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ATGS8 localization in apicomplexan parasites
Apicoplast and more?
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The ATG genes are highly conserved in eukaryotes includ-
ing yeasts, plants, and mammals. However, these genes appear
to be only partially present in most protists. Recent studies
demonstrated that, in the apicomplexan parasites Plasmo-
dium (malaria parasites) and Toxoplasma, ATG8 localizes to the
apicoplast, a unique nonphotosynthetic plastid with 4 limit-
ing membranes. In contrast to this established localization, it
remains unclear whether these parasites can induce canonical
macroautophagy and if ATG8 localizes to autophagosomes.
Furthermore, the molecular function of ATG8 in its novel
workplace, the apicoplast, is totally unknown. Here, we review
recent studies on ATG8 in Plasmodium and Toxoplasma, sum-
marize both consensus and controversial findings, and discuss
its potential role in these parasites.

ATGs are only Partially Conserved in Protists

Macroautophagy (hereafter referred to as autophagy) is a
major intracellular degradation system that, in eukaryotes, is
mediated by a special organelle, the autophagosome.? Upon
autophagy induction, small pieces of the cytoplasm are enclosed
by phagophores, which mature into autophagosomes. Then,
completed autophagosomes fuse with the lysosome, and the cyto-
plasm-derived materials inside the autophagosomes are degraded
by lysosomal hydrolases. These degrading structures, called
autolysosomes, undergo autolysosomal reformation to terminate
autophagy.’ Thus, the autophagosome is a transient structure.
Autophagy is important for many physiological and pathological
processes: for example, production of amino acids during starva-
tion, development, quality control of intracellular proteins and
organelles, and degradation of intracellular bacteria.*®

Autophagosome formation requires autophagy-related (Atg)
proteins, whichwereoriginallyidentified in theyeast Saccharomyces
cerevisiae>” These Atg proteins function as distinct complexes
in a hierarchical order.® The Atgl-Atgl3-Atgl7-Atg31-Atg29
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complex and Atg9-containing vesicles are required for initiation
steps. Next, the phosphatidylinositol (PtdIns) 3-kinase complex
(Vps30/Atg6-Atgl4-Vps15-Vps34) produces PtdIns3P, which
recruits the Atg2-Atgl8 complex. Finally, the Atgl2—Atg5-Atgl6
complex and the Atg8— phosphatidylethanolamine (PE) conju-
gate are required for elongation of the phagophore membrane or
completion of closure of the autophagosome (Fig. 1A). These Atg
proteins are highly conserved in eukaryotes.”

However, these ATG genes appear to be only partially con-
served in protists.”® This finding indicates either that these pro-
tists can still generate autophagosomes using a partial set of ATG
proteins or that ATG proteins have some roles other than auto-
phagy in these protists. Recently, special attention has been paid
to apicomplexan parasites. Apicomplexa is a large phylum of par-
asitic protists, including human pathogens such as Plasmodium
and Toxoplasma, as well as many other parasites, which are non-
pathogenic to humans, but affect a wide variety of animals. Most
of these parasites have unique life cycles. Plasmodium parasites,
which cause malaria, grow in the host hepatocytes and then
in erythrocytes, and mosquitos act as a vector. When the vec-
tor mosquito takes a blood meal, sporozoites enter the human
blood stream and subsequently enter hepatocytes to multiply.
Merozoites realeased from hepatocytes infect red blood cells,
producing the clinical manifestation of the malaria (please see
heep://www.cdc.gov/malaria/about/biology/ for more details)."
Toxoplasma gondii, the causative agent of toxoplasmosis, under-
goes sexual reproduction in cats and asexual reproduction in
intermediate hosts (warm-blooded animals) including humans
(htep://www.cdc.gov/parasites/toxoplasmosis/biology.html).
Apicomplexa are characterized by the phylum-defining apical
complex (comprising rhoptries, micronemes, and dense gran-
ules as well as the conoid and polar ring) involved in host-cell
invasion. Many also possess a plastid organelle called the api-
coplast, which the parasites acquired through secondary endo-
symbiosis (Fig. 2).""'? Blood-stage Plasmodium parasites have a
food vacuole, an acidic organelle, where hemoglobin is actively
degraded. However, typical lysosomes appear to be missing in
Toxoplasma and Plasmodium (at the liver stage). In the human
malaria parasite Plasmodium falciparum, rodent malaria para-
site Plasmodium berghei, and Toxoplasma gondii, ATG proteins
belonging to the Atg8 conjugation system (i.e., ATG3, ATG4,
ATGY7, and ATGS) are completely conserved. Besides the ATGS8
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Figure 1. General model of the ATG8 and ATG12 conjugation systems. (A) The ATG8 conjugation system.
Immediately after synthesis, the C-terminal extension of ATG8 is cleaved by ATG4 to expose a glycine
residue, which is important for the subsequent reaction. After this processing, ATGS is activated by the
E1-like enzyme ATG7 in an ATP-dependent manner and forms a thioester bond between the C-terminal
glycine of ATG8 and the active site cysteine of ATG7. Then, ATG8 is transferred to the E2-like enzyme
ATG3. ATGS is finally conjugated with phosphatidylethanolamine (PE). On autophagosomes or autoly-
sosomes, ATG8-PE is deconjugated by ATG4. This system is highly conserved in apicomplexan parasites,
but ATG8 in Plasmodium and Toxoplasma lacks the C-terminal extension sequence (shown in gray) and
the glycine residue is already exposed without ATG4-mediated processing. (B) The ATG12 conjugation
system. ATG12 has a C-terminal glycine and is activated by ATG7 as in the ATG8 system. Then, ATG12
is transferred to ATG10, another E2-like enzyme specific for ATG12, and finally conjugated to a lysine
residue of ATG5 via an isopeptide bond. Although the ATG12 system is highly conserved in almost all
eukaryotes, ATG10-like proteins have not been clearly identified in apicomplexan parasites. Potential

