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C3 is a marker protein that is

involved in the formation of auto-
phagosomes and autolysosomes, which
are usually characterized and monitored
by fluorescence microscopy using fluo-
rescent protein-tagged LC3 probes (FP-
LC3). FP-LC3 and even endogenous
LC3 can also be incorporated into intra-
cellular protein aggregates in an autoph-
agy-independent manner. However, the
dynamic process of LC3 associated with
autophagosomes and autolysosomes or
protein aggregates in living cells remains
unclear. Here, we explored the dynamic
properties of the two types of FP-LC3-
containing puncta using fluorescence
microscopy techniques, including fluo-
rescence recovery after photobleach-
ing (FRAP) and fluorescence resonance
energy transfer (FRET). The FRAP data
revealed that the fluorescent signals of
FP-LC3 attached to phagophores or in
mature autolysosomes showed either
minimal or no recovery after photo-
bleaching, indicating that the disso-
ciation of LC3 from the autophagosome
membranes may be very slow. In con-
trast, FP-LC3 in the protein aggregates
exhibited nearly complete recovery (more
than 80%) and rapid kinetics of asso-
ciation and dissociation (half-time < 1
sec), indicating a rapid exchange occurs
between the aggregates and cytoplasmic
pool, which is mainly due to the transient
interaction of LC3 and SQSTMI1/p62.
Based on the distinct dynamic properties
of FP-LC3 in the two types of punctate
structures, we provide a convenient and
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useful FRAP approach to distinguish
autophagosomes from LC3-involved pro-
tein aggregates in living cells. Using this
approach, we find the FP-LC3 puncta
that adjacently localized to the phago-
phore marker ATGI6L1 were protein
aggregate-associated LC3 puncta, which
exhibited different kinetics compared
with that of autophagic structures.

Introduction

Macroautophagy, hereafter referred to as
autophagy, is an intracellar catabolic pro-
cess in which cytoplasmic molecules and
organelles are engulfed by double-mem-
braned autophagosomes and transported
to the lysosomes for degradation.! In mam-
malian cells, autophagosomes are thought
to derive from precursor membranes called
phagophores through membrane expan-
sion. Approximately 20 autophagy-related
(ATG) proteins are implicated in auto-
phagy regulation.” The majority of the
ATG proteins reside on the phagophores
(e.g., ATG14, WIPI1, ATGIG6L1, ATGS),
not on the enclosed autophagosomes.>
Until now, only the microtubule-associ-
ated protein light chain 3 (LC3) has been
observed on all autophagic structures (i.e.,
phagophores, autophagosomes, and autol-
ysosomes).” Immediately after synthesis,
LC3 is cleaved by ATG4 (a cysteine prote-
ase) to produce LC3-1.° Next, ATG7 and
ATG3 catalyze the conjugation of LC3-I
and phosphatidylethanolamine (PE) to
generate LC3-11.> ATGI16L1 recruits the
ATGI12-ATG5 conjugate to form the
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ATGI2-ATG5-ATGI6L1
complex, which specifies the site and
facilitates the process of LC3 lipidation.”
The ATGIGLI complex associates with
the phagophore and the outer surface of

multimeric

the nascent autophagosome and then
leaves immediately before or following
membrane closure.® In contrast to the
ATGI6L1 complex, LC3 attaches to both
the inner and outer sides of the nascent
autophagosomes.’ The LC3 bound to the
outer side of the autophagosome may be
cleaved by ATG4 and may detach from
the autophagosomes before or after fusion
with the lysosomes,” which denoted as
autolysosomes (Fig. 1A, left panel). Thus,
LC3 appears to be a bona fide autophagy
marker, and fluorescent protein-tagged
LC3 (FP-LC3), such as GFP-LC3 or
mRFP-GFP-LC3, is widely used to label
autophagosomal structures.”'® Although
the diffusional properties of nuclear/
cytoplasmic FP-LC3 pool in living cells
has been explored in some detail,''? the
dynamic properties of LC3 associated
with the autophagic structures remain
largely unknown."”

Recently, it has been reported that LC3
can be incorporated into protein aggre-
gates without being conjugated to phos-
phatidylethanolamine (PE).® Protein
aggregates are poorly soluble oligomers
of non-native polypeptide chains that
tend to accumulate in inclusion bodies
(IBs), which can be visible by micros-
copy.”!® The intracellular and/or extra-
cellular deposition of abnormal proteins
is observed under stress conditions and is
also a common feature of many neurode-
generative disorders, such as Alzheimer,
Parkinson, and Huntington diseases.” It
has been reported that IBs frequently con-
tain polyubiquitin and the polyubiquitin-
binding protein SQSTM1/p62.'92° LC3 is
also a ubiquitin-like protein. The autoph-
agy-independent association of LC3 with
the protein aggregates is dependent on
its interaction with SQSTM1 (Fig. 1A,
right panel).”’ These findings highlight
the diverse localization and function of
LC3. However, caution should be exer-
cised when interpreting the results of
GFP-LC3 (or endogenous LC3) puncta
formation assay because the LC3-involved
protein aggregates may not be easily dis-
tinguished from the LC3-containing
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autophagosomes/autolysosomes in living
cells using fluorescence microscopy.®!***
Thus, it is necessary to develop an effec-
tive method to direct identify whether a
FP-LC3 punctum in living cells is a true
autophagosomal structure or not.

