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Abstract—The inhibition of the newly discovered cytosolic carbonic anhydrase (CA, EC 4.2.1.1) isozyme XIII of murine origin
(mCA XIII) has been investigated with a series of anions, such as the physiological ones (bicarbonate, chloride), or the metal com-
plexing anions (cyanate, cyanide, azide, hydrogen sulfide, etc), nitrate, nitrite, sulfate, sulfamate, sulfamide as well as with phenyl-
boronic and phenylarsonic acids. The best mCA XIII inhibitors were cyanate, thiocyanate, cyanide and sulfamide, with KI-s in the
range of 0.25lM–0.74mM, whereas fluoride, iodide, azide, carbonate and hydrogen sulfide were less effective (KI-s in the range of
3.0–5.5mM). The least effective inhibitors were sulfate, chloride and bicarbonate (KI-s in the range of 138–267mM). The affinity of
mCA XIII for anions is very different from that of the other cytosolic isozymes (hCA I and II) or the mitochondrial isozyme hCA V.
This resistance to inhibition by the physiological anions bicarbonate and chloride suggests an evolutionary adaptation of CA XIII to
the presence of high concentrations of such anions (e.g., in the reproductive tract of both female and male), and the possible par-
ticipation of this isozyme (similarly to CA II, CA IV and CA V) in metabolons with proteins involved in the anion exchange and
transport, such as the anion exchangers (AE1-3) or the sodium bicarbonate co-transporter (NBC1 and NBC3) proteins, which
remain to be identified.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

We have recently cloned, purified and characterized a
novel member of the a-carbonic anhydrase (CA, EC
4.2.1.1) family, that is, the isozyme CA XIII, both in
the mouse (mCA XIII) and humans (hCA XIII).1 In-
deed, these metalloenzymes catalyze the reversible
hydration of carbon dioxide to bicarbonate, handling
in this way one of the simplest and most important bio-
molecules (CO2), generated in many physiological proc-
esses.1–6 An increasing number of CAs are constantly
being discovered both in higher vertebrates, humans in-
cluded, as well as in many other organisms, such as
archaea, bacteria, protozoa, plants, etc.2,7 CA XIII,
the last member of the a-family characterized in higher
vertebrates,1 was also demonstrated to be a druggable
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target,8 with some aromatic/heterocyclic sulfonamides
being shown to act as very potent inhibitors, with affin-
ities in the low nanomolar range. It has also been proved
that CA XIII has a cytosolic localization and shows cat-
alytic activity similar to that of the mitochondrial iso-
zyme V and the cytosolic isozyme I, with kcat/KM of
4.3 · 107M�1s�1 and kcat of 8.3 · 104s�1.1 Immunohisto-
chemical and PCR data indicated that the distribution
of CA XIII is clearly unique when compared to the
other cytosolic CA isozymes (mainly CA I and II).1

The most distinct differences between CA XIII and II
(the major cytosolic isoform)1–6 were observed in the hu-
man testis and uterus, organs in which pH and ion bal-
ance has to be tightly regulated to ensure normal
fertilization.1 CA XIII was found to be expressed in
all stages of developing human sperm cells. In contrast,
CA II was confined to the mature sperm cells as shown
earlier by some of us.9 The bicarbonate present in the
ejaculate has been proposed to maintain the sperm
motility until the cells enter the lumen of the uterus
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through the cervical canal.9 In the female genital tract,
the endometrial and oviductal epithelium produce an
alkaline environment for maintaining the sperm motil-
ity. In the uterine endometrium and cervical glands,
the presence of CA XIII could thus explain the early
histochemical and biochemical results showing CA
activity in the epithelial cells that was not due to CA I
or II.9 Thus, it seems that CA XIII is a key factor con-
tributing to the appropriate bicarbonate concentration
in the cervical and endometrial mucus needed for nor-
mal fertilization processes.1,9 Being such a widely ex-
pressed isozyme, CA XIII could compensate other
CAs, and thus, needs to be considered when any CA-
deficient animal model is tested in phenotypic analyses,
or when inhibitors are clinically used in the treatment
and prevention of diverse disorders.1–6 All these findings
suggests that CA XIII plays a major role in reproduc-
tion, and perturbation of its function could potentially
lead to developmental abnormalities.1,9 Furthermore,
topically acting CA XIII inhibitors might be developed
that may lead to novel contraceptives, devoid of the side
effects of the hormonal therapies now in clinical use.

