
failure over large areas. This implies that the crit-
ical feature at play in the generation of mega-
earthquakes is not the amplitude of shear strength
but its spatial variations. Thus, the absence of
asperities on large faults may counterintuitively
be a source of higher hazard. Though our study
focused on subduction earthquakes, flatnessmay
favor large earthquakes on long strike-slip faults
as well.
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CATALYSIS

Direct and continuous strain control
of catalysts with tunable battery
electrode materials
Haotian Wang,1 Shicheng Xu,2 Charlie Tsai,3,4 Yuzhang Li,5 Chong Liu,5 Jie Zhao,5

Yayuan Liu,5 Hongyuan Yuan,6 Frank Abild-Pedersen,4 Fritz B. Prinz,2,5

Jens K. Nørskov,3,4 Yi Cui5,7*

We report a method for using battery electrode materials to directly and continuously control
the lattice strain of platinum (Pt) catalyst and thus tune its catalytic activity for the oxygen
reduction reaction (ORR).Whereas the common approach of usingmetal overlayers introduces
ligand effects in addition to strain, by electrochemically switching between the charging and
discharging status of battery electrodes the change in volume can be precisely controlled to
induce either compressive or tensile strain on supported catalysts. Lattice compression and
tension induced by the lithium cobalt oxide substrate of ~5% were directly observed in
individual Pt nanoparticles with aberration-corrected transmission electron microscopy.We
observed 90% enhancement or 40% suppression in Pt ORR activity under compression or
tension, respectively, which is consistent with theoretical predictions.

H
ighly efficient electrocatalysts for renewable
energy conversion processes, such as in
H2 fuel cells and water-splitting electro-
catalysis, is becoming increasingly impor-
tant (1–3). One strategy for systematically

improving the activities of known catalysts is to
modify their electronic structure (4–6). Numerous
examples have been demonstrated inH2O–O2–H2

electrocatalysis, such as the changing of d band
filling in perovskite oxides for oxygen evolution
(7), transition-metal alloying for the oxygen re-
duction reaction (ORR) (4, 8–11), and our recent
studies of using lithium (Li)–ion intercalation
and extraction in layered materials for water-
splitting (12, 13).
Lattice strain, either compressive or tensile,

can alter the surface electronic structure bymod-

ifying the distances between surface atoms and
in turn catalytic activity (14–17). For platinum
(Pt), previous studies have suggested that the
5d-band center of Pt can be shifted by ~0.1 eVwith
only 1% lattice strain (18), which can appreciably
strengthen or weaken bonding of reaction inter-
mediates to the surface (14, 18). Lattice-mismatch
between metals can be generated by directly
synthesizing core-shell structures (19–23) or by
selectively removing atoms from an alloy (for
example, stripping away Cu from a Pt-Cu alloy)
(8, 14, 24–26). However, because of the larger
lattice of Pt as compared with that of most metal
cores, this method is typically restricted to com-
pressive strain (14, 27). Additionally, both elec-
tronic charge transfer between the differentmetal
atoms (ligand effects) and changes in the surface
stability—and thus surface area—are present,
making it difficult to identify and control the
effects of strain alone (14, 25). Another strategy
is to deposit catalysts onto flat substrates that
undergo physical transformations as external
forces are applied or the temperatures varied
(28, 29). Those flat and tunable substrates pre-
sent great importance to fundamental analysis,
but only a few of them have been successfully
demonstrated effective in electrocatalysis (28).
Thus, new methods that can flexibly and effec-
tively control both tensile and compressive lattice
strain in catalysts without introducing additional
effects are needed.
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We report a way to tune catalyst strain by ex-
ploiting the widely tunable lattice constant of
Li-ion battery electrode materials as the catalyst
support.When Li ions are electrochemically inter-
calated into or extracted out of electrodematerials
such as graphite, transition-metal dichalcogenides,
silicon (Si), or Li metal oxides, the volume and
lattice spacing change from several percent to
severalfold (12, 30–32). For example, the Si elec-
trode can expand up to four times its original size
when fully lithiated to Li4.4Si (30), and LiCoO2

