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Abstract
Carbonic anhydrases are archetypical zinc metalloenzymes and as such, they have been developed
as the recognition element of a family of fluorescent indicators (sensors) to detect metal ions,
particularly Zn2+ and Cu2+. Subtle modification of the structure of human carbonic anhydrase II
isozyme (CAII) alters the selectivity, sensitivity, and response time for these sensors. Sensors using
CAII variants coupled with zinc-dependent fluorescent ligands demonstrate picomolar sensitivity,
unmatched selectivity, ratiometric fluorescence signal, and near diffusion-controlled response times.
Recently, these sensors have been applied to measuring the readily exchangeable concentrations of
zinc in the cytosol and nucleus of mammalian tissue culture cells and concentrations of free Cu2+ in
seawater.
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Role of Zinc in Biology
Transition metals, including zinc, copper, iron and nickel, are essential minerals for living
organisms. Zinc, the second most abundant trace element after iron, plays important catalytic,
structural, and regulatory roles in cells. Bioinformatic analysis indicates that 3%–10% of the
human genome encodes potential zinc binding proteins [1]. More than 300 zinc enzymes
covering all six classes of enzymes have been discovered (reviewed in [2], [3], [4]); in many
cases, the zinc ion is an essential cofactor for the observed biological function of these
metalloenzymes. Carbonic anhydrase was the first zinc-dependent enzyme discovered [5].
Additionally, various zinc-binding motifs that are important for stabilizing protein structure
mediate diverse biological processes [6].
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Disturbance of zinc homeostasis can cause multiple disorders in human health. Humans require
a daily intake of several mg of zinc to maintain normal zinc levels [7]. Zinc deficiency, resulting
from either genetic defect or dietary limitation, causes growth retardation, lethargy,
gastrointestinal disorders, dermatological lesions, defects in reproductive organs, and
dysfunction of the immune system [8]. Loss of function in zinc absorption transporters in the
small intestine causes severe zinc deficiency and death in utero [9]. Furthermore, increased
vulnerability to infections is the leading cause of death among zinc-deficient populations in
developing countries [10]. Zinc supplementation has successfully been used as a treatment of
many disorders, including acrodermatitis enteropathica (inflammation of the skin and the small
intestine), age-related macular degradation and pediatric diarrhea [11]. Accumulating evidence
also supports a role for zinc in the development of chronic diseases such as Alzheimer’s disease,
diabetes, and asthma [12]. Excess zinc can induce aggregation of amyloid-β and formation of
plaque [13], the hallmark of Alzheimer’s disease, and oral administration of zinc chelators
substantially reduces the plaque formation in mouse models [14]. Decreased serum zinc levels
are seen in Type I diabetes patients, and dietary supplementation with zinc reduces the
incidence of chemically-induced diabetes in mice [15]. Furthermore, a missense mutant of the
zinc transporter (ZnT8), believed responsible for inserting zinc into pancreatic beta cell insulin-
containing vesicles, was identified as a risk factor for Type 2 diabetes [16]. Therefore,
development of methods to better understand zinc homeostasis in cells and organs should have
implications for the treatment of a number of diseases.

Methods to measure total metal concentrations
A wide variety of analytical techniques are available for the determination and quantitation of
metal ions in solutions. Measurement of low concentrations of analytes in complex media, like
seawater and blood, is increasingly important for both biomedical and environmental
applications. In particular, determination of the concentrations of transition metals, including
copper and zinc, is of great interest as these metal ions are essential for human health and can
be toxic at elevated levels.

Unlike iron or copper, zinc contains a filled d orbital (3d104s0) and therefore is not amenable
to direct determination by optical absorption, emission, electron paramagnetic resonance, or
related techniques. Therefore, techniques such as atomic absorption spectroscopy, mass
spectrometry and X-ray absorption spectroscopy have been employed to measure zinc. Hybrid
techniques (i.e. HPLC-atomic absorption spectroscopy, ICP-MS), in which separation of the
species of interest is coupled with a metal specific detector, have been established as reliable
and robust analytical tools for analysis of multiple metal ions in biological and environmental
applications [17,18]. The separation component of the coupled system is important when the
target analytes have related chemical properties. The choice of the detector depends on both
the analyte concentration, and the required limit of detection. Because of its multi-element
capability and low detection limits, inductively coupled plasma mass spectrometry (ICP-MS)
is the most widely used method to measure the concentration of a given metal in complex
mixtures [18]. Like all analytical techniques, ICP-MS has inherent limitations. First, the sample
is destroyed during metal analysis. Second, ICP-MS measures the total metal concentration in
a sample irrespective of the speciation of that metal, whereas in biological or environmental
matrices it is often the concentration of the readily exchangeable or bio-available metal ion
that is of interest. Finally, ICP-MS cannot be used for real-time intracellular monitoring of
metals. Therefore, additional methods to quantify zinc concentrations are needed.

