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CapZ regulates autophagosomal membrane shaping
by promoting actin assembly inside the

iIsolation membrane

Na Mi"*$, Yang Chen"’, Shuai Wangz, Mengran Chen?, Mingkun Zhao', Guang Yangl, Meisheng Ma', Qian Su’,
Sai Luo', Jingwen Shi', Jia Xu', Qiang Guo®, Ning Gao", Yujie Sun’, Zhucheng Chen*® and Li Yu'*

A fundamental question regarding autophagosome formation is how the shape of the double-membrane autophagosomal vesicle is
generated. Here we show that in mammalian cells assembly of an actin scaffold inside the isolation membrane (the
autophagosomal precursor) is essential for autophagosomal membrane shaping. Actin filaments are depolymerized shortly after
starvation and actin is assembled into a network within the isolation membrane. When formation of actin puncta is disrupted by
an actin polymerization inhibitor or by knocking down the actin-capping protein CapZf}, isolation membranes and omegasomes
collapse into mixed-membrane bundles. Formation of actin puncta is Ptdins(3)P dependent, and inhibition of Ptdins(3)P
formation by treating cells with the PI(3)K inhibitor 3-MA, or by knocking down Beclin-1, abolishes the formation of actin puncta.
Binding of CapZ to PtdIns(3)P, which is enriched in omegasomes, stimulates actin polymerization. Our findings illuminate the
mechanism underlying autophagosomal membrane shaping and provide key insights into how autophagosomes are formed.

Autophagy is an evolutionarily conserved degradation pathway'=.
Autophagosome formation is a very complicated cellular process*.
In mammalian cells, autophagosomes are formed on PtdIns(3)P-
enriched endoplasmic reticulum (ER) protrusions named omegasom-
es, which appear shortly after starvation®”’. Omegasomes give rise to
intermediate structures named isolation membranes (phagophores)?,
which start as small, relatively flat cisternae and grow into curved,
cup-shaped double-membrane structures’. At this stage, the isolation
membrane seems to be a dome-shaped cisterna with an open
base, which is connected to a PtdIns(3)P-enriched omegasome.
The opening is finally sealed to give rise to the double-membrane
vesicle. Once formed, the autophagosome exits from the ER and the
omegasome is retracted back into the ER (ref. 5).

One of the fundamental questions regarding autophagosome
formation is how membrane shape is generated and maintained
during expansion of the isolation membrane. The process by
which autophagosomes are formed is unique among intracellular
vesicles. Most intracellular vesicles, for example, endocytic vesicles or
transport vesicles, are generated through a budding process'. The
autophagosome, in contrast, is formed by expansion and bending

of membrane cisternae''; thus, there must be a shaping mechanism
to generate and maintain the unique cup shape of the isolation
membrane during autophagosome formation.

Actin bundles or branched actin arrays can cause membrane
deformation by generating a propulsion force and by forming internal
12,13

scaffolding The best example of actin-induced membrane

deformation is lamellipodia formation'?

. During lamellipodia
formation, the actin network on the leading edge of the cell creates
a propulsion force that deforms the plasma membrane to form
membrane protrusions'®. The roles of the actin cytoskeleton in
autophagy are complicated; in mammalian cells, actin is required
for autophagy and participates in different steps of autophagosome
formation'>'. ATG14 and Beclinl, but not Atg5 or LC3, have been

shown to co-localize with actin during autophagy".

RESULTS

Formation of actin puncta during autophagy

In normal rat kidney (NRK) cells, serum/glutamine starvation induces
autophagy that peaks at 4 h after starvation'” (Supplementary Fig. 1a
and Supplementary Video 1). We found that actin undergoes dynamic
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depolymerization shortly after starvation. Using phalloidin, a probe
for polymerized actin'®, we found that NRK cells growing in nutrient-
rich conditions contained many actin filaments (Fig. 1a). At 2h after
starvation, phalloidin-positive puncta started to appear in starved
cells, suggesting that a polymerized actin structure was forming
(Fig. la). Co-staining starved cells with anti-LC3 antibody and
phalloidin showed that many of these actin puncta co-localized
with the autophagosome marker LC3 (Fig. 1b and Supplementary
Fig. 1b)". Quantification of the number of LC3 puncta co-localizing
with phalloidin indicated that a significant proportion of LC3-
positive puncta contained actin (Fig. 1c). In non-starved cells,
a few small LC3 puncta and actin puncta were also observed;
however, they did not co-localize (Fig. 1d). To further validate this
observation, we established a cell line expressing GFP-LC3 and
Lifeact-mRFPruby, a widely used probe for polymerized actin®.
Live-cell imaging showed that Lifeact formed puncta inside LC3
puncta (Fig. 1e).

Actin puncta are co-localized with isolation membranes

LC3 puncta can be autophagosomes or isolation membranes;
therefore, to determine the exact nature of these phalloidin-
positive puncta, we quantified co-localization of phalloidin with
puncta positive for DFCP1 (a PtdIns(3)P-binding ER protein that
marks omegasomes?'"?*) and LC3, as isolation membranes are
both DFCP1- and LC3-positive whereas mature autophagosomes
are DFCPl-negative. Most phalloidin-positive structures were
LC3/DFCP1-positive (Fig. 2a,b), indicating that isolation membranes
are the main site of actin assembly. We also showed that phalloidin
co-localized with other proteins localized on isolation membranes,
including Atg5, ULK1, Atgl4 and Atgl6 (Fig. 2¢).

Actin networks localize inside the central cavity of isolation
membranes/autophagosomes

Next, we investigated the spatial relationship between LC3 puncta and
actin puncta. We found that the actin puncta seemed in many cases
to be localized within the boundary of LC3 puncta (Fig. 1b,e). To
better illustrate the location of the actin puncta, we used structured
illumination microscopy (SIM)*, which allows us to acquire super-
resolution three-dimensional (3D) or 2D images. SIM images of actin
and LC3 confirm that actin puncta were localized inside the isolation
membranes (Fig. 3a,b). From these data, we conclude that actin puncta
are assembled inside the isolation membrane. Next, we permeabilized
cells with digitonin to prepare semi-intact cells, in which soluble
cytosol was removed while membrane structures are largely intact.
SIM images showed that the phalloidin signal is markedly reduced
in semi-intact cells, with no visible actin filaments left, indicating
that cytosolic actin was removed (Fig. 3c). Interestingly, most of
the remaining phalloidin signal was enriched on plasma membranes
and inside LC3 puncta. In some cases, phalloidin formed ring-like
structures that closely associated with LC3 puncta (Fig. 3¢), indicating
that polymerized actin closely associated with the inner membrane
of isolation membranes. Furthermore, immuno-electron microscopy
analysis of actin-GFP-expressing cells confirmed that the actin is
localized inside isolation membranes (Fig. 3d-f). Treating cells with
bafilomycin A1 (BAF-A1), which blocks the fusion between mature
autophagosomes and lysosomes®, caused massive accumulation of
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actin puncta in autophagosomes (Fig. 3g), further confirming that
actin is present in mature autophagosomes.

