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SHORT COMMUNICATION

Selective autophagy receptor Joka2 co-localizes
with cytoskeleton in plant cells
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Autophagy, especially selective autophagy, is poorly characterized in plants compared with mammals and yeasts,
where numerous factors required for the proper regulation of autophagy have been identified. The evidence for the
importance of the cytoskeleton (both actin filaments and microtubules) in various aspects of autophagy comes mostly
from work on yeasts and mammals, while in plant cells these links are poorly explored. In this report we demonstrate
that tobacco protein Joka2, a member of a family of selective autophagy cargo receptors closely related to mammalian
NBR1 and p62 colocalizes with both major cytoskeletal components, microtubules and microfilaments and, addition-

ally, resides in close proximity of the ER.

The plant cytoskeleton is involved in numerous fundamental
processes such as mitosis, cytokinesis, cell polarity or intracellular
trafficking. It also modulates the plant response to environmental
stimuli and affects cell morphogenesis by controlling the arrange-
ment of cellulose microfibrils, the cell wall assembly and expan-
sion.! The cytoskeleton comprises of 2 distinct networks of fibrous
polymers, microtubules (MTs) and microfilaments (MFs), com-
posed of tubulin and actin respectively. The MTs are polar tubular
structures built by a-B tubulin heterodimers. They are mobile and
highly dynamic structures characterized by rapid polymerization
at the plus end and slower depolymerization at the minus end.? The
minus ends of MTs are anchored in the central part of the cell while
the plus ends directed mainly toward the cell perimeter. The MFs
are polar as well but are shorter and thinner than the MTs, and
are distributed more randomly in the cell. In plants, in contrast to
animals, the intracellular traffic seems to rely mostly on the MFs,
while the MTs mainly position (stabilize) the organelles (mito-
chondria, chloroplasts).*® The intracellular transport depends on
motor proteins carrying the cargo along the cytoskeletal filaments,
myosins along the MFs, and kinesins and dyneins along the MTs.?
Interestingly, different groups of organisms have different subsets
of molecular motors, suggesting a diversity of strategies for intra-
cellular transport. The MTs and MFs co-operate with each other
owing to their direct physical interactions and indirect interactions
mediated by various bifunctional proteins or multiprotein com-
plexes.® The structure and dynamics of the cytoskeleton can be
studied by fluorescence microscopy with the use of diverse specific
microtubule-associated proteins (MAPs) or actin-interacting pro-
teins with actin binding domains (ABD).”
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Autophagy is an evolutionarily conserved process of degrada-
tion of unwanted cell components in UPS-independent manner
with over 30 genes (A7G-autophagy-related genes encoding Atg
proteins) involved.!”"! The best characterized type of autophagy
is macroautophagy (here referred to simply as autophagy) where
double-membrane structures (autophagosomes) are created for
cargo uptake and sequestration to the lysosomes or vacuole(s) for
degradation.!? For a long time autophagy was considered as a bulk
process bereft selectivity. However, an increasing numbers of evi-
dences that specific cargos are selectively carried for degradation
have revealed recently that selective autophagy cargo receptors
exist and are involved in cargo recognition."”” The tobacco Joka2
protein'® and its homolog from Arabidopsis thaliana AENBR1
are so far the only examples of the selective autophagy receptors
described in plants. Despite the increasing interest in autophagy,
the recognition of proteins connecting it with other cellular com-
ponents, such as the cytoskeleton, is limited and mostly refers to
yeasts and mammals.'>

In yeasts, the MTs are not essential for bulk autophagy despite
the fact that in vitro the Atg8 protein binds to tubulinl and 2 via
Atg4." Unlike the MTs, actin filaments seem to play a crucial role
in the biogenesis of the Cvt (cytoplasm-to-vacuole targeting) path-
way.”#? Actin, in complex with Atgll and Arp2/3 (actin-related
protein2/3 complex, an actin nucleation factor), is involved in the
trafficking of the Cvt complex and Atg9-containing membranes
to the phagophore assembly site (PAS).?***% As mentioned above,
actin is required in yeast for cargo selection in the Cvt pathway and
also for pexophagy or specific removal of the ER.2022235 Ljttle
is known about the relationships between actin and autophagy

Submitted: 02/27/2014; Revised: 03/12/2014; Accepted: 03/12/2014; Published Online: 04/04/2014
Citation: Zientara-Rytter K, Sirko A. Selective autophagy receptor Joka2 co-localizes with cytoskeleton in plant cells. Plant Signaling & Behavior 2014; 9:e28523;

