
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=ienz20

Download by: [Universite Laval] Date: 10 July 2016, At: 17:34

Journal of Enzyme Inhibition and Medicinal Chemistry

ISSN: 1475-6366 (Print) 1475-6374 (Online) Journal homepage: http://www.tandfonline.com/loi/ienz20

New light on bacterial carbonic anhydrases
phylogeny based on the analysis of signal peptide
sequences

Claudiu T. Supuran & Clemente Capasso

To cite this article: Claudiu T. Supuran & Clemente Capasso (2016): New light on bacterial
carbonic anhydrases phylogeny based on the analysis of signal peptide sequences, Journal of
Enzyme Inhibition and Medicinal Chemistry, DOI: 10.1080/14756366.2016.1201479

To link to this article:  http://dx.doi.org/10.1080/14756366.2016.1201479

Published online: 28 Jun 2016.

Submit your article to this journal 

Article views: 7

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=ienz20
http://www.tandfonline.com/loi/ienz20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/14756366.2016.1201479
http://dx.doi.org/10.1080/14756366.2016.1201479
http://www.tandfonline.com/action/authorSubmission?journalCode=ienz20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ienz20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/14756366.2016.1201479
http://www.tandfonline.com/doi/mlt/10.1080/14756366.2016.1201479
http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2016.1201479&domain=pdf&date_stamp=2016-06-28
http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2016.1201479&domain=pdf&date_stamp=2016-06-28


www.tandfonline.com/ienz
ISSN: 1475-6366 (print), 1475-6374 (electronic)

J Enzyme Inhib Med Chem, Early Online: 1–7
! 2016 Informa UK Limited, trading as Taylor & Francis Group. DOI: 10.1080/14756366.2016.1201479

RESEARCH ARTICLE

New light on bacterial carbonic anhydrases phylogeny based on the
analysis of signal peptide sequences
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Abstract

Among protein families, carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes character-
ized by a common reaction mechanism in all life domains: the carbon dioxide hydration to
bicarbonate and protons (CO2+H2O () HCO3

�+H+). Six genetically distinct CA families are
known to date, the a-, b-, g-, d-, z- and Z-CAs. The last CA class was recently discovered
analyzing the amino acid sequences of CAs from Plasmodia. Bacteria encode for enzymes
belonging to the a-, b-, and g-CA classes and recently, phylogenetic analysis revealed an
interesting relationship regarding the evolution of bacterial CA classes. This result evidenced
that the three bacterial CA classes, in spite of the high level of the structural similarity, are
evolutionarily distinct, but we noted that the primary structure of some b-CAs identified in the
genome of Gram-negative bacteria present a pre-sequence of 18 or more amino acid residues
at the N-terminal part. These observations and subsequent phylogenetic data presented here
prompted us to propose that the b-CAs found in Gram-negative bacteria with a periplasmic
space and characterized by the presence of a signal peptide might have a periplasmic
localization and a role similar to that described previously for the a-CAs.
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Introduction

Protein evolution

In the course of evolution, protein primary structure was subject
to modifications due to a series of events, such as mutations,
substitutions, insertions, deletions and other rearrangements of
the genomic material1. Generally, to avoid the loss of the most
important protein features, the aforementioned modifications did
not change residues located in those positions considered
important for the function, stability and folding of the macro-
molecule. Proteins having similar structure and function but a
lower sequence similarity (e.g.530% sequence identity) are
grouped together into broader evolutionary families or super-
families1. Sometimes, it is very difficult to classify and charac-
terize the evolutionary relationship of the individual protein
family members due to several reasons: (a) two evolutionarily-
related proteins appear similar because they descend with
divergence from a common ancestor (i.e. they are homologous);
(b) the two relatives come from two different ancestral genes but
have both converged on the same structural arrangement or fold
(i.e. they are analogous)1,2. As a consequence, proteins sharing
structural similarity but lacking of distinctive sequence charac-
teristics might be related by a divergent evolution from a common
ancestor or by a convergent evolution from two different

ancestors2. As reported in literature, gene duplication represents
an important and frequent event during evolution. It may give rise
to orthologous genes if they encode for proteins retaining their
function (because this is important for the integrity of the
organism), but it may lead to paralog genes, if one of the duplicate
genes keeps the original function whereas the other one acquires a
new protein function, which brings a benefit to the organism. This
means that orthologs retain the same function in the course of
evolution, whereas paralogs evolve new functions, even if these
are related to the original one2.