Considering the above-mentioned role of CA XIII in
maintaining an appropriate alkaline pH and rather high
bicarbonate concentrations both in the male and female
reproductive tracts, as well as the fact that CAs, as many
other metalloenzymes are inhibited by anions,10–13 we
investigate here for the first time the inhibition of
mCA XIII with a large number of anionic species such
as halides, pseudohalides, bicarbonate, carbonate, ni-
trate, nitrite, hydrosulfide, sulfate, bisulfite, sulfamate,
sulfamide, as well as with phenylboronic acid and
Table 1. Inhibition constants of anionic inhibitors against human isozymes

reaction, at 20�C20

Inhibitor

hCA Ia hCA I

F� >300 >300

Cl� 6 200

Br� 4 63

I� 0.3 26

CNO� 0.0007 0.03

SCN� 0.2 1.6

CN� 0.0005 0.02

N3
� 0.0012 1.5

HCO3
� 12 85

CO3
2� 15 73

NO3
� 7 35

NO2
� 8.4 63

HS� 0.0006 0.04

HSO3
� 18 89

SO4
2� 63 >200

H2NSO3H
* 0.021 0.39

H2NSO2NH2 0.31 1.13

PhB(OH)2 58.6 23.1

PhAsO3H2
* 31.7 49.2

# Errors were in the range of 3–5% of the reported values, from three differ
* As sodium salt.
a From Ref. 11.
b From Ref. 10.
c From Ref. 1.
phenylarsonic acid among others. Our data suggest an
evolutionary adaptation of CA XIII to the presence of
high concentrations of bicarbonate and chloride, which
act as very weak CA XIII inhibitors, and the eventual
participation of this isozyme (similarly to CA II, CA
IV and CA V) in metabolons with proteins involved in
anion exchange and transport, such as the anion
exchangers (AE1-3) or the sodium bicarbonate co-trans-
porter (NBC1 and NBC3) proteins.14–16

1.1. Chemistry

Buffers and metal salts (sodium or potassium fluoride,
chloride, bromide, iodide, cyanate, thiocyanate, cyanide,
azide, bicarbonate, carbonate, nitrate, nitrite, hydrogen
sulfide, bisulfite and sulfate) were of highest purity avail-
able, and were used without further purification. Sulf-
amide, sulfamic acid, phenylboronic acid and
phenylarsonic acid are also commercially available.

1.2. CA inhibition data

Inhibition data against four CA isozymes, that is, hCA I,
hCA II, hCA V and mCA XIII,1,17–19 with the above
mentioned anions are shown in Table 1. In addition to
the physiological anions (chloride, bicarbonate) and the
�metal poisons� (i.e., metal-complexing anions), we also
investigated sulfamic acid and sulfamide, as these are
the simplest compounds incorporating a sulfonamido
moiety, present in the potent CA inhibitors (the sulfon-
amides) previously investigated.2,8 It also has been
shown20 that they bind to the Zn(II) ion of the human iso-
zyme hCA II in a way that allows their use as lead mole-
hCA I, II, V and murine isozyme mCA XIII, for the CO2 hydration

KI [mM]

Ia hCA Vb mCA XIII

241 3.0

156 138

50 45.0

25 5.4

0.028 0.00025c

0.74 0.74

0.015 0.065

0.30 4.8

82 140

95 5.5

16 36

16 12.6

0.023 5.2

65.0 75.5

680 267

0.12 21.5

0.84 0.14

4.51 2.85

7.43 1.65

ent assays.
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cules for the development of potent, nonsulfonamide CA
inhibitors (the X-ray structure of the adducts of these two
compounds with hCA II have recently been reported).21

Furthermore, phenylboronic and phenylarsonic acids
were also included in our study, as we recently showed
that these two compounds act as potent inhibitors of
archaeal CAs belonging to the b- and c-class.22 Inhibition
data for the other major cytosolic isozymes, hCA I and II,
as well as the mitochondrial isozyme hCA V (which
shows a catalytic activity rather similar to mCA XIII)1

are also provided in Table 1 for comparison, in order to
allow a better rationalization of our results.

