
UC Berkeley
UC Berkeley Previously Published Works

Title
Thioether Coordination Chemistry for Molecular Imaging of Copper in Biological Systems

Permalink
https://escholarship.org/uc/item/38w4w8c2

Journal
Israel Journal of Chemistry, 56(9-10)

ISSN
0021-2148

Authors
Ramos‐Torres, Karla M
Kolemen, Safacan
Chang, Christopher J

Publication Date
2016-10-01

DOI
10.1002/ijch.201600023
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/38w4w8c2
https://escholarship.org
http://www.cdlib.org/


DOI: 10.1002/ijch.201600023

Thioether Coordination Chemistry for Molecular Imaging
of Copper in Biological Systems
Karla M. Ramos-Torres,[a] Safacan Kolemen,[a] and Christopher J. Chang*[a, b, c]

We dedicate this submission to Harry Gray, who has been a teacher, mentor, friend, and inspiration to us all.

1. Introduction

Copper is an essential element for life.[1] Owing to its
potent redox activity, the participation of this metal as
a catalytic and structural cofactor in enzymes that func-
tion in biological processes spanning energy generation,
oxygen transport, cellular metabolism, and signal trans-
duction renders it vital for the life of eukaryotic organ-
isms.[2] However, this same redox promiscuity, when mis-
regulated, can also lead to aberrant generation of reactive
oxygen species (ROS) that have been linked to aging and
different disease states, including genetic disorders like
Menkes[3–5] and WilsonQs[6–8] diseases, neurodegenerative
diseases like AlzheimerQs,[9–12] ParkinsonQs,[13] and Hun-
tingtonQs[14] diseases, and metabolic disorders such as dia-
betes and obesity.[15–17] For this reason, copper and other
redox-active metals have been canonically thought of as
buried cofactors within enzyme active sites and part of
a tightly bound metal pool. However, a more loosely
bound pool, termed the labile pool, in which copper and
other metals can dynamically exchange with ligands on
timescales commensurate with signaling, has been ob-
served. This metal pool, in which rapid ligand exchange
and changes in metal concentration gradients can mediate
signaling processes, has been extensively studied in
regard to redox-inactive alkali, alkaline earth and transi-
tion metals, such as calcium, sodium, potassium, and zinc.
Nonetheless, recent work from our lab and others has re-
vealed that despite its high reactivity, dynamic copper
fluxes are observed in important physiological processes,
such as neuronal calcium signaling pathways,[18] spontane-
ous activity in neural circuits,[19] metabolic processes such

as lipolysis,[20] and the activation of the mitogen-activated
protein (MAP) kinase pathway relevant in normal physi-
ology and in oncogenic serine/threonine-protein kinase
B-Raf (BRAF) signaling and tumorogenesis.[21,22]

Against this backdrop, molecular imaging provides
a versatile approach that can be used to monitor labile
metal fluxes in real time with spatial and temporal resolu-
tion.[23–25] In combination with complementary biochemi-
cal and genetic methods, as well as direct readouts of
total metal content, small-molecule probes with different
readout signals, including fluorescence, colorimetric, and
magnetic resonance (MR) relaxivity modalities, can be
used effectively as pilot screening tools for quickly assess-
ing metal status in different physiological states. As such,
the development of metal-selective small-molecule
probes provides a potentially powerful toolbox that
allows for the mapping of labile metal pools and the
study of the roles of these dynamic fluxes. In this review,
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we focus on the use of thioether coordination chemistry
as a general design strategy for achieving copper-selective
probes for molecular imaging – optical and magnetic res-
onance imaging, as an illustrative example of opportuni-
ties at the interface between inorganic chemistry and
biology.

2. Bioinspired Strategies for Selective Copper
Recognition

Owing to environmental heterogeneities in biological sys-
tems, the development of small-molecule probes for bio-
logical use is inherently challenging. Because transition
metals such as copper are far less abundant than their
biologically relevant alkali/alkaline earth counterparts, se-
lectivity poses one of the main challenges in probe
design. Additionally for copper, redox specificity is re-
quired, as it can exist in two major oxidation states, Cu(I)
and Cu(II). In the cellular setting, most of the copper
that is undergoing dynamic exchange is in the Cu(I) state,
owing to the reducing intracellular environment (average
potential of – 0.25 V)[26] buffered in part by the thiol-con-
taining low-molecular weight peptide glutathione (GSH).
Preceding import across the plasma membrane, extracel-
lular Cu(II) is reduced to the Cu(I) state by an insuffi-
ciently understood mechanism that presumably involves
membrane reductases,[27] after which intracellular accu-
mulation of the metal ion is achieved primarily by the
high-affinity Cu(I)-specific channel copper transporter
1 (CTR1). The prevalence of the intracellular Cu(I) state
is further evidenced by the identification of Cu(I)-specific
metallochaperones such as Atox-1,[28] which delivers
Cu(I) to the p-type ATPases ATP7A/B, the copper chap-
erone for superoxide dismutase (CCS),[29,30] and the vari-
ous Sco[31] and Cox[32] copper chaperones for mitochondri-
al copper pools to metallate enzymes such as cytochrome
c oxidase (CcO). The specificity of this emerging class of
proteins for copper binding is crucial for maintaining cel-
lular homeostasis of this metal.

