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Abstract

Copper is an essential trace element that participates in many biological processes
through its unique redox cycling between cuprous (Cu®) and cupric (Cu®*) oxidation
states. To elucidate the biological functions of copper, chemical biology tools that enable
selective visualization and detection of copper ions and proteins in copper-rich
environments are required. Herein, we describe the design of Cu'-responsive reagents
based on a conditional protein labeling strategy. Upon binding Cu", the probes generated
quinone methide via oxidative bond cleavage, which allowed covalent labeling of
surrounding proteins with high Cu® selectivity. Using gel- and imaging-based analyses,
the best-performing probe successfully detected changes in the concentration of labile
Cu® in living cells. Moreover, conditional proteomics analysis suggested
intramitochondrial Cu® accumulation in cells undergoing cuproptosis. Our results
highlight the power of Cu'-responsive protein labeling in providing insights into the

molecular mechanisms of Cu™ metabolism and homeostasis.



Main text
Copper is essential for living organisms, and its redox-active property

(interconversion of Cu* and Cu?") is exploited as a cofactor of metalloenzymes involved
in a diverse biological process, such as aerobic respiration, epigenetic modification, and
metabolism.!? In addition to protein-bound copper ions, recent studies have shown the
existence of loosely bound, labile copper ion pools that are implicated in regulation of
signal transduction by reversibly binding to protein targets and altering their activities
and/or structural properties.®* Intracellular labile copper ions are normally maintained at
a low concentration, but when copper homeostasis is disrupted, labile copper ions
accumulate in the cell and generate reactive oxygen species (ROS) through Fenton and
Haber-Weiss reactions, which cause oxidative cell damage.>® In this context, an
important copper-mediated cytotoxic mechanism called cuproptosis was recently
reported.” Cuproptosis is characterized by intracellular copper accumulation, which
induces the aggregation of mitochondrial lipoylated proteins and destabilization of iron—
sulfur cluster proteins, leading to proteotoxic stress and cell death.” Such cellular
dysfunction caused by dysregulation of copper homeostasis has been found to be
associated with various diseases, including Alzheimer's and Parkinson’s diseases, cancer,
and genetic disorders such as Wilson’s and Menke’s diseases.>*!° Therefore, it has
become increasingly important to investigate intracellular copper pool dynamics.
Synthetic fluorescent probes that can detect and visualize labile copper ions in living
systems provide useful research tools for elucidating the cellular regulation of labile
copper ions and related biological functions.!! Several copper-selective chemosensors
have been developed for tracking the dynamic changes in copper ions in live cells.!'1
Most of these are designed to connect the fluorophore to a copper-specific chelator, which
reversibly or irreversibly changes its spectral properties upon copper binding. More
recently, a new probe design concept based on copper ion-responsive protein labeling has
been reported.'®!8 This approach typically relies on acyl imidazole reagents designed to
have enhanced protein reactivity upon copper binding to the chelator moiety. The
activated reagent reacts with surrounding proteins to transfer a fluorescent reporter.
Compared with traditional copper-selective chemosensors, this covalent protein
modification mechanism provides several advantages: (1) less probe diffusion and thus

improved spatial resolution after copper response; (2) an immobilized signal compatible



with cell fixation; and (3) possibility of proteomic analysis of intracellular copper-rich
microenvironments. So far, two types of probes based on this concept have been reported:
those that are responsive to both Cu* and Cu?*, and those selective for Cu?*.!%!” However,
probes that selectively respond to Cu’, the most prevalent oxidation state of intracellular

copper ions, have not yet been reported.

Herein, we describe a novel design strategy for creating chemical probes that can be
selectively activated in response to labile Cu” and thereby covalently anchored on
proximal proteins. In our design of Cu'-responsive protein labeling reagents (CuRs), a
fluorophore and a copper chelator are connected through a latent quinone methide (QM)
precursor with a benzyl ether linkage. The C—O bond of the benzyl ether is oxidatively
cleaved upon Cu' complexation of the reagent, then the highly reactive QM that labels
nucleophilic amino acids (e.g., Cys, Lys, and His) of surrounding proteins is released
(Figure 1a and Figure S1).!%2° We prepared a series of fluorescein-tethered CuRs to
identify their optimal structure (Figure 1b). On the basis of previous studies of Cu”
chemosensors, a tris(2-pyridylmethyl)amine (TPA) or a 2-pyridylmethylbis(2-
ethylthioethyl)amine were employed as the chelating moiety (K¢ = 126 or 1 fM for Cu’",
respectively).?!?? For the QM precursor, 2-fluoromethylphenol (ortho-QM type: 02, O3)
and 4-fluoromethylphenol (para-QM type: P2, P3) derivatives were tested. Control CuRs
without any chelating group were also synthesized (O1, P1). The syntheses were carried
out as described in the Supporting Information. All of the final compounds were well

