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SUMMARY

We sought to develop a sensitive and quantitative
technique capable of monitoring the entire flux of au-
tophagy involving fusion of lysosomal membranes.
We observed the accumulation inside lysosomal
compartments of Keima, a coral-derived acid-stable
fluorescent protein that emits different-colored sig-
nals at acidic and neutral pHs. The cumulative fluo-
rescent readout can be used to quantify autophagy
at a single time point. Remarkably, the technique
led us to characterize an autophagy pathway inAtg5-
deficient cells, in which conventional LC3-based
autophagosome probes are ineffective. Due to the
large Stokes shift of Keima, this autophagy probe
can be visualized in conjunction with other green-
emitting fluorophores. We examined mitophagy as
a selective autophagic process; time-lapse imaging
of mitochondria-targeted Keima and GFP-Parkin
allowed us to observe simultaneously Parkin recruit-
ment to and autophagic degradation of mitochondria
after membrane depolarization.

INTRODUCTION

Macroautophagy, often referred to simply as autophagy, is

mediated by a special organelle termed the autophagosome

(Klionsky and Ohsumi, 1999; Mizushima, 2007). During starva-

tion-induced autophagy in mammals, the C terminus of microtu-

bule-associated protein light chain 3 (LC3) is lipidated; the

membrane-bound form (LC3-II) is recruited to both the inner

and outer surfaces of autophagosomes. EGFP-LC3, a fusion

of LC3 and EGFP (a bright variant of Aequorea GFP), is consid-

ered to be a good early marker of autophagic events (Figures 1A

and 1B) (Kabeya et al., 2000; Mizushima et al., 2001). Upon star-

vation of cells stably expressing EGFP-LC3, EGFP fluorescence

becomes punctate due to the membrane localization of this
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fusion protein. In these cells, autophagosomes usually appear

as fluorescent dots or ring-shaped structures. Then, as auto-

phagosomes fuse with lysosomes to generate autolysosomes

(Baba et al., 1994), the EGFP fluorescence is attenuated by

two distinct mechanisms. LC3-II on the outer membrane is deli-

pidated, returning to the cytosolic pool of free LC3 (Kabeya

et al., 2004). LC3-II on the inner membrane is degraded by lyso-

somal proteases; the majority of the chimeric EGFP is degraded

or irreversibly acid quenched in autolysosomes (Tanida et al.,

2005). In vivo mammalian autophagy has been successfully

studied using mice bearing an EGFP-LC3 transgene (Mizushima

et al., 2010).

However, LC3-based probes have several limitations. First,

these probes are only detected transiently during the process

of autophagy. To detect fluorescence in a sensitive and quanti-

tative manner, it is necessary to perform time-lapse imaging

over a long time interval, with significantly high temporal resolu-

tion to observe this transient event; high-throughput assay

systems that acquire fluorescence images at a single time point

may miss autophagosome formation. Second, uncertainties

remain concerning the behavior of LC3 on autophagosomes

(Figures 1A and 1B). To our knowledge, it is not known how

LC3-II is distributed on autophagosomes, or what the propor-

tions of molecules are on the outer and inner membranes.

Furthermore, the timing of the delipidation of outer membrane

LC3-II during autophagy is unclear (Figure 1A or 1B). Kimura

et al. (2007) incorporated into EGFP-LC3 an additional mono-

meric red fluorescent protein (mRFP) that is resistant to both

acid and lysosomal proteases. The resulting chimeric protein

(mRFP-EGFP-LC3) produces sustainable red and transient

green fluorescence, serving as a valuable tool with which to

investigate the complex regulation of autophagosome to autoly-

sosome conversion. However, because both mRFP and EGFP

are fused to LC3, the red and green fluorescence intensities

may be affected by intramolecular resonance transfer or other

unidentified factors that would hinder the interpretation of

studies examining autophagy. Third, it has also been reported

that LC3-based probes can produce false-positive signals due

to probe aggregation or incorporation into intracellular protein

aggregates (Kuma et al., 2007).
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Figure 1. The Schematic Representation of

the Detection of Autophagy with EGFP-

LC3 or Keima Probes

Under starvation conditions, an isolated, cup-

shaped membrane is formed and elongated. The

double-membrane structure engulfs a portion of

the cytoplasm to form an autophagosome. Sub-

sequently, the autophagosome fuses with a lyso-

some to form an autolysosome. Acidic compart-

ments are shown in gray.

(A and B) The membrane-bound form of LC-3

(LC3-II) is recruited to both the inner and outer

surfaces of autophagosomes. When cells stably

expressing EGFP-LC3 are starved, autophago-

somes typically appear as fluorescent dots or ring-

shaped structures. As these autophagosomes

fuse with lysosomes to generate autolysosomes,

the EGFP fluorescence in these structures is

attenuated by two mechanisms. LC3-II on the

outer membrane is delipidated and returns to the

cytosolic pool of free LC3. LC3-II on the inner

membrane is degraded by lysosomal proteases;

the associated EGFP is degraded as well as irre-

versibly acid quenched within autolysosomes. The

timing whereby LC3-II on the outer membrane

undergoes delipidation is different between (A)

and (B).