system, ATGI, ATG2, ATGS5, ATGG6,
ATGI12, ATGl4, ATGI17, ATGIS,
and VPS34 may be conserved in P.
Jalciparum,** and ATGI1, ATGS,
ATG6, ATGY9, ATG18, VPS34, and
ATGI5 in T, gondii.® Other candi-
dates with weak homology are also
found." However, as ATGS8 is the
most widely used marker protein for
the autophagosome in many organ-
isms and ATGS8 is undoubtedly con-
served in Plasmodium and Toxoplasma,
most studies have thus far focused on
this protein.

Consensus Findings

ATGS associates with membranes
likely as a PE-conjugated form

ATGS8 is a ubiquitin-like mol-
ecule. Immediately after synthesis,
a C-terminal extension sequence of
ATGS8 (and most of its homologs in
other organisms) is cleaved by ATG4,
exposing a glycine residue at the C ter-
minus.'®" This glycine residue is con-

ATG12 (but lacking the C-terminal glycine) and ATG5 proteins can be found in these organisms.

jugated to PE by the action of ATG7

Mitochondrion Apicoplast

Endoplasmic
reticulum

Rhoptries
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Colgi Autophagosome?

Figure 2. Intracellular organelles in the Plasmodium falciparum merozoite. The
rhoptries, micronemes, and dense granules are secretory organelles at the apical
pole, which are exocytosed upon host cell invasion. The apicoplast is a nonphoto-
synthetic plastid, which was acquired by secondary endosymbiosis. See the text for
more details about the apicoplast.
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(ubiquitin El-like enzyme) and ATG3

(ubiquitin E2-like enzyme) (Fig. 1A).

The  ATGI2-ATG5  conjugate

behaves as if it is an E3-like enzyme
for ATGS8 conjugation (Fig. 1B). Therefore, in most
organisms, ATG8 exists in 2 forms: cytosolic uncon-
jugated ATGS8 (ending with glycine) and membrane-
bound ATG8-PE. On immunoblotting, mammalian
ATG8 homologs (LC3s and GABARAPs) can be easily
separated into the 2 forms (ATG8-PE migrates faster
than ATGS8) by conventional SDS-PAGE."'® In con-
trast, yeast Atg8 and Atg8-PE migrate to almost the
same position by conventional SDS-PAGE and can
be separated only by SDS-PAGE using gels contain-
ing urea."” P. falciparum (Pf) ATG8'"*' and P. berghei
(Pb) ATG8 are detected as a single band at ~13-14
kDa by conventional SDS-PAGE (one report shows
2 PfATGS8 bands at over 15 kDa?') (Table 1). Most
PfATGS8 and PbATGS are recovered in the membrane
fraction, which can be solubilized by detergent but
not by high concentrations of NaCl or urea.'*'*?* By
urea-containing SDS-PAGE, mCherry-PfATGS8 can
be separated into 2 bands; the appearance of the lower
bands depends on the C-terminal glycine.”> Although
there have been no data showing urea-containing SDS-
PAGE of endogenous ATGS8 proteins, these data sug-
gest that most endogenous PFATG8 and PbATGS, and
a part of fluorescent protein-tagged PFATGS, tightly
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Table 1. Intracellular localization and biochemical features of ATG8, and functions of related ATG proteins in Plasmodium and Toxoplasma

