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ABSTRACT: Copper is an essential nutrient for sustaining life, and emerging data have expanded the roles of this metal in
biology from its canonical functions as a static enzyme cofactor to dynamic functions as a transition metal signal. At the same
time, loosely bound, labile copper pools can trigger oxidative stress and damaging events that are detrimental if misregulated. The
signal/stress dichotomy of copper motivates the development of new chemical tools to study its spatial and temporal
distributions in native biological contexts such as living cells. Here, we report a family of fluorescent copper sensors built upon
carbon-, silicon-, and phosphorus-substituted rhodol dyes that enable systematic tuning of excitation/emission colors from
orange to near-infrared. These probes can detect changes in labile copper levels in living cells upon copper supplementation and/
or depletion. We demonstrate the ability of the carbon—rhodol based congener, Copper Carbo Fluor 1 (CCF1), to identify
elevations in labile copper pools in the Atp7a~~ fibroblast cell model of the genetic copper disorder Menkes disease. Moreover,
we showcase the utility of the red-emitting phosphorus-rhodol based dye Copper Phosphorus Fluor 1 (CPF1) in dual-color,
dual-analyte imaging experiments with the green-emitting calcium indicator Calcium Green-1 to enable simultaneous detection
of fluctuations in copper and calcium pools in living cells. The results provide a starting point for advancing tools to study the
contributions of copper to health and disease and for exploiting the rapidly growing palette of heteroatom-substituted xanthene
dyes to rationally tune the optical properties of fluorescent indicators for other biologically important analytes.

C opper is an indispensable element for life."* The redox revealed that dynamic copper fluxes can also regulate essential
capacity of this transition metal is widely exploited as a physiological functions®”* spanning metabolic processes such
catalytic and structural cofactor in proteins that spans a diverse as lipolysis;” neural processes such as spontaneous activity,”*
array of fundamental processes including oxygen transport, neuronal calcium signaling,™ and olfaction; as well as
respiration and metabolism, cell growth and differentiation, and kinase pathways involved in signaling and tumorogenesis.>”

signal transduction.' > Conversely, copper dysregulation can The broad contributions of copper to health and disease
lead to cellular malfunctions resulting from the aberrant motivate the development of technologies to help disentangle
production of reactive oxygen species (ROS) and subsequent its disparate physiological and pathological effects. In this
oxidative damage to proteins, lipids, and DNA/ RNA.%” Indeed, context, the use of fluorescent sensors for visualizing metal
organisms have evolved cellular machineries to carefully fluxes has proven to be a potentially powerful strategy for

regulate copper uptake, transport, storage, and excretion,®™ '3

studying these elements in their native biological contexts with

and irregular deviations from this delicate balance have been spatial and temporal resolution.>>>>38~* This approach is well-

linked to pathogenic states including neurodegenerative
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Scheme 1. Synthesis and Structures of CCF1, CSF1, and CPF1 along with Their Control Analogs Ctrl-CCF1, Ctrl-CSF1, and

Ctrl-CPF1
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suited for the simultaneous study of multiple biological events
using different probes as long as spectral overlap between
chromophores is sufficiently minimized.**~** With specific
regard to copper, a growmg toolbox of small-molecule****~>!
and macromolecular’>>® fluorescent probes for this essential
metal have emerged for use in cells and more complex
biological specimens. Moreover, application of these chemical
reagents in conjunction with other direct imaging techniques as
well as supporting biochemical and cell blolog! studies have
ldentlﬁed new copper biology 1n bacterial,”®’  yeast,**~%
plant worm,” and mammalian®~% models. Included are
examples of activity-dependent neuronal copper transloca-
tion,”* copper-dependent antimicrobial behavior,””%”*® hyper-
accumulation of copper in cuprosome organelles triggered by
zinc deficiency,” and copper-regulated lipolysis.” Despite this
progress, the base fluorophores for fluorescent copper detection
have relied on a variety of scaffolds, ranging from UV-excitable
pyrazoline’®~”* and naphthalene,” visible-wavelength BODI-
PY>>"*75 and rhodol,®>* to far-red silicon rhodol’ and near-
infrared cyanine dyes,’®”” which presents a unique challenge
for optimizing the combination of copper-selective recognition
elements exhibiting high metal and redox specificity along with
dye platforms allowing for fine control of excitation/emission
color profiles.

