (18).

Bamboo mosaic virus (BaMV) is a single-stranded positive-sense
RNA virus belonging to the genus Potexvirus of the family
Alphaflexiviridae (19). There are five open reading frames (ORFs) in
the BaMV genome, which encode a replicase (Repp,p) harboring
functional domains with methyltransferase (20, 21), a helicase (22),
and RNA-dependent RNA polymerase (23) activities for viral rep-
lication, three overlapping triple gene block proteins (TGBps) for
movement (24-26), and a capsid protein (CP) for encapsidation
(27), movement (28), and symptom formation (29), respectively.
Several HFs involved in BaMV replication have been identified either
through their binding to its 3" untranslated region (UTR) or their
interaction with Repp,;y (30-33). BaMV co-opts chloroplastic
phosphoglycerate kinase (chPGK) for targeting viral RNA to chlo-
roplasts (34) and thylakoid-resident photosystem II oxygen-evolving
complex protein (PsbO1) for subgenomic RNA transcription (35).
BaMV also induces autophagy-related gene 8 (ATG8) and Repp, -
enriched vesicles possibly derived from chloroplasts for proviral rep-
lication (36). The S100 membranous fraction of BaMV-infected
cells exhibits replicase activity and consists of TGBps, CB, virions
and mitochondrial outer membrane protein, and voltage-dependent
anion channel proteins (VDACs), indicating BaMV replication is
associated with mitochondria in cytosol (37, 38). Moreover, this
cytosolic BaMV VRC partially colocalizes with ER and moves within
cells as a mobile VRC (mVRC) (38). Therefore, BAMV may utilize
multiple cellular membranous systems for its replication and intra-
cellular movement to complete its infection cycle.

Here, we have identified ENO as an RNA binding protein
(RBP) that binds to the UTR of BaMV RNA and that its hydro-
lase activity is essential for cytosolic VRC formation and for BaMV
replication. Using confocal microscopy, we observed that ENO,
pyruvate kinase (PYK), and VDAC colocalizes with the cytosolic
BaMV VRC clusters near chloroplasts and enriched with mito-
chondria, along with movement proteins (MPs) and CP associated
with ER. Given that a glycolysis metabolon consisting of phos-
phoglycerate mutase (PGM), ENO, pyruvate kinase (PYK), and
VDAC is responsible for chloroplast-mitochondria association
(39), we identified ENO as a critical HF that links chloroplasts
and mitochondria and assists in the formation of the VRC clusters
embedded in ER for BaMV robust replication.

Results

Identification of HFs Recruited by the BaMV 5’ UTR. Previously,
HFs contributing to BaMV replication were extensively revealed
via binding assay to the BaMV 3" UTR or to crude BaMV
replication complex (30). Here, we used the 5" UTR of BaMV
as a probe to identify HFs potentially involved in replication. In
brief, in vitro transcripts of the 5' UTR of BaMV were fused with
streptomycin-binding aptamers (StreptoTag) (40) to isolate host
RBPs from crude cell extract of evacuolated BY2 protoplasts (41).
These RBPs were separated on SDS-PAGE, silver-stained, and
subjected to liquid chromatography-mass spectrometry (LC/MS).
Apart from previously known HFs bound to the BaMV 3’ UTR,
e.g. heat shock protein 90 (Hsp90) (42), PGK (43), GAPDH (44),
and eEF1A (34), we also detected ENO and PGM in this assay
(SI Appendix, Fig. S1). For further analysis, we cloned full-length
ENO from Nicotiana benthamiana (SI Appendix, Fig. S2), which is
an ortholog of Phyllostachys edulis ENO (GenBank: FP092434.1)
and AtENO2.

https://doi.org/10.1073/pnas.2415089122

To assay if ENO directly binds to the BaMV 5" UTR, we per-
formed electrophoretic mobility shift assay (EMSA). By EMSA using
serial amounts of purified recombinant ENO-His tagged (rENO)
protein, we detected band shifts of **P-labeled BaMV 5’ and 3’
UTRs when incubated with ~1 pg WT rENO protein (Fig. 14).
However, an unrelated Cucumber mosaic virus (CMV) 3" UTR probe
rarely bound to rENO, and CMV 5" UTR probe did not bind to
rENO even when incubated with up to 4 pg rENO protein (Fig. 14).
The binding affinity of tENO to BaMV 5’ UTR is higher than its
affinity for the BaMV and CMV 3’ UTRs by competitive EMSA
(81 Appendix, Fig. S3A). Thus, tENO WT exhibits an RNA-binding
capability for the UTRs of BaMV but rarely to CMV.