characterized using nuclear magnetic resonance and high-resolution mass spectrometry.
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Figure 1 (a) Schematic illustration of Cu'-responsive protein labeling in living cells. (b)
Molecular structures of Cu’-responsive labeling reagents used in this study. QM, quinone
methide; FL, fluorescein; AcFL, diacetylated fluorescein; LC-MS/MS, liquid
chromatography—tandem mass spectrometry.

We initially confirmed the Cu*-catalyzed oxidative cleavage of the benzyl ether and
subsequent QM formation for the designed compounds using high-performance liquid
chromatography (HPLC). The Boc-protected compound (P2°, 1 mM) was incubated in
aqueous solution containing Ac-cysteine-OMe (5 mM), a model nucleophile to trap
activated QM, and sodium ascorbate (2 mM) in the presence or absence of
tetrakis(acetonitrile)copper(I) hexafluorophosphate [Cu(MeCN)4PFs] (1 mM). As shown
in Figure 2a, upon the addition of Cu", P2° was consumed and a new peak appeared in
the chromatogram. Mass spectrometry revealed the product to be the cysteine adduct of
QM generated by the elimination of the TPA moiety, clearly indicating that the expected
reaction had progressed (Figure 2¢). We also confirmed that the P2’ activated by Cu’ can

react with His and Lys, which was consistent with the reported reactivity of QM toward



nucleophilic amino acids (Figure S2).!° Cu*-mediated reactivity enhancement was also
observed for 02, while control compounds O1 and P1 showed no response to Cu’ (Figure
S3). Notably, O3 and P3 gave multiple products resulting from the Cu-promoted

oxidation of thioether moieties (Figure S3).
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Figure 2 Confirmation of Cu'-dependent quinone methide formation. (a) High-
performance liquid chromatographs of P2’ (1 mM) before (0 min) and after (60 min)
treatment with Cu* (1 mM) and Ac-Cys-OMe (5 mM) in 50 mM HEPES buffer (pH
7.2)/acetonitrile 1:1 at 25°C. UV detection at 220 nm. (b, c) Mass spectra of the peaks at
37 min (panel b) and 17 min (panel c) in (a).

Next, the Cu*-responsive protein labeling capabilities of CuRs were evaluated in vitro
using purified bovine serum albumin (BSA) as a model protein substrate. Each CuR (50
uM) was mixed with BSA (10 uM), then Cu” was added (50 uM). After 1 h, the reaction
product was analyzed using SDS-PAGE and in-gel fluorescence imaging (the reaction
time profiles are shown in Figure S4). All chelator-appended CuRs showed increased
protein labeling efficiency in the presence of Cu', while negligible fluorescence was
observed in the absence of Cu” (Figure 3a, b). Control compounds (FL-O1 and FL-P1)
did not result in Cu'-responsive activation. It was also found the 2-fluoromethylphenol-
based compound FL-O1 had intrinsic reactivity for proteins, causing relatively high
background labeling. Among the tested compounds, TPA-based probes FL-O2 and FL-
P2 had a higher Cu'-responsive labeling efficiency than thioether-based probes FL-O3



and FL-P3. The lower activities of FL-O3 and FL-P3 presumably resulted from their
deactivation by the Cu'-mediated oxidization of the thioether moiety before C—O bond
cleavage, as indicated by the HPLC analysis (Figure S3). Taken together, we concluded
that the structure of FL-P2 is optimal for Cu’-responsive protein labeling in terms of the
highest signal-to-noise ratio, and we therefore decided to characterize it further.

