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The biogenesis of autophagosomes provides the basis for macroautophagy to capture and degrade intracellular cargoes. Binding
of the autophagy-related protein ATG8/LC3 to autophagic membranes is essential to autophagosome formation, which involves
the specific and dynamic processing of ATG8/LC3 by cysteine protease ATG4. However, to date, the mechanism whereby ATG4 is
recruited to the membranes, the interaction of ATG4 and ATG8/LC3 on the membranes, and its role in the growth of phagophore
are not completely understood. Here, we used fluorescence recovery after photobleaching to monitor the turnover of GFP-tagged
ATG4B and LC3B in living animal cells. The data show that ATG4B localizes to early autophagic membranes in an LC3B-dependent
manner. During autophagy, ATG4B and LC3B undergo rapid cytosol/isolation membrane exchange but not at the cytosol/com-
pleted autophagosome. In addition, ATG4B activity controls the efficiency of autophagosome formation by impacting the mem-
brane binding/dissociation of LC3B. These data suggest that ATG4 and LC3 play interdependent roles in the formation of auto-
phagosomes.

Keywords: autophagy, autophagosome biogenesis, ATG4, LC3, live-cell imaging, membrane binding kinetics

Introduction
Macroautophagy (hereafter, autophagy) is a highly conserved

lysosome-mediated intracellular decomposition process in eu-
karyotic cells, which involves the formation of autophagosomes
and concurrent capture of cytoplasmic components (Lamb
et al., 2013; Lum et al., 2015; Yu et al., 2018). The biogenesis
of autophagosomes begins with the generation from the intra-
cellular membrane system of the isolation membranes that en-
large, elongate, and eventually seal as double-membrane
vesicles (Nakatogawa et al., 2007; Lum et al., 2015; Yu et al.,
2018). In mammalian cells, this process depends on multiple
autophagy-related (ATG) proteins (Walker and Ktistakis, 2020),
among which microtubule-associated protein 1 light chain 3

(MAP1LC3/LC3), the ortholog protein of yeast ATG8, is crucial
to the growth of the isolation membranes and recognition of
autophagic cargoes (Pankiv et al., 2007; Weidberg et al., 2010;
Tsuboyama et al., 2016). To perform its role, newly synthesized
LC3 undergoes a series of processes, including the cleavage
at the carboxyl terminal glycine 120 site by the cysteine prote-
ase ATG4 to form LC3-I, conjugation of LC3-I with phosphatidyl-
ethanolamine (PE) through a ubiquitylation-like system that
generates membrane-bound LC3-II, and ATG4-mediated decon-
jugation of LC3-II and PE on the membrane (Kabeya et al.,
2000; Kirisako et al., 2000; Xie et al., 2008; Mizushima et al.,
2011; Abreu et al., 2017).

Among ATG proteins, ATG4 is the only protease that func-
tions in lipidation/delipidation of the ATG8 protein. In mamma-
lian cells, there are four ATG4 homologues (ATG4A, ATG4B,
ATG4C, and ATG4D), which own the different processing activity
to ATG8 homologues and contribute to autophagy (Agrotis
et al., 2019). In vitro proteolytic analysis indicates that ATG4B
possesses the strongest activity and the broadest spectrum
against both LC3-family and GABARAP-family proteins (Li et al.,
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2011; Kauffman et al., 2018). By contrast, ATG4A has only
weak activity to GABARAPs, and ATG4C and ATG4D show mini-
mum protease activities with almost all ATG8 homologues (Li
et al., 2011; Kauffman et al., 2018). Evidence accumulated
from yeast studies has suggested that both lipidation and deli-
pidation of ATG8 are required for efficient autophagosome for-
mation. Nevertheless, although lipidation is clearly essential
for targeting ATG8/LC3 to the phagophore assembly site/preau-
tophagosomal structure (PAS), the significance of ATG8/LC3