(LCO) undergoes ~3% volume changes during
charge and discharge (31, 33). This smaller value
is still sufficient to generate strain that can alter
catalysis. Li ions are sandwiched by Co-O octa-
hedra slabs in LCO (Fig. 1A) (34), and during
charging, half of the Li+ are extracted to form
Li0.5CoO2 (L0.5CO). The Co-O slabs with negative
charge experience stronger electrostatic repulsions
fromeach other, which increases the layer spacing
(Fig. 1A) (31, 33). When Li+ intercalates back
during discharge, the lattice returns to its orig-
inal spacing (Fig. 1B).
We deposited small Pt nanoparticles (NPs;

~5 nm) onto the surface of LCOor L0.5COparticle
supports (~500 nm). By controlling the charging
or discharging states of the substrate, we directly
observed ~5% compressive and tensile strain
on Pt (111) facets using transmission electron
aberration-corrected microscopy (TEAM) in indi-
vidual particles. The ORR catalytic activities of Pt
NPs in alkaline solution were tuned over a wide
range, achieving nearly 90% improvement or
more than 40% decrease in activity under com-
pressive and tensile strain, respectively. These

results agree well with predictions from density
functional theory (DFT) calculations.
Our strategy for introducing and controlling

strain is shown in the schematic in Fig. 1. We
obtained the battery electrodematerial LCOusing
a cotton-assisted pyrolysis method (35). The sizes
of LCO particles are ~500 nm in the scanning
electronmicroscopy (SEM) images (fig. S1, A and
B) (35). We then used 150 cycles of atomic layer
deposition (ALD) to deposit ~5 nm Pt NPs onto
the surface of LCO (LCO-Pt) (figs. S2A and S3).
The reason for this small loading is that (i) strain
decays from substrate to the top surface and (ii)
the gaps between Pt NPs are important for Li-ion
transport into and out of LCO.
To induce lattice tension on the Pt NPs, LCO-

Pt was assembled in a battery cell for the elec-
trochemical charging process, with half of the
Li ions extracted (LCO-PtT) (fig. S4). The x-ray
diffraction (XRD) peak corresponding to the LCO
(003) facets shifted from 18.92° to 18.42° in Fig.
1C, corresponding to an increase in layer spacing
from 4.69 to 4.82 Å (Fig. 1A) (35). This nearly 3%
expansion in the substrate can induce strong
uniaxial tension on Pt NPs (28). Expansion in
other LCO facets was also observed during the
delithiation process (fig. S5).
Compressive strain on Pt catalyst was achieved

with a reverse process (Fig. 1B). LCO substratewas
first electrochemically delithiated to be L0.5CO
with layers opened up, and then followed by ALD
growth of Pt NPs (L0.5CO-Pt). No appreciable dif-
ferences in the morphology were observed when
transforming from LCO and LCO-Pt to L0.5CO
and L0.5CO-Pt, respectively (figs. S1, C and D, and

S2B). By intercalating Li ions into Li0.5CO-Pt, the
distances in the molecular layer decreased back
to that of LCO, creating compressive strain on Pt
NPs (L0.5CO-PtC). This change was also confirmed
by the XRD peaks in Fig. 1C. Because of the shift
in the lattice between LCO/L0.5CO in the z direc-
tion (4.69 versus 4.82 Å) and Pt (3.92 Å), we
suspect that the ALD growth of Pt NPs on LCO
and L0.5CO substrates was not epitaxial and
thus did not introduce strain (36–39). TEAM
characterization revealed different Pt orienta-
tions relative to the supports (fig. S6).With strong
bonding between Pt and LCO/L0.5CO, the expan-
sion or compression of substrates would lead
to lattice strains in the catalysts.
Because of the broadening of peaks for small