Sp. Localization Evidence Immunoblotting Membrane-bound Function Ref. Epub Date
IF: endogenous PfATGS colocalizes
with ACP in RBC (wortmannin- ) Yes
. ) . Single band . .
Pf Apicoplast resistant, CQ-resistant) (endogenous PFATGS) Triton-sensitive 13 08/18/2012
IEM: endogenous PfATG8 on 9 Urea-resistant
apicoplasts
Unknown
Pb IF: endogenous PbATG8 22 09/18/2012
puncta
IF: endogenous PbATG8 and GFP-
. PbATG8 colocalize with ACP in liver
Po Apicoplast cells (dependent on C-terminal B 02/08/2013
Gly)
Pf (Function of PFATG?) 24 | 07/05/2013
Essential for growth
IF: mCherry-PfATG8 and
£ endogenous PfATG8 colocalize
3 with aLipDH-GFP in RBC, and
E Apicoplast partially colocalize with PfRab7 Two bands (mCherry-
3 Pf | Autophagosome and lysotracker signals during PfATG8, Urea 25 09/13/2013
T Food vacuole starvation SDS-PAGE)
|IEM: PfATG8 on double membrane
structures and inside the food
vacuole in starved parasites
IF: endogenous PfATG8colocalize
Apicoplast with ACP and additional vesicles Two bands
Pf Maurer's cleft? near PfRex1 (induced by starvation | (endogenous PfATG8) 2 11/28/2013
and CQ) in RBC
IF: GFP-PfATG8 and endogenous
Apicoplast PfATG8 colocalize with ACP Single band
u Small vesicles? (wortmannin-resistant, (endogenous PfATGS) ves 4 11/28/2013
CQ-resistant)
Apicoplast (with IF: endogenous ?b/j\TGS colocalize Single band Yes
Pb with ACP in liver cells . -
tubules and (endogenous Triton-sensitive 20 12/18/2013
Pf X IEM: endogenous PbATG8 on the R
vesicles) A PbATG8) Urea-resistant
outermost apicoplast membrane
IF: GFP-TgATGS8 puncta are Yes (Function of TgATG3)
; ; " Two bands )
induced by starvation (sensitive to Deoxycholate- Essential for growth
Autophagosome . (endogenous TJATGS, L
Tg Cytosol wortmannin and 3-MA) GFP-TAATGS, Urea sensitive Important for 15 12/07/2011
4 IEM: GFP-TgATG8 on double 9 f NaCl-resistant mitochondrial
SDS-PAGE) . )
membrane structures Urea-resistant homeostasis
T Unknown
5,3 puncta IF: TgATGS, PFATGS 26 | 07/24/2012
Cytosol
]
5
S IF: GFP-TgATG8 induced by
Q. . . . .
Q Apicoplast monensin colocalize with ATRX1 Important for
X
L 79 Cytosol (dependent on C-terminal Gly, mitochondria? z 08/01/2012
inhibited by 3-MA)
(Function of TJATG4)
Apicoplast IF: endogenous TJATG8 and Two bands (GFP- Ir::;:s::;z;g::‘g?
Tg picop GFP-TgATG8 colocalize with ATrx1 TgATGS, Urea . . 28 06/12/2013
Cytosol . mitochondria and
(dependent on C-terminal Gly) SDS-PAGE) A .
apicoplasts (apicoplasts
are lost also in ATG3KO)

Pf, P. falciparum; Pb, P. berghei; Tg, T. gondii; IF, immunofluorescence microscopy; IEM, immunoelectron microscopy; ACP, acyl carrier protein; RBC, red blood
cell; CQ, chloroquine; Gly, glycine; 3-MA, 3-methyladenine.
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A DAPI ACP-GFP (apicoplast)
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Figure 3. PfATG8 and TgATG8 localize to apicoplasts. Localization of PfATGS in early schizonts (the multinucleated replicating form inside a host cell;
upper), late schizonts (middle), and merozoites (daughter cells within the host formed by division of the schizont; lower) (A) and TgATG8 in tachyzoites
(B) are shown together with apicoplast (Apico) markers. The arrowhead indicates a putative autophagosome. Scale bars: 5 wm. The images in (A and B)
were published in references 14 and 28, respectively, with permission of the publisher.

associate with membranes, most probably in the PE-conjugated
form.

