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he metalloneurochemistry of Zn(ll) is of substantial current interest. Zinc is the second most abundant d-block metal ion

in the human brain, and its distribution varies with relatively high concentrations found in the hippocampus. Brain zinc
is generally divided into two types, protein-bound and loosely bound, the latter also being termed histochemically observ-
able, chelatable, labile, or mobile zinc. The neurophysiological and neuropathological significance of mobile Zn(ll) remains
enigmatic. Studies of Zn(ll) distribution, translocation, and function in vivo require tools for its detection. Because Zn(ll) has
a dosed-shell d'° configuration and no convenient spectroscopic signature, fluorescence is a well-suited method for mon-
itoring Zn(1l) in biological contexts.

This Account summarizes work by our laboratory addressing the design, preparation, characterization, and use of small-
molecule fluorescent sensors for imaging Zn(ll) in living cells and samples of brain tissue. These sensors provide “turn-on”
or ratiometric Zn(ll) detection in aqueous solution at neutral pH. By making alterations to the Zn(ll)-binding unit and fluo-
rophore platform, we have devised sensors with varied photophysical and metal-binding properties. Several of these probes
have been applied to image Zn(ll) distribution, uptake, and mobilization in a variety of cell types, incduding neuronal cultures.

Introduction

“Metalloneurochemistry” defines a field at the
intersection of inorganic chemistry and neuro-
science and includes explorations of metal ions as
neurotransmitters, as cofactors in neuroproteins,
and as neurotoxins.! Most early investigations of
metal ions in the central nervous system focused
on the neuromodulatory roles of K(I) and Ca(ll).
The importance of d-block metals, including Mn(l),
Fe(ll), Cu(ll), and Zn(ll), in neurobiology has emer-
ged recently.*® We are primarily interested in
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Zn(ll), the second most abundant d-block metal
ion in the human brain.* In certain substructures
of the mammalian hippocampus, “mobile” Zn(ll) is
colocalized with glutamate in presynaptic vesi-
cles.® This Zn(ll) pool has been implicated in both
neurophysiology and disease, but details of its
functional significance remain unclear.®”8 Some
questions include the following: (i) Is Zn(ll) a neu-
rotransmitter? (i) What factors govern Zn(ll)
release into the synapse®~'? in physiological and
pathological contexts? (iii) What ligands coordi-
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FIGURE 1. Zinpyr and ZAP1-3.

nate vesicular and synaptic Zn(ll)? (iv) How and why does Zn(ll)
influence signaling cascades and synaptic plasticity? Studies of
these phenomena require a combination of chemistry, biol-
ogy, electrophysiology, and optical imaging. To facilitate such
investigations, we initiated a program in Zn(ll) sensor design,
largely inspired by prior work in Ca(ll) detection.'® This
Account summarizes studies from our laboratory to date
addressing the design, characterization, and use of small-mol-
ecule fluorescent sensors for imaging Zn(ll) in vivo.

Zn(ll) Sensor Design

There are many criteria for a fluorescent Zn(ll) sensor that
operates in biological samples.' It must be selective for Zn(ll)
over all other constituents in the biological milieu, including
millimolar concentrations of Na(l), K(l), Ca(ll), and Mg(ll), and
provide Zn(ll) detection with spatial and temporal resolution.
The probe affinity, measured by its dissociation constant (K),
should approach the median concentration of Zn(ll) in the
sample for monitoring its flux. Other desirable characteristics
include rapid and reversible Zn(ll) coordination, excitation and
emission wavelengths in the visible/near-IR/IR regions for sin-
gle photon excitation, a bright (® x ¢) signal, water-solubil-
ity, nontoxicity, and photostability. Depending on the
194 = ACCOUNTS OF CHEMICAL RESEARCH
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application, either an intracellular or an extracellular probe
might be required, which necessitates firm understanding of
sensor uptake and distribution in cells.

Many strategies have been reported for turn-on and ratio-
metric Zn(ll) sensors.'>~'® Our approaches have largely
focused on the fluorescein platform. Fluorescein has excel-
lent photophysical properties (® ~ 1, e ~ 70 000 M~
at pH 7), is compatible with the 488 nm Ar laser line and com-
mercially available filter sets, and is commonly used as a bio-
logical marker. We initially incorporated amine-based chelates
at the 4" and 5' positions of the “top” xanthenone unit of the
fluorescein, a design feature analogous to that of calcein,'®
which we hypothesized would quench fluorescein emission
via photoinduced electron transfer (PET).2° Because Zn(ll) has
a closed-shell d'° electronic configuration, we anticipated that
its coordination would alleviate PET and provide fluorescence
“turn-on.” Although turn-on behavior is frequently observed,
empirical data indicate that a simple PET mechanism whereby
an amine lone pair electron quenches fluorescein emission is
insufficient to describe the photophysical properties of the
probes described herein.