delipidation is still incompletely elucidated. It was shown that
in yeast deficient for ATG4-mediated ATG8 delipidation, ATG8–
PE accumulates on various intracellular organelles, which
depletes unlipidated ATG8 and thereby attenuates its localiza-
tion to the PAS (Nair et al., 2012; Nakatogawa et al., 2012; Yu
et al., 2012). Recently, it was also proposed that delipidation
of ATG8 from PE is dispensable for targeting ATG8 to PAS but is
required directly for the growth of phagophores (Hirata et al.,
2017), suggesting a potential role of ATG8 delipidation on the
isolation membranes. However, at least under optical micro-
scope and in mammals, the localization of ATG4 on autophagic
membranes has not been identified. During autophagy, the
membrane association of ATG4 and its interaction with ATG8/
LC3 proteins on autophagic membranes remain largely
unknown.

To study the dynamics of ATG4 and its interaction with ATG8/
LC3 during autophagosome formation in vivo, in this study, we
characterized the membrane binding kinetics of ATG4B and
LC3B in living cells. We observed that ATG4B was localized to
autophagosomes in LC3B-overexpressing cells in an LC3B-
dependent manner. ATG4B and LC3B cycle separately on/off
the membranes, and the cycling of LC3B is regulated by ATG4B,
which is required for the efficiency of autophagosome
formation.

Results
ATG4B is located on autophagic membranes and regulates
autophagosome formation

To study the dynamics of ATG4 in animal cells, we first got a
GFP-ATG4B plasmid and transfected it into HEK293 cells. By
staining endogenous LC3, we found that overexpression of
GFP-ATG4B deleted intracellular LC3 puncta in fed and starved
cells (Figure 1A; Supplementary Figure S1B), and normal LC3

puncta were observed in cells overexpressing ATG4BLIRCM, an
ATG4B variant in which the LC3-interaction region is mutated
and fails to interact with LC3 (Supplementary Figure S1A–C;
Skytte-Rasmussen et al., 2017). Meanwhile, the conversion of
LC3-I to LC3-II in starved cells with or without the lysosome in-
hibitor chloroquine (CQ) was dramatically suppressed by GFP-
ATG4B overexpression (Figure 1B). In these cells, GFP-ATG4B
showed a diffuse distribution in the cytoplasm (Figure 1A).
These observations are consistent with the previous study
(Fujita et al., 2008a) indicating that excess ATG4B inhibits the
membrane association of LC3B. However, interestingly, when
mCherry-LC3B was coexpressed with GFP-ATG4B in HEK293

cells, under cell starvation, these cells were able to form
mCherry-LC3B puncta, and GFP-ATG4B was associated with
these puncta demonstrating colocalization with mCherry-LC3B
(Figure 1C). At the same time, mCherry-LC3B-II and endoge-
nous LC3B-II were produced in these cells (Figure 1D). Next,
we treated the cells with the class III PtdIns3K inhibitor 3-meth-
yladenine (3-MA) to suppress autophagy under starvation con-
ditions. The addition of 3-MA significantly inhibited the
formation of mCherry-LC3B puncta and GFP-ATG4B puncta
(Figure 1E). In addition, in starved Atg5-knockout mouse em-
bryonic fibroblasts (MEF; an autophagy-deficient cell), the
puncta of mCherry-LC3B and GFP-ATG4B were also dramatically
abolished (Figure 1F). Therefore, the produced mCherry-LC3B
puncta and mCherry-LC3B-II/LC3B-II represented an increase in
autophagosome formation. Together, these results suggest that
the relative ratio of intracellular ATG4B to LC3B impacts the effi-
ciency of LC3B lipidation and autophagosome formation.