Similarly, endogenous 7. gondii (Tg) ATGS is detected as
a single band at 14 kDa by conventional SDS-PAGE without
urea.” Both endogenous TgATG8 and GFP-TgATGS8 can be
separated into 2 bands by urea-containing SDS-PAGE.">** As
SH-labeled ethanolamine can be incorporated into the lower
GFP-ATG8 band and mutation of the C-terminal glycine
abolishes formation of the lower band, the lower band should
represent the PE-conjugated form.”® The PE-conjugated form
associates with membranes and is solubilized by detergent but
not by salt or urea.’?® All these studies show that ATGS proteins
in Plasmodium and Toxoplasma share biochemical features with
ATGS8 homologs in other organisms.

ATGS is on the apicoplast

To date, at least 6 studies on PFATG8/PbATGS8!>!1420.21.23.25
and 2 studies on TgATG8%**® have reached the unexpected but
consistent conclusion that ATGS localizes, at least partially, on
the unique organelle, the apicoplast (Table 1). The apicoplast is a
nonphotosynthetic plastid present in apicomplexan parasites and
is thought to have been acquired by secondary endosymbiosis
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of red algae.'"'? This plastid is essential for these species and is
involved in the synthesis of fatty acids, isoprenoids, and heme.
The apicoplast has 4 membranes and is often found to be in close
contact with the mitochondrion.

Immunofluorescence microscopy shows that endogenous
PfATGS, 314202035 GFP/mCherry-PfATG8,'“*  endogenous
PbATGS8,% green fluorescent protein (GFP)-PbATGS,? endog-
enous TgATGS8,% and GFP-TgATG8%"* constitutively colocalize
with apicoplast markers such as acyl carrier protein and apico-
plast lipoamide dehydrogenase-GFP in Plasmodium and ATRX1
in Toxoplasma (Fig. 3). Electron microscopy also detects endog-
enous PfFATG8 and PbATGS signals on apicoplasts, most likely
on the outermost membrane of the 4 apicoplast membranes.'>°

Localization of ATGS8 on the apicoplast appears to be sta-
ble and is detected throughout the liver and blood stages. This
observation argues against the possibility that the colocalization
of ATGS8 represents autophagic degradation of apicoplasts. In
fact, the electron microscopy studies do not show any autophagic
membranes surrounding apicoplasts.'>
ATG8 mutants in which the C-terminal glycine is replaced

with alanine can no longer colocalize with apicoplasts, suggesting
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that the ubiquitin-like conjugation is required for localization of
ATGS to the apicoplast.?**"* Together with the above-mentioned
biochemical data, Plasmodium and Toxoplasma ATGS8 proteins
are most likely conjugated with PE in the apicoplast membrane.

Controversies

Is PtdIns 3-kinase required for the apicoplast localization
of ATGS?

It is not known how the association of ATG8 with the api-
coplast is regulated in Plasmodium and Toxoplasma. In canoni-
cal starvation-induced autophagy, recruitment of ATG8/LC3 is
clearly dependent on PtdIns 3-kinase activity.>* In Plasmodium,
the apicoplast membrane contains a class III PedIns 3-kinase,
VPS34, and its product PtdIns3P.%° Thus, the effects of PtdIns
3-kinase inhibitors on apicomplexan ATG8 and TgATG8
have been tested. In Plasmodium, the apicoplast localization
of PFATGS8" is not affected by wortmannin, an inhibitor of
PtdIns 3-kinase. In contrast, in Toxoplasma, the accumulation
of starvation- or monensin-induced GFP-TgATGS8 puncta is
inhibited by wortmannin and 3-methyladenine, both of which
are PtdIns 3-kinase inhibitors.>?” The discrepancies observed
indicate that the requirement of PtdIns 3-kinase may be different
between Plasmodium and Toxoplasma. Alternatively, although
both wortmannin and 3-methyladenine seem to inhibit accu-
mulation of starvation-induced GFP-TgATG8 puncta,”™? these
chemicals may have different effects under nonstarved condi-
tions, as observed in mammalian cells.’! Involvement of other
ATG homologs also needs to be investigated in a more compre-
hensive manner.