We first examined the selectivity of FL-P2 toward Cu’ over other biometals. As
shown in Figure 3¢, FL-P2 exhibited the highest selectivity for Cu" among all tested
metal ions, including Cu?*, Zn?*, and redox active Fe?"/Fe**. We also confirmed that FL-
P2 is more efficiently activated by Cu’ than a variety of ROS (Figure 3d). The less
sensitivity toward ROS is important for specific detection of Cu’ in cells since
intracellular copper accumulation often generates a variety of ROS.> Notably, Cu’-
dependent protein labeling by FL-P2 proceeded even in the presence of 5-10 mM
glutathione, an abundant chelator of intracellular Cu®, which suggests its applicability in

a cellular context (Figure S5).
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Figure 3 Cu'-responsive protein labeling in vitro. (a) SDS-PAGE and in-gel fluorescence
analysis of BSA labeling with fluorescein-tethered CuRs (FL-CuRs). The reagent (50
uM) was added to 50 mM HEPES buffer (pH 7.2) containing BSA (10 uM). The mixture
was incubated at 37°C in the presence or absence of Cu® (50 uM) for 1 h. (b) Relative
fluorescence intensity of proteins labeled by FL-CuRs. (c, d) Selectivity of FL-P2 for
several metal ions (panel ¢) and ROS (panel d). A mixture of FL-P2 (50 uM) and BSA
(10 uM) in 50 mM HEPES buffer (pH7.2) was incubated at 37°C for 1 h in the presence
of various metal ions (50 pM for Cu*, Cu?*, Zn**, Co**, Fe**, Fe**, and Ni**, and 5 mM
for Na*, K*, Ca®*, and Mg?*) or ROS/ROS generating reagent (50 pM). n = 3 biological
replicates. P-values in (b) were calculated using a two-way ANOVA and Tukey’s test by
comparing Cu'-treated and non-treated samples for each CuR. P-values in (¢) and (d)
were calculated using a one-way ANOVA and Dunnett’s test by comparing metal or
ROS-added samples to non-treated control. All values are expressed as independent dots.
ns: p>0.05, *: 0.01 <p <0.05, **:0.001 <p <0.01, ***: 0.0001 <p <0.001, ****: p <
0.0001. CBB, Coomassie brilliant blue; BSA, bovine serum albumin; CuRs, Cu*-
responsive protein labeling reagents; ROS, reactive oxygen species.



We subsequently tested whether the Cu'-responsive reagent can detect changes
in labile copper levels inside cells. For live cell applications, we replaced the reporter
moiety of FL-P2 with diacetyl fluorescein (AcFL) to increase cell-membrane
permeability (Figure 1; AcFL-P2). As expected, the probe was rapidly taken-up by living
cells within 5 min, fluoresced upon removal of the acetyl group by endogenous esterases,
and was uniformly distributed across the whole cell, making it suitable for spatially
unbiased protein labeling and Cu” detection in living cells (Figure S6). To demonstrate
Cu'-responsiveness, we used HeLa cells transiently transfected with copper transporter 1
(CTR1), a membrane protein that selectively imports extracellular copper into cells.?® The
HeLa cells were preincubated in the presence or absence of 5 uM CuCl; for 8.5 h, then
treated with AcFL-P2 for 25 min. Note that the expression level of CTRI1 in copper-
treated transfected cells was reduced because of the negative feedback of CTR1 in
response to intracellular copper accumulation, which is consistent with a previous report
(Figure 4a).>* In-gel fluorescence analysis showed that many proteins were labeled in the
CTR1-transfected cells treated with exogenous copper, whereas the corresponding bands
were not detected in the gel when either transfection or copper supplementation was
omitted (Figure 4a). Control compound AcFL-P1 exhibited no Cu" response (Figure
S7). We also found that treatment of the CTRI-overexpressing cells with N-
methylmaleimide (N-MEM), a thiol alkylation reagent that can release protein-bound
copper, caused a remarkable increase in labile Cu®, resulting in enhancement of the
labeling bands in-gel fluorescence (Figure S8 and S9). This suggests that most of the
copper ions transported by CTR1 are bound to thiol groups of intracellular metal-
buffering substances, such as glutathione and metallothionein.?>?¢ Confocal laser
scanning microscopy (CLSM) clearly showed that the strong fluorescent signals derived
from the fluorescein-labeled proteins were observed in CTRI-overexpressing cells
(Figure S8). All of these results clearly demonstrate that AcFL-P2 is activated and
modifies intracellular proteins in response to accumulation of labile Cu" transported into
the cell by CTR1.

