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Abstract

Measurement of free zinc levels and imaging of zinc fluxes remains technically difficult due to low levels and the
presence of interfering cations such as Mg and Ca. We have developed a series of fluorescent zinc indicators based
on the superb sensitivity and selectivity of a protein, human apo-carbonic anhydrase II, for Zn(II). These indicators
transduce the level of free zinc as changes in intensity, wavelength ratio, lifetime, and/or anisotropy; the latter three
approaches permit quantitative imaging of zinc levels in the microscope. A unique attribute of sensors incorporating
biological macromolecules as transducers is their capability for modification by site-directed mutagenesis. Thus
we have produced variants of carbonic anhydrase with improved affinity for zinc, altered selectivity, and enhanced
binding kinetics, all of which are difficult to modify in small molecule indicators.

Introduction

Zinc is an essential trace element for eukaryotes that is
important in diverse biological processes, as discussed
in detail in several other articles in this issue of Bio-
Metals. In order to better understand the in vivo roles
of zinc, we have been developing fluorescence-based
biosensor approaches for measuring and imaging free
zinc in biological specimens, in a manner akin to the
methods in use for studying calcium signaling. The
measurement of zinc ion flux in vivo is complicated
by the low concentration of free zinc ions compared to
both total zinc and other divalent cations, such as cal-
cium and magnesium. In this article we will describe
various protein-based sensing approaches that we have
developed to circumvent these difficulties. In particu-
lar, we will focus on the development of a carbonic
anhydrase-based biosensor, including both the origin
of the exquisite metal selectivity in this protein and
the various means by which binding of zinc may be
transduced as changes in fluorescence.

It is convenient to first define our terms, particu-
larly ‘biosensor’ and ‘transducer’. A sensor (in this Figure 1. Chemical sensor paradigm
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case, a chemical sensor) is a device wherein the pres-
ence, amount, or concentration of some chemical ana-
lyte interacts with a transducer to produce a signal of
some kind (optical and electrical are most common),
which can then be converted by some electronic or
photonic apparatus into information in a form conve-
nient for interpretation by a human operator (Figure 1)
(Thompson & Walt 1994). Although it is not a ne-
cessity, in many instances a sensor will also have
the capability to measure the analyte continuously for
some period, and report the results in real time. While
many different approaches are known, a sensor is
termed a ‘biosensor’ if the transducer is a molecule
that is biological in origin. In our case the transducer
molecule is a variant of human carbonic anhydrase II
(CA II), which is found in nature as a metalloenzyme
with Zn(II) bound in its active site. The enzymology
of CA has been the subject of very thorough study for
much of the last century, and the catalytic role of the
zinc ion is firmly established (Lindskog et al. 1971) . It
should be emphasized that the interaction of metal ions
with the protein structure is both subtle and elegant,
and has been the focus of much inquiry (Christianson
1991; Christianson & Fierke 1996; Hakansson et al.
1992; Hunt & Fierke 1997; Lindskog & Nyman 1964).
Once the zinc is removed, the apo-form of CA binds
Zn(II) tightly, specifically, and reversibly in the active
site, and from a sensing standpoint CA is not so much
an enzyme as a talented ligand.

In view of the numbers of colorimetric and fluores-
cent indicators described in the literature (Fernandez-
Gutierrez & Munoz de la Pena 1985; Haugland 1996;
White & Argauer 1970), it is reasonable to wonder
why one would develop a biosensor for this purpose.
The reasons are primarily selectivity and sensitivity.
In many biologically relevant circumstances the data
indicate that the concentration of free Zn(II) is quite
low, in the range of nanomolar or below based mainly
on NMR experiments with fluoro-BAPTA (Benters
et al. 1997; Denny & Atchison 1994). Clearly any
biosensor or indicator would require high affinity to
be at least partially saturated and generate an ade-
quate signal at such concentrations. We note that some
electrochemical sensors are capable of very high sen-
sitivity (and selectivity) for metal ions such as Cu(II),
but their response is necessarily slow at low concentra-
tions, and such electrodes have not yet been described
for zinc (Belli & Zirino 1993). Moreover, electro-
chemical approaches would appear to be ill-suited
for imaging. Metallofluorescent indicators are known
with fairly high affinity, based on modification of

multidentate chelating molecules (Grynkiewicz et al.
1985; Kuhn et al. 1995; Simons 1993). However, for
some applications one might wish for better selectivity
and/or sensitivity than these probes currently offer. For
instance, Fura-2 (part of a family of fluorescent indi-
cators) is about one hundred-fold more sensitive for
Zn(II) than for Ca(II), which suggests its use for mea-
suring Zn(II). However, intracellular calcium levels
frequently are high enough to induce a signal (indeed,
this is the source of Fura’s utility), and extracellular
Ca in the millimolar range would naturally saturate
the indicator, making its use difficult. Even recently
developed metallofluorescent indicators do not match
the performance of the CA-based systems. For in-
stance, the indicator ZnAF-1 (Hirano et al. 2000) has
approximately one thousand-fold worse affinity for
zinc (0.78 nM) than wild type CA (0.8 pM) (Hunt
et al. 1999) (and forty thousand-fold worse than high
affinity variants, Table 1). Inasmuch as wild type
CA-based fluorescence transducers have demonstrated
better than two hundred-fold discrimination between
Zn(II) and Cd(II) (Thompson et al. 1999) and the
affinity of ZnAF-1 for Cd2+ remains undisclosed, the
latter can hardly be said to be “the first Zn2+ sensor
molecule that can distinguish Cd2+ from Zn2+”. Met-
allofluorescent indicators are discussed by Professor
Kimura elsewhere in this issue.

