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penetration depth and minimize the background for further 
applications in tissue imaging.

Zn-G
4
 serves as a late autophagy marker that specifically 

labels autolysosomes independent of pH. To determine during 
which stage of the autophagy pathway Zn-G

4
 can be detected, we 

characterized the Zn-G
4
-labeled punctate structures in colocal-

ization studies. As shown in Figure 5A, we observed good colo-
calization of Zn-G

4
 with LysoTracker Green (acid vacuoles) and 

EGFP-LAMP2 (lysosomes, late endosome or autolysosomes), 
partial colocalization with EGFP-LC3 (autophogosomes) but 
no colocalization with EGFP-FYVE (early endosomes), EGFP-
EHD1 and EGFP-RAB11 (recycling endosomes), EGFP-ER 
(endoplasmic reticulum), EGFP-Golgi (Golgi apparatus) or 
MitoTracker Green FM (mitochondria) in L6 myoblasts. To more 
precisely characterize the localization of Zn-G

4
, normal rat kidney 

by noninvasive fluorescence detection and would therefore be 
suitable for high-throughput, high-content applications.

As mentioned above, the two-photon absorption cross-section 
of Zn-G

4
 is as large as 507 GM, which may make it a suitable 

two-photon probe for the detection of autophagy. To demon-
strate this possibility, we excited Zn-G

4
 under a pulsed 840 nm 

laser to detect Zn2+-induced autophagy in L6 myoblasts. Two-
photon fluorescence microscopy images and the merged images 
confirm that the fluorescence of Zn-G

4
 is present within the cells 

after Zn2+-induced autophagy (Fig. 4B, right panels). However, 
the control cells only display negligible intracellular fluores-
cence (Fig. 4B, left panels). These results are in accordance with 
those obtained by one-photon fluorescence microscopy (Fig. 3). 
Therefore, Zn-G

4
 can be applied to study autophagy by 2PFM, 

allowing NIR or longer wavelength excitation to increase the 

Figure 4. The application experiments of Zn-G4 for different ions screening and two-photon imaging. (A) Left panel: confocal microscopy images of the 
metal ion screening experiments (scale bar: 10 μm); Right panel: the relative intracellular fluorescence intensity of L6 myoblasts treated with 2 μM Zn-
G4 in the presence of 50 μM metal salts (1) no metal ion, (2) CoCl2, (3) MnCl2, (4) MgCl2, (5) CuCl2, (6) CaCl2, (7) NiCl2, (8) HgCl2, (9) TbCl3, (10) GdCl3, (11) ErCl3, 
(12) LaCl3. (mean ± SEM; n = 30–50). (B) Two-photon images of L6 myoblasts treated with 2 μM Zn-G4 with 0 (vehicle group) or 50 μM ZnCl2 (ZnCl2 group) 
in serum-free media for 20 h. (a) Two photon image of Zn-G4; (b) images of (a) merged with DIC (differential interference contrast). Scale bar: 10 μm.
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Results from Zn-G
4
 prestained fixed cells show that the 

fluorescence intensity of Zn-G
4
 is independent of pH, suggest-

ing that the mechanism of Zn-G
4
 fluorescence induction is 

unlike that of pH-dependent autophagy probes such as Keima 
and Rosella. As shown in Figure 1, the fluorescence intensity of 
Zn-G

4
 is quenched in aqueous solution and shows a linear rela-

tionship with the water percentage. Therefore, we propose that 
other hydrophobic components in autolysosomes such as lipids 
and proteins may provide a polar environment and play a role in 
the induction of Zn-G

4
 fluorescence during autophagy. Previous 

reports have shown that autophagic vacuoles are characterized 
by a high content of lipids originating from membrane material, 
regularly filling the internal space of these vacuoles as myelin-
like whirls.32 Upon autophagy induction, the amount of lipids 
detected is increased until it becomes the predominant compo-
nent in autophagic vacuoles.33,34 This observation raises the ques-
tion of why Zn-G

4
 selectively stains autolysosomes but not the 

plasma membrane or other organelles. One possible explanation 
could be the higher concentration of lipids or membrane materi-
als in autolysosomes than in other organelles. In autolysosomes, 
membrane material might be concentrated in a small volume, 
and the intensity of Zn-G

4
 fluorescence is thereby sufficiently 

increased for imaging by confocal microscopy. However, in other 
organelles or autophagosomes, the decreased concentration of 
membrane material cannot increase the fluorescence intensity of 
Zn-G

4
 above the threshold of fluorescent microscopic sensitivity. 