New methods to measure and image metals in biological samples are under development.
Recently X-ray fluorescence spectrometry (XRF) has been employed to measure and image
metal ions in cells and tissues [19]. XRF is a nondestructive method for the elemental analysis
of solids and liquids, but is destructive to cells and typically requires dehydration of the sample
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prior to imaging. In this method, the sample is irradiated by an intense x-ray beam that causes
the emission of fluorescent x-rays from inner shell electrons of metal ions. The spectrum of
emitted x-rays is detected using either an energy dispersive or wavelength dispersive detector.
The elements in the sample are identified by the wavelengths of the emitted x-rays, while the
concentrations of the elements are determined by the intensity of those x-rays in comparison
to standards [20]. This technique allows for simultaneous detection of >10 elements with
detection limits typically varying between 10 and 100 ppm dry weight, depending on the
elements to be analyzed and the sample matrix [21]. X-ray fluorescence has been useful for
imaging metal ions within cells [22]; coupling XRF with traditional light microscopy allows
the coupling of cell morphology with in vivo metal ion distribution. Like ICP-MS, an issue
with XRF imaging is that quantitation is based on the total metal content and not the free metal
ion concentration.

Methods to measure “free” metal concentrations
The methods above allow for the measurement of the total metal concentration in a sample.
However, zinc in biological systems is bound to myriad proteins and small molecules, thereby
decreasing the “free” or readily exchangeable metal concentration by orders of magnitude and
complicating analyses. Consequently, fluorescence methods based on indicators whose
emissions respond to bound metal have become the most prevalent approach for quantifying
many divalent metals in both aqueous and biological samples. Fluorescent sensors are
classified according to the receptor molecule and the fluorescent signal. If the transducer is a
molecule that is biological in origin, the sensor is called a biosensor (Figure 1). The success
of fluorescent sensors in biology has been due in part to their ability to correlate analyte
concentration distributions with the physical structures of cells and tissues. An array of
fluorescent, zinc-selective chelators have been developed and applied to zinc measurements
(recently reviewed in [23], [24], [25], [26]). Many desirable traits of fluorescent metal ion
indicator systems are now apparent. Perhaps the most important consideration is high affinity
and selectivity for zinc or other target metal ions; the probe must not only respond to free zinc
but reject potentially interfering metal ions present at up to billion-fold higher concentrations.
Metal selectivity has been a limitation of many fluorescent sensors; these chelators often retain
affinity for ions such as Ca2+ and Mg2+. While calcium or magnesium do not produce
interference when present at equal concentrations with zinc, intracellular concentrations of
these metals are significantly higher than that of free zinc [27], [28], [29], and therefore can
interfere by saturating all of the metal binding sites of the fluorophore. To quantify zinc
concentrations in real-time, zinc should equilibrate with the sensor; therefore metal binding
should be fast, reversible, and ideally of 1:1 stoichiometry. Furthermore, the sensor should
have a metal affinity comparable to the free metal concentration. Reliable quantitation is
essential for many studies, so a wavelength ratiometric, polarization, or lifetime response is
necessary. A sensor where the analyte binding only induces a change in fluorescence intensity
is of modest use for quantitation because so many other factors can also cause apparent intensity
changes, including: changes in the probe concentration due to photobleaching or washout,
variations in the excitation intensity or sample thickness, the presence of adventitious
quenchers, and so on. The potential for these artifacts led to the introduction of wavelength
ratiometric indicators for pH and calcium [30], and later lifetime- [31], [32] and polarization-
based chemical analyses [33], all of which are largely free of these artifacts. An excitation
wavelength in the visible range or near IR is preferred so as to reduce damage to the cell and
confounding autofluorescence. For both in vitro and in vivo intracellular applications,
solubility and membrane permeability are vital; furthermore, washout and nonspecific binding
(e.g., to proteins) must be minimal. The optimal properties of fluorescent sensors can depend
on the proposed use for the sensor.
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Specific tools for monitoring Zn2+

Among the most important tools for studying the roles of metal ions such as Zn2+ in biology
have been metallofluorescent indicators (sometimes called sensors). These indicators
recognize the presence of the free metal ion and indicate it as a change in fluorescence, which
can be measured or photographed. The change may be in the intensity (either enhancement or
quenching), the excitation or emission wavelength, or in a few cases, the polarization or lifetime
of the fluorescence [34], [35], [36]. There are several advantages to the fluorescence approach
for studying metals in biology. First, the fluorescence can be imaged in cells, tissues, or living
organisms, which enables the analyte distribution to be related to the structure of the living cell
or organism. Most imaging is done in the microscope, which permits the use of small samples.
Second, in good examples the indicators are quite sensitive and specific for the analyte, and
respond rapidly enough to follow physiologically important processes. Third, in some cases
the indicators permit quantitative determination of the analyte in situ, without sample collection
or processing, which may be infeasible on a subcellular level. Fourth, by using protein or
organelle-specific fluorescent stains and other indicators emitting at different wavelengths, the
analyte level may be spatially related to a specific structure or organelle, or the distribution of
another analyte in the cell. Finally, imaging or scanning can be used to screen a large number
of specimens at high rates for fluorescence changes, which is routinely used to test candidate
drugs for efficacy in treating disease. For all these reasons, hundreds of fluorescent indicators
and stains have been developed for diverse purposes.