(C) A fluorescent protein derived from coral,

Keima, changes color upon conversion of an au-

tophagosome to an autolysosome. Although

EGFP-LC3 can be used as an autophagosome

marker, Keima-based probes can record the for-

mation of autolysosomes and, thus, provide a

cumulative fluorescent readout of autophagic

activities.
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A Cumulative Readout of Autophagic Activity
In this study we focused on the formation of autolysosomes.

Autophagosomal fusion with lysosomes exposes intra-autopha-

gosomal contents to both acidic pH and proteases. We sought

to develop a probe that could monitor autolysosome maturation

by employing a fluorescent protein resistant to lysosomal prote-

ases that exhibits a reversible change in color in response to

acidic pH (Figure 1C). This pH-dependent change in fluores-

cence would allow the protein to track the conversion of auto-

phagosomes to autolysosomes. We developed such a fluo-

rescent protein that is highly stable within autolysosomes,

providing a cumulative readout of autophagic activity in the

absence of complex time-lapse imaging. Because the probe

does not depend on LC3 modification, this method can monitor

the flux of autophagy on a cellular level in a more comprehensive

manner than that performed in LC3-associated systems (Miz-

ushima et al., 2010).
Chemistry & Biology 18, 1042–1052, August 26, 2011 ª
RESULTS AND DISCUSSION

Autophagy Probes that Sense
Autophagosome/Lysosome Fusion
and Stably Accumulate within
Autolysosomes
Among coral proteins that are resistant

to lysosomal proteases (Katayama et al.,

2008), we considered several that emit-

ted different-colored signals at acidic
and neutral pHs. After accounting for individual pH dependence

and color, we selected monomeric and dimeric versions of

Keima, mKeima, and dKeima, respectively (see Figure S1 avail-

able online) (Kogure et al., 2006). Keima has an emission spec-

trum that peaks at 620 nm and a bimodal excitation spectrum

peaking at 440 and 586 nm corresponding to the neutral and

ionized states of the chromophore’s phenolic hydroxyl moiety,

respectively (Violot et al., 2009). pH titration experiments

confirmed that the neutral and ionized states predominate

at high and low pHs, respectively, with a pKa value of 6.5 (Fig-

ures 2A and 2B). This paradoxical pH dependence was also

observed for the fluorophores ratiometric pHluorin (R-pHluorin)

(Miesenböck et al., 1998) and the related fast-maturing mutant

iR-pHluorin (Figure 2C). Dual-excitation ratiometric pHmeasure-

ments can be performed using mKeima (550/438), dKeima (550/

438), or iR-pHluorin (481/390) (Figure 2D). Although iR-pHluorin
2011 Elsevier Ltd All rights reserved 1043
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Figure 2. pH-Dependent Spectral Properties of dKeima, mKeima, and iR-pHluorin
(A–C)Wemeasured the fluorescence excitation and emission spectra of purified recombinant proteins to determine the pH dependence of the excitation spectra

of dKeima (A), mKeima (B), and iR-pHluorin (C). (D) pH titration curves of the excitation peak ratio of dKeima (586/440), mKeima (586/440), and iR-pHluorin (481/

390). F. I., fluorescence intensity.
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was completely degraded by lysosomal proteases at acidic pH,

mKeima and dKeima were resistant to acid proteases (Figures

S2A and S2B). Thus, transfection of mKeima or dKeima into

mammalian cells results in the formation of bright punctate struc-

tures with a high ratio of excitation at 550/438 nm. Because

dKeima matures slightly faster than mKeima (data not shown),

we chose dKeima to characterize these punctate structures

further. We examined the appearance ofmouse embryonic fibro-

blast (MEF) cells transfected with dKeima under different culture

conditions (Figure 3A). Fluorescent structures appeared when

cells were treated with 200 nM rapamycin or underwent starva-

tion by culture in Hank’s balanced salt solution (HBSS). The star-

vation-induced appearance of these structures was blocked by

treatment with PI3 kinase inhibitors (10 mM 3-methyladenine

[3-MA] or 100 nM Wortmannin), inhibitors of V-type H+-ATPase

(100 nM Bafilomycin A1), or H+-ionophores (30 mM NH4Cl).

These results indicate that a high ratio of excitation at 550/

438 nm for intracellular dKeima reflects autolysosome formation.

Use of Keima-Based Probes with Other Green-Emitting
Fluorophores
Because it possesses a long wavelength emission that peaks at

620 nm, Keima can be simultaneously imaged with green-emit-

ting fluorophores within the same cell without serious concern

for cross-excitation, cross-detection, and resonance transfer

(Figure S3). We cotransfected dKeima and iR-pHluorin into

MEF cells. Dual-excitation ratio imaging using dKeima, but not

iR-pHluorin, revealed punctate structures with high ratio values

and were sensitive to NH4Cl treatment (Figure 3B).

Althoughdual-excitation ratiometric dyesareexcitedalternately

at two different wavelengths, fluorophore emission is collected at

a single fixedwavelength; thepair of intensitymeasurementsmust

be collected sequentially. This limitation makes dual-excitation

ratiometric imaging generally inadequate to follow rapid events

in highly motile structures. In this regard, the observation of auto-

lysosome formation using dKeima may be limited by the poor

spatiotemporal resolution of conventional wide-field microscopy.