PMID: 24705105; http://dx.doi.org/10.4161/psb.28523

www.landesbioscience.com

Plant Signaling & Behavior

€28523-1



A Joka2-YFP D RFP YFP

RFP-ABD2 of fimbrin

Enlargement

REF-MBD

Merge

CYFP-Joka2+nYFP-Atg8f

Joka2-cYFP+nYFP-Atg8f

\.gA

RFP-ABD2 of fimbrin

B Joka-YFP

Merge

RFP-MBD of MAP4 Joka2-cYFP+nYFP-Atgsf

C Joka-YFP

RFP-ABD2 Enlargement

RFP-MBD of MAP4 CYFP-Joka2+nYFP-Atg8f

4

é

Figure 1. Co-localization of Joka2-YFP with MTs (A), ER (B), MFs (C), and co-localization of the Joka2-Atg8 complex with MTs and MFs (D). (A) Confocal
microscope image of co-localization of fluorescent signals from fusion proteins Joka2-YFP and RFP-MBD (for microtubules labeling) in N. benthamiana
epidermal cells transfected by Agrobacterium containing plasmids pK7WGR2-MBD of MAP4*¢ and pJ4." Observation under Nicon confocal microscope
Eclipse TE2000-E was done 3 days post agroinfiltration.>* Selected region of the Merge panel has been enlarged to expose yellow spots (showed by
white arrows) indicating the Joka2-YFP signals co-localized with microtubules. (B) Confocal microscope image of Joka2-YFP and ER structures labeled
with mCherry protein in N. benthamiana epidermis one day post particle bombardment. For the biolistic gene transformation (bombardment) of
N. benthamiana leaves cultivated in non-stressed conditions used tungsten-M10 as a microcarrier. Tungsten 0.7um particles (325 pg) were coated with
2 pg of mixture of plasmids pJ4'*and ER-mCherry.*” BIO-RAD PDS-1000/He Biolistic Particle Delivery System was used at 1300psi helium pressure. After
that leaves were placed on solid 0.5xMS medium with 3% sucrose and kept in darkness for 24h at room temperature. Yellow spots in the Merge panels
indicate the Joka2-YFP signals co-localized with ER structures. (C) Confocal microscope image of co-localization of fluorescent signals from fusion
proteins Joka2-YFP and RFP-ABD2 (for microfilaments labeling) 3 days post agroinfiltration of N. benthamiana epidermal cells with Agrobacterium
containing plasmids pK7WGR2- ABD2 of fimbrin®® and pJ4."* Selected region of the Merge panel has been enlarged to expose yellow spots (showed
by white arrows) indicating the Joka2-YFP signals co-localized with microfilaments. (D) Confocal microscope images of co-localization of fluorescent
signals from YFP formed by BiFC from YC-Joka2 or Joka2-YC and YN-ATG8f* and RFP-ABD2 or RFP-MBD fusion proteins (labeled microtubules and
microfilaments). Yellow spots in the Merge panels indicate the BiFC signals resulting from Joka2-ATG8f interactions (visualized in YFP panels) which is
co-localized with microfilaments or microtubules in 2 upper rows or 2 lower rows, respectively (2 BiFC combinations were used).

in mammals or plants. It has only been shown that in mam-
mals GABARAP (a member of the ATG8 family) co-localizes
with MFs.?* However, it is known that autophagosomes move
along microtubules and dynein is involved, since lysosomes are
mainly located near the MT organizing center (MTOC), while
new autophagosomes are formed peripherally.”’* Additionally,
the LC3 protein from the ATG8 family binds to MTs directly or
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via MAP1A and MAPIB but the significance of this binding is
unknown.?*3! The participation of M Ts in autophagosome forma-
tion and fusion with late endosomes/lysososmes in mammals has
been postulated as well.* Nevertheless, it is still unknown how
the ubiquitin-recognizing selective autophagy receptors are moved
close to the polyubiquitinated components or how they are trans-

