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Carbonic anhydrases (CAs, EC 4.2.1.1) belonging to a-, b-,c- and f-classes and from various organisms, rang-
ing from the bacteria, archaea to eukarya domains, were investigated for their esterase/phosphatase activ-
ity with 4-nitrophenyl acetate, 4-nitrophenyl phosphate and paraoxon as substrates. Only a-CAs showed
esterase/phosphatase activity, whereas enzymes belonging to the b-, c- and f-classes were completely
devoid of such activity. Paraoxon, the metabolite of the organophosphorus insecticide parathione, was a
much better substrate for several human/murine a-CA isoforms (CA I, II and XIII), with kcat/KM in the range
of 2681.6–4474.9 M�1 s�1, compared to 4-nitrophenyl phosphate (kcat/KM of 14.9–1374.4 M�1 s�1).

� 2010 Elsevier Ltd. All rights reserved.
Carbonic anhydrases (CAs, EC 4.2.1.1) catalyze a very simple but
physiologically essential reaction in all life kingdoms, the hydration
of carbon dioxide to bicarbonate and protons, with a high effi-
ciency.1,2 Although this reaction also occurs without a catalyst, it is
too slow to account for physiologic requirements in many biological
systems where this interconversion is needed (e.g., photosynthesis
in plants, algae, diatoms and some bacteria;3,4 various electrolyte-
secreting tissues in mammals;5–7 some tumors in which several
CA isoforms are involved in tumor progression and metastasis,8–10

biosynthetic processes such as gluconeogenesis, ureagenesis or lipo-
genesis,1,5,6 etc.). Indeed, CO2, bicarbonate and protons are essential
molecules/ions in many important physiologic processes in all life
kingdoms (Bacteria, Archaea, and Eukarya) throughout the phyloge-
netic tree, and high rates of their interconversion are necessary
sometimes in conditions in which the spontaneous reaction cannot
occur. For example, CA IX, a tumor-associated a-CA8–10 has a very
high turnover (of 7.5 � 107 M�1 s�1) for CO2 hydration to bicarbon-
ate even at a pH of 6.5 (typical of hypoxic tumors in which this
enzyme is over-expressed) although the spontaneous, non-catalytic
CO2 hydration at this pH value is very low.10

These enzymes are also excellent examples of convergent evolu-
tion, as five distinct genetic families (a-, b-, c-, d-, and f-CAs) were
discovered so far.1–4 Mammals possess 16 different a-CA isoforms,
which are involved in many crucial physiological or pathological
All rights reserved.
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uran).
processes connected with respiration and transport of CO2/bicar-
bonate, pH and CO2 homeostasis, electrolyte secretion in a variety
of tissues/organs, biosynthetic reactions, bone resorption, calcifica-
tion, tumorigenicity, etc.1,2,5–7 Some of them are cytosolic (CA I, CA II,
CA III, CA VII and CA XIII), others are membrane-bound (CA IV, CA IX,
CA XII, CA XIV and CA XV), CA VA and CA VB are mitochondrial, and
CA VI is secreted in saliva and milk. Three acatalytic isoforms are also
known, denominated sometimes CA related proteins (CARP), that is,
CA VIII, CA X and CA XI, which are cytosolic proteins too.1,2,5–7

In addition to CO2 hydration to bicarbonate and protons, at least
the a-CAs are known to possess other catalytic activities, such as
among others esterase activity (with 4-nitrophenyl acetate, 4-
NPA, and other activated esters).11 The related ester 4-nitrophenyl
phosphate is also a CA substrate, whereas 4-nitrophenyl sulfate is
not at all hydrolyzed by these enzymes, as recently shown by our
group.11 Indeed, in a recent study we observed that the a-CA iso-
zymes (of mammalian, human(h) or murine (m) origin), hCA I,
hCA II and mCA XIII show a good esterase activity with 4-nitro-
phenyl acetate as substrate, with second order rate constants in
the range of 753–7706 M�1 s�1, being slightly less effective as
phosphatases with 4-nitrophenyl phosphate (4-NPP) 1 as substrate
(kcat/KM in the range of 14.89–1374.40 M�1 s�1) and totally ineffec-
tive as sulfatases (with 4-nitrophenyl sulfate as substrate).11 As
shown in Scheme 1, hydrolysis of 1 mediated by CAs leads to the
formation of 4-nitrophenol 2.