To confirm that the punctate structures were lysosomes, we

examined costaining with a lysosomal marker. To distinguish

these intracellular structures, we had to increase z axis resolu-

tion. In addition, because lysosomes are often motile, we sought

to increase the rapidity of production and collection of excitation
1044 Chemistry & Biology 18, 1042–1052, August 26, 2011 ª2011 El
peak ratios. Although we had previously established a special

laser-scanning confocal microscopy (LSCM) system in which

two laser beams alternately scanned every line to achieve

dual-excitation ratiometric imaging (Shimozono et al., 2002; Fu-

kano et al., 2008), the same function is now available on certain

commercial LSCM systems. In this study, we examined dKeima-

expressing MEF cells by confocal imaging using a Zeiss LSM

510 META system equipped with a multi-argon laser (458, 488,

and 514.5 nm) and a He/Ne laser (543 nm) (Figure S4). Prior to

imaging, we treated cells with an Alexa 488-conjugated dextran

for 6 hr to identify lysosomes. Cells were then scanned on each

line sequentially by the 458 and 543 nm lasers and the 488 nm

laser to detect red emissions, providing the confocal ratio (543/

458) images for dKeima, and green emissions, generating

confocal images of lysosomes (Figure 3C). In a separate exper-

iment using this microscopy system, we generated a pH titration

curve using a dKeima-containing solution (Figure 3D). The ratio

(543/458) reflecting an acidic environment (pH <6.0) was

1.5–3.0. We then determined that the ratio (543/458) for pH <6.0

(Figure 3C, red) corresponded to the signals for lysosomal

staining using the fluorescent dextran (Figure 3C, green).

Detection of Autolysosome and Autophagosome
Formation by a Keima-Based Probe
and EGFP-LC3, Respectively
We transfected dKeima into MEF cells stably expressing EGFP-

LC3, then monitored the resultant fluorescence to observe auto-

phagic events (Figure 4). After starving for 1 hr in HBSS, trans-

fected cells developed cytoplasmic punctate structures with

high ratio (550/438) signals derived from dKeima fluorescence.

These signals, indicating autolysosome formation, increased

cumulatively over time. After replacement of HBSS with fresh

growth medium, dKeima-derived fluorescence persisted in

almost all transfected cells. In contrast, EGFP-LC3 fluorescence

increased during starvation but quickly decreased to normal

levels after substitution of rich medium, confirming the detection

of autophagosome formation by LC3-based probes.

Visualizing Parkin-Dependent Delivery of Impaired
Mitochondria to Lysosomes
Although autophagy was originally thought to be a nonspecific

form of lysosomal degradation, recent findings indicate that
sevier Ltd All rights reserved
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Figure 3. Dual-Excitation Ratiometric Imaging of Autolysosomes Using the Coral-Derived Fluorescent Protein Keima

dKeima fluorescence was evoked using two excitation filters (438 ± 12 nm and 550 ± 15 nm) and a 610LP emission filter (see Figure S3A), whereas iR-pHluoin

fluorescence was obtained using two excitation filters (400 ± 5 nm and 485 ± 7.5 nm) and an emission filter (535 ± 17.5 nm) (see Figure S3C).

(A) dKeima is delivered to lysosomes via an autophagic process. Left view shows dKeima-expressing MEF cells incubated for 4 hr in either growth or starvation

medium (HBSS), then imaged. We examined the effects of rapamycin containing normal medium or HBSS containing 3-MA, Wortmannin, Bafilomycin A1, or

NH4Cl (each image was acquired after a 4 hr incubation). High ratio (550/438) signals, which originate from low pH compartments (lysosomes), are shown as red.

Scale bar represents 20 mm. Right view illustrates the proportion of the high ratio (550/438) signal area (red) to the total cellular area in 30 transfected cells

calculated for each experiment. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.02.

(B) Double dual-excitation ratiometric imaging of dKeima and iR-pHluorin in MEF cells. MEF cells expressing both dKeima and iR-pHluorin were imaged after

incubation for 4 hr in starvation medium (HBSS). After obtaining an initial set of images (top panels), 50 mM NH4Cl was added to neutralize the lysosomal lumen

before acquiring a second set (bottom panels). Scale bar represents 20 mm.

(C) Confocal imaging demonstrating the colocalization of high ratio dKeima signals and lysosomal marker signals in punctate structures. An MEF cell

expressing dKeima was treated with Alexa 488-dextran for 6 hr, then each line was sequentially scanned with the 458 and 543 nm lasers to detect dKeima

and the 488 nm laser to detect Alexa 488-dextran, as shown in Figure S4. Signals representing the acidic compartment (pH <6.0) and lysosomes are shown in

red and green, respectively. Colocalization between dKeima and Alexa 488-dextran signals was calculated to be 82.8% ± 6.0% (n = 5). Scale bar represents

20 mm.