Previously, we successfully isolated a partially purified membrane-
bound fraction (P30) from BaMV-infected N. benthamiana leaves
that can fully support replication in vitro of BaMV and its associ-
ated satellite RNA, satBaMV, assigned as a “BaMV RdRp prepa-
ration” (45). Although Repg,\nv could not be detected per se in
BaMV RdRp preparation by protein blot, likely due to limited
levels, it is noteworthy that Repy, sy levels could be enhanced by
coexpressing satBaMV to function as an RNA scaffold (46). To
determine whether ENO interacts with Repg, in BaMV RdRp
preparation, we performed a coimmunoprecipitation assay on
ENO-DsRed-overexpressing WT and Repy,\y transgenic N. ben-
thamiana (O1) that was able to support satBaMV replication (31).
By immunoprecipitation with ENO antibody, we detected Repg, sy
in the P30 fraction of BaMV RdRp preparation from Repg,\s
transgenic plants infiltrated with Agrobacterium harboring pKF4
(the infectious cDNA clone of satBaMV) (47), but not from WT
plants (Fig. 1B). This result indicates that ENO interacts with
Repg,yy primarily in BaMV RdRp preparation.

ENO Is Essential for Efficient BaMV Replication. To elucidate
further if ENO affects BaMV replication, we used 7obacco
rattle virus (TRV)-based virus-induced gene silencing (VIGS)
technology to knock down ENO in N. benthamiana. Plants
infiltrated with a GFP construct were used as a negative control.
GFP- and ENO-silenced systemic leaves were harvested at 7
dpa for protoplast isolation. Reverse transcription-qPCR (RT-
qPCR) revealed an 80% reduction of ENO in the ENO-silenced
protoplasts relative to GFP-silenced protoplasts at 7 dpa (Fig. 2A4).
Next, we infected GFP- and ENO-silenced protoplasts with
BaMV and harvested them at 24 hours-post-inoculation (hpi).
RNA blotting demonstrated that levels of the genomic and
two subgenomic (sgRNA1 and sgRNA2) RNAs of BaMV were
dramatically reduced in ENO-silenced protoplasts to 20% of those
in GFP-silenced protoplasts (Fig. 2B).

We further assessed whether ENO is a general regulator for RNA
virus replication. To do so, we challenged GFP- and ENO-silenced
protoplasts with another Potexvirus, Potato virus X (PVX), and two
other representative viruses, i.e., Tobacco mosaic virus (TMV) of
Genus Tobamovirus and CMV of Genus Cucumovirus. Similar to
the significant reduction observed for BaMV levels (Fig. 2B), we
detected a ~60% reduction in PVX level in ENO-knockdown pro-
toplasts (Fig. 2C). In contrast, ENO silencing had no obvious effect
on TMV or CMV accumulation (Fig. 2 D and E). This indicates
that the regulatory role of ENO in viral replication is specific to
Potexviruses, with less effect observed in PVX.

To further confirm the role of ENO in BaMV replication, we
performed an ENO overexpression assay. Vectors overexpressing
GFP or ENO-HA fusion proteins were coinfiltrated with pKB, a
BaMYV infectious clone (47), into V. benthamiana leaves. At 3 dpa,
overexpressed ENO-HA was detected by protein blot using anti-HA
antibody (Fig. 2F). In ENO-HA-overexpressing leaves, BaMV lev-
els increased to ~1.5-fold those of GFP-expressing leaves, as
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Fig. 1. Enolase (ENO)is a BaMV 5’ UTR binding protein that interacts with Repg, by EMSA analysis and coimmunoprecipitation assay. (A) RNA binding activity
of different amount of recombinant ENO wild-type (WT) protein incubated with 5 UTR of BaMV (Ba 5’ UTR), CMV (CMV 5" UTR), and 3’ UTR of BaMV (Ba 3’ UTR)
and CMV (CMV 3’ UTR) was assayed by EMSA. (B) Interaction of ENO and Repg,yy in satBaMV replication fraction. P30 fraction of ENO-DsRed infiltrated WT
N. benthamiana leaves (WT) or ENO-DsRed and pKF4 coinfiltrated Repg,\y transgenic N. benthamiana leaves (O1) at 2 days-post-agroinfiltration (dpa) were purified
and immunoprecipitated by ENO antiserum. Afterimmunoprecipitation, Repg,yy and ENO were detected by protein blot. O1: Repg,yy transgenic N. benthamiana.

determined by RNA blot (Fig. 2G). These results clearly demon-
strate that ENO is required for facilitating BaMV replication.

ENO’s Enzymatic Function Is Involved in BaMV Replication.
ENO forms a homodimer that converts 2-PG into PEP in the
glycolysis pathway. By comparing ENO from N. benthamiana
with previously characterized ENO from sunflower (Helianthus
annuus L.) (48), we predicted residues important for ENO activity,
including substrate binding, dimer formation, and Mg** binding,
Accordingly, we conducted site-directed mutagenesis to generate
respective eno mutants: ENO S42A (Mg2+-binding domain),
ENO H380A (substrate-binding domain), and ENO TM (a
Mg’*-binding, substrate-binding, and dimer formation-defective
triple mutant). Subsequent enolase activity assays revealed that
purified rENO H380A mutant protein presented ~45% activity

PNAS 2025 Vol.122 No.19 2415089122

of WT rENO (Fig. 34), but both rENO S$42A and rENO TM
completely lacked enzymatic activity (Fig. 34).

