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Abstract. Molecular photophysics and metal coordination chemistry are the two fundamental pillars
that support the development of fluorescent cation indicators. In this article, we describe how Zn(ll)-
coordination alters various ligand-centered photophysical processes that are pertinent to developing
Zn(1) indicators. The main aim is to show how small organic Zn(ll) indicators work under the constraints
of specific requirements, including Zn(ll) detection range, photophysical requirements such as excitation
energy and emission color, temporal and spatial resolutions in a heterogeneous intracellular
environment, and fluorescence response selectivity between similar cations such as Zn(ll) and Cd(ll). In
the last section, the biological questions that fluorescent Zn(ll) indicators help to answer are described,
which have been motivating and challenging this field of research.

1. The impact of this line of research

1-1. The impact on chemistry

All molecules in the singlet excited state fluoresce, until non-radiative decay pathways
kinetically outcompete fluorescence emission. These pathways (Fig. 1) include internal conversion (IC),
intersystem crossing (ISC), and photoisomerization, as well as inter- or intramolecular electron transfer,
(e'T), energy transfer (E,T), and proton transfer (PT). The fluorescence quantum yield (¢r ) and excited
state lifetime (tgx) of a fluorophore are functions of these processes, as shown in equations 1 and 2,
respectively. The rates of these processes are sensitive to environmental factors and specific molecular
interactions available to the fluorophore (Fig. 1). Temperature (T), ionic strength (/), dielectric constant
(€), and viscosity (1) are bulk environmental properties. The effects of these factors on the excited and
ground state properties reveal the conformational and electronic structural information of a
fluorophore. The specific abilities of a molecule to form hydrogen bond with solvent molecules, to form
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metal coordination complexes, and to undergo reversible chemical reactions often translate to unique
spectroscopic signatures. The investigations of the effects of these factors on the photophysical
properties of a molecule provide an entry to not only gaining the fundamental knowledge on the excited
and ground state chemistry, but to advancing spectroscopic tools to interrogate these reactions on
different time scales.
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Fig. 1 Relaxation pathways of an organic singlet excited state (molecule*), and factors that affect the
rates of these pathways. Environmental factors and specific molecular interactions are shaded light gray
and light purple, respectively. Factors: T — temperature; / — ionic strength; ¢ - dielectric constant; 1 -
viscosity; M"" - metal ion; a. — hydrogen bond donor; B - hydrogen bond acceptor; RXN — chemical
reaction. Pathways: PT — proton transfer; e T — electron transfer; IC — internal conversion; FL —
fluorescence; ISC — intersystem crossing; E,T — energy transfer; ISO — (photo)isomerization.

brL KL (1)

kpLt+kictkisctke-r+ke,T+kiso+

1
kpptkictkisctke-r+ke,Ttkiso+

Tex (2)

This article covers selective areas of Zn(ll) coordination chemistry and related spectroscopic
properties of organic fluorescent ligands that bind Zn(ll). In particular, how Zn(ll) coordination may
affect various decay pathways of the singlet excited state of an organic fluoroionophore is described.
These works have not only advanced our understanding in Zn(lIl) coordination chemistry and ligand-
centered molecular photophysics, but provided a knowledge base for developing Zn(ll)-sensitive and
selective fluorescent indicators as imaging tools to aid the research in Zn(ll) biology.

1-2. The impact on Zn(II) biology

The progress in Zn(ll) biology has been a boon to the rapid development of small molecule Zn(ll)
indicators in the past two decades. Zn(ll) carries three major functions in biology — catalytic, structural,
and signaling. First, Zn(l1) ions are catalytic cofactors for Zn(l1)-dependent enzymes."* In many cases,
Zn(ll) acts as a Lewis acid to aid the deprotonation of nucleophiles and/or the activation of carbonyl or
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phosphonyl electrophiles. Hydrolytic enzymes such as carbonic anhydrase,* carboxypeptidase A (a Zn(l1)
protease),” and alkaline phosphatase (a Zn(Il) nuclease)®’ require Zn(ll) ions in their catalytic pockets to
activate and deliver a nucleophilic water to the electrophilic CO,, carbonyl, and phosphonyl, respectively.
The alcohol binding of Zn(ll) and subsequent formation of Zn(ll) alkoxide precede the delivery of a
hydride to the NAD" in alcohol dehydrogenases.® ! In Class Il aldolase, Zn(Il) acts as a Lewis acid to
facilitate the formation of an enolate from 2-hydroxyketone.

The action of a Zn(ll) ion held in a multidentate binding pocket of an enzyme on a substrate
changes the electronic structure of the substrate, which could be interrogated via spectroscopic means.
For example, the drop of C=0 stretching frequency when a carbonyl binds Zn(Il) can be detected by
infrared spectroscopy. This line of thinking is reflected in designing a fluorescent indicator, which is a
combination of a multidentate Zn(ll)-binding ligand and a “substrate”, whose electronic structure is
sensitive to the interaction with Zn(ll), and can be easily interrogated by a spectroscopic means —
fluorescence.

Second, Zn(ll) ions carry structural functions in holding proteins together. For example, Zn(ll)

1233 |nsulin is stored in a hexameric

finger proteins are key components in many transcription factors.
form held together via Zn(ll) binding, which upon dissociative secretion affords monomers that has the
hormonal activity.' The structural functions of Zn(ll) are also implicated in pathology, in particular that
of the Alzheimer’s. It is suggested that Cu(ll) and Zn(ll) drive the formation of amyloid-f plagues that are

found in the brains of Alzheimer’s patients.™

The structural studies of Zn(ll)-containing proteins carried out by the biochemistry and
bioinorganic chemistry communities have offered critical insights and important structural elements in
designing the binding components of small molecule Zn(ll) indicators. Zn(lIl) has affinities to oxygen (as in
aspartate and glutamate), nitrogen (as in histidine), and sulfur (as in cysteine) donor atoms in aqueous
solutions (Fig. 2). These donor atoms have been adopted in synthetic Zn(ll) receptors.
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Fig. 2 Aspartate (Asp), glutamate (Glu), cysteine (Cys), and histidine (His) are common Zn(ll) ligands in
proteins.

Third, Zn(ll) ions, especially those loosely associated with intracellular ligands, are considered as

1618 The coordinatively mobile Zn(ll) ions in brain are co-

signaling ions including neurotransmitters.
released with glutamate from synaptic vesicles of glutamatergic neurons (those that manufacture
glutamate as neurotransmitters), which upon traversing the synaptic cleft arrive at the postsynaptic
neuron to complete the excitatory synaptic transmission.™ The dysfunction of Zn(ll)-involved
neurotransmission has been implicated in several types of neurological disorders of the brain.*”**** Zn(l1)

ions are redox inert. However when bound with cysteine-rich proteins, such as metallothioneins,**?*
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Zn(l1) may provide molecular signals for intracellular redox potentials. When Zn(ll)-bound cysteine
residues are oxidized to form disulfide bonds, Zn(ll) ions are released to result in an increase of local
Zn(ll) concentrations. Such oxidation-effected Zn(ll) release may be linked to the formation of protein
aggregates, which are significant in neurodegenerative diseases such as Alzheimer’s and Parkinson’s.

(over)activate zinc(ll)-
ROS dependent enzymes
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Fig. 3 A model of Zn(Il) homeostasis, and the disruption of which in a lysosome. See descriptions in the

text. ROS: reactive oxygen species.

Zn(ll) homeostasis in mammalian cells and its dysfunction is illustrated in Fig. 3, using lysosomal
Zn(l1) as an arbitrary example. Intracellular Zn(Il) concentration and distribution are tightly regulated by
three classes of proteins — Zn(ll) buffers, transporters, and sensors. The cysteine-rich metallothioneins
(MTs) are Zn(l1) buffers,”*’ by which the Zn(Il) concentration is controlled via the equilibrium between
Zn(ll)-bound MTs and the apo forms (left in Fig. 3). Zn(ll) transporter proteins ZnT reduce the cytosolic
Zn(I1) concentration by sequestering Zn(l1) into intracellular organelles or extracellular space.’®*
Another type of Zn(ll) transporters, ZIP proteins, mobilizes Zn(ll) ions in the opposite direction to
increase the cytosolic Zn(ll) concentration. The fluctuations of “free” Zn(ll) ions, which are loosely
defined as those available for pickup by other Zn(ll)-dependent proteins, are communicated to Zn(ll)
sensor proteins.>32 Depending on how far the free Zn(Il) concentrations drift away from the
homeostatic balance, the sensor proteins act upon transcription factors that lead to the expression of
various Zn(ll) transporters and/or metallothioneins.*

The activity fluctuations of any of the three classes of proteins (buffers, transporters, and
sensors) affect Zn(Il) homeostasis. For example, if lysosomes are subjected to oxidative stress (e.g., a
sudden influx of hydrogen peroxide), the cysteine residues in Zn(ll)-bound MTs are oxidized to disulfides
with release of Zn(ll) ions.? The rapid accumulation of un- or weakly ligated Zn(ll) ions may (a) activate
various Zn(ll)-dependent proteins, (b) displace other essential trace metals, such as Cu(ll), from proteins,
or (c) induce membrane disintegration, possibly a downstream consequence of over-activation of
certain enzymes.>* Lysosomal membrane disintegration leads to the release of toxic levels of hydrolytic
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enzymes®" to ultimately result in cell death. This process is called lysosomal membrane permeabilization
(LMP).* Zn(ll) ions, therefore, appear to be a link between oxidative stress and LMP,* which raises
interest in developing fluorescent indicators to correlate lysosomal Zn(ll) concentrations to the levels of
oxidative stress and downstream markers for LMP.*’

The homeostasis of lysosomal Zn(ll) highlights the fact that Zn(ll) distribution, availability, and
dynamics® in living cells sensitively affect Zn(ll) protein functions and signaling events, as well as other
aspects of physiological functions that are intimately related to the well-being of an organism. To put
Zn(I1) ions under surveillance in a living specimen, the more traditional methods such as Timm staining
or X-ray fluorescence are not suitable, because they require fixed specimens that are metabolically
inactive, and they give the information of total Zn(ll) distribution, rather than the “free” Zn(ll) ions that
are participating in dynamic processes. The free Zn(ll) ions are also called “mobile”, “chelatable”,
“rapidly exchangeable”, and “loosely bound”, with various degrees of thermodynamic and kinetic
connotations. They are distinguished from the Zn(ll) ions tightly bound with proteins. As mentioned
earlier, these “free” Zn(ll) ions are in this article simply considered to be available for redistribution in
living systems; and they are the targets to light up under the fluorescence microscopes, upon binding to

Zn(l)-selective fluorescent indicators.

2. Scope and organization of this article

In the article, the discussion is limited to organic fluoroionophores for Zn(ll) ions. These
compounds are often referred as small molecule organic indicators as opposed to synthetic polymeric or
biomolecular (e.g., protein- or nucleic acid-based) indicators. Given the facts that Zn(ll) itself is not redox
active, and has no spectroscopic signature in the UV/VIS region, the photophysical properties discussed
herein are solely organic ligand-based, singlet state processes. In addition to small organic indicators,
the systems that are based upon metal-centered luminescence,***° protein-**** or protein-organic

46-49

hybrid structures, and polymeric constructs® have contributed significantly to the advances of Zn(ll)

sensing/imaging technologies. A few review articles on phosphorescence®® and protein-based Zn(l1)

52-54

indicators are listed in the reference section for the interested readers to explore.

There are four primary sections (3-6) in this article. Section 3 provides an introduction to excited
state processes that are sensitive to environmental factors, including the presence of Zn(ll) ions. Simple
experiments for characterizing these processes, and for differentiating one from another are listed.
Section 4 focuses on Zn(ll) coordination chemistry, and is organized by the denticity of the Zn(ll) ligands.
Zn(ll) coordination thermodynamics and kinetics are included, followed by a subsection on the metal ion
selectivity of Zn(ll) ligands. Selective Zn(ll) indicators that have been published in chemistry literature
are used as examples in Section 4. Section 5 includes a brief introduction of fluorescence microscopy,
and the recent developments of Zn(ll) indicators with defined subcellular targets. In Section 6,
applications of Zn(ll) indicators in cell biology and neurobiology, which are published in primarily
biological journals, are described. The biological problems that Zn(ll) indicators may help solve are the
focus of this section. The last, summary section points out a couple of challenges in Zn(ll) indicator
development, and updates on a wish list for the future Zn(ll) indicators.



RSC Advances

560-600 nm 600-640 nm
Yellow Orange

Fig. 4 Six sectors of the visible spectrum.

In this article, the names of Zn(ll) ligands and their complexes (numbers or abbreviations) are
bolded. The structures of Zn(ll) ligands are drawn in either Zn(ll)-free or Zn(ll)-bound forms. The choice
of either one is arbitrary. Formal charges of complexes are omitted in the structures; instead they are
noted in the formulas. The fluorescent component of a structure is color-coded to match with the
emission color of the structure drawn — either as a free ligand or as a Zn(ll) complex. The visible
spectrum is replicated in Fig. 4 as guidance for the readers.
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Fig. 5 TSQ,>> and subsequent advances in the development of Zn(l1) indicators, roughly time-correlated.

The earliest fluorescent histochemical stain for biological Zn(ll) that, in the late 1980s, found
wide acceptance is N-(6-methoxy-8-quinolyl)-p-toluenesulfonamide (TSQ).”> The subsequent advances in
Zn(ll) indicator development have addressed issues (not necessarily completely) such as intracellular dye
delivery, variable and preferably long excitation and emission wavelengths, variable affinities and fast
coordination kinetics, and more recently, precise targeting to subcellular organelles (Fig. 5). In the 1990s
the studies on metal coordination-modulated photophysical processes were intensified,*®>® which
primed for the rapid development of fluorescent Zn(ll) indicators in the following decade and beyond.
Thus far, the Zn(ll) indicator research field has accumulated an enormous volume of data and products,

979 The present article

which has been covered with varied emphases in a number of review articles.
obviously is not going to be, or need to be comprehensive considering the sheer volume of the works in
this area. We aim to include (a) a few historical examples in this field that still assume great relevance,
(b) more contemporary cases of fluorescent ligands for Zn(ll) with considerably complete coordination
chemistry and photophysical characterizations, and (c) the biological questions that Zn(ll) indicator
community has contributed to answer. The goal of this article is to explain how the organic-based Zn(ll)
indicators work, coordination chemistry-wise and photophysically, and how they have aided and will
continue to aid the research of Zn(ll) biology. This function of the article necessarily includes paying
homage to the achievements in Ca(ll) and proton indicator development, which laid out the rationales
that have been adapted in developing indicators for Zn(ll). Hopefully this article will provide guidance for

the design of future Zn(ll) indicators.
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3. Singlet state, ligand-centered photophysical processes

All molecules fluoresce until they don’t, when the rate of fluorescence falls behind that of the
competing non-radiative processes. Indicator development relies on our ability to tune the rates of
radiative or non-radiative pathways of a fluorophore via molecular interactions. In this section, a few
photophysical processes whose rates can be affected sensitively via complexation of Zn(ll) ions are
described. Same strategies had been applied in developing indicators for other analytes, before they
were adapted in creating Zn(ll) indicators. Much of the pioneering work in exploiting the tunability of
excited state relaxation pathways to develop chemosensors was summarized in the reviews by de
Silva,”® Valeur,”” and their coworkers. In this section, in addition to a brief introduction of each
photophysical process, we offer a list of rather straightforward experimental methods to conveniently
test these models, when they are hypothesized in the working mechanisms of fluorescent indicators.

3-1. Photoinduced electron transfer (PET)
3-1-1. Overview of PET

A photoinduced electron transfer (PET) system contains a fluorophore and an electron transfer
donor or acceptor that supplies an electron to, or extracts an electron from, the excited fluorophore.
The result of PET is the complete charge separation to afford a radical cation/anion pair. In the ground
state of a molecule capable of PET, the fluorophore and the electron transfer switch (the e-donor or the
e-acceptor) can be characterized by their respective molecular orbitals, which are independent of each
other (i.e., no ground state mixing). As the fluorophore is excited, an e-donor or e-acceptor with
appropriate redox potentials may reduce or oxidize the excited fluorophore to afford a radical cation or
anion of the fluorophore, respectively, which under most circumstances returns to the ground state
through back-electron transfer non-radiatively (i.e., quenched).®

A PET-based cation indicator in its metal-free form is often quenched due to an efficient
intramolecular PET. Metal coordination switches off the PET pathway, hence restoring the fluorescence
quantum yield. For all the PET-based Zn(ll) indicators reported thus far, the efficiency, or the rate of
intramolecular PET of the free indicator relates to the free energy of electron transfer in the Marcus
normal region. The free energy of PET is depicted by the Weller equation (eq. 3),%' which can also be
estimated by comparing the redox potentials of the fluorophore and the PET switch. Several examples of
PET-switchable molecules are illustrated in Schemes 1-3 in the next subsection.

e?

AG:’ET = on(D) - Ered(A) —Ego — e (3)

The Gibbs free energy (AG®) of electron transfer, where ‘Eqyp)’ is the oxidation potential of the donor,
‘Ereq(a)’ is the reduction potential of the acceptor, ‘Eqg’ is the excitation energy of the fluorophore, ‘d’ is
the center-to-center distance between the e-donor and the e-acceptor, and ‘e’ is the dielectric constant
of the solvent.
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3-1-2. A few examples of molecules capable of intramolecular PET

Compound 1 (Scheme 1) embodies the key principles of PET-based fluorescence switching
strategy.®’ The excited anthryl fluorophore in 1 is quenched via electron transfer from the tertiary amino
group. The electron transfer is efficient because the energy of the non-bonding orbital (NBO) of the
amino group is higher than the HOMO level of the anthryl, which is vacated upon photo-excitation.
Protonation of, or Zn(ll)-binding at, the tertiary amino group (Scheme 1) lowers the energy of the NBO
to the extent that the thermodynamic driving force of PET is drastically reduced, and consequently
increases the fluorescence quantum yield (see eq. 1). Compound 1 represents a straightforward strategy
to construct a fluorescence off-on switch, which was advocated by Czarnik®® and de Silva®® in the 1990s,
and has since been applied extensively in chemosensor design.

7~
cl N\\ NZ NZ HN/
- \/ | | |
ZnCI2

[Zn(1)Cl], high ¢¢ 1, low ¢y [H(1)T*, high ¢ [Hz(1)]2+, low ¢¢
Scheme 1 Protonation and Zn(l1)-coordination alter the fluorescence of compound 1.

The less-discussed half of the PET-switching chemistry is the potential of the excited fluorophore
as the e-donor.®? When a pyridyl group in 1, in addition to the tertiary amino group, is protonated to
afford [H,(1)]** (Scheme 1), the LUMO level of the pyridinium is lowered to accept an electron from the
excited anthryl group, which results in the formation of the radical cation of anthryl and the quenching
of fluorescence.