Pt NPs as well as the wide distribution of strain
in different Pt NPs, XRD is insufficient for ac-
curately determining the amount of strain on
different sites of substrates (fig. S7). Instead, we
used high-resolution TEAM, as shown in Fig. 2
(35). For compressive strain, a comparison be-
tween the pristine L0.5CO-Pt and the compressed
L0.5CO-PtC is shown in Fig. 2, A to D, and sim-
ilarly for tensile strain for LCO-PtT in Fig. 2, E to
H. We focus on Pt (111) as a representative facet
for studying the lattice strain as well as catalytic
activities. For a fair comparison, Pt NPs with the
½110� direction in the zone axis were selected in
all of the four samples, thus providing the lattice
spacing for the (111), ð111Þ, and (002) facets in
the TEAM images. In addition, the Co-O layers
of LCO are parallel to the TEAM electron beam
(fig. S8), which suggests the uniaxial strain direc-
tion applied on those PtNPs. As indicated in Fig. 2,

1032 25 NOVEMBER 2016 • VOL 354 ISSUE 6315 sciencemag.org SCIENCE

Fig. 1. Schematic of the lattice constant change of LCO substrates and how the lattice strains are induced to Pt NPs. (A) Pristine LCO shows a Co-O
layer spacing of 4.69 Å. By electrochemically extracting half of the Li ions out, the layer spacing is increased to 4.82 Å. (B) LCO is first delithiated into L0.5CO with
layers expanded and then coatedwith Pt NPs. By intercalating back those Li ions, the Co-O layer spacing is decreased so as to induce compression on Pt NPs.The
orientation of Pt NP is set to be different from (A) as a suggestion of nonepitaxial ALD growth. (C) The XRD peak shifts of LCO (003) represent the tensile and
compressive strain induced to Pt NPs coated on these substrates.
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A, B, E, and F, we examined the central regions of
the Pt NPs and obtained the averaged (111) facet
spacing over six atomic layers, avoiding possible
surface defects as well as blurry boundaries be-
tween Pt and the substrates.
Shown in Fig. 2C are the integrated pixel in-

tensities for the pristine and compressed Pt (111)
lattices as selected in Fig. 2, A and B, respectively
(35). The averaged pristine Pt (111) spacing is 2.29Å,
which agreeswellwith calculations frompreviously
reported Pt lattice constants (35). The intensity
profile of constrained Pt suggests amuch smaller
lattice distance compared with that of the pris-
tine Pt, with an averaged spacing of 2.18 Å,

which represents ~5% compressive strain. This
5% lattice strain appears to be even greater than
the lattice change of the LCO substrate (~3%),
which can be explained by a possible inhomo-
geneity of the Li concentration near the LCO
surface and within the bulk during the charging
or discharging processes (40). The surfaces may
have a greater change in Li concentration and
thus lead to larger changes in the lattice. For exam-
ple, the L0.25CO lattice can expand~6.3% fromLCO,
which doubles the expansion of L0.5CO (41).
To have an intuitive understanding of how

much the compressive lattice strain is, we aligned
the (111) atomic layers on the bottom in Fig. 2D.

After five layers of accumulation in spacing dif-
ferences, the top layer of compressed Pt locates
to amuch lower position than that of the pristine
Pt, offering direct evidence of the lattice com-
pression. The successful observation of compres-
sive strain in the Pt (111) facet led us to study
whether there were any changes in the other two
facets, ð111Þ and (002), as well as the angles be-
tween them (figs. S9 and S10) (42). However,
the spacing of these two facets in the compressed
Pt NP is consistent with that of the unstrained
catalyst, and we observed only slight distortions
in the plane angles. This difference is caused by
the direction of uniaxial strain applied by the LCO