By comparison, apocarbonic anhydrase has not
only very high affinity, but outstanding selectivity as
well (Lindskog & Nyman 1964; McCall & Fierke
2000; Thompson et al. 1998a). The X-ray crystal
structure of human CA isozyme II (Hakansson et al.
1992) reveals that the catalytic zinc ion is coordi-
nated at the bottom of a deep active site cleft by three
histidine ligands, H94, H96, and H119, and a sol-
vent molecule in tetrahedral fashion (Figures 2 and
3). At physiological pH, the fourth ligand is provided
by hydroxide from solvent. These zinc ligands are
fully saturated by hydrogen bonds with other protein
residues and are surrounded by a shell of hydrophobic
residues. This zinc binding site is retained in numerous
isozymes of the alpha class of carbonic anhydrases
(Christianson & Fierke 1996) as well as the gamma
class (Iverson et al. 2000). In contrast, the zinc poly-
hedron in the beta class of carbonic anhydrases is a
HisCys2H2O site (Kimber & Pai 2000; Mitsuhashi
et al. 2000). The dissociation constant of human car-
bonic anhydrase isozymes I and II for zinc at neutral
pH is in the pM range (Hunt & Fierke 1997; Lind-
skog & Nyman 1964), suggesting the possibility of a
very sensitive zinc sensor. Moreover, the metal affinity
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Table 1. Variants of carbonic anhydrase.

Variant Kzn, pM koff, h−1 kon, µM−1 Kcu, pM KZn/KCu Reference

sec−1

Wild type 0.8 0.0003 0.1 0.017 50 (Hunt et al. 1999;

Hunt & Fierke 1997)

H94A 270,000 >140 0.1 (Kiefer & Fierke 1994)

H94C 33,000 0.5 0.004 (Hunt et al. 1999;

Kiefer & Fierke 1994)

H94D 15,000 0.7 0.01 5 3,000 (Hunt et al. 1999;

Kiefer & Fierke 1994)

H119D 25,000 10 0.1 80 300 (Hunt et al. 1999;

Kiefer & Fierke 1994)

H94E 14,000 30 0.6 (Kiefer & Fierke 1994)

H94N 40,000 5 0.03 10 4,000 (Lesburg et al. 1997)

H94Q 8,000 20 0.7 (Lesburg et al. 1997)

H119Q 70,000 6 0.02 >70,000 < 1 (Lesburg et al. 1997)

T199C 1 (Kiefer et al. 1993b)

T199E 0.02 (Ippolito et al. 1995a)

T199A 60 0.002 0.01 (Kiefer et al. 1995)

Q92A 18 0.001 0.02 (Kiefer et al. 1995)

E117A 40 1.5 10 (Kiefer et al. 1995)

E117Q 4,000 4,680 300 (Huang et al. 1996)

Q92A/E117A 160 1.6 3 (Kiefer et al. 1995)

F95M/W97V 1.6 2.1 0.4 0.004 400 (Hunt et al. 1999;

Hunt & Fierke 1997)

F95I/W97S 6 144 6 0.001 6,000 (Hunt et al. 1999;

Hunt & Fierke 1997)

F93I/F95M 8 0.4 0.01 0.005 1,600 (Hunt et al. 1999;

Hunt & Fierke 1997)

F93I/F95M/W97V 11 5.8 0.1 0.003 3,700 (Hunt et al. 1999;

Hunt & Fierke 1997)

F93S/F95L/W97M 29 96 0.9 0.002 14,000 (Hunt et al. 1999;

Hunt & Fierke 1997)

F93T/F95S/W97V 92 120 0.4 0.0001 900,000 (Hunt et al. 1999;

Hunt & Fierke 1997)

F93S/F95T/W97M 76 280 1 (Hunt et al. 1999;

Hunt & Fierke 1997)

of single zinc sites in metalloenzymes is often in this
range or higher indicating that these sites should all be
saturated even at nM concentrations of zinc.

Carbonic anhydrase has significantly enhanced
specificity for zinc, compared to many small molecule
metal chelators as discussed above (McCall & Fierke
2000). Nonetheless, other metals do bind; CA binds
Cu(II) about an order of magnitude more tightly than
Zn(II), Hg(II) with very high affinity, Cd (II), Co(II)
and Ni(II) with nanomolar affinity and Mn(II), Mg(II)
and Ca(II) with very low affinity, if at all (Lindskog

& Nyman 1964; McCall & Fierke 2000; Thompson
et al. 1998a). In general, the free concentrations of
Cu(II) are estimated to be very low in humans (Rae
et al. 1999) and it seems likely that this is also true
for Hg, Cd, Co and Ni, at least in part due to their
toxicity, relative scarcity, and the presence of ligands
both extracellularly and intracellularly. Consequently,
we anticipate (and have found) little interference with
Zn sensing using CA-based sensors. Moreover, some
of the sensing schemes described below are even more
specific for Zn(II) due to the zinc-dependent binding
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of the fluorescent aryl sulfonamides, at the active site.
In addition, use of a macromolecule transducer, such
as CA, confers additional advantages, in that its struc-
ture can be subtly altered to ‘fine-tune’ the selectivity
and sensitivity for certain metal ions, as well as the
kinetics of binding. Therefore, the tools of genetic
engineering can be used to optimize CA as a biosen-
sor using either random mutagenesis and selection
techniques (“directed evolution”) or structure-based
redesign methods (Christianson & Fierke 1996).

