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The o-carbonic anhydrase (CA, EC 4.2.1.1) from the extremophilic bacterium Sulfurihydrogenibium
azorense, SazCA, is the fastest CA known to date as a catalyst for CO, hydration to bicarbonate and pro-
tons. We report an inhibition study of this enzyme with inorganic anions and several other small mole-
cules known to interact with these metalloenzymes. Bicarbonate, carbonate and sulfate were ineffective
SazCA inhibitors whereas most other inorganic anions were submillimolar inhibitors. The best inhibition
was observed with trithiocarbonate, diethyldithiocarbamate, sulfamide, sulfamate, phenylboronic, and
phenylarsonic acid, which showed inhibition constants in the range of 3-39 uM. As SazCA is very stable
at high temperatures (being an ‘extremo-CA’) and very effective as a catalyst, the inhibition studies
reported here may be crucial for designing biotechnological applications for this enzyme, for example
for CO, capture processes.

© 2012 Elsevier Ltd. All rights reserved.

We have recently reported the discovery and characterization of
an o-carbonic anhydrase (CA, EC 4.2.1.1) from the extremophilic
bacterium Sulfurihydrogenibium yellowstonense YO3AOP1, enomi-
nated SspCA."? The genus Sulfurihydrogenibium comprises chemo-
lithotrophic bacteria able to survive in extremely harsh conditions
of temperature (up to 110°C) and in the presence of high
concentrations of hydrogensulfide (between 1 and 100 M) or other
sulfur-containing inorganic anions.>* As its name indicates,
S. yellowstonense has been discovered in the Yellowstone National
Park several years ago.? A related species, S. azorense, was subse-
quently discovered in the Azores Islands.* As CAs act as very effec-
tive catalysts for the conversion of CO, to bicarbonate,>® it is very
probable that the enzymes present in these bacteria are involved in
the CO, fixation and other biosynthetic processes (e.g., carboxyla-
tions), as for other organisms, such as bacteria, diatoms, algae and
plants, in which the role of the various classes of CAs is well estab-
lished.*-®

Indeed, CAs, of which five genetically distinct families are
known to date, are present in organisms all over the phylogenetic
tree and involved in a variety of physiologic processes related to
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pH homeostasis, secretion of electrolytes, biosynthetic processes,
etc.>® Ultimately, many CAs started to be considered for biotech-
nological applications of enzymatic CO, capture, due to the
enhanced emission of green gases among which CO, is one of the
main components.®~!! Indeed, by effectively catalyzing the conver-
sion of CO, to bicarbonate, which is thereafter either eliminated or
precipitated from the system, such enzymes may lead to the cap-
ture/sequestration of CO, from combustion gases, and alleviate
the global warming effects through a reduction of CO, emissions
in the atmosphere. One of the main problems of such biotechno-
logical processes is the lack of stability of most such enzymes of
mammalian origin to repeated cycles of CO, capture, when various
denaturating conditions may be encountered, such as high temper-
ature, high concentrations of salts (among others carbonate and
bicarbonate generated through the catalyzed reaction), etc. This
is one of the reasons why CAs present in the genome of extremo-
philic bacteria started to be investigated in some detail ultimately,
as SspCA, the enzyme mentioned above from S. yellowstonense,'
as well as the o-CA from Thiomicrospira crunogena, another sul-
fur-oxidizing chemolithoautotrophic bacterium, recently investi-
gated by McKenna's group.'? Such enzymes show greater
stability at higher temperatures, and some of them also were
highly catalytically active for the physiologic reaction, that is,
hydration of CO, to bicarbonate and protons.! For example, SspCA
showed a keae/Kin value of 1.1 x 108 M~! x s~! (at 20 °C and pH of
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7.5) being thus 73.3% as active as the human (h) isoform hCA I, one
of the best catalysts known in nature (kea¢/Km value of 1.51 x 108 M~!
x 5”1, in the same conditions).!?

By translated genome inspection of S. azorense, we identified a
gene encoding an o-CA also in this bacterium, which we denomi-
nate SazCA, which is the homolog of SspCA, previously character-
ized in S. yellowstonense.'? Here we report the first study on this
enzyme, measuring its catalytic activity for the physiologic reac-
tion, that is, CO, hydration to bicarbonate and protons, as well as
its inhibition profile with anions and similar small molecules
known to bind to the zinc ion in metalloproteins.'>~1®

