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A pyrenyl-appended calix[2]triazole[2]arene displaying
excellent selectivity for Cu®" over other metal ions in pyrenyl
excimer emission changes was synthesized. The binding mode
with Cu®" was supported through nuclear magnetic resonance
(NMR) studies and density functional theory (DFT)
calculations. Fluorescence imaging demonstrates that this
new copper sensor is capable of detecting intracellular copper
in living cells. Furthermore, through colocalization of the
probe with organelle trackers as a function of time, it was
observed that copper initially accumulates in lysosomes and
then decreases. These results provide evidence for a close
relationship between copper and lysosomes in Wilson’s
disease. This system is the first Cu?’ ion-induced fluorescent
turn-on system used for imaging copper trafficking over time
in a Wilson's disease model.

Copper is a vital element required for various cellular events.'
Failure to maintain appropriate copper levels is associated with
many diseases such as Alzheimer’s’ and Wilson’s disease.’ The
latter is a disorder of copper metabolism caused by mutations in the
ATP7B gene. It was proposed that when the intracellular level of
copper reaches a certain threshold, copper uptake stops and
intracellular copper accumulates in lysosomes.* As a result of the
accumulation of redox-active copper in lysosomes, lipids in
lysosomal membrane are peroxidated, causing lysosomal rupture and
apoptosis.™®  Although several reports have elucidated the
mechanism of cellular copper transport and metabolism in Wilson’s
disease,”™’ many aspects still remain understudied.

Calixarenes have long been employed as templates in the
development of molecular sensors.® We recently prepared
calix[2]triazole[2]arene (1, Scheme 1), a new hybrid calixarene, and
demonstrated its unique properties compared to conventional
calixarenes.>'® 1,2,3-Triazole-containing compounds have been
reported to exhibit a high affinity for metal ions. Some triazole
derivatives display Cu*" selectivity over other metal ions.'"'> Due to
their selectivity toward Cu®" binding, in this study, triazole rings
were utilized as part of the main framework of the calixarene
scaffold as a copper sensing moiety. For signaling, we introduced
two pendant pyrenes to the lower rim of the hybrid calixarene to give
the pyrenyl-appended calix[2]triazole[2]arene 2. We hypothesized
that the interaction of triazole rings with metal ions could promote a
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conformational annulus change of 2 to give fluorescence changes
upon pyrenyl excimer emission. Herein, we report a new fluorescent
Cu”" ion sensor, 2, that may be useful for generating evidence
supporting a pathway of copper trafficking in a Wilson's disecase
model. As far as we know, this system is the first Cu?" ion-induced
fluorescent turn-on system for imaging copper trafficking over time
in a model of Wilson's disease.

The chemosensor 2 was prepared in a quantitative yield by
reaction of 1 with bromomethylpyrene 3'* (Scheme 1). Under these
reaction conditions, we did not detect the formation of other
conformational isomers that have pyrenylmethyl groups on opposite
sides of the annulus.

DMF, -40 °C
99%

Scheme 1 Synthesis of pyrenyl-appended calix[2]triazole[2]arene 2.

The 'H NMR spectrum of 2 at room temperature suggests a C,
symmetry in the molecule (Fig. S20). A NOESY experiment
revealed that 2 is in a conformation that positions the phenolic
oxygen atoms and triazole protons on the same side of the annulus as
depicted in Scheme 1 (see also Fig. S24). As shown in Fig. 1, the
fluorescence spectrum of 2 exhibits weak monomer emission at 377
and 396 nm and strong emission at 476 nm. These characteristics are
typical of pyrene excimer emission from the intramolecular n-
stacking of two pyrene units.'>'

