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Abstract

The carbonic anhydrases (CAs) in the a class are zinc-dependent metalloenzymes. Previous
studies have reported that recombinant forms of carbonic anhydrase X (CAIX), a membrane-
bound form of CA expressed in solid tumors, appear to be activated by low levels of zinc
independent of its well-studied role at the catalytic site. In this study, we sought to determine if
CAIX is stimulated by zinc in its native environment. MDA-MB-231 breast cancer cells express
CAIX in response to hypoxia. We compared CAIX activity associated with membrane ghosts
isolated from hypoxic cells with that in intact hypoxic cells. We measured CA activity directly
using 180 exchange from 13CO, into water determined by membrane inlet mass spectrometry. In
membrane ghosts, there was little effect of zinc at low concentrations on CAIX activity, although
at high concentration zinc was inhibitory. In intact cells, zinc had no significant effect on CAIX
activity. This suggests that there is an appreciable decrease in sensitivity to zinc when CAIX is in
its natural membrane milieu compared to the purified forms.

Introduction

The carbonic anhydrases (CAS) in the a class are zinc metalloenzymes expressed in higher
vertebrates and that catalyze the reversible hydration of carbon dioxide to bicarbonate and a
proton: CO, + H,O = + H* + HCO3™. These enzymes play an important role in acid-base
balance in organisms and participate in a wide variety of physiological processes [1]. There
are 13 active forms of CAs in mammals which differ in their subcellular localization,
catalytic activity, and susceptibility to inhibitors [2]. Carbonic anhydrase IX (CAIX) is a
unique member of this family. CAIX is a transmembrane glycoprotein whose catalytic
domain is oriented toward the extracellular milieu [3]. Its expression is normally limited to
the basolateral membrane of gut epithelial cells [4;5]. However, CAIX is overexpressed in
many human tumor types [6]. In breast cancer, CAIX expression is a marker for hypoxia [7],
and is associated with poor prognosis [8-10] and high-grade, estrogen receptor-negative
tumors [8]. Thus, CAlIX-specific inhibitors may be useful in the management of hypoxic
tumors that do not respond to traditional chemo or radiation therapy (for review see [11]).
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The activity of CAll, the most well studied member of the a-CA family, approaches the
diffusion-controlled limit [12]. CAIl exhibits high affinity and specificity for binding the
catalytic zinc which is coordinated by three histidine residues at the bottom of the active site
cleft [13;14]. A solvent molecule, water or hydroxide, is bound to zinc, completing a
tetrahedral coordination geometry. Substitution of any of the histidine ligands with alanine
decreases zinc affinity by 10%-fold [15]. These data show that the metal-binding residues and
conformation in the catalytic pocket optimize zinc affinity and maintain a very slow rate of
zinc dissociation. Several lines of evidence suggest that CAIX has catalytic properties
similar to CAIl. Wingo, et al. demonstrated that a recombinant form of CAIX, containing
only the catalytic domain, exhibits catalytic efficiency for CO, hydration that is only 2-fold
less than that for CAIl (5.5 x 10’ M~1 571 vs 10.0 x 10" M~1s71, respectively) [16]. Hilvo et
al. showed similarly small differences in kinetic parameters between CAll and a
recombinant form of the CAIX catalytic domain expressed in an insect cell line (to preserve
glycosylation) [17]. Further, Genis et al. have reported that the catalytic efficiency of a
CAIX mimic is 5.1 x 107 M~ s71[18]. This mimic was designed by structural alignment of
the active sites of CAIX and CAIl, and then reconstructing the active site of a recombinant
variant of CAIl to mimic that in CAIX. Finally, we have shown that the catalytic efficiency
of CAIX in its native environment is 6.2 x 10’ M~1s71, Despite these functional similarities,
CAIX, but not CAIlI, exists as a dimer via intermolecular disulfide bonding [17;19;20].