It is presently not known whether enzymes belonging to other
classes than the a-CAs possess this catalytic versatility mentioned
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Scheme 1. Hydrolysis of the phosphate esters 4-nitrophenyl phosphate (4-NPP) 1
and paraoxon 3 to 4-nitrophenol 2. The insecticide parathion 4 is metabolized to
paraoxon 3, which we demonstrate here to be a CA substrate. 4-Nitrophenylacetate
(4-NPA) is also hydrolyzed by CAs with formation of 2 and acetate.
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above, that is, in addition to the hydration of CO2 to bicarbonate
and protons, it is unknown whether the b-, c-, d-, and f-CAs may
also act as esterases, phosphatases or eventually sulfatases. On
the other hand, only 4-nitrophenyl phosphate 1 has been investi-
gated to date as a possible substrate for the phosphatase activity
of these enzymes,11 although phosphate esters are highly relevant
in a host of physiological processes (as recently reviewed by Black-
burn,12 some of the most important ones being: DNA stabilization;
the RNA world, presumably the first forms of self-replication made
possible by ribozymes; phospholipid; skeletal structures; organelle
membrane recognition mediated by phosphoinositols; energy rich
phosphates such as ATP, ADP; phosphorylation/dephosphorylation
of proteins mediated by kinases/phosphatases; second messengers
such as cGMP, cAMP, etc., just to mention the really essential
ones).12,13

In this contribution we try to reply to some of the question
raised above, that is, whether the non-a-CAs show catalytic versa-
tility, possessing esterase and/or phosphatase activity. We also re-
port here that paraoxon 3, an organophosphorus compound acting
as acetylcholinesterase inhibitor14,15 (being the metabolite of para-
thion 4, a widely used insecticide)16,17 and structurally rather sim-
ilar to 4-NPP 1, is a much better a-CA substrate compared to the
phosphate 1.

In Table 1 the kinetic parameters (as kcat/KM) for several CAs
belonging to various enzyme families (a-, b-, c- and f-CA family)
and found in organisms from the bacteria, archaea or eukarya
domains, are shown, for the CO2 hydration, 4-NPA hydrolysis and
4-NPP hydrolysis reactions.18–27 The CO2 hydrase activities of all
these enzymes (human (h) and murine (m) CAs belonging to the
a-class, under the form of several isoforms, such as hCA I, hCA II
and mCA XIII;11 an a-CA from the bacterium Helicobacter pylori,
hpaCA,21 the b-class CA from the same organism, hpbCA;22 another
bacterial enzyme, from Brucella suis, bsCA 1,23 Cab, a b-CA from the
archaeon Methanobacterium thermoautotrophicum; ScCA,24 the
b-CA from the yeast Saccharomyces cerevisiae;25 Cam, the prototyp-
ical c-CA from the archaeon Methanosarcina thermophila;26 as well
as the cadmium/zinc-containing CA1 repeat (Cd/Zn(II)-R1) from
the marine diatom Thalassiosira weissflogii)27 are quite high, with
turnovers in the range of 8.3 � 104–1.6 � 108 M�1 s�1 (Table 1).
We have included in our experiments enzymes belonging to very
diverse organisms (bacteria, archaea, diatoms, yeasts and mam-
mals) and four of the five classes (details on d-CAs are very scarce
in the literature and no enzyme from this family has been thor-
oughly characterized so far)28 in order to investigate in detail the
putative catalytic versatility of CAs for other reactions than CO2

hydration. These enzymes show medium-low CO2 hydrase activity
(mCA XIII and Cab), moderate such activity (hCA I, the two
enzymes from H. pylori, bsCA 1, ScCA and Cam) or very high CO2

hydrase activity (hCA II, Cd(II)-R1 and Zn(II)-R1). Thus, the hydrase
activity may be quite efficient irrespective whether the enzymes
belong to the a-, b-, c- and f-CA classes. However, as seen from
data of Table 1, only the a-CAs show also esterase and phosphatase
activity, whereas for the various enzymes belonging to the b-,
c- and f-CA family, such activities were not detected. The kcat/KM

values for these reactions are on the other hand orders of magni-
tude lower compared to the CO2 hydrase activity. Indeed, for
4-NPA hydrolysis the kcat/KM values ranged between 654 and
7706 M�1 s�1 (the best esterase was mCA XIII which possesses
the lowest hydrase activity) whereas for the phosphate ester 1
hydrolysis, they were in the range of 38.9–1374.4 M�1 s�1 (again
with isoform CA XIII the best phosphatase, Table 1). It should be
mentioned that the phosphatase activity of all a-CAs with 1 as sub-
strate showed a bell-shaped pH dependency with an optimal activ-
ity between pH 7.1 and 7.5. At pH values >8, this activity started to
be highly diminished probably due to the fact that the zinc-
hydroxide moiety of the enzyme has repulsive interactions with
the ester 1 which is a dianion at that pH.