Optimization of CA zinc sensor by genetic
engineering: Zinc affinity

The main rationale for using carbonic anhydrase as the
receptor in a zinc biosensor is that it binds zinc with
high affinity and selectivity, as previously described.
However, the high zinc affinity of wild-type CA may
actually limit the usefulness of a CA-based biosensor.
To measure free Zn(II) concentrations in real time,
zinc binding must be measured under equilibrium
conditions and equilibration must be rapid. Under
equilibrium conditions and measuring changes in fluo-
rescence intensity, only zinc concentrations within an
order of magnitude of the picomolar Zn(II) dissoci-
ation constant of CA (0.1–10 pM) can be accurately
measured using a single binding isotherm. While the
concentrations of free Zn(II) in biological samples are
not yet well-determined in many cases (at least partly
due to the lack of a high affinity, selective zinc sensor),
the data suggest that the Zn(II) concentration may be
higher than 10 pM (Benters et al. 1997; Denny &
Atchison 1994). Given the uncertainty in the actual
Zn(II) concentrations and the possibility of significant
fluxes in [Zn(II)], a larger range of detectable zinc con-
centrations is desirable. One solution to this limitation
is to use alternate optical transduction methods that,
under certain conditions, can determine zinc concen-
trations over a larger range (Thompson et al. 1998b;
Thompson & Patchan 1995a). Alternatively, CA vari-
ants with altered zinc affinity could be applied in an
array fashion to expand the range of measurable zinc
concentrations. To this end, we have successfully used
a number of molecular biology techniques, including
both structure-based and random mutagenesis, to alter
the zinc affinity of carbonic anhydrase by more than
7 orders of magnitude, from 0.02 pM to >1 µM (see
below). These mutants, used in an array, could poten-
tially allow quantitation of a wide range of free Zn(II)
concentrations (∼2 fM to 10 µM).

We first began altering the zinc affinity of carbonic
anhydrase using a structure-based redesign approach.
The high resolution structure of CA shows that the sin-
gle zinc lies at the bottom of a conical cleft where it is
coordinated in a tetrahedral fashion by the imidazole
side chains of three histidine residues (H94, H96 and
H119) and one solvent molecule (Figure 2B) (Eriksson
& Jones 1988; Hakansson et al. 1992). Studies of both
model compounds and proteins suggest that metal
affinity and specificity are affected by the geometry
of the metal site, including the number and geometric
position of the ligands relative to the metal ion and
the distances of each ligand from the metal (Alberts &
Nadassy 1998; Christianson & Fierke 1996; Glusker
1991; Roe & Pang 1999; Rulisek & Vondrasek 1998).
Furthermore, the direct protein ligands of transition
metal sites in proteins are typically nested in a hydro-
gen bond network (Christianson 1991; Christianson
& Alexander 1989) and surrounded by a shell of hy-
drophobic side chains (Yamashita & Wesson 1990).
Hence, the entire protein may affect the stability and
chemical properties of the protein-metal complex and
thus be used to ‘tune’ the metal affinity. Moreover,
these structural features are observable in most met-
alloenzymes and are likely similarly important for
modulating metal affinity, specificity, and reactivity.

The largest alterations in metal affinity in carbonic
anhydrase have been obtained by altering the number
and chemical nature of the protein side chains that
directly coordinate the zinc ion. Removal of one of
the ligands, by substitution of histidine with alanine,
decreases the zinc affinity by a factor of at least 105-
fold (Table 1), resulting in a loss of 6–7 kcal/mol of
binding energy (Kiefer & Fierke 1994) demonstrating
the importance of each of the direct ligands. Sur-
prisingly, replacing the histidine ligands with other
residues that could potentially serve as zinc ligands
(sulfur of cysteine and the oxygen of glutamate or
aspartate) does not enormously increase the binding
affinity relative to variants lacking a third protein zinc
ligand (Kiefer & Fierke 1994; Kiefer et al. 1993a).
Variants such as H94C and H94D CA, for example,
bind zinc with nanomolar affinity, only approximately
10-fold higher than H94A (Table 1). X-ray crystal
structures of these variants (Ippolito and Christianson
1994; Ippolito et al. 1995b; Kiefer et al. 1993a) reveal
that the altered size and shape of the substituted lig-
and necessitates movement of the surrounding protein
structure and/or the zinc ion to maintain tetrahedral
geometry. These alterations in the active site structure
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Figure 2. (a) Ribbon diagram of human carbonic anhydrase II; the active site zinc is the sphere coordinated by the three imidazoles. (b)
Schematic of active site zinc inner sphere and outer sphere ligands.

are energetically unfavorable, leading to lower binding
affinity.

CA metal sites with increased affinity have been
created by the addition of a fourth protein ligand to
augment the metal polyhedron. Residue T199, which
forms a hydrogen bond with the zinc-bound hydroxide
of wild type-CA (Figure 2), was substituted with a
variety of amino acids capable of directly coordinat-
ing zinc, including Cys, Asp, and Glu (Kiefer et al.
1993b; Ippolito et al. 1995a). Each of these new side
chains directly coordinates zinc in tetrahedral geom-
etry, replacing the solvent hydroxide molecule that
constitutes the fourth zinc ligand in wild type CA, as
demonstrated by high resolution X-ray crystal struc-
ture determination (Ippolito et al. 1995a; Ippolito &
Christianson 1993). The affinity of several of these
mutants is comparable to that of wild-type CA (Ta-
ble 1); in these cases, the favorable energy gained by
the additional zinc coordination is virtually offset by
the energetically unfavorable movements of the pro-
tein. However, the affinity of T199E CA for zinc is
greatly enhanced (Ippolito et al. 1995a) by addition of
this fourth protein ligand, with a KD of 20 fM, making
this the highest affinity zinc site ever engineered.