2.1 Metal and Ligand Considerations for Copper Coordination

Inspection of biological copper sites can give us insight
into its preferred modes of binding. Coordination in pro-
tein copper-binding sites is typically dominated by histi-
dine, cysteine, and methionine residues. The makeup of
each ligand set depends on the specific role, copper trans-
port or enzymatic activity, of the binding site. However,
the general use of these amino-acid side chains can be
viewed as also governed by the hard and soft acids and
bases (HSAB) principle.[33,34] In line with this theory, soft
acid Cu(I) and borderline Cu(II) will preferentially bind
ligands with borderline to soft basicities, respectively,
leading to a favored use of amino-acid residues with ni-
trogen and sulfur donor atoms. Additionally, the number
of donors, as well as the coordination geometry, can also
impart a degree of selectivity between the possible metal
oxidation states for these binding sites. Even though
Cu(I) does not have a geometric preference based on
a lack of ligand field stabilization energy (LFSE), it is
often found in low-coordinate systems with 2, 3, or 4 li-
gands in linear, trigonal planar, or tetrahedral geometries.
Conversely, LFSE for Cu(II) results in higher coordinate
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(4, 5, or 6 ligands) systems with square planar and square
pyramidal geometries.

Moreover, the chemical identity of the ligating groups
can also lead to favored oxidation states for copper in the
binding site. Coordination environments including histi-
dine and cysteine residues are pH-dependent, as deproto-
nation of the imidazole (pKa~6 and 14) and thiol (pKa~
8.5) side chains lead to anionic donors. While the chemi-
cal identity of the coordinating groups and their arrange-
ment in a particular three-dimensional geometry confer
a degree of specificity for metal binding, it is important to
remember that proteins also control selectivity of their
binding sites by additional secondary sphere coordination
effects that can further alter the local protein environ-
ment upon metal binding. For example, in the electron-
transfer enzyme Cu,Zn-superoxide dismutase (SOD1),
the bridging histidine residue between the Cu and Zn
sites has an altered pKa, causing the imidazolate to form
at physiological pH. (Type II center, Figure 1).

Furthermore, the ability of cysteines to form the thio-
late renders them prone to oxidation, which can be corre-
lated to a prevalence of cysteine-rich copper sites in re-
ducing cellular compartments in comparison with more
oxidizing intracellular locales. In contrast, the thioether
side chain in methionine provides a neutral donor with
pH-independent coordination, as well as less susceptibili-
ty to oxidation. This inability to be ionized, in combina-
tion with a longer side chain, also gives methionine
a slight hydrophobic nature.

2.2 Biological Systems Reveal Methionine as an Ideal Ligand
for Cu(I) Binding

The use of sulfur-based ligands enhances the selectivity
for the cuprous over the cupric state, as shown by higher
Cu(II) affinity when including nitrogen donors in synthet-
ic copper ligands.[35] However, the use of the sulfur donor
cysteine over methionine (or vice versa) in cuproprotein
binding sites can be associated with that specific proteinQs
chemical role and surrounding biological environment.
Cysteine copper binding is pH-dependent and susceptible
to redox activity, but these same residues achieve tighter
binding to the metal than methionine, owing to their
anionic charge. In contrast, methionine binds with weaker
affinities than the cysteine thiolate, but at the same time,
varying the number of methionine ligands can tune the
affinity of the binding site. Additionally, methionine-rich
sites provide a unique environment that stabilizes Cu(I)
coordination, as well as excellent selectivity over other
biologically-relevant cations like Zn(II) and Fe(II).[36,37]

As a result, methionine has emerged as an important
ligand for copper in biological systems. Copper centers in-
volving methionine residues are prevalent in systems
ranging from electron-transfer proteins to copper traffick-
ing proteins. Even though most S-donors in electron-
transfer protein copper sites are thiolate-based, there are
a few examples of methionine copper interactions. Cupre-
doxins, such as plastocyanin and azurin, show the typical
2-histidine 1-cysteine copper coordination in a trigonal

Figure 1. Examples of copper-containing sites in Nature.
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planar geometry. Additionally, these blue copper proteins
possess a weakly bound methionine thioether sulfur in
the axial position[38,39] (Figure 1). Other electron-transfer
proteins with methionine binding within their active sites
include Cytochrome c oxidase (CcO), which has a methio-
nine ligand in its mixed valence CuA center.[40] As with
electron-transfer proteins, the copper trafficking counter-
parts also show prevalent cysteine-thiolate coordination
to copper instead of the thioether moiety. Bis-cysteinate
Cu(I) coordination is a hallmark of cytosolic copper liga-
tion, with many transport proteins exhibiting a CXXC
binding motif (Figure 1). Among the copper sensing and
trafficking proteins that exhibit this motif are the eukary-
otic copper chaperones CCS[29,30,41,42] and Atox1,[43–47] as
well as the Cu(I)-binding P-type ATPases ATP7A/B.[48–50]

In comparison with cytosolic Cu(I) binding, which occurs
in a very reducing environment, transport of extracellular
copper into the cell is highly associated with methionine
thioether binding. The homotrimeric copper transporter
CTR1 contains a cell surface-located N-terminal region
with histidine and methionine-rich domains (Mets motif)
that are implicated in copper transport across the mem-
brane[51–53] (Figure 1). Methionine motifs (MX3M) in the
transmembrane region are also important in shuttling
copper down the pore of the protein.[51,54]

