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Abstract

We demonstrate a strategy to transfer the zinc(Il) sensitivity of a fluoroionophore with low
photostability and a broad emission band to a bright and photostable fluorophore with a narrow
emission band. The two fluorophores are covalently connected to afford an intramolecular Forster
resonance energy transfer (FRET) conjugate. The FRET donor in the conjugate is a zinc(I1)-
sensitive arylvinylbipyridyl fluoroionophore, the absorption and emission of which undergo
bathochromic shifts upon zinc(I1) coordination. When the FRET donor is excited, efficient
intramolecular energy transfer occurs to result in the emission of the acceptor boron
dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene or BODIPY) as a function of zinc(l1)
concentration. The broad emission band of the donor/zinc(Il) complex is transformed into the
strong, narrow emission band of the BODIPY acceptor in the FRET conjugates, which can be
captured within the narrow emission window that is preferred for multicolor imaging experiments.
In addition to competing with other nonradiative decay processes of the FRET donor, the rapid
intramolecular FRET of the excited FRET-conjugate molecule protects the donor fluorophore
from photobleaching, thus enhancing the photostability of the indicator. FRET conjugates 3 and 4
contain aliphatic amino groups, which selectively target lysosomes in mammalian cells. This
subcellular localization preference was verified by using confocal fluorescence microscopy, which
also shows the zinc(I1)-enhanced emission of 3 and 4 in lysosomes. It was further shown using
two-color structured illumination microscopy (SIM), which is capable of extending the lateral
resolution over the Abbe diffraction limit by a factor of two, that the morpholino-functionalized
compound 4 localizes in the interior of lysosomes, rather than anchoring on the lysosomal
membranes, of live HeLa cells.
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Introduction

Motivated by the relevance of zinc(Il) biology to human health and driven by the need for
tools to follow zinc(I1) distribution and dynamics in metabolically active cellular and tissue
specimens, many fluorescent indicators for zinc(11) have been developed.[!] Of the large
number of the reported molecules that undergo zinc(l1)-sensitive fluorescence modulation, a
relatively small fraction has been used in biological imaging experiments. Therefore, in
addition to having emission characteristics (intensity, quantum yield, lifetime, and so forth)
that are functions of zinc(ll) concentration under physiologically relevant conditions, there
are other benchmarks that need to be met for an indicator molecule to be optimally effective
in biological fluorescence imaging experiments.

The two relevant issues that this work aims to address are the broadness of the emission
band and the low photostability of certain zinc(l1)-sensitive fluorophores. A broad emission
band diminishes the usefulness of a dye in multicolor imaging. Low photostability reduces
the applicability of the indicator in time-course experiments. These two issues could be
addressed by the molecular construct depicted in Figure 1.

The molecular construct in Figure 1 contains two fluorophores, between which zinc(I1)-
dependent intramolecular Forster resonance energy transfer (FRET) occurs. The
arylvinylbipyridyl FRET donor typifies a zinc(I1)-sensitive fluoroionophore with a broad
emission band and low photostability. A “high-performance” dye by the criteria of
biological fluorescence imaging experiments shall be selected as the FRET acceptor, which
absorbs the excitation energy of the donor to 1) transform a broad donor emission into a
narrow, strong emission of the acceptor, and 2) protect the donor from photo- bleaching by
sending the donor rapidly back to the ground state.

