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Fluorescence lifetime imaging of physiological
free Cu(II) levels in live cells with a Cu(II)-selective
carbonic anhydrase-based biosensor†‡

Bryan J. McCranor,a Henryk Szmacinski,ab Hui Hui Zeng,a Andrea K. Stoddard,c

Tamiika Hurst,c Carol A. Fierke,c J. R. Lakowiczab and Richard B. Thompson*a

Copper is a required trace element that plays key roles in a number of human enzymes, such that

copper deficiency or genetic defects in copper transport lead to serious or fatal disease. Rae, et al., had

famously predicted that free copper ion levels in the cell cytoplasm were extremely low, typically too

low to be observable. We recently developed a variant of human apocarbonic anhydrase II for sensing

metal ions that exhibits 25-fold better selectivity for Cu(II) over Zn(II) than the wild type protein, enabling

us to accurately measure Cu(II) in the presence of ordinary cellular (picomolar) concentrations of free zinc.

We inserted a fluorescent labeled Cu(II)-specific variant of human apocarbonic anhydrase into PC-12 cells

and found that the levels are indeed extremely low (in the femtomolar range). We imaged the free Cu(II)

levels in living cells by means of frequency-domain fluorescence lifetime microscopy. Implications of this

finding are discussed.

Introduction

Copper is of increasing interest in biology, not only for its
known physiological functions as an enzyme cofactor, but also
for the role(s) it may play in pathological disease states such as
Alzheimer’s Disease and schizophrenia.1–6 Copper uptake and
distribution within the cell are evidently tightly controlled, with
a series of chaperone proteins acting to carry Cu(I) from trans-
porters in the cell membrane to designated cellular enzymes
such as superoxide dismutase and cytochrome c oxidase.7–9 The
chaperone system allows the free copper ion concentrations in
the cell to be maintained at an absolute minimum. Rae, et al.,
famously predicted on the basis of the high affinity of a yeast
copper chaperone (KD B fM) that on the average, no free copper
ion would be found in those cells.10 This seems sensible in light
of the high binding affinity of copper ions compared to other
transition metals for many binding sites, and the propensity of
Cu(I) to promote the formation of toxic reactive oxygen species

such as hydroxyl radical (OH�) via Fenton-like reactions11 with
hydrogen peroxide:

Cu(I) + H2O2 - Cu(II) + OH� + HO� (1)

Additionally, if some intracellular process re-reduces the Cu(II)
to Cu(I), many cycles of hydroxyl radical formation can occur when
peroxide is present. The reducing environment of a typical eukary-
otic cell would tend to maintain Cu(I) in the reduced state, but the
rapid oxidation of Cu(I) in air-equilibrated water (t1/2 of seconds)
suggests that oxidation of Cu(I) in cells is also possible, depending
strongly on ligation state.12 In the absence of a reducing process,
presumably Cu(II) would tend to accumulate and bind to available
ligands, such as lipoic acid-containing enzymes, metallothionein,
and other sites ordinarily occupied by Zn(II) or other transition
metals. Cu(II) can bind with high affinity to most sites capable of
binding zinc ion, such as the active site in carbonic anhydrase,13

and indeed competition with other cellular metal ions is suspected
of being a main avenue of copper toxicity in cells. While bacteria
and other microorganisms grown in the presence of toxic heavy
metals are well known to express transporters capable of jettison-
ing the toxic metal ions14,15 and the biology of distributing copper
to enzymes within the cell has been illuminated by a series of
elegant studies (reviewed in ref. 16) the mechanism(s) in animals
such as humans which control dietary copper uptake, copper’s
distribution to needy cells, and excretion of excess copper in the
bile and their role(s) in disease are still being elucidated (reviewed
in ref. 17–20). Most evidence indicates that copper is transported
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and mainly found in the form of Cu(I) in the cell, but is transiently
present as Cu(II) during redox cycling of enzymes such as cyto-
chrome oxidase and superoxide dismutase. In a few cases such as
amine oxidases, Cu(II) is the active form of the metal and does not
redox cycle during catalysis.21,22 Thus it seemed possible that Cu(II)
might be present at low levels in some cells and be capable of
determination by a sufficiently sensitive and selective sensor.