Actin puncta contain branched actin networks

Cofilin is an actin-dynamizing protein, which can bind and sever

26-30 We found that the localization of cofilin

actin filaments
changed markedly during autophagy. Cofilin has a diffuse, cytosolic
localization pattern in cells grown in nutrient-rich conditions.
However, 4h after starvation, cofilin forms puncta (Fig. 4a), and
a significant percentage of these puncta are inside LC3 puncta
(Fig. 4b). The presence of cofilin in isolation membranes indicates
that the actin puncta may contain branched actin networks, as it is
known that cofilin can be enriched on branched actin networks®"2.
It is well established that branched actin networks can cause
membrane deformation by generating a propulsion force and by
forming internal scaffolding®. Formation of branched actin networks
requires activation of the branched actin nucleator complex Arp2/3,
which binds to actin filaments and forms the first subunit of a
new branch®~%%. To test whether the actin puncta inside isolation
membranes are branched actin networks, we transfected cells with
ARPCIB (also known as p41-Arc), a subunit of the Arp2/3 complex?®.
We found that ARPCIB forms puncta after starvation, and these
puncta are co-localized with LC3 in a manner very similar to the
co-localization pattern between cofilin and LC3 (Fig. 4c,d). These
data suggest that the actin puncta do indeed contain branched
actin networks.

CapZ regulates autophagy

Actin polymerization is spatially and temporally regulated by various
factors to ensure the proper assembly of membrane protrusions®-*!.
The actin-capping protein CapZ has been shown to bind actin and
to be required for formation of membrane protrusions, and plasma
membrane-enriched phosphoinositides, especially PtdIns(4,5)P,, play
important roles in spatial and temporal regulation of the formation
of membrane protrusions***!. We studied the role of CapZ in
autophagosome formation. First, we measured the degradation of
long-lived proteins, a standard assay for autophagy activity, and
found that Capzb knockdown caused impaired degradation of long-
lived proteins in NRK cells starved in DPBS starvation buffer,
which is a stronger inducer of autophagy compared with the
serum/glutamine starvation we used in imaging analysis®> (Fig. 5a
and Supplementary Fig. 2a). Similarly, treatment with the actin
polymerization inhibitor cytochalasin B or CK636, a compound that
inhibits the formation of branched actin networks®, potently inhibited
the degradation of long-lived proteins (Fig. 5b). Degradation of
the autophagy substrate p62 (Fig. 5¢,d) was similarly impaired in
Capzb knockdown cells, indicating that autophagy is impaired when
Capzb function is reduced*®. LC3-II processing is apparently normal
in Capzb knockdown cells (Supplementary Fig. 2a,b), suggesting
that autophagy is impaired at a step after LC3 processing. The
number of autophagosomes is not altered in Capzb knockdown cells;
however, the morphology of LC3 puncta was markedly altered. In
nonspecific-RNAi-transfected cells, most LC3 puncta were round;
in contrast, many Capzb knockdown cells contained tubular or
enlarged ring-shaped LC3 puncta (Fig. 5e,f and Supplementary
Fig. 2c-e). A similar phenotype was observed in Capzb knockdown
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Figure 1 Formation of actin puncta during autophagy. (a) Representative
image of NRK cells starved for O or 2 h and stained with phalloidin. Regions
outlined with white dashed lines are magnified to the right. Scale bars
in full panels and zoomed panels correspond to 20 um, 15um and 8um,
respectively. (b) NRK cells were starved for 4 h then stained with phalloidin
(P) and antibody against LC3 (L). Regions of LC3 puncta that co-localize
with phalloidin are outlined with white dashed lines and are magnified to
the right. Scale bars in full panels and zoomed panels correspond to 5um
and 1 um, respectively. (c) The percentage of phalloidin-positive LC3 puncta

Raw cells (Supplementary Fig. 2f,g). This phenotype can be rescued
by overexpression of an RNAi-resistant Capzb plasmid in Capzb
knockdown cells (Supplementary Fig. 2h-j). To check whether

n

Percentage of
phalloidin-positive LC3 puncta
N
(4}
|

o
|

was quantified in cells from b (n=3 independent experiments; 50 cells were
assessed per independent experiment). Data represent mean =+ s.d. (d) NRK
cells were stained with LC3 antibody and phalloidin. Scale bar, 5 um. (e) GFP-
LC3-expressing NRK cells were transfected with Lifeact-mRFPruby, and then
starved for 4 h. Left panel shows the 3D-reconstruction image; right panel
shows a single plane from a single stack from the cell in the left panel.
Regions showing Lifeact-positive dots inside LC3-positive rings are outlined
with white dashed lines and are magnified below. Scale bars in full panels
and zoomed panels correspond to 5um and 1 um, respectively.

Capzb knockdown affects omegasome formation, we established
an NRK cell line expressing a GFP fusion of the omegasome
marker protein DFCP1 (ref. 5). We found that Capzb knockdown
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Figure 2 Actin puncta are co-localized with isolation membranes.
(a) Representative images of GFP-DFCP1-positive, GFP-DFCP1/LC3-
double-positive and LC3-positive puncta in a pool of phalloidin-positive
puncta in stable GFP-DFCPl-expressing NRK cells. The cells were
stained with phalloidin and antibodies against LC3 and GFP. Scale bar,
1um. (b) Cells from a were quantified for phalloidin-positive structures
that were GFP-DFCP1-positive, LC3-positive or GFP-DFCP1/LC3-double-

caused formation of enlarged omegasomes with ring-shaped or
short tubular morphology (Supplementary Fig. 3a). In normal cells,
autophagosomes emerge from DFCP1-positive omegasomes, and the
DFCP1 signal then disappears as the omegasomes are retracted
back into the ER. In Capzb knockdown cells, the LC3 and DFCP1
puncta had abnormal morphology and the co-localization of LC3
with DFCP1 was increased (Fig. 5e-h), implying that autophagosome
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positive (n=3 independent experiments; 50 cells were assessed per
independent experiment). Data represent mean + s.d. (c) NRK cells
expressing Atgb-GFP, Atgl6-GFP, ULK1-Myc or Atgl4-GFP were starved
for 4h and stained with phalloidin and anti-GFP/anti-Myc antibody.
Regions outlined with white dashed lines are magnified in the insets.
Scale bars in full panels and zoomed panels correspond to 5um and
1 um, respectively.

formation is impaired. It is worth noting that DFCP1 and LC3 do
not show any obvious abnormality when Capzb knockdown cells
are grown in nutrient-rich conditions (Supplementary Fig. 3b). In
cells that were briefly treated with the specific Arp2/3 inhibitor
CK666 at 1h after starvation, tubular or enlarged ring-shaped LC3
puncta and enhanced DFCP1/LC3 co-localization were observed
(Supplementary Fig. 4a-d), as in Capzb knockdown cells.
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localize inside the central
membranes/autophagosomes. (a) NRK cells were starved for 4 h, then stained
with phalloidin and antibodies against LC3 and observed by 3D-SIM. The

Figure 3 Actin puncta cavity of isolation

left panel shows a single plane from a single stack from one cell. Right
panels show enlarged 3D reconstructions of LC3-positive structures outlined
with white dashed lines in the left panel. Scare bars in full panels and
zoomed panels correspond to 5um and 1 um. (b) Cells from a were quantified
for LC3-positive puncta with a phalloidin-positive core (n=3 independent
experiments; 50 cells were assessed per independent experiment). Data
represent mean =+ s.d. (c) NRK cells were starved for 4h. Semi-intact
cells were prepared and then stained with phalloidin (P) and anti-LC3
antibody (L). Regions of interest are outlined with white dashed lines and
magnified below. Scale bars in full panels and zoomed panels correspond
to 5um and 1um, respectively. (d) Actin—-GFP-expressing NRK cells were