We qualify an acceptor dye as “high performance” (Figure 1) if it possesses several of the
following attributes: a large molar absorptivity in the visible region and a high fluorescence
quantum yield in physiological buffer solutions; high photostability; a small emission
bandwidth; and compatibility with commercial excitation/emission bandpass filter sets.
Organic dyes such as boron dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene or
BODIPY), fluorescein, rhodamine, and carbocyanine fall into this category.[2] All of these
dyes have molar absorptivity values at excitation wavelengths over 50 000 v~ cm™~1, and
fluorescence quantum yields in the range of 0.8—1.0 (except the carbocyanines).[23] They are
photostable enough to be frequently employed in fluorescence microscopic video time-
course experiments, and they have appropriately narrow emission bandwidths to be applied
in multicolor imaging experiments. In the current work, BODIPY[] is chosen as the FRET
acceptor shown in Figure 1. A lysosome-targeting aliphatic amino group was placed at the
arylvinylbipyridyl side of the molecule, which leads to the selective accumulation of the
indicator molecules in lysosomes.
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On the basis of the Forster theory of energy transfer, several options exist to render the
acceptor emission of an intramolecular FRET conjugate as a function of an analyte (zinc(ll)
in this study) concentration. As shown in Equation (1), the rate of FRET (kprgT) IS
proportional to the spectral-overlap integral (J(\)) and inversely proportional to the sixth
order of the distance that separates the donor and the acceptor (r).[4] Both parameters (r and
J(1)) might be devised as a function of an analyte concentration,[1P] thereby providing a
strategy for developing fluorescent indicators. Altering the FRET rate (kereT), hence the
efficiency, by changing r by means of analyte binding has been successfully applied, notably
in the genetically encoded calcium(I1) sensor Chameleon,®] molecular beacons for nucleic
acid analysis,[8] and more recently in genetically encoded zinc(11) indicators.[”l Our group
reported intramolecular FRET-based indicators in which zinc(ll) binding amplifies the
spectral overlap integral, thus increasing the FRET efficiency.[®] A growing number of
FRET-conjugate indicators that contain a metal-ion-sensitive rhodamine spirolactam moiety
operate by means of metal-ion binding-enhanced J()), essentially by creating the FRET
acceptor by means of the metal-ion-keyed rhodamine spirolactam ring-opening reaction.[°]
K2J(N) gy,

=constant ——————
ot @

k

FRET

in which x is the orientation factor, J(A) is the spectral overlap integral; ¢p is the donor
fluorescence quantum yield in the absence of the acceptor, r is the donor—acceptor distance,
n is the refractive index of the medium, and vp is the lifetime of the donor in the absence of
the acceptor.

In addition to relating the rate of FRET [kgreT in EQ. (1)] to zinc(I1) concentration for the
purpose of developing a zinc(ll)-sensitive indicator, we have shown that the emission
intensity of the FRET acceptor [l in Eq. (2)] of a donor—acceptor conjugate can be related
to zinc(11)-dependent donor molar absorptivity at the excitation wavelength (ep(hex)). In our
previous report, the FRET dynamics of a representative donor—acceptor conjugate in organic
media were characterized by means of femtosecond time-resolved transient absorption
spectroscopy.l1% In the current work, we describe the effectiveness of this FRET strategy in
transferring the zinc(ll) sensitivity of a fluorophore with a broad emission band and low
photostability to a bright, photostable fluorophore of a strong and narrow emission band.
The FRET strategy is shown to protect donors from undergoing other nonradiative
processes, such as trans—cis photoisomerization, and to reduce photobleaching in the context
of live-cell imaging. Two FRET-conjugate indicators are targeted to lysosomes of
mammalian cells for illuminating the lysosomal zinc(ll). The indicators are visualized in the
interior of lysosomes by using two-color structured illumination microscopy (SIM),[11]
which increases the spatial resolution over the Abbe diffraction limit.[12]

I, xe,(Aex) (2

A longstanding objective of our laboratory is to provide imaging tools in zinc(l1) biological
research.[13] The specific choice of targeting lysosomal zinc(I1) in this work is made based
on the relevance of lysosomal zinc(l1) in cellular responses to redox potential fluctuations.

When eukaryotic cells are subjected to oxidative stress (e.g., a sudden influx of hydrogen
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peroxide), the cysteine residues in zinc(I1)-bound metallothioneins, cytoplasmic proteins that
carry the buffering function in maintaining intracellular zinc(I1) homeostasis,[*4] are
oxidized to disulfides with the release of zinc(l1) ions.[*®] The rapid accumulation of the
surplus zinc(11) ions by means of a currently unknown mechanism into lysosomes[6] has
been found to induce membrane disintegration,[1”] which leads to the release of harmful
levels of hydrolytic enzymes, such as cathepsin,[8] to result in cell death. This process is
called lysosomal membrane permeabilization (LMP).[9] Zinc(l1) ions, therefore, appear to
be a link between the oxidative stress and LMP, which raises interest in developing
fluorescent indicators to correlate lysosomal zinc(l1) profiles to the levels of oxidative stress
and downstream markers for LMP.[190]

