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ARTICLE INFO ABSTRACT

Keywords: Intestinal zinc resorption, in particular its regulation and mechanisms, are not yet fully understood. Suitable
Zinc intestinal cell models are needed to investigate zinc uptake kinetics and the role of labile zinc in enterocytes in

Intestinal cell model vitro. Therefore, a Caco-2 cell clone was produced, stably expressing the genetically encoded zinc biosensor

C?CO'bZ_ eCalwy-5. The aim of the present study was to reassure the presence of characteristic enterocyte-specific
Zlcr;cl;v;osensor properties in the Caco-2-eCalwy clone. Comparison of Caco-2-WT and Caco-2-eCalwy cells revealed only slight

differences regarding subcellular localization of the tight junction protein occludin and alkaline phosphatase
activity, which did not affect basic integrity of the intestinal barrier or the characteristic brush border membrane
morphology. Furthermore, introduction of the additional zinc-binding protein in Caco-2 cells did not alter mRNA
expression of the major intestinal zinc transporters (zip4, zip5, znt-1 and znt-5), but increased metallothionein 1a-
expression and cellular resistance to higher zinc concentrations. Moreover, this study examines the effect of
sensor expression level on its saturation with zinc. Fluorescence cell imaging indicated considerable intercellular
heterogeneity in biosensor-expression. However, FRET-measurements confirmed that these differences in ex-
pression levels have no effect on fractional zinc-saturation of the probe.

1. Introduction particular, the mechanism and regulation of human zinc resorption is

not fully understood [5].

The essential trace element zinc plays an important role for a variety
of biological processes in the human body [1]. Zinc homoeostasis is
mainly dependent on dietary intake and bioaccessibility from food in
the intestine, where zinc is resorbed [2]. Intestinal zinc homeostasis is
primarily mediated by four zinc transporters: zinc uptake from the
gastrointestinal lumen is controlled by ZIP4, which is expressed on the
apical membrane of the intestinal epithelium, whereas ZIP5 at the ba-
solateral membrane transports zinc from the blood into enterocytes.
The zinc exporters ZnT-1 and ZnT-5 are essential for zinc transport from
the enterocytes into the blood or back into the intestinal lumen, re-
spectively [3]. Despite ongoing research [4], knowledge of the amount
of labile zinc and zinc uptake kinetics in intestinal cells is scarce. In

There are several ways to investigate cellular zinc resorption in vitro.
Alongside the quantification of whole cellular zinc using analytical
methods such as ICP-MS (inductively-coupled plasma mass spectro-
metry) and FAAS (flame atomic absorption spectrometry) [6], fluores-
cence-based sensors are increasingly used to study intracellular free
zinc [7,8]. Recently, several genetically encoded fluorescent sensor
proteins have been developed to analyze intracellular labile zinc.
Among them are the eCalwy sensors from the Merkx group, which are
based on Forster Resonance Energy Transfer (FRET) between two
fluorescent domains bound to the metal binding domains WD4 and
ATOX1, connected by a flexible linker [9]. Upon zinc binding, FRET is
decreasing because of conformational change and growing distance
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between the donor-domain (cerulean) and the acceptor mCitrine. Zinc-
biosensors offer several advances compared to synthetic sensors. They
are produced by the cell itself, providing control over their subcellular
distribution and concentration and are well-suited for long term-mea-
surements [10,11]. In this sense, applying these sensors in enterocytes
would be suitable to monitor free zinc in these cells and illuminate
sensitive parameters of intestinal zinc resorption. Therefore, a Caco-2
cell clone was produced stably expressing eCalwy-5.

Future research aims to include Caco-2-eCalwy-5 cells in in vitro
models for the intestinal epithelium. Therefore, this study investigates if
characteristic properties of the wildtype cells are conserved in the
stably transfected cell clone and examines the effect of sensor-expres-
sion level on its zinc-saturation.

