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We report the synthesis and application of a small molecule probe
for carbonic anhydrase (CA) to track holo-CA in cell lysates and
live-cell models of zinc dyshomeostasis. The probe displays a 12-
fold increase in fluorescence upon binding to bovine CA and also
responds to human CA isoforms.

The human genome encodes up to a million proteins.
Nearly 30% of these are metalloproteins1 and ~10% contain
zinc as the metal co-factor.” These proteins serve structural
and catalytic roles and vary in concentration and structure,
with specific isoforms localized to different organelle, cell and
tissue types.3'5 In the cell, metalloproteins exist in both active
holo (metalated) and inactive apo (metal-free) states® that are
dictated by the available buffered metal ion concentration
and/or the presence of an appropriate metallochaperone.s'8
Further, perturbation of normal metal homeostasis can affect
cellular metalloprotein status in terms of expression,
metalation status, activity, and localization.® *°

While many fluorescent probes have been reported for
mapping intracellular levels of labile (loosely-bound) zinc'3
there are limited tools available for live-cell tracking of zinc
tightly bound to metalloproteins.”'21 Traditional
immunostaining methods and fluorescent-protein labelling fail
to provide metalation state information. Thus, small molecule
fluorophores that can reversibly bind holo metalloproteins
represent a promising avenue for monitoring these protein-
metal complexes in cellular contexts.?> %

In the present study, we synthesized a selective, small
molecule fluorophore to map the intracellular localization of
the active, metalated form carbonic anhydrase (CA)24 and
implemented this probe in cell lysate protein analysis and in a
cellular model of zinc dyshomeostasis. CA is a zinc-based lyase
that catalyzes the reversible conversion of water and carbon
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dioxide to a bicarbonate ion and proton. The active site of this
enzyme contains zinc coordinated to three histidines (His) and
a water or hydroxide ion in a distorted tetrahedral
geometry.“’ % There are 15 different isoforms of CA that occur
in the cell.?® Recent work highlights the importance of the
presence of specific zinc transporters (ZnTs) in governing the
metalation status and activity of this enzyme, highlighting a
link between CA activity and cellular zinc homeostasis.” *°

To make a fluorophore specific for CA, we incorporated a
sulfonamide moiety that has a high binding affinity for the zn*
active site of CA.>’ The sulfonamide is linked to N,N-
dimethylaminopthalimide (DMAP)28 that is non-fluorescent in
aqueous environments and fluorescent in hydrophobic
environments, such as that of the CA active site (Fig. 1). From a
synthetic perspective, this fluorophore scaffold can be readily
modified with different groups, facilitating the production of
control compounds as well as probes with modified binding
properties. While others have reported probes for cellular
CA,*! we introduce new avenues for applications of this class
of dyes for tracking metalated CA in native protein gels of cell
lysates and in live cell imaging. We further demonstrate how
perturbing the amount of available cellular zinc affects both
CA-based fluorescence as well as fluorescence from the free
zinc probe FluozZin-3 (FZ3).

Our small molecule probe targeted at holo CA was readily
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Figure 1. Fluorescence ‘turn-on’ and reaction scheme for carbonic anhydrase-
targeted molecules 1a-c in this work.
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Figure 2. (A) Fluorescence spectra of probe 1a (5 uM) in the absence (black) and presence of 1 equiv bCA (green) in HEPES buffer (pH 7.2) at room temperature. Aex =

420 nm. (B) Kinetics of bin

ing between 1a (1 uM) and CA were studied via stopped-flow by measuring fluorescence with variable concentrations of CA (0.1, 0.3, 0.5,

0.7, 1and 5 uM). (C) NPA hydroly5|s showmﬁ relative CA actwnty (2 UM bCA) upon incubation with the probes (2 uM) and NPA (250 uM) monitored at Aabs = 400 nm.

Paired t-test was performed with bCA vs the probes (5%).
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(D) High resolution mass spectra (MS) for bCA and ligand 1a showing the deconvoluted MS. The inset
ed region of the deconvoluted MS from 28,800 Da to 30,300 Da showing the mass shift correspondmg to la. (E) Fluorescence fold turn- on of probe
bCA, hCAIX, hCAll, ZnSQO,, lysozyme, myoglobin (Mb), carboxypeptldase A (CPA), New Delhi-B-lactamase 1 (NDM

1) bovine serum albumin (BSA), and apo-bCA.

All measurements, except with CPA, were performed in HEPES buffer at room temperature. Studies with CPA were conducted in 50 mM Tris buffer, pH 8.0.

synthesized from known precursors (Supporting information).
DMAP*3° coupled to 4-(2-aminoethyl)benzene
sulfonamide in refluxing acetic acid to give CA-targeted probe
1a in 33% vyield (Fig. 1; ESIT). Further, two control compounds,
1b and 1c, were synthesized to test the importance of the aryl
and sulfonamide moieties for interactions with CA. The
spectroscopic properties of 1a-c are tabulated in Table S1*. All

was

three fluorophores displayed the expected solvatochromism,29
3132 with a bathochromic shift in absorbance and fluorescence
upon switching from non-polar to polar solvents.