The metal ion binding properties of 2 were examined using
perchlorate salts of various metal cations (100 equiv.) in acetonitrile
solution. Most metal ions tested with 2 did not show significant
fluorescence changes (Fig. 1 and S2). However, Cu*" showed a blue
shift of pyrenyl excimer emission from 476 to 450 nm. Notably, 2
distinguished Cu?* from Cu’ with respect to the excimeric emission
changes, which has rarely been reported in the literature."”
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The formation of a dynamic or a static excimer of pyrenes is
dependent on the distance between the two pyrenes upon
complexation of guest ions. The fluorescence maximum at 450 nm
in this study is characteristic of a static pyrene excimer.'®!® Evidence
for the shift from dynamic to static excimer upon the addition of
Cu*" ions was induced from the following experiment. Time-
resolved fluorescence decay measurements were performed with 2 in
acetonitrile to monitor the lifetime change of 2 upon stepwise
addition of Cu®*. We collected emission decays of 2 in the presence
of Cu”" at 450 nm (excimer emission peak) using 375 nm laser light
as the excitation source. The longer time constants (~25 ns, Table S1)
of the bi-exponential decay fit are associated with the lifetime of the
pyrenyl excimer,” and the shorter time constant (~3 ns) is related to
the rate of excimer-monomer formation. However, we observed little
change in the lifetime (longer time constant) of 2 upon the addition
of highly concentrated Cu®" solutions (up to 1.5 mM) (Table S1).
This observation strongly supports the static excimer formation of 2
in the presence of Cu*" ions."®
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Fig. 1 Fluorescence spectra of 2 (6.0 uM) in acetonitrile and in the presence of
100 equiv of cu® (excitation at 344 nm).

The fluorescence intensity maximum for the static excimer was
reached in the presence of approximately 120 equivalents of Cu®"
ions (Fig. S3b). Using the fluorescence titration data (Fig. S3b), the
binding constant (K,)*' in acetonitrile was calculated to be 3.71x10*
M (Fig. S4). The stoichiometry between probe 2 and Cu®" was
indicated by Job’s plot experiment and MALDI-TOF mass
spectroscopy. Job’s plot experiment showed a maximum at 0.5 mole
fraction of Cu?", indicating a 1:1 stoichiometric ratio between probe
2 and Cu®" in acetonitrile solution (Fig. S8). MALDI-TOF mass
showed a peak at m/z 975.4432 corresponding to [probe 2+Cu*'-
2H]" which gave further evidence of the formation of 1:1 complex
between 2 and Cu®" (Fig. S11). Competition experiments for Cu*"
ions with other common metal ions showed no significant variation
in the static excimer emission of 2 (Fig. $6).2 The binding mode of
2 to Cu?' ions was deduced from NMR studies (Fig. S19). In the
presence of excess Cu’”, the binding mode could not be determined
due to the paramagnetic nature of Cu®’. Fortunately, some
informative changes were obtained upon the addition of small
quantities of Cu?". In the presence of 0.06 equivalents of Cu®", the
signal from the triazole hydrogen atoms (Hg) of 2 shifted downward
(0.13 ppm) with peak broadening. These spectral changes led us to
propose that the Cu®" is bound to nitrogen atoms in the calixtriazoles.

To gain further insight into the origin of static pyrenyl excimer
formation upon the addition of Cu®* ions to 2, density functional
theory (DFT)-based theoretical calculations were performed. The
optimized structures of 2 and the 2-Cu®" complex are shown in Fig.
2. In the proposed binding mode, two oxygen atoms in the peripheral
calixarene ring and one triazole ring in the annulus are involved in
Cu”* binding. Three theoretical parameters,'® dihedral angle (DHA),
vertical displacement (A; A), and minimum distance (D), were used
to check the possibility of intramolecular excimer formation between
the two pyrenes of 2 and the 2-Cu®* complex. DHA (angles denoted
by blue dotted lines connecting the C;, C,, C; and C, carbons, as
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shown in Fig. 2) can be related with parallelism of two pyrenes. The
DHA values for 2 and the 2-Cu*" complex are 43.6° and 32.0°,
respectively, revealing that the two pyrene moieties are more parallel
in the 2-Cu®* complex than in 2. The zero vertical displacement
ensures the maximum overlap integral interval between two parallel
pyrenes. The vertical displacements for 2 and the 2-Cu® complex are
nearly identical (~1.4 A). The minimum distance (D) is the closest
distance between the two pyrenes (Fig. 2). The minimum distances
calculated for 2 and the 2-Cu?" systems are in the range of excimer
formation,'® but the distance in the 2-Cu®* complex is shorter than
that in 2, implying that the 2-Cu®" complex facilitates better excimer
formation than 2. The calculated binding energy (—-364.33 kcal mol™!
in the gas phase) supports the strong binding of Cu*" with 2. For
verification studies, we eliminated Cu®" from the 2-Cu*" system and
repeated the optimization of the metal-free system without
perturbing any additional geometrical parameters. We observed that
eliminating metal ions induces significant changes in the theoretical
parameters (DHA increases from 32.0° to 52.9°, and the minimum
distance increases from 3.98 to 4.80 A). This result indicates that the
strong binding of Cu*" with 2 is a possible driving force for
achieving shorter distances and more parallelism between two
pyrenes compared to 2. Subsequently, this binding led to better
excimer formation in the 2-Cu®" complex.