2. Experimental
2.1. Materials

Apall (NEB, Ipswich, USA), Cell Counting Kit-8/WST-8 (Sigma
Aldrich, Munich, Germany), Cy-2-labeled goat anti mouse and Cy-5-
labeled goat anti rabbit secondary antibodies (Jackson
ImmunoResearch, Dianova, Hamburg, Germany), Claudin 2 polyclonal
antibody, Occludin monoclonal antibody and ZO-1 polyclonal antibody
(Invitrogen, ThermoFisher Scientific, USA), Cloning cylinders (Sigma
Aldrich, Munich, Germany), DAPI (Invitrogen, ThermoFisher Scientific,
USA), DMEM (PAN-Biotech, Aidenbach, Germany), FCS (CCPro,
Oberdorla, Germany), G 418 disulfate (Geneticin) (Santa Cruz
Biotechnology, Dallas, Germany), Invisorb Spin Tissue Mini Kit (Stratec
Molecular GmbH, Berlin, Germany), iScript ¢cDNA Synthesis Kit
(Quantabio, Beverly, USA), Lipofectamin 2000 (Invitrogen,
ThermoFisher Scientific, USA), MTT (Carl Roth, Karlsruhe, Germany),
NucleoSpin II (Macherey-Nagel GmbH & Co. KG, Berlin, Germany),
Opti-Mem (Sigma Aldrich, Munich, Germany), PCR Clean-Up System
(Promega, Madison, USA), peCalwy-plasmid (addgene, Cambridge,
USA), pNPP (PanReac AppliChem, Glenview, USA), PNP (Sigma
Aldrich, Munich, Germany), ProTags Mount Fluor (Biocyc,
Luckenwalde, Germany), Purified Mouse Anti-E-Cadherin (BD
Transduction Laboratories™, BD Biosience, New Jersey, USA), SYBR™-
Green (Quantabio, Beverly, USA), Transwell inserts (Corning, New
York, USA), TPEN (Sigma Aldrich, Munich, Germany), Qiagen Plasmid
Maxi Kit (Qiagen, Venlo, Netherlands), ZnSO, X 7H,0 (Sigma Aldrich,
Munich, Germany). All other chemicals were purchased from standard
sources.

2.2. Cell culture

Cells were cultured at 37 °C, 5% CO, and humidified atmosphere in
Dulbecco’s Modified Eagles Medium (DMEM), containing 10% fetal calf
serum (FCS), 100 U/mL penicillin and 100 g/ml streptomycin. Media
were changed every other day. A final concentration of 0.6 mg/mL
G418 was added to Caco-2-eCalwy clones.

2.3. Stable transfection

Plasmid-DNA of peCalwy-5 was introduced to E. coli, isolated using
Qiagen Plasmid Maxi Kit and purified using Invisorb Spin Tissue Mini
Kit, according to the manufacturers’ protocols. Purified peCalwy-5-DNA
was linearized using ApaLl and successful linearization was confirmed
by gel-electrophoresis. Finally, 4*10* Caco-2-WT cells were seeded into
24 well-plates, cultivated for 24 h and transfected by adding a total of
0.5pug plasmid DNA and 2.5pg Lipofectamin 2000 directly to the
medium. After additional 24 h, medium was changed and transfection
was checked by fluorescence microscopy. 48h after transfection
1.2mg/mL G 418 disulfate was added to cells and cultured for addi-
tional 6 days. Finally cells were transferred to a 100 cm? dish and iso-
lated cell clones were selected, picked by using cloning cylinders and
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transferred into 24 well plates.
2.4. Alkaline phosphatase activity

Alkaline phosphatase (ALP) catalyzes the hydrolyzation of pNPP to
yellow p-nitrophenol, which can be measured photometrically at
405 nm. Extracellular ALP-activity was analyzed on live cultured cells
according to the method described by Ferruzza et al. [12]. Caco-2
clones (5000 cells/well) were cultured for 21 days in 96 well plates,
washed with PBS, and 10 mM pNPP in reaction buffer (10 mM Tris-HCl,
150 mM NacCl, pH 8.0) was added to the cells. Samples were collected at
different time points and p-nitrophenol was quantified using an external
calibration. Protein was quantified using the BCA-assay as described
[13] and ALP-activity is depicted in mU/mg protein (Hydrolyzation of
0.346 nmol pNPP/min = 1 mU ALP).

2.5. Immunofluorescent staining

Immunofluorescence analysis was performed with cells (8*10*
cells/well) grown on polycarbonate transwell membranes (pore size
0.4 pm) for 21d. Cell culture media were changed every other day and
integrity of the cell layer was monitored by measuring TEER (transe-
pithelial electrical resistance) with the epithelial volt-ohm meter
Millicell® ERS-2 (Millipore, USA). Differentiated cells were washed with
PBS, fixed with 2% paraformaldehyde for 20 min at room temperature
and permeabilized with 0.5% Triton-X-100 in PBS for 10 min. Cells
were incubated overnight at 4°C with primary antibodies against
claudin-2, occludin, zonula occludens-1 (ZO-1) protein and E-cadherin
diluted 1:200 in PBS. After three washes, cells were incubated with Cy-
2-labeled goat anti mouse and Cy-5-labeled goat anti rabbit secondary
antibodies and 4’,6-diamidino-2-phenylindole (DAPI) (final concentra-
tion 1 ug/mL) for 45 min at room temperature. Subsequently cells were
washed, dehydrated with 95% ethanol and mounted in ProTaqs Mount
Fluor. The mounting medium was allowed to solidify for 1 h in the dark,
before fluorescence measurements were performed using confocal laser
scanning microscopy (Zeiss LSM780) at excitation wavelengths of
488 nm (Cy-2), 633 nm (Cy-5) and 405 nm (DAPI).