Compound 2 upon either protonation or Zn(ll)-binding suffers fluorescence quenching due to
PET from the excited anthryl to the LUMO of protonated or Zn(l1)-bound bipyridy! (bipy, Scheme 2).2* By
comparing the Zn(ll)-dependent fluorescence properties of 1 and 2, it may be concluded that Zn(ll)-
bound bipy is a more potent e-acceptor than Zn(ll)-bound pyridyl. Indeed, Zn(ll)-bound bipy and

terpyridyl (terpy) have been found to quench fluorescence in other cases.?>*®

[H2(2)]%*, low ¢y , hi [Zn(2)C15], low o

Scheme 2 Bipy in compound 2 is an efficient e-acceptor in PET when protonated or bound with Zn(11).3
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Fig. 6 The phenyl component determines the fluorescence quantum yield of the xanthene moiety.®”®

Another system for understanding intramolecular PET switching of fluorescent dyes is
fluorescein and its analogs. Fluorescein is highly emissive in an aqueous solution. The two structural
components — benzoate and xanthene, are orthogonal to each other. The xanthene moiety is
responsible for the fluorescence. The benzoate moiety may be tweaked to act as a PET switch.?®
Nagano and coworkers systematically varied the structure of the phenyl moiety so that it samples a
large range of oxidation potentials. The electron density of the phenyl moiety could increase to a level
that acts as an e-donor to quench the xanthene fluorescence (e.g., compound 3, Fig. 6).®” Going the
opposite direction as the electron density of the phenyl group decreases, it can be turned into an e-
acceptor, which also quenches the fluorescence, as in compound 4.2 The ability to manipulate the
benzoate redox potential based on the prediction of the Weller equation (eq. 3) has opened up a lot of
interesting possibilities, including the development of nitrogen oxide indicator’* and more recently the
fluorogenic organic azides for low-background cell surface labeling.”> One may envision that the
oxidation potential of the phenyl moiety may be rendered as a function of an analyte, such as Zn(ll) ions,
so that Zn(ll) indicators could be built off the fluorescein platform. A few examples employing this
strategy are given in later sections.

3-1-3. Experiments for characterizing PET-keyed fluorescence modulation
X+FL=X-FL (4)

Assuming fluorophore FL in eq. 4 contains a PET-quenching switch, which is turned off upon
binding to species X to form complex X-FL with much enhanced emission, the following experiments
could be used to test the hypothesis that PET switching is the mechanism that gives rise to the
fluorescence enhancement.

(a) Absorption spectroscopy. The absorption spectrum of FL shall undergo a minimal change

upon forming the complex X:FL, because analyte X binds the PET switching moiety (i.e., the quencher),
which does not interact with the fluorophore in the ground state.

(b) Cyclic voltammetry. If the fluorophore is postulated to be reduced in the excited state in an

intramolecular PET process, the cyclic voltammogram of the fluorophore (FL) shall have two oxidation
(anodic) peaks that are assigned to the e-donor and the fluorophore, respectively, and the oxidation
potential of the e-donor shall be lower than that of the fluorophore.” Conversely, if one postulates that
the excited fluorophore is oxidized during the PET, the reduction potential of the e-acceptor shall be
lower than that of the fluorophore. The redox potential measurement may clarify common
misconceptions of the identities of e-donors or e-acceptors. For example, tertiary amino groups in many

9
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instances can be oxidized electrochemically in preference to the fluorophore, which suggests that an
amino group be a capable e-donor to quench that particular fluorophore. A pyridyl group, however, is
very difficult to oxidize electrochemically. In many solvents it would not be oxidized within the
permissible voltage scan window. Therefore, the pyridyl nitrogen is rarely, if at all, an e-donor to quench
an excited fluorophore.

(c) Fluorescence quantum yield. The fluorophore in the PET-quenched state shall have a lower

fluorescence quantum yield than its inherent fluorescence quantum yield in the absence of an (often
intramolecular) quencher. The fluorescence quantum yield change shall be the benchmark in
determining fluorescence turn-on or turn-off, rather than the emission intensity, because the latter is a
function of both fluorescence quantum yield and molar absorptivity at the excitation wavelength.

(d) Fluorescence lifetime. The PET-quenched state of a fluorophore shall have a shorter decay

time constant, in addition to the normal time constant of fluorescence decay. The fluorescence lifetime
data can be collected using the time-correlated single-photon counting (TCSPC) method, which may
require a single photon counter accessary to a steady-state fluorometer and a nanosecond LED light
source.

(e) Control experiments. If an e-donor is the quencher of the excited fluorophore, protonation of

the often basic e-donor (i.e. an amino group) would increase the oxidation potential, which shall lead to
an enhancement of the fluorescence quantum yield. A model compound with the e-donating or
accepting quencher removed shall have a high ¢, but otherwise identical absorption and emission
features.

3-2. Excited state conformational rigidification

“Rigidification” shall be distinguished from “planarization”. The latter is a molecular design
strategy for enhancing electron delocalization. Rigidification reduces the number of rotational degrees
of freedom that contributes to the non-radiative decays of the excited state. Vibrationally or rotationally
coupled internal conversion (IC) is a major non-radiative decay pathway of a molecule with a large
number of vibrational and rotational freedoms. Eliminating some of the vibrational/rotational freedoms
via structural rigidification shall decrease the rate of IC, hence increasing the fluorescence quantum yield.
The concept “aggregation-induced emission” (AIE) is based on the fact that in aggregated states, the
non-radiative decay rates offered by bond vibrations and rotations are decreased due to tighter
molecular packing.**® If aggregation does not introduce new, intermolecular-based quenching
pathways, the fluorescence quantum yield of the molecule shall increase. Hexaphenylsilole (HPS) and
tetraphenylethene (TPE) in Fig. 7 are the archetypical AIE-prone molecules. This concept has been
applied in developing fluorescent indicators.*®

10
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Fig. 7 HPS and TPE are capable of aggregation-induced emission (AIE).”

Bond rotation in the excited state could lead to photoisomerization. Rigidifying isomerizable
conformations has been a viable strategy to enhance fluorescence quantum yield. For example, trans-
stilbene (Fig. 8) has two major decay pathways on the singlet manifold — fluorescence and trans - cis
photoisomerization.””*® The photoisomerization product cis-isomer has a non-planar conformation due
to the steric congestion between the two cis-phenyl rings, hence resulting in the reduction of
fluorescence quantum yield. By locking the double bond in the trans configuration in the excited state to
eliminate the fluorescence-quenching isomerization pathway, the fluorescence of trans-stilbene
analogues is conserved, such as in compound 5 (Fig. 8) with a fluorescence quantum vyield of unity.*

Ko,c” ™ N""coK KO,67 N coK
O\/\o 0\/\0
KOZC COQK A NH KOZC 002
trans-stilbene stil-1 (¢; = 0.14) indo-1 (¢ = 0.38)
COK COzK

Fig. 8 Structures of trans-stilbene, compound 5,% Ca(ll) indicators stil-1 and indo-1."%

This line of thinking has been applied to create bright fluorophores and fluorescent indicators.
Tsien and coworkers developed Ca(ll) indicators containing trans-stilbene-like fluorophores (e.g., stil-1 in
Fig. 8).%° By locking up the trans configuration using a heterocycle, the fluorescence quantum yield
increases from 0.14 of stil-1 to 0.38 in indo-1 (Fig. 8). Freezing out some of the excited state rotational
freedoms through selective non-covalent host/guest complex formation is also a viable strategy for
indicator development, as demonstrated by Armitage and coworkers in developing fluoromodules —
specific combinations of biomolecules and fluorogenic organic dyes that afford strong

fluorescence. '

The fluorescence quantum yields of the dye molecules used in fluoromodules in low
viscosity solvents are compromised by the excited state bond rotations. However, their fluorescence is
restored in viscous solvents such as glycerol, which slows down bond rotation, or via specific binding to
proteins and nucleic acids selected for enhancing their fluorescence. The solvent viscosity dependency
experiment provides a test to determine whether fluorescence enhancement can be attributed to

conformational rigidification.

11
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Fig. 9 Wild-type GFP chromophore and GFP-inspired Zn(ll) indicators PyMDI'* and 6.'*
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Another notable example of structural rigidification-enhanced fluorescence is embodied in

green fluorescent protein (GFP, Fig. 9)."”

The GFP fluorophore includes an isomerizable double bond,
the action of which almost entirely quenches the fluorescence when the fluorophore is isolated from its
protein shell.'® When protected in the B-barrel structure, the bond rotation of the GFP fluorophore in
the excited state is hindered, photoisomerization rate is decreased, so that the fluorescence quantum
yield is enhanced. Based on the similar structural rigidification concept, two GFP-fluorophore-containing

Zn(I1) indicators (PyMDI and 6 in Fig. 9) were developed by Tolbert,'® James,'* and their coworkers.

3-3. Internal charge transfer (or intramolecular charge transfer, ICT)
3-3-1. Overview of ICT

Positively solvatochromic compounds are characterized by a bathochromic shift of absorption or
emission as solvent polarity increases. Therefore, these compounds belong to a subgroup of
solvatochromic dyes,'®” yet have found a disproportionally wide range of applications in fluorescence
microscopy.

In most cases, a positively solvatochromic dye that has an e-donor and an e-acceptor in
conjugation undergoes internal charge transfer (ICT) upon photo-excitation.'® The electron distribution
in the ground and excited states can be represented by the neutral and the zwitterionic resonance
structures, respectively. An example of this qualitative representation is shown for 6-propionyl-2-
(dimethylamino)naphthalene (PRODAN, Fig. 10a).'® This simplified treatment contributes to the
understanding of how the emission of an ICT molecule depends on its microenvironment. As solvent
polarity increases, the excited state zwitterionic structure, which has a larger dipole moment than that
of the ground state, enjoys more substantial effect of solvent stabilization. The solvent-mediated excited
state stabilization reduces the energetic difference between the excited and ground states to result in a
bathochromically shifted emission and a large Stokes shift. PRODAN analogues can be understood in the
same manner."*'? PRODAN was developed and successfully applied as a protein microenvironment
polarity indicator.'®*** Contrary to PRODAN, its structural progenitor naphthalene does not have a
polar major contributing resonance structure (Fig. 10b). Therefore, naphthalene is not solvatochromic.
By the same measure, although rhodamine B (Fig. 10c) is zwitterionic, its resonance structure has the
same dipole moment. Therefore, Rhodamine B is not solvatochromic, and has a small Stokes shift.
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Fig. 10 (a) PRODAN,'® (b) PRODAN precursor naphthalene. (c) Rhodamine B.

When the degree of charge transfer becomes quite high to approach full charge separation, two
things could happen: (a) the charge-transfer excited dipole interacts strongly with solvent dipoles, which
leads to fluorescence quenching; (b) single bond rotation in the excited state occurs during the lifetime
of the excited state to result in the entirely charge-separated state, which is called twisted

intramolecular charge transfer (TICT) state.'**

The TICT state, if emissive, would afford a substantially
bathochromically shifted emission from that of the “locally excited” (LE) state. The distribution of LE and
TICT emission is highly solvent-dependent, as non-polar solvents favor the former while polar solvents
amplify the latter. There have been many TICT-permissible molecular systems,****® but very few of
them would result in strong TICT emission under physiological conditions.™*® In one case, Kimura and

coworkers developed a Zn(l1) indicator using a Zn(ll)-coordination amplified TICT process.*"’
3-3-2. A few examples of ICT indicators

Specific molecular interactions at either end of the enlarged excited state dipole of an ICT
fluorophore provide opportunities of developing fluorescent indicators that are ratiometric. That is, the
emission ratio at two different wavelengths, rather than the intensity at a single wavelength, is the
function of analyte concentration. Ratiometric as opposed to single wavelength intensity readout
reduces the dependence of analyte quantification on indicator concentration and spectrometer controls

10 The binding of a cation, for example, at

(i.e., excitation power, slit width, detector amplification, etc.).
the e-acceptor end of an ICT fluorophore shall lead to an absorption and/or emission bathochromic shift.
The intensity ratio of the cation-bound and unbound fluorophores can be calibrated as the function of
the cation concentration. Conversely, when a cation is bound at the e-donor site, the absorption and/or

emission shall undergo a hypsochromic shift.

The ratiometric pH indicator PDMPO (Fig. 11) contains an ICT fluorophore.™® The alkoxy group
at the right end of the fluorophore is e-donating, while the 4-pyridyl group at the left side is e-accepting.
Protonation at the e-accepting site affords a pyridinium moiety that enhances its e-accepting power.
Consequently, a proton-effected emission bathochromic shift from blue to yellow is observed.
Compound 7 is a Li(l) indicator,'** in which the macrocyclic Li(l) receptor includes the e-donor of the ICT

13
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fluorophore. Li(l) binding leads to hypsochromic shifts of both absorption and emission of the
fluorophore.

The third example is the Ca(ll) indicator fura-2 that contains an ICT fluorophore.'® The BAPTA
type Ca(ll) ligand (see Section 4-4-2) is integrated in the e-donor of the fluorophore. Ca(ll) binding to
fura-2 results in absorption bathochromic shift, but little fluorescence change. Due to the ICT nature of
the fluorophore, in the excited state the affinity of BAPTA to Ca(ll) is reduced due to the cationic
character at the e-donor site of the excited state dipole. Therefore, during the lifetime of the
fluorophore, Ca(ll) could be ejected due to the decreasing affinity, to result in an emission spectrum
similar to that of the free indicator. However, the excitation spectrum of fura-2 is sensitively dependent
on Ca(ll) binding, and undergoes a hypsochromic shift upon coordination. Therefore, a ratiometric

measurement of Ca(ll) is achieved in the excitation spectral mode.'®

The design principles of the three
indicators in Fig. 11 can be directly applied in creating Zn(ll) indicators. Indeed, after replacing the
analyte-recognition component in each of these compounds with Zn(ll)-selective ligands, similar
fluorescence responses are replicated, but selective to Zn(ll). These Zn(ll)-sensitive compounds are

described in Section 4.
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o |
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oD Ny, 9 W0
— — KO,C COzK
MeO Z CO,Et z 2
7

(o]

\
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Fig. 11 Ratiometric indicators based on ICT fluorophores: PDMPO — a pH indicator;'*® 7 — a Li(l)
indicator,'*® and fura-2 —a Ca(ll) indicator.'®

PDMPO

3-3-3. Experiments for characterizing ICT-based fluorescence modulation

(a) Solvatochromism. Because an ICT fluorophore has different dipole moments in ground and

excited states, a solvent polarity dependency on absorption and/or emission and a large Stokes shift are
characteristic of an ICT-type (including TICT) fluorophore. The Lippert-Mataga equation (eq. 5) relates
the Stokes shift to the orientation polarizability (Af, eq. 6) in a linear relationship.*?° The slope of the
Lippert-Mataga plot gives the change of dipole moment upon excitation, which characterizes the degree
of ICT of a fluorophore.

Stokes Shift = ¥, — ¥p = ;faj; (ug — ug)? + const (5)
Af = e-1 n?-1 (6)
f= 2e+1  2n2+1

From cyclohexane to DMSO, the dielectric constant € spans 2-47, which is a sufficient range for
characterizing the degree of charge transfer (i.e., change of dipole moment). A main cause of deviation
from the Lippert-Magata equation (eq. 5) is specific solvent-solute interactions, for example, hydrogen

14
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bonding of a solvent molecule with the negative terminal of an excited state dipole, which is not
factored in the Lippert-Magata model.

(b) Spectral shift upon binding. Assuming a cationic analyte, the binding at the e-donor or e-

acceptor ends of an ICT fluorophore shall lead to absorption hypso- or bathochromic shifts, respectively.
Emission shall follow suit, except in the cases when a cation binds at the donor site of an ICT fluorophore
in the ground state, while it is ejected in the excited state due to a positive charge buildup at the donor

site, as seen for fura-2 (Fig. 11).'®

Occasionally, the binding of a cation at the e-donor site of OH or NH
type (having exchangeable protons) may result in a bathochromic shift of absorption and/or emission.
This could be attributed to the deprotonation of the OH or NH groups upon cation binding, which
elevates the acidity of these exchangeable protons. When the deprotonation occurs, the electron
density of the donor site significantly increases, which leads to a higher degree of charge transfer in the
excited state, hence a bathochromic shift in absorption and/or emission. In the example shown in
Scheme 3, Zn(ll) coordination at the e-donor dihydroxyl site of methylesculetin leads to both absorption
and emission bathochromic shifts, as a result of Zn(ll)-mediated deprotonation.’* The fluorescence

properties of other 7-hydroxycoumarin-containing Zn(ll) indicators*?? could be interpreted using the

Zncl
HO % 2 ae P N
+ .Zn
-2H N
HO o Yo 0 0" o

Scheme 3 Methylesculetin undergoes deprotonation upon forming a Zn(ll) complex.’*

same rationale.

(c) Excitation and emission spectra. Because the interaction between an analyte and an ICT

fluorophore may lead to a spectral shift in either absorption or emission, or both, it is advisable to
collect both absorption and excitation spectra, in addition to emission spectra. Sometimes a
complexation reaction with an ICT fluorophore only leads to a change of emission intensity, which is
deceptively similar to what is expected from a PET switch (Section 3-1). In those cases, excitation spectra
in the presence and absence of the analyte need to be taken. An ICT fluorophore shall show a spectral
shift of excitation spectrum upon analyte titration, while a PET switch would only show the intensity, not
the frequency change of the excitation spectrum. The studies of fura-2'® and an ICT-based Zn(ll)

123

indicator = illustrate the need, and the benefit of collecting excitation spectra.

(d) Density Functional Theory (DFT) calculation. Frontier molecular orbital (FMO) computation

has been utilized to visualize the charge redistribution of an ICT fluorophore upon photo-excitation.”*
The elevation of an electron from HOMO to LUMO upon photo-excitation leads to the change of dipole
moment. The DFT calculation of FMOs usually agrees with the qualitative conclusion drawn from
analyzing the resonance structures, as shown in Fig. 10.
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3-4. Excimer or exciplex formation
3-4-1. Overview of excimer/exciplex

An excited fluorophore may form a transient complex with a ground state molecule. Such a
complex is called an excimer (between identical molecules) or an exciplex (between different molecules).
Pyrene is the most studied excimer-forming fluorophore (Scheme 4a). The pyrene monomer emission
spectrum is structured with vibronic bands under 400 nm, while the pyrene excimer has a broad
featureless emission band centered at ~ 475 nm. Anthracene in the excited state forms an exciplex with
N,N-diethylaniline in toluene (Scheme 4b),”® which affords a broad structureless emission band at a
lower energy than the typical anthracene emission. Charge transfer between the ground and excited
states precedes the excimer/exciplex formation. Therefore, the interaction that drives the complex
formation is electrostatic in nature, and shall be relatively strong in non-polar solvents or hydrophobic
environments. The bimolecular formation of excimer/exciplex is concentration-dependent. Dilution shall
shift the equilibrium to the monomer. If both the ground and the excited states are tethered in one
molecule, the intramolecular excimer/exciplex formation is independent of concentration. A specific
interaction between the tether and an analyte of interest could be created to afford a ratiometric
indicator, in which the interaction between the analyte and the tether receptor changes the emission

ratio of excimer/exciplex and monomer.'***#

@ 6 monomer
(350-400 nm)
S =1 |
W

excimer
(~ 475 nm)

® SN

CCO = [0l o | 2

monomer
(~ 400 nm) exciplex
(~ 500 nm)

Scheme 4 (a) Pyrene excimer formation. (b) Anthracene/N,N-diethylaniline exciplex formation.*®

Excimer/exciplex formation only infrequently results in strong fluorescence. Similar to that of
PET, the radical cation/anion pair in an exciplex in most cases is not emissive. The AIE fluorophore
design (Fig. 7) specifically discourages excimer/exciplex formation in the aggregation, hence reducing
the possibility of excimer/exciplex quenching in order to achieve strong fluorescence.’® Formation of a
relatively stable exciplex requires a solvent of low polarity, or a hydrophobic environment. Schultz and
coworkers developed an antibody for trans-stilbene that emits strongly."*° The initial intent was to
restrict the molecular motion of trans-stilbene inside the cavity of its antibody for enhancing emission.
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Instead, an exciplex forms between the excited trans-stilbene and a tyrosine residue to result in strong,

structureless exciplex emission.*""

3-4-2. Experiments to characterize excimer/exciplex formation

(a) Emission spectra. The excimer/exciplex emission bands are broad and structureless. Because

an excimer/exciplex forms from the excited state of the monomer in an exothermic process, the
emission wavelength of an excimer/exciplex is always longer than that of the monomer. Bimolecular
excimer/exciplex formation is concentration-dependent. Dilution shall push the equilibrium to the
monomer emission side.