In this study, we generated FP-tagged
LC3, the lipidation-defective mutant
LC3%12%4, and additional marker pro-
teins. The dynamic properties of LC3
localized to the two types of punctate
structures and the biophysical properties
of LC3-involved aggregates were imaged
and analyzed using dynamic fluorescence
microscopy techniques, including fluo-
rescence recovery after photobleaching
(FRAP),'"2>% fluorescence redistribution
after photoactivation (FRAPa),’* and
fluorescence resonance energy transfer

(FRET).
Results

Two distinct types of GFP-LC3 puncta
were revealed by FRAP. LC3 plays an
important role in autophagosomal mem-
brane expansion and closure. Because the
assembly and disassembly of many bio-
functional protein complexes are highly
controlled and regulated, we examined
the dynamic properties of LC3 using
FRAP, which is a technique that mea-
sures the mobility of fluorescent molecules
in living cells. HelLa cells transiently
expressing mRFP-GFP-LC3 were starved
in HBSS for 1 h. The mRFP-GFP-LC3
puncta (arrows in Fig. 1B) in living cells
were photobleached using a 488 nm laser
line, and the recovery of the mRFP and
GFP signals were monitored using confo-
cal microscopy. We found that most of the
mRFP-GFP-LC3B puncta showed no flu-
orescence recovery, and only a few puncta
(8 out of 127 dots examined) showed a
rapid and nearly complete fluorescence
recovery (half-time < 1 sec) (Fig. 1B). We
found the distinct dynamic properties of
LC3 in living cells surprising. Notably,
a few of the LC3 puncta displayed fast
fluorescence recovery, indicating that
LC3 underwent a rapid exchange between
the punctate structure and cytoplasmic
pool. As the schematic diagrams show in
Figure 1A, the LC3 in the phagophore
assembly sites or the protein aggregates
may access to the cytoplasm pool, and
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LC3 undergoing rapid exchange may
associate with these structures. To identify
the types of LC3 fluorescent puncta and
analyze their dynamic properties, LC3
and its mutant LC3%1204

proteins were tagged with different fluo-

and some marker

rescent proteins. The cells expressing
these FP-labeled proteins were subjected
to dynamic imaging analysis.

The fluorescent signals of mRFP-LC3
in both the early autophagic structures
and mature autolysosomes only showed
either minimal or no recovery after pho-
tobleaching. First, we examined whether
the dynamic exchange phenomena of
LC3 was present in the early autophagic
structures and mature autolysosomes.
During autophagosome formation, phos-
phatidylinositol 3-phosphate (PtdIns3P)
was locally produced by the phosphati-
dylinositol 3-kinase (PtdIns3K) complex
and decorated the autophagic structures.
WIPI1 (the human WD repeat domain
phosphoinositide interacting 1 protein), a
downstream effector of PtdIns3P recruited

328 was used to iden-

to the phagophore,
tify the early autophagic structures in our
study. The GFP-WIPIl*/mRFP-LC3*
puncta in HBSS-starved Hela cells were
subjected to two-color FRAP analysis (Fig.
2A and B). In our experimental setup, the
fluorescent molecules in a 2.691 pm x
2.691 wm square box were bleached using
a 400 ms pulse of 488 nm and 543 nm
light at 100% power. During the imaging
period, less than 3% of GFP signal bled
through the RFP channel, and there was
no leakage of the mRFP/mCherry signal
into the GFP channel (Fig. S1). As shown
in Figure 2B, although GFP-WIPI1
exhibited a rapid and substantial recovery,
there was minimal fluorescence recov-
ery for mRFP-LC3 in the GFP-WIPI1+/
mRFP-LC3* structures, indicating that
the rapid exchange between the puncta
and cytoplasmic pool did not occur in the
starvation-induced early autophagosomes.
We also used another phagophore marker
ZFYVEL/DFCP1 (zinc finger, FYVE
domain containing 1) to identify the early
autophagic structures. ZFYVELI translo-
cates to an ER-derived punctate compart-
ment called the omegasome, which is in
very close proximity to the LC3 puncta
in autophagosome biogenesis.>* The

GFP-ZFYVE1*/mRFP-LC3* puncta in
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phagophore autophagosome
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HBSS-starved Hela cells were subjected
to two-color FRAP analysis (Fig. S2A
and S2B). mRFP-LC3 showed little fluo-
rescence recovery in the GFP-ZFYVE1"/
mRFP-LC3*
bleaching. In addition, we noted that
GFP-ZFYVEI1 exhibited little amount of
recovery compared with GFP-WIPI1 (Fig.
S2C and S2D). These results suggest that
the dissociation of LC3 from the outer
and/or inner autophagosome membranes

after  photo-

structures

may be very slow and not constitutive.
The outer
autophagosomes fuses with lysosomes to

membrane of enclosed

become autolysosomes, which are acidic
structures.” We observed no fluorescence
recovery in the mRFP-LC3 puncta that
colocalized with LysoIracker Green, a
marker for the late endosomes/lysosomes
(Fig. 2C and D). This result is consistent
with our hypothesis that LC3 is trapped
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LC3-involved aggregates
T~
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in the membrane structures of autolyso-
somes. NH,Cl, a VMA2I-independent
neutralyzer of lysosomal pH, was also
used to enrich the PE-linked forms of
LC3.3° FRAP analysis of these structures
demonstrated that no obvious recovery
for mRFP-LC3 in NH,CI" treated cells
(Fig. 2E and F). Taken together, our data
confirmed the lack of rapid LC3 exchange
in both the early autophagic structures
and mature autolysosomes.

GFP-LC3 and GFP-LC3¢2* in
the protein aggregates displayed rapid
dynamic exchange between the fluo-
rescent puncta and cytoplasmic pool.
Because the LC3 protein associated with
the autophagosomal structures did not
show rapid dynamic properties, we sus-
pected that the rapid exchange of LC3
may occur in the protein aggregates,
in which LC3 also was recruited. To
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Figure 1. The two types of mRFP-GFP-LC3 puncta have different dynamics in living cells. (A) Schematic diagrams of LC3 associated with the autopha-
gosomal structures and protein aggregates. Left panel: LC3 is bound to both sides of the autophagosomes. Immediately before and after fusion with
the lysosomes, the outer membrane-bound LC3 is released from the autophagosomes, and the inner membrane-bound LC3 is degraded in the autoly-
sosomes. Right panel: During the formation of LC3-involved aggregate, the ubiquitinated proteins first interact with SQSTM1, then become protein
aggregates through the oligomerization of SQSTM1. LC3/LC3¢'** are recruited to the aggregates through their interaction with the LC3 interacting
region (LIR) of SQSTM1. (B) FRAP analysis of the mRFP-GFP-LC3 puncta (arrows) in HBSS-starved Hela cells. Scale bar: 5 pm.