SCIENCE sciencemag.org 25 NOVEMBER 2016 • VOL 354 ISSUE 6315 1033

Fig. 2. High-resolution TEAM images of pristine and strained Pt NPs with (111) lattice compression and tension. Compression, (A) to (D); tension, (E) to
(H). (A and B) TEAM images of L0.5CO-Pt and L0.5CO-PtC. The red and yellow bars denote the areas we analyzed for (111) spacing. (C) The integrated pixel
intensities of pristine and compressedPt along (111) spacing directions (which is perpendicular to the facets).The peaks and valleys represent the atomsand gaps,
respectively.The spacing of Pt (111) facets is averaged over six atomic layers for high accuracy.The pristine (111) ismeasured to be2.29Å,whereas the constrained
(111) shows only 2.18 Å. (D) The bottom layers of pristine and compressed Pt (111) lattice fringes are aligned for the direct evidence of lattice constraint.The top
atomic layer of compressed Pt locates at a much lower position than the pristine one. (E and F) TEAM images of LCO-Pt and LCO-PtT. (G) More than 5% tensile
strain is observed with an increased (111) spacing of 2.42 Å. (H) A direct evidence of tensile strain with the top atomic layer of LCO-PtTmuch higher than that of
LCO-Pt. Another example of tensile strain is also shown and aligned in figs. S13 and S14. (A), (B), (E), and (F) share the same scale bar, and (D) and (H) share the
same scale bar.
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substrate being perpendicular to Pt (111) facets
(fig. S8), resulting in outstanding lattice constraint
in the (111) but not the ð111Þ or (002) facets.
However, because there are different Pt orienta-
tions onLCO/L0.5CO substrates (fig. S6), the strain
applied by the substrates is not always perpen-
dicular to Pt (111) but also to other facets, which
can induce strains in other facets.
Tensile strain was also revealed with TEAM

(Fig. 2, E to H) by directly aligning the expanded
Pt (111) planes with the pristine one in Fig. 2H,
with the averaged spacing increased from 2.29 Å
toward 2.42 Å (figs. S11 and S12). This roughly
5.7% expansion, together with the demonstrated
compression, strongly suggests the efficacy of aLCO
battery electrode in flexibly tuning lattice strain
in both tensile and compressive directions over a
full range of ~10%. The observed Pt (111) lattice
strains in individual NPs can only represent a
general trend (compression or tension) of the
NP systems, as suggested in the Pt XRD peak
shifts (fig. S7).We have included additional TEAM
examples of Pt lattice strain (figs. S13 to S16) with
different strain ranges. These Pt NPs have similar
sizes with those in Fig. 2 but show different strain
ranges, demonstrating that the particle size is not
the only factor in determining the lattice strain.
The strain condition in each Pt NP is strongly
affected by its shape, crystallinity, location, and
surface defects, aswell as the contact facets of both
the Pt particle and the LCO substrate. In addition,
we also performed aberration-corrected scanning
transmission electron microscope high-angle an-
nular dark-field (STEM-HAADF) imaging on the
tensile strain case in order to suppress the sub-
strate effects on Pt NPs in TEM characterizations

(figs. S17 to S19). Convergent beam electron dif-
fraction (CBED) of pristine and tensile PtNPs is also
shown in figs. S20 toS22, furtherdemonstrating the
existence of lattice strain introduced by the support.
The relation between Pt lattice strain and its

ORR catalytic activities was examined in a rotating-
disc three-electrode system (35). Four samples
were tested: L0.5CO-Pt andL0.5CO-PtC for studying
compressive strain and LCO-Pt and LCO-PtT for
tensile strain. The mass ratio of Pt in those cat-
alysts was determined to be ~17% (table S1) (35).
Several cycles of cyclic voltammetry (CV) were
applied before testing their ORR activities (fig.
S23). In the polarization curves in Fig. 3A, the
compressed Pt compared with the pristine cat-
alyst presents a positive shift in onset as well as
half-wave potentials by ~20 mV. In contrast,
tensile strain induced a negative effect on ORR
activity, requiring a larger overpotential to drive
the reaction. The catalytic activity shifts caused
by strain are consistent with previous works
(14, 25, 27, 28). Background contributions from
L0.5CO and LCO substrates have been ruled out
(fig. S24) (28). Because of the high density of free
electrons in Pt metal, the charge transfer effects
from the semiconducting support can be easily
screened within one or two Pt atomic layers and
will not affect the electronic properties of Pt sur-
face sites for catalysis. We plotted the kinetic
current densities of the pristine and strained
samples versus potential and obtained their Tafel
slopes in Fig. 3B, suggesting similar Tafel slopes
ranging from 44.4 to 51.5 mV/decade within the
measurement errors (fig. S25). The kinetic ac-
tivities of pristine and strained Pt under 0.84 V
potential are compared in Fig. 3C. The pristine Pt