2.6. Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM)

Cells grown on cover slips (6*10* cells/well; 12 well plates), were
fixed with 2.5% glutaraldehyde in 0.1 M sodium-cacodylat buffer for
30 min at room temperature and dehydrated trough a graded series of
ethanol. TEM imaging was performed using an EM906 (Zeiss,
Germany). SEM measurements were conducted with a DSM982Gemini
(Zeiss, Germany).

2.7. Viability assays

Cells were seeded with an initial density of 5000 cells/well in 96
well plates and cultured for 21d. For acute zinc toxicity, differentiated
cells were incubated with 0-1000 uM ZnSO,4 X 7H,0 for 24 h in DMEM
without phenol red and fetal calf serum. Subsequently, cells were wa-
shed with PBS and cell viability was analyzed incubating either with the
water soluble tetrazolium salt (WST)-8 (diluted 1:10) or 1 mg/mL 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in
DMEM without phenol red for 30-60 min. In case of the MTT-assay cells
were lysed in isopropanol. The absorption was determined on a well
plate reader (M200, Tecan, Swiss) at 490 nm (WST) or 570 nm (MTT),
respectively. A total of 0.01% Triton-X-100 was used as a positive
control. Data were analyzed with GraphPad Prism software version
5.01 (GraphPad Software Inc., CA, USA) and a non-linear regression
using a sigmoidal dose-response curve with variable slope as a function
of the logarithm of concentration was applied. Chronic zinc toxicity was
measured by incubating the cells with 0, 5 and 10 uM ZnSO, X 7H50 in
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Table 1
Oligonucleotide sequences used for real-time PCR.
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Primer NCBI Reference Sequence Sequence fwd 5%-3’ Sequence rev 5-3’ Ref
ZIP-4 NM_017767 AGACTGAGCCCAGAGTTGAGGCTA TGTCGCAGAGTGCTACGTAGAGGA [15]
ZIP-5 NM_173596 GAGCAGGAGCAGAACCATTACCTG CAATGAGTGGTCCAGCAACAGAAG [15]
ZnT1 NM_021194 GGCCAATACCAGCAACTCCAA TGCAGAAAAACTCCACGCATGT [16]
ZnT5 NM_024055 AAGGACATCATGACAGTGCTCTAACTC CCAACTTTACAACACAAAGCCAGTAC [16]
MTla NM_005946.2 CTCCTGCAAGAAGAGCTGCTG CAGCCCTGGGCACACTT

ALP NM_001631.4 CCGCTTTAACCAGTGCAACA CCCATGAGATGGGTCACAGA

B-actin NG_007992.1 CGCCCCAGGCACCAGGGC GCTGGGGTGTTGAAGGT [17]

standard cell culture medium during differentiation. Cell viability of
differentiated cells was measured as the amount of cellular protein
using the sulforhodamine B (SRB)-assay as described [14].

2.8. Quantitative real time PCR (qPCR)

1.2*10° cells were seeded in 6 well plates and cultured for 21d. Cells
were harvested in PBS on ice using a cell scraper, and cell pellets were
stored at —80°C. RNA was isolated with Nucleo Spin II and cDNA
synthesized using iScript cDNA Synthesis Kit according to the manu-
facturers’ protocols. Finally, mRNA-levels were quantified by qPCR
with SYBR™Green Super Mix, using the primer listed in Table 1, and
normalized to B-actin.

2.9. Atomic absorption spectrometry

1.2*10° cells were seeded in 6 well plates and cultured for 21d. Cell
layers were harvested on ice with a cell scraper, and an aliquot was
collected for protein quantification as described [13]. Subsequently
cells were dissolved in a mixture of 67% ultrapure HNO3; and 30% H,0,
(50/50; v/v) and dried at 92 °C overnight using a thermoshaker. Re-
sidues were dissolved in 0.67% HNO; and samples were analyzed by
FAAS using a Perkin Elmer AAnalyst800 (Perkin Elmer, Germany).

