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Abstract: Zinc (Zn2+) is required for numerous cellular functions. As such, the homeostasis and distribution of in-
tracellular zinc can influence cellular metabolism and signaling. However, the exact distribution of free zinc within 
live cells remains elusive. Previously we showed the release of zinc from thapsigargin/IP3-sensitive endoplasmic 
reticulum (ER) storage in cortical neurons. In the present study, we investigated if other cellular organelles also con-
tain free chelatable zinc and function as organelle storage for zinc. To identify free zinc within the organelles, live 
cells were co-stained with Zinpyr-1, a zinc fluorescent dye, and organelle-specific fluorescent dyes (MitoFluor Red 
589: mitochondria; ER Tracker Red: endoplasmic reticulum; BODIPY TR ceramide: Golgi apparatus; Syto Red 64: 
nucleus). We examined organelles that represent potential storing sites for intracellular zinc. We showed that zinc 
fluorescence staining was co-localized with MitoFluor Red 589, ER Tracker Red, and BODIPY TR ceramide respec-
tively, suggesting the presence of free zinc in mitochondria, endoplasmic reticulum, and the Golgi apparatus. On the 
other hand, cytosol and nucleus had nearly no detectable zinc fluorescence. It is known that nucleus contains high 
amount of zinc binding proteins that have high zinc binding affinity. The absence of zinc fluorescence suggests that 
there is little free zinc in these two regions. It also indicates that the zinc fluorescence detected in mitochondria, ER 
and Golgi apparatus represents free chelatable zinc. Taken together, our results support that these organelles are 
potential zinc storing organelles during cellular zinc homeostasis.

Keywords: Zinc, mitochondria, endoplasmic reticulum, Golgi apparatus, organelles

Introduction

Zinc is an essential element in human body 
regulating many physiological processes. It is 
involved in DNA and protein synthesis, hor-
mone packaging, mitosis, apoptosis, and many 
other functions [1]. Zinc is found within the cells 
in both a protein-bound state and as a free or 
chelatable divalent ion. In the protein-bound 
form, zinc, as a structural and functional com-
ponent, is essential for the activity of various 
cytosolic and nuclear enzymes [2]. The free 
zinc is of special interest, because it can easily 
exchange between different compartments of 
the cell and bind to numerous proteins, thereby 
altering their biological activity [3]. The concen-
tration of intracellular free zinc is strictly regu-
lated, which is known as zinc homeostasis [4]. 
However, the mechanisms responsible for regu-
lating zinc homeostasis are not well estab-

lished. On the other hand, abnormal zinc 
homeostasis has been implicated in nume- 
rous clinical manifestations, including degener-
ative diseases, diabetes, Crohn’s diseases, 
Alzheimer’s and Parkinson’s diseases, wound 
healing, and impaired growth and develop- 
ment [5-8]. Therefore, understanding how zinc 
homeostasis is maintained is both biological 
and clinical important.

The available literature suggests that the main-
tenance of the zinc homeostasis is achieved 
generally through two main mechanisms: Zinc 
transporting proteins and zinc-buffer system. 
The former contains two large metal-transport-
er families, zinc transporters (ZnTs) and Zrt-Irt-
like proteins (ZIPs) that actively transport zinc 
among cytosol, discrete intracellular compart-
ments, and extracellular medium [9]. The sec-
ond important part of zinc homeostasis is so 
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called cellular zinc storing or buffering system 
that regulate zinc availability and accumulation 
in response to metabolic demand. Perhaps the 
best characterized storage of zinc is the mem-
brane-bound vesicles that are found in a large 
variety of cell types such as pancreatic β cells, 
subtype cortical neurons, prostate secretary 
cells, blood platelets, etc. [10-12]. They secrete 
zinc as an ionic intercellular signal. However, 
the identity of other membrane-bound organ-
elles as zinc-storing sites is still elusive. 