Perhaps the best-characterized methionine-copper co-
ordination chemistry is that of protein networks involved
in copper resistance, predominantly found in less redox-
balanced spaces of prokaryotic organisms. To relieve the
cytosol of excess copper, bacteria export the metal using
the ATPase CopA, which binds copper in a similar fash-
ion as ATP7A/B.[55] For gram-negative bacteria, this de-
toxifying process is not sufficient, as there is still a need
to manage the copper that accumulates in the periplasm.
A canonical example of periplasmic, copper-handling ma-
chinery is the Cus pathway, an export system that is com-
posed of three proteins, CusA, CusB, and CusC.[56,57] The
CusA and CusB proteins possess three-coordinate me-
thionine-only binding sites[57,58] (Figure 1), whereas CusC
does not appear to have metal-binding features as ob-
served by crystallographic experiments.[59] In contrast,
CusF, a copper chaperone for CusB,[60] binds copper in
a 2-methionine, 1-histidine binding site with a tryptophan
residue that provides a cation-p interaction with the
metal[61,62] (Figure 1). In the relatively less studied Pco
and Cop copper resistance pathways, where proteins are
encoded by plasmid DNA in comparison with chromoso-
mal DNA, methionine coordination is observed in the
Cu(I) binding sites of PcoC and CopC, but not in their
separate Cu(II) sites that mainly offer N and O donors as
ligands.[63–67] Copper-handling systems like the Cus path-
way, as well as the Pco/Cop copper resistance pathways,
are characterized by higher-coordinate Cu(I) complexes
(three or four ligands), when compared with the cysteine-
dominated environments of the cytosolic copper proteins.
This situation is in part due to the need to compensate

for the weaker Cu(I)-binding affinity of thioethers, in
comparison with thiolates.

2.3 Synthetic Compounds have Exploited Thioether Donors for
Copper Coordination

The ability of thioethers to coordinate to a variety of
metals, and the effect of their moderate p-acidity[68] on
the stabilization of low metal oxidation states have been
historically important in motivating the study of thioeth-
er-metal complexes. The need for homoleptic thioether
complexes, in order to evaluate the effect of thioether li-
gation on the electronic structure of metal ions, was satis-
fied by the development of crown thioethers. In seminal
work, Cooper and coworkers studied the synthesis, con-
formational analysis and metal coordination of macrocy-
cles including the 9S3, 12S3, 18S6, and 24S6 variations[69]

(Figure 2). Extensive efforts on the investigation of differ-
ent metal complexes of crown thioethers (including
nickel, cobalt, copper, ruthenium, rhodium, and silver) in-
dicate that thioethers present a marked preference for
the lower, “softer” metal oxidation states. This behavior
manifests itself in the redox properties of the complexes,
as well as in their magnetic and EPR features.[70]

Another important avenue for motivation of the study
of thioether-metal complexation arose from the previous
speculation (since confirmed)[71,72] of methionine copper
coordination in blue copper proteins. In efforts to eluci-
date the origin of the unexpected redox, optical, and
EPR properties of these copper centers, Rorabacher and
coworkers carried out an impressive set of studies on the
copper complexes of macrocyclic tetra- and pentadentate
thioethers, in which they showed that coordination to thi-
oethers shifts the Cu(II/I) potential to more positive
values, enhances the rate of Cu(II/I) redox self-exchange
kinetics, and generates unusually intense optical
bands.[73,74] Furthermore, studies on mixed-donor macro-
cyclic ligands with NxS4@x and NxS5@x donor sets[35,75]

(Figure 2) established important trends in copper coordi-

Figure 2. Metal-binding (a) crown thioethers; and (b) mixed-donor
macrocyclic ligands, with NxS4@x and NxS5@x donor sets.
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nation: 1) stability constants for Cu(II) complexes in-
crease by 5–6 orders of magnitude for each replacement
of a thioether sulfur donor by an amine nitrogen donor
atom; and 2) the more positive Cu(II/I) redox potential
of macrocyclic donors with sulfur donors, compared with
aliphatic nitrogen atoms, is credited to a destabilization
of the Cu(II) oxidation state, rather than a stabilization
of the Cu(I) state. Additional studies of tripodal ligands
with mixed nitrogen and sulfur donors to investigate the
effect of binding geometry on electron-transfer kinetics of
Cu(II/I) systems[76,77] provided further insight on copper-
thioether coordination, demonstrating a narrow distribu-
tion of the stability constants of Cu(I) complexes, in com-
parison with the Cu(II) counterparts, and a noticeable
effect of the geometry on the Cu(II) complexes. Interest-
ingly, the compatibility of these ligands for copper sensing
has been established with regard to their better stability
towards oxidation, in comparison with thiolate ligands,
and in that the reported Kd values of these complexes fall
within the window of 10@11 M (GSH) to 10@18 M (SOD1)
for biological Cu(I) ligands.