2.10. Live cell imaging and FRET-measurements

Confluent Caco-2-eCalwy cells on cover slips were used for live cell
imaging with a confocal laser scanning microscope (Zeiss LSM710,
Germany). Cells were washed twice with buffer (120 mM NacCl, 5.4 mM
KCl; 5mM Glucose; 1 mM CaCl,; 1 mM MgCl,; 1 mM NaH,PO,4; 10 mM
HEPES; pH 7.35) and a fluorescence emission scan was conducted after
excitation at 458 nm (40 % /1.3 oil objective; Aeyp = 462nm-590 nm).
Additionally, an emission scan of the acceptor-domain mCitrine was
measured after direct excitation at Aex = 514 nm
(Mem = 526nm-590 nm). FRET is expressed as the fluorescence in-
tensity ratio of mCitrine (Ao, = 527 nm) and cerulean (A, = 478 nm)
after excitation at 458 nm. Ratios were measured in buffer alone (Rqpo),
or 10 min after the addition of 20 uM TPEN (R.x) or 400 uM zinc
(Rpin) (final concentrations). The measurements using a multiphoton
laser scanning microscope (Zeiss LSM510-META-NLO, Germany) were
conducted as described above, but after multiphoton excitation
(810nm) wusing a tunable IR-laser (A.p(cerulean) = 478 nm,
Aem(mCitrine) = 532 nm).

The concentration of free zinc was determined using the following
equation [11,18] and a dissociation constant for the zinc-eCalwy-5-
complex of 1.85nM [9]: [Zinc] = Kd*[(Rapo — Rmax)/
(Rmin — Rapo)*(Se2/Sp2)]. The proportionality coefficients Sg, and Spo
are corresponding to the emission intensities of the free and bound
forms of the sensor at 532 nm.

2.11. Fluorescence lifetime imaging microscopy (FLIM)-FRET

FLIM-measurements were performed with Caco-2-eCalwy cells
using a multiphoton LSM510-META microscope equipped with a time-

resolved LSM upgrade setup (Becker&Hickl, Germany). FLIM of the
donor-domain cerulean was measured in buffer and in the presence of
20uM TPEN or 400 uM zinc (40x /1.3 oil objective, Aex = 810 nm,
450-490 nm band pass filter). To analyze FLIM of cerulean in the ab-
sence of the acceptor domain mCitrine, Caco-2-WT clones were trans-
fected with a cerulean-construct. FLIM data were analyzed using the
SPC Image software from Becker&Hickl and FRET-efficiency was cal-
culated using the following equation: E(%) = (1 — (tpa/Tp))*100,
where tp, is the fluorescence lifetime of the donor-domain cerulean in
intact eCalwy-protein and 7p in the absence of mCitrine.

2.12. Statistical analysis

Statistical significance was analyzed by Student’s t-test (for paired
samples), or one- or two-way analysis of variance (ANOVA) (for mul-
tiple comparisons), followed by Bonferroni or Dunnetf’s multiple
comparison post hoc tests, as indicated in the respective figure legends,
using GraphPad Prism software version 5.01 (GraphPad Software Inc.,
CA, USA). Error bars represent standard deviation of three independent
biological replicates.

3. Results
3.1. Characteristic cellular features

To ensure the presence of characteristic features of the intestinal cell
line Caco-2 after introduction of eCalwy-plasmids, cell differentiation,
morphology, as well as barrier integrity were investigated. First, ac-
tivity and expression of the differentiation marker alkaline phosphatase
were compared. Both cells expressed large amounts of functional ALP;
however, ALP-activity and -expression by Caco-2-eCalwy were sig-
nificantly lower (each p < 0.001, Fig. 1) compared to wild type cells.

Ultrastructure comparison by TEM detected no remarkable differ-
ences in brush border formation. Fig. 2 shows the distribution of mi-
tochondria, lysosomes, desmosomes, nexus and tight junctions, and
microvilli of about 500-1000 nm length in differentiated cells. Notably,
TEM images revealed the presence of more lysosomal structures in
Caco-2-eCalwy. SEM images show the characteristic columnar shape of
differentiated Caco-2-cells and evenly distributed microvilli on the
surface of both cell clones (Fig. 3).

