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Abstract—The first inhibition study of the B-class carbonic anhydrase (CA, EC 4.2.1.1) from the methanoarchaeon Methanobacte-
rium thermoautotrophicum (Cab) with anions is reported here. Inhibition data of the a-class human isozymes hCA I and hCA II
(cytosolic) as well as the membrane-bound isozyme hCA IV and the y-class enzyme from another archaeon, Methanosarcina ther-
mophila (Cam) with a large number of anionic species such as halides, pseudohalides, bicarbonate, carbonate, nitrate, nitrite, hydro-
sulfide, bisulfite, sulfate, etc., are also provided for comparison. The best Cab anion inhibitors were thiocyanate and hydrogen
sulfide, with inhibition constants in the range of 0.52-0.70mM, whereas cyanate, iodide, carbonate, and nitrate were weaker inhib-
itors (K;’s in the range of 7.8-13.2mM). Fluoride, chloride, and sulfate do not inhibit this enzyme appreciably, whereas the CA
substrate bicarbonate, or other anions, such as bromide, nitrite, bisulfite, or sulfamate behave as weak inhibitors (K in the range
of 40-45mM). It is interesting to note that the metal poison, coordinating anions cyanide and azide are also rather weak Cab inhib-
itors (K in the range of 27-55mM), whereas sulfamide is a very weak Cab inhibitor (K; of 103mM), although it strongly inhibits
Cam (K; of 70 uM). Surprisingly, phenylboronic and phenylarsonic acids, which have been investigated for the inhibition of all these
CAs for the first time, showed very weak activity against the o-CA isozymes, but were effective Cab and Cam inhibitors. The best
Cab inhibitors were just these two compounds (Kj’s of 0.20-0.33mM), whereas the best Cam inhibitor was sulfamic acid (K; of
96nM). These major differences of behavior between the diverse CAs investigated here toward anion inhibitors can be difficultly
explained considering the convergent evolution of so diverse enzymes for the binding and turnover of small molecules such as
carbon dioxide and anions.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

The carbonic anhydrases (CAs, EC 4.2.1.1) are excellent
examples of convergent evolution of catalytic function.!
Indeed, these ubiquitous metalloenzymes are present in
prokaryotes and eukaryotes, being encoded by at least
five distinct, evolutionarily unrelated gene families: the
o-CAs (in prokaryotes from the Bacteria domain, algae,
cytoplasm of green plants and vertebrates—with 14 iso-
zymes presently known in humans), the B-CAs (predo-
minantly in Bacteria, algae, and chloroplasts of both
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mono- as well as dicotyledons), the y-CAs (mainly in
Archaea and some Bacteria), the 6-CAs, found so far
only in a marine diatom (Thalassiosira weisflogii)—
which were the first cadmium-enzymes ever reported,
and the very recently described e-CAs, isolated in cyano-
bacteria and some chemolithoautotrophic bacteria,
respectively.!™ Genes encoding enzymes from all classes
have been identified in the prokaryotes with the B- and
y-classes predominating.! These enzymes catalyze the
reversible hydration of carbon dioxide to bicarbonate,
but at least the a-CAs possess other catalytic activities.?
CAs are important to many eukaryotic physiological
processes such as respiration, CO, transport, electrolyte
secretion, and photosynthesis among others.!™
Although ubiquitous in highly evolved organisms from
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the Eukarya domain, these enzymes have received scant
attention in prokaryotes from the Bacteria and Archaea
domains and CA has been purified from only five such
species since it was first identified in Neisseria sicca in
1963.17 Recent work has shown that CAs are wide-
spread in metabolically diverse species from both the
Archaea and Bacteria indicating that the enzyme has a
more extensive and fundamental role in prokaryotic
biology than originally recognized.!® Interestingly,
many prokaryotes contain CA genes from more than
one class, some even containing genes from three of
the known classes (i.e., o, B, and y). In addition, some
prokaryotes contain multiple genes encoding CAs from
the same class. The presence of multiple CA genes with-
in a species underscores the importance of this enzyme
in prokaryotic physiology; however, the role(s) played
by these CAs are still largely unknown.>¢ Even though
most of the information known about the function(s)
of CA primarily relates to its role in cyanobacterial
CO, fixation, some prokaryotic enzymes have also been
shown to function in cyanate degradation and the sur-

vival of intracellular pathogens within their host.>¢

The active site of hCA 11, one of the best studied a-CAs
is shown in Figure 1A. It may be seen that the metal ion
(essential for catalysis) is coordinated by three histidine
residues and a water molecule/hydroxide ion that parti-
cipates in a hydrogen bond network involving residues
Thr 199 and Glu 106."* Many diverse organisms con-
tain CAs belonging to the B-class, such as, for example,
the methanoarchaeon Methanobacterium thermoauto-
trophicum.'® The principal difference between these en-
zymes and the a-CAs investigated in detail since they
were discovered in the 30-s,!* consists in the fact that
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usually the B-CAs are oligomers, generally formed of
2-6 monomers of molecular weight of 25-30kDa. The
X-ray crystal structure of four B-CAs is available at this
moment: the enzyme isolated from the red alga Porphy-
ridium purpureum,'! the enzyme from chloroplasts of
Pisum sativum,'? another prokariotic enzyme, from Esc-
herichia coli'> and Cab, the enzyme described in the
archaeon M. thermoautotrophicum. %!