It has been surmised for some time that cellu-
lar membrane-bound organelles may be critical 
in modulating bioavailability of cellular zinc. 
Emerging evidence has shown that zinc trans-
porters, both ZnTs and ZIPs, are also found on 
plasma membrane of cellular organelles pro-
viding molecular evidence that zinc are trans-
ported among discrete subcellular compart-
ments [13-16]. However, there has been no 
direct observation of the presence of free che-
latable zinc in the organelles that were in ques-
tion. In this study, we measured the intracellu-
lar zinc with a fluorescent zinc indicator that 
detects chelatable free zinc, as fluorescent 
probes typically consist of a zinc-chelating unit 
and a fluorescent reporter. To characterize zinc 
staining in discrete organelles, we also stained 
the same cells with organelle-specific fluores-
cence indicators for mitochondria, endoplas-
mic reticulum (ER), Golgi apparatus and nucle-
us respectively. The presence of free zinc within 
an organelle was evidenced by the colocaliza-
tion of zinc sensitive- and organelle sensitive-
fluorescence. Our results showed that zinc fluo-
rescence was distributed in mitochondria, ER 
and Golgi apparatus (but not detectible in the 
nucleus), suggesting that these organelles are 
potential sites of zinc buffers and storage of 
zinc homeostasis.

Methods

Cell culture

HeLa cell line and pancreatic β-cell line HIT-T15 
were purchased from ATCC (Manassas, VA, 
USA). HeLa cells were cultured in EMEM (Gibco) 
supplemented with 4% FBS at 37°C in a 5% 
CO2, 95% air. HIT-T15 cells were maintained in 
RPMI 1640 (Gibco, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum and 
5% dialyzed horse serum at 37°C in a 5% CO2, 
95% air. Seven-day-old rat primary cortical neu-

ron cells were gift from Dr. Robert Colvin (Ohio 
University) [17]. Cells were cultured on a petri 
dish with a glass bottom of 35 mm diameter 
(MatTek Corporation, Ashland, MA, USA).

Zinc labeling

To detect intracellular labile zinc, we used 
Zinpyr-1 (Sigma-Aldrich, St. Louis, MO, USA), a 
selective fluorescent sensor for zinc that is 
membrane permeable [18]. Fluorescent probes 
for zinc typically consist of a zinc-chelating unit 
and a fluorescent reporter. Zinpyr-1 has the di-
2-picolylamine (DPA) ligand as the zinc-chelat-
ing unit. DPA ligand has no measurable affinity 
for Ca2+ or Mg2+. Zinpyr-1 easily permeates 
through the membrane making it an ideal can-
didate to study Zn2+ in live cells. Zinpyr-1 has 
zinc sensitivity in nM range (significantly lower 
than binding affinity of most proteins to zinc) 
and its fluorescence increases three fold upon 
zinc binding [18]. Cells were incubated with 2.5-
10 μm Zinpyr-1 for 10-30 min at 37°C in 5% 
CO2. After incubation, cells were washed three 
times with Hank’s Balanced Salt Solution 
(HBSS, Life Technologies, Grand Island, NY, 
USA), and then visualized by fluorescence 
microscopy.

Mitochondria-zinc co-labeling 

Labeling of mitochondria was performed by 
incubating cells with MitoFluor Red 589 
(Molecular Probes, Eugene, OR, USA). HeLa 
cells and 7-day-old primary cortical neurons 
were incubated with 1 ml of dye solution (250 
nM of MitoFluor Red 589 and 10 μM of Zinpyr-1 
dissolved in HBSS) at 37°C, 5% CO2 for 20 min. 
After incubation, the cells were washed three 
times with HBSS. 

ER-zinc co-labeling

We used ER Tracker Red (Molecular Probes, 
Eugene, OR, USA) to label the ER in HeLa cells. 
HeLa cells were incubated with 1 ml of dye 
solution (1 μM of ER Tracker Red and 10 μM of 
Zinpyr-1 dissolved in HBSS) at 37°C, 5% CO2 for 
20 min. After incubation, the cells were washed 
three times with HBSS.

Golgi-zinc co-labeling

BODIPY TR Ceramide (Molecular Probes, 
Eugene, OR, USA) was used to visualize the 
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Golgi apparatus. 2-day-old HeLa cells and one-
day-old HIT-T15 cells were incubated with 1.5 
μM BODIPY TR Ceramide at 4°C for 30 min. 
Cells were then washed with ice-old HBSS and 
incubated with 2.5 μM Zinpyr-1 for further 20 
min at 37°C. Cells were washed three times 
before imaging.

Nucleus-zinc co-labeling

Labeling of the nucleus was performed with 
SYTO Red 64 (Molecular Probes, Eugene, OR, 
USA). HeLa cells were first incubated with 10 
μM Zinpyr-1 for 10 min and then with 2.5 μM 
SYTO Red 64 for 10 min at 37°C, 5% CO2. The 
cells were washed and imaged in HBSS.