Following incubation with bovine carbonic anhydrase
(bCA), 1a (1:1 ratio) displayed a 12-fold increase in
fluorescence and a shift in A, from 575 nm to 533 nm (Fig.
2A). Probe 1b only displayed a 3-fold fluorescence increase
and a shift in A,, from 580 nm to 540 nm (Fig. S2t).
Fluorescence increases observed upon addition of protein are
consistent with interaction of these probes with the more
hydrophobic environment of the bCA active site.™” ** The
decreased response of 1b relative to 1a illustrates the
importance of aryl interactions with the hydrophobic portion
of the binding pocket.34 Importantly, native mass spectrometry
(Orbitrap) of a 1:1 mixture of bCA and 1a demonstrated the
formation of a bCA-la complex (Fig. 2D, S3t), suggesting
strong interactions between these species.

The importance of the interaction of sulfonamide binding
group with zinc in the active site was tested by a number of
control studies. No increase in fluorescence was observed
when probe 1c was incubated with bCA (Fig. S27). Interactions
between 1a and CA is selective for when Zn*" is bound to the
active site. Incubation of 1a with apo bCA'® or a solution of
ZnS0O, produced no fluorescence increase (Fig. 2E) supporting
the theory of 1a interaction with the holo-enzyme only.
Further, 1a displays no fluorescence increase upon addition of
other metalated forms of CA (C02+—CA, Ni2+—CA, Cd2+—CA; Figure
S5t). Moreover, we tested the CA activity in the presence of
probes 1a-c using the NPA (4-nitrophenylacetate) hydrolysis
assay.34 We observed a large decrease in relative CA activity

2| J. Name., 2012, 00, 1-3

(Fig. 2C) upon addition of 1a (down to 5%), comparable to
known CA inhibitor acetazolamide, AZA (2%). AZA is known to
bind strongly to the zinc center in the enzyme active site with a
Ki of 12 nM and 25 nM with human CA (hCA) isoforms namely
hCAll and hCAIX respectively.35’ % In contrast, 58% of CA
activity was retained with 1b signifying weaker binding of the
probe with CA, consistent with the observed fluorescence
response (Fig. S2t). As expected, most of the enzymatic
activity was retained with 1c (95%). Incubation of l1a with
other proteins including lysozyme and bovine serum albumin
as well as metalloproteins myoglobin, carboxypeptidase A, and
New Delhi metallo-beta-lactamase 1 resulted in no
fluorescence turn-on (Fig. 2E). In addition to bCA, we tested
our probe with hCAIl and hCAIX, resulting in 3-fold and 5-fold
turn-on responses respectively (Fig. 2E). The kg, ko, and K, of
1a-bCA binding were analyzed using stopped-flow
fluorescence measurements (Fig. 2B, S41) and were calculated
to be 0.145 s, 0.241 uM'ls'1 and 0.64 uM respectively. These
values lie well within the range reported for benzene
sulfonamides with CA and are consistent with a micromolar
binding interaction between probe and protein.37

Selectivity and in-gel fluorescence®® of 1a with CA was
tested using an adapted native-SDS polyacrylamide gel
electrophoresis protocol39 (native-SDS PAGE, Fig. 3) that
allowed us to keep the proteins in their native state and obtain
more spatially distinct bands compared to simple native PAGE.
The interaction of the probe 1a with CA was followed via
native-SDS gel in a defined mixture of proteins and in bovine
red blood cell Iysates.4°’ “1 As shown in Fig. 3A, lanes 2 and 3
containing bCA and 1a have fluorescent bands following UV
illumination (254 nm). Coomassie staining in Fig. 3B confirms
these bands correspond to the ones observed for bCA only
(Lane 1), which indicates no change in retention factor of the
protein in the presence of probe. Fluorescent bands observed
in the wells at the top of the lanes doped with 1a come from
free probe. Probe 1la was also incubated with Biorad IEF
protein standard (Lane 5) that includes 5 metalloproteins viz.
hemoglobin (Hb), myoglobin (Mb), bCA, hCA and cytochrome C

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Native-SDS PAGE (A) In-gel fluorescence (UV excitation) with 1a and CA
in RBC lysates, IEF ﬁrotein mixture (containing Hb, Mb, bCA, hCA, cytochrome C,
BSA, lentil lectin, phycocyanin and lactoglobuin B), and bCA showing fluorescent
bands in the gel corresponding to bCA and hCA only. (B) Coomassie staining of
the same gel showing presence of proteins in all lanes. The gel was run at 180V,
& C for 30 mins on a 7.5% Mini-Protean TGX gel. The protein concentrations were
bCA (10 pg), Biorad IEF standard (5 pL of 16 mg/mL), bovine RBC lysate (20 pL of
20 mg/mL) with excess probe la.