(D) A pH titration curve using a dKeima-containing solution.
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autophagy includes a selective component (Bjørkøy et al., 2005;

Pankiv et al., 2007). In mammalian cells the ubiquitin ligase Par-

kin (Shimura et al., 2000) is selectively recruited to dysfunctional

mitochondria exhibiting low membrane potentials to mediate

their autophagosomal engulfment and subsequent degradation

(Narendra et al., 2008, 2009). To visualize the process by which

impaired mitochondria are delivered to lysosomes, we engi-
Chemistry & Biology 18, 1042–
neered a form of mKeima to localize to the matrix of mitochon-

dria (mt-mKeima) by fusing a tandem repeat of the COX VIII pre-

sequence to mKeima. We chose mKeima because of its larger

responses to pH changes than dKeima (Figure 2D). mt-iR-

pHluorin was also constructed for reference. We enhanced the

specificity of the mitochondrial localization of these constructs

by including on/off control of transcription. Because MEF cells
1052, August 26, 2011 ª2011 Elsevier Ltd All rights reserved 1045
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Figure 4. Cumulative Detection of Autophagy Using dKeima

MEF cells stably expressing EGFP-LC3 were maintained in growth medium after transfection with dKeima cDNA. dKeima fluorescence was obtained using two

excitation filters (438 ± 12 nm and 550 ± 15 nm) and a 610LP emission filter (see Figure S3A). EGFP signals were visualized using a 470 ± 10 nm excitation filter

and a 517.5 ± 22.5 nm emission filter (see Figure S3D). Cells were starved in HBSS for 1 hr, then recultured in growth medium. Left images were acquired

at the beginning (�1 hr) and end (0 hr) of the starvation period as well as after the growth medium was replaced (1, 2, and 4 hr). Scale bar represents 20 mm.

Right view shows the proportion of the high ratio (550/438) signal area (red) to the total cellular area in 30 transfected cells (black solid circles) and the number

of EGFP-LC3-positive aggregates per cell (red open circles) plotted over time. Data represent the mean ± SD of three independent experiments.
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produce only low levels of Parkin, we transfected these cells

with Parkin cDNA. After cotransfection with cDNAs for Parkin

and mt-mKeima or mt-iR-pHluorin, MEF cells were treated

with Ponasterone A for 24 hr to induce transient gene ex-

pression of the mitochondrially targeted fluorophores. After

incubation in growth medium for 12 hr, mt-mKeima and mt-

iR-pHluorin clearly localized to mitochondria. Subsequent treat-

ment with DMSO (vehicle) for 24 hr did not generate high ratio

signals for either mt-mKeima (550/438) or mt-iR-pHluorin (485/

400), indicating the absence of mitophagy (Figure 5A). After

treatment of cells with CCCP (a mitochondrial uncoupler) and

oligomycin (an ATP synthase inhibitor), the two probes dis-

played different readouts. After depolarizing mitochondria for

24 hr with the aforementioned inhibitors, cells exhibited punc-

tate structures throughout the cytoplasm displaying strong

signals for mt-mKeima at an excitation wavelength of 550 nm.

The representative image (Figure 5B) indicates that a large frac-

tion of mitochondria was delivered to lysosomes scattered

throughout the cell. In contrast, the subpopulation of mitochon-

dria containing mt-mKeima that exhibited strong fluorescence

at 438 nm was distributed close to the nucleus. The ratio

(550/438) image clearly demonstrates a differential distribution

of intact (green) and degraded (red) mitochondria (Figure 5B,

left, top). When lysosomes were neutralized by the addition of

50 mM NH4Cl, the ratio (550/438) values for all mitochondria re-

turned to prestimulus levels (Figure 5B, left, bottom). In

contrast, fluorescence for mt-iR-pHluorin was observed only

in intact mitochondria. Because neutralization with 50 mM

NH4Cl did not regenerate mt-iR-pHluorin-derived fluorescence

in lysosomes, it is likely that the majority of mt-iR-pHluorin

was completely degraded by lysosomal proteases (Figure 5B,

right panels).

After pretreating MEF cells expressing mt-mKeima with Alexa

488-dextran for 6 hr, we subjected samples to incubation with

CCCP and oligomycin. Cells were then examined by confocal

imaging using a Zeiss LSM 510 META system (Figure S5).
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Confocal ratio (543/458) images of mt-mKeima and a confocal

image of the lysosomes revealed the colocalization of mito-

chondrially targeted fluorophore to lysosomes (Figure 5C). We

generated a pH titration curve using anmKeima-containing solu-

tion to determine that a ratio (543/458) of 1.2–4.0 reflected an

acidic environment (pH <6.0) (Figure 5D). Our data demonstrate

that the ratio (543/458) signals corresponding to a pH less than

6.0 (Figure 5C, red) matched those for lysosomal staining (Fig-

ure 5C, green).

