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Abstract A protein-based emission ratiometric fluorescence
biosensor is described that exhibits sensitivity to free zinc ion in
solution down to picomolar concentrations. Ratiometric meas-
urements are widely used to assure accurate quantitation, and
emission ratios are preferred for laser scanning microscopes
such as confocal fluorescence microscopes. The relatively long
emission wavelengths used are well suited to studies in tissues
and other matrices which exhibit significant fluorescence back-
ground, and the apo-carbonic anhydrase moiety recognizes zinc
ion with high and controllable specificity.
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Introduction

Over the last few years, several groups have described sensors
and indicators for zinc ions in aqueous solution that transduce
the presence or level of the ion as a change in a fluorescence
observable such as intensity, spectrum, polarization
(anisotropy), or lifetime [1-7]; reviewed in [8—12]. Particularly
due to the growing interest in zinc ions in biology and medi-
cine, the development of these sensors and indicators has been
spurred by the straightforward ability to map free zinc ion levels
by fluorescence microscopy. In these sensors, we and others
have emphasized both sensitivity and high selectivity for use in
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living systems and natural waters [11, 13]. Selective organic
chelating structures serving as recognition moieties within such
fluorescence sensors, including N-(6-methoxy-8-quinolyl)-p-
toluenesulfonamide (TSQ) [1], cyclen macrolides [14], and
di-2-picolylamine [15, 16] have been described [5] that have
high affinity and selectivity for zinc ion in comparison to likely
interferents such as Ca(Il) or Mg(Il). However, these and other
chelating moieties are hard to modify to alter affinity, selectiv-
ity, and/or metal binding kinetics for any particular application
without changing other properties of the molecule. Instead, we
and others have used biological molecules to serve as both
recognition moieties and in some cases, fluorescent reporters
[17-23]. We have shown that by subtle changes in protein
structure the affinity [24, 25], selectivity [26], and even zinc
ion binding kinetics [27] can all be optimized for a given
application (reviewed in [23, 28] . Moreover, the protein- and
nucleic acid-based [29] sensors can be expressed within partic-
ular tissues, cells, or even organelles of an organism to study
zinc ion in vivo. We described an excitation-ratiometric fluo-
rescent zinc biosensor based on carbonic anhydrase that has
proven useful in studying free zinc ion in living cells at pico-
molar levels [30-32]. Excitation ratiometric indicators, like
Fura-2 for calcium [33], have proven widely popular for accu-
rate quantitation of metal ions in microscopy, in part because
they can be easily used with commonly available xenon lamp
excitation, and because there is no issue of image shift due to
chromatic aberration since the emission is only observed at a
single wavelength. However, microscopes with laser excita-
tion, such as laser scanning confocal microscopes, often can-
not rapidly switch between excitation wavelengths, or the
needed wavelengths may not be available at all.

A second issue that is of continuing concern in fluores-
cence studies, particularly of living cells, tissues, and whole
organisms, is the presence of background fluorescence, and
high optical absorbance and scattering (reviewed in[34-37].
This is of particular concern in performing fluorometry in
vivo, and a common approach that largely addresses all

@ Springer



376

J Fluoresc (2013) 23:375-379

three issues is to use fluorescent labels and sensors which
absorb and emit at longer wavelengths, extending into the
infrared; as a result, scores of long wavelength fluorescent
labels have been described in the literature, many based on
cyanine and squaraine backbones [38—40]. Because our
earlier excitation ratiometric sensor required ultraviolet ex-
citation, it was subject to these problems and thus less suited
for deep tissues or live animals. Thus here we describe a
modified emission ratiometric approach usable with longer
wavelength (590 nm) excitation.