(b) Excitation spectra. Because the excimer formation follows the excitation of the monomer,

the excitation spectra of both excimer and monomer emission shall resemble the absorption spectrum
of the monomer. The mirror image correlation between excitation and emission spectra expected for
small polycyclic aromatic molecules is absent for excimer emission.

3.5. Excited state proton transfer (ESPT, phototautomerization)
3-5-1. Overview of ESPT

Fluorophores that contain intramolecular hydrogen bonds may undergo excited state proton
transfer (ESPT), which results in abnormal fluorescence (e.g., no mirror image relationship with the
absorption spectrum) with a large Stokes shift. For example, 3-hydroxyflavone (Scheme 5) in the non-
polar solvent 2-methylbutane upon excitation in the UV region undergoes phototautomerization to
afford the pyrylium salt tautomer, which emits in yellow-green.™** 2-(2’-Hydroxyphenyl)benzoxazole
(HBO)*** contains a benzoxazole and a phenol moieties that are joined by a covalent and a hydrogen

bond (Scheme 6). Phenol is a photoacid,*****

while the benzoxazole heterocycle might act similarly to
pyridine in the excited state, which is a photobase. Therefore, it appears logical for the proton transfer
to occur in the excited state due to the large alterations of the acid/base properties of the two

components (Scheme 6).

Scheme 5 3-Hydroxyflavone undergoes excited state proton transfer (ESPT)."**
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Phototautomerization is solvent-dependent. In a nonpolar solvent such as cyclohexane, ESPT is
much more rapid than fluorescence. Therefore, in most cases only the emission of the phototautomer is
observed. In the examples of which proton transfer is mediated via an intramolecular hydrogen bond
(e.g., 3-hydroxyflavone, HBO), very rapid ESPT occurs via proton tunneling, and the reaction is driven by
a favorable exothermic phototautomerization to lead to a large Stokes shift. In solvents with stronger
hydrogen bond-accepting abilities, for example acetonitrile or methanol, dual emission from both
tautomers is expected, because the ESPT rate is decreased. In very strong hydrogen bond-accepting
solvents such as DMSO, ESPT is too slow to compete with the fluorescence. Therefore, the emission of
the phototautomer becomes the minor component.
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Scheme 6 ESPT of HBO™* and the disruption of ESPT via Zn(ll) coordination.**®
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The proton of the intramolecular hydrogen bond in an ESPT fluorophore (e.g., HBO in Scheme 6)
may be replaced by a metal ion to form a coordination complex that is incapable of ESPT. Instead of the
long (green) emission of the HBO phototautomer, the emission of Zn(Il)/HBO complex having the
intermediate energy between the two HBO tautomers is observed.™® This chemistry has been
developed into ratiometric indicators for Zn(l1) ions.*”**®* Compound 10 (Fig. 15) in Section 4-1-2b

includes ESPT as its photophysical switching mechanism.
3-5-2. Experiments for characterizing ESPT

A large Stokes shift and sensitivity to hydrogen bond-accepting solvents are expected of an ESPT
fluorophore. Because tautomerization is supposed to only take place in the excited state, the excitation
spectrum shall be independent of emission wavelength, and shall resemble the absorption spectrum of
the enol tautomer. However, an ESPT system till this day is considered terribly complicated to analyze, if
one considers the possibilities of tautomerization and various conformers in the ground state.”® In
reality, excitation-dependent emission has been observed, due to either one of the two aforementioned
ground state possibilities. Finally, ESPT shall show a large deuterium isotope effect due to tunneling. The
emission of the enol tautomer (or the more stable ground state tautomer) shall be enhanced when the

hydrogen-bonded proton is exchanged with a deuteron.
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3.6. Forster resonance energy transfer (FRET)
3-6-1. Overview of FRET

An excited fluorophore A may pass its excitation energy to a nearby fluorophore B, so that
fluorophore A relaxes to the ground state non-radiatively, while fluorophore B is excited to ultimately
exhibit fluorescence. Several mechanisms may contribute to energy transfer in the excited state,
including Forster resonance energy transfer (FRET). The rate of FRET (kger) as represented in the Forster

1495 a function of the distance between the energy donor and acceptor (r), the spectral

formulism (eq. 7)
overlap integral between the donor emission and the acceptor absorption spectra (J(1)), the orientation
141

the

fluorescence quantum yield of the donor in the absence of an acceptor (¢p), and the refractive index of

factor (k) associated with the dipole-dipole interaction between the donor and the acceptor,

the medium (n), which relates to dielectric constant & as shown in eq. 8.

2, .

k = constant -
FRET T6'Tl4'TD

n®=¢ (8)
3-6-2. Applying FRET in developing fluorescent indicators

As a ramification of the Forster formulism, changing the donor-acceptor (D-A) distance (r) via
analyte binding has been an often-adopted strategy for developing fluorescent indicators, most notably
the genetically encoded Ca(ll) indicator Cameleon,*** of which Ca(ll) binding reduces the D-A distance (r)
to increase the FRET efficiency. The reduction or elimination of FRET by analyte-induced increase of r

143-145

value has also been successfully employed in indicators for activities of hydrolytic enzymes and for

sequence-specific nucleic acid detection (e.g., molecular beacons).'*® It has been challenging to adopt
the strategy of D-A distance modulation in the realm of small molecule indicator design.**”**® A

indicator of Zn(ll) (29) that exploits analyte binding-modulated J(A) is described in Section 4-1-2e.

n

3-6-3. Characterization of FRET

(a) Degree of spectral overlap. FRET requires an overlap between the emission spectrum of the

FRET donor and the absorption spectrum of the acceptor. The spectral overlap integral (J(A)) can be
computed (www.fluortools.com) to gauge the possibility of FRET when the two fluorophores are

brought together.

(b) Donor lifetime. A FRET process decreases the lifetime of the donor because FRET provides an

additional decay pathway for the excited donor. If the energy transfer occurs through the trivial
mechanism, i.e., the emitted photons of the donor are reabsorbed by the acceptor molecules, the donor
lifetime would not change.

(c) Excitation spectra. In a FRET system, the emission of both donor and acceptor originates from

the excitation of the donor. Therefore, the excitation spectra of emission at all wavelengths shall include
the donor contribution.
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(d) Time-resolved transient absorption spectroscopy. FRET can be characterized by ultrafast

time-resolved spectroscopy. Femtosecond time-resolved transient absorption spectroscopy could
provide the transient absorption spectra of both the donor and the acceptor.™® If FRET is operative, the
decay of the donor shall correlate with the rise of the acceptor transient absorption. Because FRET is
mediated by the dipole-dipole interaction between the donor and the acceptor, a solvent polarity effect
of the rate of FRET (keer, See eq. 7) is expected.'® These experiments require demanding
instrumentation, therefore, are not routinely conducted.

4. Zn(II) coordination chemistry

4-1. Structures
4-1-1. Coordination geometry

Zn(l) is capable of adopting three coordination numbers - 4, 5, and 6. The energetic cost for
hydrated Zn(ll) to switch among the three coordination numbers is within 0.4 kcal/mol in the gas
phase.®® The deftness of Zn(ll) in changing the coordination number contributes to the effectiveness of
Zn(l1) as a catalytic center, because ligand association and dissociation are common elementary steps in
the relevant catalytic cycles. A tetrahedral geometry is observed for tetra-coordinated Zn(ll) ions, most

1 Five-coordinated Zn(ll) is found in the active site of

notably of the Zn(ll) ions in Zn(ll) finger proteins.
carbonic anhydrase.” Hexacoordinated ligands such ethylenediaminetetraacetic acid (EDTA) and

tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) bind Zn(ll) in the octahedral geometry. A ligand of high
denticity usually manifests an effective entropy-driven chelation effect. Therefore, the hexa-coordinated

ligands have the highest affinity to Zn(ll) ions comparing to ligands of less denticity.

tetrahedral trigonal bipyramidal square pyramidal octahedral
| o ey o
AR |"~ S - I"\
zinc finger carbonic csaéfenn EDTA
proteins anhydrase Y . TPEN
porphyrin

Fig. 12 Zn(ll) coordination geometry in various ligand environments.

The coordination number of Zn(ll) up to 6 determines that one Zn(ll) ion may bind multiple
ligands of low denticity. In Section 4-1-2e, an interesting case on the effect of the coordination
stoichiometry on the fluorescence properties of the Zn(ll) complex is described.

4-1-2. Zn(II) ligands of various denticity
152

(a) Hexadentate ligands. Hexadentate ligands such as EDTA and TPEN" are high-affinity Zn(ll)
ligands. Both form Zn(ll) complexes of 1:1 stoichiometry, in which Zn(ll) adopts octahedral coordination

geometry (Fig. 13). At neutral pH, the ionic ligand EDTA is primarily used for preparing solutions with
metal buffering capacities (see Section 4-2-2). The neutral ligand TPEN is able to permeate through cell
membrane, and to chelate intracellular Zn(l1) and other transition metal ions.** Another distinction
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between EDTA and TPEN is their metal ion selectivity. In addition to first-row transition metal ions,
EDTA has high affinities to Mg(ll) and Ca(ll). The all-aza ligand TPEN shows preferential binding to
transition metal ions over group 2A ions. By replacing the pyridyl groups in TPEN with fluorescent
quinolinyl (e.g., TQEN)"**** and isoquinolinyl*****” groups, the TPEN analogues developed by Mikata
and coworkers undergo fluorescence enhancement upon Zn(ll) complexation. The fluorescence
enhancement is attributed to the attenuation of the intramolecular PET in TQEN via Zn(ll) coordination.

0
eko 0 /J
N\ | S ”
S)"" o A N\/‘N
o [Zn(TPEN)]?* N
[Zn(EDTA))? Kq=0.40 M
) TQEN

Kq =76 fM
Fig. 13 Structures of Zn(I1)/EDTA and Zn(l1)/TPEN complexes, and a fluorescent TPEN analogue, TQEN."*

Hexadentate ligands are rarely included in Zn(ll) indicators. In addition to the fluorescent TQEN
described above, compound 8 (Scheme 7) was shown by Jiang and coworkers as a hexadentate ligand in
the crystal structure of its 1:1 complex with Zn(11)."*® This compound is built on the tripodal tetradentate
ligand that includes a tertiary amino, two pyridyl, and one quinolinyl groups. Two oxygen ligands are
strategically placed on the quinolinyl group so that all donor atoms bind Zn(ll) to form 5-membered
chelate rings, in much the same way as that of TPEN. Ligand 8 can also be taken as the sum of two
tridentate halves (boxed). Both halves bind facially to Zn(ll). The facial preference of the di(2-
picolyl)amino group (right box) is commented in Section 4-1-2d. The tight binding afforded by the

hexadentate 8 was quantified at Ky = 0.45 fM (pH = 7.4, | = 0.1), close to that of TPEN (K4 = 0.40 fM).

[Zn(8)]*, K4 = 0.45 fM
Scheme 7 Hexadentate ligand 8 and its Zn(ll) complex.™®
(b) Pentadentate ligands. A pentadentate Zn(ll) ligand could be drawn out in two ways. First,

replacing one pyridyl group in TPEN with a non-binding moiety affords a pentadentate ligand (“6-1"
159

approach). In ligand TPESA reported by Nagano and coworkers (Fig. 14),” one pyridyl group in TPEN is
replaced by benzylsulfonate for increasing aqueous solubility, and decreasing membrane permeability.
The octahedral Zn(ll) geometry drawn in Fig. 14 is arbitrary. The counter ion X may dissociate to afford a
trigonal bipyramidal geometry, common for a pentadentate ligand. TPESA was used to control
extracellular Zn(ll) concentrations. By reducing the denticity from 6 to 5, the affinity of this compound to

Zn(ll) (K4 = 0.5 pM) drops by three orders of magnitude from that of TPEN.
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TPEN-derived pentadentate ligands have been incorporated in Zn(ll) indicators such as NBD-

TPEA by Guo and coworkers'®® and compound 9 by Nagano and coworkers (Fig. 14).**

Both compounds
employ ICT-type fluorophores (shown in green) and show characteristic hypsochromic shifts of
absorption when Zn(ll) binds at the e-donating component of the fluorophore. Fluorescence quantum
yields of both compounds increase upon Zn(ll) binding with a moderate hypsochromic shift of emission.
NBD-TPEA shows a pH profile that is indicative of a PET-switching mechanism involving an ICT
fluorophore; however compound 9 does not. Therefore, it is unclear which non-radiative pathways are
hindered upon Zn(ll) coordination to 9 to afford a fluorescence enhancement. Another example of Zn(ll)

indicator that includes a TPEN-derived pentadentate ligand is compound 32, discussed in Section 4-1-2f.

N N

~"N ~""N
N/l I\ N7 | I\
s N = x N_ =

TPESA, K;= 0.5 pM NBD-TPEA, K; =2 nM 9, Ky=1.1nM

‘0;8

Fig. 14 The Zn(ll) complex of TPEN-derived pentadentate ligand TPESA,™® Zn(ll) indicators NBD-TPEA'®°
and 9."!

The addition of a coordinating moiety to a tetradentate ligand (“4+1” approach) also results in a
pentadentate ligand. A few examples of acyclic compounds are shown in Fig. 15, the first three of which
were developed as fluorescent Zn(ll) indicators. These ligand can also be considered as a combination of
di(2-picolylmethyl)amine (DPA), a tridentate ligand, and a bidentate ligand alkylated at DPA’s amino
group (“3+2” approach). The emission of these ligands enhances upon Zn(ll) coordination via various
mechanisms. The Ky values of all are at single nanomolar or lower.

Fahrni and coworkers developed the arylsulfonamide derivative of benzimidazole (10)."*® This
compound has a tetradentate tripodal ligand foundation consisting of a tertiary amino center and three
heteroaromatic nitrogen branches. In the Zn(ll) complex, the sulfonamide moiety is deprotonated to cap
on the fifth coordination site. The free ligand undergoes ESPT through the intramolecular hydrogen

bond in benzimidazole sulfonamide moiety."*

Zn(Il) coordination abolishes ESPT, which leads to an
emission hypsochromic shift. The absorption spectrum of 10 undergoes a bathochromic shift due to the

deprotonation of the sulfonamide upon Zn(Il) coordination.

In compound 11 reported by Canary and coworkers,*®

the hydroxyl group on the functionalized
8-hydroxyquinolinyl (8-HQ) group is the additional binder on a tripodal-type tetradentate ligand.*®* Zn(l1)
adopts the trigonal bipyramidal geometry in the single crystal structure to accommodate the
pentadentate ligand, with the deprotonated hydroxyl capping one of the axial positions usually occupied
by a solvent or a counter ion.'***®* In addition to Zn(ll) binding-effected emission intensity enhancement,
attributable to the disruption of both fluorescence quenching ESPT of 8-HQ'®® and PET of excited 8-HQ

by the tertiary amino group,® the lifetime of 11 grows sensitively upon Zn(Il) complex formation, which
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leads to the possibility of using fluorescence lifetime as the detection readout. Pentadentate ligands for
Zn(ll) based on the combination of 8-hydroxyquinoline derivatives and DPA have also been studied by
Jiang and coworkers.'®” Compound HQ1 is a derivative of the hexadentate compound 8. The alkylated 8-
hydroxyl group appears to weakly bind with Zn(l1) in the solid state (dzn.0 = 2.668(4) A). It is therefore
likely that in solution, Zn(ll) exhibits a more typical trigonal bipyramidal geometry with the phenoxyl
oxygen unbound.

Lippard and coworker developed the anionic pentadentate ligand ZX1 as a tool to manipulate

168

extracellular Zn(ll) that is released to the synaptic cleft.” ZX1 contains a sulfonate and an anilinyl

ligands, which contribute to fast binding kinetics because none of the binding atoms requires
deprotonation in forming the Zn(ll) complex. As a result, this compound responds to the fluctuation of

extracellular Zn(11) rapidly, suitable as a tool in studying rapid Zn(l1) mobilizations in biological events."®

[Zn(HQ1)(H,0)I*, X = H,0 [Zn(ZX1)(0AC)], X = AcO

[Zn(10)], K4 = 0.79 pM Zn(11)]*, Ky = 50 fM
d [Zn(11)]", Ky Ky=1.4nM Kyg=1.0nM

Fig. 15 Zn(ll) complexes of a few pentadentate ligands 10,8 11,"° HQ1,*®" and zX1,*®® with K, values
shown.

Macrocyclic tetradentate cyclen and cyclam ligands could be functionalized by an additional

ligand (“4+1” approach) and a fluorophore to afford a pentadentate ligand targeting Zn(ll) ions. Kimura

170

and coworkers prepared compound 12 (Fig. 16)""" that contains the fluorophore dansylamide, a known

inhibitor of Zn(ll)-dependent carboxypeptidase A.*’* This compound forms a tight 1:1 Zn(ll) complex of a

distorted square pyramidal geometry, and affords a Zn(l1)-dependent fluorescence enhancement.*”°
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Fig. 16 Pentadentate ligands that include cyclen (12)"" and cyclam (13).

Todd, Watkinson, and coworkers appended a 1,2,3-triazolyl-substituted 1,8-naphthylimide
fluorophore on the macrocyclic tetradentate cyclam ligand to afford the pentadentate compound 13
(Fig. 16).12 13 forms a 1:1 complex with Zn(ClO4), with a K4 of 4.3 nM (pH = 7.0). Ligand 13 is
pentadentate in the complex, while Zn(ll) takes a perchlorate ion anti to the 1,2,3-triazolyl group to
complete an octahedral geometry. The Zn(ll)-enhanced emission is attributed to the reduction of

thermodynamic driving force of PET in 13.7%7
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Fig. 17 All-aza tetradentate ligands with C; or C; symmetry.

(c) Tetradentate ligands. Tetradentate aza ligands are strong binders of first-row transition
152,163

metal ions, including Zn(ll). Tris(2-pyridylmethyl)amine (TPA) and tris(2-aminoethyl)amine
(tren)’*'” represent acylic tetradentate “tripodal” ligands that carry a roughly three-fold symmetry (Fig.
17). These ligands tend to form Zn(ll) complexes with trigonal bipyramidal geometry, which is commonly
found in Zn(l1) proteins. TPA analogues have been used extensively as Zn(ll) indicators.®” Tren derivatives
have not been used as often.””® The aliphatic amine-based ligands tren, cyclen, and cyclam (Fig. 17) tend
to be protonated at neutral pH, which reduces the utility of the amino groups in a design of Zn(ll)-keyed
PET switch. The protonation of the amino group also decreases the binding rate between the ligand and
Zn(), because the ligand has to shed off the proton(s) first. This kinetic argument for promoting ligands
that do not have to undergo proton/metal exchange in forming a coordination complex was made in the
paper on ZX1 (Fig. 15). The coordination kinetic issues are commented in Section 4-3. Lastly, porphyrin
in Fig. 17 is also a macrocyclic tetradentate ligand for Zn(ll). But the Zn(ll) binding entails deprotonation
of two pyrrole rings, which probably contributes to slow coordination kinetics. All these ligands have
high affinities to Zn(ll); however, the consideration of factors such as synthetic modifiability, binding
kinetics, and the ease of incorporation in a fluorescence switch collectively puts the acyclic, pyridyl-rich
TPA as the most suitable scaffold for building Zn(ll) indicators.
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Fig. 18 Zn(ll) complexes of TPA analogues.