While most recent effort on fluorescent Cu sensors for
intracellular use has focused on sensors for Cu(I),23–25 very
innovative Cu(II) sensors have recently been described using
FRET in a thermoexpanding polymer format26 and a ratio-
metric phosphorescent Ir complex.27 We have previously
demonstrated that suitably fluorescent-labeled human apo-
carbonic anhydrase II (hCA II) can determine free Cu(II) at
subpicomolar levels in media as complex as seawater.28,29 The
principle of the indicator system is illustrated in Fig. 1.30–32

Briefly, a fluorescent label capable of reacting with cysteine is
conjugated to hCA II at a site close to the metal binding site of
apocarbonic anhydrase, in this case by site-directed muta-
genesis to replace leucine-198 with cysteine. The site and
fluorophore are chosen such that when Cu(II) binds to the
site it partially quenches the fluorescent label’s emission by
Förster resonance energy transfer (FRET) and other proximity-
dependent process(es), reducing the fluorescence intensity and
lifetime of the Cu(II) -bound form. The overlap of the label
emission with the copper complex absorption is modest, so
they must be placed close to one another; thus other quenching
processes such as spin–orbit coupling from the copper to
induce intersystem crossing of the label to the triplet manifold
are also possible and may contribute to the quenching. We note
that classical collisional quenching of the label by free copper
ion is probably negligible due to the low (nM and below) free
Cu(II) concentration and the nanosecond lifetime of the label.

Because of the difficulty in accurately measuring and cali-
brating intensity changes, lifetime changes are followed

instead; in our case, we use the frequency domain fluorescence
lifetime technique (phase/modulation fluorometry33,34) to mea-
sure lifetimes. In the frequency domain approach, if a fluoro-
phore exhibiting a single exponential decay is excited by light
amplitude-modulated at high frequency (1–100 MHz is typical),
its emission will be modulated at the same frequency, but
phase shifted by an angle F and demodulated by a factor m,
which are both simple functions of the fluorescence lifetime:

tan(F) = 2pft (2)

m = 1/(1 + (2pf )2t2)1/2 (3)

where f is the modulation frequency. For a single exponential m
equals cos(F) at any frequency and the lifetime calculated each
way is the same; if multiple lifetimes are present the measured
m is less than cos(F) at any frequency and the lifetime calcu-
lated from the phase measurement (eqn (2)) is less than the
lifetime calculated from the modulation (eqn (3)). Thus as
the metal ion binds to the site, an increasing proportion of
the shorter, quenched lifetime is observed, which can be simply
related to the free metal ion concentration. For the case of
Oregon Green maleimide-conjugated TAT-L198C-Q92A-apo-
hCA II the free and Cu(II)-bound forms of the protein exhibit
nearly monoexponential decays of 4.2 and 0.8 nanoseconds,
respectively, and commensurate declines in intensity; these
lifetime changes are similar to other labeled CA variants we
have used.28,35 Thus we plan to measure Cu(II) levels in the cell
by imaging differences in fluorescence lifetime by time resolved
fluorometry in the microscope, a technique termed fluores-
cence lifetime imaging microscopy, or FLIM. The use of
fluorescence lifetime measurements as an analytical tool and
fluorescence lifetime imaging microscopy have been reviewed.36–38