Scores of fluorescent indicators have been described for measuring zinc ion in solution and
excellent reviews have appeared recently [25], [24], [25], [26]; unfortunately, the scope of this
article necessitates the omission of much important work. Most of these indicators are small
organic fluorophores that also have multiple chelating moieties, such as amines or carboxylates,
capable of binding the metal ion. Early indicators (such as 8-hydroxyquinoline) were mostly
ill-suited for studying biological systems mainly due to a lack of specificity for zinc compared
to other metal ions more prevalent in biological matrices, such as calcium and magnesium
[34], [35]. Frederickson developed the first zinc indicator widely used for biological specimens
(TSQ: N-6-methoxy-8-quinolyl)-p-toluenesulfonamide), which served as an histological stain
for granular zinc in brain, pancreas, and other tissues [37]. However, the pH-dependence and
insolubility of the 2:1 complex made TSQ poorly suited for soluble zinc and quantitation
problematic. Several important advances appeared with the introduction of the more soluble
Zinquin [38], including exploitation of dequenching by binding amine moieties [39], higher
selectivity zinc binding moieties [40]; ratiometric response [41]; targeting to mitochondria
[42] and high affinity [43], [44]. A significant proportion of these indicators are available
commercially and, where appropriate, widely used. While the development of these indicators
has come a long way, no indicator or family of indicators offers high (or tunable) affinity,
ratiometric or other accurate quantitation, rapid response, and targeting to desired cell types
and/or organelles.

Knowing the high selectivity with which biomolecules, such as proteins, bind metal ions,
several workers constructed peptides or proteins with biomimetic metal ion binding sites and
transduced the binding as changes in fluorescence using attached labels [45], [46], [47]. These
indicators may be termed “biosensors” because of their use of biologically-derived molecules
for recognition of the analyte. Other investigators drew on the pioneering work of Miyawaki
in developing FRET-based sensors [48], where the binding of zinc ion to a protein induces a
conformational change, bringing two tethered fluorescent protein moieties closer together,
thereby improving their energy transfer efficiency [49], [50], [51]. While these approaches
have been promising (particularly the prospect of an expressible indicator), until recently
[52] they had not demonstrated the high affinity and selectivity observed for natural metal ion
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binding sites. As will be seen, the CA-based biosensors offer all these desirable traits, and
more.

Carbonic Anhydrase
Meldrum and Roughton discovered a new enzyme present in red blood cells that catalyzed the
reverse hydration of CO2 to HCO3

− [53], [54]. This enzyme, named carbonic anhydrase, was
identified as the first zinc metalloenzyme. For both the in vivo function and the use of CA in
sensors, the affinity and selectivity of metal ion binding to the active site is key. The crystal
structure of human CAII demonstrates that the active site, located in the central region of a ten
stranded, twisted β-sheet, is comprised of a cone shaped cleft, 15 Å deep, with a tetrahedral
Zn2+ ion at the bottom of the cleft [55], [56]. The imidazole side chains of three histidine
ligands, at positions 94, 96 and 119, are directly coordinated to the metal center (Figure 2).
These direct ligands form hydrogen bonds to the indirect ligands Gln-92, Asn-244 and Glu-117,
respectively. Filling out the coordination sphere of zinc is a hydroxide ion that forms a hydrogen
bond to Thr-199 at neutral pH. With the exception of Asn-244, which is hydrogen bonded to
His-96 through the main chain carbonyl oxygen, the direct and indirect metal ligands are
invariant in all sequenced catalytically active α-carbonic anhydrases [57], [58]. This
prototypical metal site is completed by hydrophobic residues that surround the zinc site. By
comparison, the beta class of carbonic anhydrases contains a HisCys2H2O zinc polyhedron
[59].

Determinants of metal affinity of CAII
Metal affinity is determined by optimal interactions between the CAII metal ligands and the
bound metal ion. The nature of the metal ligands, the hydrogen bond network and the
hydrophobic shell all contribute to the picomolar metal affinity of CAII [55], [56]. Large
changes in metal affinity occur by altering the number of metal ligands. Substitution of one of
the histidine side chains with alanine decreases the metal affinity by at least 105-fold (Figure
3), while introduction of a fourth ligand into the metal coordination sphere of CAII by replacing
T199 with Glu, Asp or Cys increases the affinity up to 100-fold [60], [61]. Spectroscopy and
crystallography demonstrate that the new thiolate side chain coordinates to the metal ion,
displacing the metal-bound solvent molecule. Furthermore, substitution of any of the His
ligands with another side chain capable of coordinating the zinc ion, such as Asp, Glu, Gln,
Asn or Cys, substantially decreases zinc affinity [62], [63], [64], [65], [66]. Crystal structures
of these variants demonstrate that none of these side chains position the coordinating atom at
the same place as the imidazole nitrogen, leading to movements in the location of the bound
zinc ion.