Several TPA analogues are shown in Fig. 18. Direct functionalization of one of the pyridyl groups
(scaffold A) could transform TPA into a fluorescent ligand for Zn(ll). Fahrni and coworkers reported
compound 14 (Fig. 19),"”” in which one of the pyridyl groups of TPA is incorporated into the ICT
fluorophore that was used in the pH indicator PDMPO (Fig. 11). The fluorination of the remaining pyridyl
groups is necessary to ensure a 1:1 binding stoichiometry. The unfluorinated analogue of 14 forms a 2:1
(ligand:Zn(ll)) complex (more on the binding stoichiometry involving DPA ligand in Section 4-1-2d).
Similar to the protonation of PDMPO,*® the Zn(ll) binding occurs at the e-accepting end of the ICT
fluorophore to result in bathochromic shifts of both absorption and emission spectra. This compound
was explored in the two-photon excitation fluorescence spectroscopy.
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Fig. 19 Structures of tetradentate compounds 14" ad ZnAF-R2.'®

Replacing one pyridyl group in TPA with a functionalized aminoethyl group leads to ligand
scaffold B (Fig. 18). The R group in scaffold B often is a fluorophore. As an early example, Nagano and
coworkers developed ZnAF-R2 (Fig. 19)""® by replacing the BAPTA ligand for Ca(ll) in fura-2 (Fig. 11) with
the Zn(ll)-selective scaffold B. This modification transforms a Ca(ll) indicator to one that is selective for
Zn(ll) without altering the fluorescence switching mechanism. It is interesting to note that same as fura-
2, but opposite to compound 14, Zn(ll) binds at the e-donor site of the ICT fluorophore in ZnAF-R2. The
emission frequency and quantum yield are not altered much because Zn(ll) is likely ejected in the
excited state after charge transfer. However, the excitation spectrum is sensitively dependent on Zn(ll)
concentration, which can be used for analytical purposes, as shown in the study of fura-2.

In addition to ZnAF-R2, scaffold B (Fig. 18) has been applied extensively in the last decade to
afford Zn(l1) indicators containing various fluorophores, including dansylamide,*’”® 4-
aminonaphthalimide,'®® PRODAN analogue (as a two-photon fluorophore),'®* NBD,'*? and fluorescein

(e.g., ZnAF-2 in Fig. 45, Section 6-1)."%'%*

Zhu and coworkers replaced a pyridyl group in TPA with a 1,2,3-triazolyl group in two different

185

configurations (C and D, Fig. 18).” The formation of 1,2,3-triazole from Cu(l)-catalyzed azide-alkyne

186187 hot only provides a covalent linker between a fluorophore and a Zn(l1) binding site,

cycloaddition
but enhances the binding affinity by providing an additional ligand to Zn(ll) in the form of a 1,2,3-
triazole.'®>'® Both scaffolds C****® and D™ have been characterized in the solid state. The dissociation

constants of their Zn(ll) complexes are in single nanomolar range.'®

The Zn(Il) coordination chemistry and its associated fluorescence change of compound 15 was
studied in detail.*®

which initially was considered as another case of turning off PET quenching pathway via Zn(l1)-binding.'®®

Zn(ll) binding results in a fluorescence enhancement of the anthryl fluorophore,

A more careful examination of *H NMR and isothermal titration colorimetry (ITC) data of solution
binding, and the stepwise fluorescence changes in the Zn(ll) titration experiment revealed the nuances
in this chemistry (Scheme 8)."®° Both 'H NMR and ITC give evidence of a [Zn(15),]*" complex. The
structured fluorescence of the anthryl undergoes a modest enhancement during the initial stage of Zn(ll)
titration. Further addition of Zn(ll) leads to a significantly intensified emission band, which concurrently
undergoes a bathochromic shift to morph into a structureless broad band. In conjunction with
fluorescence lifetime data, it was concluded that the formation of complex [Zn(15),])** affords the

25



RSC Advances Page 26 of 74

modest fluorescence enhancement attributable to the attenuation of PET. The second stage of
fluorescence change — a red shift and the appearance of an unstructured emission band —is
characteristic of an intramolecular exciplex formation between the excited anthryl and a pyridyl group in
the 1:1 [Zn(15)]*" complex.'*

N™
— N N=— X
N\ 4/ zn* An-p "N—.1 -NI\
N I _ Zﬂ\,
15 \_L,iq ..... TN=
2\ \J
strong, unstructured,
weak, structured, moderately enhanced ) )
red-shifted exciplex
anthryl fluorescence anthryl fluorescence

fluorescence

189

Scheme 8 Sequential formation of 2:1 and 1:1 (ligand:Zn(ll)) complexes of 15.”° An = 2-anthryl.

The peculiar stepwise fluorescence change of compound 15 over a Zn(ll) gradient is ascribed to
the ability of anthryl group to form an exciplex with either an electron donor or an acceptor (i.e.,

pyridinium). In a more recent report,™*

7-methoxycoumarin replaces 2-anthryl in the 1,2,3-triazolyl-
containing scaffold C to afford compound 16 (Fig. 20), whose fluorescence undergoes a smooth
enhancement upon Zn(ll) binding that is comfortably explained using the PET-switching model. In the

191

same contribution,”" the thermodynamic benefit of the 1,2,3-triazolyl group to the Zn(ll) affinity was

quantified at 1.8 kcal/mol in acetonitrile using ITC, via the comparison of coordination thermodynamics

of 17 and its isomer iso-17 (Fig. 20).
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Fig. 20 1,2,3-Triazolyl-containing tetradentate 16 and 17, and tridentate iso-17."**
Instead of changing one pyridyl group to a fluorophore-attached ligand in the TPA scaffold,
Castagnetto and Canary replaced two pyridyl groups with their fluorescent analogue quinolinyl to afford

compound E (Fig. 18).'*

Compound E also has a chirality center bridging the amino to the pyridyl.
Consequently, The Zn(ll) complex formation leads to an exciton-coupled circular dichroism (CD) signal
due to the interactions between two quinolinyl transition dipole moments in the [Zn(E)]** complex.
Canary and coworkers later developed a fluorescent chiral Zn(ll) indicator, which relates Zn(ll)
concentration to the fluorescence-detected circular dichroism (FDCD) readout.’®® The FDCD approach
increases the detection sensitivity from the absorption-based CD detection in the previous work, and
potentially enhances the Zn(ll) detection selectivity because the amplitude and sign of the FDCD signals,
which are determined by the stereochemistry of the complex, are sensitive not only to binding strength,

but also to coordination geometry.
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Fig. 21 Cyclen-containing Zn(ll) indicators 18,'** 19,"*> and ACF-2,"® operating via the PET-switching
mechanism.

19% which was one of the earliest

Czarnik and coworkers reported compound 18 (Fig. 21),
fluorescent Zn(ll) indicators based on the PET-switching strategy. The Zn(ll) binding at cyclen arrests the
PET from the tertiary amino group to the excited anthryl, thus increasing fluorescence. Under neutral
aqueous conditions, the tertiary amino group of 18 is substantially protonated to lose its electron
transfer ability. The binding of Zn(ll) therefore does not elicit much further fluorescence enhancement,
leading to a small fluorescence signal dynamic range and hence a low signal-to-noise ratio. Briickner and
coworkers developed compound 19, which contains a coumarin fluorophore and a cyclen ligand
outfitted with three ester moieties.'*® The neutral compound permeates the cell membrane and is
subsequently hydrolyzed by intracellular esterases to complete cell entry and trapping. Nagano and
coworkers developed the fluorescein analogue ACF-2, in which the cyclen-anilinyl moiety quenches the
excited state of xanthene.™® The anilinyl group is not protonated at the neutral pH, thus is effective in
PET quenching of the excited xanthene fluorophore under biologically relevant conditions. The Zn(ll)
coordination raises the oxidation potential of the anilinyl group, slows down PET, and restores the
xanthene fluorescence with higher sensitivity than that of compound 18.
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Fig. 22 Structures of tridentate ligands di(2-picolyl)amine (DPA), iminodiacetic acid (IDA), and 2,2';6',2"-
terpyridine (terpy).

(d) Tridentate ligands. DPA, IDA, and terpy are common Zn(ll)-binding tridentate ligands (Fig.

22). DPA is the Zn(ll) ligand of choice of many Zn(ll) indicators, which are extensively covered in the
197

reviews by de Silva,”’ and Yoon,”* and their coworkers. One DPA-containing Zn(ll) indicator is Newport
Green PDX (Fig. 23) of a low affinity (K4 = 40 uM), which could be attributed to the low affinity of anilinyl
nitrogen to Zn(11)."*® IDA-containing Zn(ll) indicator FluoZin-1'*® has a higher affinity to Zn(ll), but it is less
selective than Newport Green PDX for Zn(ll) over Ca(ll) (the Ky values are shown in Fig. 23). Furthermore,
IDA is ionized at the neutral pH. Therefore, for intracellular applications, FluoZin-1 needs to be delivered

199

as an acetoxymethyl ester (FluoZin-1 AM),~ which upon entry into cell is hydrolyzed and trapped inside.

A few other examples involving solely IDA as the ligand in a Zn(ll) indicator have also been developed.?®”

22 9yerall IDA is not applied as frequently as DPA in Zn(l1) indicators. In all three examples in Fig. 23,
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fluorescence of the xanthene is quenched by the anilinyl moiety, and is restored upon Zn(ll)
coordination — a typical PET switching mechanism similar to that of ACF-2 in Fig. 21.
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Newport Green PDX FluoZin-1
Ky (Zn) =40 uM K4 (Zn)=7.8 uM FluoZin-1, AM
Ky (Ca) - N.A. Kq (Ca) =8 mM

Fig. 23 Structures of Newport Green PDX, FluoZin-1, and the cell membrane-permeable FluoZin-1
AM'198

What is intriguing and rarely discussed is DPA’s propensity to form a 2:1 complex with Zn(ll) of a
singular stereochemistry — cis-facial. Zhu and coworkers characterized the Zn(Il) complexes of a number
of N-alkylated DPA ligands in solid state and solution (acetonitrile).”®® The 2:1 complexes unequivocally
exhibit the cis-facial stereochemistry, which was rationalized in a DFT calculation. The significance of the

2:1 complex in fluorescence imaging and quantitative analysis has yet to be scrutinized.
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Fig. 24 Terpy-containing fluorescent ligands 20,%% TTT,2® 22,%% TAT,® for Zn(ll) ions. Compound 21°%
contains a terpy analogue “clickate”.

Terpy forms both 2:1 (mer isomer) and 1:1 complexes with Zn(ll). If terpy is connected to a
fluorophore, the Zn(ll)/terpy complex often quenches the fluorescence.??°**% zn(l1)-binding lowers the
LUMO level of terpy, renders it an efficient e-acceptor to provide a PET pathway for the fluorophores in
20 (Fig. 24, left),”® TTT,?® and 21, which contains a 1,2,3-triazolyl analogue of terpy (“clickate”), to
relax non-radiatively. The clickate/Zn(ll) coordination is similar to that of terpy in both coordination
geometry and associated fluorescence modulations.’® Compounds 22°%° and TAT®® (Fig. 24, right) are
ICT-type fluorophores. Zn(ll) binding at the e-withdrawing terpy site enhances the charge transfer to the
extent that full charge separation may be approached in the excited state, which would lead to the

twisted internal charge transfer (TICT, Section 3-3-1) to reduce the fluorescence quantum yield.

(e) Bidentate ligands. Any combination of N/S/O ligands may afford bidentate ligands for Zn(ll).
The examples in Fig. 25 are selected for their relevance to Zn(ll) biochemistry and indicator development.
Bipy and phen are conjugated neutral ligands for Zn(ll) and other transition metal ions. Phen is used for
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colorimetric quantitative analysis of transition metal ions, and is an inhibitor of Zn(ll) proteases, such as

207 208

carboxypeptidase A.”"" Extended conjugation from bipy and phen affords fluoroionophores* that may

be used as Zn(ll) indicators. Pyrithione is a widely used ionophore for transporting Zn(ll) ions in the form

209,210

of [ZnL,] to intracellular space. Hydroxamates are potent Zn(ll) protease inhibitors.”*! These

compounds offer two oxygen donors which are hard Lewis bases (see below) and are also good ferric ion
ligands. Arylsulfonamides are known carbonic anhydrase inhibitors and have been developed into

212

pharmaceuticals.””* The bidentate N-arylsulfonyl-8-aminoquinoline (Fig. 25) is the earliest widely used

fluorescent dye for histological staining of biological Zn(l1).>
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bipy phen pyrithione hydroxamic acid 8-aminoquinoline

Fig. 25 A few bidentate ligands for Zn(ll).

Bipy-based molecules carrying arylvinyl groups at 4/5 and/or 4’/5’ positions are ICT type
fluoroionophores (e.g., 23-26 in Fig. 26).**'® Zn(ll) coordination at the e-withdrawing bipy moiety of
23-26 stabilizes the emissive charge-transfer state, which leads to a bathochromic shift of emission.*
The p-anisyl group-containing 23 undergoes an emission bathochromic shift and enhancement in both
organic (acetonitrile)**® and neutral aqueous solutions (unpublished). The Ky of compound 23 is in
micromolar (assuming a [ZnL] complex), which is not sensitive enough for recording moderate changes
of intracellular nanomolar free Zn(ll) concentrations in mammalian cells under basal conditions, but
could be useful in situations when a dramatic fluctuation of local Zn(Il) concentrations occurs.

Fig. 26 Fluorescent bipy (23-26)*>*'*?'*?1 and phen (27)**® derivatives are ICT fluoroionophores

sensitive to Zn(ll).

The symmetrically substituted bipy 24-26 (Fig. 26)****'*?'” and phen (27)**® ligands are ICT type
fluoroionophores, and they undergoes emission red shift upon Zn(ll) binding. All these compounds have
the potential to be developed as ratiometric Zn(ll) indicators. Other bidentate ligands consisting of
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nitrogen ligands in aromatic heterocycles, such as 2,2-dipyridylamino,**® 2-(2’-pyridyl)benzimidazolyl,?*
and 4—(2’—pyridy|)—1,2,3—triazo|y|221 groups, have also been conjugated with chromophores and shown
fluorescence modulations upon Zn(ll) coordination.

Zn(ll) has coordination number up to 6 and could bind up to three bidentate ligands. Bipy is
used here to illustrate the complexity of Zn(ll) coordination chemistry with bidentate ligands in relation
to the ligand fluorescence properties. Zn(ll)/bipy complexes of all three stoichiometries (3:1, 2:1, and
1:1) have been characterized in the solid state.??? In a titration experiment using a fluorescent ICT-type
bipy derivative (28) and Zn(ClO,),, the sequential formation of complexes up to 1:1 stoichiometry was
observed (Scheme 9) using various experimental methods.”** As Zn(ClO,), was added to the acetonitrile
solution of 28, the absorption spectrum undergoes a bathochromic shift until the ligand:Zn(ll) ratio
reaches 3:1. The emission at 480 nm is quenched, and isothermal titration colarimetry (ITC) registers a
strongly exothermic transition till this point.

Increasing Zn(ClO,), up to 2:1 (ligand:Zn(ll)) ratio affords only minimal changes in all three
experiments. This observation suggests that the transition from 3:1 to 2:1 complexes does not carry
either a spectroscopic or a thermal signature. Further addition of Zn(CIQ,), significantly increases
fluorescence intensity at a longer wavelength (604 nm), while no change in absorption and ITC trace is
registered. Taking together, it was concluded that all the ligand molecules are bound with Zn(ll) at 3:1
ligand:Zn(ll) ratio, based on the absorption and ITC data. Fluorescence data suggests that [Zn(28);]** and
[Zn(28),]** complexes have low fluorescence quantum yields, while the [Zn(28)]*" complex is highly
emissive. This example underscores the need of using different experimental methods to study an
equilibrium of multiple species to gain a complete picture and correct interpretation of the chemistry.
Absorption spectroscopy or ITC alone would have missed the 1:1 complex formation.

Strongly coordinating anions, such as chloride, appear to favor the formation of the 1:1

complex.?*?** When ZnCl, was used in place of Zn(ClO,), in the previous experiment, only a complex of

the 1:1 stoichiometry ([Zn(28)Cl,]) was observed.*"
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Scheme 9 Observing stepwise Zn(ll) coordination of compound 28 (R = N-methyl-2-vinylpyrrole) using

different techniques. X = monodentate counter ion or solvent. Charges on the complexes are omitted.?*
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Zhu and coworkers developed compound 29,%*® in which the Zn(l1)-sensitive blue

arylvinylbipyridyl (AVB) is covalently attached to the Zn(ll)-insensitive red naphthalenediimide (NDI) dye
(Fig. 27). Zn(ll) binding at the charge-transfer AVB moiety increases the spectral overlap between the
emission of AVB and the absorption of NDI, thus facilitating FRET from AVB to NDI to produce a Zn(ll)-
dependent red emission. This FRET strategy transfers the Zn(ll)-sensitivity of the FRET donor to the
acceptor fluorophore, which increases the Stokes shift of the indicator, and narrows the bandwidth of
the emission. Compound 29 also carries a mitochondrial targeting triphenylphosphonium moiety,?*® so

that mitochondrial Zn(ll) could be selectively reported.
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Fig. 27 Compound 29.%%° Blue: arylvinylbipyridyl (AVB) FRET donor; red: naphthalenediimide (NDI) FRET
acceptor.

(f) Heteroditopic ligands. The free Zn(Il) concentrations in biological systems fluctuate over a

broad range. Under basal conditions the free Zn(l1) is picomolar in bacterial,>****” and nanomolar in
mammalian cells.’”?* The intracellular Zn(l1) quota and kinetic availability are under the strict
homeostatic control by Zn(ll) sensor, transport, storage, and probably chaperone proteins.?? Zn(ll) ions
are much more abundant in certain intracellular vesicles that act as Zn(ll) reservoirs. The release of
vesicular Zn(ll) ions may elevate local, transient Zn(Il) concentrations close to millimolar.#?2%23

A fluorescent indicator with a single Zn(ll) binding site is responsive to Zn(ll) variation up to
three orders of magnitude (Fig. 28). However, to create an indicator that is effective from 0.1 nM to 0.1
mM, a reasonable and unique range of biological Zn(lIl), a nanomolar and a micromolar binder have to
work together in an indicator system. A possible solution to this problem is the collective applications of
two indicators that cover the respective concentration ranges.*”****? However, this approach requires
two independent experiments instead of one. Furthermore, two different indicators may have
drastically different cell uptake rates and subcellular localization properties, which make data analysis
and comparison difficult, and ultimately reduce the usefulness of the data. Considering these issues, a
single molecular construct that includes two different Zn(ll) binding sites would be better. These
arguments in addition to the desire in exploring interesting ways for Zn(ll) to alter the photophysical
properties of fluorescent compounds motivate us to develop fluorescent heteroditopic ligands of Zn(ll)
ions.
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Fig. 28 Simulated fluorescence intensity vs free Zn(ll) concentration of indicators with different
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Fig. 29 A cartoon of a fluorescent heteroditopic ligand for Zn(ll) ions. Square and circle represent two
different Zn(I1) binding sites. Ky < Kq.2>*

A fluorescent heteroditopic ligand contains two different Zn(ll) coordination sites (Fig. 29).22>*%

The sequential binding of Zn(ll) alters the emission of the fluorophore so that it is straightforward to
relate the variations in high or low concentration regimes to specific sets of emission changes. An early
example capable of sequential Zn(ll) binding-modulated fluorescence is the fluorescent “cruciform” (30)
developed by Wilson and Bunz.?*” The HOMO and LUMO of 30 reside on the vertical and horizontal bars,
respectively, of the molecule. Both arms contain Lewis basic sites that have different affinities to Zn(ll) in
CH,Cl,. Compound 30 in the metal-free form emits in red. Upon binding Zn(ll) first at the vertical arm,
the HOMO level is preferentially stabilized to result in emission hypsochromic shift. The subsequent
coordination at the LUMO-residing horizontal arm shifts the emission back to green. Although not
specifically designed as a Zn(ll) indicator for fluorescence imaging purposes, this work provided the
inspiration to utilize sequential binding as a means for expanding the concentration coverage of a Zn(ll)
indicator.
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Scheme 10 Sequential binding of Zn(ll) to fluorescent “cruciform” 30 by Wilson and Bunz in CH,Cl,.%’

Zhu and coworkers have developed fluorescent heteroditopic ligand platforms using different
combinations of Zn(ll) coordination-mediated photophysical processes. Fluorescent heteroditopic ligand
31 undergoes sequential fluorescence enhancement (in low-concentration regime) and emission
wavelength shift (in high-concentration regime) as Zn(ll) concentration increases (Scheme 11).%*°
Compound 31 contains two Zn(ll)-binding ligands — the tridentate DPA (high affinity), and the bidentate
bipy (low affinity) — and a phenylvinylbipyridy! ICT fluorophore. In the metal-free form, 31 has weak
fluorescence because the excited fluorophore is quenched via PET from the tertiary amino group. Zn(ll)
binding at the high-affinity DPA moiety enhances fluorescence via attenuating PET. Further increase of
Zn(ll) concentration affords the dinuclear complex, in which bipy site is also occupied. The binding at
bipy stabilizes the charge-transfer excited state of the ICT fluorophore, thus leading to a bathochromic
shift of emission.
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Scheme 11 (a) Sequential Zn(1l) binding of compound 31, and corresponding fluorescence changes.”* (b)
A modified fluorescent heteroditopic ligand 32 with a pentadentate high-affinity zZn(ll) ligand.”**
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Fig. 30 A general heteroditopic ligand design with exchangeable aryl group (Ar) and high-affinity (HF) site,
238

which also acts as a PET quencher (Q).