establish a simple method to identify the
aggregate-associated LC3 puncta in living
cells, LC3%24 an LC3 mutant that can-
not be recruited to the autophagosomal
membrane,’ was used as a marker for the
LC3-involved aggregates. Puromycin, an
inhibitor of protein synthesis, was used
to induce the formation of LC3 puncta in
an autophagy-independent manner.'®?"%
Under standard cell culture conditions,
only around 8% of the mCherry-LC3%1204-
expressing HeLa cells showed punctate
structures, and treatment with puromy-
cin for 2.5 h resulted in the accumulation
of LC3%2° puncta in neatly 45% of the
cells (Fig. S3A). In the negative control,
Hela cells expressing the mCherry tag
alone rarely showed such punctate struc-
tures (Fig. $3B). When Hela cells coex-
pressing GFP-LC3 and mCherry-LC361204

were treated with puromycin for 2.5 h,
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Figure 2. FRAP analysis of the dynamic exchange of LC3 in early autophagic structures and mature autolysosomes. (A and B) Hela cells coexpressing
GFP-WIPIT and mRFP-LC3 were starved in HBSS for 2 h. The GFP-WIPI1*/mRFP-LC3* vesicles (arrows) were subjected to two-color FRAP analysis. The
recovery kinetics of GFP-WIPI1T and mRFP-LC3 in the autophagosomes are shown in the graph (B). Error bars: the standard error of the mean (s.e.m.)
with n = 18. (C and D) HelLa cells expressing mRFP-LC3 were starved for 1.5 h and then stained with 100 nM LysoTracker Green for 30 min. mRFP-LC3
puncta positive for the LysoTracker Green signal were subjected to FRAP analysis. The recovery kinetics of mRFP-LC3 in autolysosomes are shown in
graph (D). Error bars: s.e.m. with n = 15. (E and F) HeLa cells were cotransfected with GFP-LC3 and mRFP-LC3 for 24 h and then treated with 50 mM
NH,Cl for 1.5 h. The mRFP-LC3 puncta were subjected to FRAP analysis. The recovery kinetics of mRFP signal in autolysosomes are shown in graph (F).
Error bars: s.e.m. with n = 8. The inset images in (B-F) are the representative FRAP images. For all FRAP analysis, the puncta were outlined (white circle)
and the intensities were extracted. Scale bars: 5 wm. Photobleaching box size: 2.691 pm X 2.691 pm.

confocal imaging showed that both LC3  colocalized with the mCherry-LC3%12
and LC3%"2°* were recruited and localized ~ puncta (Fig. S3C).

To monitor the dynamics of LC3 in the
IBs, HeLa cells coexpressing GFP-LC3

and mCherry-LC3%"2%* were treated with
puromycin, in which mCherry-LC36!1204
was used as a marker to identify the
protein aggregates. Next, the GFP-LC3

in the same protein aggregates (Fig. 3A).
As a negative control, GFP alone was not
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Figure 3. FRAP and FRAPa analysis of the LC3/LC3%"*° proteins in the protein aggregates. (A) Confocal imaging of puromycin-treated HelLa cells coex-
pressing GFP-LC3 and mCherry-LC3¢'%A, The arrows indicate the colocalized GFP-LC3 and mCherry-LC3%'?* puncta. Scale bar: 10 wm. (B) FRAP analysis
of the GFP-LC3 puncta positive for mCherry signal in (A). The quantitative and normalized fluorescence recovery kinetics of GFP-LC3 after photo-
bleaching are shown in the graph. Error bars: s.e.m. with n = 9. Inset: representative FRAP images. (C) The GFP-LC3%'2% expressing HeLa cells were
treated with puromycin for 2.5 h. The quantitative and normalized fluorescence recovery kinetics of GFP-LC3%'?°4 are shown in the graph. Error bars:
s.e.m. with n = 12. Inset: representative FRAP images. (D) The mobile fraction for aggregate-associated GFP-LC3/LC3%'%* and mRFP-LC3 puncta associ-
ated with the autophagic structures. Data were collected from previous figures and showed as the mean + SD. (E) Two-color FRAP analysis showed
fast recovery kinetics of LC3/LC3%'>** and slow recovery kinetics of ubiquitin in IBs. Left panel: Representative two-color FRAP images. Right panel: the
normalized fluorescence recovery kinetics of mMRFP-UBC and GFP-LC3/LC3%">** in the colocalized aggregates. Error bars: s.e.m. with n = 9 for LC3*/UBC*
puncta, n = 7 for LC3¢"2**/UBC* puncta. Scale bar: 5 wm. (F) FRAPa analysis of Dendra2-LC3 in the protein aggregates. The red fluorescence intensity of
Dendra2-LC3 puncta was monitored immediately after photoconversion by irradiation at 405 nm in live cells (dots) or fixed cells (squares). The normal-
ized diffusion kinetics of red fluorescence are shown in the graph. Error bars: s.e.m. with n = 8 (live cells) and n = 3 (fixed cells). Inset: representative
two-color FRAPa images. For all FRAP and FRAPa analysis, the puncta were outlined (white circle) and the intensities were extracted. The box size used
in all of the photobleaching and photoactivation experiments was 2.691 pm x 2.691 pm.
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fluorescent puncta were subjected to FRAP
analysis (Fig. 3B). After photobleaching
using a 488 nm laser line, nearly all of the
examined foci showed a fast recovery with
a half-time about 500 ms (Fig. 3B). GFP-
LC3%12%4  exhibited similar kinetics of
fluorescence recovery to that of GFP-LC3
(Fig. 3C). GFP-LC3%2* and GFP-LC3*/
mCherry-LC3¢'2%*  puncta
ously formed in cells without puromycin

spontane-

stimulation also showed rapid dynamic
exchange (data not shown). In contrast,
all of the puncta with only the GFP-LC3
signal, but not the mCherry-LC3512%* sig-
nal, did not exhibit fluorescence recovery
(data not shown), suggesting these puncta
may mark the autophagic structures.