Do Plasmodium and Toxoplasma have the canonical auto-
phagy system?

Although an obvious question is whether apicomplexan para-
sites have canonical autophagy and whether ATG8 proteins
localize in autophagic membranes, the answers have been quite
controversial. Several fluorescence microscopy studies identified
PFATGS," PbATGS,%** and TgATG8Y solely on the apicoplast
or its related structures. Relatively mild starvation treatment does
not increase the number of PFATGS8 puncta.' These reports sug-
gest either that these parasites do not produce autophagosomes
or that ATG8 does not translocate to the autophagosomes, if
they exist. In contrast, other studies showed starvation-induced
ATG8-positive structures in P. falciparum®*® and T. gondii.>*°
Furthermore, an increase in the number of PfATGS- and
PfRAB7-double positive structures is also observed under starva-
tion conditions.”” Thus, localization of ATG8 can be changed
by starvation. However, these latest studies were done under
severe starvation conditions (e.g., without amino acids) and it
is unknown whether these changes can also be induced under
physiological starvation conditions. As a whole, these reports
suggest that while apicoplast localization of ATGS is a certainty,
whether or not these parasites produce a classical autophagosome
structure remains to be confirmed.

To better address these questions, we need to reconfirm the
definition of (macro)autophagy, in particular that a region of the
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cytoplasm is enclosed by the double-membrane autophagosome
and delivered to the lysosome/vacuole to be degraded. Thus, at
least 2 distinct structures must be involved to classify a process
as (macro)autophagy: the autophagosome and lysosome/vacuole.
Kitamura et al.”® showed by electron microscopy that there is no
autophagosome-like double-membrane structure in blood-stage
P. falciparum at least under growing conditions.”” Some vacuoles
can be observed in untreated P. berghei® or in T. gondii treated
with monensin, an antimicrobial drug.”” However, these “vacu-
oles” cannot be recognized as autophagosomes because cyto-
plasmic material (i.e., cytosolic ribosomes or organelles) are not
clearly detected inside these vacuoles. Furthermore, these vacu-
oles are devoid of ATG8.23%

In this regard, autophagosome-like structures have been
observed in some reports in these apicomplexan parasites. In 7
gondii, TgATG8 shows a diffuse cytosolic pattern in tachyzo-
ites (the motile infectious forms of the parasites) immediately
after release from host cells.” However, when these extracellular
parasites ae subjected to amino acid starvation, TgATG8 forms
several punctate structures.” Following 8 h starvation, approxi-
mately 80% of the parasites demonstrate these TgATG8 puncta
(mostly more than 1 per cell), in contrast to only ~15% of the
cells before starvation.” Electron microscopy identified several
structures of ~300-900 nm in diameter, some of which clearly
possess double membranes.” These structures contain cyto-
solic materials, sometimes including mitochondria, which are
reminiscent of autophagosomes or mitophagosomes. However,
the same group later reported that many TgATGS signals are
detected on apicoplasts.”® Thus, it would be important to care-
fully distinguish these TgATGS signals on apicoplasts and poten-
tial autophagosomes, in general. Double- or multiple-membrane
structures are also observed in starved Zoxoplasma in another
study, but immunoelectron microscopy was not performed and
the identities of these structures are unknown.*? In contrast to
these reports, Lavine et al.” reported that even though monensin
treatment induces TgATGS8 puncta, they still colocalize with api-
coplasts.” Thus, monensin and starvation treatment may result
in different ATGS8 localization patterns in 77 gondii. Also in P.
Jalciparum, the immunoelectron microscopy study shows colo-
calization of PfATGS8 and PfRAB7 on small double-membrane
structures, particularly under starvation conditions.” Although
all these structures are reminiscent of autophagosomes or autoly-
sosomes, it should be remembered that apicoplasts also have
multiple membranes and may look similar to autophagosomes.
Additional methods such as correlative light and electron micros-
copy, which allow us to observe identical structures by both
immunofluorescence microscopy and conventional microscopy,
would provide more information to allow us to distinguish
between, and understand the precise nature of, these 2 ATGS-
positive structures.