Barrier integrity, measured as TEER, did not differ between the two
cell clones (Fig. SF1). Tight junction formation was analyzed using
immunofluorescent staining of selected proteins: claudin-2, occludin,
7Z0-1 and E-cadherin (Figs. 4, SF2) to investigate whether stable
transfection with eCalwy-5 had affected their distribution. Immuno-
fluorescent images in Fig. 4 show the intracellular distribution of the
tight junction proteins as x-y-scans and Fig. SF1 additionally depicts
tight junction localization as z-scans together with stained nuclei. Lo-
calization and generation of claudin-2 and ZO-1 were not altered.
Staining of claudin-2 revealed a membranous and cytoplasmic locali-
zation as well as a nuclear enrichment in Caco-2-WT and -eCalwy cells.
In both cases, the peripheral protein ZO-1 displayed a homogenous
localization in the cytoplasmic membrane. In contrast, immuno-
fluorescent images of occludin and E-cadherin revealed slight
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Fig. 1. Alkaline phosphatase (ALP) in Caco-2-WT and Caco-2-eCALWY cells. (A) Enzyme
activity in differentiated cells was measured using an ALP-assay and is displayed relative
to cellular protein. (B) Relative alp expression in differentiated cells was analyzed using
qPCR. Data are shown as means + SD of three independent experiments. Means of each
cell clone are significantly different as indicated (***p < 0.001, Student’s t-test).

differences. Occludin is located in the plasma membrane of Caco-2-WT,
whereas it shows tendencies of a lateral staining, with decreasing sen-
sitivity from apical to basolateral membrane, in Caco-2-eCalwy
(Figs. 4B,F and SF2B,F). Imaging of E-cadherin revealed membranous
distribution and vesicular accumulation of this protein in Caco-2-WT,
whilst in eCalwy transfected cells E-cadherin was mostly found in the
apical cell membrane with only a slight vesicular localization
(Figs. 4D,H and SF2D,H).

3.2. Zinc homeostasis

The introduction of an additional zinc binding protein into Caco-2
cells might change zinc homeostasis in the stably transfected cell clone,
potentially enhancing the resistance against elevated zinc concentra-
tions, or increasing the requirement for zinc during growth and dif-
ferentiation. Thus, viabilities of differentiated Caco-2-WT and -eCalwy
after incubation with 0-1000uM zinc for 24h were compared by
measuring mitochondrial activity (Fig. 5A,B). In contrast to Caco-2-WT,
the Caco-2-eCalwy cells had higher LCso values in MTT (865 uM vs.
394 uM for wildtype) and WST assays (803 uM vs. 427 uM for wildtype).
Furthermore, cellular protein content after differentiation in the pre-
sence of different zinc concentrations was analyzed (Fig. 6). The
amounts did not change in Caco-2-WT, whereas addition of 5 and
10 pM zinc to the culture media led to a slight but significant increase in
Caco-2-eCalwy.

The expression of proteins important for zinc homeostasis in en-
terocytes, such as metallothionein 1a (mtla) and the zinc transporters
zip4, zip5, znt-1 and znt-5, were examined (Fig. 7A). eCalwy-5 did not
affect mRNA expression of zinc transporters, but significantly elevated
mtla-expression (p < 0.05) by 20%. In contrast, there were no sig-
nificant differences in basal cellular zinc levels between Caco-2-WT and
-eCalwy cells (Fig. 7B).

3.3. Functionality and application

Cellular distribution of the sensor-protein in Caco-2-eCalwy cells
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Fig. 2. Transmission electron micrographs. Differentiated Caco-2-WT clones (A) and
Caco-2-eCalwy (B) were analyzed for typical features of the brush border (BB) of in-
testinal cells, showing microvilli (MV) of 500-1000 nm length. Tight junctions (TJ),
desmosomes (D), nexus (Nx), mitochondria (M), lysosomes (L) and nuclei (N) are in-
dicated. Scale bar 1,000 nm.

was analyzed by live cell fluorescent imaging, using a confocal laser
scanning microscope. Fluorescence images show the cytoplasmic loca-
lization of the two fluorescent domains cerulean (Fig. 8A) and mCitrine
(Fig. 8B), as well as the occurrence of FRET (Fig. 8C) in resting Caco-2-
eCalwy cells. Notably, there is considerable intercellular heterogeneity
in biosensor-expression. This was also confirmed by frequency dis-
tribution analysis of the mCitrine-concentration in different Caco-2-
eCalwy cells. Because fluorescence of the acceptor-domain mCitrine
after direct excitation at 514 nm is independent of zinc-binding [19], its
fluorescence signal is directly proportional to the sensor-concentration.
mCitrine measurements revealed a wide range of sensor-expression
within different cells of the same clone (Fig. 8D).

Due to high background fluorescence and light scattering, the sen-
sitivity of confocal microscopy was insufficient for quantification of free
zinc in the stably transfected Caco-2-eCalwy clone. As this was not the
case with multiphoton laser scanning microscopy, further FRET-mea-
surements were performed using two photon excitation. Fig. 9A com-
pares normalized FRET-emission spectra of Caco-2-eCalwy cells after
zinc-depletion by TPEN or addition of excess zinc, showing a twofold
decrease in fluorescence of mCitrine in response to saturation with zinc.

