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Human carbonic anhydrase (CA, EC 4.2.1.1) VII is a cytosolic enzyme with high carbon dioxide hydration
activity. Here we report an unexpected S-glutathionylation of hCA VII which has also been observed ear-
lier in vivo for hCA III, another cytosolic isoform. Cys183 and Cys217 were found to be the residues
involved in reaction with glutathione for hCA VII. The two reactive cysteines were then mutated and
the corresponding variant (C183S/C217S) expressed. The native enzyme, the variant and the S-glutath-
ionylated adduct (sgCA VII) as well as hCA III were fully characterized for their CO2 hydration, ester-
ase/phosphatase activities, and inhibition with sulfonamides. Our findings suggest that hCA VII could
use the in vivo S-glutathionylation to function as an oxygen radical scavenger for protecting cells from
oxidative damage, as the activity and affinity for inhibitors of the modified enzyme are similar to those
of the wild type.

� 2012 Elsevier Ltd. All rights reserved.
Carbonic anhydrases (CAs) are ubiquitous metallo-enzymes some cytosolic isozymes, namely hCA I, hCA II, mCA XIII (h = hu-

that catalyze the reversible hydration of carbon dioxide to
bicarbonate and protons.1–3 In mammals, 16 isozymes have been
described with different catalytic activity, subcellular localization
and tissue distribution. Among these CA I–III, VII, and CA XIII are
cytosolic, CA IV, IX, XII, XIV, and CA XV are membrane-bound, CA
VA and CA VB are mitochondrials, and finally CAVI is a secreted
isozyme.1 These enzymes play a crucial physiological role in
processes such as acid–base homeostasis, electrolyte secretion,
ion transport, biosynthetic reactions, bone resorption and tumori-
genity.1–3

A very intriguing feature of this highly investigated enzyme
family concerns the rather high number of isozymes in mam-
mals,1–3 their very different catalytic activities for the physiologic
reaction (Fig. 1), and the question of whether some of them might
possess other functions apart from their role in the physiological
reaction of carbon dioxide hydration. In this context, several stud-
ies have demonstrated that some CAs are involved in other hydro-
lytic processes which presumably involve non-physiological
substrates, such as hydration of cyanate to carbamic acid, cyana-
mide to urea, aldehyde hydration to gem-diols, and some carbox-
ylic, or sulfonic acid esters.4–12 Recently, also esterase,
phosphatase and sulfatase activities have been investigated for
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man, m = murine), demonstrating that all these isoforms have
esterase and phosphatase activity with mCA XIII resulting the most
active.13 Moreover, the observation that these activities were
inhibited by sulfonamide inhibitors proved that the zinc hydroxide
mechanism responsible for the CO2 hydration activities of these
enzymes was also responsible for their esterase/phosphatase activ-
ity. On the contrary, none of the three investigated isozymes
showed sulfatase activity with 4-nitrophenyl sulfate as substrate.13

In this Letter, we focused our study on cytosolic hCA VII, one of
the least investigated and understood cytosolic isoforms. Similar to
hCA II, hCA VII shows very high efficiency as catalyst for hydration
of carbon dioxide (Table 1), being 10–50 times more active com-
pared to hCA I and hCA XIII.1,14a However, in contrast to hCA II
which is widely spread in human tissues, CA VII has a more limited
distribution, being localized mainly in some brain tissues of hu-
mans and rats,14a,b,15 and in stomach, duodenum, colon, liver and
skeletal muscle of mice.16 The enzyme was also recently character-
ized by X-ray crystallography showing that as observed for other
a-CAs, its structure consists of a central 10-stranded b-sheet sur-
rounded by several helices and additional b-strands. The active site
is located in a conical cavity, with the catalytic zinc ion at the
bottom.17

CA VII has been pointed out for its contribution to generate neu-
ronal excitation,18 establishing a GABAergic transmission function-
ally excitatory by providing bicarbonate anion, which can mediate
current through channels coupled to GABAA receptors.18 This activ-
ity is suppressed when treated with membrane-permeating drugs,
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Figure 1. Schematic illustration of domain composition, subcellular localization, tissue distribution and enzyme activities (no (�), low (�+), medium (+), high (++) activity) of
human a-CAs. The cytosolic CAs and the mitochondrial CA VA and VB consist only of the CA domain; the membrane-associated CA IV, IX, XII and XIV have a transmembrane
anchor and, except for CA IV, also a cytoplasmic tail, while CA IX is the only isozyme with a N-terminal proteoglycan-like domain; CA VI is secreted and contains a short C-
terminal extension.