Another possible explanation could be the presence of autolyso-
some-specific hydrophobic lipids or proteins with a high affinity 
for Zn-G

4
. The partial colocalization of Zn-G

4
 and LipidTOX 

Green, which stains lipids droplets (Pearson’s coefficient: 0.64 
± 0.08) (Fig. S5) suggests that lipids may play a role on the 
“switching on” of Zn-G

4
 during autophagy activation. However, 

hydrophobic proteins might also contribute to the fluorescence of 
Zn-G

4
. Whether the specific “switching on” of Zn-G

4
 in autoly-

sosomes upon autophagy depends only on the high content of lip-
ids or on its selective interaction with lipid molecules or proteins 
unique to autolysosomes is under investigation.

Materials and Methods

Reagents, antibodies and plasmids. Commercially available 
chemical reagents, solvents, and silica gels were used without 
further purification. Metal chlorides were dissolved in ddH

2
O 

to make 50 mM stock solutions and were filter-sterilized with 
a 0.22 μm syringe filter. Torin 1 and 3-MA were dissolved in 
DMSO to make 1 mM and 100 mM stock solutions, respectively. 

(NRK) cells stably coexpressing CFP (cyan fluorescent protein)-
LC3 and EGFP-LAMP2 were used (Fig. 5B). After starvation, 
Zn-G

4
 localized within discrete ring-like structures marked by 

EGFP-LAMP2; these structures were also LC3-positive, which 
suggests that they were autolysosomes. However, CFP-LC3 was 
only partially colocalized with Zn-G

4
, indicating that Zn-G

4
 and 

CFP-LC3 do not accumulate in the same location within autoly-
sosomes. Moreover, Zn-G

4
 did not colocalize with structures that 

were marked by CFP-LC3 but not by EGFP-LAMP2, which is 
a characteristic of autophagosomes (Fig. 5B). These results sug-
gest that Zn-G

4
 can specifically label autolysosomes in the later 

stages of the autophagic pathway. However, because LysoTracker 
or LAMP2 are generally used as the late endosome and lysosome 
marker, we cannot exclude the possibility that Zn-G

4
 also labels 

the late endosome/lysosome network upon autophagy induction.
To determine whether the pH gradient of autolysosomes affects 

the fluorescence and labeling of Zn-G
4
, we performed autophagy 

detection in “Zn-G
4
-prestained” cells and fixed cells, which abol-

ish the pH gradient between the cytoplasm and autolysosomes. 
Unlike other pH-sensitive fluorescent probes for autolysosomes, 
Zn-G

4
 can also reveal punctate structures after paraformalde-

hyde fixation in “Zn-G
4
-prestained” cells. However, the fluores-

cence of Zn-G
4
 became diffused when Zn-G

4
 was added after the 

cells were fixed (Fig. S4). These results suggest that Zn-G
4
 can 

be used in Zn-G
4
-prestained fixed cells but cannot be used for 

staining of fixed cells.

Discussion

Autophagy plays a role in the degradation of a wide range of cel-
lular components, including long-lived proteins, protein aggre-
gates, lipids, organelles and even intracellular pathogens. During 
autophagy, autophagosomes engulf portions of the cytoplasm 
for delivery to lysosomes to form autolysosomes. In this study, 
we developed a highly fluorescent probe, Zn-G

4
 that can stably 

accumulate within autolysosomes. Its fluorescence intensity is 
selectively dependent on autophagy with a high signal-to-noise 
ratio. More importantly, the probe can be used to quantify auto-
phagic activity and can potentially be applied in high-throughput 
screening. Most importantly, Zn-G

4
 can be used as a two-photon 

fluorescence probe to monitor autophagy using NIR or longer 
wavelength excitation, which could increase the penetration 
depth for in vivo studies. Therefore, Zn-G

4
 is a useful autophagic 

imaging probe and can be used in a complementary manner to 
examine the entirety of autophagic events with LC3-based probes 
or pH-dependent autophagy probes.