For lifetime imaging in the microscope it is difficult to present the
fractions and lifetimes of individual pixels if the decay is multi-
exponential. For complex intensity decays as are often observed for
FLIM images, it is more convenient to present frequency domain
data as a phasor diagram as described by Redford and Clegg.39 In
this method the measured modulation m and phase angle F of a
given pixel at a particular modulation frequency are plotted as a
point on an X–Y plane as the endpoint of a vector whose length
equals m and which makes an angle with the x-axis equal to the
phase angle. Thus x = m cosF (denoted as G in the figures) and
y = m sinF (labeled as S in the figures). Pixels exhibiting mono-
exponential decays where m = cosF map along the semicircular
arc in Fig. 2; the endpoints of the arc at G = 0, S = 0, and G = 1, S = 0
at any frequency correspond to infinite and zero lifetimes, respec-
tively. Further details and interpretation of the phasor plot are
given in the ESI.‡ FLIM data for an homogenous solution of a
fluorophore exhibiting monoexponential decay (Coumarin 6 at
60 MHz; t = 2.6 ns) is shown in Fig. 2. The phasor diagram
(lower panel) shows a plot of all the pixels in the image field;
evidently nearly all fall on or near the semicircular arc. The image
in the upper left panel highlights all the pixels (in purple) whose
G, S values fall within the small purple circle. As expected, the
phases and modulations at 40 MHz of most of the pixels in the
image field fall within the small purple circle; more important,

Fig. 1 Principle of fluorescence lifetime-based Cu(II) indicator. Oregon
Green-labeled apo-carbonic anhydrase II in the absence of metal ions
exhibits little or no quenching nor reduction in lifetime; when Cu(II) binds,
the label emission is quenched by FRET with concomitant reduction in
intensity and lifetime.
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their distribution appears homogenous in the image (upper left
panel), indicating that there are no optical artifacts that change
the apparent decay in different portions of the image field. The
fact that the pixels (at all frequencies) map on the semicircular
arc indicates a largely monoexponential decay. By compari-
son, the phase and modulation of pixels exhibiting multi-
exponential decays would fall underneath the semicircular arc
(see below). Pixels mapping outside the semicircular arc
would only be observed if an excited state reaction had taken
place.40 Of course, the accuracy of the measurement depends
in part on using appropriate modulation frequencies for the
lifetime(s) in question (see ESI‡). The software (ISS VistaVision)
also permits one to fit the multifrequency data for each pixel, as
well as binned pixels and selected region of interest, to multi-
exponential intensity decays.

Thus, we employed the phasor plot for analysis of FLIM
images of the free Cu(II) concentration in the cytosol of living
PC-12 rat pheochromocytoma cells using a Cu(II)-selective
variant of human carbonic anhydrase II.

Experimental
Cell culture

PC-12 cells (ATCC, Rockville, MD) were cultured on Neurobasal
medium41 plus 2% B-27 Supplement (Invitrogen), 1% penicillin–
streptomycin, and 0.5 mM L-glutamine, on 35 mm dishes

(World Precision Instruments) with cover slip bottoms as
previously described.42 The serum-free formula for Neurobasal
does not list copper as an ingredient per se, but likely small
amounts of copper are present as a contaminant.

Fluorescence lifetime imaging microscopy

FLIM was performed on PC-12 cells using an ISS Alba frequency
domain confocal FLIM microscope. The microscope optics
included a 60� 1.2 NA water immersion objective mounted in
a Nikon TE-2000V inverted microscope. Excitation was from a
473 nm diode laser amplitude modulated at 20, 40, 60, 80, 100,
120 and 140 MHz and fluorescence emission was detected
using TTL avalanche photodiodes. Confocal scanning optics
were an ISS proprietary design. Regions of interest comprising
about 500 pixels each within the images of twenty cells each in
multiple fields of each copper concentration at seven frequen-
cies were collected and analyzed as described in Results and
Discussion. Non-imaging phase and modulation data were
acquired using an ISS K2 phase fluorometer and an externally
modulated HeCd laser, essentially as previously described.43