3. Fluorescence-based Copper(I) Sensing Probes

Inspired by NatureQs use of thioether ligation, as well as
the aforementioned work on copper coordination chemis-
try, we and others have extensively employed thioether
receptor motifs to develop a series of recognition-based
fluorescent probes for the detection of Cu(I).[78–80] Using
this strategy, a fluorophore reporter is coupled to a chela-
tor (receptor) that is specific for the metal of interest.
Once bound to the analyte, a change in the optical prop-
erties of the sensor is observed, which can be reversed
upon analyte dissociation. For a more in-depth discussion
on the mechanisms and modes of small-molecule fluores-
cence sensing of metal cations, we refer to the following
review articles.[81,82]

Selectivity of the receptor for the metal of interest can
be achieved by careful design of the ligand using funda-
mental principles of coordination chemistry. Considering
some of the basics of copper homeostasis (e.g., sulfur co-
ordination, low coordination number), one can envision
a few possible strategies for building receptors that can
chelate Cu(I) with good selectivity and competitive bind-
ing constants. The common use of a photoinduced elec-
tron transfer (PeT) quenching mechanism as a turn-on/off
switch for metal sensing sets up a particular stipulation
for the receptor moiety; a substituted amine is customari-
ly used as the PeT switch due to its lone-pair interaction
with the cationic analyte.[82–84] In PeT-based fluorescent
sensors, two important entities, the electron donor (the
substituted amine) and the electron acceptor (the excited-
state fluorophore), interact to produce an optical re-
sponse upon analyte binding. In the unbound state, pho-
toexcitation of the system leads to a charge-separated

state in which the highest occupied molecular orbital
(HOMO) of the donor lies in an energetically favorable
state to transfer an electron to the excited-state fluoro-
phore and hence quench the fluorescence relaxation path-
way of this state. Upon analyte binding, the energy level
of the HOMO of the electron-rich donor is lowered, caus-
ing electron transfer to be less thermodynamically fa-
vored, alleviating PeT, and thus restoring fluorescence in
this state.

Combining what has been learned from the studies of
macrocyclic and aliphatic NxS4@x and NxS5@x copper com-
plexes, as well as the characterization of numerous
copper-binding sites involved in copper homeostasis, we
reason that thioether-rich ligands can satisfy the require-
ment for amine coordination needed for PeT modulation
by metal binding while maintaining selectivity for Cu(I),
and as a result, can be used as the receptors of choice for
synthetic copper sensors.

3.1 Use of a Thioether-rich Receptor (NS4) for Cu++ Sensing:
Design of a First-generation Cu++ Sensor

Use of a boron dipyrromethene (BODIPY) fluorophore
coupled to an azatetrathia receptor (termed NS4’) gave
rise to Coppersensor 1 (CS1),[85] the first Cu+-responsive
probe with visible excitation and emission profiles
(Figure 3). The NS4’ receptor, an acyclic analog to the
Cu(I)-binding tetrathiaza crown ether used in the impor-
tant first small-molecule fluorescent sensor for Cu(I),
CTAP-1,[86] binds the metal ion to produce a selective re-
sponse. CS1 features a 10-fold increase in probe fluores-
cence upon metal binding with Kd =4X 10@12 M.
(Figure 4) Additionally, the dye responds to exogenous
CuCl2 addition to HEK 293T cells in confocal imaging ex-
periments, where the fluorescence enhancement can be
reversed by the addition of a membrane-permeable Cu(I)
chelator. The ability of CS1 to reversibly detect labile
copper in this system was validated by an independent
study;[87] however, its use to detect copper changes upon
supplementation with CuCl2 or Cu(gtsm) (Cu(II)-glyoxal-
bis(N4-methyl-3-thiosemicarbazonato)) in other mamma-
lian cell lines, including CHO, M17, U87Mg, and SH-
SY5Y, proved unsuccessful. These observations point to
the fact that there is no one-size-fits-all chemical probe
for every biological model, and therefore characterization
of the sensor in its intended biological or environmental
system of use is necessary. Indeed, when used in combina-
tion with complementary techniques, such as direct metal
detection via inductively coupled plasma mass spectrome-
try (ICP-MS) and biochemical assays like DNA microar-
rays and protein profiling, CS1 has been applied to study
copper dynamics in a wide range of bacterial,[88] plant,[89]

and yeast[90–92] models of copper accumulation and misre-
gulation.
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3.2 Design of More Sensitive Next-generation Sensors for
Detection of Endogenous Levels of Cu++ in Living Cells and
Tissue

Application of the NS4Q receptor to different fluorophore
platforms has yielded next-generation probes that allow
the detection of endogenous copper levels in different
biological models. For example, replacement of the fluo-
rine atoms in the BODIPY core with the more electron-
rich methoxy substituents afforded Coppersensor 3
(CS3)[18] (Figure 3). Increasing the electron density at the
fluorophore (PeT acceptor component) resulted in a turn-
on response enhancement (75-fold for CS3 vs. 10-fold for
CS1), as well as higher quantum yield (F=0.40 for CS3
vs. F=0.13 for CS1). These improvements, in combina-
tion with a tighter binding affinity for Cu(I) (Kd =9 X
10@14 M), allowed for the visualization of endogenous
levels of labile copper in HEK 293T that could be deplet-
ed by treatment with the cell-impermeable chelator bath-
ocuproine disulfonate (BCS). Additionally, CS3 was able
to report on neuronal copper translocation upon depolari-
zation with KCl. The biological interpretation suggested
by these pilot experiments was confirmed by X-ray fluo-
rescence microscopy (XFM) of analogous fixed samples,
which directly showed that copper moves from somatic
cell bodies to peripheral dendritic processes upon stimu-
lation. (Figure 5A).