Deletion of any one of the hydrogen bonds with the second shell ligands also reduces zinc
affinity although this effect is more modest, decreasing zinc affinity 10 – 40-fold [67], [68].
Thermodynamic measurements of metal binding demonstrate that modifications in the metal
polyhedron of CAII lead to a complex series of changes in both the enthalpy and entropy of
ligand binding that is most readily rationalized in terms of metal and protein desolvation, rather
than in terms of changes in the direct interactions of ligand and protein [69]. Although the
second shell ligands were proposed to function primarily by orienting the direct ligands,
mutations in these residues produce profoundly different effects on the enthalpy of binding,
depending on the nature of the residue. These results indicate that the second shell ligands
make both enthalpic and entropic contributions to metal binding.

Finally, alterations in the hydrophobic residues (Phe-93, Phe-95 and Trp-97) underneath the
zinc binding site decrease the metal affinity of CAII by as much as 100-fold [70], [71]. Crystal
structures of these mutant proteins demonstrate alterations in the structure of the apo-enzyme
such that the histidine side chains are no longer correctly oriented to bind zinc [72]. In addition
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to providing fundamental insight into the determinants of metal affinity, the metal affinity of
these CAII variants span the range from subpicomolar to micromolar thereby providing an
array of CAII proteins that could be used to measure a wide range of zinc concentrations.

Kinetics of Zinc ion binding to CAII
In CAII, zinc equilibration is limited by both the high zinc affinity (pM) and the slow
dissociation rates. The measured association rate constant at ~105 M−1 s−1 is much slower than
a diffusion-controlled limit of 107−108 M−1 s−1 leading to a half-time for dissociation estimated
at several months [67], [73], .The slow association rate constant suggests that metal binding
occurs in a two-step mechanism: formation of an initial complex followed by a conformational
change (Scheme 1). The apparent association rate constant increases significantly for mutants
with one of the histidine ligands replaced with alanine (His2 zinc site) or the second shell
hydrogen bond between His119 and E117 removed (E117A mutant) [64], [67]. These
mutations suggest that the kinetic mechanism for zinc binding occurs via an intermediate where
the zinc ion is bound to the two ligands nearest the active site surface, His94 and His96,
followed by slow addition of the third His ligand (H119) and dissociation of water ligands to
form the tetrahedral metal site (Scheme 1; [67]). The E117A mutation has proven particularly
useful for zinc sensing since this mutation decreases the half-time for zinc dissociation by 5000-
fold while only decreasing the zinc affinity by 40-fold [67].

Equilibration of CAII with zinc can be facilitated by the addition of certain chelators, including
dipicolinic acid (DPA) [74], [75], but not others, including EDTA. Catalysis of metal exchange
by DPA is proposed to occur by the formation of a CAII-DPA-Zn2+ ternary complex (Scheme
2); the apparent association rate is increased because CAII binds DPA-bound Zn2+ which is
in higher concentration than the “free” zinc and the dissociation rate constant is enhanced by
the bound DPA [75]. This type of chelator-catalyzed zinc exchange could mimic intracellular
mechanisms that are proposed to enhance zinc equilibration [29], [76].

Metal Specificity of CAII
Through evolution the structure of CAII has been selected to bind Zn2+ in the presence of a
variety of potential cellular interferents, including: Mg2+ (estimated free concentration of 0.5–
1 mM) [27], Ca2+ (est. free concentration of 0.05–1 µM) [28], [77], [78] Fe2+ (est. free
concentration of 0.1–10 µM) [79], [80], [81], [82], and Cu2+ (est. free concentration of ~
10−18 M [83].) Like small molecule ligands, the metal affinity of wild type CAII follows the
Irving-Williams series (Mn2+ <Co2+ <Ni2+ <Cu2+ >Zn2+) although the zinc affinity is
increased significantly compared to the rest of the transition metals (Figure 4) [66], [84],
[85]. Copper could potentially compete with zinc for binding to CAII in a cell since the affinity
is 10-fold higher than zinc; however, the readily exchangeable copper concentration is
estimated at >>1000-fold lower than that of zinc [86]. CAII has little affinity for other possible
competitors; the dissociation constant of CAII for Ca2+ and Mg2+ is larger than 10 mM and
the affinity of Fe2+ is estimated to be significantly higher than 100 µM [85]. Therefore, CAII
has significantly higher metal selectivity compared to small molecule chelators such as EDTA,
NTA, DPA and TPEN that have little discrimination in binding affinity between Co, Ni, Zn
and Cd (Table 1).