Interestingly, the abnormal LC3-positive structures in Capzb
knockdown cells increased in size over time. At 8 h after starvation,
LC3 was present on long tubule-like structures (Fig. 5i,j), which
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starved for 4h and then analysed by immuno-electron microscopy using
antibodies against GFP. Regions of interest are outlined with white dashed
lines and magnified to the right. Scale bars in full panels and zoomed
panels correspond to 500 nm and 200 nm, respectively. (e) The number
of nanogold particles per micrometre on autophagosome membranes from
d was quantified (n=3 independent experiments; 30 fields were assessed
per independent experiment). Data represent mean + s.d. *P <0.05 (two-
tailed t-test). (f) Representative images of isolation membranes in cells from
d. Scale bars, 100nm. (g) NRK cells were starved for 4 h with or without
100nM BAF-A1l and then observed by confocal microscopy. Regions of
interest are outlined with white dashed lines and magnified in the insets.
Scale bars in full panels and zoomed panels correspond to 5um and 1 um,
respectively. The right-hand panel shows co-localization analysis of LC3
and phalloidin.

were also DFCP1-positive (Fig. 5k). As DFCP1 is an ER-anchored
protein®, these data indicate that the failure of autophagosome

formation in Capzb knockdown cells causes accumulation
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a

Figure 4 Actin puncta contain branched actin networks. (a) Cofilin—Cherry
red-expressing NRK cells were starved for O and 4 h and cells were observed
by confocal microscopy. Scale bar, 10 um. (b) NRK cells expressing Cofilin—
Cherry red (C) and GFP-LC3 (L) were starved for 4 h and then observed by
confocal microscopy. Regions of interest are outlined with white dashed lines
and magnified to the right. Scale bars in full panels and zoomed panels
correspond to 5um and 1um, respectively. (c) GFP-LC3-expressing NRK

of LC3/DFCPl-positive membrane structures, possibly along
the ER.

CapZ regulates autophagosomal membrane shaping

To better understand the role of actin and CapZf in autophagosome
formation, we more closely analysed the morphology of isolation
membranes in control or Capzb knockdown cells. Confocal images
show thatisolation membranes in control cells have a unique structure,
with the omegasome forming a ring-like base (DFCP1 base) from
which LC3 puncta protrude to create a highly curved, dome-like
structure (LC3 dome; Fig. 6a). In contrast, in Capzb knockdown cells,
DFCP1 and LC3 are co-localized on short tubular or ring-shaped
structures (Fig. 6a), with no LC3 dome extruding from the DFCP1
base. The 2D image acquired by confocal microscopy is a cross-
sectional view of a 3D structure (Fig. 6a). An isolation membrane can
therefore give two cross-sectional views dependent on its orientation;
one is the DFCP1 base filled with LC3, and the other is the LC3
dome protruding from the DFCP1 base. In contrast, the cross-
sectional views of isolation membranes that fail to form the proper
shape will appear as enlarged rings or mixed tubules (Fig. 6a). Thus,
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cells transfected with ARPC1B-Cherry red were starved for 4h and then
observed by confocal microscopy. Regions of interest are outlined with white
dashed lines and magnified to the right. Scale bars in full panels and zoomed
panels correspond to 5um and 1um, respectively. (d) Cells from ¢ were
quantified for ARPC1B-Cherry red-positive LC3 puncta. (n=3 independent
experiments; 50 cells were assessed per independent experiment). Data
represent mean =+ s.d.

confocal images indicate that isolation membranes have defective
morphology in Capzb knockdown cells. Three-dimensional SIM
further confirmed the abnormal LC3 dome formation (Fig. 6b).
Similarly, transmission electron microscopy (TEM) analysis revealed
that control cells have well-defined isolation membranes surrounded
by an ER ‘cradle), whereas in Capzb knockdown cells, isolation
membranes formed multilayer membrane mixtures that resemble a
collapsed dome (Fig. 6¢,d). These multilayer membrane mixtures
are also observed in cells undergoing brief treatment with CK666
(Supplementary Fig. 4e,f). To validate that these multilayer membrane
mixtures are indeed abnormal isolation membranes/autophagosomes,
we carried out immuno-electron microscopy analysis on Capzb
knockdown cells. We found that these multilayer membrane mixtures
are LC3-positive (Fig. 6e-g), and thus are derived from isolation
membranes/autophagosomes. Many of these multilayer membrane
mixtures are associated with the ER, and this was further validated by
electron tomography (Fig. 6h,i). In some cases, multilayer membrane
mixtures were observed to connect to a mitochondrion and the ER
at the same site (Fig. 6j). Using the information we gained from
confocal, 3D-SIM, TEM, immuno-electron microscopy and electron
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Figure 5 CapZ regulates autophagy. (@) NRK cells were transfected with
nonspecific (NS) or Capzb RNAI. Cells were starved for 8 h and then examined
for autophagic degradation of long-lived proteins. Three wells per sample
per experiment. Data from 2 independent experiments are presented side-
by-side. (b) NRK cells were examined for autophagic degradation of long-
lived proteins after 4 h starvation. 20 mM 3-MA, 100 uM cytochalasin B and
200uM CK636 were examined for their efficacy in preventing degradation.
Three wells per sample per experiment. Data from 2 independent experiments
are presented side-by-side. (c) NRK cells were transfected with nonspecific
(NS) or Capzb RNAI. Cells were starved for O or 2h and analysed by
western blotting with an antibody against p62. Unprocessed original scans
of blots are shown in Supplementary Fig. 9. (d) Western blots from ¢ were
quantified for the p62/actin ratio (n=3 independent experiments). Data
represent mean =+ s.d. P <0.01; NS, not significant (two-tailed t-test).
(e) GFP-LC3-expressing NRK cells were transfected with nonspecific (NS)
or Capzb RNAI. Cells were starved for O or 4h and stained with antibody
against GFP. Regions outlined with white dashed lines are magnified. Scale
bars in full panels and zoomed panels correspond to 5um and 2um,

tomography images, we reconstructed 3D models for isolation
membranes in control and Capzb knockdown cells. In control cells,
LC3-positive membranes extrude from omegasomes to form the
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respectively. (f) Cells from e were quantified for abnormal tubular LC3 puncta
(n=3 independent experiments; 50 cells were assessed per independent
experiment). Data represent mean + s.d. *P <0.01 (two-tailed t-test).
(g) GFP-DFCP1-expressing NRK cells were transfected with nonspecific (NS)
or Capzb RNAI. Cells were starved for O or 4 h and stained with antibodies
against GFP and LC3. Scale bar, 5um. (h) Cells from e were quantified for
GFP-DFCP1/LC3 double-positive puncta (n=3 independent experiments; 50
cells were assessed per independent experiment). Data represent mean +
s.d. *P<0.05 (two-tailed t-test). (i) GFP-LC3-expressing NRK cells were
transfected with nonspecific (NS) or Capzb RNAI. Cells were starved for 8 h
and stained with antibody against GFP. Scale bar, 10 um. (j) Cells from h were
quantified for the percentage of LC3 tubes (n=3 independent experiments;
100 cells were assessed per independent experiment). Data represent mean
+ s.d. *P<0.05 (two-tailed t-test). (k) GFP-DFCP1-expressing NRK cells
were transfected with nonspecific (NS) or Capzb RNAI. Cells were starved
for 8 h and stained with antibodies against GFP and LC3. Scale bar, 5um.
Regions outlined with white dashed lines are magnified below. Scale bars in
full panels and zoomed panels correspond to 5um and 2 um, respectively.