Results and Discussion

Synthesis

Compounds 1-4 were investigated in this project. The zinc(ll)-responding
arylvinylbipyridyl FRET donor moiety is linked to the BODIPY acceptor in compound 1.
The bipyridyl ligand component of the donor preferentially binds zinc(l1) ions over alkali
and alkaline earth metal ions,[8P] thus making it suitable for selectively imaging zinc(I1) ions
in a biological setting. Compound 2 is the donor component of 1, 3, and 4. Compounds 3
and 4 contain a secondary or a tertiary amino group, respectively, as a lysosome-directing
moiety.[20]

The syntheses of compounds 3 and 4 are outlined in Scheme 1. The detailed procedures are
included in the Supporting Information. Briefly, the Horner—Wadsworth—-Emmons reaction
between 5[10. 201 and aldehyde 8(8°] leads to compound 6 in 67% yield, which reacts with
azide 9[191 under the copper(l)-catalyzed conditions[2!] to obtain 7 in 78% yield. Upon
treatment with n-propylamine or morpholine, compound 7 is converted to compound 3 in
59% or 4 in 62% yield, respectively.

Absorption and emission

Previously, compound 1 and its zinc(ll) complex were characterized in organic solvents by
using femtosecond time-resolved transient absorption spectroscopy to undergo efficient
intramolecular FRET, owing to a short distance (r) and a large spectral-overlap integral
(J(\)) between the arylvinylbipyridyl donor and the BODIPY acceptor.[10] The emission
intensity of the BODIPY acceptor is a function of the molar absorptivity of the donor at the
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excitation wave-length. The molar absorptivity of the zinc(Il) complex of 1 at 405 nm,
which is a laser line that we use in confocal fluorescence microscopic experiments, is 25
times larger than that of the free ligand. Therefore, the emission intensity of the BODIPY
acceptor shall be dependent on [zinc(1)] in the sample [Eq. (2)]. In this subsection, we
describe how the FRET strategy creates indicators suitable for fluorescence microscopy by
offering a high fluorescence quantum yield within a narrow detection window. The zinc(l1)-
dependent spectral data of compounds 3 and 4 under aqueous conditions buffered at
neutrality are also included. On account of the tendency of the BODIPY-derived compounds
1, 3, and 4 to aggregate in water, a 1:1 mixture of CH3CN and water that contained 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 25 mw) and NaCl (25 mm) buffered
at pH 7.3 was used as the solvent in this study to eliminate aggregation and to provide
reproducible data.

A high fluorescence quantum yield (¢) of the zinc(l) complex of an indicator is desired to
achieve a high signal-to-noise ratio in microscopic imaging of zinc(ll) ions. A comparison
of the ¢ values of the zinc(Il) complexes of 1, which is a donor-acceptor FRET conjugate,
and 2, which is the donor alone, reveals the advantages of the FRET strategy. The ¢ value of
[Zn(1)]Cl5 (0.35) is lower than that of [Zn(2)]Cl, (0.42) when integrated over the entire
spectral range (Figure 2, green window). However, because compound 1 has the sharper
(narrower half-width) emission band of BODIPY than that of 2, as the emission detection
window zooms onto the BODIPY band, for example, across 500-530 nm, which is the
detection window of the subsequent confocal fluorescence microscopic experiments, the
fractional ¢ value of [Zn(1)]Cl, within that narrow range is higher than that of [Zn(2)]Cl,
(Figure 2, red window).