Biosensor transducer

The gene for the C206S L198C Q92A hCA II variant had an oligo
coding for a six histidine residue tag and the TAT cell uptake
peptide44 fused to its N-terminus, and was expressed and the
protein purified essentially as previously described.42 The cationic
TAT peptide promotes rapid uptake of the fluorescent-labeled
apoprotein into most mammalian cells; other investigators have
used TAT tags to introduce other proteins, other macromolecules,
and nanoparticles into cells. Following dialysis into pH 7.5 HEPES
buffer and 1 hour reduction with tris(chloroethyl)phosphine, the
single reactive cysteine was conjugated with Oregon Green mal-
eimide (Invitrogen); the conjugate was purified by column chro-
matography, and stripped of the native zinc ion, all essentially as
previously described.42 A minimum concentration of apoprotein
was introduced into the cells by twenty minute incubation of the
cells in a minimum volume of protein solution after a wash with
metal ion-free buffer; uptake was observed by fluorescence micro-
scopy of the cells.42 Metal ion buffers were formulated using
MINEQL+ software (Environmental Research Software, Hallowell,
ME) based on an artificial cerebrospinal fluid using NTA as metal
ion buffer, as previously described.42 Pyrithione (2-thiopyridine
N-oxide) was used as an ionophore for the Cu(II) ion.45

Results and discussion
Cu-selective biosensor

For measuring free intracellular Cu(II) concentrations we used
a variant of human carbonic anhydrase II (hCA II) with high
selectivity for Cu(II) over Zn(II) to avoid interference by the
picomolar levels of free Zn(II) known to be present in
cells.42,46–48 Small molecule fluorescent indicators are expected
on the basis of the Irving–Williams series to exhibit higher
affinity for Cu(II) than Zn(II), and in the few cases where these
affinities have been measured,49,50 they are indeed slightly

Fig. 2 Phasor plot of a monoexponential decay. Phases and modulations of
individual pixels (blue points) measured at differing modulation frequencies
map onto the semicircular arc (bottom panel): from the right, counter-
clockwise, 20, 40, 60, 80, and 100 MHz. The derived lifetime distribution
from the phase and modulation data (upper right panel) is narrow, indicating
a largely monoexponential decay centered at 2.61 � 0.07 ns. The uniform
distribution of pixels in the microscope image of the homogenous Coumarin
6 solution (upper left panel), whose phases and modulations fall within the
small purple circle in the lower panel, indicates that the optical system
introduces little phase or modulation error across the visual field.
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higher for Cu(II) than for Zn(II). For the newer Cu(II) sensors
discussed above and others with high Cu(II) affinities, their
utility in studying intracellular levels is thus unclear until
their zinc affinities are also known. For wild type human
apocarbonic anhydrase II, the affinity for Cu(II) is only sixty-
fold tighter than the picomolar affinity for Zn(II), and thus the
Zn(II) ordinarily present in cells would be expected to interfere
substantially. Therefore we modified hCA II by replacing one of
the residues (Glutamine 92) which hydrogen bonds to one of
the three histidine metal ligands, with an alanine residue.51

While replacement of the direct zinc-liganding histidine resi-
dues merely reduces the metal ion affinity (dramatically), we
have shown that mutagenesis of the few "second-shell ligands"
such as Q92 or T199 produces important changes in selectivity
and metal binding kinetics as well as affinity (reviewed in
ref. 52 and 53). Verification of the desired performance requires
actual measurement of the affinities. The Q92A variant exhibits
twenty five-fold better selectivity for Cu(II) over Zn(II) than the
wild type (e.g., the KD at physiological pH and ionic strength is
Z103-fold tighter for Cu(II) than for Zn(II)), which makes it
capable of measuring subpicomolar levels of free Cu(II) in the
presence of almost nanomolar free zinc concentrations. This
selectivity is illustrated in Fig. 3, which depicts the Cu(II)-
dependent phase and modulation response of the wild type
and Q92A-based sensors at 84 MHz in the presence and
absence of a much higher concentration of free zinc ion
(1.5 nM) than is physiological in most mammalian cells.