dome-like isolation membrane, whereas in Capzb knockdown cells,
the LC3-positive isolation membrane failed to generate the correct
shape and instead collapsed and mixed with the omegasome (Fig. 6k).
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Figure 6 CapZf regulates isolation membrane shaping. (a) GFP-DFCP1-
expressing NRK cells were transfected with nonspecific (NS) or Capzb RNAI.
Cells were starved for 4h and stained with antibodies against GFP and
LC3. Representative confocal images of individual isolation membranes are
shown on the left; scale bars, 1 um. Middle panel shows illustrations of
cross-sectional views, visible by microscopy, of 3D structures. Right panel
shows 3D models of isolation membranes, reconstructed from images in
the left panel. (b) Cells from a were analysed by SIM; scale bars, 1um.
(c) NRK cells were transfected with nonspecific (NS) or Capzb RNAI. Cells
were starved for 4h and analysed by TEM; scale bar, 500 nm. (d) Cells
from ¢ were assessed for abnormal autophagosomes in a blinded fashion
and quantified (n=3 independent experiments; 50 cells were assessed
per independent experiment). Data represent mean + s.d. *P <0.01 (two-
tailed t-test). (e) GFP-LC3-expressing NRK cells were starved for 4h and
then analysed by immuno-electron microscopy using antibodies against
GFP. Scale bar, 500 nm. (f) Representative image of an abnormal isolation

CapZ and PtdIns(3)P regulate assembly of actin puncta inside
isolation membranes

As knockdown of Capz genes has been shown to abolish the formation
of lamellipodia and branched networks, we next tested the effect
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membrane/autophagosome in a cell from e. Scale bar, 500 nm. (g) The
number of nanogold particles per square micrometre in cells from e was
quantified (n=3 independent experiments; 10 fields were assessed per
independent experiment). Data represent mean + s.d. (h) Representative
images of abnormal autophagosomes from Capzb-RNAi-transfected cells that
were associated with ER. Red arrows indicate the ER. Scale bar, 500 nm.
(i) Cells from h were assessed for the percentage of abnormal autophagosomes
that were associated with the ER (n=3 independent experiments; 50 fields
were assessed per independent experiment). Data represent mean =+ s.d.
(j) Abnormal autophagosomes from Capzb-RNAi-transfected cells were
analysed by electron tomography. Blue asterisks indicate the mitochondrion;
red arrows indicate the ER. Regions outlined with black dashed lines are
magnified to the right. Scale bars in full panels and zoomed panels correspond
to 500 nm and 200 nm, respectively. Right panel shows a 3D reconstruction
of the abnormal autophagosome from the left panel. (k) Model of isolation
membranes from NS (top) and Capzb knockdown (bottom) cells.

of Capzb knockdown on actin puncta formation. Staining with
phalloidin and LC3 revealed that formation of actin puncta was
markedly reduced inside isolation membranes in Capzb knockdown
NRK (Fig. 7a,b and Supplementary Fig. 5a,b), and this phenotype
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Figure 7 CapZ and PtdIns(3)P are required for actin puncta formation in
isolation membranes. (a) NRK cells were transfected with nonspecific (NS)
or Capzb RNAI and starved for 4 h, and then stained with antibodies against
LC3 (L) and phalloidin (P). Regions outlined with white dashed lines are
magnified below. Scale bars in full panels and zoomed panels correspond to
5um and 1 um, respectively. (b) Cells from a were quantified for phalloidin-
positive LC3 puncta (n=3 independent experiments; 40 cells were assessed
per independent experiment). Data represent mean + s.d. **P < 0.001
(two-tailed t-test). (c) NRK cells were transfected with GFP-DFCP1 and
CapZ-Myc, then starved for O or 4 h, and stained with antibodies against
GFP and Myc. Regions outlined with white dashed lines are magnified
below. Scale bars in full panels and zoomed panels correspond to 5um and
1 um, respectively. (d) PE or PtdIns(3)P micelles were mixed with 2uM of
dimerized CapZa and CapZf} and co-sedimented. Proteins in supernatant
(S) and precipitate (P) were visualized with Coomassie brilliant blue. The
experiment was repeated 3 times. Unprocessed original scans of gels are
shown in Supplementary Fig. 9. (e) Actin polymerization reactions were
initiated by mixing 1ugml-! spectrin-F-actin seed with pyrene-labelled
actin with or without 10nM CapZ. After 900s, 133uM PtdIns(3)P was
added to the reaction containing CapZ. The asterisk indicates the addition

can be rescued by overexpression of an RNAi-resistant Capzb plasmid
(Supplementary Fig. 5c¢,d).

Next, we studied the localization of CapZ complexes during
autophagy. We found that when cells were grown in nutrient-rich
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of PtdIns(3)P at 900 s. (f) Green actin seeds that were capped by
CapZ and labelled by biotin were attached to streptavidin-coated flow
cell chambers. 1uM red actin was incubated with or without 200 uM
PtdIns(3)P for 20 min. Polymerization of red actin onto uncapped green
actin seeds was visualized by TIRF microscopy. Scale bar, 5um. (g) The
percentage of red actin polymerized onto green actin seeds from f was
quantified (n=3 independent experiments; 40 fields were assessed per
independent experiment). Data represent mean + s.d. **P <0.01 (two-tailed
t-test). (h) Lifeact-mRFPruby-expressing NRK cells were transfected with
nonspecific RNAi (Control) or Beclin-I RNAi (BECN1 siRNA), and then
starved for 4 h with or without 3-MA. Scale bar, 5um. (i) Cells from h were
quantified for the presence of actin puncta (n=3 independent experiments;
100 cells were assessed per independent experiment). Data represent mean
+ s.d. *P<0.01, **P<0.001 (two-tailed t-test). (j) Cofilin-Cherry red-
expressing NRK cells were transfected with nonspecific RNAi (Control) or
Beclin-1 RNAi (BECN1 siRNA), and then starved for 4 h with or without
3-MA. Scale bar, 5um. (k) Cells from j were quantified for the presence
of actin puncta (n=3 independent experiments; 60 cells were assessed
per independent experiment). Data represent mean + s.d. *P < 0.01,
“*P <0.001 (two-tailed t-test).

medium, CapZ complexes were enriched on plasma membranes,
whereas 4h after starvation, CapZ clearly co-localized with the
omegasome marker DFCP1 (Fig. 7¢), indicating that CapZ complexes
were recruited to omegasomes. We tested whether the CapZ complex
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Figure 8 Provisional model of autophagosomal membrane shaping.

can interact with PtdIns(3)P, the main lipid in omegasomes®.
Using recombinant CapZo and CapZf} proteins purified from
Escherichia coli, we showed that the CapZ complex can be pulled
down by PtdIns(3)P and PtdIns(4,5)P, micelles (Fig. 7d). In contrast,
a CapZ complex mutant, which has reduced PtdIns(4,5)P,- and actin-
binding ability'?, showed impaired ability to bind PtdIns(3)P micelles
and impaired recruitment to PtdIns(3)P-enriched omegasomes
(Supplementary Fig. 6a,b). The physiological relevance of the binding
between CapZ complexes and PtdIns(3)P micelles remains unclear,
because CapZ complexes fail to bind liposomes containing 20%
PtdIns(3)P (Supplementary Fig. 7). Nevertheless, these data raise the
possibility that the recruitment of CapZ to omegasomes may occur
through PtdIns(3)P.