Data of Table 1 show that SazCA has the highest catalytic activ-
ity for the physiologic reaction (CO, hydration to bicarbonate and
protons) of all known to date CAs, with the following kinetic
parameters: ke, of 4.4 x 10% s7!, K., of 12.5mM and Kkei/Km of
3.5 x 108 M~! x 571 (at 20 °C and pH of 7.5) being thus 2.33 times
more active than the human (h) isoform hCA 11, one of the best cat-
alysts known in nature."? Furthermore, SazCA was 3.2 times more
effective as a catalyst for the physiologic reaction compared to a
similar bacterial enzyme, SspCA investigated earlier by us,'? and
7-times more effective compared to the slow human isofom hCA
12 (Table 1). All these enzymes (except hCA I) were effectively
inhibited by the sulfonamide in clinical use acetazolamide (5-acet-
amido-1,3,4-thiadiazole-2-sulfonamide), with inhibition constants
in the range of 0.9-12 nM (the K; of this sulfonamide against hCA |
was of 250 nM). It may be observed that acetazolamide is an excel-
lent, subnanomolar inhibitor of SazCA, being much more effective
against this isoform than against hCA II (Table 1).

Table 1
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These activity data can be rationalized taking into consideration
the amino acid sequence of this enzyme, which has been aligned
with that of other a-CAs, such as the human isoform hCA II and
the bacterial one SspCA (from S. yellowstonense) (Fig. 1). It may
be observed that similar to the other investigated members of
the o-CA, SazCA has the conserved three His ligands which coordi-
nate the Zn(Il) ion crucial for catalysis (His94, 96 and 119, hCA |
numbering system). The proton shuttle residue (His64) which as-
sists the rate-determining step of the catalytic cycle, that is, the
transfer of a proton from the water coordinated to the Zn(II) ion
as the fourth ligand to the environment, with formation of the zinc
hydroxide, nucleophilic species of the enzyme is also conserved.
SazCA contains also the conserved gate-keeping residues (Glu106
and Thr199) which orientate the substrate for catalysis, and are
also involved in the binding of inhibitors, similar to the other
a-CAs discussed here.!°~8 All these residues are in fact conserved
in all these o-CAs of mammalian or bacterial origin. Intriguing was
the absence of four amino acid in the primary sequence of the
bacterial o-CAs (Fig. 1, indicated as A, B, C and D). IT ha been
reported that deletion of such polypeptide loops determines an
increase of the protein stability in thermophilic enzymes,
reducing the conformational entropy of the molecules at elevated
temperatures.!”

In Figure 2, a phylogenetic analysis of SazCA is shown, compar-
ing it to the orthologous enzymes present in bacteria (SspCA from
S. yellowstonense;! hpaCA from Helicobacter pylori,'® NgCA from
Neisseria gonorrhea,'® and TcruCA from Thiomicrospira crunoge-
na),'? fungi (Aspergillus orizae AoCA)*° corals (STPCA and STPCA2

Kinetic parameters for CO, hydration reaction catalyzed by some o-CA isozymes, such as SazCA (Sulfurihydrogenibium azorense), SspCA (Sulfurihydrogenibium yellowstonense
YO3AOP1 (hCA I and II) and the human cytosolic isoforms hCA I and II, at 20 °C and pH 7.5, and their inhibition data with acetazolamide AAZ (5-acetamido-1,3,4-thiadiazole-2-

sulfonamide), a clinically used drug

Enzyme Activity level keat (s71) K (MmM) keat/Km (M1 x s71) K; (acetazolamide) (nM)
SazCA? Highest 44 % 10° 125 35 x 108 09

SspCAP High 935 x 10° 8.4 1.1 x 108 45

hCA I Medium 2.00 x 10° 4.0 5.0 x 107 250

hCA II° Very high 1.40 x 10° 93 1.5 x 108 12

4 Recombinant enzyme, stopped flow CO, hydrase assay method, this work.
> Recombinant bacterial enzyme, from Ref. 1.

hCATT ~ mmmmmmm e MSHHWGYGKHNGPEHWHK - - -DFPTAKGERQS
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64
hCA_IT PVDIDTHTAKYDPSLKPLSVSYDQATSLRILNNGHAFNVEFDDSQDKAVLKGGPLDGTYR
SspCA PINIDKKY-KVKANLPKLNLYYKTAKESEVVNNGHTIQINIKEDNTLNY----- LGEKYQ
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Figure 1. Alignment of the amino acid sequences of o-CAs from human (hCA II, H. sapiens isoform II, accession n.: AAH11949.1) and thermophilic microorganisms (SspCA,
Sulfurihydrogenibium yellowstonense YO3AOP1, accession n.: ACD66216.1; SazCA, Sulfurihydrogenibium azorense, accession n.: ACN99362.1). The proton shuttle residue (His64
in blue), the zinc ligands (His94, 96 and 119, in red) and the gate-keeper residues (Glu106 and Thr199, in cyan) are conserved in all these enzymes. The four loops absent in
the bacterial enzymes are indicated with the bold letters A, B, C and D. The asterisk (*) indicates identity at all aligned positions; the symbol (:) relates to conserved
substitutions, while (.) means that semi-conserved substitutions are observed. Multialignment was performed with the program Clustal W, version 2.1. The hCA [ numbering