Applying a narrow emission detection window is desirable in fluorescence microscopic
experiments to 1) reduce the non-specific background fluorescence, and 2) allow and
facilitate multicolor imaging. By using the FRET strategy, the bandwidth of a zinc(l1)-
sensitive dye is effectively reduced so that the zinc(I1)-dependent emission can be captured
with a high photon count within a narrow detection window. A large number of zinc(l1)
indicators published in the chemistry literature have excellent zinc(11) sensitivity, but
relatively broad emission bands that bleed out of the coverage of a conventional emission
filter, thus limiting their effectiveness in multicolor imaging. The reported FRET strategy
might be applied to convert the zinc(I1)-dependent emission of these zinc(l1)-sensitive dyes
to the emission of dyes with small bandwidths that are widely used in fluorescence
microscopic multicolor imaging experiments, such as BODIPY.

The zinc(l1)-dependent absorption and emission spectra of compound 3 were shown in
Figure 3. The FRET donor portion of the absorption spectrum of 3 undergoes a
bathochromic shift as [ZnCl,] increases, whereas the BODIPY acceptor absorption band
hardly changes (Figure 3a). Upon excitation at 405 nm, only the fluorescence of BODIPY
was observed, the intensity of which increases upon the addition of ZnCl, (Figure 3b).
These observations are consistent with the model that zinc(I1) coordination to compound 3
increases the molar absorptivity of the FRET donor, which leads to the amplification of the
acceptor emission through an efficient intramolecular FRET. The spectra of the other
compounds are included in the Supporting Information (Figures S1-S3). The absorption and
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emission maxima and fluorescence quantum yields are listed in Table 1. Job plots of
compounds 1 and 2 (Figure S4 and S5 in the Supporting Information) suggest that ZnCl,
forms [ZnL,]Cl, complexes (L=ligand) with the reported series of compounds. Therefore,
the binding isotherms of 1-4 (Figures S6-S9 in the Supporting Information) are fitted to a
2:1 (ligand/metal) binding script by using Origin software, which yields the K, values in
Table 1.

The fluorimetric responses of compound 4 to various metal ions are plotted in Figure S10 of
the Supporting Information. The 2,2’-bipyridyl (bipy)-containing 4 shows a binding
preference to transition metals over the alkali and alkaline earth metal ions. Paramagnetic
cobalt(l1) and copper(Il) quench the emission, whereas cadmium(ll), which is in the same
group as zinc(I1), enhances the emission. Zinc(l1) is able to outcompete most of the tested
ions for the ligand except for cobalt(I1), nickel(11), and copper(Il). These observations are
within the expectations based on the Irving-Williams order(22] and the hard and soft acids
and bases (HSAB) theory.[23]

The dependence of absorption and emission of compounds 2 and 4 on pH is shown in Figure
4. As the solution is acidified, the absorption of the donor-only compound 2 shifts to a
longer wavelength (Figure 4a), which results from protonation at the bipy site. The
fluorescence spectra of 2 acquired upon excitation at 360 nm reveal protonation-effected
quenching (Figure 4b). When excited at 405 nm, at which the protonated form absorbs using
an otherwise identical instrumental parameter set, the emission intensity remains low across
the tested pH range (Figure S11 in the Supporting Information). For the FRET-conjugate
compound 4, the absorption of the donor band undergoes a bathochromic shift upon
protonation, whereas the BODIPY acceptor absorption changes little (Figure 4c). Different
from the donor-only compound 2, the emission intensity of the FRET conjugate 4 under
excitation at 405 nm increases as the solution is acidified (Figure 4d). The fluorescence
quantum yields of 2 at low (pH 1.8) and high (pH 12.0) pH values are 0.02 and 0.34,
respectively, whereas those of 4 are 0.09 and 0.31, respectively. From these data, we
conclude that although both 2 and 4 experience protonation-effected quenching, the FRET
process in 4 reduces the degree of fluorescence quantum yield loss that the donor suffers
from protonation. This protective effect could be attributed to a highly efficient FRET
process that competes with the quenching pathway.[24]