We next applied AcFL-P2 to a genetic model of copper dysregulation induced
by knockout (KO) of ATP7A, a copper-translocating P-type ATPase that regulates copper
export. It is well recognized that a loss of ATP7A function leads to impaired extracellular

copper secretion and thus intracellular copper accumulation, ultimately contributing to



the pathogenesis of Menke’s disease.' ATP7A-KO?’ and wild-type (WT) human
melanoma Mewo cells were preincubated with the cell-permeable glyoxal-bis(N(4)-
methylthiosemicarbazonato)-copper(Il) (Cu-gtsm) complex (2 pM) to increase
intracellular copper levels, then incubated with AcFL-P2 for 30 min. The elevated
concentration of labile Cu” in ATP7A-KO cells was detected using both SDS-PAGE and
CLSM, while WT cells exhibited a weaker signal because ATP7A rapidly excreted excess
exogenous copper ions (Figure 4b, ¢). The same result was obtained using an established
Cu'’ chemosensor, validating the Cu*-responsiveness of our probe (Figure S10). Notably,
quantitative imaging analysis could identify differences in the endogenously low basal
Cu" levels in the KO and WT cells treated with our probe (Figure S11).

Given the unique ability of AcFL-P2 to covalently attach fluorescent reporters
to intracellular proteins in response to labile Cu', it can be used as a histochemical probe
to discriminate cells with relatively high labile Cu* levels within a cell population with a
heterogeneous genetic background. To demonstrate this idea, we performed a model
experiment using a mixed cell culture system in which the cell surface of WT cells was
biotinylated and fluorescently labeled with an AlexaFluor647—streptavidin conjugate to
distinguish them from non-biotinylated ATP7A-KO cells (Figure 4d).2® After treatment
with Cu-gtsm and AcFL-P2, the mixed cell culture was analyzed using CLSM. As shown
in Figure 4e, f, stronger fluorescence derived from the fluorescein-modified proteins was
observed in ATP7A-KO cells than WT cells. This demonstrated that AcFL-P2 can
selectively label and fluorescently visualize Cu*-accumulated cells.

Finally, we characterized the proteins modified with AcFL-P2 in Cu-gtsm-
treated ATP7A-WT and KO cells using proteomics. The labeled proteins were enriched
by immunoprecipitation with an anti-fluorescein antibody, digested using trypsin, and
analyzed by liquid chromatography—tandem mass spectrometry. Label-free quantification
was used in the mass spectrometry analysis to detect the dynamic changes in protein
labeling caused by exogenous copper relative to the basal (non-copper-treated) condition
(Figure S12 and Supplementary Table S1). Note that the treatment of cells with Cu-
gtsm did not cause significant expression changes of most proteins labeled by AcFL-P2
in either ATP7A WT or ATP7A KO cells (Figure S13 and Supplementary Table S2). We
analyzed three independent biological replicates and defined significant labeling of

proteins by: fold change (Cu(+)/Cu(-)) > 2; number of identified peptides > 2; and p <

10



0.05. With this definition, a total of 60 and 547 proteins were identified in WT and KO
cells, respectively (Figure 4g, h, Supplementary Table S1). The larger number of
proteins detected in KO than in WT cells is consistent with the gel- and imaging-based
analyses. Gene ontology analysis of the identified proteins provided valuable insights into
intracellular Cu” metabolism (Figure 4i). For example, proteins in extracellular exosomes
and vesicles were more enriched in WT cells than other cellular components, suggesting
that copper is sequestered and concentrated in these intracellular compartments for
subsequent excretion. In contrast, cytosolic proteins were more enriched in KO cells,
indicating that abnormal copper efflux results in increased labile copper in the cytosol.
Moreover, mitochondrial proteins were more enriched in KO cells than in WT cells, and
interestingly, our proteomics dataset contained DLAT, DLST, DLD and PDHAT1, which
have previously been identified as proteins essential for cuproptosis.” In the proposed
mechanism of cuproptosis, excess copper causes aggregation of lipoylated proteins and
destabilization of Fe—S cluster proteins, both of which are expressed in mitochondria,
resulting in mitochondrial dysfunction and finally cell death. However, direct evidence
for Cu" accumulation in mitochondria has not yet been demonstrated. In this regard, our
proteomic study may suggest that excess copper is enriched in mitochondria, supporting
the current cuproptosis mechanism, although further validation is needed.