Next, we constructed binary vectors expressing WT or
activity-deficient ENO mutant proteins fused with a HA-tag at
their C-terminus for complementation assay. Agrobacterium car-
rying BaMV and ENO WT or mutant variants were mixed in a
1:1 ratio and infiltrated into GFP- and ENO-silenced leaves at 7
dpa. Protein blots revealed that levels of ENO protein were indeed
reduced by ENO silencing (Fig. 3B). As described above (Fig. 2B),
ENO silencing greatly reduced BaMV levels by 90% (Fig. 3 C
and D, lane 2). However, transient expression of ENO WT
restored BaMV levels to ~75% at 7 dpi (Fig. 3 C and D, lane 3),
whereas complementation of ENO S42A, ENO H380A partially
recovered BaMV levels to 59% and 46%, respectively (Fig. 3 C
and D, lanes 4 to 5). Complementing ENO TM rarely restored

https://doi.org/10.1073/pnas.2415089122 3 of 12
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Fig. 2. Enolase positively regulates BaMV accumulation. (A-£) ENO was silenced using VIGS and GFP-silencing was used as a control. The ENO- or GFP-silenced
leaves were harvested at 7 dpa for protoplast isolation followed by virus infection. Protoplasts were harvested at 24 hpi for (A) RT-qPCR to quantify ENO levels and
RNA blotting to determine (B) BaMV, (C) PVX, (D) TMV and (E) CMV infection levels in GFP- and ENO-silenced N. benthamiana, respectively. (Fand G) Agrobacterium
harboring pKB, and ENO-HA or GFP were mixed at 1:3 ratio and coinfiltrated WT N. benthamiana leaves. Infiltrated leaves were harvested at 3 dpi for protein
and RNA purification and used for (F) ENO-HA expression level by protein blot using anti-HA antibody and (G) RNA blot for BaMV detection. TRV: GFP for GFP
silencing. TRV: ENO for ENO silencing. M: Mock. BaMV: BaMV-infected. PVX: PVX-infected. TMV: TMV-infected. CMV: CMV-infected. O/E: overexpression.

BaMV levels (Fig. 3 Cand D, lane 6). Under our treatment con-
ditions, all ENO WT and mutant proteins were equally detectable
by protein blot analysis using anti-HA antibody in ENO-
complemented leaves (Fig. 3E), supporting that ENO mutant
proteins were successfully expressed and were as stable as ENO
WT protein. Together, these findings suggest that the role of ENO
in BaMV replication is associated with its enzymatic activity, but
nonfunctional ENO, such as ENO S42A, also contributes BaMV

replication to some extent.
ENO’s Catalytic Function Is Independent for Its Interaction

with Repgayy- Although the ENO TM mutant protein failed to
complement BaMV replication (Fig. 3), it still displayed similar

https://doi.org/10.1073/pnas.2415089122

binding activity to BaMV RNA as ENO WT (87 Appendix,
Fig. S3B). To determine whether the failure of ENO TM to
complement BaMV replication was due to its effects on the
physical interaction between ENO and Repg,y» we conducted a
ratiometric bimolecular fluorescence complementation (rBiFC)
assay to evaluate the interactions of ENO WT and TM proteins
binding with Repgpy in N. benthamiana in vivo. Under
confocal microscopy, a YFP signal was observed in the cytosol
of N. benthamiana leaves infiltrated with Agrobacterium carrying
pBiFCt-2in1-CN  (ENO/Repp,v) under mock conditions
(Fig. 44), indicating that ENO WT can directly interact with
Repgy in the absence of BaMV RNA. Moreover, small punctates
at the cell periphery, with some dots associated with chloroplasts

pnas.org
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were observed in leaves expressing pBiFCt-2in1-CN (ENO/
Repgmy) under BaMV infection (Fig. 44). In contrast, no YFP
signal was observed in the leaves expressing pBiFCt-2in1-CN
(ENO TM/Reppy) (Fig. 4B), indicating that the TM mutant
lacks the ability to interact with Repp -

To further investigate whether the lack of interaction between
Repgvy and ENO TM is due to the defect of ENO’s enzymatic
activity, we performed the rBiFC using a Mg-binding mutant
(S42A). As shown in Fig. 4C, YFP signals were detected in the
leaves expressing pBiFCt-2in1-CN (ENO S42A/Repp,y), but
not in leaves expressing pBiFCt-2in1-CN (EV/Repg, ). To fur-
ther confirm these interactions, coimmunoprecipitation assays
were performed using ENO-Flag and Repg,-HA. Both ENO
WT and ENO S42A were successfully precipitated by Reppnn-HA,
while GFD, used as a negative control, was not (Fig. 4D). Similarly,
when co-expressing pPKBRepHA21, an infectious BaMV clone
containing an HA-tagged replicase (49), with ENO-Flag or ENO
S42A-Flag, the interaction between ENO and Repy,\~-HA also
occurred (Fig. 4F). In both conditions, ENO S§42A showed bind-
ing to Repg,\py comparable to that of WT ENO (Fig. 4 D and E).
These results suggest that the enzymatic activity of ENO is not
required for its direct interaction with Repy,yy; either in vivo or
in vitro, regardless of the presence of BaMV RNA. However, the
inability of the TM mutant to interact with Repy,,y highlights
the essential role of ENO’s structural integrity in facilitating this
interaction.

