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The first activation study of a bacterial carbonic anhydrase (CA).
The thermostable a-CA from Sulfurihydrogenibium yellowstonense YO3AOP1
is highly activated by amino acids and amines
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a b s t r a c t

The a-carbonic anhydrase (CA, EC 4.2.1.1) from the newly discovered thermophilic bacterium Sulfurihy-
drogenibium yellowstonense YO3AOP1 (SspCA) was investigated for its activation with a series of amino
acids and amines. D-His, L-Phe, L-Tyr, L- and D-Trp were the most effective SspCA activators, with activa-
tion constants in the range of 1–12 nM, whereas L-His, L/D-DOPA, D-Tyr, and several biogenic amines/cat-
echolamines were slightly less effective activators (KA in the range of 37 nM–0.97 lM). The least effective
SspCA activator was D-Phe (KA of 5.13 lM). The thermal stability, robustness and very high catalytic activ-
ity of SspCA make this enzyme an ideal candidate for biomimetic CO2 capture processes.

� 2012 Elsevier Ltd. All rights reserved.
The increase in the atmospheric concentration of gases with microorganisms capable of fixing CO2 through metabolic pathways

greenhouse effect, including the elevation of carbon dioxide
(CO2) caused by the anthropogenic activities, represents one of
the main factors of high environmental stress, being considered
as one of the main causes of climate change.1 The production of
eco-compatible fuels and the reduction of CO2 emissions in the
atmosphere represent challenges of basic and applied research,
from both an environmental and economic viewpoint. A number
of CO2 sequestration methods have been proposed in order to cap-
ture and concentrate CO2 from combustion gases, for its transit and
storage.2 One of them is based on the chemical absorption of CO2

by alkanolamines and its subsequent stripping with steam, to pro-
duce a gas that can be transported to a geologic or marine seques-
tration site.3,4 However, this process is expensive and not
convenient in all situations. The sequestration of CO2 as a salt is
also interesting since the carbonate minerals represent the largest
reserve of CO2 on earth.4 However, the latest years have seen the
development of a new, interesting approach, the CO2 capture,
which represents a biomimetic method.5 This approach uses
All rights reserved.
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or via the use of an enzyme, namely carbonic anhydrase (CA, EC
4.2.1.1).5 CA is able to convert CO2 into bicarbonate and protons
with high efficacy, is selective for this substrate and represents a
great potential in the development of eco-friendly and cost-effec-
tive processes for CO2 capture.5

CAs are ubiquitous metallo-enzymes present in all life king-
doms. They are divided into five evolutionary distinct classes, the
a, b and c, as well as the recently discovered classes, d and f classes
(in marine diatoms).6–10 The human (h) isoforms CA II (hCA II) and
IX (hCA IX), two enzymes highly investigated to date, are catalyti-
cally the fastest members of the a-class CA family, and among the
fastest enzymes known.11 Recently, our group described the bio-
chemical properties of an ‘extremo-a-CA’ denominated SspCA, an
a-class CA from the bacterium Sulfurihydrogenibium yellowstonense
YO3AOP1.12 SspCA showed biochemical properties never observed
for a mesophilic enzyme, being endowed with high thermostability
and with unaltered residual activity after prolonged exposure to
heat up to 100 �C.12 Besides, SspCA showed a kcat value of
9.35 � 105 s�1 denoting that the ‘extremo a-CA’ was one of the
most effective CAs known to date.12,13

Recently, it was reported that a multitude of physiologically
important compounds, such as biogenic amines (histamine, seroto-
nin, and catecholamines), amino acids, oligopeptides, or small
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Table 1
Kinetic paramaters for the activation of hCA isozymes I, II, as well as the bacterial one
SspCA with L- and D-Phe, at 25 �C and pH 7.5, for the CO2 hydration reaction21

Isozyme kcat
a (s�1) (kcat)L-Pheb (s�1) (kcat)D-Phe

b (s�1) KA
c (lM)

L-Phe D-Phe

hCA Id 2.0 � 105 19.8 � 105 2.3 � 105 0.07 86
hCA IId 1.4 � 106 5.7 � 106 5.2 � 106 0.013 0.035
SspCA 9.35 � 105 1.4 � 107 4.1 � 106 0.008 5.13

a Observed catalytic rate without activator. KM values in the presence and the
absence of activators were the same for the various CA isozymes (data not shown).
KM for SspCA was 8.4 mM in the absence or the presence of activators.

b Observed catalytic rate in the presence of 10 lM activator.
c The activation constant (KA) for each isozyme was obtained as described ear-

lier,21 and represents the mean from at least three determinations by a stopped-
flow, CO2 hydrase assay method.21 Standard errors were in the range of 5–10% of
the reported values.