Table 1
Kinetic parameters for the CO2 hydration reaction catalysed by the human cytosolic isozymes hCA I, II, III and VII at 20 �C and pH 7.5 in 10 mM HEPES buffer and 20 mM Na2SO4

Isozyme Activity level kcat (s�1) kcat/KM (M�1 s�1) KM (mM) KI (AZA) (nM) Ref.

hCA I Moderate 2.0 � 105 5.0 � 107 4.0 250 13
hCA II Very high 1.4 � 106 1.5 � 108 9.3 12 13
hCA III Very low 1.4 � 104 2.5 � 105 52 240,000 14c
mCA VIIa High 9.4 � 105 7.6 � 107 12.3 16 40
hCA VII — (7.9 ± 0.1) � 105 (7.2 ± 0.1) � 107 11.0 ± 0.3 2.8 ± 0.1 a
C183S/C217S — (7.0 ± 0.2) � 105 (6.5 ± 0.1) � 107 10.8 ± 0.5 3.0 ± 0.3 a
sgCA VII — (8.0 ± 0.2) � 105 (8.0 ± 0.2) � 107 10.0 ± 0.4 2.7 ± 0.3 a

Inhibition data with the clinically used sulfonamide acetazolamide AZA (5-acetamido-1,3,4-thiadiazole-2-sulfonamide) are also provided.
⁄ h = human, m = murine isoform.

a This work.
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supporting the implication of hCA VII in neuronal excitation and
seizures.15 More recently a role of this enzyme in the control of
neuropathic pain has also been proposed, suggesting that its inhi-
bition may constitute a new pharmacologic mechanism in design-
ing pain killers useful for neuropathic pain.19

As part of a general research project based on the structure
based drug design of isoform-selective CA inhibitors (CAIs), we
have undertaken a complete biochemical and catalytic character-
ization of hCA VII. The full-length hCA VII was cloned into the
pGex-4T-3 vector and the protein was expressed and affinity-puri-
fied on GSTrap resin as previously described.17 After pAMBS affin-
ity chromatography,20 the final step of purification was performed
on a Superdex 75 leading to a unique peak corresponding to a
monomer. hCA VII purity and molecular weight were further char-
acterized by electrospray ionization mass spectrometry.21 An ESI
LC MS spectrum of purified hCA VII is shown in Figure 2A. Two ma-
jor peaks were detected, none of them corresponding to the ex-
pected one. Surprisingly, these two peaks showed an
incremented molecular weight of 305 Da and 610 Da compared
to the theoretical one which disappeared when the sample was
treated with DTT. In this case only one peak occurred with an
experimental mass identical to the expected one (hCA VII theoret-
ical molecular weight 30100.8 Da) (Fig. 2B). The observed mass
increment of 305 Da and 305 � 2 Da was thus ascribed to glutath-
ionylation of two cysteine residues occurred during elution from
the glutathione-Sepharose column with a buffer containing
10 mM GSH. hCA VII contains four cysteine residues in its sequence
at positions 54, 178, 183, and 217 (numbering refers to the CA II
sequence). In order to identify which of the four cysteines were in-
volved in the formation of the covalent adduct with GSH, wt GSH
eluted protein was digested with trypsin23 and the peptide mixture
directly analyzed by LC–ESI-MS/MS, with sufficient accuracy to en-
able unambiguous identification of the tryptic peptides.22,24,25

Fragments Cys183-Arg189 and Glu214-Arg221, containing
Cys183 and Cys217, respectively, eluted only as adducts with
GSH, showing that both cysteines were completely modified. On
the contrary, fragments Gln28-Arg76 and Ala174-Lys182, contain-
ing Cys54 and Cys178 respectively, were not identified by molecu-
lar mass and MS/MS sequencing, but were revealed only after DTT
incubation. In this case two more species were generated with MH+

signals at 1041.5 and 5369.5, which were assigned to the reduced
peptides Ala174-Lys182 and Gln28-Arg76, respectively. Altogether
these data clearly suggest that among the four cysteines present in
the amino acid sequence, Cys183 and Cys217 were those involved
in S-glutathionylation, whereas Cys54 and Cys178 were involved
in the formation of an intramolecular disulfide bridge.21b The disul-
fide bond was evidenced also by X-ray structural analysis of this
enzyme,17 and subsequently reported by Bootorabi and co-work-
ers.16 However, the observation that disulfide bonds are extremely
rare in cytosolic proteins26 and that Cys54 and Cys178 are not con-
served within the human cytosolic CA family, suggests that this
disulfide bond could be an artifact generated by the oxidizing