Against this backdrop, we sought to pursue an alternative
strategy in which rational tuning of probe excitation/emission
colors of fluorescent copper sensors could be achieved
independently of the metal-responsive moiety. In particular,
we were inspired by elegant studies that have greatly expanded
the optical spectral window of xanthene-based fluorophores like
fluorescein, rhodamine, and rhodol”®*™®° and thus turned our
attention to reports on substitution of the endocyclic oxygen
atom in the xanthene core of green-fluorescent fluorescein by
carbon, silicon, or phosphorus to provide new red-shifted
fluorophores with emission profiles from the orange to near-

. . 82,8688 . 1. . . .
infrared region,” """ yielding improved tissue penetration and
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minimized sample photodamage.”’ We now report the
development of the Copper Xanthene Fluor (CXF) family of
copper-responsive fluorescent indicators based on carbon
(Copper Carbo Fluor 1, CCF1), silicon (Copper Silicon
Fluor 1, CSF1), and phosphorus (Copper Phosphorus Fluor 1,
CPF1) analogs of the rhodol-based Copper Fluor series,”*
along with matched control dyes that possess the same
fluorophore scaffolds but feature isosteric sulfur-to-carbon
substitutions along the receptor portion to render them
nonresponsive to copper. We establish the utility of these
CXF dyes to visualize changes in labile copper pools in HEK
293T cells with copper supplementation and/or chelation.
Moreover, the CCFl probe is capable of distinguishing
elevations in labile copper levels in the Menkes Atp7a~~
fibroblast cell model from normal levels in wildtype controls.
Finally, the most red-shifted probe of the series, CPF1, enables
dual-color, dual-analyte imaging of copper and calcium pools in
conjunction with the green-emitting dye Calcium Green-1.

B RESULTS AND DISCUSSION

Design and Synthesis of a Color Palette of
Fluorescent Copper Probes Based on Center-Atom
Substitution of the Rhodol Core. Inspired by emerging
progress on the development of new fluorophores derived from
center-atom substitution of the xanthene oxygen of classic
fluorescein and rhodamine dyes, we envisioned generating a
series of red-shifted fluorescent copper sensors by transforming
rthodol scaffolds employed in our recently reported Copper
Rhodol (CR) and Copper Fluor (CF) family into carbon,
silicon, and phosphorus-substituted analogs.>** The synthesis
and structures of the fluorescent copper indicators, CCF1,
CSF1, and CPFI, along with control dyes that are not
responsive to copper, are depicted in Scheme 1. In particular,
our design makes use of a trifluoromethyl (CF;) group on the
pendant aryl ring attached to the xanthene backbone, as
previous work from our laboratory establishes that substitution
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of a methyl for trifluoromethyl at this position leads to
enhancements in both the dynamic range and optical brightness
of rhodol-based copper probes by decreasing the available
nonradiative decay pathways from rotational motions about the
aryl—aryl bond.** We also synthesized matched control dyes,
Ctrl-CCF1, Ctrl-CSF1, and Ctrl-CPF1, which are non-
responsive to Cu® due to the replacement of the thioether
motifs by methylene units in the metal-binding domain
(Scheme 1). These control dyes can be used in parallel
imaging experiments to distinguish copper-dependent re-
sponses from potential dye-dependent variations, which could
include cellular uptake, trappability, and subcellular accumu-
lation as well as changes in pH, redox, and hydrophobic/
hydrophilic environments.