Structures of metal-substituted CAII enzymes reveal that the geometry of the metal site often
varies with the identity of the metal. For example, copper binds to wild-type CAII in a trigonal
bipyramidal geometry, accepting an additional water as a ligand while both bound manganese
and nickel are octahedral with three water molecules [56], [87]. The enthalpy of metal binding
to CAII decreases through the series Co2+ Zn2+→Cu2+, mirroring the enthalpy of hydration,
suggesting that desolvation of the metal ion plays an important role in metal affinity and
selectivity [88].
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The metal selectivity of CAII is also determined by the structure of the active site. Mutagenesis
of the His ligands to another side chain capable of coordinating Zn2+, including Asp, Glu, Gln,
Asn, and Cys, leads to CAII variants with altered metal selectivity [66]. For example, the
selectivity for zinc compared to copper (KZn/KCu) varies from 0.1 to 2 × 10−4 to 15 for wild-
type, H119N, and H119Q CAII, respectively (Figure 5). Similarly, the selectivity for zinc
compared to nickel (KZn/KNi) varies from a value of 2 × 104 for wild-type CAII to 1 for the
H94D mutant. Nonetheless, except for H119Q CAII, the metal selectivity of all of these mutants
follows the inherent metal ion affinity trend suggested by the Irving-Williams series,
demonstrating the importance of this trend for metal ion selectivity in biology. Furthermore,
neither the polarizability of the liganding side chains nor the size of the metal ion binding site
correlate strongly with metal ion specificity; instead, changes in metal ion specificity in the
variants correlate with the preferred coordination number and geometry of the metal ion [58].
This correlation suggests that a primary feature driving deviations from the inherent ligand
affinity trend is the positioning of active site groups such that a given metal ion can adopt a
preferred coordination number/geometry.

The hydrophobic residues underneath the zinc binding site in CAII also contribute to metal
selectivity. As the hydrophobicity and size of the amino acids at positions 93, 95 and 97
decrease, the affinity of CAII for metal ions that bind with a tetrahedral geometry, zinc2+ and
cobalt2+, decreases [71,89]. In contrast, the affinity of CAII for the trigonal bipyramidal
Cu2+ increases significantly. These two trends contribute to the enhanced copper selectivity
for these mutants with values of KCu/KZn as high as 106. A comparison of the crystal structures
of the apo forms of wild-type and F93I/F95M/W97V CAII demonstrates that mutations in the
hydrophobic residues disrupt the positioning of the His ligands in a tetrahedral geometry in
the absence of bound metal [72]. Therefore, this hydrophobic shell is important for stabilizing
the tetrahedral metal ion geometry for zinc and destabilizing alternative geometries, such as
the trigonal bipyramidal geometry of copper.

CA-based zinc sensing: ratiometric fluorescent sensors
Most of the CA-based zinc sensors rely on the zinc-dependent binding of a ligand to the protein.
Aryl sulfonamides have long been known to inhibit holo-carbonic anhydrase [90]. Hundreds
of these compounds with various structural properties and activity have been identified, some
of which are being used to treat glaucoma. The mechanism for inhibition is well-understood;
aryl sulfonamides contain the weakly acidic SO2NH2 moiety that directly coordinates the zinc
ion through the ionized NH− group, displacing the zinc bound water [91]. The first approach
to fluorometrically determine zinc using carbonic anhydrase as a recognition element evolved
from the work of Chen and Kernohan [92]. They discovered that the fluorescence emission of
the aryl sulfonamide, dansylamide (DNSA), upon binding to holo-carbonic anhydrase is both
enhanced significantly and blue-shifted. Thompson and Jones [93] determined that DNSA has
very weak affinity for apo-CA and thus the fraction of CA with bound DNSA reflects the
fraction of zinc-bound CA, which is determined by the free zinc concentration. Therefore the
ratio of emissions from free and bound dansylamide could be used to determine the free zinc
concentration. To optimize CA-based fluorescence sensors for accurate quantitation, the metal
ion binding has been transduced using wavelength ratiometric indicators as well as lifetime-
and polarization-based methods [94], [95], [96], [97]. Wavelength ratiometric measurements
have been applied to quantification of free zinc in biological samples. Zinc release from brain
cells in a rabbit ischemia model was measured by adding apo–CA to the dialysate in the brain
of a living rabbit and then quantifying zinc concentrations from the fluorescence emission ratio
after addition of DNSA [98]. Similarly, neuronal zinc release from organotypic cultures of
mammalian hippocampus following electrical stimulation was measured using apo-CAII and
a water-soluble aryl sulfonamide, ABD-N, with an improved extinction coefficient and a longer
excitation wavelength [94]. In both of these cases the exchangeable zinc concentrations (1–
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100 nM) are much higher than the KZn for CAII (1 pM), therefore the measurements were
carried out using high concentrations of apo-CAII and sulfonamide (1–20 µM) such that zinc
binds to CAII stoichiometrically. In this linear relationship, the detection limit is established
by the lowest fractional occupancy that can be reliably measured, which is usually considered
as 0.1%; therefore, the dynamic range is thus largely determined by the concentration of apo-
CAII. Stoichiometric methods depend on accurate knowledge of the concentration of CAII and
maintaining an excess concentration of both CAII and sulfonamide. Therefore, stoichiometric
methods do not work for in vivo measurements where the total zinc concentration is high (~0.2
mM) and well buffered by numerous ligands and consequently difficult to deplete.