LC3-dependent association of ATG4B with autophagic
membranes

Taking advantage of ATG4B being observed on autophagic
membranes in LC3B-overexpressing cells, we then wanted to
know when and how ATG4B is recruited to these membranes.
We checked the colocalization of ATG4B with marker proteins
representing different autophagy steps in cells stably overex-
pressing LC3B. Under cell starvation, ATG4B colocalized with
the punctate structures of ULK1, DFCP1, ATG16, and STX17

where LC3B was contained (Figure 2A–D). Interestingly, ATG4B
was not localized to LAMP1/LC3B-positive puncta (Figure 2E).
Meanwhile, when the puncta of LC3B and ATG4B were abol-
ished in the starved Atg5-knockout cells, the colocalization of
ATG4B with ULK1 or DFCP1 also disappeared (Supplementary
Figure S2A and B). Together, these observations suggest that
ATG4B binds to autophagic membranes following LC3B and is
no longer associated with these membranes after autophago-
some–lysosome fusion.

To confirm that the membrane binding of ATG4B is depen-
dent on LC3, we observed the distribution of ATG4BLIRCM, an
ATG4B mutation that fails to interact with LC3, in cells coex-
pressing GFP-ATG4BLIRCM and mCherry-LC3B. Under cell starva-
tion, GFP-ATG4BLIRCM was unable to localize to mCherry-LC3B
puncta but diffused in the cytoplasm (Figure 2F). Taken to-
gether, these data suggest that during autophagosome forma-
tion, ATG4B is associated with autophagic membranes in an
LC3-dependent manner.

LC3 cycles on/off membranes but not complete
autophagosomes or autolysosomes

Accumulated evidence obtained from yeast and mammalian
cells suggest that the association of ATG8 with PAS or LC3 with
the isolation membrane is a dynamic process (Xie et al., 2008;
Koyama-Honda et al., 2013; Karanasios and Ktistakis, 2015;
Tsuboyama et al., 2016). The results of living cell imaging
showed that during autophagosome formation, the total
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Figure 1 Characterization of autophagosome formation in ATG4B-overexpressing cells. (A) Formation of LC3 puncta in ATG4B-overexpress-
ing cells with or without starvation. The cells were stained with a specific anti-LC3 antibody and visualized with confocal microscopy.
(B) Western blotting analysis of LC3-II production in the starved cells expressing different levels of GFP-ATG4B in the presence or absence
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coexpressing cells treated with or without starvation. (D) Western blotting analysis of LC3-II production in the cells only expressing GFP-
ATG4B or coexpressing GFP-ATG4B and mCherry-LC3B with or without starvation. (E) Formation of GFP-ATG4B and mCherry-LC3B puncta in
the mCherry-LC3B and GFP-ATG4B coexpressing cells treated with starvation or starvation and 3-MA. (F) Formation of GFP-ATG4B and
mCherry-LC3B puncta in the starved Atg5-knockout MEF coexpressing mCherry-LC3B and GFP-ATG4B. Scale bar, 10 mm.
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intensity of the ATG8/LC3 signal on the PAS/isolation mem-
brane increased gradually, peaked in �6 min, and then began
to decline (Xie et al., 2008; Koyama-Honda et al., 2013;
Tsuboyama et al., 2016). While these indicate a continued re-
cruitment of ATG8/LC3, it is not clear whether these proteins

are stably associated or undergo multiple cycles. To address
this, we measured the kinetic properties of GFP-LC3B on/off
membranes by carrying out fluorescence recovery after photo-
bleaching (FRAP) experiments in living cells. Rapid recovery of
the GFP-LC3B signal was observed after photobleaching GFP
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STX17-HA (D), or LAMP1 (E) in the starved cells. (F) Images of mCherry-LC3B and GFP-ATG4B in the starved cells coexpressing mCherry-LC3B
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fluorescence in GFP-LC3B dots (the recovery half-time
t1/2�40 sec), indicating a sustained membrane binding of LC3

from the cytosolic pool (Figure 3A and F). Nevertheless, when
we assessed the turnover of the photoactivatable GFP-tagged
LC3B (PAGFP-LC3B) after photoactivation of the PAGFP-LC3B
dots, we detected a continued decrease of the PAGFP-LC3B sig-
nal over time (Figure 3B and G), suggesting a continued disso-
ciation of LC3 from autophagic membranes.