d Human recombinant isozymes.
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proteins, among others, work as efficient CA activators (CAAs).14

These molecules have the potential to be used in the treatment
of Alzheimer’s disease, in aging, as well as for achieving spatial
learning and memory therapy.15–18 By means of electronic spec-
troscopy, X-ray crystallography and kinetic measurements, it has
been proved that CAAs bind within the enzyme active cavity at a
site distinct of the inhibitor or substrate binding-sites, participat-
ing thereafter in the rate-determining step of the catalytic cycle,
that is, the proton transfer reaction between the active site and
the environment.15–18

Here we report an activation study of SspCA with a range of
amino acids and amines previously investigated as activators of
mammalian and fungal CAs.19,20 It should be stressed that no bac-
terial CAs were investigated to date for interaction with activators,
although many inhibition studies are available in the
literature.19,20

L-/D-Amino acids and amines of types 1–19 investigated as
SspCA activators are commercially available and were investigated
earlier as activators of all human CA isoforms (from hCA I to hCA
XV).15–18,21
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Kinetic experiments for the physiological reaction (carbon dioxide
hydration to bicarbonate and a proton) (Table 1) showed that as
for hCA I and II,7,13–15 activators of the amino acid or amine type,
enhance kcat of the enzyme, with no effect on KM. Indeed, as ob-
served from data of Table 1, L- or D-Phe (compounds 3 and 4) at a
concentration of 10 lM, produced a notable enhancement of kcat

for all investigated isoforms, that is, hCA I, hCA II and SspCA. Thus,
for hCA I, this parameter for the pure enzyme is of 2.0 � 105 s�1,10

whereas in the presence of activators 3 and 4 at a concentration
of 10 lM, it becomes of 2.3–19.8 � 105 s�1. For hCA II, the enhance-
ment of kcat from the value of the pure enzyme (1.4 � 106 s�1) is in
the range of 5.2–5.7 � 106 s�1 in the presence of the two activators.
For SspCA in the presence of the moderate activator D-Phe, an
enhancement of 4.4 times of kcat was observed, whereas the very
effective activator L-Phe produced an enhancement of the kcat of al-
most 15 times, the highest ever observed with any CAA (Table 1). It
may be thus observed that the two enantiomers of this amino acid
show a very different behavior as activators of SspCA although both
of them enhance the catalytic rate.

Detailed kinetic measurements (i.e., for determining kcat and KM

values) have been performed with all the investigated derivatives
1–19, but only values for L-/D-Phe are reported in Table 1, for the
sake of simplicity, as the other derivatives behaved similarly with
these two CAAs.

SspCA activation constants (KAs) for a series of structurally re-
lated amino acids and amines of types 1–19 are shown in Table 2.
The activation constants for the ubiquitous isozymes hCA I and
hCA II are also provided for comparison. Similarly with the inhibi-
tion constant KI, (for the enzyme inhibitors),19 the activation con-
stant KA measures the affinity of the activator for the enzyme.
The lower this parameter, the stronger is the activator against
the corresponding isoform.15–17,19 Compounds 1–19 were shown
earlier to act as activators of the human isozymes hCA I to
XIV.15–20 All of them possess protonatable moieties of the primary
amine or heterocyclic amine type (or both of them), being thus
able to participate in proton transfer processes leading to the gen-
eration of the nucleophilic species of the enzyme, with the hydrox-
ide anion coordinated to the active site zinc ion. It should be noted
that the amines included in our study possess aminoethyl or ami-
nomethyl moieties, in addition to aromatic/heterocyclic groups,
which usually incorporate nitrogen atoms that can be protonated
at pH values in the physiological range.

Data of Table 2 show that amines and amino acids of type 1–19
studied here act as effective or very effective CAAs against the bac-
terial enzyme SspCA. In fact only one compound, D-Phe 4 showed
an activation constant >1 lM (KA of 5.13 lM) whereas the remain-
ing derivatives were highly effective CAAs of this enzyme, with
activation constants in the range of 1 nM–0.97 lM (Table 2). The
following structure–activity relationship (SAR) can be drawn from
the data of Table 1:

(i) All the amino acids investigated here as CAAs were highly
effective activators, except for D-Phe, which, as mentioned
above, was slightly less effective. As for other enzymes
investigated earlier,14–20 the two enantiomers of the same
amino acid showed highly different activity as CAAs, a situ-
ation also observed for the activation of SspCA. Thus, D-His
was 9.2 times a better activator compared to L-His, whereas
for phenylalanine, the reverse was true, with L-Phe being
641 times a better activator compared to D-Phe. It should
be mentioned that this is the highest difference ever
observed for the activation of a CA with two enantiomers
of the same compound. Only for Trp the difference of activity