Additionally, work from others has exploited the use of
CS3 as a complementary tool to study copper in other

Figure 3. Cu(I)-selective fluorescent probes bearing thioether receptors.

Figure 4. Selective Cu(I) recognition by CS1 and turn-on response
in probe fluorescence.
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biological models. Among these studies are included the
evaluation of CTR2 functions,[93,94] the use of the probe to
track the efficiency of copper depletion or supplementa-
tion treatments,[95] and the implementation of the dye in
screening assays to study the endogenous ATP7A-trans-
port of copper into lysosomes as a response to elevation
in copper levels.[96] More recently, a comprehensive suite
of techniques, which were pursued after observations with
the CS3 probe, revealed a new organelle termed the “cu-
prosome” that acts as storage for reversible sequestration
of copper in response to zinc deficiency in the green
algae Chlamydomonas reinhardtii.[97] The development

and further use of Ctrl-CS3, a matched control dye to
CS3 that is unable to bind copper due to the replacement
of the thioether motifs with methylene units (Figure 3),
allowed for the assessment of fluorescent hot spots that
were observed with CS3 (but not with the control probe)
in higher frequency in zinc-deficient cells than in control
cells (Figure 5B). In addition, CS3 (but not Ctrl-CS3)
fluorescence was diminished upon copper chelation.
Direct metal-analysis techniques like Nano-SIMS and X-
ray absorption spectroscopy, in combination with supple-
mentary biochemical assays, were used to confirm the ex-
istence of these copper traps and suggest that the appar-
ent reversible sequestration of copper in these compart-
ments may play a role in minimizing protein mismetalla-
tion during zinc deficiency while maintaining copper
stores for future use.

Despite the utility of the BODIPY-based probes in var-
ious biological models, the use of this fluorophore scaf-
fold has been limited in other applications. Its relatively
high hydrophobicity has led to restricted implementation
of the probes to study more complex systems, such as
tissue and cell types with differential hydrophilicities due
to uneven distribution and staining, as well as limited
photostability, particularly in the methoxy-substituted
BODIPY forms, has hindered their use for prolonged
imaging experiments. In efforts to improve the properties
of these reagents, we recently developed a series of
Cu(I)-responsive probes based on the rhodol scaffold.
This hybrid fluorescein-rhodamine fluorophore shows
high tunability in visible excitation/emission profiles and
signal-to-noise responses, and high optical brightness, as
well as improved hydrophilicity and photostability.[98]

Indeed, the use of different amine substituents on the
xanthone core gave rise to the Copper Rhodol (CR)
family.[19] Of the five initial sensors, Copper Rhodol 3
(CR3) was the best performing, with a 13-fold turn-on re-
sponse to Cu(I) in vitro (Figure 3). Further modification
to the pendant aryl ring by substitution of the ortho
methyl, with a bulkier trifluoromethyl analog, afforded
Copper Fluor 3 (CF3, Figure 3). This CH3 to CF3 modifi-
cation introduces two advantages: 1) non-radiative decay
pathways by rotations about the aryl-aryl bond that de-
crease fluorescence quantum yield are diminished; and 2)
reduced electron density in the aryl ring (PeT donor com-
ponent) favors PeT quenching of the unbound probe.
Consequently, CF3 exhibits an improved 40-fold fluores-
cence enhancement upon Cu(I) binding with a dissocia-
tion constant Kd =3X10@13 M. The more hydrophilic
nature of CR3 and CF3, compared with CS3, was con-
firmed by measurements of apparent octanol/water distri-
bution coefficients (logD values of 0.96, 1.15, and 3.46, re-
spectively, where larger values indicate greater hydropho-
bicity).

The improved properties of the CF3 probe allowed its
use for assessing labile Cu(I) dynamics in dissociated hip-
pocampal neuronal cultures and retinal tissue by one- and

Figure 5. (a) Labile copper pool detection in rat hippocampal
neuron cells with CS3 and XFM. (b) Monitoring copper accumula-
tion in zinc-limited and zinc-replete wild-type Chlamydomonas rein-
hardtii (CC-4532) cells by using CS3 and Ctrl-CS3.
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two-photon microscopy. Molecular imaging of CF3 and
the non-Cu(I)-responsive Ctrl-CF3 analog on dissociated
hippocampal neurons and mouse retinal tissue that had
been acutely treated with the copper chelator BCS
showed decreased fluorescence for CF3, but an un-
changed signal for the control dye (Figure 6). After ob-
serving the presence of a labile copper pool in both sys-
tems, we sought to probe the effects of pharmacological
(chelation with BCS) and genetic (CTR1 knockout) alter-
ation of these copper pools on spontaneous activity, a fun-
damental property of developing neural circuits. In both
cases, disruption of copper homeostasis resulted in in-
creases in event frequency and the fraction of cells in-

volved in spontaneous correlated activity, confirmed by
calcium imaging. Taken together, the results identify
a fundamental physiological role for copper in neural
function. We have recently expanded this work to red-
shifted versions that enable real-time monitoring of
copper fluxes in other cell types, such as adipocytes, and
these chemical probes have helped identify an essential
role for copper in lipolysis, a major metabolic process in
the body for burning fat.[20]