The explanation of this lack of esterase or phosphatase activity
for the non-a-CAs is not straightforward, considering the fact that
the metal ion coordination is rather similar at least between the
a- and c-CAs (three His residues and a water molecule/hydroxide
ion) whereas for most of the b- and all f-CAs this is accomplished
by two Cys, one His and the catalytically essential water molecule/
hydroxide ion.1–5 However, it should be mentioned that the active
site dimensions are very much different between these enzymes,
with the a-CAs possessing a wide and deep cavity of around
15 � 15 Å2,29 the b-CAs possess a channel of around 5 Å deep (much
shallower compared to the a-CA active site),30 whereas the c-CA has
the active site even smaller, a cleft at the interface between two adja-
cent subunits of the protein homotrimer.3a–c However, the f-CA
shoes a bigger active site compared to the b- and c-CAs, of around
7 � 7 Å2.4 Maybe, the access of substrate much bulkier than CO2,
such as the esters 4-NPA and 4-NPP, is very much hindered in the
smaller active sites of the enzymes belonging to the b-, c- and f-
CA classes, whereas it may occur much easier in the wide and deep
active site of the a-CAs. We have also investigated the sulfatase
activity of the enzymes shown in Table 1, with 4-nitrophenyl sulfate
as substrate, and all of them, similar to the mammalian ones inves-
tigated earlier,11 are devoid of esterase activity (data not shown).

In order to see whether other organic phosphates may act as
substrates of the a-CAs, we investigated whether paraoxon 3, an
ester structurally related to 4-NPP 1, may be hydrolyzed enzymat-



Table 1
Kinetic parameters for various reactions catalyzed by CAs, at 25 �C18–20

Enzymea Class CO2 hydration kcat/KM (M�1 s�1) Ref.

4-NPA hydrolysis 4-NPP hydrolysis

hCA I a 5.0 � 107 753 65.55 11
hCA II a 1.5 � 108 2607 14.89 11
mCA XIII a 8.3 � 104 7706 1374.4 11
hpaCA a 1.5 � 107 654 38.9 This study, 21
hpbCA b 4.8 � 107 0 0 This study, 22
bsCA 1 b 3.9 � 107 0 0 This study, 23
Cab b 1.8 � 106 0 0 This study, 24
ScCA b 9.8 � 107 0 0 This study, 25
Cam c 3.9 � 106 0 0 This study, 26
Cd(II)-R1 f 1.4 � 108 0 0 This study, 27
Zn(II)-R1 f 1.6 � 108 0 0 This study, 27

For the CO2 hydration reaction the pH was of 7.4 for the a-, c- and f-class enzymes and of 8.3 for the b-CAs (which show much lower activity at
pH <8).1–3 The CO2 hydrase activities of all these enzymes were reported earlier,11,22–27 whereas the esterase ones only for the mammalian
CAs.11 The esterase and phosphatase activities provided in the table were measured at a pH of 7.4 but many other pH values (between 5.5 and
9.0) have been investigated without measuring any catalytic enhancement in the presence of b-, c- and f-CAs.

a h = human, m = murine isoforms; hpCA = Helicobacter pylori CA; bsCA = Brucella suis CA; Cab = Methanobacterium thermoautotrophicum
enzyme; ScCA = Saccharomyces cerevisiae CA; Cam = Methanosarcina thermophila enzyme; Cd(II)-R1 = R1 repeat of cadmium-containing CA1
from Thalassiosira weissflogii; Zn(II)-R1 = R1 repeat of zinc-containing CA1 from T. weissflogii.

6210 A. Innocenti, C. T. Supuran / Bioorg. Med. Chem. Lett. 20 (2010) 6208–6212
ically by a-CAs (hCA I, hCA II and mCA XIII, Table 2). It should be
mentioned that there are enzymes, named paraoxonases (PON,
EC 3.1.8.1), known to efficiently hydrolyze 3.31–33 At least three
PON isoforms are known so far in humans (h), hPON 1–hPON 3.
hPON1 is associated with high-density lipoprotein (HDL), and is a
genetically polymorphic enzyme that has the ability to hydrolyze
a wide range of organophosphates and carboxylic acid esters.31