Table 2
Activation constants of hCA I/hCA II (cytosolic isozymes), and SspCA with amino acids
and amines 1–19. Data for hCA I and II activation with these compounds are from Ref.
19

No. Compound KA
a (lM)

hCA Ib hCA IIb SspCAc

1 L-His 0.03 10.9 0.11

2 D-His 0.09 43 0.012

3 L-Phe 0.07 0.013 0.008

4 D-Phe 86 0.035 5.13

5 L-DOPA 3.1 11.4 0.09

6 D-DOPA 4.9 7.8 0.43

7 L-Trp 44 27 0.007

8 D-Trp 41 12 0.002

9 L-Tyr 0.02 0.011 0.001

10 D-Tyr 0.34 0.087 0.83

11 4-H2N-L-Phe 0.24 0.15 0.97
12 Histamine 2.1 125 0.080
13 Dopamine 13.5 9.2 0.037
14 Serotonin 45 50 0.021
15 2-Pyridyl-methylamine 26 34 0.10
16 2-(2-Aminoethyl)pyridine 13 15 0.33
17 1-(2-Aminoethyl)-piperazine 7.4 2.3 0.09
18 4-(2-Aminoethyl)-morpholine 0.14 0.14 0.19 0.10
19 L-Adrenaline 0.09 96 0.68

a Mean from three determinations by a stopped-flow, CO2 hydrase method.21

Standard errors were in the range of 5–10% of the reported values.
b Human recombinant isozymes, stopped flow CO2 hydrase assay method, data

from Ref. 19.
c Bacterial recombinant enzyme,12 stopped flow CO2 hydrase assay method (this

work).
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between the two enantiomers is rather modest, both of them
being quite effective SspCA activators (KAs in the range of 2–
7 nM). A highly effective activator was L-Tyr (KA of 1 nM)
whereas its enantiomer was again less effective (KA of
0.83 lM).

(ii) The amines investigated as CAAs against SspCA were also
effective but with a decreased efficacy compared to the
amino acids discussed above. Thus, compounds 12–19
showed activation constants in the range of 21 nM–
0.68 lM (Table 2). Histamine 12, dopamine 13 and serotonin
14 were the best amine activators, with activation constants
of 21–80 nM. Comparing these amines with the structurally
related amino acids 1/2 and 5/6 it may be observed that his-
tamine 12 has an intermediate activity between L- and D-His,
whereas dopamine 13 is more effective as a SspCA activator
compared to both L- and D-DOPA. The heterocyclic amines
incorporating aminomethyl or aminoethyl moieties 15–18
were also effective SspCA activators, with activation con-
stants in the range of 0.09–0.33 lM (Table 2). L-Adrenaline
19 was the least effective amine activator of the bacterial
CA investigated here. It should be also noted that the activa-
tion profile of SspCA with compounds 1–19 is very different
from that of the mammalian enzymes hCA I and II investi-
gated earlier19 (Table 2). Particularly it should be noted that
L-/D-Trp is very effective as an activator of the bacterial
enzyme being a rather weak hCA I and II activator. Most of
the amines investigated here were also more effective SspCA
activators than hCA I and II activators.

Several research groups are developing various approaches for
the stabilization of mammalian CA isoforms that enables the use
of the enzyme for capturing carbon dioxide, but they have not been
considered practical due to the low reaction rate and instability of
the enzyme.22 The robustness of this enzyme makes SspCA proba-
bly an interesting candidate for biotechnological applications in
the field of CO2 fixation and we suggest that it might be possible
to make SspCA an ‘ideal molecule’ in the CO2 sequestration achiev-
ing a high reaction rate through the use of CAAs. In the present pa-
per we reported the effect of different CA activators on the SspCA
activity. The CAA kinetic parameters obtained for the ‘extremo-a-
CA’ were compared with those of the mesophilic counterpart, dem-
onstrating the special effect of these activators on this peculiar
enzyme.

In conclusion, the first activation study of a bacterial CA is re-
ported here. A series of amino acids and amines was included in
the study. D-His, L-Phe, L-Tyr, L- and D-Trp were the most effective
SspCA activators, with activation constants in the range of 1–
12 nM, whereas L-His, L/D-DOPA, D-Tyr, and several biogenic
amines/catecholamines were slightly less effective activators (KA

in the range of 37 nM–0.97 lM). The least effective compound
was D-Phe (KA of 5.13 lM). All these activators enhanced kcat, hav-
ing no effect on KM, favoring thus the rate determining step in the
catalytic cycle, the proton transfer reactions between the active
site and environment. The activation pattern of the bacterial en-
zyme SspCA is also very different when compared to those of the
cytosolic, human isoforms hCA I and II. The thermal stability,
robustness and very high catalytic activity of SspCA make it an
ideal candidate for biomimetic CO2 capture processes.
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