The fluorescence enhancement (¢1/do) upon Zn(ll) binding at the high-affinity site (HF, Fig. 30)
and the emission band shift (AX) when Zn(ll) coordinates at the low-affinity site (LF) are the parameters
for evaluating a fluorescent heteroditopic ligand.?** The choice of the aryl ring on the fluorophore (e.g.,
phenyl in 31), affects both factors in conflicting ways.”*® Increasing the electron density of the aryl ring
(e.g., from phenyl to thienyl) creates a larger emission band shift (AL) because the charge transfer
character of the fluorophore is strengthened.’*® However, the improvement in AL comes at the expense
of lowering the degree of fluorescence enhancement because the PET in the Zn(ll)-free form becomes
less efficient with an electron-richer fluorophore (the e-acceptor in PET).**?*® The phenyl group in 31
offers the best compromise in acetonitrile (¢1/¢o = 18, AL = 60 nm). However, in aqueous solutions, the
A) of phenylvinylbipyridyl is reduced to 28 nm.***

To create a heteroditopic ligand that responds to Zn(ll) over a large concentration range in
buffered neutral aqueous solutions, the tridentate DPA in 31 is replaced by the pentadentate N,N,N’-
tris(pyridylmethyl)ethyleneamino and their fluorinated analogues.”***** Compound 32 (Scheme 11)
undergoes a more than 5-fold fluorescence enhancement followed by emission bathochromic shift over
a range of 0.1 nM to 0.1 mM of free Zn(11).2* The deficiency of this compound is still the emission band
separation, which is too small (32 nm) for the two bands to be captured by two different emission filter
sets, for example, blue (i.e., 420-480 nm) and green (i.e., 510-560 nm).

Addressing the small emission band shift (AL) issue in compounds 31 and 32 requires an entirely
new molecular design. The small A\ in polar solvents such as water is an inherent consequence of a
change-transfer fluoroionophore.”* When it is in the Zn(l1)-free form, the emission of the AVB
fluoroionophore is positively solvatochromic. When Zn(ll) binds at the negative end of the excited state
dipole of an AVB fluoroionophore, the solvent effect diminishes because the excited state is primarily
stabilized by a Zn(ll) ion, rather than solvent dipoles. The differing solvent polarity effect on free and
Zn(l1)-bound AVB fluoroionophore leads to the small AA values in polar solvents.

The solvent effect on a fluorescent heteroditopic ligand can be reduced by employing a two-
fluorophore molecular design.?*® The fluorophore that responds to the Zn(ll) variation in the low
concentration regime shall be non-solvatochromic, such as the anthryl group in compound 33 (Scheme
12). As the DPA ligand in 33 captures a Zn(ll) ion to switch off PET, the anthryl fluorescence is enhanced.
When Zn(ll) binds at the bipy site of 33 to form the dinuclear complex, the absorption of the
thienylvinylbipyridyl bathochromically shifts to overlap with the emission band of the anthryl. Such an
overlap leads to FRET from anthryl to the Zn(ll)-bound AVB fluorophore, which switches off anthryl
emission and turns on the Zn(Il)-AVB complex fluorescence. Both emitting fluorophores — anthryl and
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Zn(ll)-bound AVB — are not solvatochromic. Therefore, the emission of compound 33 and its Zn(ll)
complexes is independent of solvent polarity. The two emission bands of 33 are separated by almost
100 nm. In principle, its fluorescence can be captured by blue and green emission filter sets, depending
on the Zn(ll) concentration.
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Scheme 12 Sequential Zn(l1) binding of compound 33, and corresponding fluorescence change.”*

As shown in compounds 31 and 33, fluorescent heteroditopic ligands can be constructed to
include various metal coordination-modulated photophysical processes. Compound 34 (Scheme 13)
offers another example.**® This compound has a single fluorophore which contains one electron donor —
methoxy — and two electron accepters — bipy moiety and imino nitrogen. Therefore, two charge transfer
(CT) excited states may form to move the electron density from methoxy to either electron-accepting
site. When Zn(ll) binds at the bipy site, which has a higher affinity than the monodentate imino group,
the CT excited state that includes the bipy moiety (BIPY STATE in Scheme 13) is stabilized to lead to a
green fluorescence. When Zn(ll) concentration is high enough to bind at the imino nitrogen, the COUM
STATE is stabilized and the emission shifts back to a higher energy. This example offers a design of dual-
emitting fluorophores, which contain one e-donor and two e-acceptors, and a strategy to control the
dual emission via metal coordination.

34 BIPY STATE COUM STATE
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Scheme 13 Sequential Zn(ll) binding of compound 34, and corresponding fluorescence changes. X =
monodentate counter ion or solvent molecule.**°

A fluorescent heteroditopic ligand can be created so that all three coordination states (metal-
free, mono-, and di-coordinated) are emissive and occupy three different regions of the visible spectrum.
Compound 35 is a covalent conjugate of an AVB fluorophore and rhodamine spirolactam (Scheme 14).**
The free ligand has blue emission from the AVB fluorophore, which upon formation of the monozinc(ll)
complex emits in green. Rhodamine spirolactam absorbs in UV and does not emit. When Zn(ll) ions are
abundant enough to interact with the carbonyl of the spirolactam, The spirolactam ring opens to afford
rhodamine that emits strongly in orange. This compound is an example whose fluorescence color
changes across the visible spectrum over a Zn(ll) concentration gradient. The Zn(ll)-effected rhodamine

242:244 3 compound 35, however, is ineffective in aqueous solutions,

spirolactam ring opening chemistry
which prevents this ditopic system to be applied as an indicator for biological Zn(ll) imaging. Projects
that aim to improve the rate of Zn(ll)-keyed spirolactam ring opening in aqueous solutions are ongoing

in our laboratory.
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Scheme 14 Sequential Zn(l1) binding of compound 35, and corresponding fluorescence changes.**!

4-2. Coordination affinity

4-2-1. A few observations of a Zn(II) /ligand binding equilibrium
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Scheme 15 A model of Zn(lIl) coordination equilibrium with a tridentate ligand (blue). The octahedral
Zn(ll) geometry in the 1:1 complex is arbitrary. The facial stereochemistry is observed for most
tridentate Zn(ll) ligands, except terpy.
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A typical binding equilibrium between a solvated Zn(ll) ion and a tridentate ligand (blue) is
shown in Scheme 15. Zn(ll) is delivered as ZnX, (X is a monodentate counter ion). Solvent (S) is
designated as monodentate. The forward equilibrium constant is defined as the association constant (K;),
and the reverse the dissociation constant (Ky). Common complications in quantitative analysis of the
binding equilibrium are apparent in Scheme 15. Assuming the solvent is water, the vaguely defined “free

zinc(1l) ions”*>**

are in their solvated, and possibly counter ion-bound forms. Upon formation of a 1:1
complex with the tridentate ligand, the Zn(ll) ion either is desolvated (as shown), or loses its counter
ions. Therefore, the magnitude of K, (and Kg) depends on the solvation energy of Zn(Il) and the strength

of counter ion/Zn(ll) interaction.

A ligand for Zn(ll) is also a Brgnsted base. Consequently, the acid-base equilibrium involving the
ligand affects the observed Zn(ll) binding affinity. Furthermore, due to the flexible coordination number
that Zn(ll) adapts to, Zn(ll) complexes of different binding stoichiometries may coexist. All these issues
contribute to the difficulty in analyzing the binding equilibria, especially using spectroscopic means if
some processes leave spectral signatures but others do not. Potentiometric titration shall give a
relatively complete picture of the binding equilibria,?**** but this experiment often requires a
significantly larger amount of ligand than optical spectroscopic methods. A compromised solution is to
report an apparent dissociation constant of an assumed [ZnL] complex as a uniform standard for
comparing the affinities of ligands to Zn(ll) ions. In these experiments, the pH (e.g., 7.4) and ionic
strength (e.g., / = 0.1) shall be kept identical, and conditions discouraging the formation of complexes of
other stoichiometries shall be employed (e.g., dilute conditions, water as the solvent to afford a strong
solvent/Zn(ll) interaction, and to minimize counter ion effect).

p[Zn]f = _log[Zn]free (9)

Another method to compare the affinities of various ligands to Zn(ll), regardless of

2% The pzn scale reflects the free Zn(Il) ion availability of a solution,

stoichiometry, is the pZn scale (eq. 9).
which is analogous to the pH scale for measuring proton availability. To use the pZn values to compare
Zn(l) affinities of different ligands, these values have to be measured under identical conditions,
including the total concentrations of Zn(Il) and the ligand, environmental parameters such as pH,
temperature, and ionic strength. A few published pZn values are co-listed with apparent Ky values of the

ligands in Fig. 31. The conditions of the measurements are shown in the caption.
4-2-2. Measuring a dissociation constant (Ky) in a metal ion-buffered system

The apparent dissociation constant of an assumed 1:1 (ligand:Zn(ll)) complex can be measured
under metal-buffered neutral aqueous conditions, where the total Zn(ll) concentration ([Zn],) is close to
millimolar. Because the majority of Zn(ll) ions is bound with the metal ion-buffering ligands, the free
Zn(I1) (unbound from the metal-buffering ligands, hydrated Zn(l1) ions)® is kept at much lower levels.
Therefore, this situation mimics that in the intracellular milieu, where the total Zn(ll) abundance (i.e.,
Zn(I1) quota) is high, while the majority of which is locked in with Zn(ll)-binding proteins.??*® The
fluctuation of the free Zn(Il) concentration ([Zn]) may trigger the release or uptake of Zn(ll) by Zn(ll)-

25,27,247

binding proteins, such as metallothioneins, to offset the change, therefore creating a buffering
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system that is pivotal in maintaining a tight Zn(ll) homeostasis required for proper physiological

functions.
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Fig. 31 Structures of metal-buffering ligands that have been used in Zn(ll) titration experiments. The pZn
values were measured at ligand concentration = 10 uM, total Zn(ll) concentration =1 uM, pH=7.0, I =
0.1, and 25 °C.*** Unlisted are carbonic anhydrase, pZn = 12.4, and a decidedly non-1:1 binding Zn(ll)
indicator Zinquin, pZn = 9.3.*

The interplay between Zn(ll) ions, metal-buffering ligand, and the indicator can be understood
by analyzing the following two equilibria. K4” and Ky are the dissociation constants of Zn(ll) with the
metal-buffering ligand and the indicator, respectively.

Zn-buffer = Zn+ buffer

. [Zn]fx[buffer]
Kd - [Zn-buffer] (10)

Zn - indicator = Zn + indicator

__ [Zn]gx[indicator]

K; = (11)

[Zn-indicator]
Assuming that the total indicator concentration ([indicator],) is 2 uM,
[indicator]; = [indicator] + [Zn - indicator] = 2 uM (12)

When [indicator]| = [Zn - indicator] = 1 uM, [Zn]; = Ky, which herein is assumed to be a few
nanomolar. The total Zn(ll) concentration

[Zn], = [Zn];(nM) + [Zn - indicator](uM) + [Zn - buffer](mM)  (13)
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where [Zn]; is nanomolar, [Zn-indicator] is in the micromolar range, and [Zn-buffer] is in the millimolar
range. Therefore, [Zn]; ~ [Zn-buffer], yet [Zn]; is controlled in the nanomolar range via equilibrium 10.
The indicator reports [Zn]; under Zn(ll)-buffered conditions, where the presence of a micromolar level of
an indicator does not affect the [Zn]; that is controlled by eq. 10. In the equilibrating Zn(ll)-buffered
model, assuming a 1:1 binding stoichiometry between the indicator and Zn(ll), the fluorescence intensity
measured at various [Zn]{s is independent of the indicator concentration as shown by the Tsien
equation (eq. 14). I,i» and | ,,. are the lowest and highest fluorescence intensity levels of the indicator
achievable at the given concentration.'® A Zn(l1)-buffering ligand with a K¢’ closely matching that of the
indicator needs to be used for a relatively accurate determination of the Ky of the indicator. A few Zn(ll)-
buffering ligands that have been applied in Zn(ll) indicator K4 determinations are shown in Fig. 31, with
their dissociation constants. Occasionally, for any reason that the Ky of the indicator under investigation
is not fittable using any single metal-buffering ligand, a small range of the Kj of the indicator between

those of two metal-buffering ligands may be reported.**

| = Imin'Ka+Imax'[Zn]f
Kd+[Zn]f

(14)

The Zn(ll)-buffering system has been applied to characterize a large number of Zn(ll) indicators
(see papers cited in reference #234) that operate under physiological conditions. We consider that the
application of Zn(ll)-buffered conditions generates more reproducible Ky data than a direct titration
between Zn(ll) and an indicator, because the Zn(ll)-buffered system reduces the effect of interfering
metal ions and inaccuracy in the indicator concentration, in addition to providing an environment that
mimics the physiological conditions.

When the conditions to establish a Zn(ll)-buffered environment do not hold, The K4 value of the
indicator cannot be determined using eq. 14. The breakdown of the Zn(ll)-buffered conditions would

2%8 (2) the chemical or

take place when (1) the solution is not sufficiently buffered for metal ions,
biochemical event under investigation is not in a thermodynamic equilibrium,?*® or (3) the association

between the indicator and Zn(ll) cannot be modeled using a 1:1 binding stoichiometry.

Due to the generally better solubility of the Zn(ll) indicators in organic solvents than in buffered
aqueous solutions, experiments requiring larger concentrations (i.e., millimolar) than that in optical
spectroscopic methods are permitted in organic solvents. These experiments could reveal detailed
structural and energetic information on Zn(ll) coordination. For example, isothermal titration
colorimetry (ITC)**** requires concentrations of the ligand and Zn(ll) salt in the millimolar range. In
addition to binding affinity (Ky) and stoichiometry, binding enthalpy (AH®) can be directly measured, and
binding entropy (AS°) can be calculated using the Gibbs equation. In many cases (unfortunately not all),
'H NMR titration gives structural information of the Zn(ll) complexes at different ligand:Zn(ll) ratios.”*
These structural information shall aid the interpretation of the fluorescence properties of the
Zn(I1)/indicator complexes. Both ITC and "H NMR experiments were critical in determining the stepwise
coordination of ligand 15 with Zn(Il) (Scheme 8), which contributed to a more detailed, and presumably
a more accurate interpretation of the Zn(ll)-coordination-mediated fluorescence change of 15 than the
fluorescence or absorption spectrometric titration experiments alone.*®
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4-3. Coordination Kkinetics

The Zn(Il)/protein binding (k.») operates at best at the diffusion limit. Most Zn(Il)-dependent
proteins have nanomolar or picomolar affinities (e.g., carbonic anhydrase Il has a pKy of 12.1), which
results in very slow dissociation rates (kos).* For processes involving “mobile” Zn(ll) ions, the local,
transient fluctuations of [Zn(ll)] can be rapid, in minutes or even seconds. The glucose-stimulated insulin
release, which can be monitored using co-released Zn(ll) ions as a marker, occurs in a few to tens of

250,251

seconds. . The synaptic Zn(ll) release in hippocampal slices usually is monitored over seconds to

minutes.”*?** In one study on the possible role of Zn(ll) as a second messenger, the Zn(l1) “wave” is

255 An indicator shall

shown to occur over minutes. The concurrent Ca(ll) fluctuation occurs in seconds.
have a faster response time to its analyte than the rate of the process that the analyte participates in.
Therefore, these observations suggest that the Zn(ll) binding (association and dissociation) kinetics of
the indicators developed to monitor these biological processes shall be within seconds or at very least

minutes.

Ky =" (15)
kon

Assuming a Zn(ll) complex of 1:1 stoichiometry is formed in a single elementary step, the
dissociation constant of the complex (Ky) is the ratio of dissociation rate constant (ko) over that of
association (k,n, €g. 15). The k., values of a few Zn(ll) indicators measured in neutral aqueous solutions
using the stopped-flow method are listed in Fig. 32.%°° The values of ko (not listed because in some
cases Ky and k., were measured at different temperatures) could be calculated using eq. 15. Cyclen-
containing compound 18 has nanomolar affinity to Zn(I1),"****” but the k., value is relatively small
(56 M™s™),”” which leads to a very slow dissociation, and renders the association equilibrium essentially
irreversible. Capping cyclen with an amino ligand increases both affinity and k., (compound 36 in Fig.
32).% However, the dissociation becomes even slower as the complex becomes tighter. The kinetically

stable cyclen or cyclam metal complexes have been used as anion indicators.>®**°

The kinetic data of the ZnAF series by Nagano and coworkers,'****! the

232,260

ZP series by Lippard and
coworkers, and the two triazolyl-containing compounds developed by our group™* were collected
using the stopped-flow method. All compounds contain at least one 2-aminomethylpyridyl bidentate
unit, which appears to be adequate to achieve a k, on the scale of 10° M™s™ at room temperature

(25 °C). At this k., value, a micromolar (Ky) Zn(ll) binder would give a ko on the scale of 1-100 st
probably large enough to record fast biological Zn(ll) flux events. However, nanomolar or tighter binders
as often reported for DPA-containing indicators would give ko on the scale of 107 s, unsuitable for

monitoring rapid biological Zn(ll) fluctuations.

Based on the limited kinetic data available at this point, the following conclusions may be drawn:
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Fig. 32 Dissociation (Ky) and association rate constants (k,,) of a few Zn(ll) indicators (references are
cited in the text). X = monodentate counter ion or solvent. The charges of these structures are omitted
in their formula.
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(1) Macrocyclic ligands such as cyclen have slow association and dissociation rates. The fact that cyclen
is heavily protonated at neutral pH does not help because shedding off protons to allow Zn(ll) binding
slows down the coordination equilibrium.

(2) DPA-containing ligands afford ko, over 10° M's™, and Ky lower than 100 nM, which puts k. less than
0.1 s This value of ko may limit their uses in monitoring fast biological Zn(ll) fluxes.