Finally, an added challenge for fluorescent probe
design lies in the development of sensors with specific lo-
calization to assess exclusive pools of metal in subcellular
compartments. To address this issue, further modifications
to the BODIPY core afforded Mito-CS1,[99] a mitochond-
rially-targetable probe that makes use of a triphenyl
phosphonium targeting group for specific subcellular lo-
calization (Figure 3).[100] Mito-CS1 features a 10-fold turn-
on response upon Cu(I) ligation with Kd =7X10@12 M, lo-
calizes to the mitochondria in HEK 293T cells and pa-
tient fibroblasts, and responds well in cellulo in copper
supplementation and chelation experiments. In combina-
tion with genetic models of copper misregulation and
direct bulk metal measurements, the use of Mito-CS1
helped establish the concept of a prioritization of mito-
chondrial copper homeostasis over other cellular com-
partments, even in situations of systemic copper deficien-
cy and mitochondrial metallochaperone malfunction. Spe-
cifically, molecular-imaging experiments with patient-de-
rived fibroblasts with mutations in the copper exporter
ATP7A showed a relative increase in probe fluorescence
that was confirmed by inductively coupled plasma optical
emission spectroscopy (ICP-OES). Patient fibroblasts
with mutations in mitochondrial copper metallochaper-
ones SCO1 and SCO2 showed no appreciable difference,
compared with control fibroblasts in Mito-CS1 signal or

Figure 6. Two-photon imaging of: (a) CF3; and (b) Ctrl-CF3 in hip-
pocampal neurons in the absence and presence of a copper chela-
tor BCS.

Figure 7. Live-cell molecular imaging of mitochondrial copper homeostasis in: (a) control ; (b) ATP7a; (c) SCO1; and (d) SCO2 patient fibro-
blasts with Mito-CS1. (e) Mean fluorescence intensities of (a)–(d). Measured total copper level in: (f) patient fibroblasts; and (g) mitochon-
dria.
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ICP-OES measurements on isolated mitochondria, but
showed decreased total copper levels vs. wild-type mea-
sured by ICP-OES (Figure 7). Combining these comple-
mentary techniques, Mito-CS1 imaging and ICP-OES re-
sults indicate that mitochondrial copper homeostasis is
prioritized over other compartments, even in the course
of overall copper deficiency, presumably to preserve CcO
and SOD activity.

3.3 Use of an NS3 Receptor for Sensing Labile Copper Pools in
Living Animals

Owing to the poor tissue-penetrating ability of visible
light and the desire to apply Cu(I)-responsive probes to
study thicker specimens like tissue and whole animals, ef-
forts to develop sensors with longer-wavelength/near-in-
frared (NIR) excitation profiles have been applied. We
combined an NS3 modified thioether receptor platform
first reported by Fahrni[101] to the NIR fluorophore scaf-
fold cyanine 7 to produce Coppersensor 790 (CS790)[102]

(Figure 3). CS790 has a selective 15-fold turn-on response
to Cu(I) with 760 nm excitation and a 790 nm emission
profile. Capping of the carboxylates with acetoxymethyl

esters to aid in cell permeability and retention afforded
CS790AM, which showed increases in fluorescence signal
in HEK 293T cells that were pretreated with CuCl2, com-
pared with the control, as well as a reversal of this fluo-
rescence enhancement when the copper chelator tris[2-
(ethylthio)ethyl]amine (NS3) was added. The probe was
further capable of reporting changes in live hairless SKH-
1 mice upon copper supplementation with CuCl2 and che-
lation with ATN-224, the choline salt of tetrathiomolyb-
date currently in development as a treatment for WilsonQs
disease,[103] marking the first example of live-mouse
copper imaging with a fluorescent sensor (Figure 8). Fur-
thermore, CS790AM was used to monitor copper levels
in Atp7b@/@ mice, a murine model that is metabolically
and phenotypically similar to WilsonQs disease due to the
inactivation of the ATP7B gene and subsequent anoma-
lous accumulation of copper in several tissues.[6] Live-
animal imaging showed increased fluorescence in the
livers of mutant mice relative to those from wild-type
mice, which could be reversed with copper chelator treat-
ment. The collective results point to a path forward for
the application of fluorescent copper probes to study
physiology, disease diagnosis, and monitor treatment of
copper imbalance in whole animals.

4. Magnetic Resonance-based Copper-sensing
Probes

Whereas metal-responsive fluorescent sensors provide
a great tool to assess relative metal levels in living biolog-
ical systems from the cell to the tissue to the organism
level, the translational application to medicine can be
limited by the intrinsic properties of the use of visible to
near-infrared light as a readout for metal activity. In this
regard, magnetic resonance imaging (MRI) is a powerful,
clinically-used molecular-imaging technique that allows
for the capture of three-dimensional images of organisms
with up to cellular resolution.[104] Even though the most
common contrast observed in MR images results from
water molecules in different environments, the use of
contrast agents with paramagnetic metals, such as Mn2+ ,
Mn3+ , Fe3+, Cu2+ , and Gd3+ , can be implemented to en-
hance image contrast. Of these paramagnetic metals, high
spin Gd3 + is particularly well suited for this application
and is indeed used in 40–50% of all clinical MRI applica-
tions.[105] The image enhancing abilities of coordination
complexes of these metals relies on the ability to effi-
ciently relax nearby nuclei and increase the relaxation
rates of water protons.[106] Modulation of the relaxivity,
the efficiency of a contrast agent to enhance the relaxa-
tion rate, by a specific analyte can therefore be applied to
a sensing strategy.