ENO, VDAC, and PYK Colocalize within BaMV VRC Clusters near

Chloroplasts and Are Enriched with Mitochondria. During
infection, BaMV hijacks both ¢hPGK (43) and PsbO1 (35) for

PNAS 2025 Vol.122 No.19 2415089122

chloroplast targeting and subgenomic RNA transcription. BaMV
infection also induces mitochondrial aggregations and forms a
viral complex associated with the mitochondria by interacting
with the mitochondrial outer membrane protein, VDAC (38).
How BaMYV replication is associated with these two autonomous
organelles, i.e., chloroplasts and mitochondria, is intriguing. To
visualize whether mitochondria and chloroplasts are physically
associated with BaMV VRC, we adopted double-stranded RNA
(dsRNA) binding protein B2 from Flock house virus (50) as an
indicator of VRC and transiently overexpressed mito-GFP and
B2-OFP in mock- and BaMV-infected V. benthamiana. In mock-
treated plants, we observed that B2-OFP only resides within the
nucleus, whereas mitochondria and chloroplasts were randomly
distributed in the cytosol. Some mitochondria formed aggregates
around nucleus and few occasionally associated with chloroplasts
(Fig. 5A). In contrast, large cytosolic B2-OFP clusters with some
B2-OFP dots closely associated with mitochondria and chloroplasts
were observed in BaMV-infected plants (Fig. 54). These results
indicate that BaMV infection induces the formation of cytosolic
BaMV VRC clusters along with mitochondrial aggregates and
closely associated chloroplasts. Therefore, these two organelles,
chloroplasts and mitochondria, and their proteins are also crucial
for BaMV replication.

Recent evidence supports that interorganelle communication
between chloroplasts and mitochondria relies on a glycolytic and
cytosolic PGM-ENO-PYK-VDAC metabolon for both metabolic
function and physical interconnectivity (39). Notably, both ENO
and VDAC (38) are important HFs for BaMV replication. To
elucidate whether glycolytic metabolon-mediated chloroplast-
mitochondria associations are involved in BaMV replication, we

https://doi.org/10.1073/pnas.2415089122 5 of 12



A pBiFCt-2in1-CN
(ENO/Repgmy)

YEPN

pBiFCt-2in1-CN

(ENOqy/Repgamy)

pBiFCt-2in1-CN
(ENO/Repgawv)

pBiFCt-2in1-CN
(ENOg4n/Reppamy)

pBiFCt-2in1-CN
(vec/Repgamy)

pERep-HA

Input

YFPC-ENO

YFPN-HAIL

YFPC-AHL10

IP: a-HA

o o*e © oFe
S S KS &S &

+

+

+

+  +

+

RFP

180 =
a-HA 1307
100 7]

__._.-..LJ‘LJH

[ @Rep-HA

63—
a-Flag 48—
35

4 ENO-Flag

<GFP-Flag

63
a-actin
48

Qactin

Mock

BaMV

ENO-YFPN

pKB-RepHA21

a-HA

ENOgs2a-Flag q_Flag 48—

a-actin

YFP-Repg vy
N

Chloroplast

10 um

Chloroplast

Input

YFPC-Repgmv

Merge

IP: a-HA

o oFe © oFe
S S F SO K

+ 4+

+

+ o+

180 —
130 -

100 <

—_—

+
ed L4 b lgrepta
e L4

63 -

357

<ENO-FIag
ENOss2a-Flag

<GFP-Flag

63

48—

actin

Fig. 4. Interaction of ENO WT and mutants with Repg,yy. (A-C) rBiFC assay of (A) ENO WT, (B) ENO TM and (C) ENO S42A with Repg,yy. Transient expression of
pBiFCt-2in1-CN (ENO WT/Repg ). PBIFCt-2in1-CN (ENO TM/Repgayy), or pBiFCt-2in1-CN (ENO S42A/Repg,wy) in N. benthamiana by agroinfiltration. Images of
infiltrated leaves were taken at 3 dpa by confocal microscopy. YFP- and RFP-specific fluorescence are shown in yellow and red, respectively. Chloroplast-derived
autofluorescence is shown in blue. The dashed circle marks the nucleus. (D and E) Coimmunoprecipitation assay of ENO WT and mutant with Repg,yy. Transient
expression of ENO-Flag, or ENO S42A-Flag, and GFP-Flag with pERep-HA (D) or pKB-RepHA21 (E) in N. benthamiana leaves at 3 dpa. Total protein was extracted
and immunoprecipitated using HA antiserum. Following immunoprecipitation, Repg,yy and ENO were detected by anti-HA and anti-Flag antibodies, respectively.
Actin was used as the loading control.
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Fig. 5. ENO residesin BaMV VRC aggregates associated with mitochondria and chloroplasts. Transient expression of (A) mito-GFP and B2-OFP and (B) ENO-DsRed
and VDAC3-GFP in mock- and BaMV-infected WT N. benthamiana at 3 dpa. GFP- and RFP-specific fluorescence is shown in green and red, respectively. The dashed
circle indicates the nucleus. Chloroplast-derived autofluorescence is shown in (A) blue and (B) violet. Filled and empty triangles indicate B2-OFP signal closely
associated with chloroplasts and mitochondria, respectively. Arrows indicate B2-OFP signal closely associated with chloroplast. Z-projection images represent
computer projections of multiple confocal sections (at least 20 sections per cell, each section approximately 0.5 pm focal depth).