Another apparent difference between CAIl and CAIX is the ability of zinc, at near
physiological levels, to increase the catalytic activity of CAIX but not CAIl [17]. These
experiments tested the effect of zinc on CAIX using two soluble recombinant forms of
CAIX: one which contained just the catalytic domain and another which contained the
catalytic domain and the N-terminal proteoglycan-like domain. In the case of the catalytic
domain, zinc increased the catalytic efficiency (Keat/Kimn) by about 10-fold. In the case of the
catalytic domain containing the N-terminal proteoglycan-like domain, zinc increased the
catalytic efficiency by 23-fold reaching an activity level even higher than that of CAII. The
effect of zinc was not due to insufficient zinc in the catalytic pocket, as constructs of other
CA family members did not show activation. The authors proposed that the overall structure
was stabilized in the presence of excess zinc by relieving electrostatic repulsions. This
phenomenon is intriguing as it suggests that activity in the tumor setting, where CAIX is
overexpressed, might be sensitive to zinc concentration. We thus measured the effect of zinc
on the activity of CAIX in MDA-MB-231 breast cancer cells and membrane ghosts derived
from these cells. In neither setting did we reveal any significant elevation of CAIX activity.
We conclude that in a native environment, zinc plays little role in regulating CAIX activity
aside from its well-known role in catalysis.

Materials and Methods

Cell culture

The MDA-MB-231 breast cancer cell line was provided by Dr. Kevin Brown (University of
Florida). Cells were plated at a density of 10,000 cells/mL Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (Atlanta Biologicals, s11450). At
75% confluence (day three, post-plating), cells were exposed to hypoxia in Modulator
Incubator Chambers (MIC-101) from Billups-Rothenberg Inc. (1% O, 5% CO», and
balanced N) for 16 hours at 37°C. For cell counting, cells were released from the plates
using enzyme-free cell dissociation buffer (GIBCO) and quantified using a Coulter
Counter® ZM (Beckman Coulter).
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Lysate preparation

Cells were washed 3 times with ice cold PBS and then extracted in lysis buffer [1% Triton
X-100, 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM
sodium orthovanadate, 25 mM NaF] supplemented with protease inhibitors for 15 minutes
on ice. Lysates were collected and clarified by centrifugation at 16,300 x g for 15 minutes at
4°C. Clarified supernatants were collected and aliquots were stored at —20°C. Protein
concentration was determined using the Markwell modification of the Lowry procedure
[21].

SDS-PAGE and Western blotting

One-dimensional SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and western
blotting were performed as previously described [22]. For the detection of CAIX, the M75
monoclonal antibody was used at a dilution of 1:1000. This antibody was originally made by
Pastorekova et al. [23] and was a gift from Dr. Egbert Oosterwijk (Department of Urology,
University Hospital Nijmegen, Nijmegen, The Netherlands). For CAll detection, we used a
rabbit polyclonal antibody made against the entire protein (Novus Biologicals). Enhanced
chemiluminescence (ECL) was used according to manufacturer’s directions [GE Healthcare
(#RPN2106)].

Membrane ghost preparation

Hypoxic cells were washed 3 times with cold PBS (2.7 mM KCI, 10 mM phosphate salts,
120 mM NaCl, pH 7.4) and then exposed to hypotonic buffer (1 mL/plate of a solution
containing 2.7 mM KCI, 10 mM phosphate salts, pH 7.4) in the presence of protease
inhibitors (Roche Diagnostics) for 15 minutes at 4°C. Cells were scraped from plates and
collected by centrifugation at 10,000 x g for 15 minutes at 4°C. Membrane ghosts were
collected and washed 4 times with hypotonic buffer. After the final wash, the ghosts were
resuspended in hypotonic buffer and immediately assayed for CA activity (see below).
Aliquots were stored at —20°C for protein analysis.

Catalysis by carbonic anhydrase

Catalysis was measured by the exchange of 180 from species of CO, into water [24]
determined by membrane inlet mass spectrometry (MIMS), as has been previously described
in detail [22]. Hypoxic MDA-MB-231 cells were collected from culture plates using
enzyme-free cell dissociation buffer (GIBCO). Cells were extensively washed with
bicarbonate-free DMEM buffered containing 25mM Hepes, pH 7.4, and counted. Cells (5 x
10° cells/mL) were added to a reaction vessel containing 2 mL of buffered, bicarbonate-free
DMEM at 16°C in which was dissolved 180-enriched 13CO,/H13CO5™ at 25 mM