on both L0.5CO and LCO substrates shows similar
activities at around 0.9mA/cm2, which is elevated
to 1.7 mA/cm2 under the compressive strain, rep-
resenting a nearly doubled enhancement, but
expanding the lattice of Pt NPs caused the ORR
activity to decrease to only 0.5 mA/cm2. The
pristine L0.5CO-Pt sample shows nearly the same
ORR activity after 10,000 CV cycles (fig. S24),
suggesting the good stability of Pt NPs on the
LCO/L0.5CO support as well as the strong inter-
action between them. In addition, the effect of
lattice strain can also sustain during this long-
term stability testwithout noticeable degradation,
except for a slightly smaller diffusion-limiting
current (Fig. 3D), which indicates that the strain
effect does not affect its ORR stability.
Comparisons can be made of the data in Fig. 3

with our present theoretical model of the ORR
(35). The close-packed Pt surfaces aremost active
for ORR (43), so we focused on the Pt (111) facets.
The effect of strain on the adsorption free ener-
gies DGi of the reaction intermediates (i = O*,
OH*, and OOH*), which are strongly related with
the Pt 5d band (fig. S26), is illustrated in Fig. 4A.
These adsorption energies are computed as DGi =
DEi + DZPE – TDS, where DEi is the formation of
an intermediate i relative to H2O and H2, ac-
counting for solvent-induced stabilizations; DZPE
is the difference in zero point energies; and DS
is the change in entropy (43). All quantities in
Fig. 4Awere determined relative to the unstrained
Pt (111), which is defined as zero. Negative DG
represents stronger binding, and positive ones
represent weaker binding. For uniaxial strain in
the range of 5% (tensile) to –5% (compressive),
the adsorption free energies for all reaction

1034 25 NOVEMBER 2016 • VOL 354 ISSUE 6315 sciencemag.org SCIENCE

Fig. 3. Electrochemical characterizations of
pristine and strained Pt NPs in O2-saturated
0.1 M KOH for ORR electrocatalysis. (A) The
ORR polarization curves L0.5CO-Pt, L0.5CO-PtC,
LCO-Pt, and LCO-PtTunder 1600 rotations per
minute (rpm).The pristine Pt NPs on LCO and
L0.5CO substrates show negligible differences
in ORR activity. Compressive strain shows an
improved ORR activity, and tensile strain shows
a decreased one. (B) The Tafel slopes of pris-
tine and strained Pt NPs. jK represents the
kinetic current density. (C) The comparison
of ORR activities under 0.84 V versus RHE.
The error bars are based on at least three iden-
tical samples for each condition. (D) The ORR
polarizations of compressive L0.5CO-PtC before
and after 10,000 CV cycles between 0.6 and
1.0 V versus RHE.