We first reported ZP1 and ZP2 (Figure 1).>'22 These high-
affinity (sub-nanomolar) Zn(ll) chelates employ the di(2-pico-



lyljamine (DPA) ligand, afford fluorescence turn-on upon Zn(ll)
coordination, and operate in the biological milieu. They pro-
vided a foundation for the design of new probes with other
desirable attributes. We subsequently prepared Zn(ll) sensors
that (i) spanned a wide range of Ky values, (i) exhibited
improved Zn(ll) selectivity and Zn(ll)-specific fluorescence turn-
on, (i) displayed enhanced photophysical properties, and (iv)
coordinated Zn(ll) rapidly and reversibility on the millisecond
time scale. Our approach was to systematically modify the
fluorophore and Zn(ll)-binding units.

Zinpyr Sensors

Symmetrical Zinpyr. The Zinpyr family 1—20 contains fluo-
rescein-based sensors with DPA or DPA-derived chelates (Fig-
ure 1).2'729 ZP1-2 fluoresce brightly in their Zn(ll)-bound
forms (®,, = 0.87) but also display relatively high back-
ground fluorescence (@4, = 0.25, Table S1, Supporting Infor-
mation) and exhibit proton-induced turn-on. From pH-
dependent titrations monitored by fluorescence, which show
emission enhancement when moving from pH ~10 to ~5, the
dqe Values were attributed to protonation of the tertiary
amine at physiological pH.3° Derivatives 3—7 were prepared
to determine whether electronegative substitution would
reduce ®y...>> Fluorination at the 2" and 7' positions afforded
ZP3, which has ~2.5-fold less background fluorescence than
ZP1 (®4ee = 0.15, Table S1, Supporting Information).>® Halo-
genation, and particularly fluorination, of the benzoate moi-
ety also reduced both ®.. and ®,, values relative to ZP1.
The latter effect results in ~2-fold or less dynamic range. The
pK, associated with fluorescence enhancement upon proton-
ation decreases somewhat as X = H > Cl > F (Table S1, Sup-
porting Information). This trend occurs because the titration
curves for ZP1/ZP3 are shifted to lower pH relative to that of
ZP2, behavior analogous to that observed for ZS5—7 (vide
infra, Figure 2) and fluorescein and its chlorinated and fluor-
inated analogs.?'3# Background fluorescence reduction also
accompanies fluorination of ZnAFs, which are pH insensitive
in the physiological range,?® and for a fluorinated thioether-
containing sensor ZS2, which has a comparable pH-depend-
ent emission profile to its chlorinated analog (vide infra, Figure
2). From these observations, we conclude that 2',7"-difluoro-
fluorescein affords sensors with lower ®;. for reasons in
addition to protonation.

ZP 1-7 form 1:1 and 1:2 ZP/Zn(ll) complexes with fluo-
rescent-derived K, values for Zn(ll) of 0.5—1.1 nM (Table S2,
Supporting Information). X-ray crystallographic characteriza-
tion of the 1:2 ZP1/Zn(ll) complex revealed distorted trigonal
bipyramidal geometry at both Zn(ll) centers, each being coor-
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Integrated Emission

Integrated Emission

FIGURE 2. Normalized pH-dependent fluorescence of representative
ZS sensors (adapted from refs 37 and 38). Corresponding pK, values
are given in Table S1, Supporting Information.

FIGURE 3. Partial ORTEP diagram of [Zn,(ZP1)(H,0),(ClO,4),] - 6H,0
showing 50% thermal ellipsoids. Reprinted with permission from ref
22. Copyright 2001 American Chemical Society.

dinated by the three nitrogen atoms of a DPA moiety, the phe-
nolic oxygen atom of DCF, and a water molecule (Figure 3).%*
Stopped-flow Kinetic investigations of ZP1 and ZP3 demon-
strated rapid Zn(ll) coordination (k., > 10° M~' s™") and slow
dissociation (ko < 3 x 1073 s™") at room temperature (Table
S2, Supporting Information, Figure 4).>* Because of the DPA
moiety, 1—7 bind Mn(ll), Fe(ll), Co(ll), Ni(ll), and Cu(ll) with high
affinity. These paramagnetic ions effectively quench the basal
fluorescence of symmetrical ZP and, excluding Mn(ll), inter-
fere with Zn(ll)-induced fluorescence enhancement. ZP turn-on
occurs in the presence of Cd(ll) and, in some instances, Hg(ll).
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FIGURE 4. Plots of k., vs [Zn(ll)] obtained by stopped-flow fluores-
cence studies for selected Zn(ll) sensors. Table S2, Supporting
Information, contains the rate constants (refs 34 and 38).