In FRAP analysis, mobile fraction
(M, is a measure of fraction of fluores-
cent molecule that can exchange between
the region of interest (ROI) and the sur-
rounding area. As shown in Figure 3D,
the mobile fraction were more than 80%
for GFP-LC3 and GFP-LC3%"2%A while
less than 10% for LC3 associated with
the autophagic structures (this is not due
to the different tags used, because similar
mobility were observed for the GFP or
mREFP tags).

To verify that the LC3/LC3¢1204
fluorescent puncta that exhibited rapid
exchange was protein aggregates, mRFP-
UBC (ubiquitin C) was used asa marker for
protein aggregates. In puromycin-treated
HeLa cells that coexpressed mRFP-UBC
and GFP-LC3 or GFP-LC3%12%, nearly all
of the GFP-LC3/LC3%"*** puncta colocal-
ized with mRFP-UBC (Fig. S4). FRAP
analysis of the GFP*/mRFP* puncta dem-
onstrated that GFP-LC3/LC3%"** exhib-
ited a rapid fluorescence recovery, while
mRFP-UBC showed very slow recovery
after laser irradiation (Fig. 3E), which
suggests that the polyubiquitinated pro-
tein was largely sequestered in the protein
aggregates.

To test directly whether LC3 is rapidly
released from the IBs, we used a comple-
mentary technique to FRAP, fluores-
cence redistribution after photoactivation
(FRAPa), which measures the mobility
of selectively photoconverted fluorescent
molecules. We utilized the photochemical
properties of Dendra2, a fluorescent pro-
tein that irreversibly converts from a green
fluorescent form to a red fluorescent form

www.landesbioscience.com

upon irradiation at 405 nm.**** HeLa
cells were transfected with Dendra2-LC3
for 24 h and then treated with puromycin
for 2.5 h. The red fluorescence intensity
of Dendra2-LC3 was monitored immedi-
ately after photoactivation. A substantial
fluorescence loss occurred rapidly in live
cells (half-time -1 sec) compared with
fixed cells (Fig. 3F).

Aggregate-associated LC3 puncta
induced by other conditions also exhib-
ited rapid dynamic exchange. Previous
reports have shown that some autophagy
inhibitors (e.g., the PtdIns3K inhibitors
LY294002 and wortmannin) and protea-
somal inhibitors (e.g., MG-132) efficiently
induce the aggregation and autophagy-
independent incorporation of LC3 into
protein aggregates.’**% To further con-
firm that the dynamic exchange of LC3
in membrane-free protein aggregates was
a common phenomenon, we next used
these pharmacological agents to induce
the formation of aggregate-associated LC3
puncta. FP-LC3“'** puncta occurred
in 50% to 60% of cells treated with
1Y294002, wortmannin, or MG-132.
FRAP analysis of these puncta also
showed the rapid fluorescence recovery of
GFP-LC3/LC3%'*°* (Fig. 4A-C; Fig. S5).
In contrast, the well-known autophagy
inducer rapamycin and lysosomotropic
reagent chloroquine (CQ) both induced
GFP-LC3 puncta but not mCherry-
LC3¢12% puncta. These GFP-LC3 puncta
showed no fluorescence recovery after
photobleaching (Fig. S6).

Moreover, ~ GFP-LC3  transiently
expressed in autophagy-deficient azg5~'~
mouse embryonic fibroblasts (MEFs) also
forms non-autophagic punctate struc-
tures."**¢ In arg5’~ MEFs transiently
transfected  with  GFP-LC3/mCherry-
LC3¢1204 or GFP-LC3%' for 24 h, almost
all of the examined GFP-LC3/LC3612
foci showed a fast recovery after photo-
bleaching (Fig. 4D; Fig. S7A). However,
we still found very few GFP-LC3%12%* or
mRFP-LC3/mCherry-LC3%2%4  puncta
colocalized with either LysoTracker Red
marker or GFP-RAB7A and did not
show recovery after photobleaching in
atg5""MEFs at 24 h after transfection
(Fig. S7B-D). This finding was further
confirmed by the observation thatall of the
dots that were negative for late endosome/

Autophagy

lysosome markers displayed fast fluores-
cence recovery (-200 dots examined)
(Fig. S7B-D). In fact, as shown in
Figure S7E and S7F, at 48 h after trans-
fection, nearly all of the cells displayed
many LC3/LC3%2* dots that were posi-
tive for RAB7A, suggesting that the LC3/
LC3%12%4 was transported to the lysosomes
by an ATG5-independent process.
LC3/LC3¢2%  interacted  with
SQSTM1 transiently in the protein
aggregates. It has been reported that
SQSTMI is a general mediator for IB
formation,” and that the incorporation
of LC3/LC3%"%%4 into IBs is facilitated
by their interaction with SQSTM1.23%38
Because LC3/LC3%12%4 exhibited a rapid
exchange between the protein aggre-
gates and cytoplasm, we were inter-
ested in the biophysical properties of
the interaction between LC3/LC351204
and SQSTMLI in the protein aggregates.
Hela cells were cotransfected with the
mRFP-SQSTMI and GFP-LC3/LC3¢1204
plasmids. Confocal fluorescence micros-
copy demonstrated that nearly all of the
GFP-LC3/LC3“"**  puncta contained
mRFP-SQSTMI and that the larger and
brighter SQSTMI bodies were likely
membrane-free protein aggregates. Two-
color FRAP analysis of the GFP*/mRFP*
bodies showed that the slow recovery of
SQSTMI was similar to that of ubig-
uitin, in contrast with LC3/LC361204
(Fig. 5A). To study the biophysical inter-
action of LC3 and SQSTMI in living
cells, we performed fluorescence resonance
energy transfer (FRET) microscopy using
mCerulean (mCer) and mCitrine (mCit)
as the FRET donor and acceptor, respec-
tively. Taking advantage of the relatively
slow fluorescence recovery of SQSTMI
compared with LC3, we could detect
the FRET signal in living cells using the
acceptor photobleaching method, which
was usually applied to fixed samples. Here,
HeLa cells transfected with the plasmid
encoding mCerulean and mCitrine linked
by 12 amino acids served as a positive con-
trol, and HeLa cells cotransfected with
the separate mCerulean and mCitrine
plasmids served as a negative control.
However, when we examined the cells that
coexpressed mCerulean-LC3 and mCi-
trine-SQSTM1, a minimal FRET signal
was detected (Fig. 5B). This result may be
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due to the unfavorable orientation of mCi-
trine and mCerulean or the large distance
between the N-terminus and the LC3-
interacting region (LIR) of SQSTMI.
We then fused the mCitrine moiety at
the C-terminus of SQSTM1 (SQSTM1-
mCitrine) or adjacent to the LIR region
of SQSTM1 (s-SQSTMI1-mCitrine, a
functional construct that colocalized
with mRFP-SQSTM1) (Fig. 5C), and
the resulting FRET signals were approxi-
mately 4 to 6 times higher compared with
mCerulean-LC3/mCitrine-SQSTMI1
(Fig. 5B). Taken together, our FRAP and
FRET results suggest that LC3/LC3%1204
interacts with the C-terminal LIR of
SQSTM1 and that their association is
transient in living cells.