transiently overexpressed ENO-DsRed and VDAC-GFP into
mock- and BaMV-infected N. benthamiana. We observed that
ENO colocalized with overexpressed VDAC aggregates around
the nucleus of mock plants (Fig. 5B), whereas those ENO- and

PNAS 2025 Vol.122 No.19 2415089122

VDAC-associated aggregates were localized near chloroplasts in
BaMV-infected plants at 3 dpa (Fig. 5B).

To verify that these large BaMV-induced ENO-VDAC aggre-
gates are associated with BaMV VRC, we adopted bacteriophage
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MS2-tagging system to label BaMV viral RNA, along with B2
dsRNA labeling system (50) as an indicator VRC, to visualize
BaMV viral RNA and replicating dsRNA in vivo. We agroinfil-
trated N. benthamiana with pKBsubMS2, an infectious BaMV
clone containing eight copies of bacteriophage MS2 CP binding
sites (Fig. 64) or pKn and co-expressed MS2;,-GFP (51),
B2-OFP, and ENO-CFP. In pKn-treated plants at 3 dpa,
MS2;,-GFP and B2-OFP signals were only observed in the
nucleus, MS2.,-GFP but not B2-OFP in the nucleolus and
ENO-CEFP in the cytosol (Fig. 6B). However, in MS2-tagged
BaMV infected plants, MS2;p-GFP formed large aggregates
together with ENO-CFD, with some condensed B2-OFP signal
embedded inside in cytosol and a few chloroplasts nearby (Fig. 6B).
By 3D modeling, it clearly showed that B2-OFP signals were
surrounded by MS2;,-GFP signals and some B2-OFP signals
penetrated the chloroplast envelope (Fig. 6C). These results
demonstrate that ENO, VDAC, and chloroplasts are involved in
BaMV VRC clusters.

Considering that the enzymatic function of ENO is important
for BaMV replication (Fig. 3), we next tested whether ENO activ-
ity plays a role in BaMV VRC formation. ENOblock, a nonsub-
strate analogue enolase inhibitor, that binds ENO and modulates
its functions, was used to evaluate its effect on BaMV VRC cluster
formation. In ENOblock-treated leaves, the size of BaMV VRC
clusters and the BaMV titer were significantly reduced compared
to DMSO-treated controls (Fig. 6 D and E). These results suggest
that the enzymatic function of ENO is important for the estab-
lishment of BaMV VRC and robust replication.

To evaluate whether PYK, another player of PGM-ENO-PYK-
VDAC metabolon, also resides in the BaMV VRC, we transiently
overexpressed CFP-PYK and ENO-DsRed in mock- or BaMV-
infected B2-GFP transgenic N. benthamiana. B2-GFP signals in
mock-treated plants primarily localized in the nucleus, whereas PYK
and ENO colocalized in the cytosol (Fig. 6£). However, BaMV
infection induced large cytosolic aggregates of B2-GFP that colo-
calized with CFP-PYK and ENO-DsRed signals in close proximity
to chloroplasts (Fig. 6E). Taken together, these results demonstrate
that ENO, PYK, and VDAC, which are responsible for chloroplast-
mitochondria associations, colocalize within the cytosolic BaMV
VRC clusters. Importantly, ENO activity also plays a critical role
in the formation of BaMV VRC clusters.

BaMV VRC Includes BaMV Movement Complex. BaMV infection
results in the production of a cytosolic BaMV VRC cluster
comprising ER-localized ENO-PYK-VDAC (S Appendix,
Fig. S4) and Repy,n~-TGBpl-VDAC-CP (38). Since BaMV
movement complex, which includes three TGBps and CP (52),
targets to ER, we wondered whether the ER-localized BaMV VRC
also contains any BaMV MPs and CP. Thus, we agroinfiltrated
B2-GFP transgenic V. benthamiana with pKB or pKn and
induced coexpression of ER-CFP with TGBp1-mCherry, TGBp2-
mCherry, mCherry-TGBp3, or CP-mCherry, respectively.

TGBp1-mCherry was localized in both the nucleus and cyto-
plasm of mock plants. However, upon BaMV infection, TGBp1-
mCherry predominantly colocalized with the BaMV VRC within
the ER membrane, and no TGBp1-mCherry signals were detectable
in the nucleus. As per a previous report (53), some TGBp1-mCherry
puncta were also observed at the cell periphery (SIAppendix,
Fig. S5).