ZP1 and ZP3 readily permeate live cells, as expected based
on their TPEN-like structures, and are Zn(ll)-responsive in vivo.
To provide extracellular ZP, ZP1 analogs 8 and 9 with a car-
boxylate group at the 5' or 6' position were prepared (Figure
1).2* These probes have similar photophysical and metal-bind-
ing properties as 1—7 (Table S1, Supporting Information) and
do not permeate cultured cells. Installation of an ethyl ester
moiety afforded “trappable” forms 10 and 11 that enter cells
and are retained following hydrolysis by an esterase.

To reduce the binding affinity, ZP1 analogs 12 and 13 with
methylated pyridine rings were synthesized (Figure 1).28
Me,ZP1 and Me,ZP1 exhibit K, values for Zn(ll) of 3.3 + 0.2
nM and 0.63 + 0.05 uM, respectively, and provide ~4- and
~2.5-fold fluorescence enhancement (Table S1, Supporting
Information). Me,ZP1 is selective for Zn(ll) over Fe(ll), which
may be significant for biological work; failure of Fe(ll) homeo-
stasis has been correlated with several neuropathologies.®
Because ZP1 and Me,ZP1 have comparable photophysical
properties, they provide a suite of probes for exploring Zn(ll)
concentrations in the sub-nanomolar to low-micromolar range.
Additional elevation of the Zn(ll) K4 value into the ~10—100
uM range was achieved by removing a pyridyl group from an
arm on each DPA unit of ZP1 or Me,ZP1 to afford ZAP1/3 or
ZAP2 (21-23, Figure 1), but these compounds have high
background fluorescence and provide no Zn(ll)-induced
turn-on at neutral pH (Table S1, Supporting Information).3®
These observations indicate that the entire ligand append-
age, not just the tertiary amine nitrogen atom, contributes to
fluorophore quenching.

Asymmetrical Zinpyr. ZP4—8 employ asymmetrical fluo-
rescein platforms (14—18, Figure 1).>>~27 They each contain
a single DPA-derivatized aniline as the metal-binding group.
Because aniline has a lower pKj, value than a tertiary amine,
we initially hypothesized that its use would afford reduced pH-
dependent background fluorescence at physiological pH rel-
ative to that of ZP1.2° Indeed, ZP4 exhibits lower background

196 = ACCOUNTS OF CHEMICAL RESEARCH = 193-203 = January 2009 = Vol. 42, No. 1

fluorescence (®4.. = 0.06) than symmetrical ZP. Zn(ll) coor-
dination gives ~6-fold turn-on (®,, = 0.34).?° The ®,, value
indicates that Zn(ll) coordination does not fully restore fluo-
rescein emission. ZP5—7 were subsequently prepared to
determine whether substitution para to the aniline nitrogen
atom (X = F, Cl, OMe) would tune background fluorescence.?®
Photophysical characterization revealed behavior that did not
correlate with the relative electron-donating or -withdrawing
nature of the substituent (Table S1, Supporting Information),
indicating a more complicated paradigm. Background fluores-
cence reduction (®ge. = 0.03) and ~12-fold fluorescence
enhancement was achieved with fluorinated ZP8.%” ZP4—8 alll
form 1:1 ZP/Zn(ll) complexes and exhibit sub-nanomolar Ky
values for Zn(ll). X-ray crystallographic characterization of a
salicylaldehyde-based ZP4/Zn(ll) model indicated distorted
octahedral geometry with the sixth position occupied by a
water molecule.?® The metal ion selectivity profiles are like
those of symmetrical ZP, but coordination of paramagnetic
metals to asymmetric ZP causes only negligible fluorescence
turn-off because the apo sensors are already substantially
quenched.

Modification of the DPA appendage of ZP4 to include pyr-
role moieties provided ZP9 and ZP10 (19 and 20, Figure 1).2°
Pyrrole and N-methypyrrole, poor bases and weakly or non-
coordinating heterocycles at neutral pH, were chosen to raise
the dissociation constant relative to those of ZP1—8. Their
photophysical properties are similar to those of ZP4 with ~12-
(ZP9) and ~7-fold (ZP10) emission enhancement and &4, >
0.30 (Table S1, Supporting Information). Job plot analyses
indicated 1:1 ZP/Zn(ll) coordination, and titrations provided
Zn(ll) K4 values of 0.69 + 0.4 uM (ZP9) and 1.9 + 0.2 uM
(ZP10). A combination of ZP4, ZP9, and ZP10 therefore pro-
vides a sensor collection for detecting sub-nanomolar to low-
micromolar Zn(ll) concentrations. The k,,, values for Zn(ll)
association are comparable to those of DPA-containing ZP,
and ZP9 and ZP10 exhibited more rapid Zn(ll) dissociation (k.
> 1) (Table S2, Supporting Information). ZP9 and ZP10 are
selective for Zn(ll) over Fe(ll) and Cd(ll).