In summary, we developed a novel molecular probe that is selectively activated
in response to labile Cu" for labeling proteins in Cu'-rich cellular environments. In vitro
studies clearly showed its excellent Cu” selectivity. The optimized probe was capable of
sensing abnormal cellular copper uptake or efflux defects induced by genetic
perturbations and converting them into an integrated fluorescent signal. It should be noted
that the protein labeling rarely proceeds in the normal cellular state plausibly because of
extremely low levels of intracellular labile Cu* that can form a complex with the probe
to activate it (thermodynamically available intracellular Cu" is estimated to be less than
1 fM).?22% Even the distorted copper homeostasis, mM concentration of intracellular
glutathione should mask most of Cu" in equilibrium. Nevertheless, our probe responded
to such a change as the N-MEM treatment experiments revealed. This may be ascribed to
that the probe can work relying on the irreversible bond cleavage coupled with Cu*-
binding events. Therefore, our probe would be suitable for the analysis of cellular events

in which labile copper concentrations increase under abnormal conditions of copper
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homeostasis. We also demonstrated the applicability of this reagent to selective labeling
and fluorescent visualization of Cu-accumulating cells in a mixed cell culture system, as
well as to proteomic analysis of proteins associated with Cu" metabolism and Cu'-
induced cell death at the protein level. These results indicate that this method can detect
the elevated Cu' concentration at least single cell-level spatial resolution. On the other
hand, the spatial resolution at the subcellular level is not yet defined to date because of
the difficulty in measuring the intracellular diffusivity of the probe across organelle
membranes and the kinetics of QM formation and subsequent protein labeling in the
crowded cellular context. In this regard, the introduction of organelle-targeting motifs
into the probe may be useful to enhance spatial resolution in Cu* detection.?® Another
limitation of this method is the potential bias in protein labeling due to limited amino acid
coverage and interactions with specific proteins. Given these considerations, one should
carefully design the experiments and analyze/validate the results provided by this probe.!”
Despite these caveats, our Cu'-selective probe offers a unique and powerful tool for
selective imaging and analysis of cellular situations with increased Cu" concentrations
and thus will shed light on unexplored biological phenomena related to labile-Cu”
metabolism. Our ongoing research aims to further refine the probe design to improve its
sensitivity toward endogenous levels of labile Cu” and its general applicability to tissues

and in vivo systems.
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Figure 4 Cu'-responsive protein labeling with AcFL-P2 in cells. (a) In-gel fluorescence
imaging of copper-responsive labeling in HeLa cells overexpressing CTR1. HeLa cells
transfected with a CTR1-expression plasmid were pretreated with CuCl, (5 uM) for 8.5
h, then incubated with AcFL-P2 (5 uM) for 25 min. @, mature CTR1; M, immature
CTRI. (b) In-gel fluorescence imaging of labeled proteins in WT and ATP7A-KO Mewo
cells pretreated with Cu-gtsm (2 uM) for 30 min, then washed with medium and further
incubated with AcFL-P2 (5 uM) for 30 min. The band marked with an asterisk results
from non-specific reactivity of the anti-ATP7A antibody. (¢) CLSM images of Mewo
cells after labeling. Scale bar, 40 um. (d) Workflow for Cu’-responsive protein labeling
in a mixed culture system. (¢) CLSM analysis of Cu’-accumulated cell-specific labeling.
A mixture of ATP7A-KO cells and surface-biotinylated WT cells was treated with Cu-
gtsm (2 pM) and subsequently incubated with AcFL-P2 (5 uM) for 30 min. After reaction,
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the cells were fixed, treated with an AlexaFluor647—streptavidin conjugate (Av-647), and
analyzed using CLSM. Scale bar, 10 um. (f) Box plot of the fluorescence intensity of
cells, measured using a fluorescein channel (n = 270). The horizontal line within each
box indicates the median. Boxes show interquartile range (IQR). Whiskers show 1.5 x
IQR. The p-value was calculated using an unpaired, two-sided Student #-test. (g, h)
Volcano plots of proteins identified using Cu’-responsive protein labeling in WT (panel
g) and ATP7A-KO (panel h) Mewo cells (n = 3 biological replicates). Significantly
labeled proteins that met our criteria (fold change (Cu(+)/Cu(-)) > 2, number of identified
peptides > 2, and p < 0.05) in WT and KO cells are shown in blue and red plots,
respectively. (i) Gene ontology analysis of significantly labeled proteins in WT (blue)
and KO (red) cells. CTRI1, copper transporter 1; WT, wild type; KO, knockout; CLSM,
confocal laser scanning MiCroscopy; Cu-gtsm, glyoxal-bis(N(4)-
methylthiosemicarbazonato)-copper(Il); DAPI, 4’,6-diamidino-2-phenylindole.

14



ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published article and its Supporting Information.

Supporting Information Statement

The Supporting information including detailed experimental procedures, NMR, and MS data is available free of charge.