Polyphosphoinositides such as PtdIns(4,5)P, and PtdIns(4)P
can cause rapid disassociation of the CapZ complex from the
barbed ends of actin filaments, and the ability of PtdIns(4,5)P,
to remove capping proteins has been proposed as a potential
mechanism for stimulating actin polymerization and assembly of
actin-based structures around PtdIns(4,5)P,-enriched membranes®’.
Next, we tested whether PtdIns(3)P can cause polymerization of
capped actin. Actin filaments were pre-capped with CapZ, which
stabilizes filament length by preventing both polymerization and
depolymerization at the barbed end. The capping efficiency was
confirmed by reduced polymerization kinetics compared with the
sharp increase in fluorescence intensity for CapZ-free filaments
before 900 s (Fig. 7e). After PtdIns(3)P was added to pre-capped
actin, the fluorescence intensity quickly increased and reached
the same plateau as CapZ-free filaments (Fig. 7e), indicating that
PtdIns(3)P caused uncapping and polymerization of actin. More
detailed analysis revealed that PtdIns(3)P uncapped and polymerized
actin in a concentration-dependent manner (Supplementary Fig. 8a).
Compared with PtdIns(4,5)P,, PtdIns(3)P has a weaker uncapping
effect (Supplementary Fig. 8b). The uncapping effect of PtdIns(3)P
on pre-capped actin was also confirmed by directly visualizing
uncapping of ‘green’ actin seeds and polymerization of ‘red’ actin
on these uncapped seeds by total internal reflection fluorescence
(TIRF) microscopy (Fig. 7f,g). These data suggest that PtdIns(3)P may
regulate actin puncta formation during autophagy.

Next, we tested whether PtdIns(3)P plays a role in actin puncta
formation. We treated cells with the PtdIns(3)P inhibitor 3-MA and
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found that it almost completely abolished the starvation-induced
formation of actin puncta and cofilin puncta (Fig. 7h,i). To further
validate the role of PtdIns(3)P in formation of actin puncta, we
knocked down Beclin-1, an essential component of the Vps34

complex*®#°

, which is required for generation of PtdIns(3)P during
autophagy. Similar to 3-MA treatment, Beclin-1 knockdown markedly
reduced the starvation-induced appearance of actin puncta and cofilin
puncta (Fig. 7jk). Taking these data together, we conclude that
PtdIns(3)P is required on omegasomes for formation of actin puncta
inside isolation membranes, possibly by stimulating localized actin

polymerization through disassociation of CapZ.

DISCUSSION

One of the fundamental questions regarding autophagosome
formation is how membrane curvature is generated and maintained
during expansion of the isolation membrane. It is generally believed
that the autophagosome is formed by fusion of vesicular precursors.
As vesicle fusion usually generates a larger vesicle rather than a
curved membrane cisterna, the topology of the isolation membrane
indicates that there must be a mechanism to deform it into a curved
structure. In this manuscript, we have reported the mechanism
underlying autophagosomal membrane shaping. We found that
actin filaments are depolymerized shortly after starvation; actin
puncta containing branched actin networks are formed inside the
centre cavity of the isolation membrane; the formation of actin
puncta is dependent on PtdIns(3)P and CapZ; and the formation
of the branched actin network inside the isolation membrane is
required for autophagosome formation, as disrupting its assembly
by knocking down the actin capping protein subunit CapZ@ or brief
treatment with branched actin network inhibitor CK666 causes
failure of isolation membrane curvature and results in collapse
of omegasomes and isolation membranes into mixed-membrane
bundles. We further demonstrated that CapZ can bind PtdIns(3)P
micelle, and the interaction between PtdIns(3)P and CapZ promotes
actin polymerization. Our data enable us to assemble a working model
of how the shape of the isolation membrane is achieved (Fig. 8). In
this model, PtdIns(3)P on the omegasome promotes the localized
polymerization of actin, which forms a branched actin network that
serves as a scaffold and/or creates a propulsion force to generate the
shape of the isolation membrane.

The actin-based cytoskeleton has been shown to play an important
role in autophagy; for example, actin has also been shown to play a role
at the early stage of autophagosome formation linked to PtdIns(3)P
generation'®. Arp2/3, the nucleator for the formation of branched
actin networks, has been reported to be required for autophagosome
formation by regulating the trafficking of Atg9 in yeast™. Recently,
the Arp2/3 complex has been shown to regulate autophagosome
biogenesis through an actin-comet tail motility mechanism®. In
this study, we also demonstrated that branched actin networks
are required for autophagosomal membrane shaping. All of this
evidence supports the idea that actin regulates multiple steps of
autophagosome formation.

Our model also provides clues to a better understanding of the roles
of PtdIns(3)P. It is well established that PtdIns(3)P, one of the essential
molecules for autophagosome formation, carries out its function
by recruiting PtdIns(3)P-binding proteins such as Atgl8/WIPIs,
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which in turn recruit core autophagy machinery components such
as Atgl2-Atg5-Atgl6Ll (refs 49,52,53). Our data reveal another
role for PtdIns(3)P: by promoting actin network formation inside
isolation membranes, PtdIns(3)P plays an essential role in shaping the
autophagosomal membrane.

Actin filament growth is mainly mediated by adding free actin
monomers to the barbed end of actin filaments. In stable actin
filaments, the actin-capping protein CapZ binds to the barbed end
of actin with high affinity, blocking the addition of new actin to
the filament and thus preventing actin filament growth>*. Various
mechanisms can cause uncapping of the actin barbed end, which
initiates actin polymerization and results in filament growth®.
For example, binding of CapZ to polyphosphoinositides such as
PtdIns(4,5)P, has been shown to cause uncapping of CapZ from
actin filaments and promote actin filament growth in vitro”, and
uncapping of CapZ by PtdIns(4,5)P, on plasma membranes has been
proposed to promote actin polymerization on plasma membranes
and formation of lamellipodia. In line with this model, CapZ
has been shown to be required for lamellipodia formation®®. Our
data suggest that similar to lamellipodia formation, the PtdIns(3)P-
mediated uncapping is a possible mechanism for the temporal and
spatial regulation of actin puncta formation. In this model, formation
of the Vps34/Atgl4/Beclinl/P150 complex generates PtdIns(3)P on
omegasomes. When the local concentration of PtdIns(3)P reaches
a certain level of enrichment, CapZ complexes are removed from
capped actin. The uncapping of CapZ by PtdIns(3)P provides a
temporal and spatial regulation for localized polymerization of actin
around the omegasome, which in turn promotes autophagosomal
membrane shaping.

]
METHODS

Methods and any associated references are available in the online
version of the paper.

Note: Supplementary Information is available in the online version of the paper
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Cell culture, RNAj, plasmids and transfection. Normal rat kidney (NRK) cells
and Raw cells were obtained from the American Type Culture Collection (ATCC)
and cultured in DMEM (Hyclone) medium supplemented with 10% FBS. DMEM
medium (—glutamine, Hyclone) was used as the starvation medium and was added
to the dish after washing twice with PBS. Cells were transfected with 200 pmol siRNA
or 2 ug DNA via Amaxanucleofection using solution T and program X-001. Cells are
routinely tested for mycoplasma contamination. All cells used in this manuscript
were purchased from ATCC. The cell lines were not identified through standard
methods, for example short tandem repeat profiling. However, the morphology of
the cells looked correct.