To ascertain the contribution of the aniline unit to fluores-
cence quenching in ZP4—10, we prepared an aniline-function-
alized fluorescein.?® Its @ value of 0.06 indicates that the
aniline moiety itself is responsible for quenching fluorescein.
Although the pK, values corresponding to an increase in fluo-
rescence moving from high to low pH of ZP4—8 and ZP1-3
generally overlap, the asymmetric probes exhibit significantly
less proton sensitivity. In general, <2-fold fluorescence
enhancement occurs for ZP4—10/Z2S4 compared to >20-fold
for symmetric ZP/ZS when the pH is lowered from ~12 to ~5



(Figure 2, top). These features, and the low ®,, values, sug-
gest a separate, and not yet defined, quenching mechanism
for aniline-containing probes.

Zinspy Sensors

The Zinspy (ZS) sensors 24—33 have sulfur moieties in the
Zn(ll)-binding units (Figure 5).37-3® This work began by explor-
ing zinc—thiolate linkages, inspired by the Cys,His, binding
motif of Zn(ll) finger peptides. Sensors with more poorly coor-
dinating thioether and thiophene groups proved to be better
for turn-on Zn(ll) fluorescence. Zinspy probes display lower
Zn(l) affinity and improved Zn(ll) selectivity relative to ZP1—8.

ZS1—4 contain pyridyl-amine-thioether ligands (24—27,
Figure 5).6 Because thioethers have relatively low affinity for
Zn(ll) compared to nitrogen and oxygen donors, we reasoned
that incorporation of this group into the chelate would raise
the Zn(ll) K4 value and modulate Zn(ll) selectivity relative to ZP.
ZS1 and ZS2 provide modest ~1.4- and ~2-fold fluorescence
turn-on with Zn(ll) addition (Table S1, Supporting Information)
and are also sensitive to protons (Figure 2). A comparison of
ZP1/ZS1 and ZP3/ZS2 reveals that the thioether-for-pyridyl
substitution increases @y, and decreases ®,,,, a trend like
that observed for ZP1/ZAP1. ZS3, an asymmetrical tertiary
amine probe, displays high background fluorescence (®gee=
0.73) and gives no turn-on. The diminished fluorescence
quenching resulting from substitution of fluorescein with one
tertiary amine-based chelate (ZS3) instead of two (ZS1) indi-
cates that both ligand groups contributed to quenching of the
fluorescein photoexcited state. ZS4 provides fluorescence
behavior like that of its DPA analog ZP4 (Table S1, Support-
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24, 751, X=Cl
25, 782, X=F

28, 285, X=H, Y=H
29, 286, X=Cl, Y=H
30, 257, X=F, Y=H
31, Z5F6, X=Cl, Y=F
32, 25Cl6, X=Cl, Y=Cl
33, ZSF7, X=F, Y=F

26, ZS3
FIGURE 5. Zinspy sensors.

Fluorescent Sensors for Zn Metalloneurochemistry Nolan and Lippard

ing Information); however, the Zn(ll) complex is not water-
soluble. ZS1, ZS2, and ZS4 are selective for Zn(ll) over Fe(ll)
and also turn on with Cd(ll). Excess Zn(ll) was required to
achieve full fluorescence enhancement with ZS1and ZS2, indi-
cating lower Zn(ll) affinity relative to ZP1.

We subsequently worked to improve the dynamic range
and maintain the Zn(ll) binding properties of ZS1—4. Based on
observations from ZP1/ZAP/ZS and a study that suggested
groups distant to a fluorophore contribute to quenching,® we
hypothesized that replacement of the thioether with an aro-
matic heterocycle would reduce @ and provide greater fluo-
rescence enhancement following Zn(ll) coordination. We
therefore substituted the ZS thioether moiety with a
thiophene.?®

Comparison of ZS5—7 (28—33, Figure 5) with ZS1 and ZS2
reveals that introduction of a thiophene group lowers ®y.qe
and affords up to ~4-fold turn-on (Table S1, Supporting Infor-
mation). This trend is particularly evident for the ZS2/ZS7 pair
where ®;.. decreases from 0.39 to 0.25. As a result, the
quantum yields and dynamic ranges of ZS5—7 more closely
resemble those of the ZP family, although ®.. is generally
higher, which indicates that DPA quenches the fluorescein
excited-state more effectively than the pyridyl-amine-
thiophene unit.