system was used.
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Figure 2. Phylogenetic trees of the sequences of the o-CAs from different sources.
The tree was constructed using the program PhyML 3.0. Branch support values are
reported at branch points. Legend: CAH-4a, Caenorhabditis elegans isoform a
(Accession n.. NP_510265 STPCA); CAH-4b, Caenorhabditis elegans isoform b
(Accession n.: NP_510264); AoCA, Aspergillus oryzae, (Accession n.: EIT75832.1);
CrCA, Chlamydomonas reinhhardtii (Accesion n.: BAA14232.2); DsCA, Dunaliella
salina (Accesion n.: AAC49378.1); STPCA, Stylophora pistillata (Accession n.:
ACA53457.1); STPCA-2, Stylophora pistillata, (Accession n.: ACE95141.1); hCAI,
Homo sapiens, isoform [ (Accession n.: NP_001158302.1); hCAll, Homo sapiens,
isoform II (Accession n.: AAH11949.1); TcruCA, Thiomicrospira crunogena XCL-2
(Accession n.: ABB42137.2); SspCA, Sulfurihydrogenibium yellowstonense YO3AOP1
(Accession n.: ACD66216.1); hpoCA, Helicobacter pylori J99 CA (Accession n.:
NP_223829.1); NgCA, Neisseria gonorrhoeae CA (Accession number: CAA72038.1);
SazCA, Sulfurihydrogenibium azorense (Accession n.: ACN99362.1).

from Stylophora pistillata),?'*> nematodes (CAH-4b and CAH-4a
from the worm Caenorhabditis elegans)>> green algae (Dunalliella
salina, DsCA and Chlamydomonas reinhardii, CrCA),**?> and mam-
mals (the human isoforms hCA I and II). The bacterial o-CAs are
phylogenetically more close to the mammalian and coral clade
than the group including the nematode (CAH-4a and 4b), fungal
(AoCA) and algal (CrCA and DsCA) a-CAs (Fig. 1). The evolution
of the ‘extremo-o-CA’ is marked by several gene duplication events
leading to the segregation of the mesophilic and the thermophilic
o-CAs. In particular, the extremo-a-CAs (SspCA, SazCA and TcruCA)
are grouped in a clade resulting from the duplication of an ances-
tral gene that gave also origin to the bacterial mesophilic clade
(NgCA and hpaCA).

In Table 2 we report SazCA inhibition data with a rather wide
range of simple and complex inorganic anions as well as several
small molecules observed earlier to act as CA inhibitors (CAIs)
against other such enzymes.'®>~® The analogous data for the inhi-
bition of SspCA and of the two widespread and highly investigated
human isoforms hCA I and II are also provided for comparison rea-
sons, as they were reported earlier by our group.!? The inhibition
profile of SazCA is distinct of those of other a-CAs, as follows:

(i) The anions with the smallest propensity to coordinate metal
ions, perchlorate and tetrafluroborate, were not inhibitors of SazCA
up to concentrations of 200 mM. The same is true for the human
isoforms hCA I and II as well as the bacterial one SspCA.

(ii) Several other anions, such as bicarbonate, carbonate, sulfate
and peroxydisulfate were also weak inhibitors of SazCA, with inhi-
bition constants in the range of 7.6-32.9 mM. It is interesting to
note that except for sulfate, which was inhibitory, these anions
were also weak inhibitors of the related enzyme SspCA investi-
gated earlier.?? It should be noted that the weak affinity of SazCA
for bicarbonate and carbonate might be a positive feature for its
potential biotechnological application in the CO, capture pro-
cesses, since the enzyme is not appreciably inhibited in the pres-
ence of rather high concentrations of the two anions (Table 2).

(iii) A rather large number among the investigated anions were
submillimolar SazCA inhibitors, with Kis in the range of 0.34-
0.98 mM. They include the halides, (thio)cyanate, cyanide, azide,

Table 2

Inhibition constants of anionic inhibitors against o-CA isozymes derived from human
(hCAT and II), and the bacterial enzymes SspCA and SazCA, at 20 °C by a stopped flow
CO, hydrase assay'®