Antibodies and dyes. The following primary antibodies were used: mouse anti-
GFP (Roche, 11814460001, 1:500), rabbit anti-LC3 (MBL, PM036, PM046, 1:500),
rabbit anti-P62 (MBL, PM045, 1:1,000), rabbit anti-GFP (Invitrogen, A11122,
1:500), and rabbit anti-actin (Sigma, A2066, 1:100,000). Secondary antibodies were
purchased from Invitrogen (Alexa Fluor 488 goat anti-rabbit IgG: A11008; Alexa
Fluor 546 goat anti-rabbit IgG: A11035; Alexa Fluor 488 goat anti-mouse IgG:
A10680; Alexa Fluor 546 goat anti-mouse IgG: A11003, 1:500). Acti-stain 535
Phalloidin (Rhodamine phalloidin, 1:50) (PHDR1), Acti-stain 555 (PHDH1, 1:50),
Acti-stain 670 (PHDNI1, 1:50), and rabbit skeletal muscle actin (AB07-A) were
purchased from Cytoskeleton.

Live-cell imaging. Transfected cells were re-plated in Lab Tek Chambered cover
glasses (NUNC) the night before imaging, and cells were maintained at 37 °C with
5% CO, in a LCI chamber (LCI). Images were acquired by an Olympus FV-1000
confocal microscope. All living-cell imaging experiments were repeated at least for
3 times.

Staining. Cells were washed with phosphate buffered saline (PBS), fixed in 4%
paraformaldehyde for 10 min, and then washed with PBS three times for ten minutes
each. Cells were permeabilized by incubating for 10 min in PBS containing 0.1%
saponin. After blocking with goat serum in PBS for 30 min, cells were stained with
primary antibody in blocking buffer for 1 h, and washed with PBS three times. Cells
were then stained with conjugated secondary antibody in PBS for 1h and washed
with PBS three times. All statistical data of staining samples were derived from at
least 3 independent experiments. The sample size and statistical test are indicated in
the figure legends.

Semi-intact treatment. Semi-intact cells were prepared as described previously”.
Cells were washed with cold phosphate buffered saline (PBS). Then cells were
permeabilized with 25ugml™" digitonin in cold buffer 1 (25mM HEPES-
KOH (pH=7.2), 125mM potassium acetate, 5mM magnesium acetate, 1 mM
dithiothreitol, 1 mg ml™ D-glucose) for 5 min on ice. Cells were washed with buffer
1 and incubated with buffer 1 for 20 min on ice. Then cells were fixed with 4%
paraformaldehyde for 10 min at room temperature followed by a staining procedure.

Electron microscopy and immuno-electron microscopy. Cells were fixed in
2.5% glutaraldehyde in 0.1 M MOPS buffer (pH 7.0) for 8 h at room temperature, and
then 2.5% glutaraldehyde/1% paraformaldehyde in 0.1 M MOPS buffer (pH 7.0) for
16 h at 4°C. They were then post-fixed in 1% osmium tetroxide for 1 h, embedded
in Spurr’s resin, sectioned, doubly stained with uranyl acetate and lead citrate, and
analysed using a Zeiss EM 10 transmission electron microscope.

The pre-embedding gold enhancement immunogold method was performed
as described previously with a slight modification®. In brief, cells were fixed in
4% paraformaldehyde for 30 min at room temperature. Cells were permeabilized
in PBS containing 0.1% saponin for 10 min, blocked for 30 min in normal goat
serum, and then exposed overnight to primary antibodies in blocking solution. GFP
antibody used for immuno-electron microscopy is from Invitrogen (Catalogue no.
A-11122, 1:500) and washed with PBS three times. The specimens were incubated
with colloidal gold (1.4-nm-diameter, Nanoprobes, no. 7404, 1:500)-conjugated goat
anti-rabbit Fab’ in blocking solution for 1h, and washed with PBS three times.
Then the signal was intensified with a gold enhancement kit (GoldEnhance EM,
Nanoprobes, no. 2114) for 2 min at room temperature. The specimens were post-
fixed in 1% OsO, containing 1.5% potassium ferrocyanide, then dehydrated in a
series of graded ethanol solutions and embedded in epoxy resin. Ultrathin sections
were collected and stained with uranyl acetate and lead citrate and observed and
analysed using a Zeiss EM 10 transmission electron microscope. All TEM-related
experiments were repeated 3 times.

Electron tomography. Cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium
phosphate buffer (pH = 7.2) at room temperature for 2 h and then washed with the
same buffer 3 times. After dehydration with a gradient of ethanol, the cells were
infiltrated and embedded in SPI-Pon812. For morphology study, sections were cut
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into 70 nm on an ultramicrotome (Leica EM UC7) and mounted on Formvar-coated
copper grids. The sections were stained with uranyl acetate and lead citrate, and
images were collected under a TEM (Hitachi H-7650) at 80 kV. For electron tomog-
raphy study, sections were cut into 250 nm thick and mounted on the Formvar- and
carbon-coated copper grids. After staining, the grids were examined in a TEM (FEI
T12 Sprit) at 120 kV, and images (x 23,000 magnification) were collected using FEI
tomography acquisition software with 1° intervals over a tilt range of +60° on a
4k x 4k Gatan CCD (charge-coupled device) camera (Model 895 Ultra Scan 4000).
The IMOD software package® was used for 3D reconstruction from the tilt series™.
First tilt series were binned to 1k x 1k with a factor of 4, and then fiducial-less
alignment was performed by patch tracking. Final tomograms were reconstructed
from these aligned tilt series using the simultaneous iterative reconstruction tech-
nique (SIRT) algorithm. The reconstructed structures were further binned with a
factor of two and low-pass filtered in Chimera to generate the final models. Electron
tomography was repeated 3 times using independent RNAi knockdown.

CapZ purification. CapZ (a1f32, Mus musculus) cDNA with a His-tag linked
to the amino terminus of the «-subunit was cloned into the pET-3d vector
and transformed into Rosetta (DE3) pLysS-competent E. coli cells (Novagen).
Cells were grown in LB medium with 100 ugml™ ampicillin and 34 ugml™
chloramphenicol, and expression was induced at Dgypm 0.8-1.0 with 0.5mM
isopropyl f-D-1-thiogalactopyranoside at 37 °C for 3 h. Cells were collected using
a cell disrupter (ATS) in lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2 mM
phenylmethylsulphonyl fluoride). Cell debris was sedimented at 18,000 r.p.m. in a
J-20 rotor (Beckman Coulter) for 1 h. The supernatant was mixed with 5 ml nickel-
Sepharose (GE) at 4 °C for 2 h. The resin was washed with washing buffer (50 mM
Tris pH8.0, 150 mM NaCl, 25 mM imidazole). CapZ was eluted with elution buffer
(20 mM Tris pH 8.0, 150 mM NaCl, 200 mM imidazole). The eluted fraction was
further purified on 15Q Sepharose (GE Healthcare) and a Hiprep 26/60 desalting
column (GE Healthcare).