Additionally, alterations in the hydrogen bond
network and hydrophobic shell alter metal affinity.
Wild-type CA has four ‘second shell’ ligands (Fig-
ure 2) including hydrogen bonds between the side
chains of His 94 and Gln 92, His 119 and Glu 117,
and zinc-water and Thr 199. Removal of one of
these hydrogen bonds by substitution with alanine
decreases metal affinity about 10-fold (Table 1). Fur-
thermore, the decrease in metal affinity is additive

Figure 3. Ribbon diagram of carbonic anhydrase active site show-
ing the zinc ion as a sphere, the inner sphere histidines H94,
H96, and H119, and the hydrophobic residues W97, F95, and F93
mutagenized to affect the metal ion binding specificity.

for the Q92A/E117A double mutant, suggesting that
the four second-shell hydrogen bonds enhance the
protein-zinc affinity by a factor of up to 104-fold
(Kiefer et al. 1995). Calorimetric studies demonstrate
that these hydrogen bonds enhance metal affinity by
both pre-organizing and desolvating the metal site (Di-
Tusa et al. 2001). Alteration of these second-shell
ligands allows for subtle changes in the zinc affinity
which are essential for creating an array of variants
with altered metal affinity.
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The shell of hydrophobic side chains surround-
ing metal binding sites has been proposed to enhance
metal affinity by decreasing the mobility of the His
ligands or by decreasing the dielectric constant (Ya-
mashita & Wesson 1990). In CA, residues Phe 93,
Phe 95, and Trp 97 flank two of the three histidines
that coordinate zinc to form a hydrophobic cluster be-
neath the zinc binding site (Figure 3). To investigate
the importance of this hydrophobic shell for determin-
ing the metal affinity of CA, we first used cassette
mutagenesis to prepare a library of CA variants dif-
fering in these three hydrophobic amino acids (Hunt &
Fierke 1997). All of these variants were then displayed
on filamentous phage as a fusion protein between CA
and a minor coat protein (gene 3 protein (g3p)). The
phage displaying CA-g3p fusion proteins were then
separated on the basis of the zinc affinity of CA using
sulfonamide affinity chromatography. Wild-type CA
was enriched 20-fold by one round of selection and
consensus residues at each position were identified
from the enriched variants (I, F, L and M at position
93; I, L and M at position 95; and W and V at position
97). After two rounds of selection, variants that bind
to the sulfonamide resin have zinc affinity comparable
to that of wild-type CA, indicating that the aromatic
residues are not absolutely essential. However, the
zinc affinity of mutants containing other substitutions
at these positions decreases up to 100-fold (Table 1).
Strikingly, the KZn decreases as the volume of the
amino acids at positions 93, 95, and 97 decreases.
These experiments demonstrate both that metalloen-
zyme variants displayed on phage can be selected on
the basis of metal affinity and that mutations in the
hydrophobic shell can also be used for fine-tuning the
zinc affinity of CA.

Zinc specificity

The metal selectivity of WT CA follows the Irving-
Williams series (Mn(II)<Co(II)<Ni(II)<Cu(II)>
Zn(II)), although the Zn(II) selectivity is increased sig-
nificantly (several orders of magnitude) compared to
most small molecule chelators (Lindskog & Nyman
1964; McCall & Fierke 2000; Thompson et al. 1998a).
Several features of metal ion binding sites have been
hypothesized to alter the transition metal selectivity
of chelators. These include: (1) the polarizability of
the coordinating atom (Pearson 1966); (2) the relative
sizes of the binding site and the metal ion; and (3)
the metal ion binding site geometry. Transition metal

ions, including Zn(II), Cu(II), and Co(II) are catego-
rized as borderline metals, capable of coordinating O,
S, and N with high affinity, but are most often found
coordinated to nitrogen (Alberts & Nadassy 1998;
Rulisek & Vondrasek 1998). The preferred geometry
of metal ions and the optimum ligand distances have
been investigated in both model compounds and in
proteins (Alberts & Nadassy 1998; Glusker 1991; Roe
& Pang 1999; Rulisek & Vondrasek 1998). Zinc is
most often observed in tetrahedral geometry in pro-
teins while copper favors square planar and trigonal
bipyramidal geometries. In CA, zinc binds with dis-
torted tetrahedral geometry while copper binds with
trigonal bipyramidal geometry (Hakansson et al. 1992,
1994) .

To investigate whether the metal selectivity is
tuned by the geometry of the ligands in the metal
binding site, we measured the relative affinity and se-
lectivity for various transition metals of mutants of
residues Phe93, Phe95 and Trp97 which are located on
the same β-strand as two of the histidine ligands (Fig-
ure 3) (Cox et al. 2000; Hunt et al. 1999). Although
the zinc and cobalt affinity of these variants decreases
as the hydrophobicity of the substituted side chains
decreases (Hunt & Fierke 1997), the copper affinity
increases, resulting in a significant net enhancement
in the selectivity of the enzyme for copper (Hunt et al.
1999). These data suggest that the hydrophobic shell
does not enhance zinc affinity mainly by altering the
dielectric constant of the metal binding site. X-ray
crystal structures of metal-bound F93I/F95M/W97V
and F93S/F95L/W97M CAs (Cox et al. 2000) re-
veal that the coordination geometry of the zinc-bound
and copper-bound enzymes remain tetrahedral or trig-
onal bipyramidal, respectively, as observed in WT
CA. However, a conformational change of the di-
rect metal ligand H94 as well as the indirect ligand
Q92 occurs in the apo-form of the mutants, thereby
eliminating the preorientation of the histidine ligands
into a tetrahedral geometry, as observed in the apo-
WT enzyme (Hakansson et al. 1992). This increased
flexibility enhances formation of 5-coordinate trigonal
bipyramidal metal coordination geometry relative to
4-coordinate tetrahedral geometry, which in turn in-
creases Cu(II) affinity and decreases Zn(II) affinity.
These data demonstrate that aromatic core residues
serve mainly a foundational role, as anchors that help
to preorient direct and second-shell ligands to optimize
the zinc binding geometry and to destabilize alterna-
tive geometries. Therefore, the zinc/copper selectivity
in CA, and likely other proteins as well, is tuned
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Figure 4. Zinc affinities of variants. Variants are ranked with the
highest affinities at the top to lowest at the bottom; the bars give the
range of free zinc ion concentration that can be accurately measured
by a particular variant.

by stabilizing the preferred tetrahedral geometry of
zinc and destabilizing the trigonal bipyramidal copper
geometry (Cox et al. 2000; Hunt et al. 1999).