Spectroscopic Properties of CXF Copper Sensors. We
first sought to evaluate the optical responses of the CXF series
and their control analogs to copper in spectrophotometric
assays. As anticipated, all three copper probes showed turn-on
responses upon treatment with Cu” in an aqueous solution
buffered to physiological pH, with a ca. 17-fold increase for
CSF1, 5-fold increase for CCF1, and 7-fold increase for CPF1
(Figure la,c,e). We speculate that the observed differences in
turn-on ratios between the three probes may result from

o) 8

O
o o

N

N

Rel. Emission Intensity
w

0 M
590 600 610 620 630 640 650 660 670
A/ nm

e
(9] oo

N

Rel. Emission Intensity
©

0
630 640 650 660 670 680 690 700

Alnm
() 8 ® 8
7t 7
2
26 6
Q
Es5 ]Cu .5
Saf 4
2 s
€3 3
w
EZ- 2
1 1
0 0

670 680 690 700 710 720 730 740 750
Alnm

Figure 1. Fluorescence turn-on responses of 1 uM (a) CCFl, (c)
CSF1, and (e) CPF1 to Cu'. Lines represent the addition of 0, 0.2, 0.4,
0.6, 0.8, 1.0, and 1.2 uM [Cu(MeCN),]PF;. Fluorescence responses of
1 uM (b) CCF1, (d) CSF1, and (f) CPF1 to various metal ions. Black
bars represent the addition of an excess of the appropriate metal ion (2
mM for Na*, K¥, Mg®", Ca*", and Zn*" and 50 M for other cations) to
a 1 uM solution of probe. Red bars represent subsequent addition of 1
#M [Cu(MeCN),]PF,. Bars represent the final integrated fluorescence
response (Fy) over the initial integrated emission (F,) shown as average
+ s.d. (n=3).
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various factors, including photoinduced electron transfer (PeT)
quenching efficiency, variations in rotational freedom on the
receptor upon Cu® binding, as well as changes in other
nonradiative relaxation pathways that become more prominent
with a smaller HOMO—-LUMO gap as supported by the lower
quantum yields of CSF1 and CPF1 (Table 1).

Table 1. Spectral Properties of CXF Copper Probes and
Their Ctrl-CXF Control Analogs

Aqbs/NM Jem/nm  €/10* M~ cm™! [0k
CF3 510 and 550 557 3.3 and 3.7 0.026
CF3-Cu 534 557 6.9 0.219
Ctrl-CF3 510 and 545 557 4.7 and 4.7 0.007
CCF1 516 608 141 0.048
CCF1-Cu 580 608 2.05 0.30
Ctrl-CCF1 506 610 2.33 0.0083
CSF1 568 638 3.00 0.0041
CSF1-Cu 616 639 3.18 0.053
Ctrl-CSF1 531 638 1.99 0.0036
CPF1 569 679 1.76 0.00018
CPF1-Cu 654 680 1.93 0.0020
Ctrl-CPF1 568 674 1.72 0.00043

“Cresyl violet in methanol (® = 0.54)”> was used as a standard.

The copper-binding affinities of these probes are within the
expected range for small-molecule fluorescent copper indicators
with thioether-rich ligand sets,"”*! with CPF1 having the
strongest affinity and CSF1 being the weakest Cu® binder
(Figures S1b,c, S2b,c, and S3b,c). The apparent K, values for
CCF1, CSF1, and CPF1 are 020, 0.49, and 0.02 pM,
respectively, and all show a 1:1 Cu/dye binding ratio.
Additionally, all three probes show excellent selectivity for
Cu* over various biologically relevant metal ions (Figure 1b,d,f)
and maintain their effective turn-on responses to Cu’ over a
physiological pH range (Figure S1d, S2d and S3d). We observe
a slight turn-on effect from Cu®*, which most likely results from
the slow reduction of Cu®* to Cu* upon interaction with the
sulfur-rich receptor (Figure S3i). In contrast, the control dyes,
Ctrl-CCF1, Ctrl-CSF1, and Ctrl-CPF1, do not exhibit any
metal-dependent responses.