As expected, this elevated Zn(II) concentration substantially
competes with the Cu(II) for the wild type CA II binding site
(upper panels), creating large differences in both the measured
phase (left) and modulation (right) data between those mea-
sured in the presence and absence of zinc; by comparison, the
Cu(II)-selective Q92A variant gives nearly superimposable data

sets in the presence or absence of the interfering Zn(II) (lower
panels). Thus physiological free Zn(II) will not interfere in
measurements made with Q92A. We note that zinc ion inter-
feres with the copper measurement using the wild type CA
(Fig. 3, upper panels) by competing with Cu(II) for the binding
site even though zinc ion itself does not induce a change in
intensity (or lifetime) of the fluorescent label upon binding
(results not shown). Thus, widely used tests for fluorescent
indicator specificity that rely on the potential interferent alone
changing the fluorescence of the indicator would have failed to
detect the interference shown by the large changes depicted in
the upper panels of Fig. 3. Furthermore, the affinities of CA II
for Co(II), Cd(II) and Ni(II) are significantly lower than estimated
physiological concentrations54 and therefore unlikely to per-
turb the measurement, and Ca(II) at levels as high as 10 mM
and Mg(II) at 50 mM do not appear to interfere. Under these
ideal conditions with Q92A the detection limit is close to 1 fM,
but in cells that is unlikely to be realized.

Calibration of the biosensor

In a manner similar to the Alexa Fluor 660-labeled wild type
apocarbonic anhydrase we had used previously,28 the Oregon
Green-labeled L198C Q92A apoprotein exhibited substantial
changes in its lifetime in the presence and absence of Cu(II).
In particular, the apo-form exhibits frequency-dependent
phases and modulations that are well fit by a monoexponential
decay of 4.2 ns (wR

2 = 9.3) whereas the Cu(II)-saturated form
exhibits a nearly monoexponential lifetime of 0.82 ns (wR

2 = 0.9)
(Fig. 4); two component fits of either did not substantially
improve wR

2 although there are some indications that a second
Cu(II) ion may be binding with reduced affinity, as we had
observed previously with another variant.55 In view of the
substantial lifetime changes and consequent large differences

Fig. 3 Cu(II)-dependent phase angles (left panels) and modulations (right panels) at 84 MHz for wild type L198C-Oregon Green apo CAII (upper panels)
and Q92A-L198C-Oregon Green apoCAII (lower panels) in the presence of 1.5 nM free Zn(II) (open squares) and with no added zinc (filled circles).
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in phase angle (B40 degrees) and modulation (425 percent)
at 84 MHz between the copper-free and –bound forms (Fig. 3
and 4), we believe the system is capable of quantifying free
Cu(II) levels at subpicomolar levels without interference from
physiologically relevant zinc ion concentrations.

In situ calibration

We calibrated the response of the indicator both in solution
with known Cu(II) concentrations (Fig. 4), and in situ by
immersing cells in known (buffered) free Cu(II) concentration
media, together with a Cu(II) ionophore, pyrithione.45 We found
that the Cu(II) concentration equilibrated relatively quickly
outside and within the cell using the ionophore, and that the
response of the fluorescent – labeled Q92A apoCA II indicator to
copper was similar inside the cell and out, although the label
lifetime was significantly reduced compared with measure-
ments in solution. A set of cell and phasor images at 40 MHz
in media buffered at 0.9 fM, 10 pM, and 70 nM free Cu(II) are
depicted in Fig. 5.

The cell images include pixels whose phase and modulation
values fall within the circled areas in the phasor diagrams, and
it can be seen that the pixels fall relatively uniformly within the
cytoplasm of the cells. Essentially all the pixels map within
the semicircular arc, indicating significant heterogeneity in the
decays even when there is little Cu(II) bound or the copper
binding site is saturated. This is not unexpected for fluoro-
phores in cells measured by FLIM. We attribute the marked
asymmetry of the measured points in the phasor plot in Fig. 5
compared with those of the reference compound in Fig. 2 to
microheterogeneity in the cellular environments in which the
label is present; this behavior has been widely observed. While
the frequency-dependent phases and modulations can be fit to
two components corresponding to the free and Cu-bound
forms of the sensor (Table S1, ESI‡), it is more convenient to
depict the lifetime properties of the images as average (mean)
lifetimes (hti = (

P
ti)/i) calculated from the lifetimes and

preexponential factors (eqn (4)) derived from the multi-
frequency phase and modulation data for each pixel:

I(t) = I0
P

(aie
t/ti) (4)

The average lifetimes for each pixel corresponding to cells
(e.g., not background) in the three Cu(II) concentrations are
plotted in Fig. 6.