To address these issues, an excitation ratiometric method was developed based on Förster
resonance energy transfer (FRET) [99] between a cell-permeable sulfonamide, Dapoxyl
sulfonamide, and a second fluorophore attached to CAII (Figure. 6) [100]. The fluorophore
that is covalently attached to CAII serves as a FRET acceptor for the bound sulfonamide, such
that emission from the bound sulfonamide is efficiently transferred to the label on the protein,
which emits at much longer wavelengths. In this case, the label is AlexaFluor594 maleimide
(AF594, Ex 594/Em 617) that is attached to the thiol group of a unique cysteine (H36C/C206S)
engineered on the surface of CAII; the position of the label on CA and the overlap of its
absorbance with the emission of Dapoxyl sulfonamide are chosen so that energy transfer from
the sulfonamide to the AF594 is nearly quantitative. For this sensor, when Dapoxyl
sulfonamide bound to AF594-CAII is excited at 365 nm, fluorescence emission is observed at
617 nm from the AF594 because of FRET. Thus the UV-excited red emission (Ex 365 nm/Em
617 nm) represents the fraction of AF594-CAII with sulfonamide (and therefore zinc) bound,
whereas the signal of the directly excited AF594 (Ex 548 nm/Em 617 nm) represents the total
amount of the AF594-CAII. The fluorescent ratio of UV excited (365 nm) to directly excited
(548 nm) emissions correlates with the zinc-bound fraction of the sensor and thus free zinc. In
vivo calibrations are carried out using a series of nitrilotriacetic acid (NTA)-chelated zinc
buffers in which the free zinc concentration is maintained at a fixed level, indicating that the
apparent zinc affinity of this sensor is ~140 pM. An important advantage of this approach is
the relative insensitivity to the sulfonamide level, sulfonamide bound to membranes and
proteins, and adventitious holo-CA present in the specimen, since only the fraction of the
sulfonamide in close proximity (effectively, bound) to the labeled CAII is observed. Also, even
though UV excitation is used, the large difference between the excitation and emission
wavelengths leads to a very low autofluorescence background.

This sensor was applied to measure the intracellular free zinc concentration in the mammalian
cell line PC-12 under resting conditions [29]. Because AF594-CAII is ordinarily cell-
impermeant, an 11 amino acid cell-permeating peptide (TAT-tag derived from HIV-1 protease)
was fused to the N-terminus to facilitate uptake [101]. Using this method, the concentration of
free zinc is measured at 5–10 pM compared to a standard curve and assuming equilibration
between CAII and the readily exchangeable zinc concentration. To examine whether zinc
equilibration in vivo occurs readily despite the slow zinc association rate constant in vitro, we
demonstrated that the measured zinc concentration is not dependent on the concentration of
sensor or on the equilibration time (20 min to 24 hr). Furthermore, the same “free” zinc
concentration in PC12 cells is observed using the AF594-labeled E117A CAII mutant as the
receptor molecule where the zinc equilibration rate is increased by 800-fold [102]. The
picomolar affinity of this CAII sensor is the most sensitive sensor used to measure cellular zinc
to date.

In addition to measuring the readily exchangeable zinc concentration, these data have further
implications for the mechanism of cellular zinc homeostasis. First, these data indicate that there
is a substantial exchangeable zinc pool in the cell; the concentration of the CAII sensor is in
the nanomolar regime providing a lower limit for the exchangeable zinc pool. Since the total
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zinc concentration in cells is ~0.2 mM, an exchangeable zinc pool in the nanomolar to
micromolar range is still a small percentage of the total cellular zinc. Second, the rapid
equilibration of the sensor with the readily exchangeable zinc concentration is inconsistent
with the CAII sensor binding the picomolar “free” zinc with the 105 M−1 s−1 association rate
constant measured in vitro since the estimated equilibration half-time for this reaction is on the
order of several hours. These data suggest that zinc may bind to CAII via a zinc-chelator
complex in vivo, where the chelator is either a small molecule or protein chaperone, perhaps
similar to the mechanism of DPA-catalyzed zinc binding to CAII (Scheme 2). In summary,
these data indicate that there is a readily exchangeable pool of cellular zinc that equilibrates
rapidly with zinc-binding proteins such as carbonic anhydrase.

Carbonic anhydrase with wild-type zinc affinity is ideal for measuring the cellular zinc
concentration under equilibrium conditions for most cells. However, free zinc concentrations
in neuronal models vary over 7 orders of magnitude from 10 pM in normal resting cells to more
than 10 µM outside the neurons after stimulation of synaptic zinc release [29], [103], [104].
To measure zinc concentrations over this wide dynamic range, CAII receptors with altered zinc
affinities, such as CAII mutants described previously (Figure 5) will be of great utility [105].