Figure 5 (See opposite page). Subcellular localization of Zn-G4. (A) Subcellular colocalization of Zn-G4 in L6 myoblasts with LysoTracker Green (acid 
vacuoles, Pearson’s coefficient: 0.79 ± 0.07), EGFP-LAMP2 (lysosomes or autolysosomes, Pearson’s coefficient: 0.74 ± 0.04), EGFP-LC3 (autophagosomes, 
Pearson’s coefficient: 0.53 ± 0.10), TFR-EGFP (early/recycling endosomes, Pearson’s coefficient: 0.38 ± 0.15), EGFP-EHD1 (recycling endosomes, Pearson’s 
coefficient: 0.43 ± 0.10), EGFP-RAB11 (recycling endosomes, Pearson’s coefficient: 0.27 ± 0.05), EGFP-FYVE (early endosomes, Pearson’s coefficient: 0.33 
± 0.01), MitoTracker Green FM (mitochondria, Pearson’s coefficient: 0.40 ± 0.06), EGFP-ER (endoplasmic reticulum, Pearson’s coefficient: 0.41 ± 0.10), and 
EGFP-Golgi (Golgi apparatus, Pearson’s coefficient: 0.22 ± 0.04). n = 10, scale bar: 10 μm. (B) Subcellular colocalization of Zn-G4 in NRK cells. NRK cells 
were transfected with CFP-LC3 and EGFP-LAMP2, then incubated with Zn-G4 in complete medium for 20 h before starvation in serum-free medium for 
2 h. (a) Images of CFP-LC3; (b) images of EGFP-LAMP2; (c) Images of Zn-G4; (d) merged images of CFP-LC3 and EGFP-LAMP2 (Pearson’s coefficient: 0.55 
± 0.06); (e) merged images of EGFP-LAMP2 and Zn-G4 (Pearson’s coefficient: 0.68 ± 0.06); (f) merged images of CFP-LC3 and Zn-G4 (Pearson’s coefficient: 
0.50 ± 0.06); (g) merged images of CFP-LC3, EGFP-LAMP2 and Zn-G4. (Inset) A close-up of autophagosomes (orange arrow) marked by CFP-LC3, and 
autolysosomes (pink arrow) marked by CFP-LC3 and EGFP-LAMP2. Zn-G4 accumulated in autolysosomes (n = 10, scale bar: 1 μm).
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Figure 5. For figure legend, see page 900
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subscript ‘ref ’ stands for reference samples and ‘sample’ stands 
for the samples.

Cell culture and transfection. Normal embryonic kidney 
(HEK293) cells, human cervical carcinoma (HeLa) cells, normal 
rat kidney (NRK) cells, and autophagy-related 5 (ATG5)- and 
ATG7-deficient (from recessive homozygous atg5−/− and atg7−/− 
phenotypes) and wild-type (WT) mouse embryonic fibroblast 
(MEF) cell lines were cultured in Dulbecco’s modified Eagle 
medium (DMEM, Gibco, 31600-034) supplemented with 10% 
fetal bovine serum (FBS), 100 μg/mL penicillin and 100 U/mL 
streptomycin. Rat L6 myoblasts were cultured in α-modified 
minimum essential medium (αMEM, Gibco, 11900-024) sup-
plemented with 10% fetal bovine serum (FBS), 100 μg/mL peni-
cillin and 100 U/mL streptomycin. All cells were grown at 37°C 
in a humidified atmosphere containing 5% CO

2
. Cells were tran-

siently transfected with plasmids using LipofectamineTM 2000 
(Invitrogen, 11668-019) in accordance with the manufacturer’s 
protocol. After transfection, cells were grown in complete media 
for 24 h.