It has been reported that STX17 is recruited to closure auto-
phagosomes (Tsuboyama et al., 2016). Interestingly, in cells
coexpressing GFP-LC3B and LAMP1-RFP or STX17-mCherry, with
FRAP, we found that GFP-LC3B fluorescence on LAMP1-RFP-
positive (Figure 3C and F) or STX17-mCherry-positive (Figure 3D
and F) puncta was not able to recover at all after photobleaching.
The turnover of photoactivated PAGFP-LC3B on LAMP1-RFP-
positive puncta was also dramatically suppressed (Figure 3E
and G). The results suggest that LC3B can no longer be recruited
onto completed autophagosomes or autolysosomes.

Membrane association–dissociation cycle of ATG4B
We then addressed whether ATG4B resides stably or only tran-

siently after being recruited to autophagic membranes. In cells
stably expressing Myc-LC3B, transfected GFP-ATG4B was pre-
sented on punctate structures upon cell starvation, as observed
in cells overexpressing mCherry-LC3B. With FRAP, we observed a
rapid recovery of the GFP-ATG4B signal after photobleaching the
GFP-ATG4B puncta (t1/2� 12 sec), indicating a continued recruit-
ment of cytosolic GFP-ATG4B to autophagosomes (Figure 4A). To
further confirm the recruitment of ATG4B to autophagosomes,
we tracked GFP-ATG4B fluorescence on the mCherry-LC3B puncta
by time-lapse confocal microscopy. We found that with the
growth of mCherry-LC3B puncta, the GFP-ATG4B signal was also
increased on the puncta (Figure 4B), confirming the continuous
recruitment of ATG4B to the growing autophagic membrane. We
next examined whether GFP-ATG4B on autophagosomes goes
through continued dissociation from the membranes by using
fluorescence loss in photobleaching (FLIP). Under cell starvation
conditions, accompanying with repeated photobleaching of GFP-
ATG4B in a region of cytoplasm, virtually the autophagosome-
associated GFP-ATG4B fluorescence was lost over time
(Figure 4C and E). These results suggest that similar to LC3B,
ATG4B undergoes dynamic cycling on and off autophagosomal
membranes during autophagosome formation. Interestingly, in
GFP-ATG4B and STX17-mCherry-cotransfected Myc-LC3B stable
cells, when we performed FRAP experiments onto GFP-ATG4B
puncta, which were positive with STX17-mCherry, no GFP-ATG4B
fluorescence recovery was observed after photobleaching
(Figure 4D and F), suggesting that similar to LC3, ATG4B is no
longer recruited to complete autophagosomes.

ATG4B regulates the cycling of LC3 and the efficiency of
autophagosome formation

Because ATG8–PE and autophagosomes are not formed in
ATG4-deleted cells (Nakatogawa et al., 2012), to investigate

the role of ATG4 in regulating the membrane cycling of LC3, we
used ATG4B-knockdown cells in which, consistently with the
previous study, the LC3 lipidation and autophagosome forma-
tion could still be induced by cell starvation (Figure 5A;
Supplementary Figure S3; Yoshimura et al., 2006). Compared
with control cells, short-time (1 h) starvation only stimulated
the cells expressing ATG4B ShRNA to form a few LC3 puncta
(Figure 5A and B). However, with prolonged cell starvation
(4 h), equivalent LC3 puncta were observed in these cells
(Figure 5A and B). With the use of Tioconazole (TC), an ATG4 in-
hibitor that suppresses ATG4 protease activity (Liu et al.,
2018), a similar effect on the formation of LC3 puncta was ob-
served (Figure 5C and D), suggesting a slower autophagosome
formation induced by ATG4B inhibition.

To test whether the slowered autophagosome formation in
ATG4B-knockdown cells is due to an impaired membrane cy-
cling of LC3, we performed FRAP experiments on GFP-LC3B
puncta in cells coexpressing ATG4B ShRNA. We found that com-
pared with control cells, the recovery of GFP-LC3B fluorescence
was significantly inhibited after photobleaching in ATG4B-
knockdown cells (Figure 5E and F). A similar inhibition was
also observed in GFP-LC3B-expressing cells treated with TC
(Figure 5G and H). Taken together, these data suggest that
ATG4B impacts the membrane cycling of LC3B.