In addition to enhancing our understanding of zinc
affinity and selectivity in proteins, we have prepared
a series of variants of CA whose zinc affinity ranges
over seven orders of magnitude (Figure 4), and with
a range of selectivity as well. The broad range of
affinities is of use because an appropriate variant can
be chosen which responds well for any given free
zinc level from one femtomolar to one micromolar.
By comparison, known metallofluorescent zinc indi-
cators respond down to below one nanomolar, but
quantitation at levels below this remains troublesome.

Zinc equilibration

A second factor limiting the utility of wild-type CA
in a zinc sensor is the extremely slow zinc disso-
ciation rate constant. The t1/2 for this dissociation
is estimated to be on the order of months (Hunt &
Fierke 1997; Lindskog & Nyman 1964), virtually
limiting the sensor to a single use rather than contin-
uous, real-time monitoring. In CA, zinc equilibration
is limited by both the high zinc affinity (pM) and the
slow zinc association rate constant of 105 M−1 s−1

(Henkens & Sturtevant 1968; Kiefer & Fierke 1994),
103-fold slower than the diffusion-controlled limit of
107–108 M−1 s−1 (Eigen & Hammes 1963). Since
the rate constant for zinc equilibration can be approx-
imated by kon [L] + koff and since KD = koff/kon, the
observed zinc equilibration rate can be enhanced by
increasing kon and/or koff. In mutants with decreased

zinc affinity (as described above), the zinc dissociation
rate constants often increase (Hunt & Fierke 1997;
Kiefer & Fierke 1994; Kiefer et al. 1995), roughly
paralleling the KD (Table 1). These mutants therefore
further enhance the utility of CA-based zinc sensors.

In some cases, however, the zinc dissociation rate
constant increases significantly more than the metal
affinity decreases, suggesting that the zinc association
rate constant increases significantly (Table 1). In par-
ticular, substitution of Glu-117, the hydrogen bond
partner of the direct ligand His-119 (Figure 2), with
either alanine or aspartate causes the KD to increase
3- to 10-fold while the dissociation rate constant in-
creases 30- to 70-fold (Kiefer et al. 1995; Lesburg
& Christianson 1995). Therefore, the calculated zinc
association rate constant increases significantly, to
∼107 M−1 s−1 and the half-time for zinc dissociation
decreases to about 30 minutes. Additionally, substitu-
tion of Glu-117 with Gln causes further increases in
KD and koff (Table 1) (Lesburg et al. 1997). In this
variant the calculated zinc association rate constant of
3 × 108 M−1 s−1 is at or near the diffusion-controlled
limit and the half-time for zinc dissociation, 0.6 s−1, is
certainly fast enough for most biosensor applications.
These data indicate that hydrogen bonds between the
direct zinc ligands and indirect hydrogen bond accep-
tors are a primary factor controlling the slow associa-
tion and dissociation of zinc. These hydrogen bonds
may affect zinc equilibration by pre-orienting the
metal binding site to reduce conformational energy.

These detailed structure-function studies provide
an understanding of the mechanism of metal binding
in CA and allow the prediction of additional amino
acid substitutions that will affect the properties of
the metal binding site. The current CA variants with
altered metal affinity, specificity and equilibration ki-
netics are extremely useful in developing real-time
metal ion biosensors. Our demonstrated ability to tune
both the metal affinity and metal equilibration kinetics
by subtly altering the packing of the zinc binding site
has no counterpart in small molecule metallochromic
or metallofluorescent indicators, nor in ionophores for
electrochemical methods, illustrating the versatility of
biological receptors.

Transducing zinc binding as a fluorescence signal

Although apo-CA is a very selective, high affinity lig-
and for Zn(II), it is also necessary that zinc binding
creates a signal which can be readily observed and
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measured. For speed, simplicity, and to avoid the need
to consume reagents we do not find transduction em-
ploying the enzyme activity itself to be attractive. For
use in observing tissues and cells it is desirable that
it be an optical signal, preferably fluorescence owing
to its sensitivity, flexibility, and the widespread avail-
ability of fluorescence microscopes. For a continuous
monitor (as opposed to a single determination) the
reversible binding of the zinc ion should result in a
reversible change in the fluorescence. Thus we would
like to arrange matters such that binding of zinc to
apo-CA results in a change in fluorescence, which we
can readily measure, and that dissociation of the metal
from the protein reverses that change. Of course, the
fractional saturation of the binding site is controlled
by the law of mass action, and in particular the con-
centration (more properly, the activity) of the metal
ion.

The vast majority of metallofluorescent indicators
transduce metal ion binding as changes in fluores-
cence intensity: e.g., in most cases interaction with
the metal ion results in a change in quantum yield of
the fluorophore, leading to a change in the intensity
of fluorescence. Attempting to relate a measured fluo-
rescence intensity to an analyte concentration is very
prone to artifact, and is seldom done either clinically
or in research. Recognizing this problem in attempting
to measure Ca(II) concentrations with indicators such
as calcein, workers turned to the so-called wavelength-
ratiometric probes developed by Roger Tsien and his
colleagues. Among these are Fura-2, Indo-1, and a
host of successors (Grynkiewicz et al. 1985; Haug-
land 1996). These probes exhibit a shift in excitation
and/or emission spectra upon binding the metal, and
consequently the ratio of intensities at the two peaks
is proportional to the ratio of indicator with metal
bound and free. Measuring a ratio of fluorescence in-
tensities instead of a simple intensity eliminates many
of the artifacts present in such measurements, and
makes calibration more straightforward. Transducing
the binding of the metal as a change in fluorescence
anisotropy (polarization) confers similar advantages
(Thompson et al. 1998a; Weber 1956), because the
anisotropy can also be measured as a ratio of two
intensities. Fluorescence anisotropy microscopy has
been known for some time (Dix & Verkman 1990;
Fushimi et al. 1990). Finally, one can also transduce
the binding of the metal as a change in fluorescence
lifetime, which similarly avoids the artifacts associ-
ated with simple intensity measurements. Moreover,
lifetime measurements (as with anisotropy measure-

ments) can under certain conditions exhibit a much
broader dynamic range of analyte concentration than
is achievable with either simple intensity or intensity
ratio measurements (Szmacinski & Lakowicz 1993;
Thompson et al. 1998b; Thompson & Patchan 1995a).
However, lifetime measurements remain complex and
relatively expensive, despite advances in instrumenta-
tion for their measurement and imaging.