The spectral properties of the three probe-control pairs are
listed in Table 1. As expected, all three sets show lower energy
excitation and emission wavelengths compared to the rhodol-
based congeners Copper Fluor 3 (CF3) and Control Copper
Fluor 3 (Ctrl-CF3),>* with the CCF1/Ctrl-CCF1 pair showing
the smallest bathochromic shift (20—40 nm) and the CPF1/
Ctrl-CPF1 pair exhibiting the most red-shifted spectra (80—100
nm) relative to the oxygen-based rhodol, which is in line with
what is observed for carbon-, silicon-, and phosphorus-based
derivatives of fluorescein.”® Because of the nature of the rhodol
scaffold as a fluorescein-rhodamine hybrid, these probes exhibit
a relatively broad absorption profile (full width at half-
maximum [fwhm] greater than 145 nm for apo-CXF and
above 90 nm for copper-bound CXF indicators, Figures Sla,
S2a, and S3a), which can pose potential limitations for some
multicolor, multianalyte imaging experiments. However, the
relatively narrow profiles of the emission peaks for these dyes
(fwhm = 44 nm for CCF1 and CPF1, 34 nm for CSF1) balance
their absorption behavior and provide an opportunity to use
probes with a longer emission wavelength, such as the
phosphorus rhodol-based sensor CPF1, in dual-channel

DOI: 10.1021/acschembio.7b00748
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Figure 2. Fluorescence imaging of labile copper pools in live HEK 293T cells with (a, g, m) CCF1, (b, h, n) CSF1, (c, i, o) CPF1, (d, j, p) Ctrl-
CCF], (e, k, q) Ctrl-CSF1, and (f, ], r) Ctrl-CPF1. Control cells (a—f) and cells incubated with (g—1) 100 4uM CuCl, or (m—r) S00 #M BCS in the
growth medium for 12 h at 37 °C were stained with S uM dye for 30 min at 37 °C in DMEM. Scale bars: 40 ym. (s—x) Quantification of
fluorescence intensity of cells stained with CCF1, CSF1, CPF1, Ctrl-CCF1, Ctrl-CSF1, and Ctrl-CPF1, respectively. Data were normalized to control
cells and shown as average + s.d. (CXF, n = 4; Ctrl-CXF, n = 3). *¥*P < 0.001; two-tailed Student’s ¢ test.

imaging experiments through disentangling distinct emission
signals.

Finally, to further characterize the spectroscopic properties of
this new CXF series of dyes, we assessed their ability to respond
to copper in aqueous buffer with additives to mimic aspects of
more complex biological environments. Specifically, we
evaluated the response of the probes in buffer with BSA as a
model protein or 1,2-dimyrisotyl-sn-glycero-3-phosphocholine
(DMPC) as a model lipid, as well as whole cell lysates. As
expected, both the CXF probes and their Ctrl-CXF analogs do
show some background fluorescence with these in vitro
additives. However, only the CXF indicators, but not the
Ctrl-CXF dyes, respond to Cu" addition through a turn-on
response over the background, and more importantly, the
observed copper-dependent fluorescence increases can be
reversibly turned off by the addition of competing copper
chelators. Indeed, Ctrl-CXF control dyes display a minimal
response to such copper supplementation and/or depletion
treatments (Figure Sle—h, S2e—h, and S3e—h). Taken
together, the data establish that the CCF1, CSF1, and CPF1
indicators, when used in conjunction with their Ctrl-CXF
control analogs, are effective chemical tools for turn-on
fluorescence detection of copper in an aqueous buffer as well
as in whole cell lysates.