RESEARCH | REPORTS

 o
n 

D
ec

em
be

r 
5,

 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

http://science.sciencemag.org/


intermediates decrease (stronger binding) with
tensile strain and increase (weaker binding) with
compressive strain (17). Changes in DGOH and
DGOOH are the same, whereas DGO has a stronger
dependence caused by its threefold coordination
to the surface (44). The strain effects on these
reaction intermediates have all been included
in the free energy diagram in Fig. 4B, in which
the free energy for each step was determined
by adding a potential-dependence for DGi using
the computational hydrogen electrode model (45).
Because tensile strain makes the binding of all

intermediates stronger, and OH* + H+ + e− →
H2O(l) is the limiting step for pristine Pt (43, 45),
the thermodynamic sink for this final step only
becomes deeper with tensile strain. Compressive
strain weakens OH* binding and leads to more
facile desorption of the final product, H2O(l). The
theoretical overpotential h [defined as the po-
tential below the equilibrium potential of 1.23
V versus reversible hydrogen electrode (RHE) re-
quired to make all reaction steps exergonic] thus
decreases with compressive strain (becomesmore
active) and increases with expansive strain (be-
comes less active). At the applied potential of
0.76 V versus RHE, all steps become exergonic
for the maximum –5% strain. The applied po-
tential required to make all steps in the pathway
exergonic is known as the limiting potential UL.
A lower UL thus indicates higher activity. The
binding energies of all intermediates scale linearly
with one another (45, 46), which means that the
energy for a single intermediate is sufficient for
describing the entire pathway. Thus, UL can be
determined solely on the basis of the binding

strength of one of the intermediates, such as
DGOH. The ORR activity based on UL as a func-
tion of DGOH (a descriptor for all reaction inter-
mediates) is illustrated by the volcano relation
in Fig. 4C, in which the theoretical maximum
limiting potential UL occurs at DGOH 0.84 eV.
On the left leg, the limiting step is final H2O de-
sorption with UL = DGOH, whereas on the right
leg, the limiting step is the initial OOH* adsorp-
tion. The peak arises from the aforementioned
linear scaling between the binding strengths of
OH* and OOH* (45, 46), which prevents them
frombeingmodified independently. For the same
reason, we could also use DGO or DGOOH as the
descriptor for Fig. 4C, with no changes in trends
of the volcano plot. Regardless, compressive strain
of ~5% should lead to improved activity toward
the ORR. Although the 5% strain is not repre-
sentative of all Pt particles on different LCO
surface sites in the experimental samples, the
trends are expected to be in good agreement.
The experimental half-wave potentials and theo-
retical limiting potentials for the strained and
unstrained Pt catalysts are presented in Fig. 4D
with qualitative agreement. The remaining dis-
crepancies likely arise from the strain distribution,
which is not expected to be uniform across all sites
on the LCO/L0.5CO substrates. PtNPs that undergo
less strain would still contribute to the total activity.
Given the wide variety of tunable battery elec-

trodematerials in existence, and the vast number
of catalysts and reactions that can be improved
with strain, we demonstrate a highly general ap-
proach for studying these effects in the design of
next-generation catalytic materials. In addition

to fundamental studies, practical applications can
also be extended by including large-scale syn-
thesis and strain-tuning methods such as solution-
coating of Pt, aqueous solution electrochemical
tuning, or chemical extraction/intercalation of Li
ions. Other types of battery electrode materials—
such as layered MoS2, TiO2, Bi2Se3, and black
phosphorus—can also be used to greatly extend
the scope of this strain-tuning method toward
acidic electrocatalysis.
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AUTOPHAGY

The ATG conjugation systems are
important for degradation of the
inner autophagosomal membrane
Kotaro Tsuboyama,1* Ikuko Koyama-Honda,1* Yuriko Sakamaki,2 Masato Koike,3

Hideaki Morishita,1 Noboru Mizushima1†

In macroautophagy, cytoplasmic contents are sequestered into the double-membrane
autophagosome, which fuses with the lysosome to become the autolysosome. It has been
thought that the autophagy-related (ATG) conjugation systemsare required for autophagosome
formation. Here, we found that autophagosomal soluble N-ethylmaleimide–sensitive factor
attachment protein receptor (SNARE) syntaxin 17–positive autophagosome-like structures
could be generated even in the absence of the ATG conjugation systems, although at a
reduced rate.These syntaxin 17–positive structures could further fuse with lysosomes,
but degradation of the inner autophagosomalmembranewas significantlydelayed. Accordingly,
autophagic activity in ATG conjugation–deficient cells was strongly suppressed.We suggest
that the ATG conjugation systems, which are likely required for the closure (i.e., fission) of
the autophagosomal edge, are not absolutely essential for autolysosome formation but are
important for efficient degradation of the inner autophagosomal membrane.