Expressible ratiometric CA-based sensors
Although TAT-tag mediated delivery of ratiometric CA sensors has been successfully applied
to mammalian cell lines, it cannot penetrate some other organisms without detrimental effects
[106]. Also, the chemical labeling of the isolated protein with the AlexaFluor fluorophore is
tedious, labor intensive, and does not always proceed in high yield. A further improvement in
zinc sensors would be to further develop and optimize a protein-based sensor that can be readily
expressed in cells [107], [108]. The expressible sensor can be constructed by fusing a
fluorescent protein to CAII as a fluorescence acceptor and using a zinc-dependent FRET donor,
like the Dapoxyl sulfonamide used in the previous sensor. The relatively small size of the
fluorescent protein variants and CAII generally means that efficient energy transfer between
the Dapoxyl sulfonamide and the fluoresecent protein acceptor is feasible. An ideal candidate
fluorescent protein for an expressible CA sensor should meet the following criteria: excitation
spectrum overlap with the emission of Dapoxyl sulfonamide to ensure good FRET efficiency,
high extinction coefficient and quantum yield, fast maturation, and monomeric state. Directed
evolution studies have generated a large pool of fluorescent proteins that can be used for this
purpose [109], such as variants of RFPs from Discosoma sp. and Entacmaea quadricolor
[110], [111], [112]. Furthermore, fluorescent proteins with different spectra can be coupled to
CA variants with different zinc affinities, thus creating a multicolor measurement covering a
wide dynamic range in a single experiment. Our initial experiments have used DsRed2 and
mCherry [112] in fusion proteins; this work is ongoing, including the use of sequences to target
the expression to particular organelles within the cell.

Other Zn sensing methods using CAII
Fluorescence anisotropy is another ratiometric approach that provides an accurate alternative
for quantification, especially for fluorophores with smaller changes in lifetime and quantum
yield. In some cases fluorescence anisotropy offers a particular advantage of an expanded
dynamic range, as observed for the carbonic anhydrase-based sensor [113], [114], [115].
Fluorescence anisotropy-based sensing has not been widely used for cellular studies, perhaps
because fluorescence polarization microscopes are less common than those permitting
wavelength ratiometric determinations of analytes.

CA-based sensors can also be used to measure zinc concentrations based on changes in
fluorescence lifetime. Fluorescent aryl sulfonamides, including dansylamide and Dapoxyl
sulfonamide, exhibit substantial changes in their average fluorescence lifetimes upon binding
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to holo-CA, consistent with the increases in the apparent quantum yield [92], [97]. Using
standard time- or frequency-domain methods, the proportions of the lifetimes corresponding
to the free and bound forms of the sulfonamide can be determined, and therefore, the free zinc
concentration can be calculated in the same manner as for the wavelength ratiometric
approaches. Lifetime-based methods have advantages similar to those of ratiometric
determinations; however, microscopes capable of imaging fluorescence lifetimes are still
uncommon [116].

Environmental Applications using CAII-based Sensors
CAII-based sensing has also been applied to the determination of metal ions, such as Cu2+ and
Zn2+, in natural waters. Cu2+, Zn2+, and to a lesser extent Cd2+, Co2+, and Ni2+ are of interest
environmentally for two main reasons. First, Cu and Zn are nutrients required by essentially
all organisms, and their availability (together with Fe) in natural waters effectively controls
the growth of phytoplankton and thus all other organisms in the food chain as well. As a
consequence, Cu and Zn typically exhibit a “nutrient distribution” in the ocean, with low levels
in the sunlight-exposed photic zone near the surface, and elevated concentrations at greater
depth [117]. Second, Cu and Zn at elevated levels are toxic to many life forms, and are thus
important pollutants in many harbors and estuaries [118]. For instance, the blue mussel, a
commercially important shellfish, is killed by Cu2+ at sub-ppb levels [119]. Speciation of metal
ions in natural waters (e.g., the proportion of total metal bound to different ligands, particles
and colloids in a sample) is important, because it determines the availability of the metal ions
to various organisms; conversely, the marine biota have a dramatic influence on the speciation
and distribution of biologically important metals [117], [120]. The importance of these
questions has led to substantial study of the marine geochemistry of these metal ions.

Copper sensing using CAII is based on copper binding to the His3 metal site and quenching
the fluorescence of a fluorophore, such as Oregon Green, that is covalently attached to a unique
Cys residue near the metal site, such as L198C [121]. Copper binding to fluorophore-labeled
CAII results in a concomitant decrease in fluorescence intensity and lifetime, the latter of which
results in increased modulation and decreased phase angle [122], [123] (Figure 8). The free
Cu2+ concentration can be determined under equilibrium conditions from the observed lifetime
or phase angle in comparison to a standard curve. The CAII variants with altered copper affinity
and enhanced copper selectivity will be useful for limiting interference from Zn and for
measuring a variety of copper concentrations. Other metal ions such as Co2+, Cd2+, and Ni2+

also exhibit quenching of suitably positioned fluorophores upon binding to the active site of
CA and can be quantified by changes in fluorescence intensity, lifetime, or fluorescence
polarization [95].

