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Abstract: Zinc (Zn?*) is stored in the nucleus, endoplasmic reticulum (ER), Golgi apparatus, mitochondria, lyso-
somes, and zinc-binding proteins. The acidity of the microenvironment affects the binding between zinc and proteins
in which zinc become free or loosely bound. In this study, when cells were treated with an acidic medium, we started
seeing free zinc ‘hot spots’ or zincosomes where we found bright zinc fluorescence. The rising free zinc quickly
across whole cells with both intensity and distribution were pH-dependent. Interestingly, the nucleus was more
sensitive to acidic treatment as the increase of nuclear zinc was faster and higher than the increase of cytosolic
zinc. In addition, we re-cultured strong acid-challenged cells in a normal medium. Comparing to the control, these
cells exhibited multiple zinc ‘hot spots’ beside the nucleus, suggesting that free zinc became more extensively
distributed. To investigate further the function of zinc in cell shaping and morphological changes, we categorized
strong acid-challenged cells into different shapes and found that the proportion of each cell shape had changed
after the acid challenge. These acid-induced changes of the cell shape percentage were partially reversed by the
reduction of zinc, suggesting that zinc participated in directing the cell shapes and morphologies during cell growth.
Our findings reveal that acidic pH affects the dynamics of cellular zinc by making zinc more accessible to cellular
compartments and zinc-binding proteins, which provided new insights into understanding the cellular behavior and

the function of zinc in it.
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Introduction

A correct pH of each cellular compartment is
important for the optimal function of enzymes.
Cellular acidification affects enzyme activities
intracellularly [1-4]. Protein degradation occurs
biologically during cellular acidification accom-
panied by loss-of-function of the enzymes.
On the other hand, a decreased pH activates
enzymes, such as acid hydrolases, that pre-
fer low pH as the working environment [5, 6].
Cellular acidification occurs during many pa-
thophysiological events, such as inflammation,
Alzheimer’s disease, ischemia, and cancer [3,
7-10]. To investigate the effect of cellular acidi-
fication on cell behavior, we employed acidic
treatments to induce changes in cells, espe-
cially the change of intracellular zinc distribu-
tion.

Zinc (Zn?') is a trace element needed by the
human body for good bone health and immu-
ne system [11-14]. It is incorporated into the

structures of DNA and proteins for their basic
functions [15, 16]. The intracellular distribu-
tion of zinc has been reported to be at the
nucleus, ER, Golgi apparatus, mitochondria,
and lysosomes [17, 18]. The levels of zinc in
these zinc-storing compartments are string-
ently regulated by zinc transporters located on
the cell membrane and organelle membrane
[11, 19-21]. Zinc-protein binding is tight un-
der basic environment and becomes loosely
bound under acidic environment [22]. In re-
sponse to cellular acidification, stored zinc is
released from zinc-storing compartments and
zinc-binding proteins to experience new depo-
sitions [23, 24]. Here, we report the difference
in zinc distribution before and after the strong
acid challenge.

In this study, we first used different acidic pH
to stimulate zinc increase from zinc-storing
compartments and zinc-binding proteins. As a
result, zinc increase was observed in the ER,
nucleus, and the entire cytosol. The more aci-
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dic the pH treatment was, the quicker zinc
increase occurred, and the higher zinc level
was observed, suggesting that the release of
intracellular zinc was pH-dependent. We next
used strong acidic pH to stimulate the re-distri-
bution of intracellular zinc, and showed the
strong acid challenge has changed the distribu-
tion of zinc from the tip of cells to the side of
cells. In the end, we analyzed the percentage of
different cell morphologies after a strong acid
challenge. As a result, the pH 3.0-challenged
cells presented a percentage of fewer triangle
cells,whichwascompensated bythe administra-
tion of zinc chelator TPEN. We speculate that
strong acid challenge changed the distribution
and the availability of zinc, and contributed to
the shaping and behavior of cells.

Methods
Cell culture

T-25 flasks were used to maintain regular cell
culture of Hela cells. HeLa cells were main-
tained in healthy EMEM medium purchased
from ATCC (Manassas, VA) and were used
between passages ranging from 6 to 14. The
incubation chamber used for HelLa cell culture
was set with 95% humidity and 5% carbon
dioxide at a temperature of 37°C. HelLa cells
are easy to maintain in an incubator with a
doubling time of approximately 23 hours, and
they are epithelial cells, big (20-40 um),
attached to the culture plates for physiological
observations [18].

Treatments

All treatments were done using HEPES buffer
prepared as previously described [25, 26]. Hy-
drogen chloride was used to adjust the pH of
HEPES buffers to different acidity. The osmo-
larity of each HEPES buffer was checked using
a vapor pressure osmometer and maintained
between the range of 270 and 290 mmol/kg.
After pH treatments, HelLa cells were washed
with 1X Dulbecco’s Phosphate-Buffered Saline
(DPBS) and then re-cultured in healthy me-
dium for one day. After 24 hours of the re-cul-
ture, cells were taken out for zinc fluorescence
observations and morphology observations.