The sensor function relies on Forster resonance energy
transfer (FRET) and is depicted schematically in Fig. 1.
Briefly, the Alexa Fluor 594 (AF594) covalently attached
to carbonic anhydrase acts as fluorescence donor. In the
absence of bound zinc ion, AF594 emits at approximately
617 nm. When zinc is present it binds to the apo-CA, and
promotes the binding of Chesapeake Blue sulfonamide in
the protein active site. CA-bound Chesapeake Blue sulfon-
amide is located close enough to the AF594 to serve as an
energy transfer acceptor; the energy is resonantly transferred
by the Forster dipole-dipole mechanism, and emission at
650 nm from the Chesapeake Blue sulfonamide acceptor is
observed. The ratio of emission at 617 to that at 650 nm is
inversely proportional to the fraction of the protein with zinc
bound, and thus reflects the concentration of free zinc ions.

Experimental
Apo-H36C-AF594 and Apo-H36C-AF660

Human carbonic anhydrase II with cysteine replacing histi-
dine at position 36 and serine replacing cysteine at position
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Fig. 1 Principle of the sensor
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206 was cloned and expressed in E. coli BL21(DE3) trans-
formed with pACA, isolated and purified, and labeled with
Alexa Fluor 594 Cs-maleimide (Invitrogen/Molecular

probes catalog number A10256) all essentially as previously
described [41].

Synthesis of Chesapeake Blue Sulfonamide

Chesapeake Blue sulfonamide was synthesized by conden-
sation of Square-635H-mono-NHS (Seta BioMedicals,
Urbana, IL, cat. no. K8-1612) with a 1.2-fold molar excess
of 4-(2-aminoethyl)benzenesulfonamide (J[CAS 1n0.35303-
76-5]; Aldrich cat no. 27524-7) in DMF with 1 mMN,N-
(diisopropyl)ethylamine (Sigma-Aldrich cat. No. 550043) to
maintain elevated pH with stirring at room temperature for
2 h, following the reaction by thin layer chromatography on
reverse phase plates eluted with CH;CN: H,O 1:4. The
reaction was quenched with excess ethanolamine, water
was added and the mixture frozen and lyophilized; apparent
purity was 75 %.

Fluorescence Measurements of Zinc Concentration

Fluorescence spectra were obtained on a Spectronics AB-2
spectrophotofluorometer; concentrations of free zinc were
maintained using a zinc buffer system (10 mM MOPS pH
7.0, 2 mM nitrilotriacetic acid (NTA)with ZnCl, added to
provide free [Zn] ranging from 107" to 10 *M) as previ-
ously described [42].

Results and Discussion
Absorbance and fluorescence emission spectra of the Alexa-

Fluor 594-labeled carbonic anhydrase and Chesapeake Blue
sulfonamide are depicted in Fig. 2. The excellent overlap
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Fig. 2 Normalized absorbance and emission spectra of Alexa Fluor
594 (— ) and Chesapeake Blue sulfonamide (—, )
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between the Alexa Fluor 594 donor and Chesapeake Blue
acceptor is apparent from the spectra and resulted in a
calculated Forster distance of 65 A; the relatively small size
of the CA molecule means that the distance between the
label selectively attached at the engineered cysteine residue
at position 36 and the bound Chesapeake Blue acceptor is
roughly 24 A which allows efficient energy transfer, as
observed.