Time-Lapse Imaging of Mitophagy and Parkin
Recruitment in MEF Cells
To observe Parkin recruitment to autophagosomes and the auto-

phagic degradation of mitochondria, we cotransfected EGFP-

Parkin and mt-mKeima into MEF cells. The time courses for

these two events within single cells were determined by time-

lapse imaging over an 18 hr incubation in CCCP and oligomycin

(Figure 6A; Movie S1). Initially, EGFP-Parkin was localized

diffusely throughout the cell; there were no mitophagy-specific

signals. After 2 hr, punctate structures containing EGFP

emerged, indicating that EGFP-Parkin had been recruited to

impaired mitochondria. Subsequently, high ratio (550/438) sig-

nals from mt-mKeima began to appear and accumulate. After

10 hr, EGFP-Parkin fluorescence began to decrease, suggesting

that the fusion protein had been delivered to autolysosomes and

degraded. In contrast, high ratio (550/438) fluorescence derived

frommKeima increased as a function of time. After 18 hr, a large-

field image was acquired in a region of heterogeneous EGFP-

Parkin expression (Figure 6B). Of three cells within this region,

only the cell that expressed EGFP-Parkin exhibited high ratio

(550/438) mKeima-derived fluorescence (Figure 6B, white

arrowhead). The proportion of high ratio (550/438) signal area

to total mitochondrial areawas increased only in Parkin-express-

ing cells that had been treated with CCCP and oligomycin (Fig-

ure 6C), demonstrating the Parkin-dependence of mitophagy in

MEF cells.
sevier Ltd All rights reserved
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Figure 5. Cumulative Detection of Mitophagy Using Mitochondrially Targeted mKeima

(A and B) Double dual-excitation ratiometric imaging ofmt-mKeima andmt-iR-pHluorin in Parkin-overexpressingMEF cells. mt-mKeima andmt-iR-pHluorin gene

expression was induced for 1 day prior to experimentation by the addition of 1 mMPonasterone A. mt-mKeima was imaged as described for dKeima in Figures 3

and 4 (see Figure S3B), whereas mt-iR-pHluorin was imaged as described for iR-pHluorin in Figure 3 (see Figure S3C). Scale bars represent 20 mm. Cells were

imaged following a 24 hr treatment with (A) DMSO (vehicle alone) or (B) 30 mM CCCP and 1 mg/ml oligomycin. After initial images were obtained (top panels),

a second set of images was obtained after the addition of 50 mMNH4Cl to neutralize the lysosomal lumen (bottom panels). Similar imaging results were obtained

in three independent experiments.

(C) Confocal imaging to examine the colocalization of punctate structures showing high ratio mt-mKeima signals and lysosomal marker signals. MEF cells

expressing mt-mKeima were incubated with Alexa 488-dextran for 6 hr, then treated for 1 day with 30 mMCCCP and 1 mg/ml oligomycin. Cells were sequentially

scanned on each line using the 458 and 543 nm lasers for mt-mKeima and the 488 nm laser for Alexa 488-dextran, as shown in Figure S5. Signals for the acidic

compartment (pH <6.0) and for lysosomes are shown in red and green, respectively. Yellow signals indicate colocalization of lysosomes with high ratio

mt-mKeima signals. Colocalization between mt-mKeima and Alexa 488-dextran signals was calculated to be 86.5% ± 4.7% (n = 4). Scale bar represents 20 mm.

(D) A pH titration curve using an mKeima-containing solution.
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Autophagy Observed in Atg5-Deficient Cells
Recently, a new form of macroautophagy has been discovered,

which is not suppressed by abrogation of ubiquitin-like protein

systems like Atg5 (Nishida et al., 2009). Although it waspreviously

believed that mammalian macroautophagy required several Atg

genes, autophagosomes/autolysosomes can be observed by

electron microscopy (EM) in embryonic fibroblasts from Atg5-

deficient mice (Atg5�/� MEFs). We also detected high levels of
Chemistry & Biology 18, 1042–
autophagy in Atg5-deficient cells using dKeima (Figures 7A–7C).

Interestingly, autophagy-specific signals in Atg5�/� MEFs were

observable even when the cells were not under starvation condi-

tions (Figure 7A). This Atg5-independent pathway is not detected

using LC3-based autophagosome probes because LC3 can-

not be modified in the absence of Atg5 (Figure 7C, right, bottom).

Thus, dKeima allows us to study autophagy in a more compre-

hensive manner than that performed in LC3-associated systems.
1052, August 26, 2011 ª2011 Elsevier Ltd All rights reserved 1047
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Figure 6. Simultaneous Observation of EGFP-Parkin and mt-mKeima in MEF Cells

After the induction ofmt-mKeima expression for 1 day by the addition of 1 mMPonasterone A,mt-mKeima and EGFP-Parkin were imaged as described in Figure 5

(see Figures S3B and S3D).

(A) Time-lapse imaging of mitophagy (top) and Parkin recruitment (bottom) in MEF cells. Scale bar represents 20 mm. See also Movie S1.

(B) Large-field image of three MEF cells examining mitophagy (left) and Parkin recruitment (right); the cell undergoing mitophagy is indicated by a white

arrowhead. Scale bar represents 20 mm.