Next, sensor-efficiency after stable transfection and performance of
the eCalwy sensor after two photon excitation were investigated using
two different approaches: FLIM-FRET based on lifetimes of the donor
fluorophore, and theoretical photobleaching using fluorescence in-
tensities. FLIM-FRET analysis confirmed proper function of the eCalwy



M. Maares et al.

probe after stable transfection into Caco-2-eCalwy (Fig. 9B). Fluores-
cence lifetime of the donor-domain (tpa) cerulean increased sig-
nificantly after zinc addition (one-way ANOVA, p < 0.001). Besides, a
significant difference between tp (fluorescence lifetime of the donor in
the absence of the acceptor-domain mCitrine) and in tp, was observed.
FRET-efficiency is defined as the amount of energy that is transferred
from donor to acceptor-domain after excitation [20]. Calculated FRET-
efficiencies based on fluorescence lifetime and the actual fluorescence
intensities are in good agreement (Fig. 9C), with an energy transfer of
about 60% in the resting state (buffer) and 40% after addition of zinc.

Finally, the correlation of sensor-concentration and FRET-ratio was

Caco-2-WT

Claudin-2 Occludin Z0-1

Caco-2-eCalwy

Claudin-2

Occludin
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Fig. 3. Scanning electron microscope images. Shown
are the apical surface of Caco-2-WT (A, B) and Caco-
2-eCALWY clones (C, D). Both cells display char-
acteristic columnar shape (A, C) and microvilli for-
mation (B, D). Scale bars 2 um (B, D) and 10 pm (A,
Q).

examined with multiphoton microscopy. Despite differences in sensor
concentrations of more than one order of magnitude (measured by di-
rectly exciting the mCitrine-domain), there was no correlation with the
FRET-emission ratio (Fig. 9D). Linear regression analysis of these data
provided additional confirmation that the slope is not significantly
different from zero. This demonstrates that the expression level of the
eCalwy-biosensor had no effect on fractional probe-saturation with
zinc.

Fig. 4. Localization of tight junction proteins.
Fluorescence imaging was conducted using a con-
focal laser scanning microscope, showing results for
differentiated Caco-2-WT (upper panel) and Caco-2-
eCALWY (lower panel) cells. Shown are selected
images of Caco-2-WT and -eCalwy clones after im-
munofluorescent staining of claudin-2 (A, E), oc-
cludin (B, F), zonola occludens-1 (ZO-1) (C, G) and E-
cadherin (D, H) of two independent experiments.
Scale bar 5pm.

E-Cadherin

E-Cadherin
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Fig. 5. Zinc-toxicity on differentiated Caco-2-WT and -eCalwy. Cells were treated with
different zinc concentrations for 24 h and mitochondrial activity was analyzed using two
different assays based on the tetrazolium salts MTT (A) and WST-8 (B). A total of 0.01%
Triton X-100 was used as positive control. Data are shown as means = SD of three in-
dependent experiments. Sigmoidal dose-response curves were fitted by nonlinear re-
gression and means significantly different from the untreated controls are indicated
(**p < 0.01; ***p < 0.001; one-way ANOVA with Dunnett’s multiple comparison test).
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Fig. 6. Effect of zinc on cellular protein levels. Caco-2-WT and -eCALWY cells were
cultivated for 21d with different concentrations of zinc added to the culture medium, and
protein content was analyzed using the SRB assay. Data are shown as means = SD of
three independent experiments. Significant differences are indicated (*p < 0.05;
**p < 0.01; two-way ANOVA with Bonferroni post hoc test).

4. Discussion and conclusion

Several zinc-FRET-biosensors, such as eCalwy, eZinch, and ZapCy2,
have been created and were used in various different cell types, but
until now only after transient transfection [19,21-24]. This study de-
scribes a Caco-2 cell clone stably expressing the zinc-biosensor eCalwy-
5. Several approaches were applied to reassure enterocyte specific
properties, including morphological characterization as well as in-
vestigating the maintenance of the intestinal barrier integrity, espe-
cially tight junction formation and epithelial resistance, which need to
be considered when using intestinal cell models [25].