M
acroautophagy (hereafter, autophagy) is
a highly inducible intracellular degrada-
tion system (1–3). First, a flat membrane
sac, termed the isolation membrane or
the phagophore, elongates, bends, and

sequesters a part of the cytoplasm. Then, its
edge is closed by membrane fission to form the
double-membrane structure, the autophagosome
(4). The autophagosome fuses with lysosomes

and becomes the autolysosome. Lysosomal enzymes
selectively degrade the inner autophagosomal
membrane (IAM), but not the outer autopha-
gosomal membrane (OAM), and then finally de-
grade the enclosed cytoplasmic contents.
To characterize autophagosome maturation

inmammalian cells, we used the autophagosomal
soluble N-ethylmaleimide–sensitive factor attach-
ment protein receptor (SNARE) syntaxin 17 (STX17)
as an autophagosome marker (5). Elongating iso-
lation membranes were microtubule-associated
protein light chain 3 (LC3) positive but STX17
negative (Fig. 1A, red arrows, and movie S1) (5).
Later, STX17 was recruited to the whole cir-
cumference of ring-shaped structures (Fig. 1A,
green arrows). The shape of elongating isola-
tion membranes was elliptical but became al-
most completely spherical when STX17 was

recruited (Fig. 1B). We hypothesize that fission
between the OAM and IAM during the closure
of the autophagosomal edge causes a morpho-
logical change into stable spherical bodies that
occurs immediately before or after the recruit-
ment of STX17.
After STX17 recruitment, several small LAMP1-

positive lysosomes (or late endosomes) asso-
ciated with the autophagosomes (Fig. 1C, 2 to
8 min, blue arrows). Then, the autophagosomal
membrane became LAMP1-positive (Fig. 1C, 10
to 16 min, blue arrows). At almost the same time,
these structures became positive for LysoTracker
Red (LTR), a weak-base probe for acidic com-
partments. The LTR signals appeared also as
ring-shaped structures on the STX17-positive
structures (Fig. 1C, 4 to 10 min, red arrows),
which suggests that the space between the OAM
and IAM is acidified. Next, the ring-shaped LTR
signal collapsed, and the lumen of the auto-
lysosomes filled with LTR, which indicated the
IAM degradation (Fig. 1C, 12 to 16 min). The
STX17 signal gradually disappeared after the col-
lapse of the LTR ring structure (Fig. 1C, 12 to
14 min). This STX17 dissociation was indepen-
dent of luminal acidification because it was not
affected by bafilomycin A1 treatment (fig. S1).
Thus, we detected four steps during autopha-
gosome maturation: STX17 recruitment (step a),
lysosomal fusion (step b), IAM degradation (step c),
and STX17 release (step d) (Fig. 1C). The total
lifetime of STX17 (steps a to d) and the dura-
tions (means ± SEM) between each step (a to b,
b to c, and c to d) were 11.0 ± 0.6, 2.1 ± 0.3, 6.6 ±
0.6, and 2.2 ± 0.2 min, respectively (Fig. 1C).
Autophagosome formation requires the two

ubiquitin-like systems: the ATG12 conjugation
system and the ATG8 (LC3s and g-aminobutyric
acid receptor–associated proteins in mammals)
conjugation system (6, 7). Ubiquitin-like ATG12
and ATG8 are covalently conjugated to ATG5
and phosphatidylethanolamine (PE), which are
catalyzed by the common E1-like protein ATG7
and the specific E2-like proteins ATG10 and ATG3,
respectively. Conjugation of ATG8 or LC3 with
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