total 13CO, species. We chose pH 7.4 for our assay conditions so that we could directly
compare our data to that of Hilvo et al. [17]. In addition, the catalytic efficiency (Kcat/Km) of
CAIX for hydration is maximal above pH 7.0 ([16]. We selected 16°C for the reaction
temperature (in contrast to the traditional 25°C) for two reasons. First, the lower temperature
slows the enzyme-mediated reactions to better contrast the intracellular and extracellular CA
activities [22]. Second, we sought to prevent endocytotic events during the course of the
experiment which is accomplished at temperatures slightly below the phase transition for
lipids in the plasma membrane [25]. A membrane inlet was immersed in the medium in the
reaction vessel and used to detect the atom fraction of 180 in extracellular 13CO,. This
activity was measured after addition of cells in buffered, bicarbonate-free DMEM in the
absence or presence of specific CA inhibitors or zinc at the concentrations indicated. We
also assayed CA activity in the medium that overlaid the cells to assess membrane integrity.
Assays with membrane ghosts were conducted in hypotonic buffer. For both cell and
membrane assays, the pH was controlled at 7.4.
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Statistical analysis

Results are expressed as means + standard error of the means (SE). Data were analyzed by
one way ANOVA. Differences of < 0.05 were considered significant.

Results and Discussion

MDA-MB-231 breast cancer cells exhibit a triple negative phenotype and display an
aggressive behavior when implanted into nude mice [26]. We have shown that hypoxia
induces the expression of CAIX against a background in which no other membrane-
associated CA family members can be detected by reverse transcriptase polymerase chain
reaction [27]. Thus, we can reasonably assume that membrane-bound CA activity represents
CAIX activity, specifically. These characteristics have allowed us to previously determine
the Kinetic parameters of CAIX in membrane ghosts isolated from hypoxic MDA-MB-231
cells [22]. Here, we use this model to test the effect of zinc on CAIX activity. These data are
shown in Figure 1. To be assured that membrane ghosts are free of intracellular CAIll, which
is abundant in MDA-MB-231 cells [27], we performed western blots of the fractions
collected during the isolation process. As expected, CAll is preferentially located in the
cytoplasmic fraction, while CAIX is associated with the membranes (Figure 1A). The
autoradiographic film selected for this figure is purposefully overexposed but shows only a
trace of CAIl in the membrane ghost fraction suggesting that CAll will contribute very little
to the CA activity measured in membrane ghosts. We proceeded to analyze the effect of zinc
concentration CA activity in membrane ghosts by the 180 exchange method (Figures 1B and
1C). In Figure 1B, we show the effect of specific concentrations of zinc sulfate on CA
activity when added after the addition of membrane ghosts. While we expected linear
kinetics with the addition of membrane ghosts, we noted some curvature immediately after
the addition of the membranes (see the control progress curve). This suggests that a small
proportion of the CAIX pool is sequestered in a membrane-bound compartment. This may
be due to inversion of the some of the membrane ghosts such that the catalytic domain of
CAIX faces inward. The majority of the CA activity is associated with the second phase
(~100 seconds after addition of the membrane ghosts). This linear phase was used to
calculate the control slope and the effect of zinc on that slope (+ Zn progress curve).
Compared to the control, low concentrations of zinc (added after membrane ghosts) had
little effect on CAIX activity, while higher concentrations were mildly inhibitory. To further
explore this effect, we preincubated membranes with 0.1mM zinc for specific times before
assaying for activity, as shown in Figure 1C. These data demonstrate that extended
preincubation with zinc had no more effect than when added at time zero resulting in a 30%
loss of activity (see inset). The same was observed for cells treated with 0.3 mM zinc
(progress curves not shown), although inhibition was about 40% (Figure 1C, inset). It is
known that metal ions inhibit CAIl activity most likely by binding to His64 to block the
proton shuttle mechanism [28;29]. A similar effect may be in play with the equivalent
histidine (His200) in CAIX. We also contemplated a role for sulfate, as carbonic anhydrases
are inhibited by metal complexing anions [30;31]. However, the Ki of sulfate for CAIX is
greater than 300 mM [32], excluding this possibility for the zinc-dependent inhibition that
we observe in membrane ghosts.