ALP-activity is a marker for intestinal cell differentiation and its
increasing activity during differentiation of Caco-2 cells was demon-
strated before [12]. Moreover, the dependence of intestinal ALP-

Journal of Trace Elements in Medicine and Biology xxx (XxXxX) XXX—XXX

A 10+ Bl Caco-2-WT
< §. o [ Caco-2-eCalwy
28 .
9 Q6 —
ge
<2 4
z %
£ 2
zip4 zip5 znt1 znt5 mtia
B 0.20-
-g -1
< 0.154
9
o
£ 0.10-
=)
=
o 0.05-
£
N
0.00-
Caco-2-WT Caco-2-eCalwy

Fig. 7. Zinc homeostasis in Caco-2-WT and -eCalwy. (A) Gene expression of proteins
involved in zinc-homeostasis in differentiated Caco-2-WT and Caco-2-eCALWY clones was
analyzed by qPCR. (B) Basal zinc content of differentiated Caco-2-WT and Caco-2-
eCALWY clones was analyzed using FAAS. Data are shown as means * SD of three in-
dependent experiments. Significant differences between the two cell clones are indicated
(*p < 0.05; Student’s t-test).

activity on zinc availability is well known [26] and might be reflected
in Caco-2-eCalwy. Differences in ALP-expression and -activity were
observed in the present study, with the ALP-activity of Caco-2-eCalwy
being only 50% of that measured in Caco-2-WT. Yet, the activity in
Caco-2-eCalwy is still one order of magnitude higher than levels ob-
served in other differentiated intestinal cell lines [27], indicating suc-
cessful differentiation.

A morphology characteristic for the intestinal brush border mem-
brane was still present after stable transfection of the FRET-biosensor
into Caco-2 cells, and is comparable to previous studies with Caco-2-WT
cells [27-29]. Comparison of Caco-2-WT and Caco-2-eCalwy clones
revealed only slight differences regarding subcellular localization of the
tight junction protein occludin, which did not affect basic integrity of
the intestinal barrier. Tight junction proteins play a key role in creating
a selective transport barrier and maintain cell polarity, while guaran-
teeing a certain permeability [30]. Claudin-2 is important for para-
cellular ion permeability and was reported to decrease tightness of the
epithelial barrier [31] and to be localized in plasma membrane and
cytoplasm of Caco-2-WT cells [32]. The peripheral tight junction pro-
tein ZO-1 is crucial for assembly of tight junctions and binds to the
transmembrane protein occludin [33]. While both cell clones show
typical localization of ZO-1 [33], distribution of occludin in Caco-2-
eCalwy differs from Caco-2-WT and observations in previous studies
[32,33]. An increase in occludin-expression might elevate TEER and
thus could affect the tightness of epithelium [34]. However, no differ-
ences in TEER between the two cell clones were observed. The vesicular
distribution of E-cadherin in Caco-2-WT clones is no artifact caused by
the experimental conditions, because it was not observed in Caco-2-
eCalwy cells incubated in parallel. Possibly, excess E-cadherin is in-
ternalized in Caco-2-WT cells and E-cadherin-expression in Caco-2-
eCalwy is lower as a result of the transfection. Nevertheless, localization
and expression of E-cadherin and occludin were shown to be zinc-de-
pendent [33], thus the differences between the two cell clones could
also be explained by the introduction of the additional zinc-binding
eCalwy-protein. However, E-cadherin is still evenly distributed at the
cell-cell junction membrane of both cell clones, where it plays an
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Fig. 8. Life cell imaging. (A-C) Cellular distribution
of sensor-protein in Caco-2-eCALWY cells was ana-
lyzed by fluorescence live cell imaging using a con-
focal laser scanning microscope. Shown are fluores-
cence images of (A) cerulean emission
(Nex = 458 nm; e, = 462nm—-496 nm), (B) mCitrine
emission (Aex = 514 nm; Aey, = 526nm-590 nm) and
(C) FRET, not corrected for spectral bleed-trough
(Nex = 458 n1m; Ay = 526nm-590 nm). Scale bar
50 um. (D) Frequency distribution of eCALWY-sensor
concentration in Caco-2-eCalwy cells, analyzed by
direct excitation of mCitrine (A, = 458 nm;

Aem = 527 nm).
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important role in cell-cell adhesion during Caco-2 cell differentiation
[35]. Taken together, important features of the intestinal cell line Caco-
2 were largely preserved during stable transfection.