(C) mt-mKeima-expressing MEF cells were transfected with the EGFP-Parkin cDNA or mock vector. Samples were then treated with DMSO (open bar) or 30 mM

CCCP and 1 mg/ml oligomycin (solid bar) for 24 hr before imaging. The proportion of the high ratio (550/438) signal area (red) to the total mitochondrial area served

as an index of mitophagy. Each experiment examined 30 transfected cells. Data represent the mean ± SD of three independent experiments. *p < 0.01.
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Interestingly, our results exploring Atg5-independent autoph-

agy differed from those of Nishida et al. (2009); their observation

examined autophagosomes and autolysosomes by EM or by

quantification of lysosomal protein (LAMP-2) immunofluores-

cence. They determined that macroautophagy was sensitive to

brefeldin A (BFA) and dependent on Rab9 function, suggesting

that late endosomes and vesicles derived from the trans-Golgi

were involved in autophagosome formation. However, we doubt

that an EM- or LAMP-2-dependent method can provide suffi-

ciently quantitative data. Our experiments using dKeima were

able to quantify autophagy in Atg5-deficient cells, leading us to

conclude that neither BFA (Figure 7D) nor Rab9 deficiency (Fig-

ure 7E) abrogates autophagy. The disparity between this report

and previous results questions which types of autophagy are de-

tected by dKeima.

There are three types of autophagy: macroautophagy, micro-

autophagy, and chaperone-mediated autophagy (CMA). Macro-

autophagy is characterized by fusion of lysosomal membranes

with the autophagosome. Microautophagy involves inward

invagination of lysosomal membranes. By contrast, CMA does

not involve substantial changes in lysosomal membrane; in-

stead, cytosolic proteins that are unfolded by chaperone pro-

teins translocate directly across the lysosomal membrane.

According to its mechanism of action, dKeima is expected to

sense all types of macroautophagy and microautophagy (Sahu

et al., 2011). However, it is unlikely that the probe senses CMA

(Dice, 2007) because Keima lacks the KFERQ-like motif required

for inclusion into the CMA pathway. In addition, suppression of

PI3 kinase activity by treatment with 3-MA or LY294002 (Fig-
1048 Chemistry & Biology 18, 1042–1052, August 26, 2011 ª2011 El
ure 7F) or by siRNA-mediated downregulation of Beclin 1 (Fig-

ure 7G) abolished dKeima fluorescence, despite the indepen-

dence of CMA from PI3 kinase enzymatic activity. Finally,

dKeima fluorescence was not affected by the silencing of

LAMP-2A or Hsc70 (Figure 7G), despite the requirement of these

molecules for CMA.

These results indicate that the autophagy observed in Atg5-

deficient cells is dependent on Beclin 1 or PI3 kinase activity.

Further studies with knockdown and pharmacological inhibition

experiments are underway to explore the mechanisms under-

lying this pathway.

Quantitative Observation of the Process of a Single
Autophagic Event
To develop a probe to detect autolysosome formation, Rosado

et al. (2008) constructed pH-insensitive RFP combined with

a pH-sensitive GFP; the resultant probe, Rosella, was success-

fully used in yeast cells to follow autophagic engulfment of both

cytosol and specific organelles. Upon entering vacuoles, the

green signal was abolished, whereas the red signal remained.

The authors attributed these results to the differential pH

sensitivity of RFP and GFP but did not examine the sensitivity

of Rosella to proteases. Probes generated by tandem fusion of

two fluorescent proteins generally display several problems;

the red-to-green signal ratio of Rosella may be affected by differ-

ential maturation rates, fluorescence resonance energy transfer,

and proteolytic cleavage between the two proteins. In contrast,

Keima-based probes possess a single fluorophore, reproducibly

giving rise to the same ratio values under varying conditions,
sevier Ltd All rights reserved
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Figure 7. Cumulative Detection and Quantitative Characterization of Autophagy Using dKeima in Atg5-Deficient Cells

(A) Two days after transfection with the cDNA encoding dKeima, WT and Atg5�/� MEF cells were incubated for 4 hr in growth or starvation medium (HBSS), then

imaged. Left view shows representative images. Right view shows statistics. We analyzed the incidence of autophagy statistically by calculating the proportion of

the high ratio (550/438) signal area (red) to the total cellular area in 30 transfected cells per experiment. Data represent the mean ± SD of three independent

experiments.

(B) After an initial set of images was obtained (top panels) as in (A), additional images were acquired after 50 mM NH4Cl was added to neutralize the lysosomal

lumen (bottom panels). G. M., growth medium.

(C) Simultaneous observation of EGFP-LC3 and dKeima in WT and Atg5�/� MEF cells stably expressing EGFP-LC3 under starvation conditions.

(D–G) Dual-excitation ratiometric imaging of dKeima in starving Atg5�/� MEF cells after treatment with 200 nM BFA (D), Rab9 siRNA (E), 10 mM 3-MA or 50 mM

LY294002 (F), or siRNAs specific for Beclin 1, LAMP-2A, or Hsc70 (G). In each experiment the incidence of autophagy was statistically analyzed by calculating the

proportion of the high ratio (550/438) signal area (red) to the total cellular area in 30 transfected cells. Data represent the mean ± SD of three independent

experiments. *p < 0.01. To evaluate the effects of individual siRNAs, cell lysates were prepared and analyzed by immunoblotting using antibodies against Rab9

(E), Beclin 1 (G), LAMP-2A (LAMP-2) (G), or Hsc70 (G). Scale bars represent 20 mm.
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ensuring that autophagy can be quantitatively measured. It

should be noted that all color bars accompanying ratio images

in this paper represent the same correspondence to ratio (550/

438) values.