The pKj, value of compound 4 under the conditions shown in the caption of Figure 4 was
determined to be 3.1 and 2.7 on the basis of the pH-dependent absorption and emission data
(Figure 4c and d), respectively. The pH titration isotherms and fitting curves are included in
Figure S12 of the Supporting Information. Therefore, protonation of compound 4 shall not
interfere with zinc(I1) detection under physiological conditions, even within the acidic
confines of lysosomes of mammalian cells at pH 4.5-5.0.[2%] The absorption and emission
dependence on ZnCl, at pH 4.8 (Figure S13 in the Supporting Information) is similar to that
at pH 7.3, and the zinc(11) affinity constant is 1 x 1092, also on par with the value at pH
7.3 (Table 1).
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Photostability of compounds 2-4

The susceptibilities of compounds 2 and 4 to UV irradiation were compared by subjecting
the dye solutions (5 pv) under UV irradiation (365 nm) from a handheld UV lamp for one
minute. The absorption band of the donor-only compound 2 decreases (Figure 5a),
presumably owing to trans—cis photoisomerization. The degree of the drop in the donor
absorption of the FRET-conjugate compound 4 is much less (Figure 5b) under the same
conditions, which suggests that the FRET process protects the donor component from
undergoing photoisomerization or other photobleaching processes initiated through UV
irradiation. The stabilization effect of intramolecular FRET on the donor absorption is also
replicated in the presence of 100 um of ZnCl, (Figure 5¢ and d).

The photostability of dyes 2—4 in live-cell fluorescence imaging experiments was studied
using wide-field fluorescence microscopy. In a typical procedure,[82: 261 Hela (S3) cells
were incubated in a growth medium that contained 2 pw of an indicator for 30 min. The
indicator-containing medium was subsequently replaced with a fresh medium that contained
50 um of ZnCl,. The fluorescence images were acquired after a 10 min incubation period
using an excitation window of 305-405 nm. Under these conditions, the zinc(l1)-bound
donor moieties in 2—4 are excited, and the emission within 510-560 nm was monitored over
time at three different lamp powers (Figure 6). Invariably, the half-times of all three dyes
decreased as lamp power increased, but the FRET conjugates 3 and 4 have longer halftimes
than that of the FRET donor control compound 2 at low lamp powers.

The increased photostability of the FRET-conjugate ligands is consistent with the excited-
state model of compounds 2—4 depicted in the inset of Figure 6. As the FRET donor is
excited, in the absence of an acceptor, it might photobleach (i.e., undergo irreversible
photochemical reactions with intracellular species) rapidly to afford a short half-time, and
thereby result in low photostability. A FRET acceptor offers a rapid energy-transfer pathway
(~50 ps in 1)[10] to send the donor back to the ground state before the photobleaching
occurs. Therefore, the FRET donor is protected, thus leading to higher photostability.

Confocal fluorescence microscopy

The abilities of FRET-conjugates 1, 3, and 4 to illuminate intracellular zinc(ll) ions were
evaluated by using confocal fluorescence microscopy. The same indicator and zinc(l1)-
incubation procedures as described in the previous subsection were applied. After loading
the indicator molecules, the replenished medium contained either no ZnCl, or 50 pw ZnCly,
in addition to 50 pm sodium pyrithione as a zinc(l1) ionophore. These two conditions are
henceforth dubbed zinc(I1)-deficient (ZD) and zinc(l1)-adequate (ZA) conditions,
respectively. The confocal fluorescence images were taken after a 10 min incubation period,;
these are shown together with the differential interference contrast (DIC) images in Figure 7.
The excitation source is a 405 nm diode laser, which selectively excites the zinc(I1)-bound
FRET donor moiety. The detection window covers the region 500-530 nm.