v 2.Cut \

Fig. 2 Optimized structures of (a) 2 and (b) the cu® complex with 2. Structures
were optimized at the B3LYP/6-31G(d) level of theory. Gray, red, and blue
represent carbon, oxygen and nitrogen atoms, respectively. Hydrogen atoms
were removed from the diagram for clarity. Black dotted lines indicate the bond
distances (a, b, c and d) between cu® and 2. Bond distances (a, b, cand d) in (b)
are 2.03, 2.74, 2.78 and 2.04 A, respectively. Red arrows indicate the directions
of the planes containing pyrenes. Blue dotted lines indicate the dihedral angles
(DHA) among the carbons numbered 1, 2, 3 and 4. The bold black dotted line
indicates the minimum distance (D) between two pyrenes.

The selectivity of 2 for Cu®* over other metal ions and its emission
changes led us to examine the possibility of employing 2 as a
copper-ion sensor in living cells. Initially, the cytotoxicity of 2 was
determined by a sulforhodamine B (SRB) assay. Probe 2 at
concentrations less than 20 pM did not exhibit distinct cytotoxicity
(Fig. S18). Based on this result, the cellular behaviors of 2 towards
HepG2, such as cellular acceptance and distribution, were tested
with a 10 pM solution of 2. We found that probe 2 was readily
incorporated into cells and provided a stable read-out system by
which to image cellular distribution. Clear fluorescence images at
525+10 nm were observed after 1.5 h incubation. The image showed
broad cytoplasmic distribution of 2 (Fig. S14).

After discerning the basic properties of 2 in cell imaging, we
investigated the behavior of 2 with copper in cultured cells. While
weak intracellular fluorescence at 4349 nm was observed when
HepG2 cells were incubated with 2, strong fluorescence was
detected upon the addition of 2 to the CuCl, (200 uM)-pre-treated
HepG2 cells (Fig. 3a vs. 3b). The fluorescence intensity was
observed to decrease when the metal-chelating agent
ethylenediaminetetraacetic acid (EDTA) (1.0 mM) was added to the
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fluorescent cells (Fig. 3¢), demonstrating that probe 2 can be used to
image intracellular copper in living cells.

(a) 2 only (b) 2 + Cu?*

(c) (b) + EDTA

Fig. 3 Fluorescence images of copper in HepG2 cells. (a) HepG2 cells incubated
with 2 (10 uM) for 1.5 h at 37 °C. (b) HepG2 cells incubated with CuCl, (200 pM)
for 1 h and then further incubated with 2 (10 uM) for 1.5 h at 37 °C. (c) 2 (10 pM)
+ CuCl, (200 uM) pre-treated HepG2 cells incubated with EDTA (1.0 mM) for 0.5

h at 37 °C. Fluorescence emission was detected in the blue region (A.=340+13

nm, Ae,=434+9 nm).