The high sensitivity and selectivity of CA-based fluorescence sensors for zinc and copper are
well suited to determining free metal ions in the complex matrix of sea water. CA-based sensors
offer some unique advantages in comparison to other methods of determining free metal ion
concentration (and thus speciation). First, compared to CA-based sensing, existing (mainly
voltammetric) methods of determining free Cu2+ and Zn2+ in sea water are relatively slow and
labor intensive, such that only a few samples a day can be analyzed by a skilled practitioner
[124], [125], [126]; by comparison, CA-based sensors can determine these metals in sea water
without any processing or separation steps, and can also act as a true sensor, providing a
continuous readout of metal ion concentration in situ, in real time [127]. Also, the fluorescent-
labeled CAII can be immobilized at the end of an optical fiber, which can be immersed and
the metal ion concentration determined remotely in situ at some depth in the water column
[116]. This is of importance since collecting water samples is slow and expensive, and risks
contamination of the samples compared with determination in situ with a fiber optic sensor. In
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view of the power and flexibility of the CA-based fluorescence sensors, we anticipate they will
find many uses in environmental monitoring of metal ions.

Conclusions and future work
CAII-based sensors have been demonstrated to quantify readily exchangeable zinc
concentrations in mammalian cells and “free” Cu2+ concentration in seawater. These sensors
have a bright future for examining zinc concentrations and changes in zinc concentrations in
a wide variety of cells and subcellular organelles as well as in tissues. The ability to measure
readily exchangeable zinc concentrations using CAII-based sensors is an important new tool
for answering biological questions concerning intracellular zinc storage and distribution, the
role of zinc in signaling pathways as well as the pathological roles of zinc in human disease.
In the future, this sensor may also find important applications in measuring the readily
exchangeable concentration of other metal ions, including copper, in cells and in seawater.

Abbreviations

CAII carbonic anhydrase isozyme II

ICP-MS inductively coupled plasma mass spectrometry

XRF X-ray fluorescence spectrometry

FRET Förster resonance energy transfer

TSQ N-6-methoxy-8-quinolyl)-p-toluenesulfonamide

DNSA dansylamide

AF594 AlexaFluor594

NTA nitrilotriacetic acid
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Figure 1.
Biosensor paradigm: A sensor is termed a “biosensor” if the analyte is recognized by a molecule
that is biological in origin.
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Figure 2.
Ribbon diagram of human carbonic anhydrase II: Metal binding site highlighting: the zinc ion
as a sphere; the direct ligand histidines, H94, H96, H119; the second shell ligands Q92, E117,
T199; and the hydrophobic residues F93, F95, W97.
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Figure 3.
Schematic diagram of the active site of WT CAII: Substitutions in both direct (H94) and indirect
(E117, T199, Q92) ligands decrease the zinc affinity of CAII by 5- to 105 –fold, and
dramatically reduce equilibration time.
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Figure 4.
Divalent metal ion affinities of WT CAII: The metal ion affinity of CAII follows the inherent
metal ion-ligand affinity trend termed the Irving-William series
(Mn2+<Co2+<Ni2+<Cu2+>Zn2+).
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Figure 5.
Metal ion selectivity of CAII variants with mutations in the direct ligands: The affinities
(pKD = − log KD) for copper, zinc, and nickel are compared of the wild type and three variants,
each with a mutation in one of the direct ligands. The Asn and Gln variants coordinate metals
via an uncharged carbonyl oxygen while the Asp variant coordinates metals with a carboxylate
oxygen.
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Figure 6.
FRET excitation ratiometric zinc sensing scheme: In the presence of zinc, dapoxyl sulfonamide
binds to holo-CAII and transfers energy to the acceptor, AlexaFluor 594. The ratio of the
acceptor fluorescence emission with excitation of the donor to that with excitation of the
acceptor -is measured. The FRET intensity ratio increases with zinc concentration as the
fraction of zinc-bound CAII increases, producing a binding curve with picomolar affinity
(inset).
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Figure 7.
False color ratio image of free zinc ion in PC-12 cells. The cells were stained with TAT-tagged
H36C CAII labeled with Alexa Fluor 594 and Dapoxyl sulfonamide. The ratio image was
constructed from two fluorescence micrographs taken with excitation at 380 nm, emission 617
nm; and excitation 540 nm, emission 617 nm. The calibration is measured using the same filters
in the microscope with samples containing known free zinc ion concentrations maintained with
NTA buffers.
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Figure 8.
Principle of CA-based fluorescence sensing of Cu2+. Oregon Green maleimide is conjugated
to cysteine inserted in place of a leucine (L198C) close to the active site. In the absence of
Cu2+ (left) the Oregon Green is unquenched, but when Cu2+ binds in the active site the Oregon
Green is partially quenched and exhibits reduced fluorescence intensity and lifetime.
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Figure 9.
Cu(II) sensor calibration. The figure depicts measured phase angles (open circles) and
modulation ratios (squares) at 200 MHz (which are functions of the fluorescence lifetime) and
fluorescence intensities as a function of free Cu(II) concentration in NTA buffers for L198C-
apoCA II conjugated with the fluorophore Alexa Fluor 660. Reproduced with permission from
Zeng, et al.
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Scheme 1.
Proposed mechanism of zinc binding to CAII.
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Scheme 2.
Proposed mechanism for catalysis of zinc exchange by DPA.
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