Fluorescence Imaging

Fluorescent signals were detected using a cus-
tomized fluorescence microscope and Zeiss 
LSM 510 confocal microscope. All the images 
were captured using ImagePro Plus software 
(Media Cybernetics, Silver Spring, MD, USA) at 
exposures of about 1 s (For excitation: blue fil-
ter: 470/70 nm, green filter: 517/30 nm; for 
emission: green filter-517/30 nm, red fil-
ter-620/40 nm; Filters were purchased from 
Chroma). ImagePro plugins were used to 
enhance contrast, adjust the brightness and 
improve the resolution of the images. Regions 

of interest were marked and cropped using 
ImageJ software. Fluorescence intensities were 
calculated for unprocessed images using 
ImageJ. Co-localization was measured with 
ImagePro as Pearson’s correlation value. 3D 
images were collected using Zeiss LSM 510 
confocal microscope (Oberkochen, Germany) 
with 100X magnification, and analyzed with 
Zeiss imaging software. 

Results

We used HeLa cell line to determine and char-
acterize the intracellular distribution of free 
chelatable zinc. This widely used cell line is 
ideal for fluorescent microscopic observation. It 
is well attached to the glass-bottom cell plates, 
big in size, and grows into a single layer with flat 
cell morphology. Moreover, HeLa cells have 
been used to study zinc response [19-21]. As 
shown in Figure 1, after staining with Zinpyr-1, 
a selective fluorescence zinc indicator, HeLa 
cell showed an uneven distribution of zinc-
dependent fluorescence throughout the entire 
cell, with high amounts of free zinc detected in 
what looked like cellular compartments that 
encircle the nuclear. The staining also proceed-
ed to cellular processes. On the other hand, 
cytosol and nucleus had nearly no detectable 
zinc fluorescence. Next, to further study zinc 
distribution, we stained the cells with organelle 

Figure 1. Cellular zinc distribution in HeLa cells shows compartmentalized pattern. Images of HeLa cells labeled with 
the intracellular fluorescent zinc indicators. Living HeLa cells were incubated with 10 mM of fluorescent zinc indica-
tor Zinpyr-1. 2D images were captured using a customized fluorescence microscope equipped with a 100X/1.1NA 
objective lens. 3D images were captured using a LSM510 confocal microscope equipped with a 100X/1.3NA objec-
tive lens. Scale bars indicate 10 µm.
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specific fluorescence indicators to determine 
whether free zinc was present in the membrane 
bound organelles, which were evidenced by the 
colocalization of fluorescence zinc signals and 
organelle specific fluorescence signals. 

Zinc in mitochondria

First, we assessed whether mitochondria was 
one of the storage sites for intracellular free 
zinc. HeLa cells were co-stained with Zinpyr-1 
and MitoFluor Red 589 for 20 min. Mitochondria 
in HeLa cells resemble squiggly lines occupying 
the major portion of cytosol. The red fluores-
cence from MitoFluor Red 589 highly co-local-

ized with the green fluorescence from Zinpyr-1. 
This suggests that mitochondria are involved in 
the storage of intracellular free zinc (Figure 2A). 
HeLa cells contain more than thousands of 
mitochondria which, in live imaging, tend to 
appear as mitochondrial clustering. Therefore, 
while HeLa cells can provide an overall picture 
for the co-localization of mitochondria and zinc, 
they cannot be used to visualize individual 
mitochondria. 

To visualize individual mitochondria, neuronal 
cultures were used because neuronal axons 
are typically 1-3 mM in diameter and are likely 
to house individual mitochondrion. Therefore, 

Figure 2. Zinc is localized to mitochondria in HeLa cells and cortical neurons. Images of HeLa cells or cortical neu-
rons co-labeled with Zinpyr-1and a live cell marker for the mitochondria. A. Zinpyr-1 co-localizes with the mitochon-
dria marker MitoFluor Red 589 in HeLa cells. B. Zinpyr-1 co-localizes with MitoFluor Red 589 in rat primary cultured 
cortical neurons. HeLa cells or rat primary cortical neurons were dual-stained with 15 mM Zinpyr-1 and 250 nM 
MitoFluor Red 589. Scale bars indicate 10 µm. 
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we visualized axonal mitochondria to assess its 
co-localization with zinc. Rat primary cortical 
neurons were cultured in vitro for seven days 
before being subjected to fluorescence stain-
ing. Fluorescence signal from Zinpyr-1 and 
MitoFluor Red 589 were detected from soma, 
axons and dendrites. Considering how small 
the neuronal processes were, stained neurons 
had to be exposed for longer time in order to 
capture the fluorescence signal from axons, 
this lead to over-saturation of fluorescence sig-
nal in soma (Figure 2B left top). A single axon 
was imaged under higher magnification. The 
axon contained a linear array of mitochondria 
(Figure 2B). These mitochondria differed in 
size, some resembled squiggly lines, while oth-
ers were dot-like, reflects the morphological 
heterogeneity of mitochondria. As expected, 
mitochondria were highly co-localized with 
intracellular free zinc in the axon. Both the 
HeLa cells and neuronal axon mitochondria 
showed co-localization with free zinc, suggest-
ing that mitochondria were zinc storing organ-
elles containing free chelatable zinc. 