Data of Table 1 allow us to draw the following conclu-
sions regarding mCA XIII inhibition with anions: (i) the
most potent mCA XIII inhibitors were the metal poi-
sons cyanate, cyanide and thiocyanate, as well as sulf-
amide, which showed inhibition constant in the range
of 0.25lM–0.74mM. It may be observed that mCA XIII
shows a quite similar behaviour with hCA I and hCA V
in its interaction with these inhibitors, whereas hCA II is
generally more resistant to them (except for cyanide
which is a stronger hCA II than mCA XIII inhibitor);
(ii) another group of anions, such as fluoride, iodide,
azide, carbonate, hydrogen sulfide, as well as phenylbo-
ronic and phenylarsonic acids act as efficient mCA XIII
inhibitors, showing KI-s in the range of 1.65–5.5mM.
Considering in more detail these data, the potent inhib-
itory property of fluoride is unique for CA XIII, since it
acts as an extremely weak inhibitor for other investi-
gated isozymes (such as hCA I, II and V––Table 1,
but also against hCA IV or hCA IX––data not shown).
We also note important differences between hCA I and
mCA XIII in their behaviour towards such metal com-
plexing anions as azide and hydrogen sulfide, which
are low micromolar inhibitors of the first isozyme, and
act as much weaker inhibitors of isozyme XIII. On the
other hand, carbonate is an effective mCA XIII inhibitor
(KI of 5.5mM), having a much lower affinity for the
other investigated isozymes (in the range of 15–
95mM). It is rather difficult to explain these differences
of affinity between these isozymes in their behaviour to-
wards such anions at this moment, since the X-ray crys-
tal structure of mCA XIII is unknown. The two
compounds investigated for the first time, that is, phen-
ylboronic and phenylarsonic acids, act as good mCA
XIII inhibitors (KI-s in the range of 1.65–2.85mM),
whereas their affinity for the other cytosolic isozymes
are much lower (KI-s in the range of 23.1–58.6mM).
These two compounds show an intermediate behaviour
as hCA V inhibitors, with an affinity in the range of
4.5–7.4mM for the mitochondrial isozyme; (iii) weak
mCA XIII inhibitory properties were shown by the fol-
lowing anions: bromide, nitrate, nitrite, bisulfite and
sulfamic acid, which showed KI-s in the range of 12.6–
75.5mM. It should be noted the very large difference be-
tween the mCA XIII inhibitory properties of sulfamide
and sulfamic acid (much larger as for other isozymes),
which allow us to hypothesize that CA XIII––specific
inhibitors may be obtained considering sulfamide as
lead molecule (or eventually the two compounds dis-
cussed previously, i.e., phenylboronic and phenylarsonic
acids). It is also interesting to note that the halides
showed a very unexpected affinity for this isozyme,
which distinguish it from all other investigated CAs.
Thus, generally fluoride showed very low or no affinity
at all for other CAs (e.g., hCA I, II and V––see Table
1), whereas inhibitory properties increased with the in-
crease of the atomic weight of the halogen, the best
inhibitor being always iodide for all other investigated
isozymes. In the case of mCA XIII, the best inhibitor
is fluoride, as already stressed above, bromide is an inef-
fective inhibitor, whereas iodide shows good inhibitory
properties (chloride will be discussed in the next para-
graph); (iv) very ineffective mCA XIII inhibitory proper-
ties were shown by chloride, bicarbonate (KI-s around
140mM) and sulfate (KI of 267mM). Data of sulfate
are as expected, since this anion shows weak hCA I
inhibitory properties, and very low affinity for the other
investigated isozymes, generally with KI-s higher than
200mM (Table 1). The most unexpected data are those
of bicarbonate, which acts as a good hCA I inhibitor (KI
of 12mM) and a much more ineffective inhibitor of iso-
zymes II and V (KI-s around 80–85mM). Unexpectedly,
the affinity of mCA XIII for bicarbonate is almost two
times lower, with a KI of 140mM. Considering on the
other hand the tissue localization of this isozyme and
its physiological functions, briefly commented in the
introduction, we note that this is a logical result, as
CA XIII is believed to provide the appropriate bicarbo-
nate concentration in the male and female reproductive
tracts (as well as in other tissues where it is present).
Thus, this enzyme must catalyze the hydration of CO2
to bicarbonate in the presence of very high concentra-
tions of bicarbonate, and our finding that mCA XIII
is insensitive to this inhibitor, strongly supports the pro-
posed physiological function of this enzyme, as discov-
ered from immunohistochemical experiments.1 This
finding also explains why another cytosolic isozyme
�has been invented� during the evolution of mammals,
in addition to the highly abundant cytosolic isozymes I
and II: clearly the sensitivity of CA XIII to physiological
anions such as bicarbonate is very different as compared
to that of isozymes I and II, and it may be stated that
CA XIII is the cytosolic isozyme resistant to bicarbonate
inhibition, acting as an efficient CO2 hydration catalysts
in the presence of high amounts of the reaction product,
that is, bicarbonate. Another interesting point relates to
the sensitivity of CA XIII to the other physiologically
relevant anion, that is, chloride. It may be observed that
only hCA I is sensitive to this anion (KI of 6mM)
whereas isozymes II, V and XIII are much more resist-
ant to inhibition by chloride (KI-s in the range of 138–
200mM). Why are these isozymes resistant to chloride
inhibition? A possible answer may be found by consider-
ing the association of diverse CA isozymes with proteins
involved in the transport of anions, such as the anion
exchangers (AE) or the sodium bicarbonate co-trans-
porter proteins NBC1 and NBC3, with the formation
of metabolons, recently investigated in detail by Casey
and co-workers.14–16 For example, a physical interaction
has been identified between hCA II, and the erythrocyte
membrane Cl�/HCO3