The design of metal-responsive MR probes can imple-
ment the idea of relaxivity modulation to afford a toolbox
that can be useful in studying complex contributions of

Figure 8. (a) Live SKH-1 mice imaging with fluorescent CS790AM
probe. 1: vehicle only; 2: vehicle and CS790AM; 3: vehicle, CuCl2,
and CS790AM; 4: CuCl2, ATN-224, and CS790AM; and 5: vehicle,
ATN-224, and CS790AM. (b) Calculated total photon flux from each
mouse, 5 minutes after the injection of probe.
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metals to physiology and disease. There are a number of
ways to affect the degree of relaxivity in a contrast agent
sensor, including the number of inner-sphere water mole-
cules (q-modulation) as well as rotational tumbling time
(tR-modulation). For a more in-depth discussion on the
development and criteria for responsive MRI contrast
agents as chemical sensors, we refer the reader to the fol-
lowing review articles.[107–109]

4.1 Development of a MR-contrast Agent for Selective
Copper(II) Sensing

Inspired by the seminal work of Meade and coworkers in
the development of EGad, a “smart” contrast agent that
reports on b-galactosidase activity,[110,111] our laboratory
reported the first copper-responsive MR-sensor Copper-
Gad 1 (CG1)[112] (Figure 9). CG1 features a Gd3+ contrast
agent platform coupled to an iminodiacetate ligand for
Cu2+ binding, the prevalent oxidation state in extracellu-
lar fluids. In the absence of Cu2+ , the anionic carboxylate
donors of the receptor hinder inner-sphere water access
to the Gd3+ thereby minimizing relaxivity. Upon binding
to Cu2 +, the Gd3+ is less sterically hindered, leading to
increased inner-sphere water access and proton relaxivity
affording a turn-on response. CG1 presents a 41 % in-
crease in relaxivity upon selective binding of Cu2+ with
Kd =167:48 mM. We note that while binding was mostly
selective to Cu2+ , the turn-on response was partially
muted in the presence of 10-fold excess Zn2+ . Neverthe-
less, the response to Cu2+ was stronger, owing to its
higher affinity on the Irving-Williams series, and provided
a prototype candidate for prospective MR-based copper
imaging in living systems.

4.2 Design of MR-contrast Agents with Thioether-rich Receptors
for Copper (I) Sensing

Following the initial results from the CG1 probe, we
sought to improve upon the relatively modest sensitivity
and change in relaxivity, as well as selectivity, versus
Zn2+. Additionally, we designed a new family of copper-
responsive MR probes to be activated by Cu+ and/or
Cu2+ to potentially track copper in its two biologically
relevant oxidation states. To achieve this goal, we intro-

duced various thioether-rich receptors to the Gd3+ con-
trast agent scaffold through a 2,6-dimethylpyridine linker
to afford Copper-Gad probes 2–6 (CG2–CG6,
Figure 9).[113] The pyridyl linker acts as a coordination
switch, where in the absence of analyte, the apo-receptor
caps the Gd3+ center to minimize the interaction with
inner-sphere water molecules, thus lowering the proton
relaxivity. Upon analyte binding, the linker switches to
a conformation that lowers the steric bulk around the
Gd3+, allowing for inner-sphere access of water and pro-
ducing higher relaxivity. Introduction of thioether donors
shifted the selectivity towards Cu+ binding in CG2–CG5,
with relaxivity increases ranging from 92% to 360%,
where higher turn-on responses correlate to higher S/N
donor ratios. CG6 had a unique and equal response to
Cu+ and Cu2+ due to a quick redox equilibration that
favors the higher copper oxidation state, possibly due to
the N/O/S donor set provided by the receptor. The com-
position and number of potential donors in the ligand set
influences the binding affinities as well, where com-
pounds with higher thioether coordination CG2 and CG3
presented higher Cu+ binding affinities, Kd =3.7 X10@14 M
and 2.6 X10@13 M, respectively. In comparison, sensors
with only three potential donors (CG4 and CG5) showed
lower affinities to Cu+ (Kd =1.4 X10@11 M and 3.2 X
10@11 M, respectively). The tetradentate N/S/O donor
system in CG6 afforded a higher affinity for Cu2+ (Kd =
9.9 X10@16 M) in comparison with the first-generation
probe CG1. Additionally, to validate the potential use of
these sensors for molecular-imaging applications, we es-
tablished that CG complexes are capable of visualizing
changes in biologically relevant copper levels in T1 phan-
tom images at clinical field strengths.