Figure 2. LC–ESI-MS of purified hCA VII. (A) Deconvoluted mass spectrum of
purified hCAVII showed the presence of two distinct peaks with a greater mass of
305 and 305 ⁄ 2 compared to the expected one (theoretical mw 30100.8 Da). (B)
After treatment with reducing agent DTT the two peaks disappeared leading to a
unique peak of 30100.0 Da.
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conditions that arise during protein handling and is not present in
hCA VII under physiological conditions. Further studies are needed
to clarify this point. On the contrary, interesting considerations can
be done on the observed in vitro S-glutathionylation of Cys183 and
Cys217 in hCA VII. This covalent modification can be ascribed to a
partial oxidation of cysteines to sulfenic acids or thiol radicals fol-
lowed by reaction with GSH,27 used for eluting the protein from
GSTrap. Therefore, both the high reactivity of Cys183 and Cys217
and the high GSH concentration in the experimental conditions
can be the origin of such phenomena. However, it is worth noting
that this in vitro spontaneous reaction mimics S-glutathionylation
observed in vivo for another CA isozyme, namely CA III, which
however possesses a very low CO2 hydrase activity (Table 1).1,14a

In particular, rat liver CA III has been shown to be S-glutathionylat-
ed in vivo28–30 at two cysteine residues in position 183 and 188.31

Moreover, microarray analysis of skeletal muscle of wild type and
CA III-deficient knockout mice suggested that CA III, undergoing ra-
pid reversible S-glutathionylation or irreversible oxidation in
mildly and exhaustively stressed muscle, has a possible role in
the glutathione-mediated antioxidative system.32 These data were
also in agreement with the proposal of Raisanen and co-workers33

that CA III functions as an oxygen radical scavenger to protect cells
from oxidative damage and could explain the increased sensitivity
to H2O2 of CA III knockdown Rat1 or Evi1-expressing Rat1 cells.34
Indeed, hCA VII and hCA III presents several analogies: in partic-
ular, both enzymes are cytosolic and are localized in tissues that
have a high oxygen consumption rate, such as skeletal muscle, liver
and brain (see Fig. 1). Furthermore, compared to the other cytosolic
CA isoforms both enzymes incorporate a high number of cysteines
in their sequence (Fig. 3): hCA III has five cysteines, hCA VII four,
whereas the others only have one (hCA I, hCA II, and hCA XIII). It
is also worth noting that one of the cysteines which has been re-
ported to be glutathionylated for hCA III, namely Cys 183, is con-
served also in hCA VII (Fig. 3). All these considerations strongly
indicate that the S-glutathionylation observed in vitro for hCA VII
could be present also in vivo, as in the case observed for the related
isoform hCA III. Thus, to get more insights into the role of the cova-
lent modification of the enzyme, we measured kinetic parameters
for the canonical (CO2 hydration activity)35 and non-canonical
(esterase, phosphatase and sulfatase activities)37,38 hydrolytic
reactions for the wild type enzyme purified in absence of GSH
(thus lacking the covalent modification), the glutathionylated en-
zyme, and a variant form of the protein in which both reactive cys-
teines were mutated in serines (C183S/C217S).40 hCA III, prepared
as described earlier,14c was also included in such experiments as its
esterase and phosphatase activities have not yet been reported as
far as we know.

Data of Table 1 show that the mutation of the two Cys residues
to Ser or their S-glutathionylation does not affect significantly the
CO2 hydrase activity and affinity for acetazolamide, a sulfonamide
inhibitor of CA enzymes. Indeed, the kinetic parameters of the
three enzymes are almost identical (within the limits of the exper-
imental errors) as are their inhibition constants for the inhibitor.
This is not so surprising, considering the fact that the modified
Cys residues are not within the enzyme active site. It should be also
noted from the data of Table 1 that hCA III has very low catalytic
activity as CO2 hydrase in contrast to all other isoforms/mutants
investigated here.

Unexpectedly, we observed that the wild type enzyme, its
C183S/C217S variant, and the S-glutathionylated enzyme are
excellent esterases with 4-nitrophenyl acetate as substrate (Ta-
ble 2). Indeed, compared to other cytosolic CAs, such as CA I, II
and XIII, the hCA VII variants investigated here were around 3 or-
ders of magnitude better esterases. As far as we know, this is the
highest esterase activity reported so far for any CA isoform. This
extremely high esterase activity prompts us to speculate that
hCA VII may have an additional catalytic activity in vivo, in addi-
tion to the CO2 hydrase, but this warrants further studies for deter-
mining which other esters may act as substrates for this enzyme. It
is interesting to note that unlike the CO2 hydrase activity, for the
esterase activity described in Table 2, the wild type enzyme,
C183S/C217S variant and sgCA VII have slightly different kcat and
KM values, which is rather difficult to explain. However, as we
stressed above, all these three different enzymes are highly effec-
tive esterases, and their activity is inhibited by the sulfonamide
inhibitor acetazolamide, with IC50 values in the range of 170–
357 nM (Table 2). It should be also noted that among all cytosolic
isoforms hCA III is also the least effective esterase with 4-nitro-
phenyl acetate as substrate and is also the least inhibited by the
sulfonamide inhibitor acetazolamide (IC50 of 7.84 lM, Table 2).