Zinc fluorescence staining

For the zinc transient experiments, HelLa cells
were loaded with 0.5 yM FluoZin-3, AM dye
for 45 min followed by 30 min of de-esterifica-

tion in a dye-free HEPES buffer at room tem-
perature. For the zinc distribution observa-
tions, HelLa cells were loaded with 1 uyM
FluoZin-3, AM dye for 60 min followed by 30
min of de-esterification in dye-free HEPES buf-
fer at 37°C. For the zinc transient experi-
ments, pH treatments were given at 2 minutes
after the Petri dish was set well on the micro-
scope. For the zinc distribution observations,
pH 7.0 HEPES buffer was given to the Petri
dish before setting the Petri dish on the micro-
scope. All zinc signals of cells were captured
with an objective at 40X. The zinc fluorescent
intensity of each transient was calculated using
the equation AF=F __ -F. F ... Was the
intensity read through time, and F, was the
intensity read at O minutes.

Morphology observation

Three groups of HelLa cells were pre-treated
with solutions of pH 7.4 with ethanol, pH 7.4
with ethanol, and pH 7.4 with 10 yM TPEN pre-
pared in HEPES buffer for 5 min. Ethanol was
the carrier control for TPEN. Then, they were
treated with solutions of pH 7.4 with ethanol,
pH 3.0 with ethanol, and pH 3.0 with 10 uM
TPEN prepared in a HEPES buffer for 10 min.
The final ethanol concentration in TPEN or con-
trol groups was 0.03%. After treatments, cells
were washed with DPBS and re-cultured in the
healthy medium for one day. At 24 hours, bright-
field images of cells were captured with an ob-
jective at 10X. Numbers of each cell shape
were counted from the captured images. Cell
shape percentage was calculated by dividing
the number of each cell shape by the total num-
ber of all cell shapes.

Statistics

Means of experiments were calculated, and
standard deviations were presented in the fig-
ures. Student’s t-tests were performed in the
Microsoft Excel between two groups with the
assumption of equal variance. P values were
calculated to present statistical significances.

Results

Hela cell line was used for fluorescent micro-
scopic observation due to that it is well attach-
ed to the glass-bottom cell plates, big in size,
and grows into a single layer with flat cell mor-
phology. We have used Hela cells to study zinc
response and distributions [18]. Zinc is tightly
regulated in a healthy cell where labile or free
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Figure 1. Increases of intracellular free zinc by the acid challenge. Hela cells were loaded with FluoZin-3, AM (0.5
UM) and placed in pH 7.4 HEPES buffer at O minutes, and pH treatments were administrated at 2 minutes and
through the recording. (A) Images of intracellular free zinc indicated by zinc fluorescence after pH 7.4, 7.0, and 6.8
treatments. Zinc fluorescence was not changed in pH 7.4. There was a zinc rise in both pH 7.0 and pH 6.8. Images
recorded at O, 5, 10, 15, 20, 25, and 30 minutes are presented. Scale bars were 10 um. (B) Line graph showing
whole-cell zinc increases after pH 7.4, 7.0, 6.8, and 6.3 treatments. Zinc fluorescence of pH 7.4 (3 cells from 3
dishes), pH 7.0 (3 cells from 1 dish), pH 6.8 (3 cells from 1 dish), and pH 6.3 (4 cells from 2 dishes) were recorded
every minute between 0-10 minutes. Data represent means + SD. (C) Line graph showing zinc rises in the ER and
nucleus at pH 7.0. (D) Ling graph showing zinc rises in the ER and nucleus at pH 6.8. Data in (C & D) represent the
mean of zinc fluorescence from three cells. The y-axis in (B-D) is AF.

Zn?* is maintained very low in the cytosol [21,
27]. Therefore, it didn’t surprise that zinc was
not detectable using fluorescent indicator when
cells were treated at normal pH 7.4 (Figure 1A).
However, we observed dynamic changes and
increases in intracellular free zinc by acidic
treatments. The treatments of pH 7.0 and pH
6.8 triggered intracellular free zinc increase
significantly (Figure 1A). The pH 6.8-stimulated
whole-cell zinc signal appeared early at 5 min-
utes compare to that of pH 7.0 group at 15 min-