Inhibitor? K; [mM]°
hCA I¢ hCA 1I° SspCAY SazCA®

F- >300 >300 417 0.98
cl- 6 200 8.30 0.85
Br 4 63 49.0 0.94
I 0.3 26 0.86 0.87
CNO~ 0.0007 0.03 0.80 0.47
SCN- 0.2 1.60 0.71 0.58
CN 0.0005 0.02 0.79 0.40
N3~ 0.0012 1.51 0.49 0.34
HCO5~ 12 85 33.2 15.7
052 15 73 39.3 7.60
NO5~ 7 35 0.86 0.76
NO,~ 8.4 63 0.48 0.58
HS 0.0006 0.04 0.58 0.38
HSO;3~ 18 89 21.1 0.95
Sn0;2~ 0.57 0.83 0.52 0.76
Se042~ 118 112 0.57 0.51
Te04%~ 0.66 0.92 0.53 0.41
P,0,%4~ 25.77 48.50 0.69 0.66
V,0,4" 0.54 0.57 0.66 035
B40~ 0.64 0.95 0.67 0.49
ReO,~ 0.110 0.75 0.80 0.73
RuO,;~ 0.101 0.69 0.69 0.52
082" 0.107 0.084 84.6 329
SeCN~ 0.085 0.086 0.07 0.49
CS32~ 0.0087 0.0088 0.06 0.039
EtNCS, ™ 0.79 3.1 0.004 0.003
S04~ 63 >200 0.82 10.0
Clog~ >200 >200 >200 >200
BF,~ >200 >200 >200 >200
FSO3~ 0.79 0.46 0.73 0.65
NH(S03),%~ 0.31 0.76 0.75 0.52
H,NSO,NH, 0.31 1.13 0.009 0.004
H,NSOsH 0.021 0.39 0.042 0.005
Ph-B(OH), 58.6 23.1 0.041 0.007
Ph-AsO3H, 31.7 49.2 0.005 0.008

¢ As sodium salt.

b Errors were in the range of 3-5% of the reported values, from three different
assays.

¢ From Ref.13.

9 From Ref. 2a.

¢ This work.

nitrate, nitrite, hydrogensulfide, stannate, selenate, tellurate,
diphosphate, divanadate, tetraborate, perrhenate, perruthenate,
selenocyanide, fluorosulfate, and iminodisulfonate (Table 2). It is
rather probable that most of these anions can inhibit SazCA similar
to the human isoforms hCA I and II, by coordinating to the Zn(II)
ion from the enzyme active site.'> Indeed, there are many X-ray
crystal structures of various anions bound to the human isoforms,
which as seen from data of Table 2, are inhibited more or less in the
same range by many of these anions, as SazCA. However, there are
some important differences between SazCA and SspCA inhibition
profiles with anions such as fluoride, chloride, bromide, and
hydrogensulfite, withe the first enzyme being inhibited consider-
ably more by these species, compared to the second one. A special
mention should be also made regarding hydrogensulfide which is a
relatively inefficient SspCA and SazCA inhibitor (Kis of 0.38-
0.58 mM) whereas this anion is much more inhibitory against
hCA I and II (K;s of 0.6-40 M, Table 2). Thus, there is a difference
of several orders of magnitude in the sensitivity of the bacterial
versus the mammalian isoforms for this anion. This is probably
due to the fact that the bacteria expressing SspCA and SazCA live
in environments rich in hydrogen sulfide.??

(iv) The best anion inhibitors of SazCA were trithiocarbonate,
diethylditiocarbamate, sulfamide, sulfamate, phenylboronic acid
and phenylarsonic acid, which showed a low micromolar affinity
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for this enzyme, with Kis in the range of 3.0-39 M. Trithiocarbonate
and diethyldithiocarbamate were recently shown to lead to highly
potent inhibitors directed against many o- or B-CAs, and some X-
ray crystal structures also revealed their binding mode, which is
achieved by coordination to the metal ion via a sulfur, negatively
charged atom.?® It is conceivable that a similar binding mode is
achieved also within the SazCA active site. Sulfamide and sulfa-
mate also coordinate (via a ionized nitrogen atom) to the Zn(II)
ion within the hCA I active site,?’ and probably the same inhibi-
tion mechanism is valid against this bacterial enzyme.

In conclusion, we investigated an o-CA from the thermophilic
bacterium Sulfurihydrogenibium azorense, which is the catalytically
most active enzyme known to date for the physiological reaction of
CO, hydration to bicarbonate and protons. This highly thermosta-
ble enzyme was investigated for its inhibition profile with inor-
ganic simple/complex anions. The best inhibition was observed
with trithiocarbonate, diethyldithiocarbamate, sulfamide, sulfa-
mate, phenylboronic, and phenylarsonic acid, which showed inhi-
bition constants in the range of 3-39 M. As SazCA is very stable at
high temperatures (being an ‘extremo-CA’) and very effective as a
catalyst for CO, hydration, the inhibition studies reported here
may be crucial for designing biotechnological applications for this
enzyme, for example for CO, capture processes.
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