We next evaluated the effects of anions on relaxivity
changes for the CG probes. Relaxivity increases upon
copper binding seen in the presence of phosphate anions
are unaffected; however, carboxylate-type anions, includ-
ing citrate, lactate, and carbonate, presumably bind to the
Gd3+ contrast agent core and yield significantly lower in-
creases in relaxivity upon analyte binding. To minimize
anion sensitivity, we designed Copper-Gad 7 (CG7),[114]

an analog to CG2 where the acetate groups on the Gd3+

contrast agent core are substituted by hexanedioate deriv-
atives to shield the paramagnetic metal from biologically

Figure 9. Copper selective MR-contrast agents with thioether receptors.
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abundant anions by steric and electrostatic action
(Figure 9). This modification led to a comparable relaxivi-
ty turn-on ratio to CG2 (340 % for CG7 vs. 360% for
CG2), as well as an unperturbed selective binding of Cu+

over other biologically relevant cations in the N2S2 recep-
tor. However, the Cu+ response for CG7 is not signifi-
cantly affected by carboxylate or phosphate anions, re-
vealing that the installation of peripheral carboxylate
functionalities improves anion compatibility for MR-
based copper sensing.

4.3 Design of a Copper-responsive MR Agent for Biological
Imaging

As the CG series of MR-based probes features excellent
in vitro properties, we were eager to explore their use in
living systems, namely in in cellulo applications. However,
due to the large size of contrast agent probes (like other
typical Gd3+-containing MR contrast agents such as Gd-
DTPA and Gd-DOTA), we reasoned and confirmed that
the Cu+-responsive CG probes have poor cell membrane
permeability and are largely confined to the extracellular
space. To circumvent this issue, we introduced a polyargi-
nine tag on the CG2 scaffold to improve cellular uptake
of the probe. Synthesis of Arg8CG2 resulted in a cell-per-
meable copper-responsive MR-based probe with compa-
rable spectroscopic properties and response to Cu+ that
allowed for the visualization of biological perturbations
of copper levels in a murine Menkes disease model cell
line.[115] Indeed, Arg8CG2 showed greater cellular uptake
compared with CG2 in HEK 293T cells as confirmed by
ICP-MS studies of the lysed cells. Superior in cellulo re-
laxivity of Arg8CG2 over CG2 was also established by
copper supplementation and chelation experiments where
HEK 293T cells treated with either CuCl2 or the copper
chelator BCS and later treated with probe (Arg8CG2 or
CG2) showed more pronounced differences in relaxivity
(increases or decreases in the case of supplementation or
chelation respectively) for Arg8CG2. Relaxivity measure-
ments of the Menkes model fibroblast line WG1005,
which bears a mutation in the Atp7a gene, compared with
control fibroblasts MCH58, showed clear differences be-
tween the two cell lines, as reported by Arg8CG2. Fur-
thermore, phantom imaging experiments of the two cell
lines treated with copper or copper chelator resulted in
clear contrast variations, pointing to the applicability of
the MR-based probe for in vivo imaging (Figure 10) and
representing a unique application for copper-responsive
MRI.

5. Concluding Remarks

The use of thioether coordination chemistry for the selec-
tive ligation of copper has been exploited by biology and
synthetic chemists alike. Structural and spectroscopic

Figure 10. (a) Structure of the Arg8CG2 construct. (b) Cellular
uptake of CG2 (black) and Arg8CG2 (gray) in HEK 293T cells at dif-
ferent dosing concentrations. Cells were lysed with RIPA buffer
after probe incubation and analyzed by ICP-MS. (c) Relaxivity meas-
urements of CG2 and Arg8CG2 in HEK 293T cells. Bars represent the
incubation of cells with control vehicle (black), copper (light gray),
or BCS (dark grey). (d) T1-weighed phantom images of MCH58 and
WG1005 cells incubated with CG2 or Arg8CG2.
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characterization of cuproprotein binding sites, in combi-
nation with the study of synthetic small-molecule model
complexes, has revealed the privileged nature of the thio-
ether moiety, via methionine coordination, as an impor-
tant strategy for pH-independent and oxidation-resistant
binding of the cuprous ion. Consequently, this type of
binding has been extensively implemented in the develop-
ment of copper-specific recognition moieties for molecu-
lar-imaging applications. Indeed, the diverse array of
small-molecule fluorescent copper sensors with varying
properties (visible to NIR-excitation profiles, signal-to-
noise contrast, hydrophilicity, etc.) has led to the identifi-
cation of novel biological roles of copper as a signaling
entity, in addition to its canonical roles as a static cofactor
within protein active sites. Furthermore, the use of thio-
ether coordination of copper in different imaging modali-
ties with more translatable potential, such as MRI, has
pointed the way towards possible applications for disease
diagnosis and treatment monitoring.

Despite the success of thioether coordination of copper
as a strategy for selective metal sensing, the structural va-
riety of the receptor moieties has been rather limited to
the use of macrocyclic or aliphatic amines containing thi-
oether donors. As such, apparent binding affinities of the
resulting sensors, which can be narrowly altered by inclu-
sion or modification of different reporter moieties (i.e.,
fluorophores), leave room for future innovation. Indeed,
development of new ligands to explore the effects of
binding geometry and ligand topology/architecture on the
affinity and selective binding of copper in biological sys-
tems is a worthwhile goal. The resulting expansion of the
chemical toolbox of molecular probes will undoubtedly
lead to new opportunities to discover and study new biol-
ogy of copper and other metals.
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