Discussion
In this study, our data show that during autophagy, LC3 and

ATG4 are constantly and, respectively, cycling on/off growing
autophagic membranes but not complete autophagosomes or
autolysosomes. The protease activity of ATG4 regulates the effi-
ciency of autophagosome formation by influencing the mem-
brane cycling of LC3 (Figure 6).

To date, the functions of LC3 on autophagosomes for auto-
phagosome closure (Fujita et al., 2008a), autophagosome–
lysosome fusion (Nguyen et al., 2016), and inner autophagoso-
mal membrane degradation (Tsuboyama et al., 2016) have
been extensively investigated. However, how LC3 dynamically
associates with the autophagic membranes during autophagy
is still not completely understood. Two different models could
be proposed: (i) during autophagosome biogenesis, LC3 is re-
peatedly associated and disassociated with autophagic mem-
branes; (ii) LC3 is constantly recruited to the membranes and
anchored on the membranes until autolysosome formation is
complete. In this study, on autophagosome but not autolyso-
some, the rapid fluorescence recovery of the GFP-LC3B puncta
in FRAP (LC3 associated with autophagic membranes,
Figure 3A), the fluorescence loss of the PAGFP-LC3B puncta in
living images (LC3 dissociation with autophagic membranes,
Figure 3B), and the continuous recruitment of ATG4B to the
growing autophagic membrane (Figure 4B) suggest a continu-
ous association and dissociation of LC3 on the growing auto-
phagic membranes during autophagosome formation.
However, the kinetics of the GFP-LC3B puncta in FRAP
(Figure 3F) indicate that even with a longer observation time
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Figure 5 ATG4B regulates the cycling of LC3 and the efficiency of autophagosome formation. (A) Formation of LC3 puncta in the control (Sh-
NC) or ATG4B-knockdown (Sh-ATG4B) cells (GFP marked) treated with starvation and CQ for the indicated periods. Scale bar, 10 mm.
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ing GFP-LC3B and STX17-mCherry were treated without or with TC and imaged before and after photobleaching the indicated GFP-LC3B
puncta negative with STX17-mCherry (red circles) by high-intensity 488-nm light. Note the fluorescence recovery in the photobleached re-
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quantitative data are presented as mean ±SEM, ***P<0.001.

860 | Zhou et al.



postphotobleaching, the signal of GFP-LC3B could not be re-
stored to the prebleaching level, suggesting that after being
recruited, a part of LC3 may stably associate with the autopha-
gic membrane and do not undergo cycling, which leads to the
finally incomplete fluorescence recovery of the GFP-LC3B
puncta after photobleaching. Therefore, taken together, our
data suggest that during autophagosome formation, LC3 dy-
namically associates with autophagic membranes in a mixed
pattern: on the growing autophagosome, some LC3 can repeat-
edly undergo rapid cytosol/membrane exchange, and some
LC3 may anchor on membranes to fasten the autophagic cargo
until autolysosome formation is completed.

STX17 is negative at elongating isolation membranes and is
recruited to the closure autophagosome (Itakura et al., 2012;
Tsuboyama et al., 2016). It has been reported that the ATG5–
ATG12–ATG16 complex plays an important role in the recruitment
of LC3 to autophagosomes (Fujita et al., 2008b). Interestingly,
Noboru Mizushima’s data show that the ATG5–ATG12–ATG16

complex was released before the completion of autophagosomes
(an STX17-positive membrane) (Tsuboyama et al., 2016).
Consistently, in this study, no recovery of GFP-LC3B and GFP-
ATG4B were observed on autophagic membranes positive with
STX17-mCherry in the FRAP experiments (Figures 3D and 4D), sug-
gesting that LC3 and ATG4 can no longer be recruited onto the
complete autophagosomes. But the locations of ATG4B and LC3B
on the STX17-positive autophagic membranes (Figures 2D, 3D,
and 4D) suggest that a few LC3 could still attach at the outer mem-
brane of the complete autophagosome, and a continuous delipida-
tion of LC3 is executed by ATG4 until the successful formation of
autolysosome. This possibility is supported by the previous study,
which reports a role of LC3 in autophagosome–lysosome fusion
(Nguyen et al., 2016). After autolysosome formation, LC3 may