In intact MDA-MB-231 cells, we are able to measure cytoplasmic CAII activity
independently from CAIX [22;33]. However, it is important to demonstrate that the tools
that we use to release cells from cell culture plates for the 180 exchange assay, do not also
impact CAIX content. As shown in Figure 2A, trypsin treatment resulted in a complete loss
of CAIX from the cell surface compared to cells exposed to enzyme-free dissociation buffer.
Only cells treated with cell dissociation buffer exhibit CAIX activity. Note that CAll levels
did not change in trypsin-treated cells compared to cells exposed to cell dissociation buffer
indicating that the trypsin-treated cells were intact despite the loss of CAIX at the cell
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surface. Figure 2B illustrates the depletion of 10 from 13CO, caused by catalysis by
carbonic anhydrase after addition of hypoxic MDA-MB-231 cells, or the cell-free medium
(supernatant) which overlays the cells. As we have shown previously, the time course of 180
depletion in the presence of MDA-MB-231 cells is biphasic [22;33]. The first phase, which
occurs in the initial 2040 s after addition of cells, is dominated by the rapid diffusion of
CO>, into cells where the hydration-dehydration cycles (accelerated by CAII) deplete 180
followed by efflux of CO, from the cells. The second phase, which in Figure 2 begins 100 s
after addition of cells, is dominated by the CA hydration-dehydration activity outside of the
cells (i.e., catalyzed by CAIX). This is confirmed by addition of the classical CA inhibitor,
acetazolamide, which is impermeant over the time course of the experiment [33]. It can be
seen in Figure 2B that the slope of the second phase in the presence of the inhibitor is
decreased relative to its absence. Based on four independent experiments, the slope of the
second phase is higher by a factor of 3.2 + 0.3 in hypoxic cells in the absence compared to
the presence of acetazolamide. As might be expected, this value is similar to the activity
ratio comparing hypoxic versus normoxic cells in which the expression of CAIX is low and
exofacial CA activity is close to background [22]. Note that acetazolamide had no effect on
phase 1 which is evidence that it did not enter the cells to inhibit CAIl. The experiment in
which only medium (which overlays the cells) is added to the reaction chamber
demonstrates that no CAIl is released from the cells and additionally represents the
uncatalyzed exchange (background) between 180 and CO; as do the data collected before
addition of intact cells.

To determine the effect of zinc on CAIX activity, we utilized the 180 exchange assay in
which zinc was added to the reaction chamber after the addition of cells or preincubated
with the cells prior to assay (Figure 3). Figure 3A illustrates the effect of zinc added after the
addition of hypoxic cells. The slope of 2" phase after each addition of zinc changed very
little in comparison to control (see inset). We next exposed cells to zinc for various times
prior to assaying for activity. These data are shown in Figure 3B. Here, we report the
corrected slopes (catalyzed — uncatalyzed) of the 2"d phase for cells exposed to either 100 or
300 uM zinc over 3 hours of pre-incubation. Again, little change was noted in CAIX
activity.

We undertook this study for several reasons. First, Hilvo et al. have observed significantly
elevated CAIX activity in the presence of 50 uM zinc for soluble recombinant CAIX with
and without the proteoglycan domain [17]. These authors suggested that the interaction may
occur within the catalytic domain but is enhanced by the presence of the proteoglycan
domain. While this concentration is a little above the normal physiological level of serum
zinc (which ranges from 14 to 23 uM [34]), their data show that recombinant CAIX activity
is particularly sensitive to zinc. This observation might be pertinent as the catalytic domain
of CAIX faces the extracellular milieu. Because the expression of CAIX is associated with a
variety of solid tumors, it is possible that zinc-induced activation of CAIX might impact
tumor progression and prognosis. The data in our report, however, show that CAIX in its
natural membrane environment, either in intact MDA-MB-231 cells or in membrane ghosts,
is not sensitive to this range of zinc concentration. This is an intriguing result which
suggests that there is an appreciable decrease in sensitivity to zinc when CAIX is in its
natural membrane milieu. The nature of this effect of the membrane environment is not
known, but may be due to different conformational states of the proteoglycan domain with
respect to the catalytic domain in soluble versus membrane-bound forms of CAIX. Another
possibility is that CAIX is more constrained by the dimeric structure adopted in the
membrane [19] versus that in solution and thus cannot respond to zinc.