For ER-localized TGBp2 (54), we observed small TGBp2-
mCherry granules in the ER of mock-treated plants, as well as
some large aggregates at the cell periphery. After BaMV infection,
TGBp2-mCherry was observed within the BaMV VRC at the
convoluted ER membrane (S/ Appendix, Fig. S6).

https://doi.org/10.1073/pnas.2415089122

As reported previously (52), overexpressed mCherry-TGBp3
formed small granules in the ER network of mock-treated plants.
However, BaMV infection induced the formation of some
mCherry-TGBp3 aggregates in the BaMV VRC associated with
the ER membrane, while most mCherry-TGBp3 remained in the
ER network (81 Appendix, Fig. S7).

CP-mCherry localized in the cytoplasm of pKn-treated plants,
but was enriched in the BaMV VRC, with a minor proportion of
signal in the cytosol after BaMV infection (S7 Appendix, Fig. S8).
Taken together, our results indicate that the cytosolic BAMV VRC
clusters, consisting of viral RNA-Repg,\-ENO-PYK-VDAC-
TGBps-CP, may utilize ER membrane for its intracellular traffick-
ing during infection (S Appendix, Fig. S9).

Discussion

Viruses utilize membranous structures for replication, often elic-
iting VRO ultrastructural alterations (1). However, despite BaMV
replication and transcription taking place in chloroplasts (35, 43),
no obvious modifications of chloroplast morphology have been
observed at the ultrastructural level upon BaMV infection. It was
reported that mobile cytosolic BAMV VRC aggregates consisting
of Repp > TGBp1 and the mitochondrial outer membrane pro-
tein VDAC is imbedded in the ER network (38). Therefore, there
is a knowledge gap with respect to how chloroplasts, as the BaMV
replication organelle, and the mitochondria- and ER-associated
cytosolic VRC clusters are interconnected.