For all three compounds, the HeLa (S3) cells incubated under the ZA conditions (50 pw
ZnCl, in the growth medium) show brighter fluorescence than those incubated under the ZD
conditions (no supplemental zinc(11)), using an identical set of instrumental parameters. The
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subcellular localization properties, however, are different. Compound 1 (Figure 7, frames
A-D), which includes no functional group to target any subcellular organelle,
nonspecifically stains the intracellular space except the nuclei. Compounds 3 (frames E-H)
and 4 (frames I-L), which contain secondary and a tertiary amino groups, respectively,
exhibit punctate staining patterns characteristic of lysosomal localization.[20¢. d. T. 27] The
preference of lysosomal localization of 1, 3, and 4 is quantified by the colocalization
Pearson’s coefficient in HeLa (S3) cells that express FusionRed-LAMP (LAMP=lysosome
associated membrane protein, also known as Lysosome-20), which is a red fluorescent
protein that marks lysosomes. BODIPY has an emission maximum of approximately 512
nm, relative to approximately 608 nm for FusionRed, a very wide spectral separation that
allows for reliable colocalization analysis. The Pearson’s coefficient of compound 1 is 29%,
which is considered a poor overlap. The inclusion of a secondary amino group in compound
3 elevates the Pearson’s coefficient to 56%, an apparent preference for lysosomes.
Compound 4, which contains a morpholino group extensively used for lysosome
targeting,[20C. 28] achieves a higher Pearson’s coefficient of 67%. The two-channel overlay
images of compounds 1, 3, and 4 with FusionRed-LAMP are shown in Figure S14 of the
Supporting Information.

Structured illumination microscopy (SIM)

Compounds 3 and 4 are shown to selectively localize in lysosomes using confocal
fluorescence microscopy. The limited spatial resolution of a confocal microscope does not
allow the determination of whether or not the indicator molecules are inside lysosomes or
are adsorbed on the membranes of these vesicles. The lateral resolution of a fluorescence
image can be increased by using structured illumination microscopy (SIM). SIM operates by
using beam interference to generate sinusoidally structured excitation, thereby generating
fluorescence in the same pattern. By acquiring several images at different phases and
orientations of this pattern, normally unobservable high-frequency information can be
identified and included in the final composite SIM image. Thus the data are collectively
processed to produce a reconstructed image with a high spatial resolution.[118] SIM with a
linear excitation is able to enhance the lateral resolution by a factor of twol12] from the
Abbe diffraction limit.[12] The recently developed nonlinear SIM in principle has an
unlimited spatial resolution.[2%]

Wright and co-workers have recently shown that the weakly basic 3-(2,4-dinitroanilino)-3’-
amino-N-methyldipropylamine (DAMP)-derived protein activity probes are encapsulated in
lysosomes in fixed cells using SIM.[3% In the current work, the interior localization of an
amino-functionalized molecule in lysosomes in live cells is demonstrated. The application of
two-color SIM on live HeLa (S3) cells transfected with Fusion-Red-LAMP and co-stained
with compound 4 confirms that FusionRed-LAMP is anchored on the membrane of
lysosomes, whereas compound 4 is confined in the lumen of lysosomes. A doubly stained
HeLa (S3) cell is shown in Figure 8 (left). The region of interest (white box) is expanded in
Figure 8 (middle). It is evident that all the red circles, which define the boundaries of
lysosomes by FusionRed-LAMP, encapsulate the green-emitting indicator 4. A single
lysosome is magnified in Figure 8 (right), which confirms the interior lysosomal localization
of 4. The lateral resolution in this experiment reached approximately 110 nm in the green
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channel (BODIPY detection) and 130 nm in the red (FusionRed detection), and was
determined using the SIM analysis module available in the ZEN 2012 software (Zeiss,
Thornwood, New York, USA).

Conclusion

We have demonstrated an intramolecular FRET strategy to improve the photostability and to
decrease the bandwidth of a zinc(l1)-sensitive fluoroionophore under the context of
fluorescence microscopy. For compounds 1, 3, and 4, in which intramolecular FRET is
highly efficient, the emission of the acceptor BODIPY is intensified upon zinc(lI1) binding at
the donor site, because the coordination reaction increases the molar absorptivity of the
FRET donor at the excitation wavelength. The fractional fluorescence quantum yield of the
FRET-conjugate complex [Zn(1)]Cl; is higher than that of the FRET donor alone [Zn(2)]Cl,
within the narrow emission detection window often favored in fluorescence microscopic
experiments for permitting multicolor labeling. The photostabilities of the FRET-conjugate
indicators are higher than the FRET donor alone in wide-field fluorescence microscopic
imaging of live HelLa (S3) cells. Compounds 3 and 4 contain aliphatic amino groups, which
guide the molecules to lysosomes of mammalian cells as shown under a confocal
fluorescence microscope. It was unambiguously resolved that the amino-appended FRET-
conjugate indicator 4 arrives at the interior of lysosomes of live cells, rather than anchoring
on the lysosomal membranes, by using two-color structured illumination microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The design of a zinc(l1)-sensitive, organelle-specific, intramolecular FRET-conjugate; L:

coordinating solvent or counterion. Attributes of a “high-performance dye” include a large
molar absorptivity and fluorescence quantum yield in physiological buffer solutions, high
photostability, a narrow emission band, and compatibility with conventional excitation/
emission filter sets.
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Figure 2.
Fractional fluorescence quantum yield (¢) values of compounds 1 and 2 in the presence of

20 equiv of ZnCl, in water/CH3CN mixture (1:1) containing HEPES (25 mw) and NaCl (25
mw) at pH 7.3 determined within different spectral windows. Green: 415-800 nm; blue:

450-550 nm; red: 500-530 nm. The values determined within the green window equate the
actual fluorescence quantum yields of the zinc(ll) complexes.
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Figure 3.

700

800

a) Absorption spectral changes of 3 (10 uw) on addition of ZnCl, (0-12 equiv) in
water/CH3CN mixture (1:1) containing HEPES (25 mwm) and NaCl (25 mw) at pH 7.3. b)

Corresponding changes in the emission spectra; hex=405 nm.
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Spectra of compounds 2 (2.0 pv) and 4 (2.0 um) in a water/CH3CN mixture (1:1) containing
HEPES (25 mw) and NaCl (25 mw). The increase in pH value follows the directions of the
arrows. a) The absorption spectra of compound 2; b) the emission spectra of 2 (Ax=360
nm); c) the absorption spectra of compound 4; and d) the emission spectra of 4 (\ex=405

nm).
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Figure 5.
The absorption spectra of compounds a) 2 and b) 4 at 5 um each in a 1:1 water/CH3CN

mixture at pH 7.3 (HEPES 25 mw, NaCl 25 mw) acquired under irradiation from a handheld
UV lamp (365 nm) for 1 min. The spectra were collected at 10 s increments. The changes of
absorption spectra of c¢) 2 and d) 4 under the same conditions in the presence of ZnCl, (100

HM).
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Figure 6.
Fluorescence half-time of donor (D) 2 and donor—acceptor conjugates (D-A) 3 and 4 under

the zinc(I1)-adequate (ZA) conditions as a function of the power of the excitation source (see
the Supporting Information for details). Inset: scheme explaining how FRET increases the
photostability of the donor (D) component in compounds 3 and 4.
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Figure 7.
Differential interference contrast (DIC) and fluorescence (FL) images of HeLa (S3) cells

incubated with compounds 1, 3, or 4 (2 pw, top to bottom) for 30 min, taken under the
zinc(I)-deficient (ZD, [ZnCl,]=0) or the zinc(l1)-adequate (ZA, [ZnCl;]=50 uwv) conditions.
The growth medium contained sodium pyrithione (50 pw) as a zinc(l1) ionophore. The
excitation source was a 405 nm diode laser. The emission window was 500-530 nm. Scale
bar = 10 um.
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Figure 8.
Localization of compound 4 (green) compared to that of a lysosome-associated membrane

protein (LAMP) fused to the fluorescent protein FusionRed (red). HeLa (S3) cells were
transiently transfected to express FusionRed-LAMP, then loaded with 4 (2 pv) immediately
prior to live-cell multicolor SIM imaging (green: 495-550 nm; red: 570-620 nm).
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Scheme 1.
Syntheses of compounds 3 and 4. Reagents and conditions: a) Compound 8, potassium

bis(trimethylsi-lyl)amide (KHMDS), —78°C to RT, 67%; b) compound 9, Cu(OAc),-H,0 (5
mol%), sodium ascorbate (25 mol%), tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA, cat.), 12 h, 78%; c) n-propylamine (3, 59%) or morpholine (4, 62%), CH3CN, 60°C,
12 h.
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