(3) Replacing one pyridyl group in DPA with a weaker ligand or a non-binder does not decrease ko, as
much as increase Ky, thus leading to a much larger kos.22%?%° The faster dissociation kinetics comes at the
expense of a lower affinity.

As a tool of visualizing minimally disturbed biological processes, the binding kinetics of Zn(ll)
indicators shall be much faster than the Zn(ll)-involved biological events under investigation. Therefore,
to have a toolbox of Zn(ll) indicators with different Zn(ll)-binding rates would be helpful to determine
with confidence the kinetics of the targeted Zn(ll)-involved biological processes.

4-4. Coordination selectivity

Ligand choice is an important consideration in Zn(ll) indicator development. A Zn(ll) ligand is
preferred to show higher affinity to Zn(ll) than that to any possible competing ions, so that both false
positives, when a competing ion elicits the same fluorescence response from the Zn(ll) indicator, and
false negatives, when the competing ion quenches the fluorescence, are minimized. Based on this
argument, the selectivity of a Zn(ll) indicator shall be primarily determined by the selective binding to
Zn(I1) by the ligand portion of the indicator.

The competing ions for a Zn(ll) indicator, in a biological setting and otherwise, can be classified
in three groups: (a) hydronium ions in an aqueous solution, and other solvated protons found in organic
solvents, (b) alkali and alkaline earth ions, and (c) transition metal ions of low oxidation states. The
metal ions with +3 oxidation state that are remotely relevant to the issue of Zn(ll) selectivity are
aluminum(lll), iron(lll), and Co(lll). Metal species with oxidation state large than +3 most likely form oxo
anions in aqueous solutions, which would not interfere with a Zn(ll) coordination reaction. The following
discussions are in the most part limited in the selectivity in aqueous solutions.

4-4-1. Hydronium ions

Protonation of the Lewis basic ligand portion of a Zn(ll) indicator in most cases alters the
fluorescence property in the same way as Zn(ll) binding. In a PET-switching system in which the ligand
portion is the e-donor, protonation would restore the fluorescence by shutting down PET. In an ICT
system in which the ligand site is the e-withdrawing component of the fluoroionophore, protonation
would enhance ICT to afford a red shift of emission. In a neutral aqueous solution, whether protonation
would interfere with the Zn(ll) response depends on how close the pK, of the ligand portion is to
neutrality. Therefore, it is always advisable to measure the pK, of the Zn(ll) indicator to evaluate the
susceptibility of the Zn(ll)-dependent fluorescence to the interference by protonation.
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The competition between solvated protons and Zn(ll) ions often happens in organic solvents to
give false positives. Organic solvents such as methanol or acetonitrile are not buffered in Zn(ll) titration
experiments. The crystalline water in Zn(ll) salts, such as Zn(ClO,4),:-6H,0, often is acidic due to the high
Lewis acidity of Zn(ll) in organic media. In alcoholic solvents, Zn(ll) would elevate the acidity of the
alcoholic OH so that the Zn(ll) ligand may be protonated. Therefore, it is always advisable, when possible,
to run the Zn(ll) titration experiments under pH-buffered aqueous conditions, when proton interference
is greatly diminished.

4-4-2. Alkali and alkaline earth ions

Alkali ions such as Na(l) and K(l) prefer crown ether or cryptand type ligands of suitable cavity
sizes and hard Lewis basic donor atoms. These ligands have been used in indicators selective for Na(l)
and K(1).?** Alkali metal ions have little affinity to polyaza ligands often included in Zn(ll) indicators.

Mg(ll) and Ca(ll) have high affinities to polycarboxylates, such as EDTA (Fig. 31). The analogous
tetracarboxylate EGTA (Fig. 31) has enhanced selectivity for Ca(ll) over Mg(ll). Replacing two ethylene
groups in EGTA with phenyls affords BAPTA (Fig. 33), a ligand selective for Ca(ll) with fast coordination
kinetics.?®> Most Ca(ll) indicators widely used in cell biology contain BAPTA as the ligand portion.'®
APTRA (Fig. 33), which is modified from EDTA based on the principle for creating BAPTA, is the ligand

263264 These compounds also have affinities to Zn(l1).

component in most fluorescent Mg(ll) indicators.
Therefore, they act as Zn(ll) indicators when Ca(ll) or Mg(ll) interference is not a concern. Reducing the
number of carboxylates and/or replace carboxylates with nitrogen ligands in BAPTA or APTRA
diminishes the degree of interference from Ca(ll) and Mg(ll) to provide Zn(ll)-selective indicators.'*®¢>
Most other reported Zn(ll) indicators, including all cases discussed in the previous sections, are based on

polyaza ligands, which are highly selective for Zn(Il) over Mg(Il) or Ca(ll).

co; COoy CO, COy CO, CO,

) (/)

oY o
BAPTA APTRA

Fig. 33 Ca(ll) ligand BAPTA”®® and Mg(Il) ligand APTRA.*®®
4-4-3. Transition metal, and other main group ions of low oxidation numbers

The two guiding principles for predicting Zn(ll) selectivity of a ligand are hard-soft acid-base
(HSAB) theory®**?®” and Irving-Williams order?®®?*° — the latter deals specifically with first-row transition
metal ions. Based on the HSAB theory, the “hard” oxygen ligands such as carboxylates or phenolates
prefer Ca(ll), Mg(ll), Al(ll1), and Fe(lll) over Zn(ll). Mercapto or phosphine-based ligands favor “soft”
metal ions such as Cu(l), Au(l), Pd(0), Ag(l), and Hg(ll). All-nitrogen ligands are more suitable for Zn(ll)
and Cu(ll) than both “hard” and “soft” metal ions. Multidentate aza ligands that also contain oxygen, or
sulfur, usually are selective ligands for Zn(Il) and Cu(ll).

43



RSC Advances

A harder judgment to pass would be the selectivity between Zn(ll) and other first-row transition
metal ions. The Irving-Williams order (Mn(l1) < Fe(ll) < Co(Il) < Ni(l1) < Cu(l1) > Zn(11))*® offers a theoretical
model for selectivity prediction. A safe conclusion to draw is Cu(ll)’s superiority in binding affinity to a
given ligand over all the other first-row divalent neighbors. Indeed, rarely has Zn(ll) been reported to
have a higher affinity than Cu(ll) for a given ligand.”’”® However, the Irving-Williams order does not
address the binding preference between Zn(ll) and the rest of the members in the series. The ambiguity
of Zn(ll) placement in the Irving-Williams order is reflected in the metal ion affinity data of DPA, TPA,
and TPEN (Table 1),"% as well as in reports of Zn(ll) indicators. In some cases the ligands are selective for
Zn(l1) over Fe(Il)/Co(I1)/Ni(ll), but in many other instances the latter three ions of paramagnetic electron
configurations show high affinity to the Zn(ll) indicators and quench their fluorescence. A few
hypotheses could be conceived in designing compounds with a higher selectivity for Zn(ll) than
Fe(I1)/Co(I1)/Ni(ll), based on their different coordination numbers and the redox properties.
Fe(I1)/Co(I1)/Ni(ll) prefer octahedral geometry, while Zn(ll) are impartial to coordination numbers 4-6."*°
Ligands with low-lying LUMO levels may have stronger affinities to Fe(ll)/Co(Il)/Ni(ll) than predicted
from their Lewis acidities (Table 1), because metal-to-ligand charge transfer (MLCT) may occur in the
ground state. Therefore, by choosing ligands with a reasonably high LUMO levels may skew the
selectivity toward Zn(ll).

Table 1 lonic radii, polarizabilities, and 1:1 complex dissociation constants (K;) of 8 divalent ions to DPA,
TPA, and TPEN - 6 of the Irving-Williams series, in addition to Cd(ll) and Pb(ll).
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Mn(ll)  Fe(ll)  Co(l)  Ni(ll)  Cu(ll) zn() Cd(ll)  Pb(I)

o S0 s w w ws
lonic radius®/pm?"* 80 74 70 66 69 71 91 112
lonic radius/pm?” 80 76 72 69 57 74 95 118
Polarizability?” NA -1.0 NA NA 0.2 0.8 1.8 4.8
datonf ooy & 66 6 8 s 67
Lewis acidity®”* 0.34 0.34 0.35 034 039 040 032 029
DPA (pKky)*? 3.5 6.2 8.1 9.3 139 7.6 6.4 6.0
TPA (pKq)™? 5.6 8.7 11.4 14.6 16.2 11.0 99 8.6
TPEN (pKy)™? 10.3 14.6 16.6 21.6 20.5 15.6 16.3 14.0

a. hs — high spin; b. Is — low spin; c. hs and Is are not distinguished; d. square pyramidal; Jahn-Teller
hexa-coordinated is also common. e. 4, 5, and 6 are equally possible; trigonal bipyramidal more likely
than square planar when 5.

4-4-4. Indicators selective for either Zn(II) or Cd(II)

In addition to first-row transition metal ions, the selectivity between Zn(ll) and Cd(ll) or Pb(ll)
has been increasingly studied due to the growing interest in developing indicators for Cd(ll) and Pb(ll),
elements of environmental concerns. Pb(ll) is much larger and a weaker Lewis acid than Zn(Il) (Table 1).
Therefore, indicators designed for Zn(ll) usually would not be interfered by Pb(ll). Developing indicators
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that are selective for either Zn(ll) or Cd(ll) is an interesting challenge. Both ions are in group IIB in the
periodic table. They have similar coordination chemistry, and for many ligands they are interchangeable
as suitable metal ions. Indeed, the Zn(ll)-binding, cysteine-rich metallothionein was first isolated using
Cd(l1) as the substitute metal.””* On the other hand, Zn(ll) transporter (ZnT) proteins, which utilizes
histidines for binding, select Zn(I1) over Cd(11).?”> The Zn(11)/Cd(ll) selectivity achieved by the evolutionary

forces motivates the laboratory efforts to replicate this selectivity.

Achieving selectivity between Zn(Il) and Cd(ll) in fluorescent indicator development has drawn
rapidly growing interest because Cd(ll) has been recognized as an environmental pollutant, thus
justifying the development of Cd(I1)-selective indicators in environmental chemical analysis.?’® Similar to
Pb(I1), Cd(I1) has a larger ionic radius than Zn(ll) (Table 1); it is also a weaker Lewis acid than Zn(11).”*
Therefore, ligands developed for Zn(ll) in most cases would show a significant, but weaker affinity to
Cd(l1), and consequently less fluorescence changes.”’”’ Also, if an indicator undergoes emission red shift
upon Zn(ll) binding due to the stabilization of excited state dipole of the fluorophore by Zn(ll), the
degree of the red shift is usually smaller if Cd(ll) is used in acquiring the spectrum (see Section 4-4-4c). In
addition to these general points, interesting cases still emerge to teach us new lessons in Zn(Il) and Cd(ll)
coordination chemistry. In the following examples, different effects of Zn(ll) and Cd(ll) coordination on
the fluorescence of the ligands are described.

increasing steric crowding of the Zn(ll)/Cd(ll) complex

e @ %
3 o 8

1-isoTQA TQEN

o

decreasing Zn(ll)/Cd(ll) selectivity (measured by fluorescence)

Fig. 34 “Steric crowding” decreases selectivity for Zn(ll) over Cd(11).2”"*"®

(a) Size difference and “steric crowding”. The ionic radius of Cd(ll) is larger than that of Zn(ll)

(Table 1). Therefore, a ligand can be designed to have a small or large cavity size to favor either Zn(Il) or

Cd(11),%” respectively. In a series of studies by the groups of Mikata and Hancock, quinolinyl and

isoquinolinyl-containing tripodal ligands analogous to TPA,*""?’®

154-157,280,281
TPEN,

and hexadentate ligands derived from
exhibit varied selectivities between Zn(Il) and Cd(ll). These fluorescent ligands are
guenched via intramolecular PET from the tertiary amino groups. The binding with either Zn(ll) or Cd(ll)
restores the fluorescence. The relative fluorescence enhancement upon binding Zn(ll) and Cd(ll)
provides a measure of the selectivity of each ligand. The hexadentate TQEN (Fig. 34) forms strong 1:1
complexes with both Zn(1l) and Cd(I1) with low Zn(11)/Cd(11) selectivity.”** The quinolinyl groups of TQEN
appear to butt into each other in forming a tight complex with the smaller Zn(ll), which reduces the
Zn(11)/Cd(N) selectivity of TQEN.™® This observation is termed by Hancock as the “steric crowding”
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effect.”’”?®? The steric crowding is relieved in the Zn(ll) complex of tripodal ligand TQA, which shows a

higher Zn(11)/Cd(1l) selectivity.?”” The highest Zn(l1) selectivity is possessed by 1-isoTQA, the 1-
isoquinoline groups of which in the metal complex point away from the coordination cavity, which

largely eliminates the steric crowding effect experienced by the smaller ion Zn(11).%”®

(b) Chelate ring size. Hancock stated based on the computation of strain energy in chelate rings

that “Increase of chelate ring size from five-membered to six-membered in a complex will increase the

stability of complexes of smaller relative to larger metal ions.”?®* Therefore, a six-membered chelate ring

would destabilize the Cd(Il) complex relative to that of Zn(lIl). Hancock and coworkers reported that
DQPMA (Fig. 35a) shows no selectivity between Zn(ll) and Cd(Il). DQPEA, which could form a six-
membered chelate ring has almost one order of magnitude higher affinity for Zn(l1) than Cd(11).”** In a
study by our group, compound 37 (Fig. 35b), which would form a six-membered chelate ring, has a

higher Zn(ll) selectivity over Cd(ll) than that of compound 15 based on a fluorescence competitive

binding experiment.'®
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| = | h /"'N o /"'N
DQPMA _N DQPEA _N e N°N
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(T DAS: AN VA =
z Ny = Z 15 N=p N _ 37 N—
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no Zn(ll)/Cd(ll) selectivity increased Zn(ll)/Cd(ll) selectivity no Zn(ll)/Cd(ll) selectivity increased Zn(ll)/Cd(ll) selectivity

Fig. 35 Six-membered chelate ring increases selectivity for Zn(l1) over Cd(I1).**>2%*

(c) Differential effect of Zn(l1)/Cd(ll) binding at the e-acceptor of an ICT fluorophore. Zn(ll) is a
stronger Lewis acid than Cd(ll). Therefore, if metal coordination occurs at the acceptor end of an ICT

fluorophore, Zn(Il) would show a stronger stabilization effect of the ICT excited state than Cd(ll), and
lead to a more pronounced emission bathochromic shift than Cd(ll). Several examples are shown in Fig.
36,%52% 3l of which place zn(l1) or Cd(ll) at the e-withdrawing end of the ICT fluorophore. Therefore,
the emission wavelength of the Zn(ll) complex is longer than that of the Cd(Il) complex. In these
examples, visually it is easy to distinguish between complexes of Zn(ll) and of Cd(Il) because the former

gives a green fluorescence while the latter has a cyan emission.
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Fig. 36 Three examples of Zn(I1)/Cd(l1) indicators — QB,**> DBITA,**® and ZC-F1,”’ of which coordination
occurs at the e-acceptor site of an ICT fluorophore.

Zn(l1) or Cd(ll) binds with both e-donor (the amide nitrogen) and e-acceptor (quinolinyl nitrogen)
of N-acyl-8-aminoquinoline-containing compounds QA and 38 (Fig. 37).2%¥?*° What separates Zn(l1) from
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Cd(ll) is again Zn(Il)’s higher Lewis acidity, which decreases the pK, of the amide N-H to the extent that it
deprotonates upon Zn(ll) binding in many solvents. The deprotonation of the e-donor enhances the ICT
character of the fluorophore, leading to an emission bathochromic shift. Cd(ll) is not Lewis-acidic
enough to deprotonate the amide N-H. Consequently, the Cd(ll) complex of the same ligand emits at a
shorter wavelength than that of Zn(ll) complex.

N A
0.
NHAc
= iN ”
N-acyl-8-aminoquinoline QA A 38

Fig. 37 two N-acyl-8-aminoquinonline- (left box) containing Zn(11)/Cd(ll) indicators, QA,**® and 38,%*° of

which coordination occurs at both e-donor and e-acceptor sites of an ICT fluorophore.

>
|
r e /J O NH
(o}
.
Fig. 38 Two examples of Zn(11)/Cd(1l) indicators, ZTRS**® and 39,%*! of which coordination occurs at the e-
donor site of an ICT fluorophore, which is also prone to deprotonation.

(d) Differential effect of Zn(11)/Cd(ll) binding at the e-donor of an ICT fluorophore. When only the
donor atom of an ICT fluorophore is included in the binding pocket, and if the donor is prone to

deprotonation, the situation can be complicated to analyze. Yoon and coworkers reported compound
ZTRS (Fig. 38) that includes an N-acyl-8-aminonaphthalimide fluorophore.?®® In the crystal structure of
the Zn(ll) complex of an analogous ligand, carbonyl oxygen is bound to Zn(ll) in addition to the DPA
moiety. The emission of ZTRS undergoes a hypsochromic shift with Cd(ll) but a bathochromic shift with
Zn(11) (CH3;CN/0.5 M HEPES (pH 7.4) = 50:50). It is easy to understand that the Cd(ll) complex exhibits a
hypsochromically shifted emission because Cd(ll) binds at the e-donating acylamino moiety of the ICT
fluorophore. The Zn(ll)-elicited emission red shift is harder to explain. The authors hypothesized that
ZTRS binds Zn(Il) and Cd(ll) in different amide tautomer forms — Zn(ll) prefers the imidic acid form, while
Cd(Il) binds with the amide carbonyl. Compound 39 (Fig. 38) has green emission in the metal-free form.
The emission undergoes a hypsochromic shift to cyan upon Cd(ll) complex formation, but a
bathochromic shift when binding to Zn(ll) to afford yellow fluorescence.?®® In this case, the
bathochromic shift enabled by Zn(ll) was explained by Zn(ll)’s ability to deprotonate the amide, which
enhances the e-donor strength of the ICT fluorophore. More examples under the similar structural
contexts to those of ZTRS and 39 are perhaps needed to fully understand these rather complicated,
coordination sensitive ground state and excited state processes invoked to rationalize the metal ion-
dependent emission changes.
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5. Fluorescence microscopic imaging of intracellular Zn(II) ions

In this section, widefield and laser confocal microscopies, with which Zn(ll) indicators have been
applied extensively, are briefly described in relation to the choices of fluorophores for these two
techniques. Readers interested in a more comprehensive grasp of state-of-art fluorescence microscopies
are referred to an excellent book by Murphy and Davidson,?** and the microscopy educational website
“molecular expressions” maintained by Michael Davidson and coworkers (http://micro.magnet.fsu.edu/).
Commonly used biological specimens in Zn(ll) imaging experiments are described, followed by the major
focus of this section, which is directed to the introduction of Zn(ll) indicators that have defined
subcellular localization properties.

5-1. Widefield microscopy

Arc lamps (mercury, xenon, or metal halide) or monochromic light-emitting diodes (LEDs) are
the usual illumination sources of widefield fluorescence microscopy. The microscope can be fitted with
different bandpass filter sets, each of which includes an excitation filter, a dichromatic mirror, and an
emission filter, that are suitable for various fluorophores. The wavelength range of a filter set can be as
large as 60 nm. The exciter and emitter of the QMAX blue filter set covers 355-405 nm and 420-480 nm,
respectively. Therefore, QMAX blue is suitable for a UV excitable dye that emits in blue, such as the
nuclear stain DAPI.2*?°** A window of excitation wavelengths cleared by a bandpass filter set creates
relatively strong background fluorescence, comparing to that of the monochromic laser excitation of a
confocal microscope. On the other hand, most dyes can be used under a widefield microscope because
of the flexible selection of excitation bands of various arc lamps. The acquisition of an image on a
conventional widefield microscope is rapid. However, in addition to the in-focus emission, photons
originated from out-of-focus planes of a relatively thick specimen are also captured by the detector,
which contributes to the blurriness of the image.