along with bovine serum albumin (BSA), lentil lectin,
phycocyanin and lactoglobulin B (9 proteins total). As
expected, with the I|EF protein mixture, only the bands
corresponding to bCA and hCA display fluorescence with probe
1a, demonstrating the selectivity of 1a in targeting only CA in a
mixture of proteins. We note that the pink fluorescence
belongs to phycocyanin, which is a pigment-protein complex
from the light-harvesting phycobiliprotein family.42
Importantly, we demonstrate the ability to selectively track
CA in native cell lysates from bovine red blood cells (ESIt).
Post-lysis and ethanol-chloroform extractions to remove
excess hemoglobin,40 the remaining protein mixture is
expected to contain some hemoglobin, CA, catalase and redox
proteins.43' * The bovine RBC lysates incubated with 1ain Lane
7 displayed fluorescence in the region corresponding to CA
(Fig. 3A) and not with other proteins present (Fig. 3B). This
validated the selectivity and applicability of 1a as a suitable,

selective fluorophore for CA in complex protein mixtures.
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We next used 1a to image the intracellular zinc-bound CA
and correlate this with free zinc levels using zinc specific
fluorophore, FluoZin3 to study the effect of free zinc
perturbations on CA. Hela cells were treated with 1a (1 uM) to
label CA while commercially available Fluozin3-AM ester (2.5
uM), which converts to Fluozin3 (FZ3) intracellularly upon
esterase cleavage, was used to label intracellular free zinc ions.
Due to emission overlap between the two probes, 1a and
FluoZin3-AM were incubated in different cell samples under
identical conditions (ESIt). Following incubation with probe 1a,
cells were treated with (i) AZA, a strong CA inhibitor or (ii)
N,N,N',N'-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine
(TPEN), a heavy metal chelator with a Ky for Zn** of 10°° M or
(iii) Zinc pyrithione (ZnPT), a zinc ionophore.45 (Fig. 4).

Cells treated with AZA (10 uM) displayed a significant
decrease in 1a fluorescence in Hela (Fig. 4A) and HEK 293 cells
(Fig. S7t). Parallel in vitro fluorescence studies showed that
incubation of AZA to the bCA-1a complex in buffer does result
in a significant decrease (66%) in intensity over an hour (Fig.
S67). Conversely, FZ3 fluorescence showed no decrease upon
treatment. This demonstrates that AZA primarily decreases
fluorescence of the CA-bound zinc pool with minimal effect on
labile zinc fluorescence. Incubation with TPEN (10 uM) showed
no decrease in intensity (Fig. 4B) for 1a while a major loss in
fluorescence was observed with FZ3. This large decrease in FZ3
is as expected and has been previously reported in multiple
cell types.“' 4648 1n vitro studies (Fig. S6T) with TPEN added to
1a-bCA mixtures failed to change the fluorescence supporting
the observed effects in the cellular context. This points to the
fact that while free zinc levels are affected by TPEN treatment,
the CA-bound zinc levels remain the same over this short
period of time. Treatment with the ionophore ZnPT (1 uM)
increases the intracellular free zinc.*® *” *° and as expected, a
3-fold increase in FZ3 fluorescence was observed within 5
minutes of incubation. The fluorescence with 1a, however,
remained the same both in cells and in vitro (Fig. S6t).

To the best of our knowledge, this is the first study that
reports the effects of different treatments on the free zinc and

Figure 4. Confocal images taken in live-cell imaging media at 37C showing fluorescence response with 1a (1 uM; Aex: 405 nm, Aem: 505-565 nm) and FZ3 (2.5 uM;
Aex: 488 nm, Aem: 505-565 nm) incubated in Hela cells. Following dye incubation, cells were subjected to(A) AZA treatment (10 uM, 25 min) and (B) TPEN
treatment (10 uM, 15 min) and (C) ZnPT treatment (1 UM, 5 min) respectively. Scale bars: 30 um.

This journal is © The Royal Society of Chemistry 20xx
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CA-bound zinc levels. These results suggest that there is a
notable effect of zinc perturbations on the free Zn*" levels
while the CA-bound is unaffected under reported
concentrations and timescales. Future work will expand on
these studies. The ability to track metalloproteins in this way
has the potential to provide valuable insight into cellular metal

zinc

homeostasis and these studies serve as an initial step towards
understanding how metal ion pools in the cell interact and are
perturbed in the presence of metal chelators and ionophores.
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