The phosphatase activity of hCA VII and of its variants investi-
gated here were also quite interesting (Table 3). The wt enzyme
and its glutathionylated/mutant forms were at least one order of
magnitude better phosphatases compared to CA I, II, III and XIII
investigated earlier. Again the difference of activity between the
three variants of hCA VII investigated here was rather small, but
this activity was inhibited by acetazolamide proving that it is
due to the zinc hydroxide species from the enzyme active site.
Unexpectedly, hCA III was a more effective phosphatase with 4-
nitrophenyl phosphate compared to hCA II, one of the best



Figure 3. Sequence alignment of catalytically active human cytosolic a-CAs. Conserved residues are underlined, catalytic histidines and the two residues involved in the
orientation of the substrate, Thr199 and Glu106,1–3 are indicated with asterisks, whereas the cysteine residues are highlighted in yellow.

Table 2
Kinetic parameters for the hydrolysis of 4-nitrophenyl acetate in the presence of
cytosolic CA isoforms I, II, VII and XIII, at pH 7.4 and 25 �C, and inhibition data with
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide)

Isozyme* kcat/KM (M�1 s�1) KM (mM) IC50 (AZA) (nM) Ref.

hCA I 753 ± 31 3.025 ± 0.014 1210 ± 76 13
hCA II 2607 ± 85 30.53 ± 2.10 28 ± 1.1 13
hCA III 139 ± 12 1.234 ± 0.013 7840 ± 230 a
mCA XIII 7706 ± 324 1.132 ± 0.015 490 ± 33 113
hCA VII (3.27 ± 0.12) � 106 0.75 ± 0.04 357 ± 12 a
C183S/C217S (4.20 ± 0.18) � 106 1.06 ± 0.08 170 ± 14 a
sgCA VII (2.39 ± 0.10) � 106 0.50 ± 0.05 265 ± 9 a

The data are provided as the mean ± standard deviation (from at least three dif-
ferent assays).
* h = human, m = murine isoform.

a This work.

Table 3
Kinetic parameters for the hydrolysis of 4-nitrophenyl phosphate in the presence of
cytosolic CA isoforms I, II and XIII, at pH 7.4 and 25 �C, and inhibition data with
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide)

Isozyme* kcat/KM (M�1 s�1) KM (mM) IC50 (AZA) (nM) Ref.

hCA I 65.55 ± 5.2 0.935 ± 0.10 330 ± 14 13
hCA II 14.89 ± 0.54 2.195 ± 0.20 63 ± 5 13
hCA III 45.32 ± 3.76 1.345 ± 0.16 6500 ± 124 a
mCA XIII 1374 ± 62 0.232 ± 0.02 1050 ± 76 13
hCA VII (2.89 ± 0.09) � 104 1.43 ± 0.09 3440 ± 39 a
C183S/C217S (3.03 ± 0.11) � 104 2.21 ± 0.13 2910 ± 45 a
sgCA VII (3.04 ± 0.11) � 104 0.97 ± 0.05 2520 ± 49 a

The data are provided as the mean ± standard deviation (from at least three dif-
ferent assays).
* h = human, m = murine isoform.

a This work.
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catalysts for the CO2 hydration reaction. Thus, there is not a clear-
cut parallelism between the catalytic activities of these isoforms
for the various reactions that they catalyze.

The detailed kinetic studies on hCA VII and its mutated/glutat-
ionylated forms reported here indicate that the modification of
Cys183 and/or Cys217 by glutathione does not have a relevant im-
pact on the active site of the enzyme, causing rather small differ-
ences in the specific activity of these enzymes for CO2 hydration,
as well as esterase and phosphatase activities. However, an impor-
tant observation is that hCA VII and its variants are highly effective
as esterases/phosphatases, compared to other cytosolic CA iso-
forms, such as CA I, II, III and XIII. These findings seem to indicated
that the observed S-glutathionylated, if present in vivo, is not in-
volved in the regulation of the enzyme’s catalytic activity but
rather, as already observed for hCA III, can help hCA VII to function
as an oxygen radical scavenger to protect cells from oxidative dam-
age. Indeed, it is worth noting that in vivo glutathione concentra-
tion is abundant, reaching millimolar concentration in most cell
types, especially in liver,27,41,42 and could probably trigger the glu-
tathionylation of CA VII.27 We also speculate that CA VII may act as
an esterase/phosphatase in vivo, but this hypothesis should be ver-
ified and the eventual alternative substrates of this enzyme
determined.
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