In this study, we uncover a positive and essential moonlighting
function for ENO in BaMV replication. First, we show that ENO
is an RBP to BaMV UTRs with rare affinity to CMV 3’ UTR but
not to CMV 5" UTR (Fig. 1). Second, ENO is critical for BaAMV
replication, with a minor role in PVX replication and yet no
impact on TMV or CMV replication (Figs. 1 and 2). Third,
ENO’s hydrolase activity amplifies its positive role in BaMV rep-
lication (Figs. 3 and 4). Fourth, ENO directly interacts with
Repgamys and this interaction depends on ENO dimerization
rather than its hydrolase activity (Fig. 4). Fifth, BaMV hijacks the
ENO-PYK-VDAC metabolon, that is responsible for chloroplast—
mitochondrial associations, into BaMV VRC clusters to promote
BaMV replication (Figs. 5 and 6). Sixth, ENO enzymatic activity
affects the size of BaMV VRC clusters and BaMV accumulation
(Fig. 6 D and E). Therefore, ENO assists BaMV replication pos-
sibly through establishing an enzymatically functional metabolon
that enhances the physical connection between chloroplasts and
mitochondria even though most BaMV RNA and dsRNA repli-
cation intermediates are observed in cytosol rather than in chlo-
roplasts (Fig. 6 Band C). Previously, ENO has been documented
as essential for TBSV replication, with its replicase recruiting
glycolytic enzymes into its VRC to generate an ATP-enriched
compartment beneficial to TBSV replication (8, 10, 55). However,
it is worth noting that TBSV is a well-known example of a virus
that can replicate in yeast which lacks chloroplasts. Unlike TBSV,
BaMV replication requires host factors from both chloroplasts
and mitochondria, and these two organelles are enriched within
the cytoplasmic BaMV VRC clusters (Fig. 5A4). Thus, while ENO
and other glycolytic enzymes in the TBSV VRO are important
for rapid energy supply, the moonlighting function of ENO in
BaMYV replication may involve maintaining the glycolytic metab-
olon that dynamically and physically connects chloroplasts and
mitochondria. The rapid energy supply and physical connection
between chloroplasts and mitochondria, facilitated by glycolytic
enzymes, are not mutually exclusive. Further analysis is needed to
clarify the role of ENO and other glycolytic enzymes in BaMV
replication, specifically in providing a rapid ATP supply.
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Fig. 6. Colocalization of VDAC, ENO, and PYK in BaMV replication complex. (A) Schematic representation of the construction of an infectious clone for MS2-
tagged BaMV, pKB,,,MS2. Eight copies of bacteriophage MS2 coat protein binding sequence (8xMS2) were inserted into duplicated subgenomic promoter 2.
The triangle represents sgp2. (B) Transient expression of MS2:,-GFP, B2-OFP, and ENO-CFP with pKn or pKB,,,MS2 in WT N. benthamiana. Images were taken
at 3 dpa by confocal microscopy of agro-infiltrated leaves. CFP-, GFP-, and RFP, OFP-specific fluorescence is shown in blue, green, red, and orange, respectively.
Chloroplast-derived autofluorescence is shown in violet. Z-projection images represent computer projections of multiple confocal sections (at least 20 sections
per cell, each section approximately 0.5 um focal depth). (C) BaMV VRC 3D image by Imaris image analysis software was created from pKBsubMS2-infected sample
of B. The 3D model was vertically rotated 90 degree. Red represents B2-OFP signal. Violet surfaces were chloroplasts. Green represents BaMV viral RNA. (D) The
size of BaMV VRC clusters of DMSO and ENOblock treated plants was calculated from Z-projection images. In DMSO and ENOblock treated plants, ten different
BaMV-infected cells were selected and the size of BaMV VRC clusters was quantified and used for Student’s t-test. ****p < 0.0005. (F) BaMV level in DMSO- and
ENOblock-treated plants was quantified by RT-qPCR from three plants, with the experiment repeated three times. Data from three independent experiments
were analyzed using Student's t-test. *P < 0.05. (F) Transient expression CFP-PYK, ENO-DsRed, and B2-GFP in mock- and BaMV-infected WT N. benthamiana at
3 dpa. Images of agro-infiltrated leaves were taken at 3 dpa by confocal microscopy. CFP-, GFP-, and RFP-specific fluorescence is shown in blue, green, and red
or orange, respectively. The dashed circle indicates the nucleus. Chloroplast-derived autofluorescence is shown in violet. The triangle indicates B2-OFP signal
closely associated with chloroplast. Z-projection images represent computer projections of multiple confocal sections (at least 20 sections per cell, each section
approximately 0.5 pm focal depth).
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A glycolytic metabolon associated with the chloroplast TP/
PGA transporter has been demonstrated to include host cytosolic
PGM, ENO, PYK, and VDAC in the outer mitochondrial mem-
brane (39). This metabolon facilitates the channeling of 2-PG
and enables a chloroplast-mitochondria- physical association that
is dependent on ENO enzyme activity. Previous studies have
shown that chPGK assists in targeting BaMV RNA to chloro-
plasts during the early replication step (43), while Hsp90
facilitates VRC translocation (42). NbGSTU4 plays a role in coun-
teracting oxidative stress within chloroplasts, thereby promoting
efficient viral RNA synthesis (56). Additionally, NbPsbO1, a pho-
tosystem I oxygen-evolving complex protein, specifically interacts
with the BaMV subgenomic RNA promoter and is essential for
efficient sgRNA synthesis (35). BaMV RNA and subgenomic
RNAs are likely released from chloroplasts via ATGS8- and
Repp.v-enriched vesicles (36). Since ATG8 mediates intrinsic
membrane tethering and hemifusion of chloroplasts and ER (57),
together with the known action of glycolytic metabolons in con-
necting chloroplasts and mitochondria (39), we propose that
BaMV RNA and the replication complex may release from chlo-
roplasts and hijack ENO, PYK, and VDAC to form large aggre-
gates involving mitochondria, which are surrounded by ER. Thus,
BaMV may co-opt host ENO and PYK to connect chloroplasts,
where BaMV replication occurs through geometric model and
subgenomic transcription. Subsequently, its cytosolic VRC clusters
with mitochondrial aggregates to supply energy (38) for robust
BaMV replication through stamping models (Figs. 5 and 6).
Further, the ER-resident BaMV movement complex consisting of
TGBps and CP, which is critical for BaMV intracellular trafficking
(28, 52), is also recruited into the cytosolic amorphous BaMV
VRC clusters (S Appendix, Figs. S$5-S8). The sequential require-
ment of different intracellular membranous systems for virus rep-
lication has also been demonstrated in potyvirus (58, 59). Based
on the documented interactions among ENO-Repg,\n» VDAC-
Repparys ENO-PYK-VDAC, VDAC-TGBp] (38), Repypy-CP
(28), TGBpl1-CP, TGBpl-TGBp2, CP-TGBp2, and
TGBp2-TGBp3 (52) (SI Appendix, Figs. S5-S8 and S9A), the
compact cytosolic BaMV VRC clusters contain all known proviral
HFs, viral proteins, and vRNA, which associate with the ER and
traffic along the convoluted ER membrane (S Appendix, Fig. S9B).
However, unlike PVX TGBp1 that plays a central role in remod-
eling the ER into X-bodies (60), BaMV TGBps, and CP, when
expressed alone, did not elicit any significant disruption or con-
formational alteration of the host ER network (SI Appendix,
Figs. S5-S8). Moreover, while BaMV TGBp2 alone formed small
granules (8] Appendix, Fig. S6), PVX TGBp2 which exerts a dual
role in PVX replication and movement (61), induced ER-derived
vesicles in the absence of other viral proteins and RNA (62). This
difference in VRC formation between BaMV and PVX may
explain why ENO has only minor effects on PVX replication but
dramatically impacts BaMV (Fig. 2), despite both being potex-
viruses. Also, the RdRps of related potexviruses, such as PVX and
Plantago asiatica mosaic virus (PIAMV), contain amphipathic
a-helices that mediate membrane binding and multimerization
(3, 63). While Repg,\y appears to contain a putative shorter
proline-linked amphipathic a-helix compared to those found in
PVX or PIAMYV, BaMV replication is known to be associated
with intracellular membranes, including perinuclear structures
and the ER network (S Appendix, Fig. S4) (38, 43).