The P. purpureun CA monomer is composed of two
internally repeating structures, being folded as a pair
of fundamentally equivalent motifs of an o/ domain
and three projecting a-helices. The motif is very distinct
from that of either a- or y-CAs. This homodimeric CA
appears like a tetramer with a pseudo 2-2-2 symme-
try.!! B-CAs are thus very different from the a-class en-
zymes (Fig. 1A). The Zn(II) ion is essential for catalysis
in both families of enzymes, but its coordination is dif-
ferent and rather variable for the B-CAs: thus, in the
red alga B-CA the Zn(II) ion is coordinated by two
cysteinate residues, an imidazole from a His residue
and a carboxylate belonging to an Asp residue (Fig.
1B), whereas the chloroplast enzyme has the Zn(II) ion
coordinated by two cysteinates, the imidazole belonging
to a His residue, and a water molecule (Fig. 1C).!-14
The polypeptide chain folding and active site architec-
ture is obviously very different from those of the CAs
belonging to the a-class. Cab exists as a dimer with a
subunit fold similar to that observed in plant-type [-
CAs.'* The active site zinc ion was shown to be coordi-
nated by the amino acid residues Cys 32, His 87, and
Cys 90, with the tetrahedral coordination completed
by a water molecule (Fig. 1C). The major difference be-
tween plant- and Cab-type B-CAs is in the organization
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Figure 1. Metal ion coordination sphere in the five classes of CAs: A—a-CAs (hCA II numbering); B—P. purpureum and E. coli B-CAs; C—P.
sativum chloroplast and M. thermoautotrophicum B-CAs; D—y-class CA from M. thermophila (M is presumably Zn(II), Co(II), or Fe(II)—which can
be either tetra-, penta-, or hexacoordinated by additional water molecules; Cam numbering of the His residues) and 6-class CA from Thalassiosira
weissflogii (M=Cd(II) or Zn(II)—the exact geometry of the metal ion is not known). No information is available yet regarding the metal ion

coordination for the e-class CAs.
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of the hydrophobic pocket. The X-ray crystal structure
of Cab also revealed a Hepes buffer molecule bound
8 A away from the active site zinc, which suggests a pos-
sible proton transfer pathway from the active site to the
solvent.'*

The prototype y-CA, Cam, has several features that dif-
ferentiate it from the o- and B-CAs. Thus, the protein
fold is composed of a left-handed B-helix motif inter-
rupted by three protruding loops and followed by short
and long a-helixes. The Cam monomer self-associates in
a homotrimer with the approximate molecular weight of
70kDa.'> The metal ion within the active site is coordi-
nated by three histidine residues (Fig. 1D), as in a-CAs,
but relative to the tetrahedral coordination geometry
seen at the active site of a-CAs, the active site of this
v-CA contains additional metal-bound water ligands,
so that the overall coordination geometry is trigonal
bipyramidal for the zinc-containing Cam and octahedral
for the cobalt-substituted enzyme. Two of the His resi-
dues coordinating the metal ion belong to one monomer
(monomer A) whereas the third one is from the adjacent
monomer (monomer B). Thus, the three active sites are
located at the interface between pairs of monomers.'>
Little is known so far regarding the coordination of
the metal ion and the metal ion requirement in the d-
and e-class of CAs.

In recent work from our laboratories, we investigated
the inhibition of various a-CAs (the mitochondrial iso-
zyme CA V!¢ and the tumor associated isozyme CA
IX'7) or the y-CA from Methanosarcina thermophila
(Cam)'® with anions. Here we extend this type of study
and report the first anion inhibition study of the B-CA
from M. thermoautotrophicum, a COj-reducing met-
hanoarchaeon.!®

2. Chemistry

Buffers and metal salts (sodium or potassium fluoride,
chloride, bromide, iodide, cyanate, thiocyanate, cyanide,
azide, bicarbonate, carbonate, nitrate, nitrite, hydrogen
sulfide, hydrogen sulfite, and sulfate) were of highest
purity available, and were used without further purifica-
tion. Sulfamide, sulfamic acid, phenylboronic acid, and
phenylarsonic acid were from Sigma—Aldrich. Recomb-
inant Cab and Cam were obtained as previously re-
ported.!®!415 The recombinant o-CA isozymes used
for comparison in this study were obtained as previously
reported.'”