Fluorescence uncapping assay. The PtdIns(3)P uncapping assay was a
modification of a previously published PtdIns(4,5)P,-mediated uncapping
assay®. 2 uM pyrene-labelled actin (5%) was used for the uncapping assay. The
polymerization buffer 10% KMEI (5mM KCI, 0.2mM MgCl,, 0.1 mM EGTA,
1 mM imidazole pH 7.0), was determined to be optimal for PtdIns(3)P-mediated
uncapping. The reaction was initiated by adding 1 ug ml™" spectrin-F-actin seed and
10 nM CapZ to pyrene-labelled actin in 10% KMEI buffer. 133 uM PtdIns(3)P and
PtdIns(3)P buffer were added to pre-capped actin filaments 900 s after incubation
and the fluorescence was monitored for a total of 4,800 s at 25 °C. The fluorescence
uncapping assay was repeated 3 times. Figure 5d shows the result from one repeat.

TIRF uncapping assay. Actin was prepared from rabbit skeletal muscle acetone
powder, and then polymerized in F-buffer (10 mM Tris pH 7.5, 50 mM KCl, 2 mM
MgCl,, 0.2mM ATP) for labelling. Polymerized actin was labelled with BODIPY
TMR C5 maleimide and BODIPY FL Cl-iodoacetamide (Invitrogen) at Cys 374 to
produce red and green F-actin, which was depolymerized in G-buffer (2mM Tris
pH7.5, 0.1 mM CaCl,, 0.2 mM ATP, 0.5mM dithiothreitol) for three days to yield
monomeric labelled actin. 5uM green actin (label efficiency 12%) was incubated
with 0.2uM biotin-labelled actin (Cytoskeleton) and 1pugml™" spectrin-F-actin
seed and polymerized in KMEI buffer (50 mM KCl, 2mM MgCl,, 1 mM EGTA,
10 mM imidazole pH 7.0, 0.5 mM dithiothreitol, 0.2 mM ATP, 0.1% methylcellulose,
1mgml™ BSA) at 37°C for 20 min. To terminate polymerization, 50 nM CapZ
was added and incubated at room temperature for 5min. The capped green actin
filaments that are labelled with biotin were loaded onto flow cell chambers and
incubated at room temperature for 2 min to allow the labelled actin to attach to the
streptavidin-coated surface. Samples were washed with KMEI buffer supplemented
with 200 uM PtdIns(3)P to uncap CapZ from the actin filaments. 1 M red actin
(labelling efficiency 32%) was incubated with 200 uM PtdIns(3)P in KMEI buffer
and immediately loaded onto flow cell chambers. For control experiments, the flow
chamber was first washed with washing buffer and red actin was loaded without
PtdIns(3)P. Red actin was incubated in flow cell chambers at room temperature for
20 min. Samples were observed with excitation beams at 488 nm for green actin and
532 nm for red actin. Experiments were repeated 3 times.

Liposome or micelle preparation. POPC, DOPE, PtdIns(3)P and PtdIns(4,5)P,
were purchased from Avanti. The lipids were mixed in a glass tube and dried
under vacuum for 6h. The dried lipids were resuspended with 20 mM Hepes
(pH=7.5) and incubated at 37°C for 30 min followed by 10 cycles of freeze
and thaw. Then the suspension was subjected to 21 passages through a 100 nm
Nuclepore polycarbonate membrane (Whatman). For micelle preparation, the
lipid resuspension was sonicated using 30% voltage for 4 min, with a one minute
pause every other minute using a sonicator (VCX105). Final liposome or micelle
concentration was 1 mM.
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Liposome binding assay. 2 uM of protein was incubated with 500 uM liposomes
in no-salt buffer (20 mM Hepes, pH = 7.5) for Cofilin or F-buffer (2mM Tris-HCI,
pH=8.0, 50 mM KCl, 2mM MgCl,, 0.5mM dithiothreitol, 1 mM ATP) for CapZ.
Reaction was carried out by incubation at room temperature for 10 min and then was
sedimented at 100,000 r.p.m. in a Beckman Coulter TLA 100 rotor at 4 °C for 60 min.
Supernatant was removed thoroughly, and sedimented liposomes were solubilized in
1xSDS. Equal amount of each fraction was subjected to SDS-PAGE and analysis by
Coomassie brilliant blue. The experiment was repeated 3 times.

siRNA sequence. The siRNA sequence targeting rat CapZf is 5-GCTGAATG
AGATCTACTTT-3' and 5'-GGATGGTGTCTCTCGAAGA-3'; targeting mouse
CapZp is 5'-GCTGAATGAGATCTACTTT-3'; targeting rat Beclinl is 5'-GGATG
GTGTCTCTCGAAGA-3'; NS siRNA sequence is 5'-UUCUCCGAACGUGUCAC
GUTT-3; The shRNA sequence targeting rat CapZf} is 5'-GCTGAATGAGATCTA
CTTT-3'.

Plasmid sequence. The plasmid constructs rat CFP-LC3 and human GFP-LC3
were provided by J. Lippincott-Schwartz’s laboratory; the Lifeact-mRFPruby

METHODS

was provided by W. Liu’s laboratory. The human GFP-DFCP1 was provided by
N. T. Ktistakis's group. Mouse His-CapZf-CapZa was provided by Z. Chen’s
laboratory. His-CapZp2(R225A)-CapZa. (K256A, R260A), CapZf-Myc, rat
cofilin-mcherry and rat Arpcl-mcherry were constructed in this study.

Statistics. Experimental groups were compared using two-tailed ¢-tests.
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Supplementary Figure 1 Actin puncta are co-localized with LC3 puncta.
(a) GFP-LC3 expressing NRK cells were starved for 4 hours and time-
lapse images were acquired with a NIKON A1 confocal microscope. The
number of autophagosomes at the indicated time points was quantified.
(n=3 independent experiments; 50 cells per time point were assessed per

independent experiment. )Data represent mean+s.d. (b) NRK cells were
starved for 4 hours then stained with phalloidin (to detect polymerized actin)
and antibody to LC3. Regions of LC3 puncta that colocalize with phalloidin are
outlined with white dashed lines and are magnified to the right. Scale bars in
full panels and zoomed panels correspond to 5 pm and 1 um, respectively.
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Supplementary Figure 2 CapZ regulates autophagy. (a) RNAi knockdown
efficiency for Capzb. Cells were transfected with non-specific (NS)

RNAi or two different RNAis against the Capzb gene. 60 hours after
transfection, the Capzb mRNA level was measured by gPCR. Data shown
are from one experiment. The experiment was repeated 3 times. (b) NRK
cells were transfected with nonspecific- (NS) or Capzb-RNA.i. Cells were
starved for O or 2 hours and analyzed by western blot with an antibody to
actin or LC3. Uncropped images of blots are shown in Supplementary Fig.
9. (c) NRK cells were transfected with nonspecific- (NS) or Capzb-RNAI-2.
Cells were starved for 4 hours and stained with antibody to LC3. Scale bar,
5 pum. (d) Cells from (c) were assessed for abnormal tubular LC3 puncta in
a blinded fashion and quantified. (n=3 independent experiments; 50 cells
were assessed per independent experiment.) Data represent mean+s.d.
*P<0.05 (two-tailed t-test). (e) GFP-LC3-expressing NRK cells were
transfected with nonspecific- (NS) or Capzb-RNAI. Cells were starved for
4 hours and stained with antibody to GFP. Cells were quantified for total
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LC3 puncta. (n=3 independent experiments; 50 cells were assessed per
independent experiment). Data represents mean+s.d. NS, no significant
(two-tailed t-test). (f) Raw cells were transfected with nonspecific-