Zinc-dependent emission spectra of apo-H36C-AF594
CA in the presence of CB sulfonamide are depicted in
Fig. 3. The increase in CB sulfonamide emission (670 nm)
together with the concomitant decline in AF594 emission
(610 nm) indicate the presence of energy transfer, which is
confirmed by changes in the acceptor excitation spectra
(data not shown). The ratio of emission intensity from the
Alexa Fluor 594 label at 610 nm to that of Chesapeake Blue
at 680 nm as a function of free zinc concentration is depicted
in Fig. 4. The ratio declines with increasing free zinc con-
centration, as expected; notably, the ratio declines by 50 %
as the binding site becomes saturated. This large ratio
change is desirable for accurate measurements, and mini-
mizes the effects of small variations in background fluores-
cence. A single site binding isotherm fit to these data yields
an apparent Kp of 5.8£3.1 pM, in excellent agreement with
the published value of 4 pM. We note that the exact value of
the ratio depends on both the particular excitation and emis-
sion wavelengths used, and the wavelength dependence of
the fluorometer or microscope optics and detector. Crosstalk
from the Alexa Fluor 594 acceptor may be minimized by
monitoring the emission of Alexa Fluor 594 at 610 nm and
the Chesapeake Blue emission at 680 nm. Excitation at
590 nm near the peak of Alexa Fluor 594 absorption also
directly excites the Chesapeake Blue sulfonamide acceptor
with better than 25 % of its peak absorbance; excitation of
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Fig. 3 Zinc-dependent normalized fluorescence emission spectra of
apo-H36C-AF594 CA plus Chesapeake Blue sulfonamide. From top to
bottom at 610 nm, [Zn2+]FREE:0.2, 1.06, 10.7, 55, 2000 pM. Note
change in Y-axis scale at 630 nm; excitation at 590 nm
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Fig. 4 Fluorescence emission ratio (o) as a function of free zinc
concentration maintained using a MOPS/NTA buffer at pH 7.5 for
2 uM H36C-AF594 CA plus 5 uM Chesapeake Blue sulfonamide,
together with the best fit binding isotherm

Alexa Fluor 594 at 532 nm reduces the Alexa Fluor absor-
bance to about 30 % of its peak value, but that of the
Chesapeake Blue to only 3 % of its peak value, reducing
the directly excited acceptor contribution to the 680 nm
(FRET) emission. In other FRET-based zinc sensors we
have found that the apparent Kp, for zinc is relatively insen-
sitive to sulfonamide concentration, as long as the total
sulfonamide concentration remains near or above the sul-
fonamide Kp, which is approximately one micromolar. The
CB sulfonamide has one positive and three negative charges
at neutral pH; therefore we do not anticipate that it will
readily enter cells, and unless the fluorescent labeled car-
bonic anhydrase uses a cellular importation peptide like TAT
[43] to facilitate transport, it also is unlikely to enter cells, so
as described these sensors are useful for extracellular
measurements.

The tunable selectivity, sensitivity, and metal ion binding
kinetics of the carbonic anhydrase family represent key
advantages for their use in complex matrices such as bio-
logical specimens and natural waters (reviewed in [23, 28,
42]). For instance, the wild type zinc ion binding site exhib-
its picomolar affinity in the example shown in Fig. 3, but a
protein variant can be substituted having different affinity
[44] or selectivity (B. McCranor, et al., submitted), or metal
binding kinetics [42] depending upon the particular circum-
stances and application. Our distinguished colleagues have
demonstrated an infrared ratiometric fluorescent zinc sensor
[45] with high affinity and selectivity, but changing its
affinity, selectivity, or kinetics requires resynthesizing the
molecule. Furthermore, the protein-based sensors may be
readily expressed within the cell, expressed within a partic-
ular subset of cells, or targeted for expression in particular
organelles [22, 46]; innovative approaches for doing this
have appeared that employ biomolecules conjugated with
small molecule indicators [47].

This sensor will be most useful in studying zinc levels
and fluxes in tissues and other matrices that have relatively
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high fluorescence backgrounds. Of course, the basic princi-
ple of the sensor can be extended to even longer wave-
lengths provided that the donor label on the protein
transfers well to the sulfonamide acceptor (exhibits a large
Ry), which is mainly controlled by the overlap of the donor
emission band with the acceptor, the donor quantum yield,
and their proximity. The availability of reactive fluorescent
labels with emission at wavelengths in the near infrared
from Molecular Probes, Li-cor, Dyomics, SETA BioMedi-
cals and other firms will shortly make this a reality [36].
Such sensors offer the prospect of in vivo imaging of zinc
levels and fluxes in living animals under a host of
conditions.
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