Treatment of 200 uM copper produces copper concentrations in
HepG2 cells that are approximately six times higher than normal
copper levels, which is a similar result to that observed in Wilson’s
disease.”® Thus, the CuCl,-pre-treated HepG2 cells could be
considered a cellular model of Wilson’s disease. With these copper-
enriched cells and the copper-selective probe 2, we attempted to
track the pathogenic behavior of copper. According to results from
propidium iodide (PI) staining experiments (Fig. S17), the optimal
copper concentration was 200 uM. The time frame of the copper
colocalization study was set to be within 24 h, as after that period,
obvious cell death was observed at 200 uM copper.

Previous groups have reported that the lysosome is the major site
of copper accumulation.* Thus, the distribution of copper in
lysosomes was monitored over time to better understand copper-
mediated cell death in Wilson’s disease. HepG2 cells were treated
with CuCl, (200 pM) at various time periods (0 min—24 h), followed
by incubation with probe 2 (10 uM) and Lyso Tracker Red DND-99,
respectively. For quantitative colocalization analysis, Pearson's
coefficients® were calculated using fluorescence images.”® We
observed that the Pearson's coefficient value (r) of lysosomes rapidly
increased in the initial hour and then gradually decreased to a level
similar to that at 10 min (Fig. 4).%® These results imply that copper
initially accumulated in lysosomes and then slowly disappeared.
This disappearance could have several origins.’ One potential
reason underlying the disappearance of Cu®" is the oxidative damage
to lysosomal membrane lipids by the accumulated redox-active
copper, which could be followed by diffusion of copper to the
surroundings through the damaged membrane. The copper-induced
lysosomal membrane damage has been described in previous
studies.” These studies reported that lysosomal Cu®" reacts with
H,0, to produce toxic reactive oxygen species (ROS), and the ROS
damages the lysosomal membrane. Although our current data did not
clearly present a pathway for copper-mediated apoptosis, they may
at least support previous biochemical studies that suggested a close
relationship between copper and lysosomes in Wilson’s disease.
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Fig. 4 The release of lysosomal copper into the surroundings after copper-
induced apoptosis. (a) Localization studies of 2 in copper-induced apoptotic
HepG2 cells. HepG2 cells incubated with CuCl, (200 pM) for different time
periods (0 min—24 h) and with 2 (10 pM) for 1.5 h and then further incubated
with Lyso Tracker Red DND-99 (0.1 uM) for 0.5 h at 37 °C. These pictures are

merged images between the blue emission of 2 + Cu®* (Le=340%13 nm, Aen=434

+9 nm) and the red emission of Lyso Tracker (Aex=543%£22 nm, A.»,=593+40 nm).
The violet regions represent the colocalization of 2 with Lyso Tracker. The degree
of overlap of blue and red signal is presented as the Pearson’s correlation
coefficient (r). (b) A plot of Pearson’s correlation coefficients for the estimation
of the colocalization of 2 with Lyso Tracker.

In conclusion, although several biological studies have been
undertaken on Wilson’s disease over the last several decades, there
are still unanswered questions about the detailed functions and
mechanisms of copper in hepatocytes. This gap is partly due to the
scarcity of probes, which allow imaging of the distribution and level
of copper in cells. To address this gap, we synthesized the
fluorescent chemosensor 2, which displays high selectivity for Cu®"
over other metal ions and was capable of imaging intracellular
copper in living cells. Through colocalization experiments of probe 2
with organelle trackers, we were able to quantify the copper level in
the lysosomes of hepatocytes at a variety of time periods. This
colocalization study as a function of time indicated that the
lysosomal copper level initially rapidly increased and then declined
during a follow-up period, demonstrating the accumulation and
disappearance of copper over the specified time period in lysosomes.
The accumulation of redox-active copper causes oxidative damage to
the lysosomal membrane lipids, and the copper diffuses into the
surroundings through the damaged membrane. Although additional
studies are necessary to clearly elucidate the pathway of copper
trafficking in Wilson's disease, our preliminary results could provide
a basis for the further investigation of Wilson’s disease as well as
other copper-related disorders. Additionally, based upon these
preliminary results, probe 2 will be a useful chemical tool for
studying the roles of copper in biological systems.
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We herein present a synthesis of new fluorescent chemosensor for Cu®' and its

application to Wilson’s disease cell model to probe the copper trafficking pathway.