3. CA inhibition

In a previous work!%® we have investigated the inhibi-
tion of the y-class enzyme Cam with anions, whereas
more recently, we also reported the inhibition of both
Cam as well as Cab with sulfonamides, '8 the main class
of inhibitors of these metalloenzymes.* Here we report
the first detailed anion inhibition study of Cab, but in
addition to the common inorganic anions we also in-
cluded in our study sulfamide and sulfamic acid, as these
are the simplest compounds incorporating a sulfona-

mide moiety, as well as phenylboronic acid and phenyl-
arsonic acid, since it is well known that some of these
compounds act as inhibitors of other metalloenzymes,
such as, for example, the arginases, and they have not
been investigated for their interaction with the CAs.!8¢

Inhibition data against three a-class CA isozymes (hCA
I, 11, and 1V), Zn(I1)-Cam and Cab with anions, sulf-
amide, sulfamic acid, phenylboronic, and phenylarsonic
acid are shown in Table 1.

As seen from data of Table 1, Cab has an inhibition pro-
file by anions very different from that of the a-CA iso-
zymes CA 1, II, or 1V, and the y-class enzyme Cam
(the zinc-containing Cam has been used for comparison,
since Cab and the other vertebrate isozymes employed in
the experiments are all zinc enzymes). The best Cab
inhibitors were unexpectedly, phenylboronic acid,
phenylarsonic acid, thiocyanate, and hydrogen sulfide,
which showed inhibition constants in the range of
0.20-0.70mM. Surprisingly, phenylboronic acid and
phenylarsonic acid, which were not tested previously
for their interaction with any CA, behave as strong
Cam inhibitors (K;’s in the range of 0.15-0.23mM) but
are quite weak inhibitors of the human isozymes hCA
I and hCA II (K;’s in the range of 23.1-58.6mM). For
example, phenylboronic acid is almost 300 times a more
potent Cab inhibitor than a hCA 1 inhibitor, whereas
this ratio for Cam is around 250. It may be thus consid-
ered that this compound is a specific inhibitor for pro-
karyotic over eukaryotic CAs. It should also be noted
that thiocyanate is a stronger inhibitor only against
hCA I (K; of 0.2mM), whereas it behaves as a weaker
inhibitor of hCA II or Cam. Hydrogen sulfide on the
other hand is a much stronger inhibitor for hCA I,
hCA 1II, and Cam than for Cab.

The binding of these potent inhibitors to Cab may be
hypothesized to be similar to that observed for the en-
zymes belonging to the a- and y-classes.>!#!> Thus, thio-
cyanate is probably directly coordinated to Zn(II) as
shown in Figure 2A, replacing the water molecule/
hydroxide ion present in the uninhibited enzyme. Phe-
nylboronic acid and phenylarsonic acid probably also
bind as anions (the experiments have been done at
pH 7.4, at which these compounds are presumably ion-
ized), coordinating the zinc ion as shown schematically
in Figure 2B and C, in analogy to the binding of some
of them (i.e., the boronic acids) to the Mn(II) ion of
the metalloenzyme arginase, recently investigated by
Christianson’s group.'®¢ These hypothesis are in the
course of being verified, as work is in progress for
resolving the X-ray crystal structure of adducts of these
inhibitors with Cab (and Cam).

The next best inhibitors of Cab were iodide, cyanate,
carbonate, and nitrate, which showed inhibition con-
stants in the range of 7.8-13.2mM (Table 1). Todide is
a much better Cab inhibitor than a Cam inhibitor (K;
of 160mM), whereas this anion has rather similar
potency against hCA II and hCA 1V as for Cab, but is
a much stronger hCA 1 inhibitor (this is generally the
a-CA isozyme with the highest affinity for anions).”>
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Table 1. Inhibition constants of anionic inhibitors against a-isozymes hCA 1, II, IV, y isozyme Zn-Cam and B-isozyme Cab, for the CO, hydration