(NS) or Capzb-RNAI. Cells were starved for 4 hours and stained with
antibody to LC3. Scale bar, 5 pm. (g) Cells from (f) were assessed for
abnormal tubular LC3 puncta in a blinded fashion and quantified. (n=3
independent experiments; 100 cells were assessed per independent
experiment.) Data represent mean+s.d. ***P<0.001 (two-tailed t-test).
(h) Stable Capzb knockdown NRK cells were transfected with CapZp-Myc.
Cells were starved for O or 4 hours and stained with antibody to LC3.
Scale bar, 5 pm. (i) The expression level of CapZp-Myc was verified by
western blot. Uncropped images of blots are shown in Supplementary Fig.
9. (j) Cells from (h) were assessed for abnormal tubular LC3 puncta in a
blinded fashion and quantified. (n=3 independent experiments; 100 cells
were assessed per independent experiment.) Data represent mean+s.d.
*P<0.05 (two-tailed t-test).
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Supplementary Figure 3 CapZ regulates autophagy. (a) GFP-DFCP1- panels and zoomed panels correspond to 5 pm and 2 pm, respectively. (b)
expressing NRK cells were transfected with nonspecific- (NS) or Capzb- GFP-DFCP1-expressing NRK cells were transfected with nonspecific- (NS)
RNAI. Cells were starved for 4 hours and stained with antibodies to GFP. or Capzb-RNAI. Cells were stained with antibodies to GFP and LC3. Scale
Regions outlined with white dashed lines are magnified. Scale bars in full bar, 5 pm.
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Supplementary Figure 4 Formation of abnormal LC3 puncta in CK666-treated
cells. (a) NRK cells were starved for 2 hours, then 100 pM CK666 was added
to the starvation medium for 1 hour. Cells were stained with antibody to LC3.
Scale bar, 5 pm. (b) Cells from (a) were assessed for abnormal tubular LC3
puncta in a blinded fashion and quantified. (n=3 independent experiments;
100 cells were assessed per independent experiment.) Data represent
mean+s.d. *P<0.05 (two-tailed t-test. (c) GFP-DFCP1-expressing NRK cells
were starved for 2 hours, then 100 uM CK666 was added to the starvation
medium for 1 hour. Cells were stained with antibodies to GFP and LC3.
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Scale bar, 5 pm. (d) Cells from (c) were assessed for DFCP1/LC3 double-
positive puncta in a blinded fashion and quantified. (n=3 independent
experiments; 50 cells were assessed per independent experiment.) Data
represent mean4+s.d. *P<0.05 (two-tailed t-test). (e) NRK cells were starved
for 2 hours, then 100 pM CK666 was added to the starvation medium for

1 hour. Cells were observed by TEM. Scale bar, 1pm. (f) Cells from (e) were
assessed for abnormal autophagosomes in a blinded fashion and quantified.
(n=3 independent experiments; 60 cells were assessed per independent
experiment.) Data represent mean+s.d. **P<0.01 (two-tailed t-test).
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Supplementary Figure 5 CapZ regulates actin puncta formation. (a) NRK
cells were transfected with nonspecific- (NS) or Capzb-RNAi. Cells were
starved for O or 4 hours and stained with phalloidin and antibody to LC3.
Scale bar, 5 pm. (b) Cells from (a) were quantified for phalloidin-positive
LC3 puncta. (n=3 independent experiments; 50 cells were assessed per
independent experiment.) Data represent mean+s.d. **P<0.01 (two-tailed
t-test). (c) Stable Capzb knockdown NRK cells were transfected with

CapZp-Myc, then starved for O or 4 hours and stained with antibody to LC3
and phalloidin. Regions outlined with white dashed lines are magnified.
Scale bars in full panels and zoomed panels correspond to 5 pm and 1
pm, respectively. (d) Cells from (c) were quantified for phalloidin-positive
LC3 puncta. (n=3 independent experiments; 100 cells were assessed

per independent experiment). Data represent mean+s.d. ***P<0.001
(two-tailed t-test).
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Supplementary Figure 6 (a) CapZ mutant has impaired binding activity

to PI3P. Co-sedimentation assay with PI3P micelles and recombinant

WT CapZaCapZp and CapZa(K256A, R260A)CapZB(R225A). Proteins in
supernatant (S) and precipitate (P) were visualized by SDS-polyacrylamide
gel electrophoresis and stained with Coomassie brilliant blue. The experiment
was repeated 3 times. Uncropped images of gels are shown in Supplementary
Fig. 9. (b) GFP-DFCP1-expressing NRK cells were transfected with wild type

a1(K256A,R260A)
B2(R225A)

or mutant CapZa(K256A, R260A)-Myc and CapZf(R225A)-Myc. Cells were
then starved for 2 hours and stained with antibodies to GFP and Myc. Regions
outlined with white dashed lines are magnified. Scale bars in full panels

and zoomed panels correspond to 5 pm and 1 pm, respectively. (c) Cells

from (b) were quantified for CapZ-positive DFCP1 puncta. (n=3 independent
experiments; 50 cells were assessed per independent experiment.) Data
represent mean4+s.d. **P<0.01 (two-tailed t-test).
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Supplementary Figure 7 Co-sedimentation assay of CapZaCapZp/ gel electrophoresis and stained with Coomassie brilliant blue. The
Cofilin with liposomes containing 20% PI3P or PI(4,5)P,. Proteins in experiment was repeated 3 times. Uncropped images of gels are shown in
supernatant (S) and precipitate (P) were visualized by SDS-polyacrylamide Supplementary Fig. 9.

WWW.NATURE.COM/NATURECELLBIOLOGY

© 2015 Macmillan Publishers Limited. All rights reserved



SUPPLEMENTARY INFORMATION

15000 1 — Actin
§ 2 — Actin+CapZ
8= 12500 1 . Actin+CapZ+45uM PI3P
0 = .
0% — Actin+CapZ+90uM PI3P
o
Q
3 . .
i € 10000 — Actin+CapZ+180uM PI3P
—  Actin+CapZ+360uM PI3P
7500 . T
0 50 100 (min)
b
15000 - —— Actin
o) — Actin+CapZ+PI3P
[ .
g < 12500 - — Actin+CapZ+PI(4,5)P,
>
0 @ —— Actin+CapZ
S g 10000
-—
i e
7500 e r r r .
0 20 40 60 80 100
Supplementary Figure 8 (a) Uncapping efficiency of PI3P is dose- P1(4,5)P, and PI3P on uncapping of actin filaments. Uncapping assays were
dependent. Uncapping assays were performed with 2 yM a-actin and 10 performed with 2 pM oa-actin and 10 nM CapZ. 90 pM PI3P (cyan curve) or
nM CapZ. The indicated concentrations of PI3P were added to the reactions P1(4,5)P, (blue curve) was added to the reactions. Both PI3P and PI(4,5)
20 min after the start point. Uncapping efficiency was measured by the P, induced a large increase in the rate of actin polymerization from capped
increase in the rate of actin polymerization. (b) Comparison of the effects of actin filaments.
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Supplementary Figure 9 Scans of original Western Blot analyses and SDS-PAGE followed by Coomassie brilliant blue analysis. Cropped regions are indicated
by the red boxes. Molecular weights are reported.
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Supplementary video 1 The kinetic of serum/glutamine starvation induced autophagy. GFP-LC3-expressing NRK cells were starved for 4 hours in serum/
glutamine starvation medium. Cells were observed by spinning disc microscope. Time interval, 10 minutes.
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