Lysosomes or acidic organelles are essential to achieve auto-
phagy, but it is also unclear whether apicomplexan parasites
possess lysosome-like organelles besides the food vacuole.
Plasmodium may actually use the food vacuole for autophagy
because PFATGS8 and PfRAB7 can be detected inside this com-
partment.” In 7 gondii, the presence of lysosome-like organelles
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was recently reported.’3* If these parasites can induce autophagy

with their partial sets of ATG proteins, how is this achieved? For
example, both Plasmodium and Toxoplasma seem to lack most
subunits of the ATGI initiation complex. ATGI is not a simple
signaling molecule, but it has an important mechanistic role in
autophagosome formation in yeast.* However, a recent study
showed the surprising result that the chicken ATG1 homologs
ULK1 and ULK2 are not essential for starvation-induced auto-
phagy.’” Thus, a complete set of ATGs may not be necessary in
all organisms. Alternatively, as components of the ATG1 complex
already differ between yeast and mammals,®® apicomplexan para-
sites might have evolved a different set of ATGI complex subunits
(ATGI itself seems to be conserved), which may not be easily
identified based on sequence homology.

Are there other ATG8-positive structures/populations?

Besides the localization of ATG8 on the apicoplast and poten-
tial autophagosomes, several studies also report that some popula-
tion of ATG8 may exist at different places, which can be induced
under certain conditions. Gaviria et al.* showed that the num-
ber of PFATG8 punctate structures is increased by starvation or
chloroquine treatment.” As acyl carrier protein colocalizes with
only a certain population of these structures, they may represent
entities other than the apicoplast. These inducible structures are
detected in close proximity to PfREX1 signals, suggesting that
they may be related to Maurer’s clefts,” membranous structures
involved in protein sorting and export.*” However, other stud-
ies failed to observe such chloroquine-induced ATG8 punctate
structures.’* As Gaviria et al.” use antibodies against TgATG8
to detect PFATGS, the colocalization between PfATG8 and
Maurer’s cleft should be confirmed by using other anti-PfATGS8
antibodies or fluorescent protein-tagged PFATGS.

In contrast to Plasmodium ATGS, a significant population of
GFP-TgATGS is detected in the cytosol, but this may be due
to overexpression and/or tagging of GFP."??® In general, the
PE-conjugation efficiency of the Atg8 family proteins is reduced
when they are tagged with large molecules such as GFP. In fact,
the amount of the PE-conjugated form is reduced for GFP-
TgATG8 compared with endogenous ATGS, and unconjugated
GFP-TgATGS is detected in the soluble cytosolic fraction.” Thus,
it remains uncertain whether Toxoplasma has a larger amount of
the cytosolic ATG8 pool compared with Plasmodium.

Should the C-terminal end of newly synthesized ATG8 be
a glycine?

In most organisms, ATG8 has an amino acid extension down-
stream of the C-terminal glycine, which needs to be cleaved off
by ATG4 prior to the conjugation reaction (Fig. 1). This cleav-
age occurs immediately after synthesis of the ATGS8 protein,
not upon autophagy induction. However, ATG8 proteins of
Plasmodium and Toxoplasma are unique because their primary
sequences already end with a glycine residue and do not have any
C-terminal extension even though these parasites have ATG4,
which can cleave off an artificially tagged C-terminal peptide,
at least in 77 gondii.®® In these parasites, ATG4 is likely impor-
tant for the deconjugation step; TeATG8-PE can be cleaved by
TgATG4.%® The fact that TgATG4 is essential for growth and

organelle homeostasis suggests that recycling of conjugated
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TgATGS is important.?® It remains unknown why Plasmodium
and Toxoplasma have ATGS8 with the C-terminal glycine exposed.
However, this unique character of ATGS, ending with glycine, is
not observed in all apicomplexan parasites; a C-terminal exten-
sion sequence is found, for example, in Cryprosporidium species.”

What is the role of the ATG8 system in apicomplexa and
other parasites?

Interfering with proteins of the ATG8 conjugation system
such as PbATGS,'* PfATG7,* TgATG3," and TgATG4?® results
in defects in growth, suggesting that the ATG8 system is essential
for survival.?* Importantly, depletion of TgATG3 and TgATG4
causes mitochondrial abnormalities and apicoplast loss.”*® These
results are consistent with the consensus observation that ATGS8
is mainly present on the apicoplast, which is an essential organ-
elle. Thus, the mitochondrial phenotype may be secondary to the
apicoplast impairment. However, how ATG8 exerts an essential
role for the apicoplast is unknown. As TgATG3 and TgATG4 are
required for maintenance of the apicoplast,”* TgATG8 could be
involved in membrane biogenesis of this organelle. These studies
also suggest that the ATGS8 system can be a good therapeutic
target for human diseases caused by these parasites.