completely get off the outer membrane of the autolysosome, and
no ATG4B can be observed on the autolysosome. In addition, we
found that on few STX17-negative puncta (data not shown), the
fluorescence recovery of GFP-LC3B and GFP-ATG4B in the FRAP
experiments was also occasionally inhibited, suggesting that auto-
phagosome formation maybe completed before the STX17 recruit-
ment. Meanwhile, besides LC3 and ATG4B, a rapid recovery of
GFP-ULK1 and GFP-DFCP1 signals, but not GFP-ATG16 or GFP-
STX17 signals, was observed after photobleaching the GFP fluores-
cence on the autophagic proteins dots (Supplementary Figure S4).
These data suggest a different manner of recruitment for the auto-
phagic proteins on the autophagic membrane during autophagy.

After autophagosome–lysosome fusion, the outer membrane of
the autophagosome is fused with lysosome, and the inner mem-
brane of the autophagosome is enclosed into lysosome for degra-
dation (Itakura et al., 2012; Tsuboyama et al., 2016). Here, our
data show an LC3-dependent association of ATG4B with the early
autophagic membranes during autophagosome formation, but no
ATG4B was observed on the membranes after autophagosome–
lysosome fusion (Figure 2A–E). These results imply that ATG4B
may not associate with the inner membrane of autophagosome
and could not interact with LC3 localized at the inner membrane
of autophagosome. One of the most likely reasons is that the
combination of LC3 with the autophagic cargo blocks the interac-
tion of ATG4B with LC3 at the inner membrane of autophagosome,
which may also result in a stably binding of LC3 at autophagoso-
mal inner membrane to fix the autophagic cargo. Another possibil-
ity might be the sunken curvature of the autophagosomal inner
membrane, which may lead a stronger stereospecific blockade for
the interaction of ATG4B and LC3 at the inner surface of the auto-
phagic membrane. In addition, although we found that ATG4B
localizes to the autophagosome by interacting with LC3, the kinet-
ics of GFP-LC3B and GFP-ATG4B on autophagosome in FRAP show
that the recovery of ATG4B is much faster than that of LC3 (t1/2:
12 sec vs. 40 sec), suggesting that recruitments of ATG4B and LC3

to the autophagosome are in different manners.

Materials and methods
Cell cultures and transfection

HEK293 cells were cultured in Dulbecco’s modified Eagle me-
dium with 10% fetal bovine serum at 37

�C under 5% CO2.
Transient transfection was performed using Lipofectamine 3000/
2000 according to the manufacturer’s instructions. Cells stably
expressing GFP-LC3B, Myc-LC3B, or mCherry-LC3B were created
by transient transfection followed by selection with G418

(500mg/ml). Cells coexpressing LC3B with other proteins were
created by transient transfecting the protein into the LC3B stable
cell line. ATG4B-knockdown cells were created by transient trans-
fecting ATG4B ShRNA targeted to the sequence
GAAGCTTGCTGTCTTCGAT followed by selection with G418.

Reagents, antibodies, and plasmids
Chloroquine, 3-methyladenine, G418 were obtained from

Sigma. Tioconazole was obtained from Selleck. The following

Slow down

WT

ATG4 
knockdown

Phagophore Autophagosome Autolysosome  

LC3 Autophagic cargoATG4

Lysosome  

Figure 6 Schematic model for the dynamics of ATG4 and LC3 during
autophagosome formation. Both LC3 and ATG4 are cycling on/off
the growing autophagic membranes but not complete autophago-
somes or autolysosomes. ATG4 regulates the efficiency of autopha-
gosome formation by influencing the membrane cycling of LC3.
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antibodies were used: anti-GFP (Santa Cruz, sc9996), anti-LC3