Zinc in ER

To determine whether ER was one of the stor-
age sites for zinc in HeLa cells, fresh cells were 
dual-labeled with Zinpyr-1 and ER tracker Red, 

an ER specific fluorescent probe. Images cap-
tured by fluorescence microscopy showed sig-
nificant colocalization of zinc indicator and the 
ER Tracker Red, indicating that free zinc were 
located within the lumen of the ER (Figure 3). 
These results were consistent with our previ-
ous study [22] in which we showed that zinc 
was released from thapsigargin-sensitive and 
IP3R-mediated stores of the ER.

Zinc in Golgi apparatus

The Golgi apparatus is usually located near the 
nucleus. Here, we probed the Golgi apparatus 
using BODIPY TR ceramide. In HeLa cells, dual-
staining with Zinpyr-1 and BODIPY TR ceramide 
showed that the signals from the Golgi dye co-
localized with the perinuclear fluorescence of 
zinc dye, indicating that free zinc is localized to 
the Golgi apparatus (Figure 4A). As the main 
function of the Golgi apparatus is to process 
and package macromolecules such as proteins 
and lipids after their synthesis, it is especially 
prominent in cells involved in secretion, such 
as pancreatic cells. We used the pancreatic ß 
cell line, HIT-T15 to evaluate further the pres-
ence of zinc in the Golgi apparatus as a case of 
positive control. The Golgi apparatus in pancre-
atic β-cells is one of the zinc sources, because 
the insulin packaging and secretion requires a 

Figure 3. Zinc is localized to ER in HeLa cells. Images of HeLa cells co-labeled with Zinpyr-1 and ER Tracker Red, a 
marker for the ER. HeLa cells were double-stained with 10 mM Zinpyr-1 and 1 mM ER Tracker Red at 37°C for 20 
min. Images were captured using a 40X objective (top panel) or 100X objective (bottom panel). Scale bars indicate 
10 µm.
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high amount of free zinc [23, 24]. Here the HIT-
T15 cells were double stained with BODIPY TR 
ceramide and Zinpyr-1. Bright Zinpyr-1 fluores-
cence emanating from the perinuclear zones, 
indicating the presence of high concentration 
of free zinc in the regions. BODIPY TR ceramide 
stained the same perinuclear zones, which 
proved that the co-localization of zinc with the 
Golgi apparatus (Figure 4B).

Zinc was not detectable in the nucleus

Syto Red 64 was used to identify nucleus in 
HeLa cells because it reliably labeled nucleus 
in live cells. As shown in Figure 5, Syto Red 64 
labeled HeLa cell nuclei with red fluorescence. 
The same cells were also stained with Zinpyr-1 
but zinc fluorescence was not observed in the 
nucleus of HeLa cells. Nucleus is known for its 

Figure 4. Zinc is localized to the Golgi apparatus in HeLa cells and HIT T15 cells. Images of HeLa cells or HIT T15 
cells co-labeled with Zinpyr-1 and a live cell marker for the Golgi apparatus. A. Zinpyr-1 co-localizes with BODIPY TR 
ceramide, the marker for the Golgi apparatus, in HeLa cells. B. Zinpyr-1 co-localizes with BODIPY TR ceramide in 
pancreatic ß cells HIT T15. HeLa cells or HIT T15 cells were stained with 5 mM TR ceramide for 30 min at 4°C, then 
stained with 2.5 mM Zinpyr-1 for 30 min at 37°C. Scale bars indicate 10 µm.