5-2. Laser confocal microscopy

Laser confocal microscopy uses monochromic laser as the light source. The confocal method in
conjunction with optical sectioning technology significantly increases the resolution and signal-to-noise
ratio from those of a widefield technique. The emitted photons from a focal plane of a specimen, which
is determined by the positioning of the laser point source and the dichromatic mirror, are focused using
a pinhole aperture before entering the detector. Therefore, the photons above and below the focal
plane are rejected, which gives a highly focused, i.e., well-resolved, image. The focal plane can be varied
so that the entire depth of a specimen can be sampled via z-scanning. These individually acquired
images (single optical sections) are then projected to a single plane to form a high-resolution composite
view that includes all the viewable information of the specimen with high resolution. Because a large
portion of the emitted photons are out-of-focus and therefore are rejected, a monochromic laser with
high intensity is needed as the light source to produce enough in-focus photons. The monochromic
nature of a laser also reduces the background fluorescence. The shortcoming of laser confocal
microscopy is that fluorophores are preferred to have excitation maxima that match up with the
available laser sources. Fluorescein, for example, is a commonly used fluorophore in laser confocal
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microscopy due to its efficient excitation by the commercially available 488-nm argon-ion laser source.
Also, the fluorophores need to be adequately photostable to endure the high-intensity laser illumination
over a relatively long time (comparing to the widefield imaging acquisition) required for the scanning
mechanism.

5-3. Commonly used specimens

Eukaryotic cellular and tissue samples are often used in fluorescence Zn(ll) imaging experiments,
because of their relevance to human physiology and health. Due to the limit on the penetration depths
of UV and visible photons, the specimens need to be thin, with a thickness up to a few hundred microns.
Mammalian cells, hippocampal and olfactory bulb tissue slices, and zebrafish larvae are three types of
specimens often used in biological Zn(ll) imaging experiments, which are briefly described in this section.
The penetration depth can be increased using near-infrared (NIR) excitation, which either requires an

295-297

NIR-absorbing fluorophore, or a light source capable of two-photon excitation of a UV/VIS

absorbing fluorophore.?*®?%°

Mammalian cells such as HelLa are commonly used in vitro platforms for evaluating the basic
parameters of a Zn(ll) indicator, such as toxicity, cell membrane permeability, Zn(Il) responsiveness
when Zn(ll) is delivered to dye-loaded cells from the growth medium, for example, via an ionophore
such as sodium pyrithione (Fig. 25). To load a small organic indicator to the intracellular space, the cells
are incubated in a growth medium that contains a few micromolar or lower concentration of the
indicator, so that the impact of the foreign species on the physiology of the cells is minimized. The
incubation usually takes 30 min or longer to ensure the indicator uptake. The growth medium is then
replaced with the indicator-free medium, assuming that the indicators have been retained fully
intracellularly. How much of the dye is retained and the distribution of the dye is mostly unknown. This
is one of the reasons that a ratiometric indicator is preferred so that the impact of such uncertainties is
reduced. Further incubation in a medium with graded Zn(ll) concentrations with or without an
ionophore imparts some degree of control of intracellular free Zn(ll) abundance, which shall be reflected
by the altered fluorescence of the indicator.

Hela and other readily available, easily maintained cell lines are usually used to assess the utility
of an indicator in live cell imaging. The more interesting cell lines in Zn(ll) cell biology are prostate

300 202551 3nd primary neurons®® cultured from rat hippocampus or olfactory

cells,”™ pancreatic islet B-cells,
bulbs. These are free Zn(ll)-rich cells, and the change in Zn(ll) distribution and mobilization are
intimately related to several heavily invested areas of human health, such as cancer, diabetes, and

neurological diseases.

Hippocampal and olfactory bulb slices contain Zn(ll)-rich neurons. The synaptic release of Zn(ll)
can be studied using fluorescence microscopy and electrophysiology. The metabolically active
hippocampal slices (i.e., “live”) can be produced using a vibratome from a freshly removed rat brain. The
thickness of such a slice is usually a few hundred microns. A frozen rat brain can be sliced into even
thinner specimen down to a few microns.”>* The metabolic function of the frozen slices might have been
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compromised, so that the data from the ultra-thin frozen slices might not be correlated to the
observation from electrophysiological experiments.

Zebrafish is a model organism for biological studies. The genetics and developmental biology of
zebrafish are well understood. Zebrafish larvae of a few days old have almost the same size (3-7 days old

304392 They are about a few hundred microns thick,>” and transparent, which

about 3-4 mm in length).
are suitable for fluorescence imaging experiments. Zebrafish have been used as a living biological
platform for Zn(ll) imaging, which has revealed interesting Zn(ll) distributions during zebrafish

embryonic and larvae development.'®**

5-4.Zn(1II) indicators with defined subcellular localization properties

High spatial and temporal resolutions are distinctive advantages of fluorescence microscopy

13% Therefore, fluorescent Zn(l1) indicators with well-defined subcellular

over other imaging methods.
localization properties are preferred to record local Zn(ll) dynamics in living specimens. Most of the Zn(ll)
indicators reported thus far have nonspecific intracellular destinations, which are not suitable for
studying organelle-specific Zn(ll)-involved processes.*® During the past few years, significant efforts have
been put forth to develop Zn(ll) indicators targeting specific organelles, including mitochondria,
lysosome, Golgi apparatus, and cell membrane. Several approaches from chemical to genetic are briefly
described in this section. The assessment of subcellular localization fidelity can be carried out in a co-
staining experiment using a marker dye with known, precise localization property (usually a transiently
expressed fluorescent protein with an organellar fusion, or a synthetic marker with a strictly defined
subcellular target) that has an entirely different emission coverage from that of the indicator under
investigation.>® The degree of co-localization of the indicator and the known organelle marker can be

quantified by co-localization parameters, such as the Pearson’s coefficient.>®

rhodamine 123 MitoQyg
Fig. 39 Structures of mitochondria-accumulating rhodamine 123%%° and MitoQ.>”’
5-4-1. Alkyl triphenylphosphonium (alkylTPP) for mitochondrial localization

Lipophilic cations are known to accumulate in mitochondria, driven by both favorable
hydrophobic adsorption to mitochondrial membrane and a steep mitochondrial membrane potential

that completes the internalization.?*®

Rhodamine 123 (Fig. 39) is known to localize in and stain
mitochondria,*® which became the structural basis for the series of MitoTracker indicators. One of the
mitochondria-selective Zn(ll) indicators, RhodZin-3, was developed on a rhodamine scaffold.?®® The
lipophilic cation alkyltriphenylphosphonium (alkylTPP) has been used to deliver various molecular cargos

to mitochondria,?*® for instance ubiquinone in MitoQyo (Fig. 39), whose derivative is an antioxidant to
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protect mitochondria from oxidative damage.”’ The alkylITPP tagging strategy has been adopted for

developing indicators for imaging mitochondrial Zn(ll).

A major function of mitochondria is the production of ATP, which requires aerobic oxidation
steps and generates reactive oxygen species (ROS) for signaling purposes.>®® Zn(ll)-dependent enzymes
are abundant in mitochondria, and Zn(lIl) pools are available for supplying the need for mitochondrial

309310 The over-production of ROS is related to the mobilization of mitochondrial

protein functions.
Zn(11),>*2 which has pathological effects. For this reason and other links of mitochondrial Zn(ll) to
human health, the information on mitochondrial Zn(ll) distribution, transport, and other dynamic

processes is valuable.
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Fig. 40 Zn(l1) indicators SZnMito,*"* Mito-ST,*** DQZn2,*"* and DA-ZP1-TPP,*' that contain
mitochondrial-targeting alkylTPP group.

Our group reported an alkylTPP-tagged Zn(ll) indicator (29, Fig. 27),%*> which is described in
Section 4-1-2d. Cho and coworkers reported TPP-tagged Zn(ll) indicator SZnMito (K4 = 3.1 nM, Fig.
40).3" Upon two-photon excitation at 760 nm, imaging Zn(ll) distribution at a depth of 100-200 pm in
rat hippocampal tissues was achieved. Guo and coworkers introduced Mito-ST,*** which contains a
pentadentate, TPEN-derived ligand for Zn(ll) (K4 = 8.2 nM). Zn(ll) coordination occurs at the donor site of
the ICT fluorophore sulfamoylbenzoxadiazole to result in hypsochromically shifted emission. Another
TPP-tagged, mitochondria-targeting Zn(ll) indicator DQZn2 was reported by Jiang and coworkers,*"
which contains a tetradentate ligand with a Ky of 0.43 nM.

Lippard and coworkers developed the TPP-containing mitochondrial-targeting Zn(ll) indicator
DA-ZP1-TPP.>'® This compound carries the spirolactone form of ZP1,3"*® the first member of the ZP
series developed in the Lippard laboratory. The two hydroxyl groups on the xanthene ring are acetylated
(hence “DA” in the name) to prevent spirolactone ring from opening. The coordination of Zn(ll) at either
DPA moiety facilitates the hydrolytic deacetylation, which leads to Zn(ll)-specific ring-opening reaction
to restore the fluorescein fluorescence.
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The accumulation of lipophilic cation-tagged Zn(ll) indicator molecules in mitochondria is driven
by favorable membrane potentials. If the mitochondrial membrane is depolarized as a consequence of a
biological event, these molecules would not be retained by mitochondria, and thus rendered ineffective
in reporting mitochondrial Zn(ll). This concern was raised by Palmer and coworkers, who reported a
genetically-encoded, mitochondria-targeting Zn(ll) indicator, which is directed to the organelles by a
mitochondria-targeting sequence at the N-terminus.* Another strategy to enforce mitochondrial
localization of a synthetic molecule is to include an electrophilic alkyl chloride moiety in the structure,
such as in MitoTracker Red. The positively charged molecules are directed to mitochondria via the
favorable membrane potential, followed by the covalent immobilization via nucleophilic substitution
between the alkyl chloride portion of the dye molecule and the cysteine residues of intra-mitochondrial
proteins. This method involves modification of intracellular proteins. Therefore, it may or may not affect
the normal cellular functions.
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Fig. 41 (a) First reported lysosomal-targeting stain DAMP.*' (b) Tertiary amino groups are

lysosomotropic tags. (c) A lysosomal-targeting Zn(ll) indicator.>*

5-4-2. Weakly basic lysosomotropic amines for lysosomal localization

Weakly basic aliphatic amines tend to accumulate in acidic organelles, in particular lysosomes, in

321,322

a process called lysosomotropism. The earliest lysosomotropic molecule for intracellular staining

purposes is DAMP (Fig. 41a),**® which accumulates in lysosomes and can be labeled by DAMP-specific

323-325

antibodies. Acyclic aliphatic tertiary amines and N-methylmorpholino®? groups (Fig. 41b) are now

commonly used tags to target lysosomes and other acidic organelles. The biological significance of
lysosomal Zn(ll) is described in Section 1-2. Lysosome-targeting Zn(ll) indicator DQZn4 (Fig. 41c)**° was
reported by Jiang and coworkers as a modified version of DQZn2 (Fig. 40). A tertiary amino group was

used in DQZn4 for lysosomal localization.
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HO,C  COH

ZIMIR

Fig. 42 Two Zn(ll) indicators, LF-Chol**® and ZIMIR,** that localize on plasma membranes and display
Zn(l) binding components extracellularly.

5-4-3. Cholesterol and long alkyl chains for membrane localization

Molecules functionalized with cholesterol or long alkyl chains can be immobilized on
phospholipid membranes. LF-Chol is a membrane-targeting Zn(ll) indicator containing a cholesterol

326 The xanthene fluorophore is connected to the Zn(ll) ligand that is tweaked from the

moiety (Fig. 42).
Mg(ll)-selective APTRA ligand (Fig. 33) by replacing the side carboxylate with a 2-pyridyl group to
enhance Zn(ll) selectivity. Indicator ZIMIR contains a fluorescein moiety, and two dodecyl alkyl chains

21 The tetradentate Zn(l1) ligand contains a 2-(2’-pyridyl)ethyl group

for membrane localization (Fig. 42).
that forms a 6-membered chelate ring for maintaining a fast Zn(I1) dissociation rate.”*! Both compounds
operate via the PET-switching mechanism, analogous to that of ACF-2 (Fig. 21), Newport Green PDX (Fig.
23), and FluoZin-1 (Fig. 23). ZIMIR is able to follow the insulin release dynamics from cultured B cells or
intact rat pancreatic islets by recording the co-released Zn(ll) ions. The ligand portions of both

compounds protrude to the extracellular space.

Recently, Lippard and coworkers reported a palmitoylated ZP1 molecule that immobilizes on cell
membrane and displays the Zn(ll)-indicating ZP1 portion extracellularly to record Zn(ll) release from
cytosol.**” A hexapeptide chain separates the palmitoyl (hexadecanoyl) group and the ZP1 indicator to
ensure the retention of the high fluorescence quantum yield of ZP1 and extracellular localization of the
indicator portion. It is conceivable that cell-penetrable peptides that are used in drug-delivery
research®*® may also be employed as vehicles for targeting Zn(ll) indicators to various subcellular
locations.

5-4-4. Fully genetically-encoded Zn(II) indicators

Genetically-encoded Ca(ll) sensors have enjoyed tremendous successes in illuminating

142329 The protein-based indicators are synthesized by cells’ own

intracellular Ca(ll) dynamics.
translational machinery and are targeted to specific subcellular locations. The amount of the indicators
can be controlled via regulating the expression levels, and they are relatively photostable owing to the

protection of the fluorophores by the B-barrel structures of fluorescent proteins.
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FP FRET donor Zn(ll) binding domain FP FRET acceptor J—( organelle fusion }

Fig. 43 Four sectors of a fully genetically encoded, organelle-specific Zn(ll) indicator. FP: fluorescent
protein.

Taking from the playbook of genetically-encoded Ca(ll) indicator design, efforts have been made
to engineer genetically-encoded Zn(ll) indicators. The general strategy is shown in Fig. 43, in which the
Zn(ll)-binding peptide sequence is flanked by fluorescent proteins capable of FRET. Zn(ll) coordination
needs to cause a conformational change in the Zn(ll)-binding domain, which alters the distance between
the two fluorescent proteins and therefore the FRET efficiency. Consequently, Zn(ll) concentration
becomes a function of the ratiometric FRET signal. The choices of the Zn(ll)-responding portion of a

330 palmer*! and their coworkers,

genetically-encoded Zn(ll) indicator have included Zn(ll) fingers by Eide,
and a modified Cu(l)-binding Atox1 protein by Merkx and coworkers.*>**! Metallothionein was also
attempted as a Zn(ll)-responding segment by Levitan and coworkers.**? These indicators are entirely
protein-based — both Zn(Il) binding and fluorescence reporting components in these indicators are

genetically-encoded.

The innate Zn(ll) binding ability of Zn(ll)-dependent proteins could be transduced in a
concentration-dependent manner to the emission alteration of a covalently linked organic fluorophore.
The Zn(ll)-sensitive proteins that have been used for this purpose include Zn(l1) fingers,*** carbonic

334

anhydrase,*® and metallothioneins.*** Unlike the genetically encoded Zn(ll) indicators, the

protein/synthetic hybrid indicators are either chemically or biochemically prepared.
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5-4-5. Genetic/synthetic hybrid Zn(II) indicators
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Fig. 44 (a) lllustration of the SNAP-tag strategy.**> AGT = O°-alkylguanine-DNA alkyltransferase. (b)
ZP1BG is a conjugate of Zn(ll) indicator ZP1 and the AGT substrate benzylguanine.*’

Johnsson and coworkers developed a genetic/synthetic hybrid strategy for tagging a molecular

cargo to a specific subcellular location.**>**® In the “SNAP tag” technology, the human DNA repair

protein O°-alkylguanine-DNA alkyltransferase (AGT) with an organelle fusion®*”**

is expressed in
mammalian cells, followed by the treatment of AGT-substrate/molecular cargo conjugate. The alkylation
of AGT transfers the molecular cargo to the organelle-specific protein (Fig. 44a). This strategy was

339

applied to deliver a Ca(ll) indicator to cell nuclei.”” A hydrogen peroxide indicator was also rendered

organelle-specific using this method.>* Lippard and coworkers applied the SNAP tags to direct the Zn(ll)-
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sensitive ZP1BG (Fig. 44b) to mitochondria and Golgi apparatus.* Unlike the fully genetically-encoded
indicators, the genetically-encoded component of the SNAP tag constitutes only the organelle-directing
part of the Zn(ll) indicator. It removes the burden of engineering the Zn(ll)-responding component of the
indicator, and allows a high degree of flexibility in choosing the affinity and color of the Zn(ll) indicator.
However, A SNAP tag requires a biochemical step after the expression of the tag, which comparing to
the fully genetically encoded indicators is a disadvantage.

6. Fluorescence Zn(II) imaging to address biological problems

6-1. A few indicators applied in Zn(II) biology

Several indicators that are often used in Zn(ll) biology research are shown in Fig. 45. The
common features of these compounds are a proper balance of water solubility and membrane
permeability, compatibility with either widefield or confocal microscopy, and photostability of the
fluorophores. In this section, the chemical properties of these compounds pertinent to fluorescence
microscopic imaging are described, followed by their applications in bicimaging that are organized by
different biological problems being addressed.

CO,H
0= o= oo
TSQ 9~ Zinquin ester o~ =N TFLZn
o i g NH GTNH
N N N
~ x> N
(o]
~o = N \ﬂ/\o = ~o >

COK

o
 SallEs|
KO, N
KO,C & B

>~ N — Newport Green PDX, K =40 uM
FluoZin-3, Ky =15 nM N N

Newport Green DCF, Ky =1 pM

NP Uﬁ% 9
O

] g
©) CO.H
= N O X ‘
CO:H CozH HO o o

ZP1, K4y = 0.7 nM ZPP1, Ky = 10 nM ZnAF-2, Kg=2.7 nM
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Fig. 45 Zn(ll) indicators described in this section. The references are cited in the text. The Ky values of 1:1
(ligand:Zn(Il)) complexes are listed.

The aryl-sulfonamide derivative of 8-aminoquinoline TSQ is the earliest fluorescent Zn(ll) dye
that was used in histochemical staining of mobile Zn(ll) in hippocampal slices.> Zinquin ester is a

modified version of TSQ, which has better cell permeability and intracellular retention.>*!

The ethyl ester
of Zinquin ester is hydrolyzed by intracellular esterases, trapping the dye molecules inside. Intracellular
hydrolysis of the ester form of an indicator is a widely used technique for dye trapping.'®>>*** The
commercially available live cell intracellular dyes with —AM suffix are acetoxymethylester derivatives,
which enter the cell in neutral forms and achieve intracellular retention via rapid hydrolysis.**® Zinquin
ester is more suitable for live cell imaging than TSQ. Both dyes require UV excitation (~ 370 nm) and
emit in blue (~ 490 nm). They form 2:1 (ligand:Zn(ll)) complexes with increased fluorescence quantum
yields. The photophysical and coordination chemistry of TSQ and its derivatives were extensively studied

by O’Halloran and coworkers.**>*** TFLZn is another variant of TSQ, developed by Kay and coworkers.***

FluoZin-3 and Newport Green (DCF and PDX) are Zn(ll) indicators marketed by Invitrogen.'*® All
three dyes contain a xanthene moiety that is excited by a 488-nm laser and emit in green. They are
suitable for laser confocal microscopic experiments, while TSQ and Zinquin are not. These compounds
contain an anilinyl-based PET quencher, which upon Zn(ll) binding restores fluorescence. FluoZin-3 (Ky =
15.0 nM) contains a BAPTA-derived binding pocket, with one carboxylate of BAPTA removed to enhance
the selectivity for Zn(Il) over Ca(ll). Both Newport Green dyes have an N-aryl tridentate DPA ligand.
Newport Green DCF has a higher affinity (K4 = 1 pM) than that of Newport Green PDX (K4 = 40 uM),
because the para position of the DPA ligand in Newport Green DCF is an e-donating acylamino group,
while a much less e-donating xanthene ring occupies the same position in Newport Green PDX.