Live-Cell Imaging of Changes in Labile Copper Pools
in HEK 293T Models. With these spectroscopic data in hand,
we next evaluated the ability of the CXF probes to visualize

1847

changes in labile copper pools in cell culture models. To this
end, we treated human embryonic kidney (HEK 293T) cells for
12 h with either 100 uM CuCl, to increase intracellular copper
concentrations or 500 uM bathocuproine sulfonate (BCS), a
membrane-impermeable copper chelator, to deplete endoge-
nous labile copper pools and then labeled with CXF or Ctrl-
CXF probes for live-cell imaging experiments (Figure 2). As
anticipated, HEK 293T cells stained with CCF1, CSF1, and
CPF1 all showed increased intracellular fluorescence under
copper supplementation conditions relative to vehicle control
cells, with CPF1 having the highest turn-on signal-to-noise ratio
of the three copper indicators, in line with its highest Cu®
binding affinity observed in spectroscopic assays. We observed
that only CCF1 and CPF1, but not CSF1, showed a slight but
statistically significant fluorescence decrease in HEK 293T cells
treated with the BCS chelator that induces labile copper
deficiency relative to the vehicle control. The cellular
distribution patterns of CXF reagents were similar for all
conditions tested, and further co-staining experiments with
fluorescent markers for organelles suggest overlap with the
endoplasmic reticulum (ER; Figure S4). In further agreement
with in vitro spectroscopic studies, all of the Ctr]-CXF control
dyes did not show significant differences in fluorescence
intensity with either copper supplementation or depletion,
further validating that the CXF indicators can be used to report
changes in labile copper status in living cells. The results from
these initial cell studies suggest that the CSF1/Ctr]-CSF1 pair

DOI: 10.1021/acschembio.7b00748
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in particular might be more effective in applications for the
detection of increases in labile cellular copper levels, whereas
the CCF1/Ctrl-CCF1 and CPF1/Ctrl-CPF1 pairs may be used
to visualize either depletions or accumulations of labile cellular
copper pools relative to basal levels.

Application of CCF1/Ctrl-CCF1 to Detect Elevations in
Labile Copper Pools in the Atp7a Knockout Fibroblast
Cell Model of Menkes Disease. We next sought to apply the
CXF reagents to identify and assess aberrant changes in labile
copper pools in cell-based models of disease. To this end, we
utilized Atp7a~~ mouse embryonic fibroblasts (MEFs), a
model that mimics genetic copper misregulation in Menkes
disease.”>"? Atp7a is a major copper transporter protein that
regulates secretion and export of excess copper to maintain
copper homeostasis,'” and deletion and/or loss-of-function
mutations results in hyperaccumulation of copper compared to
the wild type.”*”* Indeed, we confirmed by ICP-MS measure-
ments that MEF Atp7a™~ cells possess over 6 times as much
total copper as their genetically matched MEF wild-type cells in
the cytoplasmic extract, and 2.6 times as much in the nucleus
(Figure SS).

Owing to its superior dynamic range in response to copper
supplementation experiments within cells, we utilized CCF1 to
visualize labile copper pools in Atp7a™~ MEFs versus wild type
(WT) congeners. As shown in Figure 3, CCFl-stained cells
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Figure 3. Fluorescence imaging of labile copper pools in MEF
wildtype (WT) and Atp 7a~/~ knockout fibroblast cells with CCF1.
(a) MEF WT cells and (b) MEF Atp7a~'~ knockout cells were stained
with 2 uM CCF1 for 10 min in DMEM, and their average fluorescence
intensity was (c) quantified. (d) MEF WT cells and (e) MEF Atp7a~/~
knockout cells were stained with 2 yuM Ctrl-CCF1 for 10 min in
DMEM and their average fluorescence intensity was (f) quantified.
Scale bars: 40 um. Data were normalized to MEF atp7a wt cells and
shown as average + s.d. (CCF1, n = 4; Ctrl-CCF1, n = 3). **P < 0.01,
#*%kp < 0.001; two-tailed Student’s ¢ test.

displayed statistically significant elevations in intracellular
fluorescence in MEF Atp7a’/ ~ cells compared to WT controls.
Besides the observed increases in CCF1 fluorescence in
Atp7a’/ ~ compared to WT cells, Ctrl-CCF1 fluorescence
intensities in Atp7a_/ ~ cells are slightly lower than those in WT
fibroblasts, suggesting lower dye uptake in Atp7a~~ cells. The
collective imaging data identify that in addition to total copper
levels, labile copper levels in the Atp7a KO cells are also higher
than their WT counterparts.