Although autophagy was originally considered a bulk degra-

dation process induced by starvation, recent evidence indicates

that autophagy has selective properties that respond to a variety

of homeostatic systems. These processes have attracted much

research because substantial evidence indicates that deregu-

lated lysosomal degradation leads to a variety of diseases (Eske-

linen et al., 2003; Komatsu et al., 2006; Nixon et al., 2008).

Although EGFP-LC3 can function as an autophagosomemarker,

Keima-based probes provide a record of autolysosome forma-

tion, thus providing a cumulative fluorescent readout of auto-

phagic activity. This readout can be used to quantify autophagy

at a single time point, making this technique amenable to high-

throughput screening. However, this technique cannot be

applied to fixed cell samples where the pH gradient across lyso-

somal membranes is lost. The fusion of Keima to specific cyto-

solic proteins or targeting of this probe to specific organelles

can also create multiple Keima-based probes that can be used

to explore the selective aspects of autophagy. In this study, we

targeted themonomeric version of Keima (mKeima) tomitochon-

dria to quantitatively monitor mitophagy induced by the depolar-

ization of mitochondrial membranes and to determine the

requirement for Parkin recruitment.

Importantly, the technologies described in this paper do not

dispute the usefulness of EGFP-LC3 as an imaging tool but

only indicate that Keima-based probes can be used in a comple-

mentary manner to examine the entirety of autophagic events

(Figure 4).

SIGNIFICANCE

Considerable progress has been made toward under-

standing the biochemical mechanisms underlying the for-

mation of autophagosomes. Currently, probes to evaluate

cellular autophagosomal processes utilize the combination

of microtubule-associated protein light chain 3 (LC3) and

fluorescent proteins, such as GFP-LC3. However, these

probes only identify early events in autophagy. A type of

macroautophagy has recently been discovered, which is

not inhibited by silencing ubiquitin-like protein systems,

such as those requiring Atg5. A critical limitation to studies

of autophagy has been the inability to monitor Atg5-inde-

pendent macroautophagy by conventional LC3-based auto-

phagosome probes because LC3 is not modified in this

pathway. We designed a probe that would allow us to study

autophagy in a more comprehensive framework. To develop

a sensitive and quantitative technique to observe the flux of

autophagy involving lysosomal fusion on a cellular level over

time, we focused on detecting the fusion of autophago-

somes with lysosomes. Upon delivery to lysosomes, cyto-

solic components and organelles encapsulated by auto-

phagosomes are exposed to acidic pH and lysosomal

proteases. We have previously demonstrated that several

fluorescent proteins derived from corals retain fluorescence

in these harsh environments. Among the proteins is Keima,

which is endowed with a large Stokes shift. Keima emits
1050 Chemistry & Biology 18, 1042–1052, August 26, 2011 ª2011 El
different-colored signals at acidic and neutral pHs, pro-

viding a cumulative readout of autophagic activities.We per-

formed dual-excitation ratiometric imaging by localizing

Keima to either the cytoplasm or mitochondria to monitor

starvation-induced autophagy and membrane depolariza-

tion-induced mitophagy, respectively. These systems

allowed us to obtain a quantitative characterization of

Atg5-independent autophagy and to explore the mecha-

nisms underlying this pathway.

EXPERIMENTAL PROCEDURES

Gene Construction and Mutagenesis

iR-pHluorin was generated by introducing four mutations (F46L, F64L, S72A,

and M153T) into R-pHluorin. Site-directed mutations were introduced as

described (Sawano and Miyawaki, 2000). The cDNA encoding dKeima,

mKeima, or iR-pHluorin was cloned into pRSETB (Invitrogen) for bacterial

expression or into pCS2 for mammalian expression. The cDNA encoding the

tandem repeat of the mitochondrial-targeting sequence of COX VIII (Rudolf

et al., 2004) was amplified using primers containing 50-KpnI and 30-BamHI

sites, and the digested product was cloned with a BamHI-EcoRI fragment

for mKeima or iR-pHluorin into the KpnI/EcoRI sites of pIND(SP1) (Invitrogen)

to generate mt-mKeima/pIND(SP1) or mt-iR-pHluorin/pIND(SP1), respec-

tively. Mouse Parkin was cloned from mouse brain cDNA. cDNA encoding

Parkin was amplified using primers containing 50-HindIII and 30-EcoRI sites,
and the digested product was cloned into the HindIII/EcoRI sites of pcDNA3

(Invitrogen).

Protein Expression

Recombinant fluorescent proteins with a polyhistidine tag at N terminus were

expressed in Escherichia coli (JM109(DE3)) and purified as described (Nagai

et al., 2001).

pH Titration

Fluorescent proteins were examined in a series of buffers with pHs ranging

from 4 to 9 using SPEX Fluorolog-3 (HORIBA) or LSM 510 META system

(Carl Zeiss).

In Vitro Protease Assay

Recombinant fluorescent proteins (0.1 mg/ml) were treated with lysosomal

contents (0.1 mg/ml) in 125 mM KCl, 20 mM NaCl, 2 mM CaCl2, and 2 mM

MgCl2 at pH 7.4 or 4.5. pH conditions were achieved using 25 mM HEPES-

NaOH (pH 7.4) or acetate buffer (pH 4.5) as buffers. The sample mixtures

were incubated at 37�C for 18 hr. Samples were analyzed either by SDS-

PAGE after staining with Coomassie brilliant blue or by measurement of their

fluorescence intensities after dilution with 100-fold 100 mM HEPES/NaOH

(pH 8.0) containing 30 mM KCl and 120 mM sodium gluconate.