Thiophene-containing ZS provides maximum fluorescence
turn-on in the presence of ~10 to ~50 equiv of Zn(ll), depend-
ing on fluorescein halogenation. The K, value of ZS5 for Zn(ll)
is 1.5 + 0.2 uM, and it increases with fluorination of the xan-
thenone and benzoate moieties (K; = 3.7—5.0 uM, Table S2,
Supporting Information). We attribute this trend to reduction
in electron density on the oxygen atom upon fluorination,
making it a relatively poor donor and weakening the Zn—0O
bond. X-ray crystallographic studies employing a salicylalde-
hyde-based ZS5 model confirmed that the thiophene does not
coordinate Zn(ll). The selectivity of ZS5—7 follows that of
ZS1—4 with a preference for Zn(ll) over Fe(ll). ZS5 and its con-
geners are also selective for Zn(ll) over Hg(ll). Kinetic investi-
gations revealed that ZS bind Zn(ll) rapidly and reversibly (t;,»
> 50 ms) (Table S2, Supporting Information, Figure 4).

QZ Sensors

QZ1 and QZ2 are fluorescein-based dyes containing one or
two 8-aminoquinoline units (34 and 35, Figure 6).>* We antic-
ipated that the combination of quinoline, employed in TSQ
and related probes,*®*' and fluorescein would provide bright
sensors with lower Zn(ll) affinity than ZP/ZS family members.
QZ1 is asymmetrical and therefore analogous to ZP4 but pro-
vides ~42-fold fluorescence enhancement upon Zn(ll) addi-
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FIGURE 6. QZ sensors.
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FIGURE 7. Relative emission of metal-free and Zn(ll)-saturated
solutions of 1 uM sensor (pH 7) (adapted from ref 34).

tion (®pee = 0.024; ®,, = 0.78, Table S1, Supporting
Information). We subsequently prepared QZ2. Because, in the
ZS1/ZS3 couple, attachment of two metal-binding groups
reduces ®;.. relative to only one, we reasoned that QZ2
would exhibit even greater dynamic range. Indeed, QZ2 pro-
vides ~150-fold turn-on following Zn(ll) coordination, with
D4 = 0.005. This value is comparable to d4. for some ben-
zoate-substituted ZnAF dyes>? and represents an ~76-fold
reduction in background fluorescence relative to ZP1 (Fig-
ure 7).

Job plot analysis indicated that QZ1 forms a 1:1 complex
with Zn(ll). A K4 value of 33 + 2 uM was obtained by fluori-
metric titration. A K4 value of 41 £ 3 uM was obtained for
QZ2 from stopped-flow studies. QZ display rapidly reversible
Zn(ll) coordination with ¢;,, < 0.5 ms (Table S2, Supporting
Information, Figure 4). The turn-on of QZ is Zn(ll)-selective;
only Ni(ll) and Cu(ll) interfere with the Zn(ll) response.
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Porphyrin-Based Sensor

As part of an initiative to prepare MRI Zn(ll) sensors, we syn-
thesized the DPA-substituted porphyrin (DPA-C,),-TPPS;
(TPPS5, 5-phenyl-10,15,20-tris(4-sulfonatophenyl)porphine;
36, Figure 8).*2 (DPA-C,),-TPPS; emits (@, = 0.004) in the
far-red (648 nm) and near-IR (715 nm) regions following exci-
tation into its Soret band (1., = 418 nm) at neutral pH. Addi-
tion of Zn(ll) to (DPA-C,),-TPPS; provides >10-fold
fluorescence enhancement (®,,, = 0.046) (Figure 9). The Zn(ll)
selectivity of (DPA-C,),-TPPS; (K4 = 12 nM) parallels that of
ZP1. The optical properties of (DPA-C,),-TPPS; are ideal for
biological imaging applications; the long-wavelength emis-
sion avoids autofluorescence from native biomolecules. (DPA-
C,),-TPPS; permeates and responds to elevated Zn(ll) levels in
live cells.

Zn(ll

36, (DPA-C;)-TPPS;
FIGURE 8. Sensor (DPA-C,),-TPPS,.
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FIGURE 9. Fluorescence response of 5 uM (DPA-C,),-TPPS; to O, 1,
2.5, 3.5, 5 (saturation point), 7.5, 10, and 20 «M Zn(ll) (pH 7)
(adapted from ref 42).

Fluorescence Intensity

Ratiometric Sensors

Ratiometric detection, which compares fluorescence intensity
ratios at two different wavelengths before and after analyte rec-
ognition, is another approach to Zn(ll) sensing. To date, relatively
few small-molecule ratiometric Zn(ll) probes are available.'®
We considered three strategies for ratiometric Zn(ll)
detection.*3~** Our first approach employed a hybrid fluor-
escein—rhodamine platform with a cyclen receptor (37, RF2,
Figure 10), which we anticipated would shift between imi-



37, RF2
RF2 and ZNP1.