utes (Figure 1A). The more acidic the treatment
was, the faster and higher the zinc signal ap-
peared (Figure 1B), suggesting that intracellu-
lar zinc increased in a pH-dependent manner.
Since zinc rise at pH 7.0 was relatively slow and
moderate, it allowed us to note the difference
of Zn?* signals at the cytosol organelles and
the nuclear region. There was usually a bright-
er Zn?* signal that was likely in the ER region
(Figure 1A, pH 7.0), which increased earlier
than zinc signal in the nucleus (Figure 1C). At
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Figure 2. The acid challenge changed the dynamic distribution of zinc (two-dimensional). HelLa cells were chal-
lenged with pH 7.4 (sham control) and 3.0 for 10 min, washed with PBS, and re-cultured in a healthy medium for one
day. At 24 hours, cells were stained with 1 yM FluoZin-3, AM dye, and observed under a fluorescent microscope. A-C.
Examples showing zinc distribution at the tip region of cells after re-culture from pH 7.4 control. D-F. Examples show-
ing zinc distribution at the side of cells after re-culture from the pH 3.0 challenge. Red lines outlined the shapes of

each cell. Scale bars =10 ym.

pH 6.8, both nuclear and ER (or the cytosol)
gave rapid increases of zinc fluorescence that
reached fluorescence saturation (Figure 1A
and 1D, pH 6.8), which indicated that the nu-
cleus was also sensitive to acidic treatment.

To investigate the distribution of zinc after acid
challenge, in separate tests, cells were treated
with brief strong acidic pH 3.0 for 10 min. We
collected survived cells and re-cultured them
in a normal medium at pH 7.4 for 24 hours. The
density of the re-cultured cells was only about
10-30% of cell seeding density prior to strong
acidic treatment. After one day of culture, all re-
cultured cells appeared normal in the healthy
medium with no detectable zinc fluorescence.
However, when these cells were placed at pH
7.0 medium for observing the dynamic chang-
es of zinc distribution, we observed different
patterns of zinc fluorescence between pH 3.0
challenged cells and controls (We didn’t place
cells in pH 6.8 or lower medium since cells will
be quickly saturated with zinc fluorescence as
shown in Figure 1A). As shown in Figure 2, the
zinc distribution of control cells was accumu-
lated at the tip region of cells with one concen-
trated hot spot of zinc fluorescence (Figure
2A-C). The zinc distribution of pH 3.0-treated

cells was more dispersed and usually into the
side regions of cells (Figure 2D-F) with multi-
ple hot spots. By observing these cells for 20
minutes in movies, we studied the dynamic
changes of zinc peaks within zinc fluorescence
hot spots (Figure 3). There was only one sta-
tioned zinc peak that stayed in the control
(Figure 3A-E). There were multiple zinc peaks in
the pH-3.0 treated cell (Figure 3F-J), suggesting
that strong acid challenge changed the dynam-
ic nature of zinc distribution.

To understand better the function of zinc distri-
bution after strong acid challenge, we further
categorized the strong acid challenged-cells
into different shapes: round, spindle, triangle,
and irregular. If a cell did not fit into any of
the round, spindle, or triangle shapes, this cell
was recoghized as an irregular cell. HeLa cells
were treated with pH 7.4 (sham control), pH
3.0, and pH 3.0 with TPEN respectively, and
then survived cells were re-cultured in a healthy
medium for 24 hours. We found that the pH 3.0
challenge increased the percentage of spindle
cells by 17% and reduced the percentage of tri-
angle cells by 22%. TPEN was used to reduce
the effect of acid-stimulated intracellular zinc.
Compared to the pH 3.0-treated group, pH 3.0
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pH 7.4-treated cell

Figure 3. Acid challenge affected the dynamic nature of zinc peak (three-dimensional). HeLa cells were challenged
with pH 7.4 and 3.0 for 10 min, washed with PBS, and re-cultured in a healthy medium for one day. At 24 hours, cells
were stained with 1 uM FluoZin-3, AM dye, and observed under a fluorescent microscope. A & F. Showing one zinc-
peak distribution from a pH 7.4 control cell, and multiple zinc-peak distributions from a pH 3.0-treated cell during
observations of 20 minutes. Images stacked for the movies were obtained every minute. B-E & G-J. Representative
images of zinc peaks cropped from each movie at 5, 10, 15, and 20 minutes.

treatment with TPEN reduced the percentage
of round cells by 4% and compensated the
percentage of triangle cells by 12%, suggesting
that zinc might participate in directing the mor-
phology of cells.