As expected, the average lifetimes decline significantly with
increasing Cu(II) concentration; notable is the decline in appar-
ent variation as shown by the narrowing of the distribution at
higher Cu(II) concentration. Also note that the lifetime distribu-
tion in all cases is much broader than that observed for the
monoexponential fluorophore in homogenous solution (Fig. 2),

Fig. 4 Frequency-dependent phase shifts (open symbols) and modula-
tions (filled symbols) for L198C-Q92A-Oregon Green apoCA in the
presence of 0.001 pM (squares), 0.1 pM (circles) and 50 pM (triangles) free
Cu(II).

Fig. 5 Phasor plot at 40 MHz (lower panel) of phases and modulations of
cell image pixels from in situ calibration using live cells and Cu ionophore:
pixels falling within the (a) beige circle (0.9 fM free Cu(II)); (b) purple circle
(10 pM); and (c) blue circle (70 nM) are indicated in the respective
micrographs with the same colors.

Fig. 6 Distributions of average lifetimes calculated for image pixels of
cells immersed in 70 nM, 10 pM, and 0.9 fM free Cu(II) concentration
buffers with an ionophore.
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which is unsurprising in view of the cellular environment. We
can compare images color-coded for mean lifetime (e.g., the
color of the pixels corresponds to their mean lifetime with
simple intensity images of the same cells; this is shown for cells
in 0.9 fM, 10 pM, and 70 nM free Cu(II) in Fig. 7).

It is immediately apparent that although the intensity varies
substantially within cells, particularly in the 70 nM and 10 pM
copper concentrations, the average lifetimes appear more uniform
throughout the cytoplasm of the cells at the higher concentra-
tions; by comparison, the low concentration shows more hetero-
geneity, with centers of some cells exhibiting mean lifetimes
greater than 2 ns. This greater heterogeneity was reflected in the
histogram of pixel average lifetimes (Fig. 6). The uniformity of
the lifetime images at higher copper concentration suggests that
the copper concentrations therein are also relatively uniform. We
note that this in situ calibration spans a large range of copper
concentration which limits its precision, but the method is clearly
capable of mapping variations of free Cu(II) within cells.

There seemed to be little background fluorescence under
these conditions from unstained cells (o5%) and no correction

was applied. Toxicity or other effects of these copper-buffered
media on the cells were not examined beyond the few hours
of experiment duration; the cells appeared normal under
brightfield illumination, with no apparent rounding up, bleb-
bing or other obvious morphological changes associated with
cell death.

We measured the apo- and holo (Zn-bound)-protein in the
cells in Neurobasal plus B27 with no added copper ion; the
formula for Neurobasal contains no added copper,41 but a low
level of contaminating copper from impurities in the ingredi-
ents or leaching from the glass containers may be present. We
expect the apo protein to equilibrate with whatever free Cu(II) is
available in the cell while the Zn-bound holoprotein should
exchange with Cu(II) negligibly due to its very slow off-rate
(0.001 h�1). Fluorescence intensity and average lifetime images
of cells containing apo- and holoprotein, and a histogram of
average lifetimes of cell pixels are depicted in Fig. 8.

Again, while the fluorescence intensities varied more than
3-fold within the cells, the average lifetimes of the two appeared
similar, although there was more variation in the lifetimes of
the apo- than the holoprotein. This can be seen in the histo-
grams of the average lifetimes (Fig. 8c). It is equally apparent
that the peak of the average lifetime distribution of the apo-
form (1.81 � 0.31 ns FWHM) is only slightly lower than the
peak of the holoprotein (1.91 � 0.24 ns). Furthermore, the apo-
CA peak average lifetime differs only slightly from that of the
0.9 fM calibration image (1.89 � 0.19 ns; Fig. 6), and they
exhibited similar broad distributions of average lifetime, indi-
cating that under these conditions, the ordinary free Cu(II)
concentration is not distinguishable from femtomolar. 0.9 pM
Cu(II) exhibits a slightly lower average lifetime (1.65 � 0.13 ns;
Fig. 9), so the ordinary level is probably below picomolar. We
conclude that the ordinary cellular level of free Cu(II) is very low,
in the femtomolar range.