reaction, at 20°C?*

Inhibitor K; (mM)*

hCA 1 hCA II hCA IV Zn-Cam Cab
F~ >300° >300° nt >200° >1000
cl- 6° 200° 36° >200° 152
Br~ 4° 63° 520 160° 42.1
I 0.3° 26° (35)¢ 11° 160° 13.2
CNO~ 0.0007° 0.03° 0.03° 0.09¢ 11.2
SCN~ 0.2° 1.6° nt 7.0° 0.52
CN- 0.0005 0.02 nt 0.68° 27.8
N3~— 0.0012 1.5° nt 5.8° 55.7
HCO;5~ 12° 85> 44° 42°¢ 449
COs2~ 15° 730 nt 6.7° 9.6
NO;~ 7° 350 nt 36.5¢ 7.8
NO,~ 8.4° 63° nt 6.8° 44.8
HS™ 0.0006° 0.04° nt 0.05¢ 0.70
HSO;~ 18° 89 nt 11.7° 45.1
S04~ 63° >200° 44 >200° 950
H,NSO,NH, 0.31° 1.13° nt 0.07 103
H,NSO;H" 0.021° 0.39° nt 9.6x107° 44.0
Ph-B(OH), 58.6 23.1 nt 0.23 0.20
Ph-AsO;H," 31.7 49.2 nt 0.15 0.33

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

® From Ref. 16.
°From Ref. 18a.
9 From Ref. 26.
¢From Ref. 27.
T As sodium salt.
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Figure 2. Proposed schematic binding of anion inhibitors to Cab: A
thiocyanate; B phenylboronic acid; C phenylarsonic acid.

Cyanate on the other hand is a much stronger inhibitor
for all these a- and y-CAs than for Cab, whereas car-
bonate has very similar affinities for the two prokaryotic
CAs, Cab, and Cam, being a weaker CA I and II inhib-
itor. Nitrate has similar affinities for hCA I and Cab,
being a much weaker hCA II and Cam inhibitor. An-
other group of anions, including bromide, cyanide,
azide, bicarbonate, nitrite, bisulfite, and sulfamate acted
as weak Cab inhibitors, showing Kj’s in the range of
27.8-55.7mM (Table 1). Among them, bromide is a four
times better inhibitor of Cab than of Cam, whereas its
affinity for hCA II and hCA 1V is in the same range
as for Cab. Only hCA I has a much higher affinity for
this anion. On the contrary, cyanide, azide, nitrite, and
sulfamate are much better Cam than Cab inhibitors.
Noteworthy is sulfamate, which is one of the most po-
tent Cam inhibitors detected so far,'® with an affinity
of 96nM for this enzyme. Sulfamate, whose X-ray crys-
tal structure with hCA 1II has been reported,?® is a much
weaker inhibitor of these a-CAs, and it may be truly
considered a Cam-specific inhibitor. It is hard to explain

this very interesting behavior at this point, without an
X-ray crystal structure of the Cam-sulfamate adduct.
Another unexpected feature was the rather low inhibi-
tory activity toward Cab of the metal poisons cyanide
and azide, known to possess strong coordinating prop-
erties toward metal ions present within the active site
of many metalloenzymes.!™ Thus, these anions are
micromolar inhibitors of hCA 1, also appreciably inhib-
iting hCA 11, but they act as rather weak Cab and Cam
inhibitors. Bicarbonate, which may also act as a sub-
strate for CAs is itself a weak Cab inhibitor, showing
a very similar K; as for Cam and hCA IV. Sulfamide
is a weak Cab inhibitor (K; of 103mM), but it acts as
a much more potent Cam, hCA I and hCA 1I inhibitor.
Finally, a very weak inhibitor was chloride, whereas sul-
fate and fluoride are practically devoid of inhibitory
properties toward this enzyme (these two anions are
generally the weakest CA inhibitors against enzymes
from all classes investigated so far) (Table 1).

In conclusion, we report the first inhibition study with
anions of the P-class CA from the methanoarchaeon
M. thermoautotrophicum. This enzyme, Cab, showed
an inhibition profile by anions very different from that
of enzymes belonging to the a-class (hCA I, II, and
IV) or y-class (Zn-Cam) investigated earlier. Further-
more, Cam has also been tested for the inhibition with
some compounds (sulfamide, sulfamic acid, phenylbo-
ronic acid, and phenylarsonic acid) for the first time.
The best Cam inhibitor ever reported has been detected,
which is sulfamic acid (sulfamate), showing a K; of 96nM
against this enzyme, whereas it acts as a much weaker
inhibitor of Cab and a-CAs. Surprisingly, the best Cab
inhibitors were phenylboronic acid and phenylarsonic
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acid (K;’s of 0.20-0.33mM), whereas the best anions
inhibiting it were thiocyanate and hydrogen sulfide.
Thus, probably potent Cab inhibitors may be designed
considering phenylboronic acid and phenylarsonic acid
as leads molecules, whereas for Cam, such inhibitors
should be designed considering sulfamic acid as lead
molecule. CA inhibitors specific for the prokaryotic over
the eukaryotic CAs may have important pharmacologi-
cal and environmental applications. It should also be
mentioned that additional studies are needed for explain-
ing the very different behavior of these evolutionarily
convergent enzymes toward small molecules, such as
the substrate and the anion inhibitors.
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