Dual-Color Imaging with CPF1 and Calcium Green-1
Allows Simultaneous Detection of Labile Cellular
Copper and Calcium Pools. As an additional set of

1848

experiments to showcase the utility of an expanded color
palette for the CXF family of copper sensors, we utilized the
most red-shifted analog, CPF1, in dual-analyte, dual-color
imaging experiments. CPF1 displays a deep red emission peak
centered around 678 nm in the apo form and is essentially
nonemissive below 600 nm, which makes it spectrally well-
separated from common green-emitting fluorescent reporters
like fluorescein and GFP. This feature of CPF1 enables
simultaneous multicolor imaging of copper and other bio-
logically relevant analytes and related targets.

To meet this goal, we performed dual-channel imaging of
CPF1 alongside Calcium Green 1-AM, a fluorescein-based cell-
trappable calcium indicator with green fluorescence. As
expected, the green Calcium Green-1 and red CPF1 channels
are spectrally well-separated (Figure 4). Live HEK 293T cells
treated with SO gM CuCl, overnight exhibited a selective
increase of intracellular fluorescence in the copper-sensitive
CPF1 red channel but not in the Calcium Green-1 green
channel (Figure 4a—e). In contrast, treatment of HEK 293T
cells with 1 yM of the calcium ionophore A23187, which can
permeabilize the cell membrane and lead to calcium influx,
resulted in enhanced fluorescence selectively in the Calcium
Green-1 channel with no effect on fluorescence intensity in the
CPF1 channel (Figure 4f—j). Similar results were obtained with
dual-color imaging of Ctrl-CPF1 and Calcium Green-1, where
the Ctrl-CPF1 red channel was nonresponsive to either copper
supplementation or triggered calcium uptake and the Calcium
Green-1 channel only responded to A23187-stimulated calcium
influx (Figure S6). The results establish the red-shifted CPF1
and Ctrl-CPF1 as a valuable set of reagents to monitor changes
in labile copper pools in combination with other fluorescent
reporters for multichannel, multianalyte imaging experiments.

B CONCLUSIONS

To close, we have presented the design, synthesis, and in vitro
and in cellulo characterization of a homologous family of
fluorescent copper probes along with matched control dye
compounds that feature center-atom substitution of the rhodol
fluorophore. Systematic modifications to the xanthene oxygen
to generate carbon, silicon, and phosphorus rhodol analogs
furnished a palette of copper sensors with a range of emission
profiles that span the orange to deep red region, while
maintaining a general copper-binding receptor to confer high
metal and redox specificity. The resulting probes are capable of
detecting changes in labile copper pools in living cells, as
illustrated by pilot studies in HEK 293T cells with copper
supplementation and/or depletion. Importantly, the imaging
studies are supported by comparison with matched control
Ctrl-CXF analogs that are nonresponsive to copper fluctuations
and can thus serve as reference compounds for potential dye-
dependent responses. Moreover, imaging experiments with the
carbon rhodol CCF1 and its Ctr]l-CCF1 analog are consistent
with elevations in labile copper pools in Atp7a~'~ MEEF cells
lacking this central copper export protein compared to wild-
type fibroblasts. Finally, the near-IR optical profile of the
phosphorus-based CPF1 congener enables simultaneous, dual-
color imaging of copper and calcium fluxes in living cells with
high metal specificity. Collectively, this work shows that center-
atom substitution of xanthene dyes can provide a general,
rational strategy for expanding the color palette of fluorescent
indicators while maintaining the same recognition/reactivity
motif for analyte detection, along with providing reagents for
advanced studies of copper biology.