(Sigma, L7643), anti-ATG4B (Sigma, A2981), anti-actin (Sigma,
A5316), anti-LAMP1 (Santa Cruz, sc20011), anti-HA (Santa
Cruz, sc7392), and anti-Myc (Santa Cruz, SC-40). GFP-LC3B,
mCherry-LC3B, Myc-LC3B, PAGFP-LC3B, GFP-DFCP1, and HA-
ULK1 have been described previously (Huang et al., 2015; Wan
et al., 2018; You et al., 2019). GFP-ATG4B was a gift from
Zvulun Elazar (Department of Biological Chemistry, The
Weizmann Institute of Science, Israel) (Scherz-Shouval et al.,
2007). RFP-ATG4B and GFP-ATG4BLIRCM were made by, respec-
tively, cloning the corresponding ATG4B DNA fragments into
the pmRFP-C1 and pEGFP-C1 vectors using EcoRI and BamHI re-
striction sites. GFP-ATG16 and STX17 cDNA were gifts from
Yingyu Chen (Peking University School of Basic Medical
Science, China). LAMP1-RFP was generated by cloning the cor-
responding cDNA fragments into the pmRFP-N1 vector using
EcoRI and BamHI restriction sites. mCherry-STX17 and STX17-
GFP were made by cloning the corresponding STX17 cDNA frag-
ments into the pmCherry-C1 and pEGFP-N1 vectors using KpnI
and BamHI restriction sites.

Autophagy induction
Cells were washed three times with prewarmed phosphate-buff-

ered saline (PBS) and then incubated in starvation medium (1%
bovine serum album, 1 mM CaCl2, 150 mM NaCl, 1 mM MgCl2,
5 mM glucose, and 20 mM HEPES, pH 7.4) at 37

�C for 1–4 h.

Western blotting and immunoprecipitation
For immunoprecipitation, cells were lysed with Nonidet P40

lysis buffer (50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 100 mM NaCl,
1% NP-40, 10% glycerol, and 1 mM dithiothreitol) containing
protease inhibitors. After centrifugation, the supernatants were
incubated overnight with antibodies followed by incubation
with Protein A/G agarose for 2 h at 4

�C. Immunocomplexes
were washed and analyzed by western blotting, which was per-
formed as described previously (Liu et al., 2014).

Immunostaining and confocal microscopy
For immunostaining, cells were cultured on coverslips and

fixed in 4% formaldehyde. After washing twice with PBS, the
cells were incubated in PBS (pH 7.4) containing 10% fetal calf
serum (PBS/FCS) to block nonspecific sites of antibody adsorp-
tion. Then, the cells were incubated with appropriate primary
and secondary antibodies in PBS/FCS buffer with 0.1% saponin
as indicated in the figure legends. Images were captured with a
Zeiss LSM510 Meta or LSM880 laser scanning confocal micro-
scope (Carl Zeiss) with a 63� Plan Apochromat 1.4 NA
objective.

For live-cell imaging, cells were cultured in chambers and im-
aged on a live-cell station. Photobleaching was performed us-
ing an appropriate laser line at full power. In FLIP analysis, a
selected region was repetitively photobleached, and the loss of

fluorescence from regions outside the photobleached region
was monitored at low intensity illumination. For the FRAP analy-
sis, a selected region of the cell was photobleached, and the
fluorescence recovery of the region was monitored. The recov-
ery half-time (t1/2) was measured from the FRAP curve. All the
FLIP and FRAP analyses were repeated at least five times in dif-
ferent cells. For quantification of fluorescence intensity, nonsa-
turated images were taken with a fully open pinhole, whereas
nonquantitative images were obtained with a pinhole diameter
equivalent to 1–2.5 Airy units.

Statistical analysis
All the statistical data are presented as mean ±SEM.

Statistical significance of the differences was determined using
Student’s t-test. Differences were considered significant at val-
ues of P<0.05.

Supplementary material
Supplementary material is available at Journal of Molecular

Cell Biology online.
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