ported to the PAS.
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The Arabidopsis Atg8s, similarly to the mammalian GABARAD/
LC3 protein family, bind MTs* and probably use them to relocate
autophagosomes to the vacuole. On the other hand, it has been
shown recently that the mammalian selective autophagy recep-
tor NBR1 binds to the light chain of the microtubule-associated
protein (MAP1B-LC1) through the NBR1/FW domain conserved
in all NBR1-like proteins.** A recently characterized NBR1-like
protein from tobacco, Joka2, interacts with ATG8s,'** but no evi-
dence of its interaction with MTs has been presented so far. Here
we show that Joka2-YFP transiently co-expressed iz planta with
microtubule-binding domain (MBD) of MAP4 fused to RFP
(used as MTs marker) (Fig. 1A) co-localizes, suggesting a Joka2-
MTs interaction. This result also argues for the Joka2 involvement
in autophagy by showing its resemblance to the well-characterized
mammalian selective autophagy receptor NBR1.>* Furthermore,
the co-localization of Joka2-YFP with ER-targeted mCherry pro-
tein (Fig. 1B) suggest association of Joka2 with newly formed
autophagosomes since the phagophores are formed from the ER
membrane.”’ It could be also hypothesized that Joka2 receives
cargo from the ER and docks it into autophagosomes during phag-
ophore maturation, thereby preventing the ER from overloading.
Since the ER controls protein folding, posttranslational modifica-
tions and subsequently initial steps of their delivery through the
secretory pathway to their destination a mechanism is required to
prevent defects in ER functioning caused by the accumulation of
aberrant and/or misfolded proteins within the ER lumen. Perhaps
bulk autophagy and selective autophagy mediated by the selective
autophagy cargo receptors such as Joka2 recognizing polyubiqui-
tinated proteins could be a mechanism of misfolded or unwanted
protein clearance from the ER supplementing the UPS system.
Concluding, the presented co-localization of Joka2 with MTs is
the first evidence of a connection between the cytoskeleton and
selective autophagy 77 planta and lets us hypothesize that also in
plants the MTs facilitate autophagosome trafficking, as they do in
mammals. However, it is also possible that M Ts could be involved
in the formation of early autophagosomes or in their fusion with
the vacuole since such a role of MTs in mammals has been under
extensive debate.

On the other hand, we also observed a co-localization of Joka2-
YFP and actin-binding domain 2 (ABD2) of fimbrin fused to
REFP serving as an MFs marker transiently co-expressed in planta,
suggesting a Joka2 association with actin (Fig. 1C). Notably, we
found that not only Joka2 alone but also the Joka2-Atg8f complex
(complex formation was monitored by BiFC) co-localizes with

fluorescently marked MTs and MFs (Fig. 1D). Subsequent bio-
informatic analysis of Joka2 sequence has revealed the existence
of a WH2 actin-binding bipartite motif in the first interdomain
region (between PB1 domain and NES motif). The N-terminus
of this motif forms a short a-helix rich in hydrophobic acids and
binds to the hydrophobic cleft formed by subdomains 1 and 3
of actin, while the C-terminus of this motif forms a disordered
region, stabilized upon actin binding. Interestingly, the WH2
motif is conserved only in plant NBR1-like proteins but not in
the mammalian NBR1s (not shown). The Joka2-Atg8f interac-
tion with actin could either promote or inhibit filament assem-
bly and regulate filament nucleation.”” One could speculate that
by promoting actin polymerization Joka2 recruits polyubiquiti-
nated cargo into phagophore or that it is moved there with other
protein(s). Interestingly, it is known that p62 (another mam-
malian homolog of Joka2 besides NBR1, also called SQSTMI)
requires self-oligomerization but not LC3 binding to be loaded to
the PAS and this step is accelerated by starvation.”! However, it is
still unknown how p62 is targeted to the autophagosome forma-
tion site. An involvement of actin filaments in this process cannot
be excluded. On the other hand, it has been shown that the pro-
teasome physically associates with actin filaments.* Since p62 can
deliver substrates to the proteasome in mammals.**# and Joka2
could have a similar function in plants (due to the high similarity
of their PB1 domains) an involvement of the actin cytoskeleton
in transporting Joka2 to proteasome should also be considered.
The 2 hypotheses about the involvement of actin in autophago-
some formation and selective docking, and in the recruitment of
selective autophagy receptors to the proteasome require further
verification and are not mutually exclusive.

To conclude, the presented results shed new light on the role of
the cytoskeleton in selective autophagy in plants by showing that
a tobacco NBRI-like protein, Joka2, either alone or as in complex
with Atg8 (possibly along with an ubiquitinated cargo), co-local-
izes with both types of the cytoskeleton components: microtu-
bules and actin microfilaments. The functional significance of
this co-localization remains to be determined.
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