Many different types of cells, including the MDA-MB-231 cells which we used in this
study, are grown in Dulbecco’s modified Eagle medium (DMEM) whose formulation
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contains no added zinc. Thus, the only source of zinc is the serum that supplements the
growth medium. It has been reported that the concentration of zinc in fetal bovine serum
(FBS) is about 17 uM (BioAssay Systems). Because DMEM is supplemented with only
10% FBS, this means that the cells are exposed to only 1.7 uM zinc which could impact the
activity not only of CAIX, but other zinc-dependent proteins. That said, we did not observe
significant changes in CAIX activity in intact cells or membrane ghosts when exposed over
time to a range of zinc concentrations. Further, we did not observe changes in CAIX
expression when exposed to DMEM containing physiological levels of zinc (data not
shown). The concentration of CAIX in our assays is very low. In the membrane ghost
experiments, we estimate that only 0.03% of the total protein (~ 1.6 mg/assay) is actually
CAIX based on ethoxzolamide titration (data not shown). Thus, the concentration of CAIX
in our reaction vessel is about 3 nM, varying some with each membrane ghost preparation.
This suggests that the demand for zinc is low, at least for CAIX. It has been suggested that
zinc-bound CAII folds more rapidly during biosynthesis than does apo-CAll [35;36] and
that once folded loses zinc slowly, with a half life of 95 days [37]. The half life of CAIX is
about 40 hours [38] which indicates that CAIX is degraded considerably faster than zinc is
lost from the binding site, assuming that CAIX has the same zinc affinity as displayed by
CAIl. Given these insights, our data suggest that CAIX sequesters sufficient zinc during
biosynthesis for folding, targeting, and gain of function. Further, our data show that CAIX in
its native environment cannot be further activated by additional zinc.
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Figure 1.

Effect of zinc on CAIX activity in MDA-MB-231 membrane ghosts - Cells were grown for
three days at which point they were exposed to hypoxic conditions for 16h. Cells were then
washed with PBS and incubated in hypotonic buffer. The resulting membrane ghosts were
collected by centrifugation. Panel/ A: CAIX and CAIIl were evaluated by Western blotting of
fractions collected after exposure to hypotonic buffer. These fractions included the total cell
fraction (T), the cytoplasmic fraction (C), and the membrane ghost fraction (M). These data
represent two independent experiments. Pane/ B: CAIX activity was measured in the
membrane ghost fraction using the 180 exchange assay. Control activity was compared to
activity measured in the presence of increasing concentrations of zinc sulfate, added at
intervals. Data are shown at 20 sec intervals. These data are representative of two
independent experiments. The inset shows the dose response curve in which the average
slope data + SE are presented as percent of control. Pane/ C. Membrane ghosts were pre-
incubated for specific times in the absence or presence of zinc at 0.1 mM before the 180
assay. Data are shown at 25 sec intervals. Inset: Slopes from Panel B are presented as
percent of control. These data are representative of two independent experiments.
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Figure 2.

Effect of acetazolamide on CAIX activity in intact MDA-MB-231 cells - MDA-MB-231
cells were grown and exposed to hypoxia as described in Figure 1. Panel A: Cells were
harvested using either trypsin (T) treatment (0.25%, 3 min at 37°C) or enzyme-free cell
dissociation (CD) buffer (5 min at 37°C). Cells were collected and lysed. Western blotting
was performed to detect the presence of CAIX and CAIl. Two independent experiments are
shown. Panel B: Cells harvested using Cell Release Buffer were assayed for carbonic
anhydrase activity by 180 exchange in the absence or presence of 1 WM acetazolamide at pH
7.4, 16°C. Each progress curve was generated with 5 x 10° cells/mL. We also allowed the
cells to settle to test for activity in the medium that overlaid the cells (supernatant:
uncatalyzed reaction). Atom fractions of 180 in CO, were continuously collected. For ease
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of illustration, data points at 25 second intervals are shown. Data are representative of at
least three independent experiments.
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Figure 3.

Effect of zinc on CAIX activity in hypoxic MDA-MB-231 cells - Cells were grown and
harvested as described in Figure 1. Panel A: Cells were assayed for carbonic anhydrase
activity using the 180 exchange assay and the effect of zinc was determined after initiating
the activity assay. The time and concentration of zinc additions are indicated on the figure.
These data are representative of two independent experiments. The inset shows the dose
response curve in which the average slope data + SE are presented as percent of control.
Panel B: Cells were exposed to either 0.1 mM or 0.3 mM zinc for up to 3 hours before
initiating the 180 exchange assay. The rates of the uncatalyzed reactions were subtracted and
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the slopes of each corrected phase 2 are plotted against time. Data are representative of three
independent experiments.
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