317,318 183,345

The ZP series by Lippard and coworkers and ZnAF series by Nagano and coworkers
were developed concurrently in early 2000s. Both series include Zn(ll) selective e-donor moieties on a
fluorescein scaffold to quench the fluorescein emission, which is restored upon Zn(ll) coordination. The
difference between the two series is that in ZPs, the Zn(ll) binders are attached to the xanthene moiety,
while in ZnAFs the Zn(ll) ligands are connected to the benzoate component of fluorescein. Taken
together with fluorescein/rhodamine-based Invitrogen Zn(ll) indicators, the installation of a Zn(ll)-
sensitive ligand on a xanthene or a xanthene analogue™ has been a very successful approach to

generating Zn(ll) indicators, which have found broad utilities in Zn(ll) biology research.
6-2.Zn(II) in apoptosis

Apoptosis is programmed cell death, as opposed to necrosis, which is passive cell death.
Apoptosis is tightly controlled for the health of an organism.>*® The suppression of apoptosis contributes
to tumor growth. Apoptosis can be induced by treating cells with mitosis-inhibiting natural products
such as colchicine or etoposide. Particular morphological changes and DNA fragmentations are common
biomarkers of apoptosis. Using Zinquin to visualize pools of mobile Zn(ll) ions, it was shown that Zn(ll)
supplementation suppresses while Zn(Il) removal enhances apoptosis.*****’ Intracellular Zn(ll) release
occurs in the early stages of apoptosis, when the cell membrane integrity is intact. A later study using
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Zn(l1) indicator 12 (Fig. 16) replicated these observations.>*® It was hypothesized that the oxidation of
Zn(l1)-binding proteins occurs during apoptosis, which triggers Zn(ll) release. However, there is no firm
evidence that the initiation of apoptosis precedes the Zn(ll) release.

6-3. Mossy fiber neuron synaptic Zn(II) release

Zn(l1) ions accumulate in hippocampus, which is a region of the brain critical to learning and
memory.>* The total concentration of Zn(Il) in hilas, a sub-region of hippocampus that is filled with
mossy fiber neuropil, is as high as 220 uM.35° The freshly prepared rat hippocampal slice tissues
containing metabolically active (i.e., live) neurons release and uptake Zn(ll) during neuronal activities

when they are stimulated by high K(1) concentrations or electrical means.?***

These early observations
of hippocampal Zn(ll) were made using atomic absorption spectrometry, with or without the aid of
%Zn(1l) isotope, or using decay of radioisotope *°Zn(l1). It was not until 1989 that Frederickson and
coworkers provided the first example of histochemical fluorescence staining of hippocampal Zn(ll) using
TSQ. In the following text, a few studies that utilize Zn(ll) indicators as tools to probe the functional roles

of hippocampal Zn(ll) are briefly described.

A link between Zn(ll) and the induction of long-term potentiation (LTP) in the CA1 region of
hippocampus was proposed by Weiss et al.*>* Using TSQ to stain synaptically released Zn(ll), Roder and
coworkers established that (a) removal of presynaptic vesicular Zn(ll) via either chronic dietary
deficiency or rapid depletion using a Zn(ll) chelator impairs the induction of LTP of Zn(ll)-containing
mossy fiber-CA3 synapses, and (b) the effect of depleting Zn(Il) on LTP could be reversed by
supplementing Zn(l1).>>

Frederickson and coworkers used Newport Green DCF to monitor the Zn(ll) release from mossy
fibers*? during the high frequency electric stimulation to induce mossy fiber — CA3 LTP.*** In addition
to corroborating with Roder and coworkers’ finding that mossy fiber Zn(ll) release is correlated with LTP,
a few more details of this process were revealed. Newport Green DCF has a Ky of 1 uM whose
fluorescence is unaltered by Ca(ll) at 10 mM. By removing Zn(ll) using chelator CaEDTA, the basal level of
synaptic transmission mediated by Ca(ll) is uncompromised. This observation confirms that it is Zn(ll),
not Ca(ll), that is required for the induction of LTP under the high frequency stimulation. It was also
found that the entry of Zn(ll) ions into postsynaptic neurons, not merely the interaction between Zn(ll)
and postsynaptic membrane proteins, is required for the induction of LTP. The co-release of glutamate
facilitates the Zn(ll) entry to postsynaptic neurons, presumably via glutamate-gated ion channels.

Ample evidence has emerged to show that there are vesicular labile Zn(ll) in hippocampal
presynaptic neurons,”* which carry signaling capacities when released with glutamate."’ The Zn(l1)-
mediated neurotransmission is implicated in LTP, which is relevant to the learning and memory
functions of brain. So how are these Zn(ll) ions sequestered into the synaptic vesicles?

The ZnT class of Zn(ll) transporter proteins is responsible for the removal of Zn(ll) from cytosol

28,29,355,356

to vesicles or extracellular space. ZnT1 and ZnT3 are expressed in the brain; the former

removes excess labile Zn(ll) from cytosol to extracellular space to protect cells from Zn(ll) toxicity, and

57



RSC Advances Page 58 of 74

the latter accumulates Zn(ll) from cytosol to intracellular vesicles. It was therefore hypothesized that
ZnT3 sequesters Zn(ll) ions from neuronal cytosol to the synaptic vesicles. Lee and coworkers used TSQ
to visualize hippocampal labile Zn(ll) in conjunction with immunostaining of ZnT3 and synaptophysin, a

>’ The emission from all three subjects co-localizes in the neuropil region of

synapse marker.
hippocampus, which is rich of mossy fiber synapses. The immunostain of ZnT1 does not overlap with
that of synaptic Zn(ll), and is distributed evenly across the hippocampus. These data supports the

function of ZnT3 in transporting Zn(ll) to synaptic vesicles in hippocampal neurons.

Olfactory bulb (OB) is the region of the brain in direct contact with olfactory sensory neurons
that involve in odor information processing. Similar to hippocampus of the brain, OB contains high levels
of free Zn(Il). Trombley and coworkers stained live OB slices with ZP1, which illuminated the high free
Zn(I1) content in the two outer layers of an OB slice — glomerular layer and granule cell layer.**® The
intervening external plexiform layer contains a much lower level of stainable Zn(ll). Patterned electrical
stimulation causes the fluorescence intensity of ZP1 from the individual glomeruli adjacent to the
microelectrode to decrease, suggesting Zn(ll) release from the glomeruli upon stimulation. This
observation echoes the more intensely studied synaptic Zn(ll) release in hippocampus, and suggests the
same function of Zn(ll) as a neurotransmitter in OB.

In addition to being a neurotransmitter, evidence acquired from Zn(ll) imaging has suggested
that free Zn(ll) is an intracellular second messenger (more common second messengers are cAMP, Ca(ll),
NO, etc.) for transducing extracellular stimuli to intracellular responses. In one study by Hirano and
coworkers, mast cells expressing high-affinity immunoglobulin E (IgE) receptors were sensitized by
IgE.?>> Upon stimulating the IgE-sensitized mast cells by the specific antigen, the crosslinking of IgE
receptors occurs, which causes the release of Zn(ll) from endoplasmic reticulum, and possibly nucleus.
This externally stimulated Zn(ll) release was visualize by Newport Green DCF, and was termed a “Zn(ll)
wave”. Other experiments led to the postulation that the Zn(ll) wave induces tyrosine phosphorylation
and inhibits tyrosine phosphatase activities. Thus, Zn(ll) is considered as a second messenger that
translates an external stimulus into enhanced protein kinase activities.

In another study that shows Zn(ll)’s function as a signaling molecule, it was found that Zn(ll) is
released from the mechanically injured human keratinocyte cells, as shown by the extracellular
impermeable Zn(I1) indicator ZnAF-2, to trigger the activity of a membrane Zn(ll) sensor ZnR.**° The
activity of ZnR leads to a rapid intracellular Ca(ll) release (monitored by intracellular Ca(ll) dye fura-2
acetoxymethyl ester) that initiates the downstream activities of wound healing. This work offers a likely
molecular biological rationale for applying Zn(ll)-containing ointments for wound healing purposes.

6-4.Zn(II)’s involvement in amyloid-f3 aggregation

The diagnosis of Alzheimer’s disease can only be confirmed postmortem by the presence of
deposition of amyloid-p (AB) plagues in a patient’s brain. The aggregation of Af is also linked to cerebral
amyloid angiopathy. AP} aggregation can be initiated in the presence of free divalent ions such as Zn(ll),
Cu(l1),and Fe(ll) of relatively high concentrations.' These ions hypermetallate the AB peptide to afford
plagues. In 2000, Frederickson and coworkers used TSQ to stain the high Zn(ll) content in the senile
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plaques and neurofibrillary tangles (NFT) of postmortem brain samples from Alzheimer’s patients, which
provided evidence to the link between the abnormally high Zn(ll) content in the brain and the
propensity of Ap aggregation.>®

Using transgenic mice expressing cerebral amyloid plaque pathology with or without brain Zn(ll)
transporter ZnT3-knockout, Koh and coworkers showed that a high activity of ZnT3 leads to intense
fluorescence staining using TFLZn in the mossy fiber region of the hippocampus, and high levels of
insoluble AP plagues.*®* A variant of TSQ with enhanced water solubility, TFLZn (Fig. 45) carries a
carboxylate on the sulfonylated aryl moiety.** The carboxylate can be esterified to produce a cell
membrane permeable version of TFLZn. This work in conjunction with the known link between ZnT3 and
synaptic Zn(ll) appears to pin synaptic Zn(ll) as a major contributor to the metallated precipitation of Ap
peptide. Also using TFLZn, it was shown that there are significant exchangeable Zn(lIl) pools originated
from the action of ZnT3 in the perivascular spaces in neocortex, which facilitates the formation of Ap

aggregates on the blood vessel walls to lead to cerebral amyloid angiopathy.>*

6-5. Zn(II) involvement in prostate cancer

Prostate has the highest Zn(ll) abundance among all soft tissues. Prostate cancer is the singular
prostate disease that shows a substantial reduction of tissue Zn(ll) content.*®® Therefore, prostate Zn(l1)
may be considered a biomarker for prostate cancer, which was a possibility explored by Medarova,

39 A modified version of ZP1, ZPP1 (Fig. 45), was used to quantify Zn(ll) in cell
and tissue lysates.?** ZPP1 has this unique property that only the [Zn,(ZPP1)]** complex is highly

Lippard, and coworkers.

fluorescent, while the free ligand and the 1:1 complex [Zn(ZPP1)]** are not. Therefore, by titrating a
ZPP1 solution into a Zn(ll) solution of unknown concentration, the maximal fluorescence intensity would
be reached when all Zn(ll) ions are sequestered into the [Zn,(ZPP1)]*" complex. The Zn(l) concentration
is twice that of the ZPP1 concentration at that point.

Normal and transformed human prostate epithelial cells were stained with ZPP1.>® The
transformed cells have down-regulated Zn(ll) transporter ZIP1 activities, which, in the opposite direction
of ZnTs, bring Zn(ll) ions into cytosol. The fluorescence intensity levels of the two types of cells, as
compared using flow cytometry, confirms the much lower Zn(ll) abundance in transformed cells than
that in normal cells. The Zn(ll) contents of normal and transformed cells were estimated at 12-16
fmol/cell and 6-8 fmol/cell, respectively, determined via ZPP1 titration of the cell lysates. Transgenic
mice that develop progressive prostate cancer were used as in vivo models. In the imaging experiment,
ZPP1 was delivered to prostate via intravenous injection, after which an incision at prostate was made,
and the anesthetized mouse was subjected to intravital microscopy. The Zn(ll)-induced fluorescence
intensity drops as the disease progresses, thus supporting the authors’ hypothesis of Zn(ll) as a
biomarker for prostate cancer.

In a study related to the treatment of prostate cancer, it was found that parenteral Zn(ll)
protects myeloid (bone marrow) progenitor cells against the toxicity induced by the drug decetaxel.>*®
Unlike the prostate cancer cells which have severely compromised Zn(ll) uptake ability, the myeloid
progenitor cells readily absorb Zn(ll), as monitored by staining using FluoZin-3 AM (an intracellular Zn(ll)
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indicator) and quantified by flow cytometry, which shield the healthy cells from the cytotoxic effect of
the chemotherapy medications.

6-6. Zn(II) as a marker of insulin secretion

Insulin takes the hexameric form, which is held together by two structural Zn(ll) ions per
hexamer, in granules in pancreatic B-cells. When insulin is released via vesicular exocytosis as triggered
by, for example, glucose, the hexamer disintegrates to monomers with concurrent ejection of Zn(ll).
During the early development of Zinquin ester, pancreatic islet cells were stained with Zinquin ester and
showed stronger fluorescence than that of fibroblasts stained under the identical conditions.*® The
intense fluorescence appears to localize in secretory granules, along with diffuse cytoplasmic
fluorescence, attributable to extragranular pools of labile Zn(ll). Upon exposure to a high concentration
of glucose solution (~ 25 mM), the intracellular fluorescence intensity decreases as a result of co-release
of Zn(Il) and insulin. Similar observations were reported using Newport Green DCF as the Zn(ll)
indicator.*®” The more favorable long wavelength emission of Newport Green DCF allowed the use of
cell sorting to purify labeled 3 cells.

Extracellular Zn(ll) spikes can be used as markers for insulin release. Kennedy and coworkers
initially employed Zinquin acid (the hydrolyzed form of Zinquin ester, Fig. 45), which is a membrane
impermeable Zn(ll) indicator, to monitor Zn(ll) efflux from pancreatic B cells as stimulated by glucose or
other stimulants.*® Zn(11) indicators for monitoring Zn(l1) release from pancreatic B cells over the years
have improved. FluoZin-3 provides a better signal-to-noise ratio,”*>**® and ZIMIR (Fig. 42) described in
Section 5-4-3 situates on the cell membrane and direct the indicator component to the extracellular
space.” Therefore, the background emission from the extracellular free dye molecules can be

minimized, which enhances the quality of the imaging experiments.

7. Summary and outlook

The application of TSQ as a fluorescent Zn(ll) stain of hippocampal slices in the 1980s has been
followed by the development of a plethora of fluorescent Zn(ll) indicators that can be used under
different types of microscopes, that are suitable for monitoring Zn(ll) distributions and mobilizations in
metabolically active specimens, that can be directed to precise subcellular targets. Combined with tools
in biology such as electrophysiology, transgenic organisms, immunofluorescence, and others, many
guestions in Zn(ll) biology are being addressed. The scope of this article is limited to the chemistry side,
with only a brief mention of the biological questions that Zn(ll) indicators help to answer. We aim to
show how organic fluorescent indicators for Zn(ll) work, in terms of their Zn(ll) coordination chemistry
and Zn(ll)-binding-modulated ligand photophysical processes. Using the accumulated experience as the
basis for formulating design guidelines, we are hoping that future Zn(ll) indicators that are meeting new
demands can be developed. In addition to the fundamental discoveries in Zn(ll) biology, several Zn(ll)-
involved topics that are highly relevant to human health, such as diabetes, neurological diseases, and
prostate cancer, continue to present motivations to both biologists and chemists to formulate
hypothesis and develop tools to experimentally address these challenges.
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7-1. The wish list, reiterated

What are the future directions in developing fluorescent indicators for Zn(ll) ions? Frederickson
provided a wish list of the properties of a desirable Zn(ll) indicator — ratiometric, right affinity, right
coordination kinetics (faster than the biological process under investigation), right permeability, and low
toxicity.’”® With the rapidly increasing sophistication of fluorescence microscopic instrumentations over
the past decade, the unique advantages of the state-of-art microscopy over other types of imaging
methods appear to be the high spatial resolution imparted by, for example, the super-resolution
techniques, and temporal resolution that is made possible by the CCD cameras of increasing speed of
image acquisition. Therefore, to fully harness the potential of the instrumentation, indicators with highly
defined subcellular localization properties need to be developed (The last few years have seen the

significant progress of organelle-targeting Zn(ll) indicator development — Section 5-4). Photostable
fluorophores need to be incorporated into the indicator structure so that the indicator molecules could
endure high frequency image acquisition. If a blinking fluorophore is used in, for example, stochastic
optical reconstruction microscopy (STORM) of super-resolution capacity, the fluorophore shall be bright
in the “on” state so that a large number of photons can be produced to enhance the resolution.

7-2.Free, or not so free, stainable Zn(II) ions?

An unsettled issue in fluorescence Zn(ll) imaging is how the signals should be interpreted. Are
the synaptically released Zn(ll) ions free in the synaptic cleft, or merely externalized on the outer
membranes of the presynaptic neurons?*’**”3 Can the signals be taken strictly as a function of free,
hydrated Zn(ll), or so-called “rapidly exchangeable” or “loosely bound” Zn(ll), or a collections of
indicator-bound Zn(ll) ions that are also partially bound with intracellular ligands or proteins? These
types of Zn(ll) ions may or may not have different physiological functions. Zinquin was shown to form
ternary complexes with Zn(ll) and another ligand, which raised questions on the interpretations of Zn(ll)-
dependent fluorescence observed in bioimaging experiments.®”* Recently, Petering and coworkers have
shown that a major portion of TSQ-Zn(ll) fluorescence should be attributed to TSQ-Zn(ll)-protein ternary

*7>377 This possibility shall be investigated for other

complexes rather than TSQ-Zn(ll) binary complexes.
Zn() indicators. It might be of significance to distinguish the stainable Zn(ll) of different ligand
environments, for example, truly hydrated Zn(ll), Zn(ll)-metabolite or signaling molecule complexes, and
Zn(ll)-containing proteins (Zn(ll) proteome). Indicators with defined Zn(ll) coordination chemistry is
preferred (i.e., with only one possible binding stoichiometry), so that the interpretation of the

fluorescence signal could be relatively straightforward and accurate.

7-3. Perturbation of Zn(II)-involved physiological processes

Zn(l1) ions are strictly regulated in biological systems through a homeostatic apparatus, which
includes a Zn(l1)-buffering system.**® An ideal indicator shall be an absolute “bystander” of ongoing
biological events. However, at micromolar indicator loading, it is unclear how much of the Zn(ll)-protein
buffering equilibria is affected. From the work of Petering and coworkers, it is clear that TSQ at normal
imaging loading concentrations react primarily with Zn(ll) proteins, in addition to perhaps a small pool of
free Zn(11).*”>*”® TPEN or other ligands introduced for depleting nutrient Zn(l1) in certain studies may
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have also stripped off Zn(Il) ions from proteins.?”” Because the indicator distribution in the
heterogeneous intracellular environment is also heterogeneous, the local indicator concentrations are
usually unknown, which not only complicates data analysis, but leads to possibilities of affecting

378 Therefore, we do not

intracellular Zn(ll) homeostasis, a concern voiced by Palmer and coworkers.
know whether at certain intracellular locales the indicator molecules are accumulated to the extent to
overtake the endogenous Zn(ll) buffering machinery. To address these issues, indicators with well-
defined subcellular localization properties are again required. Furthermore, it shall be advocated to run
the same imaging experiments at different indicator concentrations, so that the Zn(ll) concentration in
the absence of an indicator could be extrapolated. Addressing these issues when developing future
generations of Zn(ll) indicators requires the creativity of the chemists in our community, who are well-

informed of the challenges and promises of Zn(ll) biology.
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