Autophagy activation and inhibition experiments. Cells were 
plated on sterile glass coverslips in cell culture dishes, six-well 
plates or PeCon open chambers containing complete media and 
allowed to grow to approximately 70% confluence. For starva-
tion induction experiments, three starvation protocols were used. 
Protocol 1 was amino acid starvation: cells were washed with 
PBS 3 times, the media was aspirated, and Earle’s Balanced Salt 
Solution (Gibco, 14155) was added followed by 1 h incubation. 
Protocol 2 was serum starvation: cells were washed in serum-free 
medium for 2 h, the media was aspirated, and fresh serum-free 
medium was added followed by 20 h incubation. Protocol 3 was 
glucose deprivation: cells were washed with PBS 3 times, the 
media was aspirated, and glucose-free DMEM (Gibco, 11966025) 
was added followed by 20 h incubation. For experiments using 
the autophagy inducer Torin 1, cells were incubated with 250 nM 
Torin 1 in complete medium for 4 h before imaging. For ZnCl

2
 

quantitative or high-throughput screening experiments in L6 
myoblasts, cells were washed in serum-free medium for 2 h and 
then the media was aspirated, and 0 to 50 μM ZnCl

2
 or 50 μM 

metal chlorides in fresh serum-free medium was added followed 
by 20 h incubation. For 3-MA inhibition experiments, cells were 
washed in serum-free medium for 2 h, the media aspirated and 
50 μM ZnCl

2
 and 2.5 mM 3-MA in fresh serum-free medium 

was added followed by 20 h incubation. For Zn-G
4
 imaging, the 

probes were simultaneously incubated within the cells.
Confocal microscopy. Confocal fluorescent microscopy 

of living cells was performed using an FV500 scanning laser 
inverted microscope (Olympus, Tokyo, Japan) at 37°C. Before 
imaging, cells were washed with PBS (8 g/L NaCl, 0.2 g/L KCl, 
1.44 g/L Na

2
HPO

4
, 0.24 g/L KH

2
PO

4
, pH 7.4) 3 to 5 times. The  

coverslips were overlaid with PBS and examined. The settings  
for confocal microscopy were as follows: 60× oil immersion 
objective with 512 × 512 resolution, 543 nm laser excitation and 
a > 560 nm detector slit to detect Zn-G

4
, 488 nm laser excitation 

and 520 to 560 nm detector slit to detect EGFP or Green Tracker. 
Differential interference contrast (DIC), fluorescent images, the 
number of EGFP-LC3-positive puncta and the protein level were 

Chloroquine and bafilomycin A
1
 were dissolved in ddH

2
O to make 

50 mM and 100 μM stock solutions, respectively. All chemicals 
were from Sigma unless indicated otherwise. Zn-G

4
 was dissolved 

in DMSO to make a 2 mM stock solution. LysoTracker Green and 
MitoTracker Green FM were from Invitrogen (L7526 and M7514). 
The cDNA coding for EGFP was cloned into pDsRed-ER and 
pDsRed-Golgi (Clontech, 632409 and 632480) to replace DsRed 
and generate pEGFP-ER and pEGFP-Golgi. The plasmid pEGFP-
RAB11 and pTFR-EGFP tagged with EGFP at the N and C ter-
mini, respectively, were constructed as described before.35,36 The 
cDNAs coding for EHD1 and the FYVE domain of EEA1 were 
purchased from Addgene (36459 and 3609) and constructed with 
EGFP at their N terminus to generate pEGFP-EHD1 and pEGFP-
FYVE(EEA1). The plasmid pEGFP-LC3 was a gift from Dr. 
Junying Yuan at National Center for Drug Screening (Shanghai, 
China). The plasmids pCFP-LC3 and pEGFP-LAMP2 were gifts 
from Dr. Li Yu at School of Life Science, Tsinghua University 
(Beijing, China). Anti-LC3 antibody was from Cell Signaling 
or Novus Biologicals (2775 and NB100-2220) and horseradish 
peroxidase-conjugated secondary anti-rabbit antibodies was from 
Jackson ImmunoResearch (LK2001).