hPON 1 active site contains a Ca(II) ion critical for catalysis (and
a second structural such ion) coordinated by five protein residues
(the side chain oxygens of Asn224, Asn270, Asn168, Asp269 and
Glu53) and by a water molecule which in deprotonated form (as
hydroxide ion) acts as nucleophile for the hydrolysis of sub-
strates.31 Another potential ligand of the catalytic metal ion is an
oxygen of the phosphate substrate which will undergo hydrolysis,
but the rate determining step of the catalytic turnover is the depro-
tonation of the calcium-coordinated water molecule, assisted by a
His–His dyad,31 which very much resembling the CA catalytic cy-
cle, in which a Zn(II) hydroxide species is the catalytically active
nucleophile, which is generated by deprotonation of zinc-coordi-
nated water assisted by a His residue from the enzyme active
site.1–3 Thus, two very different enzymes, with very diverse metal
ions in the active site share a rather similar catalytic mechanism.
This, and the fact that we showed earlier11 that some a-CAs pos-
sess phosphatase activity with 4-NPP as substrate, prompted us
to investigated paraoxon 3 as a possible substrate of CAs.

As seen from data of Table 2, paraoxon 3 is a good substrate for
the three mammalian a-CAs investigated here, with kcat/KM values
Table 2
Kinetic parameters for the hydrolysis of 4-nitrophenyl phosphate (1) and paraoxon
(3) 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)

Isozymea Substrate kcat/KM (M�1 s�1) KM (mM) IC50 (nM)

hCA I 1 65.55 ± 5.2 0.935 ± 0.10 330 ± 14
hCA I 3 3893.0 ± 14.5 1.683 ± 0.12 338 ± 12
hCA II 1 14.89 ± 0.54 2.195 ± 0.20 63 ± 5
hCA II 3 4474.9 ± 58 1.645 ± 0.28 59 ± 4
mCA XIII 1 1374.4 ± 62 0.232 ± 0.02 1050 ± 76
mCA XIII 3 2681.6 ± 47 2.202 ± 0.14 1021 ± 63

Concentrations of the substrates 1 and 3 ranged between 0.08 and 5 mM. The data
are provided as the mean ± standard deviation (from at least three different
assays).18,19

a h = human, m = murine isoform.
in the range of 2681.6–4474.9 M�1 s�1 (Table 2). Thus, paraoxon 3
is a much better substrate compared to 4-NPP 1. Probably the pres-
ence of the two additional ethyl moieties in 3 allows a better inter-
action with the enzyme active site compared to the parent ester 1.
Indeed, it may be observed that the KM values are rather different
but of the same order of magnitude for the two esters and a partic-
ular CA isoform (except mCA XIII, for which there is a difference of
almost one order of magnitude between the KM of the two esters,
with paraoxon showing a value of 2.20 mM and phosphate 1 of
only 0.232 mM). The kcat/KM values are on the other hand very dif-
ferent when comparing the two substrates. Indeed, hCA I and hCA
II showed a very weak phosphatase activity with 4-NPP 1 as sub-
strate (turnovers of 14.89–65.55 M�1 s�1), and as mentioned
above, only mCA XIII had a relevant phosphatase activity with this
ester. However, with 3 as substrate, all these enzymes behave as
rather efficient phosphatases (Table 2), and it may be thus noted
that they behave as ‘paraoxonases’. It should be mentioned that
CA XIII is the unique member of this enzyme family having a Val
in position 200.1,2 This amino acid residue (His in CA I and Thr in
CA II) is essential for the binding of substrates and inhibitors to
the CAa,1,2 and its more hydrophobic nature in CA XIII may facili-
tate the binding of hydrophobic esters such as 4-NPP and parao-
xon. Furthermore, this activity (with both phosphates as
substrates) was inhibited by the clinically used sulfonamide aceta-
zolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide), with
IC50 values in the range of 59–1050 nM (Table 2). This is a proof
that the zinc hydroxide mechanism responsible for the CO2 hy-
drase activity of these enzymes is also responsible of the esterase
and phosphatase activity of the a-CAs. The phosphatase activity
of these a-CAs with paraoxon as substrate showed no pH depen-
dency between pH 7.1 and 8.5, probably because at these pH val-
ues there is a substantial amount of the enzyme in the zinc
hydroxide form, and paraoxon is in neutral form, unlike 4-NPP
which may be a mono- or dianion, depending on the pH in the as-
say system.

In conclusion, we prove here that only CAs belonging to the
a-class but not the b-, c- and f-classes show esterase/phosphatase
activity with 4-nitrophenyl acetate, 4-nitrophenyl phosphate and
paraoxon as substrates. Paraoxon, the metabolite of the organo-
phosphorus compound parathione, was a much better substrate
for several human/murine a-CA isoforms (CA I, II and XIII), with
kcat/KM in the range of 2681.6–4474.9 M�1 s�1, compared to
4-nitrophenyl phosphate (kcat/KM of 14.9–1374.4 M�1 s�1). a-CAs
show thus a modest but significant paraoxonase activity.
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