It is unknown whether the potential role of ATGS8 in auto-
phagy contributes to the defects in growth and organelle homeo-
stasis seen in ATG-deficient parasites. Given that autophagy
is not essential for survival in most organisms under nutrient-
rich conditions, these phenotypes are likely caused by a loss of
function of ATGS8 on the apicoplast. However, it is likely that
the ATGS8 system has some non-apicoplast functions in pro-
tists because the complete ATG8 system can be found in other
apicomplexan parasites that lack the apicoplast, such as genus
Cryptosporidium and related parasites.'™'? It would be interesting
to know the function of ATGS in these apicoplast-less parasites.

So far 3 studies have tested if apicomplexan ATG8 can comple-
ment the autophagy-defective phenotype in yeast A7G8-deleted
cells. The results were not simple; PFATG8 can complement the
mutant,” but PbATGS8 cannot.?>? These discrepancies may
be due to a slight difference in structure between PFATG8 and
PbATGS, but the precise reason is unknown. Although these
complementation assays are sometimes useful, they may not pro-
vide further detailed information for the molecular function of
these apicomplexan proteins as their primary sequences are usu-
ally not very conserved.

Future Prospective

In contrast to the clear agreement for the apicoplast localiza-
tion of Plasmodium and Toxoplasma ATG8 proteins, currently
available evidence suggesting the existence of canonical auto-
phagy in apicomplexan parasites is limited. To convincingly show
the presence of autophagy, it is essential to determine autophagic
flux in these parasites. Typically flux can be demonstrated by
showing that degradation of ATG8 depends on acidic compart-
ments by quantitative biochemical or morphological methods. %!
Alternatively, demonstration of fusion between the ATG8 puncta

and acidic compartments such as food vacuoles or lysosome-like
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organelles by live imaging will provide another line of strong
evidence.

Another remaining question is whether the ATG12-ATG5
conjugation system exists in apicomplexan parasites. In general,
the ATG8-PE conjugation reaction requires the ATGI12-ATG5
conjugate at least in vivo (Fig. 1).” As ATG8 exists primarily
in the ATG8-PE conjugated form, it is speculated that these
parasites possess the ATGI2-ATGS5 conjugate. However,
PfATGI2 ends with tyrosine and lacks the C-terminal glycine
that is required for conjugation with putative PfATGS5. In addi-
tion, PFATGI0 homologs have not been clearly identified in the
genome of Plasmodium and Toxoplasma. Thus, more extensive
searching and experiments will be required to elucidate whether
the complete ATGI2 system is conserved and ATG8-PE conju-
gation requires ATG12—-ATGS5 in apicomplexan parasites.

Finally, is there any common function of ATG8-PE shared
by autophagy and apicoplast biology? One attractive idea is that,
as mentioned above, ATG8-PE may be involved in biogenesis of
both autophagosome and apicoplast membranes. However, the
nature of the outer autophagosomal and apicoplast membranes
appears to be very different. Typical endoplasmic reticulum (ER)
proteins have been identified on the outer 2 membranes of the
apicoplast, >4
outer autophagosomal membrane even though autophagosomes

whereas ER proteins are essentially absent on the

may be generated in close proximity to the ER.! Recently, LC3,
a mammalian homolog of ATG8, was found in membranes of

several non-autophagic structures such as phagosomes.” LC3
association in this pathway, called LC3-associated phagocytosis,
could accelerate the fusion between phagosomes and lysosomes.
Notably, association of LC3 with phagosomes is independent of
the ULK1 initiation complex even in mammalian cells.*

Besides their role in phagocytosis, “unconventional” functions
of ATG proteins have also been proposed. These include uncon-
ventional secretion, tuning of ER-associated degradation on the
EDEMosome, axon guidance, cell division, and cell death.®
The finding that ATGS8 associates with the apicoplast membrane
could reveal new unexplored roles of the ATG proteins, which are
required for these parasites but for a process distinct from auto-
phagy. More studies are required to reveal the molecular basis
of these diverse functions of the ATGS8 family proteins. Studies
using parasites would provide unique and important insights into
this challenging topic.
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