AUTHOR INFORMATION

Corresponding Author

*Tomonori Tamura — Department of Synthetic Chemistry and Biological Chemistry, Graduate School of
Engineering, Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, Japan.
orcid.org/0000-0003-1648-9296

email: tamura@sbchem.kyoto-u.ac.jp

*Itaru Hamachi — Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering,
Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, JAPAN. ERATO (Exploratory Research for Advanced
Technology, JST), Sanbancho, Chiyodaku, Tokyo, 102-0075, Japan.

orcid.org/0000-0002-3327-3916

email: thamachi@sbchem.kyoto-u.ac.jp

Authors

Rong Cheng — Department of Synthetic Chemistry and Biological Chemistry, Graduate School of
Engineering, Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, Japan.

Yuki Nishikawa — Department of Synthetic Chemistry and Biological Chemistry, Graduate School of
Engineering, Kyoto University, Katsura, Nishikyo-ku, Kyoto 615-8510, Japan.

Takumi Wagatsuma — Division of Integrated Life Science, Graduate School of Biostudies, Kyoto
University, Kitashirakawa-Oiwake-cho, Sakyo-ku, Kyoto 606-8502, Japan.

Taiho Kambe — Division of Integrated Life Science, Graduate School of Biostudies, Kyoto University,
Kitashirakawa-Oiwake-cho, Sakyo-ku, Kyoto 606-8502, Japan.

Yu-ki Tanaka — Graduate School of Pharmaceutical Sciences, Chiba University, 1-8-1 Inohana, Chuo-ku,
Chiba-shi, Chiba 260-8675, Japan

Yasumitsu Ogra — Graduate School of Pharmaceutical Sciences, Chiba University, 1-8-1 Inohana, Chuo-
ku, Chiba-shi, Chiba 260-8675, Japan

Notes
The authors declare no competing financial interest

ACKNOWLEDGMENT

The authors would like thank M. Tsujikawa for plasmid construction, K. Uchida for
supporting synthesis, and Edanz (https://jp.edanz.com/ac) for editing a draft of this
manuscript. This work was supported by the Japan Science and Technology Agency
(JST) ERATO Grant JPMJER1802 and Japan Society for the Promotion of Science

15



(JSPS) Grant-in-Aid for Specially Promoted Research (23H05405) to I.H.; a Grant-in-
Aid for Scientific Research on Innovative Areas ‘Integrated Bio-metal Science’
(19H05764), Scientific Research (B) (21H02058) to T.T.; a Research Fellowship from
JSPS for Young Scientists to R.C. The MS raw data and analysis files have been deposited
in the ProteomeXchange Consortium (http:// proteomecentral.proteomexchange.org) via
the jPOST partner repository (http://jpostdb.org)*® with the data set identifier PXD048267.

16



REFERENCES

10.

11.

12.

13.

14.

Davis, A. V.; O’Halloran, T. V. A Place for Thioether Chemistry in Cellular Copper
Ion Recognition and Trafficking. Nat. Chem. Biol. 2008, 4, 148—151.

Kim, B. E.; Nevitt, T.; Thiele, D. J. Mechanisms for Copper Acquisition, Distribution
and Regulation. Nat. Chem. Biol. 2008, 4, 176—185.

Ackerman, C. M.; Lee, S.; Chang, C. J. Analytical Methods for Imaging Metals in
Biology: From Transition Metal Metabolism to Transition Metal Signaling. Anal.
Chem. 2017, 89, 22-41.

Banci, L.; Bertini, I.; Ciofi-Baffoni, S.; Kozyreva, T.; Zovo, K.; Palumaa, P. Affinity
Gradients Drive Copper to Cellular Destinations. Nature 2010, 465, 645—648.
Jomova, K.; Valko, M. Advances in Metal-Induced Oxidative Stress and Human
Disease. Toxicology 2011, 283, 65-87.

Speisky, H.; Gémez, M.; Burgos-Bravo, F.; Lopez-Alarcon, C.; Jullian, C.; Olea-Azar,
C.; Aliaga, M. E. Generation of Superoxide Radicals by Copper-Glutathione
Complexes: Redox-Consequences Associated with Their Interaction with Reduced
Glutathione. Bioorganic Med. Chem. 2009, 17, 1803—1810.