Finally, lifetime measurements are very well suited
to configurations of the biosensor wherein the CA is
immobilized on quartz, glass, or some other suitable
substrate (Clark et al. 1999) which is immersed into a
solution (such as the cytoplasm of a cell), permitting
the Zn level to be measured continuously. A partic-
ularly useful example is immobilization on the distal
tip of a fiber optic, which can then be inserted into
the bloodstream or interstitial spaces of an experimen-
tal animal to measure the analyte in situ (Thompson
1991). This is a potentially powerful research and
diagnostic tool which we hope to exploit for zinc
studies.

Zinc sensing using fluorescent aryl sulfonamides
and CA

The first approach to fluorometrically determining
zinc using carbonic anhydrase built on the pioneering
work of Chen & Kernohan (1967). They discovered
that dansylamide, one of the class of aryl sulfonamide
inhibitors of the enzyme, exhibited dramatic changes
in its fluorescence upon binding to holocarbonic an-
hydrase. Aryl sulfonamides had long been known to
inhibit the enzyme (Maren 1977), and due to their
therapeutic importance in treating glaucoma, hundreds
of such compounds had been identified. It was well
understood that the inhibition was based upon the ac-
tive site zinc promoting the ionization of the (weakly
acidic) sulfonamide when it is bound, in a manner
precisely analogous to the water ordinarily bound as
a fourth ligand. The fluorescence of dansyl is well
known to be environment-sensitive, and consequently
its emission is substantially blue shifted and enhanced
upon binding to the enzyme (Figure 5). Thompson and
Jones (1993) showed in the absence of the metal that
dansylamide’s affinity was much reduced, and con-
sequently the fluorescence of dansylamide could be
used as an indicator of zinc’s presence in the active
site. Since the occupancy of the zinc binding site is
controlled by the free zinc ion concentration through
the law of mass action, one could relate the change in
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Figure 5. Dansylamide sensing scheme. Free dansylamide emits weak fluorescence (inset) in the presence of apo-CA, but when Zn(II) binds
to CA, dansylamide binds to holo-CA, emitting strong blue fluorescence.

fluorescence observed to the concentration of zinc. By
itself, dansylamide has essentially no affinity for the
metal.

In fact, dansylamide’s fluorescence changes in sev-
eral ways upon binding to the protein, each of which
may be used to determine zinc concentration. Perhaps
most important is the dramatic 100+ nm blue shift
and seven-fold increase in quantum yield, because
it permits a ratiometric measurement of intensities
at emission wavelengths corresponding to the free
(560 nm) and bound (450 nm) forms of dansylamide.
While this approach enjoys some of the well-known
advantages of the ratiometric measurements it should
be remembered that it is not entirely insensitive to the
concentrations of dansylamide and apoprotein in use.
The large change in fluorescence lifetime of dansy-
lamide may also be used in the same way to determine
zinc. Although measuring changes in fluorescence
lifetime requires more sophisticated instrumentation
than measuring intensities, this approach has partic-
ular advantages for measurements through fiber optics
(Thompson 1991; Thompson 1993). Moreover, the in-
strumentation is becoming simpler and cheaper (Levy
et al. 1997; Lippitsch et al. 1988; Thompson et al.
1992). Finally, under certain circumstances lifetime
measurements can exhibit an enhanced dynamic range
(Szmacinski & Lakowicz 1993; Thompson & Patchan
1995a); we subsequently showed anisotropy measure-

ments offer the same advantage (Thompson et al.
1998b).

Dansylamide suffers from two key drawbacks:
first, its extinction coefficient is rather low (ε330 =
3300 M−1 cm−1), limiting sensitivity. Second, the
short wavelength UV necessary for excitation is a
problem owing to the expensive microscope optics
required, the inconvenience of exciting at these wave-
lengths, and the high autofluorescence background
observed in natural specimens. Clearly it was desir-
able to have a longer wavelength probe; consequently,
we developed ABD-N and ABD-M (Figure 6). These
compounds are excitable in the visible and have 2–
3 fold larger extinction coefficients than dansylamide,
but also exhibit shifts in excitation and emission upon
binding to holo-CA, as well as changes in quantum
yield, lifetime, and anisotropy (Table 2) (Thompson
et al. 2000a, 1998b). ABD-N is the more useful due
to its higher quantum yield when bound compared
with ABD-M. ABD-N can be used to quantitate zinc
by changes in intensity, lifetime, anisotropy, or wave-
length ratio; the last is illustrated in Figure 7 (Thomp-
son et al. 2000a). Both molecules are adequately
water-soluble.

In looking for additional fluorescent aryl sulfon-
amides which might be useful for this approach, we
found two others which are noteworthy. The first is
Dapoxyl sulfonamide (Figure 6), which in a sense is
complementary to ABD-N in that it exhibits a very
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Figure 6. Aryl sulfonamides which bind to carbonic anhydrase.

large fluorescence enhancement upon binding to holo-
CA, together with a large blue shift in its fluorescence.
However, it has twice as large an extinction coeffi-
cient as ABD-N (Table 2). Unlike ABD-N, however,
it penetrates cells readily, and stains membrane bi-
layers. The fluorescence of the bilayer-bound form
differs from the CA-bound form, but not dramatically
so (Thompson et al. 2000b), making intracellular zinc
measurements problematic at the present time. It has a
significant two-photon excitation cross section, but is
not a good anisotropy probe. By comparison, the ben-
zothiazolyl coumarin sulfonamide BTCS (Figure 6)
exhibits little change in lifetime or quantum yield upon
binding to CA, which makes it an excellent anisotropy
probe (Thompson et al. 2000b). Spectroscopically,
it is similar to the fluorescein moiety in our original
anisotropy probe (Elbaum et al. 1996), and has a high
quantum yield and extinction coefficient.