Cell Culture and Transfection

MEF cells from wild-type and Atg5-deficient mice were cultured on standard

35 mm glass-bottom dishes in Dulbecco’s modified Eagle’s medium

(DMEM; Sigma) containing 5% fetal bovine serum (FBS) supplemented with

4 mM L-Glu. Cells were transfected with plasmid DNAs using Lipofectamine

2000 reagent (Invitrogen). To achieve expression of mitochondrially targeted

fluorescent proteins, cells were cotransfected with pVgRXR (Invitrogen) in

addition to mt-mKeima/pIND(SP1) or mt-iR-pHluorin/pIND(SP1) and given

a pulse (24 hr) with Ponasterone A (Invitrogen) on the following day. After

transfection with the plasmid DNA for EGFP-LC3, MEF cells stably expressing

the chimeric protein were obtained through selection with G418.

Wide-Field Imaging

After removing samples from a normal CO2 incubator, cells cultured on 35 mm

glass-bottom dishes were incubated in HBSS (GIBCO) containing 15 mM

HEPES-NaOH (pH 7.4). Samples were imaged using an inverted microscope

(IX81; Olympus) equipped with a standard 75 W xenon lamp, a 403 objective

lens (UplanFlN 40xOil, N.A. 1.30), and a cooled CCD camera (iXon EM+; Andor
sevier Ltd All rights reserved
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Technology). For long-term imaging, 35 mm glass-bottom dishes were placed

in a stage-top incubator (IBC chamber; Tokai Hit) and time-lapse imaged in

phenol red-free DMEM containing 5% FBS. Multiple cubes accommodating

appropriate excitation and emission filters and dichroic mirrors were automat-

ically exchanged for multicolor and dual-excitation ratiometric imaging. The

whole system was controlled using MetaMorph 7.6 software (Molecular

Devices).

Quantification of Autophagy

Ratio (550/438) images of Keima were created and analyzed usingMetaMorph

7.6 software. Ratio values ranged from 0 to 0.85 at all times. High ratio (550/

438) regions were automatically segmented, and their areas were calculated.

The whole-cell region was delineated manually on a fluorescent image to facil-

itate area calculation. The ratio (high ratio [550/438] area/total cell area) was

used as an index of autophagic activity.

Confocal Imaging

Cells that had been loaded with Alexa 488-dextran (Molecular Probes) for 6 hr

were subjected to confocal imaging using the LSM 510 META system (Carl

Zeiss) equipped with a 403 objective lens (C-Apochromat 403/1.20 W, N.A.

1.20), a multi-argon laser (458, 488, and 514.5 nm), and a He/Ne laser

(543 nm). Proper alignment and correct image registration of the two laser lines

and detection channels were verified using double-labeled fluorescent beads

(TetraSpeck Fluorescent Microsphere Standards, 0.5 mm in diameter; Molec-

ular Probes). Colocalization between Keima and Alexa 488 signals on confocal

images was performed using theMetaMorph colocalizationmodule. Individual

experimental details are described in Figures S4 and S5.

RNAi

The following sequences were used in protein knockdown experiments:

mouse Rab9-siRNA sense, 50-CGGCGACUAUCCUUACUUUTT-30 and

antisense, 50-AAAGUAAGGAUAGUCGCCGTT-30;
mouse Beclin 1-siRNA sense, 50-GAGUUGCCGUUAUACUGUUCU-30 and
antisense, 50-AACAGUAUAACGGCAACUCCU-30;
mouse LAMP-2A-siRNA sense, 50-GAGGAGUACUUAUUCUAGUGU-30

and antisense, 50-ACUAGAAUAAGUACUCCUCCC-30;
mouse Hsc70-siRNA sense, 50-CGAUGAAGCUGUUGCCUAUTT-30 and
antisense, 50-AUAGGCAACAGCUUCAUCGGG-30;
control-siRNA sense, 50-CGAUUCGCUAGACCGGCUUCA-30 and anti-

sense, 50-UGAAGCCGGUCUAGCGAAUCG-30.

RNAi oligonucleotides were transfected into MEF cells by using Lipofect-

amine 2000 according to the manufacturer’s protocols. After 2 days, cells

were analyzed by western blotting or imaged as described above.

Antibodies

For western blotting analysis, we used the following antibodies: rabbit poly-

clonal anti-Rab9 (Abcam); rabbit polyclonal anti-Beclin 1 (MBL); rabbit poly-

clonal anti-LAMP-2A (Zymed Laboratories); rat monoclonal anti-LAMP-2

(Santa Cruz Biotechnology); and goat anti-Hsc70 (R&D Systems, Inc.).

Statistical Analysis

Statistical significance was determined using the paired Student’s t test.

A p value <0.05 was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and one movie and can be

found with this article online at doi:10.1016/j.chembiol.2011.05.013.
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