Discussion

Here, we report a new phenomenon of cellular
zinc distribution after strong acid challenge
with the following main findings: (1) Treating
cells with acidic medium stimulates increases
of zinc from zinc-storing compartments and
zinc-binding proteins, quickly rising in organ-

elles, nucleus, and the entire cytosol. The more
acidic the pH treatment was, the quicker zinc
increase occurred, and the higher zinc level
was observed, suggesting that the release of
intracellular zinc was pH-dependent. (2) We
discover that acidic treatment stimulates zinc
re-distribution. Strong acidic challenged cells
gave rise to increased zinc hotspot or zinco-
somes. (3) We also discover that cell shapes
are affected by acidic treatment, which are also
sensitive to the presence of zinc, suggesting
that altered zinc dynamic may participate in
directing morphology and behavior of cells.
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Figure 4. The acid challenge changed the percentage of different cell shapes. A-D. Example images showing cell
shapes of round, spindle, triangle, and irregular. Cells that did not fit round, spindle, or triangle shapes were defined
as irregular cells. Scale bars =20 pm. E. Hela cells were treated with pH 7.4, pH 3.0, and pH 3.0 with 10 yM TPEN
for 10 minutes with pre-treatments at pH 7.4 with or without TPEN for 5 minutes. All treatments contained 0.03%
ethanol because ethanol was used to dissolve TPEN. After treatments, cells were washed with PBS and re-cultured
in a healthy medium for one day. At 24 hours, numbers of each cell shape were counted. Cell shape percentage was
calculated by dividing the number of a cell shape by the total number of all cell shapes. Data represent the means

of 3 experiments for each group.

The pH values of cellular compartments are
different for organelle and enzyme functions
[1-6]. For example, the cytosol of a cell has a
pH of about pH 7.2. In the secretory pathway,
the pH of ER is 7.2, and the pH of Golgi appara-
tus is from 6.0 (trans-Golgi) to 6.7 (cis-Golgi).
The mitochondrial matrix has a more alkaline
pH at about pH 8, as mitochondria undergo
spontaneous depolarization. Regulators such
as sodium (Na*)-H* exchangers (NHEs), Na*-
HCO, co-transporters, anion exchangers, and
plasma membrane Calcium-ATPases play roles
in maintaining cellular pH [4, 28-30]. Membrane
diffusion also allows movements of protons (H*)
from the cytosol to extracellular space and
vice versa depending on the concentration gra-
dient of H* [31-34], which contributed to rapid
zinc dissociation from their binding protein due

to H* influx (Figure 1). The nuclear pH is to be
the same as the cytosol due to the abundance
of nuclear pores on the nucleus membrane
allowing diffusion of H* into the nucleus [28,
30, 35], which is the reason that we observed
the rapid rising zinc fluorescence in the
nucleus.

Zinc bind with proteins as structure, function-
al, and enzymatic motifs/domains [36]. A pro-
tein/enzyme generally has optimum activity
over the narrow pH range in which a molecule
exists in its properly charge form. Therefore,
proteins/enzymes are sensitive to changes in
H* concentration or pH. Any change in pH, even
a small one, alters the degree of ionization of
an enzyme’s acidic and basic side groups and
the substrate components as well. Zinc binding
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with protein is pH dependent, which is revers-
ible dissociated in acidic pH [22, 37]. Acidic
stimulation favors the dissociation of bound-
zinc from zinc-binding proteins, so that these
zinc ions become available for fluorescent
imaging. When cells are placed in pH 7.4 solu-
tion, very few free-zinc could be visualized af-
ter zinc fluorescent staining (Figure 1A). When
cells were placed in acidic solution, zinc fluo-
rescence was visible in the area surrounding
the nucleus. Furthermore, in the cells that survi-
ved pH 3.0 stimulation, the distribution of zinc
changed to become more spread out (Figures
2 and 3), which may indicate the increased
activity of zinc-binding protein/enzymes in cer-
tain cellular regions, and may be contributing
to the shaping and behavior of cells (Figure 4).

The morphologies of cells were categorized as
one of four types: spindle, round, triangle, and
irregular shapes [38, 39]. Spindle cells with
elongated shapes were cells at the G1 cell
cycle, which have better mobility across mem-
branes due to their thin shaping [40]. Triangle
cells were cells at the S phase for DNA synthe-
sis [38, 39]. The pH 3.0-challenged cells
showed more spindle cell accumulation (or pro-
longed G1) and fewer triangle cells. The round
cell is implied undergoing mitosis as cells need
to acquire a round shape to provide space for
the mitotic spindle [39]. The reduction of zinc
using TPEN reduced the percentage of round
cells and increased (reversed) the percentage
of triangle cells (Figure 4E). Therefore, zinc may
play a role in the cell cycle of survived cells from
the brief strong acid treatment. A sudden
change of pH to extreme acidity may occur
under pathophysiological conditions, such as
gastric ulcer or gastric cancer. The lesion of the
gastric ulcer is exposed to very low acidic pH,
so that strong acid contacts with epithelial cells
of the stomach. Our results suggest that the
contact may result in the changes in cell growth
such as the accumulation of spindle cells 24 h
after acid treatment. The possible long-term
effects of acid-cell interaction will need to be
assessed further.
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