Tsvetkov, P.; Coy, S.; Petrova, B.; Dreishpoon, M.; Verma, A.; Abdusamad, M.;
Rossen, J.; Joesch-Cohen, L.; Humeidi, R.; Spangler, R. D.; Eaton, J. K.; Frenkel, E.;
Kocak, M.; Corsello, S. M.; Lutsenko, S.; Kanarek, N.; Santagata, S.; Golub, T. R.
Copper Induces Cell Death by Targeting Lipoylated TCA Cycle Proteins. Science
2022, 375, 1254-1261.

Ge, E. J.; Bush, A. I.; Casini, A.; Cobine, P. A.; Cross, J. R.; DeNicola, G. M.; Dou,
Q. P; Franz, K. J.; Gohil, V. M.; Gupta, S.; Kaler, S. G.; Lutsenko, S.; Mittal, V.;
Petris, M. J.; Polishchuk, R.; Ralle, M.; Schilsky, M. L.; Tonks, N. K.; Vahdat, L. T.;
Van Aelst, L.; Xi, D.; Yuan, P.; Brady, D. C.; Chang, C. J. Connecting Copper and
Cancer: From Transition Metal Signalling to Metalloplasia. Nat. Rev. Cancer 2022,
22,102-113.

Cztonkowska, A.; Litwin, T.; Dusek, P.; Ferenci, P.; Lutsenko, S.; Medici, V,;
Rybakowski, J. K.; Weiss, K. H.; Schilsky, M. L. Wilson Disease. Nat. Rev. Dis. Prim.
2018, 4, 21, https://doi.org/10.1038/s41572-018-0018-3

Kaler, S. G. ATP7A-Related Copper Transport Diseases-Emerging Concepts and
Future Trends. Nat. Rev. Neurol. 2011, 7, 15-29.

Cotruvo, J. A.; Aron, A. T.; Ramos-Torres, K. M.; Chang, C. J. Synthetic Fluorescent
Probes for Studying Copper in Biological Systems. Chem. Soc. Rev. 2015, 44, 4400—
4414,

Zeng, L.; Miller, E. W.; Pralle, A.; Isacoff, E. Y.; Chang, C. J. A Selective Turn-on
Fluorescent Sensor for Imaging Copper in Living Cells. J. Am. Chem. Soc. 2006, 128,
10-11.

Xiao, T.; Ackerman, C. M.; Carroll, E. C.; Jia, S.; Hoagland, A.; Chan, J.; Thai, B.;
Liu, C. S.; Isacoff, E. Y.; Chang, C. J. Copper Regulates Rest-Activity Cycles through
the Locus Coeruleus-Norepinephrine System. Nat. Chem. Biol. 2018, 14, 655—663.
Chung, C. Y. S.; Posimo, J. M.; Lee, S.; Tsang, T.; Davis, J. M.; Brady, D. C.; Chang,
C. J. Activity-Based Ratiometric FRET Probe Reveals Oncogene-Driven Changes in
Labile Copper Pools Induced by Altered Glutathione Metabolism. Proc. Natl. Acad.
Sci. U. S. A. 2019, 116, 18285-18294.

17



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Taki, M.; Iyoshi, S.; Ojida, A.; Hamachi, I.; Yamamoto, Y. Development of Highly
Sensitive Fluorescent Probes for Detection of Intracellular Copper(I) in Living
Systems. J. Am. Chem. Soc. 2010, 132, 5938-5939.

Lee, S.; Chung, C. Y. S.; Liu, P,; Craciun, L.; Nishikawa, Y.; Bruemmer, K. J.;
Hamachi, I.; Saijo, K.; Miller, E. W.; Chang, C. J. Activity-Based Sensing with a
Metal-Directed Acyl Imidazole Strategy Reveals Cell Type-Dependent Pools of
Labile Brain Copper. J. Am. Chem. Soc. 2020, 142, 14993—-15003.

Pezacki, A. T.; Matier, C. D.; Gu, X.; Kummelstedt, E.; Bond, S. E.; Torrente, L.;
Jordan-Sciutto, K. L.; DeNicola, G. M.; Su, T. A.; Brady, D. C.; Chang, C. J.
Oxidation State-Specific Fluorescent Copper Sensors Reveal Oncogene-Driven
Redox Changes That Regulate Labile Copper(Il) Pools. Proc. Natl. Acad. Sci. U. S.
A. 2022, 119, €2202736119.

Miki, T.; Awa, M.; Nishikawa, Y.; Kiyonaka, S.; Wakabayashi, M.; Ishihama, Y.;
Hamachi, I. A Conditional Proteomics Approach to Identify Proteins Involved in Zinc
Homeostasis. Nat. Methods 2016, 13, 931-937.