Intracellular free zinc is regulated by zinc binding proteins, such as
MT, maintaining free zinc concentrations in the low or even sub-na-
nomolar range [36]. Thus, the expression of an additional zinc binding
protein, such as eCalwy-5, might interfere with cellular zinc home-
ostasis, possibly by buffering zinc. Accordingly, investigations of acute
zinc toxicity revealed that Caco-2-eCalwy cells were more resistant to
high zinc concentrations. We also analyzed the effect of long term ad-
ministration of sub-toxic concentrations of zinc in addition to the basal
content of cell culture medium of 3uM. Caco-2-WT cells were un-
affected, whereas Caco-2-eCalwy seem to require more zinc during
differentiation, since the protein level was higher after cultivation in
the presence of additional zinc. This indicates that the development of
Caco-2-eCalwy cells is already significantly enhanced when cultivated
with a 2.7 fold higher zinc concentration. However, the transfection of
eCalwy-protein showed only slight effects on intracellular zinc home-
ostasis, as expression of major intestinal zinc transporters was not im-
paired, the basal cellular zinc content did not differ, and only mtla-
expression was elevated in Caco-2-eCalwy. More precisely, the zinc
transporters ZIP4, ZIP5, ZnT-5 and ZnT-1 play a key role in intestinal
zinc resorption and together with proteins of the MT-family these
transporters are important for maintaining intracellular zinc home-
ostasis [37]. The slightly elevated mtla-expression in Caco-2-eCalwy
clones might therefore also be a reason for the increased resistance
against acute zinc toxicity.

Finally, performance of the zinc-biosensor in Caco-2-eCalwy clones
and cellular distribution as well as the effect of its expression-level was
investigated. Beforehand, sensor-activity had to be scrutinized, since it
is well known that the use of multi photon microscopy for sensors
created for one photon approaches is not always working properly [38].
FLIM-FRET-measurements confirmed a proper and efficient function of
the stably transfected eCalwy-protein. Due to the off-FRET, tpa in-
creases after zinc-addition, because of the decreased energy transfer to
the acceptor-domain. Notably, tpa in the presence of zinc did not reach
the full amount of tp. This is not surprising, as some remaining energy
transfer to the acceptor-domain is always present in the FRET-sensor,
even after conformational change due to zinc-binding [9]. In this
manner, correct functionality of the eCalwy-sensor after stable trans-
fection into Caco-2 and by two-photon excitation was confirmed as
well.

Fluorescence cell imaging showed no organelle-specific distribution
of the eCalwy-protein but indicated considerable intercellular hetero-
geneity in expression of the FRET-biosensor. Quantification of free zinc
in the resting state yielded a concentration of ~2nM, which is in line
with previous studies analyzing free zinc with low molecular weight
sensors in the intestinal cell line HT29 [39] and other cell lines [40]. It
is well known that the introduction of a zinc-binding molecule into cells
can perturb cellular zinc homeostasis, which might lead to a dis-
turbance of the cellular equilibria of free and bound zinc [39,41]. Thus
the intracellular sensor-concentration must be as low as possible, par-
ticularly when analyzing cellular free zinc using synthetic probes,
where sensor-concentration was shown to be critical for zinc-quantifi-
cation [39,42]. However, it remains to be fully understood inasmuch
the expression of genetically encoded zinc-sensors impacts zinc-quan-
tification. The expression-level of the eCalwy-biosensor in stably
transfected Caco-2-eCalwy cells had no effect on the FRET-ratio. A
comparable observation was also reported by Qin et al., where different
concentrations of the transiently transfected FRET-biosensor ZapCY2
had no influence on percental saturation of the sensor molecule in Hela
cells [24]. Furthermore, in that study, the ZapCY2-sensor was expressed
in nucleus and cytoplasm of Hela cells, while Caco-2-eCalwy revealed
an even cytoplasmic distribution of the biosensor. In fact, intracellular
biosensor-concentrations were estimated to be 1-10 uM [24], which is
considerably lower compared to the reported millimolar concentrations
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of low molecular weight-sensors in cells [41]. Certainly, final low
molecular weight sensor-concentration is dependent on its subcellular
distribution and volume of the cellular compartment where it accu-
mulates [40], whereas biosensor-concentrations are controlled by their
expression and the effect of different expression-levels on their sub-
cellular concentration is yet unknown. Thus, it might be that because
both biosensors are localized in the cytoplasm of the cells and not in a
smaller organelle, the sensor-concentration was not sufficiently high to
influence cellular labile zinc. However, there are several zinc biosensors
with organelle-specific targeting [19,21-23]. Therefore it is certainly
necessary to further investigate the effect of cellular expression of those
organelle-specific biosensors on the quantification of free zinc.

This study describes a well characterized stable Caco-2 cell clone
expressing the eCALWY-5 FRET-sensor, which can be used to in-
vestigate intestinal zinc resorption. It also highlights the importance of
reassuring characteristic features of wildtype cells in the transfected cell
clones, as well as the investigation of possible changes in zinc-home-
ostasis when stably transfecting zinc-biosensors. Furthermore, it is not
only crucial to characterize subcellular distribution of the biosensor but
also to check the impact of sensor-expression on its zinc-saturation.
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