Figure 5. Absence of zinc staining in the nucleus. Images of HeLa co-labeled with Zinpyr-1 and Syto Red 64, a live 
cell marker for the nucleus. HeLa cells were stained with 10 mM Zinpyr-1 for 10 min at 37°C, and then stained with 
2.5 mM SYTO Red 64 for 10 min at 37°C. Scale bars indicate 10 µm. 
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packaging of many zinc binding proteins or zinc 
binding motif for hundreds transcription factors 
[25]. However, it didn’t surprise that zinc was 
not detectable within the nucleus using a fluo-
rescence indicator. This was probably because 
most of the nuclear zinc was bound to nuclear 
proteins in a healthy cell and the concentration 
of free chelatable zinc was negligible. 

Discussion

In this study, we demonstrate that zinc is pres-
ent within mitochondria, ER and Golgi appara-
tuses (Figures 2-4), providing the direct evi-
dence that these organelles serve as candi-
dates of intracellular zinc storages. We also 
show that zinc is not detectable in the nucleus 
(Figure 5). It is due to that most of the zinc is 
more tightly bound to nuclear proteins, and is 
unavailable for chelation by fluorescent zinc 
indicator. Therefore, the absence of zinc fluo-
rescence in nucleus supports that zinc fluores-
cence detected in other organelles represents 
the free chelatable zinc. Taken together, our 
results indicate that cytosolic membrane-
bound organelles such as mitochondria, ER, 
and Golgi apparatus contain free chelatable 
zinc. 

While the mechanisms responsible for regulat-
ing zinc homeostasis are not well established, 
available data support that intracellular zinc 

levels are determined by the interaction of 
membrane zinc transporters and cytoplasmic 
zinc buffers [9, 10]. It has been speculated that 
zinc is stored within intracellular organelles, 
however, there are few comprehensive imaging 
data available. Our previous study has grazed 
that idea when the co-localization of signals 
from ER Tracker Red and Zinpyr-1 was demon-
strated while probing into IP3-sensitive zinc 
stores within cortical neurons. Since then, it 
has remained as the only dye-based imaging 
evidence for the presence of zinc within ER 
(Stork et al. 2010). The method used in that 
study served as a proof-of-principle for us to 
pair Zinpyr-1 with other organelle-specific dyes 
to probe potential intracellular Zinc stores, 
including ER. Results from present study sup-
port our previous observation. Zinc transport-
ers (ZnT) ZnT5/ZnT6 hetero-oligomeric com-
plexes are involved in ER homeostasis by trans-
porting zinc in biological processes [15, 16], 
and may function as bidirectional transporters 
[10, 13, 14]. These studies suggest that zinc is 

required for correct ER functions. Within the 
ER, zinc is buffered by the abundant luminal 
resident chaperone protein calreticulin that has 
multiple zinc binding sites [26].

Several studies suggest that zinc may be 
sequestered in mitochondria through the  
activation of a cation-permeable channel,  
the mitochondrial calcium uniporter or other 
unidentified-independent pathway [27-29]. 
Mitochondrial zinc uptake functions for an 
organelle storage of zinc that may provide 
clearance of cytosolic zinc accumulation. The 
latter is especially important in neurons under-
going cytotoxicity [3, 30, 31]. Golgi apparatus 
has long been speculated to pack zinc into 
secretory granules such as in pancreatic β-cell 
where zinc is co-released with insulin [24]. 
However, there is no direct fluorescence ima- 
ge of zinc, as shown in this study, that shows 
free chelatable zinc are presented in the Golgi 
apparatus. No previous evidence shows the 
colocalization of zinc and Golgi apparatus in 
none-secretary cells. Recent studies demon-
strated that zinc transporters (ZnTs and ZIPs) 
expressed on the membrane of Golgi appara-
tus may be involved in Golgi homeostasis  
of zinc. For example, ZIP7 is a functional Zn 
transporter that may participate in the trans-
port of the cytoplasmic zinc into the Golgi appa-
ratus (Chi et al. 2006). 

In our current study, zinc is considerably lower 
in cytosol than in the organelles, possibly, with 
the exception of nucleus where there is little 
free Zinc. Previously, our work has shown the 
appearance of labile zinc within the nucleus 
under cytotoxic conditions that promote cell 
death confirming the viability of the cells in our 
study (Stork et al. 2011). The other potential 
intracellular store for Zinc could be the lyso-
some. The lysosome’s acidity could help retain 
zinc in its free ionic form within its lumen [32]. 
In conclusion, we have used a comprehensive 
approach where we took all the major organ-
elles into consideration to collect the required 
data on subcellular compartments of zinc. It is 
also necessary to quantitatively estimate zinc 
within various organelles and to track the 
change in zinc distribution during a disruption 
of cellular physiology. 
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