38, ZNP1
FIGURE 10.
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FIGURE 11. Fluorescence response of 20 uM ZNP1 to 0, 0.17, 0.42,
0.79, 1.3, 2.1, 3.4, 5.6, and 10.2 nM (saturation point) Zn(ll) (pH 7.5)
(adapted from ref 45).

nophenoxy (rhodamine-like) and aminoquinone (fluorescein-
like) mesomers following Zn(ll) coordination.*® RF2, however,
provides no ratiometric response and only weak fluorescence
turn-on following Zn(ll) coordination. This behavior was attrib-
uted to protonation of the macrocycle at neutral pH and adop-
tion of the aminoquinone mesomer in its apo and Zn(ll)-bound
forms.

ZP1 and ZP4 provided good starting points for ratiometric
Zn(ll) detectors. The seminaphthofluorescein analog of ZP4,
ZNP1 (38, Figure 10), affords single-excitation dual-emission
ratiometric Zn(ll) detection (1554/45-4) When excited at 499

m.*> The ~18-fold ratio change results from selective
enhancement of the 624 nm emission band (Figure 11). In
this sense, ZNP1 is fundamentally a turn-on Zn(ll) sensor.
Because of the conserved aniline-based ligand, ZNP1 exhib-
its similar Zn(ll) affinity (K, = 0.50 nM) and selectivity as ZP4.
ZNP1 was used for ratiometric imaging of Zn(ll) release in
COS7 cells.

Dual-excitation dual-emission ratiometric detection of Zn(l)
was achieved by linking a Zn(ll)-insensitive coumarin 343 to
ZP1 through an alkyl-amidoester (CZ1) or diester (CZ2) link-
age (Figure 12).**® CZ weakly emit (®gq. < 0.05) at pH 7.
Hydrolysis of the ester bonds by pig liver esterase in vitro
enhances emission from both the ZP1 and coumarin chro-
mophores with ~8- (CZ1) and ~4-fold (CZ2) increases in the
ratio of ZP1/coumarin emission after Zn(ll) addition. These sen-
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FIGURE 12. Sensors CZ1 and CZ2.

sors are cell permeable. A ratiometric change occurs in Hela
cells treated with CZ2 and Zn(ll)/pyrithione.

Principles Derived from Fluorescein-Based
Sensors

We draw several generalizations about sensor behavior that
may be applied to the design of future probes.

We consider first the fluorescent properties of ZP, ZS, and
Qz, dividing them into three categories defined by the nature
of the metal-binding unit: tertiary amine, aniline, or quino-
line. Sensors with tertiary amine-based chelates are gener-
ally more emissive than those with aniline in both free and
Zn(ll)-bound forms. The comparison indicates the tertiary
amine unit to be a less efficient quencher than aniline. More-
over, aniline protonation results in only modest fluorescence
enhancement and Zn(ll) coordination fails to restore full fluo-
rescein-like emission (typically ®,, < 0.4). Such observations
define a role for the aniline & system in fluorescence quench-
ing. The QZ sensors, which have aniline-like linkages, have
proton sensitivity similar to that of ZP4—10 and exhibit much
higher quantum efficiencies in their Zn(ll)-bound forms. Zn(ll)
binding to QZ directly perturbs the quinoline s system through
coordination to the ring heteroatom, and we speculate that the
enhanced turn-on may originate from this feature. The pho-
tophysics of these sensors is complex and awaiting mecha-
nistic investigation. In addition to PET, internal charge transfer
(ICT) may contribute to the fluorescence behavior of the xan-
thenone-based sensors because they have phenolic oxygen
atoms in the metal-binding units.*”

Comparison of the tertiary amine and aniline-based sys-
tems indicates that the emission properties of the former are
more sensitive to variations in the donor arms. By contrast,
variations of the donor arms in aniline-based systems have lit-
tle effect on sensor emission. Another observation is the dif-
ference between one versus two metal-binding units. The
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latter sensors exhibit lower background fluorescence than
their asymmetrical analogs. From our studies thus far, we find
that obtaining a reasonable ®y. value at neutral pH for xan-
thenone-substituted fluoresceins employing tertiary amine
switches is facilitated by the presence of ligand appendages
at both the 4' and 5’ positions with two aromatic heterocy-
cles in each metal-binding unit.