� anion exchanger, AE1, mediated
by an acidic motif in the AE1 carboxy-terminus.14–16,23

It has been proven that the presence of hCA II attached
to AE1 accelerates AE1 HCO3

� transport activity, as AE1
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moves bicarbonate either into or out of the cell.14–16,23

In efflux mode the presence of CA II attached to
AE1 increased the local concentration of bicarbonate
at the AE1 transport site. As bicarbonate is transported
into the cell by AE1, the presence of CA II on the cyto-
solic surface accelerates transport by consumption of
bicarbonate (which is enzymatically dehydrated to
CO2), thereby maximizing the transmembrane bicarbo-
nate concentration gradient experienced by the AE1
molecule.14–16 Functional and physical interactions were
also shown to occur between CA II or CA IV and Na+/
HCO3

� co-transporter isoforms NBC1 and NBC3 by
the same group.14–16,23 Another metabolon was also
recently reported by Sly et al. for the mitochondrial
isozyme CA V,24 which interacts with some glu-
coneogenic enzymes such as malate dehydrogenase and
pyruvate carboxylase (for example the real substrate of
pyruvate carboxylase is not CO2, but bicarbonate, and
this explains why the mitochondrial isozyme CA V plays
such an important physiological function).25 Returning
at data of Table 1, it may be seen that both CA II as well
as CA V are resistant to inhibition by bicarbonate and
chloride. Considering the involvement of these anions
in the metabolons discussed above, it appears obvious
why these CAs should not be inhibited by the two ani-
ons with which they are in contact at high concentra-
tions. For CA XIII no metabolons have been found
up to now, but observing the high inhibition constants
of both chloride and bicarbonate towards this isozyme,
we hypothesize that CA XIII is involved in such metab-
olons, which hopefully will be identified in the near
future.
2. Conclusion

We report here the first detailed inhibition study of the
newly isolated cytosolic isozyme CA XIII with anions.
This enzyme is expressed in many different organs
including the salivary glands, kidney, brain, lung, gut,
uterus and testis. Interestingly, CA XIII showed a very
different affinity for anions as compared to the other
cytosolic isozymes investigated (hCA I and II) or the
mitochondrial isozyme hCA V. The best mCA XIII
inhibitors were cyanate, thiocyanate, cyanide and sulf-
amide, with KI-s in the range of 0.25lM–0.74mM,
whereas fluoride, iodide, azide, carbonate and hydrogen
sulfide were less effective (KI-s in the range of 3.0–
5.5mM). The least effective inhibitors were sulfate, chlo-
ride and bicarbonate (KI-s in the range of 138–267mM).
This resistance to inhibition by the physiological anions
bicarbonate and chloride suggests an evolutionary adap-
tation of CA XIII to the presence of high concentrations
of such anions (e.g., in the reproductive tract of both
female and male, but probably in other tissues too where
this isozyme is present), and the possible participation of
CA XIII (similarly to CA II, CA IV and CA V) in
metabolons with proteins involved in anion exchange
and transport, such as the anion exchangers (AE1-3)
or the sodium bicarbonate co-transporter (NBC1 and
NBC3) proteins. Such metabolons remain to be identi-
fied, in order to better understand the physiological roles
of this new isozyme.
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