Fluorescence energy transfer-based zinc
biosensing

The environment-sensitive fluorophores most useful
in the aryl sulfonamide approach depicted above are
in general poor absorbers which often must be ex-
cited at relatively short wavelengths. Partly to avoid
this problem a more flexible approach was sought.
Among the hundreds of aryl sulfonamide inhibitors
known, several are colored but otherwise nonfluores-

cent, and therefore useless in the approach outlined
above. However, the propensity of these colored aryl
sulfonamides to bind to the holoprotein at the active
site when zinc was present (and not to bind in its ab-
sence) suggested a somewhat different approach. In
particular, it was straightforward to fluorescently label
the protein with a covalent derivative, chosen for over-
lap of its emission with the absorbance of the colored
aryl sulfonamide. If the colored sulfonamide binds at
the active site it is perforce brought within 25 Å of the
label, which thus partly quenches the fluorescence of
the label due to Förster resonance energy transfer (Fig-
ure 8). In the absence of zinc the sulfonamide is free to
diffuse away, so no energy transfer occurs and there is
no diminution of the label’s emission. Importantly, the
lifetime of the label declines commensurately with the
intensity, permitting the zinc’s quantitation by time-
resolved fluorescence measurements, which are more
robust than intensity measurements. The response of
the system can be optimized by careful selection of
the label and colored arylsulfonamide based on their
known spectral properties. Use of site-directed CA
mutants permitted the label to be positioned in a
defined and predetermined fashion to optimize the re-
sponse (Thompson et al. 1996a; Thompson & Patchan
1995b).
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Figure 7. Fluorescence emission intensity at 560 nm (filled circles) and emission intensity ratio at 560 nm/680 nm (open circles) for 3.2 µM
apo CA + 2.0 µM ABD-N; excitation at 415 nm.

Figure 8. Fluorescence energy transfer zinc sensing approach. In the presence of zinc, azosulfamide binds to the holo-CA and accepts energy
from the donor, quenching it; in the absence of zinc, azosulfamide does not bind to the apo-CA and no energy transfer occurs, maintaining the
fluorescence intensity and lifetime of the donor. The inset shows the spectral overlap of the fluorescein donor emission (dashed line) with the
azosulfamide absorbance (solid line).
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Zinc sensing using fluorescent-labeled CA

The use of a separate, small molecule such as the aryl
sulfonamides described above together with the pro-
tein CA has certain drawbacks. First, while CA is a
macromolecule that does not ordinarily penetrate lipid
bilayers, the aryl sulfonamides are small molecules
which can (in some cases), so the two may parti-
tion differently in cells. Also, in the case of Dapoxyl
sulfonamide the fluorophore binds to bilayers, emit-
ting fluorescence which potentially interferes with that
from the fluorophore bound to holo-CA. At some fun-
damental level, one would like the fluorescent moiety
to go anywhere the protein went; e.g., that they be
covalently attached. This is termed a ‘reagentless’
transducer, in that no separate reagent is necessary.

While we have described several fluorescently-
labeled CA variants which exhibit changes in fluores-
cence upon binding metal ions such as Cu(II), Co(II),
and Ni(II) (Thompson et al. 1996b, 1998a, 1999),
it has been somewhat more difficult to design trans-
ducers for Zn(II). This is because (unlike the other
metals) Zn(II) is not a very good quencher of fluores-
cence owing to its low atomic number, diamagnetic
character, and difficulty of reduction. By comparison
ions such as Cu(II), Ni(II), Hg(II), or Co(II) are typi-
cally good quenchers because they are paramagnetic,
of high atomic number, and/or readily reduced or ox-
idized. Thus two new approaches were followed with
a view to having the presence of zinc in the CA bind-
ing site alter the fluorescence of a nearby fluorophore.
The rationale for the first was that an environment-
sensitive fluorophore in the immediate vicinity of the
binding site might well detect a difference between
when the binding site was occupied with the zinc ion
and when it was unoccupied. The fluorophore-variant
combination that showed the greatest differences in
fluorescence was N67C-ABD, but these changes (see
below) were not attributable to the changes in solvent
polarity that manifest themselves as shifts in excita-
tion and emission, such as occur with dansylamide
or ABD-N. We also designed another covalently at-
tachable derivative of the ABD fluorophore with an
n-hexyl tether (ABD-T) (Thompson et al. 1998a), with
the objective of attaching it to the protein through a
long, flexible link so as to permit it to bind as a fourth
ligand to the active site zinc, and exhibit the overt fluo-
rescence changes typical of ABD-N and dansylamide.
While this did not occur, the response was still useful,
especially with regard to anisotropy and lifetime (see
below).

Figure 9. Fluorescence intensity of N67C-ABD as a function of Zn
(filled circles), Cu(II) (open circles), Cd(II) (open triangles), and
Ni(II) (filled triangles).