We  next
arrangement

examined whether the
of SQSTMI in aggre-
gates occurred in a regular pattern.
FRET analysis showed that mCerulean-
SQSTM1/SQSTM1-mCitrine or mCi-
trine-SQSTM1/SQSTM1-mCerulean
in the protein aggregates displayed either
very weak or no FRET signals (Fig. 5D).
However, the FRET signal of mCeru-
lean-SQSTM1/mCitrine-SQSTM1  was
strong and comparable to the positive
control (Fig. 5D). These results suggest
that the oligomerization of SQSTM1 ori-
ents the N-terminus in close proximity
and that the fluorescent proteins tagged
at N-terminus of SQSTMI1 are within
the effective FRET radius. However, the
distance between the N-terminus and
C-terminus of SQSTM1 was likely out-
side the of FRET distance limit (Fig. 5E).

ATGI6L1 was recruited proximal to
the aggregate-associated LC3 puncta.
Since ATGIGLI is a phagophore marker,
we also used GFP-ATGIGLI to label the
early autophagic structures.®¥-" Under
starvation conditions, there were fewer
mRFP-LC3 puncta in Hela cells coex-
pressing GFP-ATG16L1 and mRFP-
LC3 (Fig. 6A and B). This finding was

consistent with another report that the

overexpression of ATGI6L1 inhibited
autophagosome formation.” However,
we observed that a fraction of ATGI6L1
puncta localized adjacently to the LC3
puncta (Fig. 6A, lower panel). Time-lapse
imaging showed that the GFP-ATGI6L1
signal did not disappear after 20 min
(data not shown), which is much lon-
ger than the lifetime of the GFP-ATG5S
labeled early autophagic structures (usu-
ally < 10 min).**% We hypothesized that
the LC3 puncta that localized adjacent
to the ATGI6L1 puncta were aggregate-
associated. FRAP analysis showed that
nearly all of these mRFP-LC3 puncta
demonstrated a rapid exchange, which
was similar to the aggregate-associated
LC3 puncta (Fig. 6C). We also observed
this phenomenon in wild-type MEFs and
atg5~~ MEFs (Fig. S8), indicating that the
mRFP-LC3 puncta that localized adjacent
to GFP-ATGI16L1 were IBs, but not true
autophagic structures.

To further confirm the previous find-
ing, we cotransfected Hela cells with
mCitrine-ATGI16L1, mCerulean-LC3 and
mCherry-LC3%12%A, A localization analysis
demonstrated that the LC3 puncta that
were localized adjacent to the ATGI6L1
were always positive for LC3%12°4, a marker
of IBs (Fig. 6D). Taken together, these
results show that ATGIGLI is recruited
proximally to the aggregate-associated
LC3 puncta in an ATG5-independent

manner.
Discussion

In this study, we investigated the bio-
physical properties of LC3 associated
with autophagosomes/autolysosomes and
protein aggregates. First, we examined
the dynamic properties of LC3 in the
early autophagic structures and mature
autolysosomes. The initial recruitment
of LC3 to the phagophore assembly sites
is a relatively slow process that requires
hundreds of seconds.?**® Once formed,

our results demonstrated that the LC3
associated with the outer membrane of
autophagosomes does not exchange with
the cytoplasmic pool in a constitutive
and rapid manner. Further studies are
required to clarify the exact dynamics of
LC3 dissociation from the outer mem-
branes of nascent autophagosomes. Upon
maturation of the autolysosomes, LC3 was
trapped in the membrane structures and
exhibited no exchange with cytoplasmic
pool in FRAP analysis. We also found
that in the early autophagic structures,
the PtdIns3P-binding protein ZFYVEI
showed little fluorescence recovery post-
bleaching, while another PtdIns3P
effector, WIPI1, displayed rapid and sub-
stantial recovery. These differences may
be due to their distinct biochemical prop-
erties, different membrane locations,>2%%
or other potential binding partners. These
results also implied that although many
ATG proteins are recruited to the auto-
phagosome formation site, their dynamic
properties may vary. Further biophysical
and biochemical studies will provide more
information regarding the dynamic prop-
erties of the ATG proteins and elucidate
how they function.