We also performed two component fits of data at all fre-
quencies from multiple regions of interest from these data sets
(Table S1, ESI‡); as expected, one sees nearly constant lifetimes
within our experimental error (except at the highest Cu(II)
concentration, see below), but monotonic declines in the

Fig. 7 Intensity (upper) and average lifetime (lower) images of cells in
buffers with varying concentration of free Cu(II): 70 nM (a), 10 pM (b) and
0.9 fM (c).

Fig. 8 Fluorescence intensity (upper images) and average lifetimes (lower panels) of living cells with apo (a) and holoprotein (b), together with their
respective lifetime distributions (c).
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proportion (a) of the long lived component as the copper
concentration increases and corresponding increases in the
short component. The significant decline in the lifetime of the
long component at the highest concentration of Cu(II) (70 nM,
well above KD) may be attributable to Cu(II) binding to a second,
weaker site on the protein and further quenching the fluores-
cence and reducing the lifetime, as we had observed earlier
with a similar variant.56

Thus our results are in broad accord with the prediction of
Rae, et al., that essentially no free Cu(II) is to be found in
ordinary resting cells. Note that free ion levels in the femto-
molar range equate to single ions (averaged over time) in the
volume of the cell,10 underscoring the very low chemical
potential of Cu(II) in these cells. In view of the rather different
geometry of protein Cu(I) binding sites compared with Cu(II)
sites, it seems unlikely that the Q92A variant will bind Cu(I)
with nearly the same affinity as Cu(II), and Cu(I) is unlikely to
interfere.

These images suggest that it will be generally useful to
employ probes of this type in studying the biology of copper
in tissues and intact organisms as well as isolated cells. For
instance, it is widely reported that ceruloplasmin, the principal
copper protein found in serum, acts as a ferroxidase,1 but it
remains unclear how copper ion is incorporated therein, or why
it is relatively abundant. Similarly, about 40% of total human
copper is found in the skeleton, but the form it takes and its
role(s) there remain cryptic.1 The total concentration of copper
in cerebrospinal fluid is rather high (B80 mM)1 in comparison
to serum (12–24 mM), particularly in view of the low protein
concentration in CSF; its function there remains unclear. In
view of copper’s importance as a toxic environmental pollu-
tant57 in addition to its physiological roles, it may be of
particular interest to study copper uptake in living organisms
such as the blue mussel (Mytilus edulis), which along with other
shellfish is highly sensitive to free copper ion.

The ability to detect such low concentrations of free Cu(II)
(picomolar) seems anomalous in view of the nanomolar con-
centrations of the fluorescent apoCA indicator that must be
present. The explanation is that in the same way that free Zn(II)
is buffered, Cu(II) ion is also strongly buffered by the ligands
present in the cell mentioned above, and that the apoCA II is a

strong ligand itself and competes effectively for the exchange-
able Cu(II) present.58 Effectively the added apoCA changes the
distribution (speciation) of the copper amongst the ligands
present. In this sense it necessarily perturbs the speciation and
therefore does not provide a perfectly accurate value. Krezel and
Maret46 very cleverly corrected for this effect in measuring
cellular free zinc by extrapolating measurements to zero indi-
cator concentration, but in as much as the signal to noise ratio
shrinks as the indicator intensity drops in comparison to the
background, the results closest to zero indicator concentration
are necessarily the least precise. We have similarly attempted to
minimize the amounts of our sensor present, but can only
estimate them based on fluorescence intensity. More accurate
measurements of free Cu(II) in cells probably await the use of
point indicators such as quantum dots or PEBBLES59 that do
not suffuse the entire cytoplasm, but report analyte concentra-
tions within small voxels inside the cell.

We anticipate that results with this new probe will comple-
ment data and images obtained with recently developed Cu(I)
probes;23–25 enabling investigators to study the biology of
copper in either ionic form.
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