DOI: 10.1021/acschembio.7b00748
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Figure 4. Dual-channel fluorescence imaging of calcium and copper pools in live HEK 293T cells with Calcium Green-1 in the green channel (3, ¢, f,
h) and CPF1 in the red channel (b, d, g, i). Control cells (a, b) and cells treated with 100 uM CuCl, for 12 h (¢, d) were incubated with both dyes in
HBSS and imaged; quantification is shown in e. Cells incubated with both dyes in HBSS prior to (f, g) and after (h, i) treatment of 1 uM calcium
ionophore A23187 were imaged; quantification is shown in j. Green bars represent the Calcium Green-1 channel, and red bars are CPF1 channel.
Scale bars: 40 um. Data were normalized to control cells and shown as average + s.d. (n = 4). ***P < 0.001; two-tailed Student’s f test.

B METHODS

A description of general methods and materials for image analysis, cell
fractionation, and inductively coupled plasma (ICP)-MS analysis, as
well as full details on the synthesis and characterization of all
compounds, is given in the SL

Preparation of Cell Cultures. Cells were grown in the Cell
Culture Facility at the University of California, Berkeley. HEK 293T
cells and MEF cells were cultured in DMEM supplemented with 10%
FBS and glutamine (2 mM). Two days before imaging, cells were
passed and plated on four-well chamber slides (Lab-Tek, Thermo
Fisher Scientific) coated with poly-L-lysine (S0 mg mL™, Sigma-
Aldrich).

Cell Staining and Imaging. Confocal fluorescence images were
acquired with a Zeiss LSM710 laser-scanning microscope with a 20X
objective lens. Excitation at 543 nm for CCF1/Ctrl-CCF1, 594 nm for
CSF1/Ctrl-CSF1, 633 nm for CPF1/Ctrl-CPF1, and 488 nm for
Calcium Green-1 was carried out with appropriate lasers. Cells were
incubated with 2 uM CCF1/Ctrl-CCF1, CSF1/Ctrl-CSF1, and CPF1/
Ctrl-CPF1 in DMEM without phenol red (Invitrogen) for 1S min at
37 °C under 5% CO,, washed, and imaged in fresh DMEM without
phenol red. For imaging of HEK 293T cells with copper addition or
depletion, cells were treated with S0 uM CuCl,, S00 uM BCS, or water
in DMEM without phenol red for 12 h prior to incubation with probe-
containing media. For imaging of MEFs, cells were grown to the
desired confluency in the growth medium before direct incubation
with probe-containing media.

For dual color imaging of Cu and Ca, HEK 293T cells were treated
with 100 uM CuCl, or water in DMEM without phenol red for 12 h,
incubated with S uM Calcium Green 1-AM (AAT Bioquest) in HBSS
without CaCl, or MgCl, (Gibco) for 30 min at 37 °C, followed by
incubation in HBSS without CaCl, or MgCl, for de-esterification for
30 min at 37 °C, and incubation with 5 uM CPF1 or Ctrl-CPF1 in
HBSS without CaCl, or MgCl, for 15 min at 37 °C prior to imaging in
HBSS with 1 mM CaCl, without phenol red.

For colocalization experiments, cells were stained with 5 uM ER-
Tracker Green (Thermo Fisher) in DMEM without phenol red for 15
min prior to incubation with 2 uM CCF1, CSF1, or CPF1 in DMEM
without phenol red for 15 min at 37 °C. The medium was then
replaced with fresh DMEM, and the cells were imaged with a 63X oil-
immersion objective lens. ER-Tracker Green was excited at 488 nm,
and emission was collected between 493 and 550 nm.
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