Previous reports identified SQSTMI
as a common component of protein aggre-
gates and showed that it is required for
the formation of IBs.?"33244 Tt has been
suggested that SQSTMI recognizes ubig-
uitinated proteins through its C-terminal
ubiquitin-associated (UBA) domain and
self-oligomerizes through its N-terminal
Phox and Bem1 (PB1) domain. Both pro-
cesses are important for SQSTMI aggrega-
tion.”* LC3 can be incorporated into the
IBs through its interaction with the LIR
of SQSTM1.24¢ However, before these
ubiquitin- and SQSTMI-positive aggre-
gates become large enough to be detected
by light microscopy, they likely have been
targeted to the autophagosome through
the LC3-SQSTM1 interaction.’*® In this
study we found that LC3 associated and

Figure 4 (See opposite page). Rapid dynamic exchange of LC3 occurs in protein aggregates induced by other conditions. (A-C) Hela cells that were
transiently cotransfected with GFP-LC3 and mCherry-LC3%'2% for 24 h were treated with 50 wM LY294002 for 6 h (A), 200 nM wortmannin for 6 h (B) or
10 M MG-132 for 9 h (C), and representative images are shown. The GFP-LC3 puncta that were positive for the mCherry signal were then subjected

to FRAP analysis. The quantitative and normalized fluorescence recovery kinetics of GFP-LC3 after photobleaching are shown in the right graph.

Error bars: s.e.m. with n = 8 (A), 8 (B), 22 (C). Inset: representative FRAP images. (D) atg5~~ MEFs that were transiently cotransfected with GFP-LC3 and
mCherry-LC3¢'2°A for 24 h. The GFP-LC3 puncta that were positive for the mCherry signal were then subjected to FRAP analysis. The quantitative and
normalized fluorescence recovery kinetics of GFP-LC3 after photobleaching are shown in the right graph. Error bars: s.e.m. with n = 15. Inset: represen-
tative FRAP images. R-LC3¢'2A, mCherry-LC3%'%4, Scale bars: 5 um. Photobleaching box size: 2.691 wm x 2.691 wm.
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dissociated rapidly with IBs in an autoph-
agy-independent manner. Although ubig-
uitin and SQSTM1 dynamically associate
with IBs, the rates of exchange are much
lower than that of LC3. It is also noted
that both our and others’ work demon-
strated the dynamic property of SQSTM1
and ubiquitin involved in IBs,”* how-
ever, the exchange rates measured are
slightly varied, which may be due to the
different expression levels of FP-tagged
proteins or different experiment meth-
ods. When mRFP-SQSTMI expressed in
HeLa cells alone, a much higher exchange
rate was observed (Fig. S9).

Our results also showed that the com-
posite organization of these IBs involved
ordered molecular interactions. This was
mainly due to the structure of the proteins
involved. Together, our results indicated
that the oligomerization of SQSTMI
and the interaction between SQSTMI
and mono- and poly-ubiquitin were more
stable than the LC3-SQSTMI interac-
tion. LC3, similar to HSP70 (heat shock
70 kDa protein),** a molecular chaper-
one, associated transiently with IBs and
was not sequestered irreversibly, suggest-
ing that IBs may not disrupt the normal
cellular function of LC3 by sequestering
it.. The ubiquitin-SQSTMI1-LC3 inter-
action mode may also be applied to the
SQSTMI-mediated process that incorpo-
rates cargo into the autophagosomes.

The LC3 mutant that is defective
in lipidation (LC3AG) was used as a
negative control to distinguish between
the LC3-involved aggregates and auto-
phagosomes.® In our study, nearly all of
the LC3%?* puncta examined exhibited
rapid exchange. However, similar to the
results obtained with azg57~ MEFs, in
puromycin-treated Hela cells express-
ing mCherry-LC3%**  alone, puncta
showing no fluorescence recovery after

photobleaching ~ were occasionally
observed. We suspected that these puncta
may have been trapped in membrane-
enclosed structures such as autolysosomes.
After 24 h of mCherry-LC3%'2%* expres-
sion in Hela cells, LysoTracker Green
staining demonstrated that puromycin
induced the vast majority of the mCherry-
LC3%12% puncta that were negative for the
green fluorescent signal and very few of the
mCherry-LC3%? puncta that were posi-
tive for the LysoTracker Green signal (Fig.
S10A). Similarly, very few GFP-LC3%!1204
puncta were positive for LysoIracker Red
signal (Fig. S10B), which is consistent with
previous reports and may be due to the
incomplete quenching of the GFP fluores-
cent signal in acidic structures.”* We also
noted that after 48 h of mCherry-LC35120
expression in Hela cells, a greater number
of mCherry-LC3¢"2°* puncta were found
in acidic structures (Fig. S10C). These
results indicate that mCherry-LC351204
can form two types of bodies: the first is a
type of inclusion body or a membrane-free
protein aggregate, and the other is a mem-
brane-confined lysosomal structure that
is likely formed through autophagy. In
contrast, nearly no GFP-LC3%?°* puncta
formed or were positive for Lysolracker
Red in the transfected cells cultured for
48 h in regular medium (Fig. S10D;
Fig. S11A, left panel). However, 24 h of
NH,CI (a lysosome inhibitor) treatment
induced many fluorescent puncta in the
GFP-LC3¢"%_transfected HelLa cells
with 48 h culture (Fig. S11A). As a con-
trol, the same treatment did not induced
fluorescent puncta in GFP-transfected
cells (Fig. S11B). As shown in Figure
$11C and S11D, under 24 h NH_ClI treat-
ment, either the GFP-LC3%2** puncta
colocalized with mRFP-LC3 or the mCi-
trine-LC3%'*°* puncta (similar to GFP-
LC3612°A data not shown) colocalized

with mCerulean-RAB7A, suggesting that
these GFP/mCitrine-LC3%'**  puncta
were in autophagosomal and lysosomal
structures. This type of GFP-LC3%!204
puncta also formed under 24 h of CQ
treatment (data not shown). Thus, under
certain conditions, it is important to rule
out these artifacts when using LC3%12%* a5
a negative control for autophagy.

In summary, using dynamic fluores-
cence microscopy techniques (e.g., FRAP,
FRAPa and FRET), we found that LC3
exhibited rapid kinetics of association and
dissociation with the protein aggregates
while tightly attached to the autophago-
somal membrane. Taking advantage of the
distinct biophysical properties of the two
types of LC3 puncta, we could distinguish
whether a specific FP-LC3 punctum was
an autophagosome or a LC3-involved pro-
tein aggregate in living cells by qualitative
FRAP analysis.