Zhu, H.; Tamura, T.; Fujisawa, A.; Nishikawa, Y.; Cheng, R.; Takato, M.; Hamachi, 1.
Imaging and Profiling of Proteins under Oxidative Conditions in Cells and Tissues by
Hydrogen-Peroxide-Responsive Labeling. J. Am. Chem. Soc. 2020, 142, 15711—
15721.

Doura, T.; Kamiya, M.; Obata, F.; Yamaguchi, Y.; Hiyama, T. Y.; Matsuda, T;
Fukamizu, A.; Noda, M.; Miura, M.; Urano, Y. Detection of LacZ-Positive Cells in
Living Tissue with Single-Cell Resolution. Angew. Chem. Int. Ed. 2016, 55, 9620—
9624.

Yu, K. K.; Li, K.; Hou, J. T.; Yu, X. Q. Coumarin-TPA Derivative: A Reaction-Based
Ratiometric Fluorescent Probe for Cu(l). Tetrahedron Lett. 2013, 54, 5771-5774.
Ambundo, E.A.; Deydier, M.V.; Grall, A.J.; Aguera-Vega, N.; Dressel, L.T.; Cooper,
T.H.; Heeg, M.J.; Ochrymowycz, L.A.; Rorabacher, D.B. Influence of Coordination
Geometry upon Copper(Il/I) Redox Potentials. Physical Parameters for Twelve
Copper Tripodal Ligand Complexes, Inorg. Chem. 1999, 38, 4233-4242.

Lee, J.; Pefia, M. M. O.; Nose, Y.; Thiele, D. J. Biochemical Characterization of the
Human Copper Transporter Ctrl. J. Biol. Chem. 2002, 277, 4380—4387.

Petris, M.J.; Smith, K.; Lee, J.; Thiele, D.J. Copper-stimulated endocytosis and
degradation of the human copper transporter, hCtrl. J Biol Chem. 2003, 278, 9639—
9646.

Li, S.; Wang, L.; Yu, F.; Zhu, Z.; Shobaki, D.; Chen, H.; Wang, M.; Wang, J.; Qin, G.;
Erasquin, U. J.; Ren, L.; Wang, Y.; Cai, C. Copper-Catalyzed Click Reaction on/in
Live Cells. Chem. Sci. 2017, 8, 2107-2114.

Morgan, M. T.; Nguyen, L. A. H.; Hancock, H. L.; Fahrni, C. J. Glutathione Limits
Aquacopper (I) to Sub-Femtomolar Concentrations through Cooperative Assembly of
a Tetranuclear Cluster. J. Biol. Chem. 2017, 292, 21558-21567.

Wagatsuma, T.; Suzuki, E.; Shiotsu, M.; Sogo, A.; Nishito, Y.; Ando, H.; Hashimoto,
H.; Petris, M.J.; Kinoshita, M.; Kambe, T. Pigmentation and TYRP1 expression are
mediated by zinc through the early secretory pathway-resident ZNT proteins.
Commun Biol., 2023, 6, 403.

Nishikawa, Y.; Miki, T.; Awa, M.; Kuwata, K.; Tamura, T.; Hamachi, I. Development
of a Nitric Oxide-Responsive Labeling Reagent for Proteome Analysis of Live Cells.
ACS Chem. Biol. 2019, 14, 397-404.

18



29. Tamura, T.; Fujisawa, A.; Tsuchiya, M.; Shen, Y.; Nagao, K.; Kawano, S.; Tamura, Y.;
Endo, T.; Umeda, M.; Hamachi, 1. Organelle Membrane-Specific Chemical Labeling
and Dynamic Imaging in Living Cells. Nat. Chem. Biol. 2020, 16, 1361-1367.

30. Okuda, S.; Watanabe, Y.; Moriya, Y.; Kawano, S.; Yamamoto, T.; Matsumoto, M.;
Takami, T.; Kobayashi, D.; Araki, D.; Yoshizawa, A. C.; Tabata, T.; Sugiyama, N.;
Goto, S.; and Ishihama, Y. jPOSTrepo: an international standard data repository for
proteomes. Nucleic Acids Res. 2017, 45, D1107—D1111.

19



TOC

- Multimodal analysis
@y In live cells SDS-PAGE Imaging Proteomics
D ~—r

2 LI o o . I
5T il
B

N
R~
N
H
Nu

Cu*-mediated quinone
methide formation o

Nu
o
0
V- —.

20