Substitutions on the fluorescein platform also impact the
emission profiles. Substitution of the benzoate moiety with
halogens or carboxylates results in diminished ®y.. and @,
values. Halogenation tunes excitation and emission wave-
lengths over a small (~35 nm), but potentially useful, range.

Ligand modifications provide varied Zn(ll) binding affinity,
association and dissociation rates, and selectivity. Reducing
the number of donor atoms raises the apparent K, of the Zn(ll)
complexes to the sub- and mid-micromolar range. More sub-
tle modifications are required to obtain sensors with dissoci-
ation constants in the low- to mid-nanomolar range, such as
methylation of DPA. Fluorescein halogenation also tunes the
Zn(l) affinity, with xanthenone and benzoate substitution rais-
ing the apparent K, value relative to probes based on unsub-
stituted fluorescein. All sensors described in this work
coordinate Zn(ll) rapidly and, in some cases, reversibly. Depar-
ture from the DPA binding motif by substitution of one pyridyl
donor with an alternative group has little effect on the Zn(ll)
association rate and affords faster Zn(ll) dissociation. The QZ
ligand system affords the most rapid and reversible Zn(ll) bind-
ing for xanthenone-substituted sensors.

Metal ion selectivity experiments reveal the degree to
which a given sensor is Zn(ll)-selective, for such a fluorescence
response is critical for biological work. All of the Zn(ll) probes
discussed in this work specifically coordinate Zn(ll) at physio-
logical concentrations of K(l), Na(l), Ca(ll), and Mg(ll), demon-
strating that this selectivity is easy to maintain with metal-
binding units comprising multiple nitrogen and sulfur atoms.
Coordination of tertiary-amine-based sensors to Fe(ll), Co(ll),
Ni(ll), and Cu(ll) always results in immediate and substantial
fluorescence quenching. When aniline- and quinoline-based
sensors chelate these particular metal ions, there is little or no
effect on emission because the sensors are substantially
quenched in their metal-free forms. The selectivity of a given
probe for the group 12 congeners obeys the hard/soft acid/
base principle whereby sensors with nitrogen-rich chelates
preferentially coordinate to Zn(ll) and those with a thioether
group bind Hg(ll) more tightly. Substitution of one pyridyl
group from the DPA unit with another moiety routinely con-
veys selectivity for Zn(ll) over Fe(ll). The selectivity for Zn(ll)
over Co(ll) in the QZ systems is unique. Explanations of such

200 = ACCOUNTS OF CHEMICAL RESEARCH = 193-203 = January 2009 = Vol. 42, No. 1

behavior will be aided by further solution studies and
crystallographic characterization of the fluorescein—metal
complexes.

Biological Imaging Applications
Our long-term goal is to employ sensors to elucidate mecha-
nisms of Zn(ll) mobilization, trafficking, and signaling in neu-
robiology. We have therefore studied several Zn(ll) sensors in
living cells and brain tissue. Our approach is first to determine
whether a sensor is cell permeable, stable, Zn(ll) responsive,
and reversible in immortalized cells and, subsequently, in pri-
mary neuronal cultures from rat. Mixtures of Zn(ll) and
pyrithione, a cell-permeable ionophore, are employed to
deliver exogenous Zn(ll) to the cells, and N,N,N',N'-tetrakis(2-
picolyl)ethylenediamine (TPEN) is a cell-permeable metal ion
chelator used in reversibility studies. Next, we determine
whether endogenous Zn(ll) can be imaged. We routinely
examine two models for endogenous Zn(ll): (i) acute hippo-
campal slices from adult rat, which contain histochemically
observable Zn(ll) in the dentate gyrus (DG) and CA3 regions,
and (i) stimulated Zn(ll) release from native intracellular stores.
Our studies reveal some general principles about Zn(ll) sen-
sor structure and behavior in cells. Tertiary amine-based
probes (ZP3, ZS5) are more readily cell permeable than
aniline-based ones (ZP4, QZ2), assuming no carboxylate sub-
stitution on the benzoate moiety. Alternations of the Zn(ll)-
binding unit confer variable intracellular localization, and the
relative binding affinities can be employed to report on vary-

ing intracellular Zn(ll) concentrations.
Following initial studies of ZP1, which revealed intracellu-
lar Golgi-associated staining,?'*? we focused on probes with
10 uM ZP3 +SNOC, 5min  +TPEN, 5 min

B.

0.5 mm

FIGURE 13. (A) SNOC-induced release of endogenous Zn(ll) in DG
neurons detected by ZP3 (scale = 25 um). TPEN addition reversed
the fluorescence signal. (B) ZP3 staining of an acute hippocampal

slice from an adult Sprague—Dawley rat (Nolan, Jaworski, Sheng,

and Lippard, unpublished results).
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Z85 +8NOC, 1 min 3 min

5 min 7 min +TPEN, 2 min

FIGURE 14. SNOC-induced release of endogenous Zn(ll) in DG neurons detected with ZS5 (scale = 25 um). TPEN addition reversed the
fluorescence signal. Reprinted with permission from ref 38. Copyright 2006 American Chemical Society.