Materials and Methods

Chemicals.  Chloroquine  (C6628),
ammonium chloride (A9434), LY294002
(19908), (W1628) and

puromycin purchased

wortmannin
(P8833)
from Sigma-Aldrich. LysoTracker Green

were

(L7526) was purchased from Invitrogen.
Rapamycin (§1842), MG-132 (S1748) and
LysoTracker Red (C1046) were purchased
from Beyotime Institute of Biotechnology.

Plasmids. GFP-ZFYVEI and mRFP-
LC3 were gifts of Nicholas T. Ktistakis.?”
The MAPILC3B/LC3B, WIPI1, ATGIGLI
and RABJA cDNAs were obtained by
PCR from total cDNA from Hela cells
and then cloned into the EGFP-CI vec-
tor (Clontech, USA, 6084—1). LC3B was
also cloned into the mCerulean-C1 vector
to generate mCerulean-LC3B. ATGIGLI
was cloned into the mCitrine-C1 vector

to generate mCitrine-A7GI6L1. RABJA

Photobleaching box size: 2.691 pm X 2.691 pm.

Figure 5 (See opposite page). FRAP and FRET analysis of the dynamics and interaction of LC3/LC3%'%** and SQSTM1 in the protein aggregates.

(A) Two-color FRAP analysis of mRFP-SQSTM1 and GFP-LC3/LC3¢'** colocalized puncta in living cells. Left panel: representative confocal images.
Right panel: the normalized recovery kinetics of mMRFP-SQSTM1 and GFP-LC3/LC3%'2°A, Error bars: s.e.m. with n = 8. Scale bars: 5 um. (B) The FRET signal
between mCerulean-LC3 and mCitrine-tagged SQSTM1 in HelLa cells. The mCerulean*/mCitrine* aggregates in live cells were subjected to acceptor
photobleaching FRET analysis. The FRET efficiencies of the positive and negative controls were determined in the fixed cells. All FRET data are shown
in the graph. *p < 0.05 and ***p < 0.001. Error bars: s.e.m. with n = 15. Inset: representative confocal images of acceptor photobleaching FRET analysis.
(C€) The schematic diagrams of s-SQSTM1-mCitrine and confocal imaging of HeLa cells cotransfected with s-SQSTM1-mCitrine and mRFP-SQSTM1.
Scale bar: 10 wm. (D) Acceptor photobleaching FRET analysis of the interaction of SQSTM1-SQSTM1 (mCerulean-SQSTM1/mCitrine-SQSTM1, mCeru-
lean-SQSTM1/SQSTM1-mCitrine, and mCitrine-SQSTM1/SQSTM1-mCerulean) in HelLa cells. The quantitative FRET efficiencies are shown in the graph.
**¥p < 0.001. Error bars: s.e.m. with n = 15. Inset: representative confocal images of acceptor photobleaching FRET analysis. (E) Schematic diagram of
the arrangement of SQSTM1 in the protein aggregates. For all FRAP analysis, the puncta were outlined (white circle) and the intensities were extracted.
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was also cloned into the mCerulean-
C1 vector. LC3%?"" was amplified and
inserted into  pcDNA3.1(+)-mCherry.
LC39%%" was also amplified and then
cloned into the EGFP-CI, mCerulean-
C1 and mCitrine-C1 vectors. The EGFP

www.landesbioscience.com

in EGFP-LC3B was replaced by Dendra2
to generate Dendra2-LC3B. The ¢cDNAs
for UBC (ubiquitin C) and SQSTMI were
obtained by PCR from total cDNA from
Hela cells. The amplified products were
cloned into pcDNA3.1(+)-mRFP and

Autophagy

pcDNA3.1(+)-mRFP/mCerulean/mCi-
trine. The SQS7TMI DNA was also ampli-
fied and inserted into the mCerulean-N1
and mCitrine-N1 vectors. The DNA cod-
ing for the UBA domain of SQSTMI was
amplified and cloned into mCitrine-C1 to
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generate mCitrine-UBA. The DNA cod-
ing for the N-terminal 385 amino acids
of SQSTM1 was inserted into mCitrine-
UBA to generate s-SQS7TMI-mCitrine.
A linker of 12 amino acids was included
between the two fluorescent tags in mCe-
rulean-mCitrine. The primers are listed in
Table S1.

Cell culture, transfection and treat-
ment. HeLa cells (obtained from ATCC,
CCL-2), wild-type MEFs and atg5"~
MEFs (a generous gift from Dr. Noboru
Mizushima, Tokyo Metropolitan Institute
of Medical Science) were maintained in
DMEM medium containing 10% FBS,
100 U/ml penicillin, and 100 pg/ml
streptomycin at 37°C in 5% CO,. The
cells were transfected with the indicated
plasmids using Lipofectamine™ 2000
(Invitrogen Co., 11668-019) 20 to 24
h before imaging analysis. To observe
the autophagic structures, the cells were
treated with HBSS, rapamycin (1 pM),
CQ (50 uM) or NH,CI (50 mM) for
the indicated period of time. To induce
protein aggregates, the cells were treated
with puromycin (5 pg/ml), wortmannin
(200 nM), LY294002 (50 wM), or
MG-132 (10 M) for the indicated period
of time.

Confocal imaging. The cells were
grown on 35-mm glass-bottomed dishes
(LabTek) and mounted on the stage of
a commercial FV1000 confocal micro-
scope (Olympus). The images were cap-
tured using a 60x 1.4 NA objective. The
GFP and RFP (mCherry or mREP) sig-
nals were imaged using a line sequential
scan setting with excitation laser lines
at 488 and 543 nm, respectively. The
emission signals were collected at 495
to 530 nm (GFP, channel 1) and 590 to
650 nm (RFP, channel 2).

Qualitative and quantitative FRAP
analysis. For qualitative FRAP analy-
sis of mRFP-GFP-LC3, the 488 and
543 nm laser lines were used to excite GFP
and mRFP, and the emission data were
collected at 495 to 530 nm and 590 to
650 nm, respectively. Next, a 3 sec pulse
of the 488 and 543 nm laser lines at 100%
power was used to bleach the GFP/mRFP
puncta, and then the fluorescent signals
were acquired every 5 sec.