Spectroscopic measurements. Solutions were prepared 
to absorb less than 0.1 AU to prevent reabsorption and self-
quenching. The absorption and excitation/emission spectra 
were recorded using an Agilent 8453 UV/V spectrophotometer 
(Santa Clara, G1103A) and an Edinburgh Instruments FLS920 
(Livingston), respectively. Extinction coefficients were obtained 
from the absorbance band vs. the concentration and path length 
of the quartz cuvette. Corrected emission spectra for quantum 
yield determination were recorded with nm bandwidth. The val-
ues of the fluorescence quantum yield, Φ (sample), were calcu-
lated according to Equation 1:37

Φ
(sample)

 = Φ
(ref )

 OD
(ref)

I
(sample)

n2
(sample)

/OD
(sample)

I
(ref )

n2
(ref )

		

where Φ is the quantum yield, I is the integrated emission signal, 
OD is the optical density at the excitation wavelength, and n is 
the refractive index of pure solvent; subscript ‘ref ’ stands for the 
reference sample, which was Rhodamine B in ethanol (Φ

(ref )
 = 

0.65),38 ‘sample’ stands for the samples.
The two-photon absorption spectra of the probes were deter-

mined over a broad spectral region by the typical two-photon-
induced fluorescence (2PF) method relative to Rhodamine B in 
ethanol as the standard.39 The two-photon fluorescence data were 
acquired using a Tsunami femtosecond Ti: Sapphire laser (pulse 
width ≤ 100 fs, 80 M Hz repetition rate, tuning range 800 to  
870 nm, Spectra Physics Inc.). The quadratic dependence of 
the two-photon induced fluorescence intensity on the excitation 
power was verified for the excitation wavelength at 840 nm. The 
two-photon absorption cross-section of the probes was calculated 
at each wavelength according to Equation 2:39

δ
(sample)

 = δ
(ref )

 Φ
(ref )

 C
(ref)

I
(sample)

n
(sample)

 /Φ
(sample)

C
(sample)

I
(ref )

n
(ref )

	

where I is the integrated fluorescence intensity, C is the concen-
tration, n is the refractive index, and Φ is the quantum yield, 
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were horseradish peroxidase (HRP)-conjugated (1:5000), and 
the signal was detected by autoradiography using an enhanced 
chemiluminescence western blotting kit (Perkin Elmer, NEL 
104001EA).

Statistical analyses. Fluorescence intensity of Zn-G
4,
 LC3 

puncta numbers, protein levels and Pearson’s coefficient of 
colocalization were analyzed by ImageJ and expressed as the 
fold-change from three independent experiments performed in 
triplicate, and the error bars denote standard error of the mean 
but standard deviation for Pearson’s coefficient. p vales were 
determined by Student’s t-test using Microsoft Excel or t-test 
using SigmaPlot software.
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processed and analyzed using Olympus FluoView 2.0a Viewer 
software or ImageJ (NIH). The intracellular fluorescence inten-
sity of Zn-G

4
 was analyzed using ImageJ. First, the cell area was 

selected by using freeform selection tools, and then the intracel-
lular fluorescence intensity of Zn-G

4
 was calculated by measur-

ing the mean gray value of the selected area. All fluorescence 
intensity was normalized to that in controls.

Two-photon microscopy imaging. Two-photon fluores-
cence microscopy (2PFM) images were collected on a modified 
Olympus Fluoview FV1000MPE microscope system equipped 
with a 60 × water immersion objective. The excitation light 
was provided by a mode-locked Ti: sapphire laser (Mai Tai,  
Spectra-Physics Inc.) tuned to 840 nm. The settings for confocal 
microscopy were as follows: 840 nm excitation wavelength and  
> 560 nm detector slit.

Immunoblotting. Immunoblotting was performed as 
described.40 Briefly, for chloroquine and ZnCl

2
 experiment, 

L6 myoblasts in six-well plates were treated with starvation 
as described above or 50 μM chloroquine with or without  
50 μM ZnCl

2
 or 50 μM ZnCl

2
 alone in complete medium. 

For the experiments using bafilomycin A
1
 with different con-

centration ZnCl
2
 experiments, L6 myoblasts in six-well plates 

were washed in serum-free medium for 2 h and the media was 
aspirated, 0 to 50 μM ZnCl

2
 with or without 100 nM bafilo-

mycin A
1
 in fresh serum-free medium was added followed by 

20 h incubation. Proteins from cell lysates were separated by 
SDS-PAGE, followed by western blotting with anti-LC3 anti-
body made in rabbit (1:1000) or anti-β-actin antibody made 
in mouse (1:2000). Secondary rabbit or mouse antibodies 
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