We used ENOblock to inhibit ENO function and found that
the size of cytosolic BaMV VRC clusters and BaMV titers were
significantly reduced by ENOblock (Fig. 6 D and E). This sug-
gests that suppressing ENO function nullifies the enzymatic

https://doi.org/10.1073/pnas.2415089122

functions of metabolon, compromising energy supply and even-
tually restricting the establishment of cytosolic VRCs and BaMV
accumulation. Notably, the enzymatically inactive ENO S42A,
but not ENO TM, can partially restore BAMV accumulation in
the ENO-knockdown plants (Fig. 3C), indicating that both the
enzymatic function and structural integrity of glycolytic metab-
olons are important for BaMV replication. Moreover, we also
showed that the subcellular interaction site of ENO and Repppv
is affected by BaMV infection, relocating from being evenly
distributed in cytosol to forming punctates, some of which are
in proximity to chloroplasts (Fig. 44). This indicates that the
interaction of ENO and Repy,\v was concentrated in BaMV
VRC during BaMV replication. Binding of ENO to the BaMV
UTRs may stabilize the ribonucleoproteins associated with
Repgvy in the VRC, but this interaction may be irrelevant to
the establishment of this glycolytic metabolon. Furthermore, the
positive role of ENO in BaMV replication cannot not solely
explained by its binding to BaMV UTRs, as the ENO TM can
still bind to BaMV 5’ UTR but fail to recover BaMV accumu-
lation in ENO-knockdown plants (Fig. 3 and S/ Appendix,
Fig. S3). Considering that the BaMV VRC contains VDAC (38),
we propose that BaMV exploits host cell glycolytic metabolons
that mediate chloroplast—mitochondrial association to form
cytosolic amorphous BaMV VRC clusters. The interaction
between ENO-PYK-VDAC and ENO-Repy,\y is critical for
establishment of the clusters.

Methods

Plant Materials, Growth Conditions, VIGS. Repg,,, transgenic N. benthami-
ana plants were generated by Agrobacterium tumefaciens LBA4404 carrying
pERep-HA (28) into WT N. benthamiana as described previously (64). WT and
Repg,uy transgenic N. benthamiana plants (31) were grown in a growth chamber
under a 16:8 h light:dark cycle at 25 °C. Fifteen-day-old plants were used for
VIGS based on a Tobacco rattle virus (TRV) system (65) to knock down specific host
genes. A. tumefaciens harboring pTRV1 and pTRV2 gene vectors were mixed in a
1:1 ratio and coinfiltrated by syringe onto cotyledons and the first two true leaves
of 15-day-old N. benthamiana.

RT-qPCR. ENO expression and BaMV level were assayed by RT-qPCR using a
specific primer set (S Appendix, Table S1) according to a protocol described pre-
viously (42). RT-qPCR of Nbactin with specific primers was used as an internal
control (S/ Appendix, Table S1).

RNA Analysis by Northern Blot Hybridization. Total RNAwas purified by Trizol
frominfected N. benthamiana leaves at 7 dpi and subjected to glyoxylation, before
being analyzed by RNA blotting as described previously (44). Specific probes
for BaMV, CMV, PVX, and TMV were prepared as described previously (42, 66).

Enolase Activity Assay. Recombinant proteins, rENO WT, rENO S42A, rENO
H380A, rENOTM, were purified as described previously respectively. 50 ng recom-
binant proteins of ENO WTand mutants were subjected for enolase activity assay
using Enolase assay kit (Abcam) according to the manufacturer’s instructions.

EMSA. BaMV 5" UTR and CMV 3’ UTR RNA probes were synthesized by in vitro
transcription using T7 RNA polymerase in the presence of a-*2P-labeled UTP
(3,000 Ci/mmol), as described previously (42). Recombinant proteins, ENO WT
and rENO TM, were purified as described previously (42) from Escherichia coli
harboring pET21-ENO and pET21b-ENOTM, respectively. Various amounts of
affinity-purified rENO WTand rENO TM were incubated with radioactively labeled
RNA probe (4 fmol) in a binding buffer [20 mM Tris-HCI pH 7.9, 20 mM KCI, 10
mM DTT, 5% glycerol, 100 ng yeast tRNA (Sigma), and 2 U of RNase inhibitor] at
30 °Cfor 20 min. The reaction mixtures were separated on a 5% nondenaturing
polyacrylamide gel, and the RNA-protein complexes were detected by a phos-
phorimager and quantified by ImageJ.
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ENOblock Treatment. Leaves of 3-wk-old WT N. benthamiana were infiltrated
with DMSO or 20 pM ENOblock (MedChemExpress, Cat. No.: HY-15858) for 16
h and then agroinfiltrated with agrobacterium carrying pBin61-B2-GFP, pBin-ER-
CFP, and pKn or pKB mixed in 1:1:1 ratio for 56 h. The area of cytosolic B2 signals
embedded in ER was calculated from the Z-projection images.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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