For quantitative two-color (or one-
color, that is, GFP or RFP signal only)

766

FRAP analysis, the 488 and 543 nm laser
lines were used to excite GFP and RFP
simultaneously, and the emission data were
collected on two channels, respectively.
There was minimal crosstalk between the
two channels. After irradiation with three
iterations of the 488 and 543 nm laser
lines at 100% power, the GFP and RFP
signals in the region of interest (ROI) were
nearly completely photobleached. The flu-
orescence emissions were collected using
the same settings as pre-photobleaching
every 175 ms. For mRFP-LC3 colocal-
ized with GFP-ZFYVE], eight iterations
of the 488 and 543 nm laser lines at 100%
power were used to bleach the mRFP tag
and followed by imaging every 61 ms. The
recovery of GFP and RFP signals associ-
ated with the punctate structures (per-
pixel intensity) was measured using the
SpotTracker plug-in of Image] (National
Institutes of Health) and the puncta with
obvious Z axis-drift were discarded. The
cytoplasmic per-pixel fluorescent inten-
sity in a fixed region of interest (ROI)
adjacent to the puncta were measured
and subtracted from the puncta signal to
correct for the cytoplasmic diffusion com-
ponent and background.”® The resulting
data were normalized to the pre-bleached
images and then plotted using Prism 5.0
(GraphPad Software). The average of the
corrected FRAP curves were fitted using
the Sigmaplot software (Systat Software)
and the equation Fo=F..+ (F . -F.)
(1-exp™),” where F  is the intensity of
fluorescence at time t, F__is the intensity
of fluorescence immediately post-bleach-
ing, F_is the intensity of fluorescence
following complete recovery, and k is the
rate constant of the exponential recovery.
The recovery half-time (t,,, = In2/k) and
mobile fraction (M,) were calculated from
the fitted FRAP curve. Mobile Fraction
(M,) was calculated as the following for-
mula: M, = (F, - F) / (Fpre - F,), where
F_ is the stable fluorescent intensity of the
puncta after sufficient recovery, F is the
fluorescent intensity immediately after
bleaching, and E . is the fluorescent inten-
sity before bleaching.’*

For two-color (or one-color) FRAP
analysis of LC3/UBC, LC3¢"24/UBC,
LC3/SQSTM1, LC324/SQSTMI, and
SQSTMLI, following prebleach imaging, a
480 ms pulse of the 488 and 543 nm laser

Autophagy

lines at 100% power was used to bleach
GFP and RFP both. Then the fluores-
cence emissions were collected every 61 ms
for the first 46 post-bleaching images and
every 2 sec for the next 100 post-bleach-
ing images. For mRFP-LC3 colocalized
with GFP-ATGIG6LI, 100 post-bleaching
images were acquired every 61 ms. The
recovery of GFP and RFP signals asso-
ciated with the punctate structures was
measured using the SpotTracker plugin
of Image] and background corrected, and
the resulting data were normalized to the
pre-bleached images and plotted using
Prism 5.0.

FRAPa analysis. For FRAPa analysis,
a 480 ms pulse of the 405 nm laser was
used to photoactivate the Dendra2-LC3B
puncta, and the fluorescence emissions at
590 to 650 nm were collected using the
same settings as pre-photoactivation every
61 ms. The extracted data were normal-
ized to the immediate post-activation
images and plotted using Prism 5.0.

Acceptor photobleaching FRET in live
cells. The 458 nm and 515 nm laser lines
were used to excite mCerulean and mCi-
trine simultaneously, and their emission
data were collected at 465 to 490 nm and
525 to 560 nm, respectively. There was
no leakage of the mCitrine signal into the
mCerulean channel. Next, a 480 ms pulse
of the 515 nm laser at 100% power was used
to bleach mCitrine, which was followed by
image acquisition using the same settings
as pre-bleaching with no delay. The inten-
sities of mCerulean pre- and post-bleach-
ing were extracted, and the background
was subtracted using Image]. The FRET
efficiency was measured using the follow-

-1 )/

FRET (Idonor, post  “donor, pre
donor post - Lpert FRET efficiency, I,
donor (mCerulean) fluorescence intensity
before mCitrine bleaching, I, : donor
(mCerulean) fluorescence intensity imme-
diately post-mCitrine bleaching.”

For the positive and negative FRET
controls, the samples were washed with
PBS and fixed in 3.75% paraformalde-
hyde in PBS.

Statistical analysis. The statistical sig-
nificance between groups was determined
using the unpaired ttest in Prism 5.0
(GraphPad Software). A p value < 0.05
was considered statistically significant.

*p < 0.05, **p < 0.01 and ***p < 0.001.
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Figure 6. GFP-ATG16L1 localized adjacent to the aggregate-associated LC3 puncta. (A and B) Hela cells transiently coexpressing either GFP/mRFP-LC3

or GFP-ATG16L1/mRFP-LC3 were starved in HBSS for 1.5 h. The right

graph shows quantification results of the dot-positive cells (containing more than

15 dots). The mRFP-LC3 puncta that localized adjacent to the GFP-ATG16L1 puncta are indicated by arrows. (C) HeLa cells were transiently cotransfect-
ed with GFP-ATG16L1 and mRFP-LC3 for 24 h. The adjacent puncta were then subjected to two-color FRAP analysis. The recovery kinetics of mRFP-LC3
are shown, as indicated. Error bars: s.e.m. with n = 25. The percentage of GFP-ATG16L1 colocalized adjacent to mRFP-LC3 puncta with fast recovery is
shown in the right graph (55 dots examined). (D) Confocal imaging of HeLa cells coexpressing mCerulean-LC3, mCitrine-16L1 and mCherry-LC36204,

The arrows indicate LC3 puncta localized adjacent to ATG16L1, whic

h colocalized with mCherry-LC3%'2", The percentage of ATG16L1 adjacently colo-

calized LC3 puncta positive for LC3%'%* js shown in the right graph (92 dots observed). Scale bars: 5 pm.
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