FIGURE 15. Subcellular compartmentalization of ZS5 (left, mitochon-
drial) and ZP3 (right, Golgij) in HeLa cells (scale = 25 um) (adapted from
ref 38).
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FIGURE 16. Quantification of intracellular (HeLa) fluorescence from
ZP3 and QZ2 following addition of 0—200 «M 10:2 Zn(ll)/pyrithione
(adapted from ref 34).
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FIGURE 17. Survival of Hela cells treated with ZP and quantified
by the MTT assay 5 days after treatment (Nolan and Lippard,
unpublished results).

greater dynamic range. We extensively characterized ZP3 and
ZS5 in vivo; they are versatile intracellular Zn(ll) imaging
agents. ZP3 exhibits Zn(ll)-induced turn-on following treatment
of HEK cells and cultured DG neurons with S-nitrocysteine
(SNOQ), and it provides vivid staining of the Zn(ll)}-rich DG and
CA3 regions of hippocampal slices from adult rat (Figure 13).%3

ZS5 also responds to SNOC-induced Zn(ll) availability in DG
neurons (Figure 14) and was employed to monitor glutamate-
mediated Zn(ll) uptake in hippocampal neurons.?® Colocaliza-
tion studies in Hela cells showed that ZP3, like ZP1,
sequesters in the Golgi whereas ZS5 localizes to mitochon-
dria (Figure 15).8 The origin of Zn(ll) sensor sequestration in
different subcellular organelles as a result of structural mod-
ification is unclear but may reflect different protein associa-
tion. Once understood, this phenomenon may be advanta-
geous for studies of Zn(ll) trafficking.

One synthetic goal has been to prepare sensors with vary-
ing Zn(ll) affinities to monitor Zn(ll) concentrations in cells. We
therefore compared the response of ZP3 (sub-nanomolar Ky)
and QZ2 (micromolar Kg) to a range of exogenously intro-
duced Zn(ll) concentrations in Hela cells (Figure 16).* ZP3 fluo-
rescence saturates before that of QZ2, reflecting the relative
probe affinity for Zn(ll) in cells. Lower-affinity sensors can be
employed in cells to report on relatively high concentrations
of analyte.

Cytotoxicity is a potential side effect when treating live cells
with a probe. Although we have not seen evidence for cyto-
toxic effects during imaging experiments, most of our work
required short incubation periods up to several hours. We
therefore investigated the consequences of more extended
sensor treatment on cell viability by conducting cytotoxicity
assays in Hela cells. The IC5q values of ZP1 (2.3 + 0.5 uM),
ZP3 (4.3 &+ 0.8 uM), and ZPF1 (3.0 & 0.6 uM), determined five
days following continuous exposure to the sensors by the
colorimetric MTT assay indicated that sub- and low-micromo-
lar concentrations of ZP are essentially nontoxic and can be
used for biological studies that require prolonged exposure
times (Figure 17; MTT is 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide).

Summary and Outlook

Our synthetic efforts have provided a collection of Zn(ll) sen-
sors with (i) Ky values that cover approximately 6 orders of
magnitude; (i) Zn(ll)-selective fluorescence enhancement, bind-
ing Zn(ll) over many other divalent metal ions and biologi-
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cally relevant cations; (iii) up to ~150-fold fluorescence
enhancement; and (iv) rapid and reversible Zn(ll) coordina-
tion with association and dissociation rates on the biological
time scale. Some of these Zn(ll) sensors were successfully
applied in biological contexts. Nevertheless, challenges
remain. Although we have guiding principles for designing fluo-
rescein-based turn-on sensors, the molecules are complex and
their quenching mechanisms are not yet defined. A theoreti-
cal understanding would be helpful for further rational design.
Strategies for multicolor imaging and site-specific sensor
attachment are especially warranted for biological investiga-
tions. Ultimately, the most important goal for the future is to
apply Zn(ll) sensors to elucidate the details of physiological sig-
naling by, and pathological mobilization of, the ion in neuro-
biology. Such an achievement will provide the ultimate
justification of the effort expended to design, synthesize, and
characterize the expanded family of zinc sensors.

Work on Zn(ll) sensing in our laboratory is supported the
National Institute of General Medical Sciences. We thank Brian
A. Wong for insightful discussions.

Supporting Information Available. Tables S1 and S2 pro-
viding spectroscopic, thermodynamic, and Kinetic data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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