N67C-ABD did not show the response expected if
there were a change in the polarity of its environment,
in that there is little or no shift in the emission or ex-
citation upon zinc binding (Thompson et al. 1999).
However, there is a substantial increase in intensity
and lifetime upon binding zinc. More unusual are the
lesser increases in intensity and lifetime upon binding
other metal ions (Figure 9). This may be rational-
ized by considering the fluorescent aryl sulfonamide
derivative of β-mercaptoethanol, ABD-M (Table 2).
ABD-M shows a short lifetime and modest quantum
yield free in solution like its amine cousin, ABD-N;
however, upon binding to the holoenzyme it exhibits
a more modest increase in quantum yield and life-
time than ABD-N, which makes it a better anisotropy
probe. In view of the longer average lifetime and
higher apparent quantum yield of ABD-N, it is evi-
dent that ABD-M is still fairly well quenched even
when bound. It may be that binding offers a degree
of protection from quenching by, for instance, water.
In the case of N67C-ABD the presence of zinc may
limit the accessibility of the fluorophore to water, ef-
fectively ‘dequenching’ it. The other metal ions have
the same effect, only they themselves (notably cop-
per and cobalt) also quench the fluorophore by other
mechanisms, making the intensity and lifetime en-
hancements less in their cases. Although it produces
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Figure 10. Fluorescence intensity of N67C-ABD-T as a function of Cu(II) (open diamonds), Zn(II) (filled diamonds), Cd(II) (open circles),
Ni(II) (triangles), or Co(II) (filled circles) concentration.

a fairly good fluorescence enhancement, one cannot
increase the signal by looking selectively at the bound
form’s emission because the shift is negligible.

The tethered form of ABD, ABD-T, also did not
respond as expected, in that when coupled to the intro-
duced thiol at position 67 (N67C) it exhibited no shift
in emission or excitation upon zinc binding, effec-
tively ruling out interaction of the sulfonamide moiety
with the zinc. In its case zinc quenches the fluores-
cence (as do the other metals), resulting in reduced
intensity (Figure 10) and lifetime, with increased
anisotropy (Figure 11). The responses are quite satis-
factory, but for intensity imaging purposes the decline
in intensity is less desirable than an increase.

Application to studies of brain zinc

Zinc is an ion of substantial biological interest in many
respects, as is discussed elsewhere in this issue. One
important question is the role of the weakly bound
zinc found in axonal boutons in the cortex, especially
the hippocampus. Understanding the biological and
pathological role(s) of zinc in the brain had been ham-
pered by the difficulty of measuring zinc levels even
extracellularly, owing to the high levels of interfering
calcium and magnesium, and the transient localized
nature of the release upon stimulation.

Recently, ABD-N has been used together with apo-
CA to image zinc release from rat hippocampus in
organotypic cell cultures (Thompson et al. 2000a) and
classical slice preparations. For these experiments the
apo-CA and ABD-N are incorporated into the artificial
cerebrospinal fluid (ACSF) bathing the neural tissue.
Because of the high affinity of CA for zinc, the ACSF
must be specially prepared to avoid contamination. In
particular, the ACSF (minus Ca and Mg) is passed
over a chelating resin to remove zinc and other po-
tential interferents, whereupon high purity Ca and Mg
salts (electronic or similar grade) are added; ordinary
reagent grade salts have unacceptable levels (several
parts per million) of metallic impurities. Release is
stimulated either electrically, with a brief pulse train,
or by other insults (Frederickson et al. 2000). The
concentration of free zinc may be quantitated ratio-
metrically (Figure 7) and the kinetics of zinc release
quantitated through the microscope (Figure 12) (Suh
et al., submitted). We observed these slow release
kinetics in our initial experiments (Thompson et al.
2000a), but believed that the apparent slow release
(over tens of seconds) was due to the slow association
rate constant of the wild type enzyme used (Thompson
et al. 2000c), and that only nanomolar zinc concen-
trations were present. In fact micromolar levels are
present, as may be seen in Figure 12, which also
underscores the importance of quantitative methods.
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Figure 11. Fluorescence anisotropy of N67C-ABD-T as a function of Cu(II) (open diamonds), Zn(II) (filled diamonds), Cd(II) (open circles),
Ni(II) (open circles), or Co(II) (filled circles) concentrations.

Figure 12. Kinetics of Zn(II) release from rat hippocampal slice preparation following electrical stimulation at the dentate gyrus (unpublished
results of Suh, Frederickson, and Thompson). Stimulation was 0.1 msec 500 uA pulses at 100 Hz for 5 seconds. Images were acquired in an
Olympus inverted microscope with a 4X objective; the results represent a small area of the field near the stimulating electrode.
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The same approach may be used with in vivo dialysis
collection approaches.

Future prospects: An expressable Zn indicator?

The issues associated with introducing the carbonic
anhydrase molecule into the cell are by now widely ap-
preciated, and several expedients have been described
for doing this. Among the potential means are injec-
tion (Suh et al., unpublished results) electroporation,
and introduction of labeled particles (PEBBLES) by
gas gun (Clark et al. 1999). One potential approach
to calcium ion sensing described by Tsien’s group
is to express the transducer molecule inside the cell
by recombinant DNA techniques, using variants of
the Green Fluorescent Protein (GFP) from Aequorea
(Miyawaki et al. 1997) as covalently attached la-
bel(s). The issue is how to get the binding of zinc
to a carbonic anhydrase molecule to perturb (hope-
fully increase) the intensity of a GFP attached to the
CA molecule. This prospect is daunting inasmuch as
the fluorophore moiety in GFP is well shielded from
outside influences, and typically has a very good quan-
tum yield; indeed, in this context it might be said
that GFP suffers from the defects of its virtues. A
GFP sufficiently modified to permit zinc binding to
perturb its fluorescence might also no longer be very
fluorescent. However, the value of this approach, par-
ticularly for in vitro studies, suggests that it should
be pursued if possible. Two approaches which appear
promising have been recently described. Pearce and
her colleagues (Pearce et al. 2000) described a fusion
protein consisting of a metallothionein sandwiched be-
tween GFP variants capable of energy transfer. While
the authors did not report a metal titration, treatment
with EDTA to remove metal from the metallothionein
resulted in modest changes in energy transfer, sug-
gesting a conformational change had occurred. Jensen
et al., 2001 engineered a multidentate zinc binding
site with ligands on two different tethered GFP vari-
ants capable of energy transfer. In the presence of zinc
the variants are brought closer together by mutually
binding a zinc ion, with concomitant energy transfer.
This approach also succeeded, but the zinc sensitivity
was modest at just under millimolar. Both these efforts
underscore the power of Tsien’s approach, but clearly
more work is needed.
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