Carbonic anhydrase family

At the highest level in a structural classification, proteins are
grouped to the same class, if they have similar secondary
structure, compositions and packing. Among protein families,
carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes
catalyzing a common reaction in all life domains: the carbon
dioxide hydration to bicarbonate and protons
(CO2+H2O () HCO3

�+H+)3. These macromolecules are
grouped in different classes mainly on the basis of their structural
fold and arrangement of the active site residues. In fact, six
genetically distinct CA families are known to date, the a-, b-, g-,
d-, z- and Z-CAs3–6. The last CA class was discovered recently
analyzing the amino acid sequences of CAs from Plasmodia5,7–11.
The a-, b-, d- and Z-CAs use Zn(II) ions at the active site, the
g-CAs are probably Fe(II) enzymes (but they are active also with
bound Zn(II) or Co(II) ions), whereas the z-class are cambialistic
enzymes, active both with Cd(II) or Zn(II) bound within the active
site3,4,12–19. The metal ion from the enzyme active site is
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0816132559. Fax: +39 0816132559. E-mail: clemente.capasso@
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coordinated by three histidine (His) residues (in the a-, g- d- class
enzymes) or by one His, and two cysteine (Cys) residues (in the b-
and z-CAs), with the fourth ligand being a water molecule/
hydroxide ion acting as nucleophile in the catalytic cycle of the
enzyme. Although Z-CAs retain many structural features of the
a-class, they present a distinctive zinc coordination mode, making
their catalytic site unique and different from that found in the
other CAs and thus justifying their classification in a new class.
Our findings have shown that the metal ion coordination pattern
of this Z-CAs involved two His and one glutamine (Gln) residues,
in addition to the water molecule/hydroxide ion acting as
nucleophile in the catalytic cycle20. Some of the catalytically
active a-CAs also catalyze the hydrolysis of esters/thioesters (e.g.
4-nitrophenyl acetate (4-NpA) hydrolysis as well as other
hydrolytic reactions). However, no esterase activity was detected
so far for enzymes belonging to the other five CA genetic
families. The 3D fold of the five CA classes is very different:
a-CAs are normally monomers and rarely dimers21–23; b-CAs are
dimers24, tetramers or octamers; g-CAs are trimers. The only
z-CA crystallized so far has three slightly different active sites on
the same polypeptide chain, whereas no X-ray crystal structures of
d- and Z-and CAs are available so far.

Results and discussion

Bacterial carbonic anhydrase evolution

Bacteria encode for enzymes belonging to the a-, b-, and g-CA
classes and recently, we have conducted a thorough phylogenetic
analysis to better understand the evolutionary relationship among
the bacterial CA classes (Figure 1)25–37. Table 1 reports the list of
the bacterial species and the accession numbers of the amino acid
sequences of CAs examined for constructing the phylogenetic tree
of Figure 1. The dendrogram was obtained using PhyML 3.0
program and applying the neighbor-joining method (NJ)38, whose
topology has been also confirmed by the maximum likelihood
(ML) approach39. The results of the phylogenetic analysis showed
the presence of well-supported nodes characterizing two distinct
clades. Starting from the bottom of the tree, the first clade
included bacterial g-CAs, whereas the second large clade (top of
the Figure 1) contained b- and a-CAs. This inferred phylogenetic
analysis has evidenced that the three bacterial CA classes are
evolutionarily distinct, in spite of the rather high level of the
structural similarity that characterizes the CA protein family (at
least considering the active site architecture). a-CAs, in fact,
formed a distinct cluster, which was positioned in the same cluster

Figure 1. Phylogenetic analysis was obtained
using all three classes of CAs identified in the
genome of Gram-positive and Gram-negative
bacteria reported in Table 1. It was carried
out using PhyML program. Bootstrap values
on 100 replicates are reported at branch
points.

2 C. T. Supuran & C. Capasso J Enzyme Inhib Med Chem, Early Online: 1–7
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of the b-CAs. We have hypothesized earlier3 that these two
classes have arisen from the g-CAs cluster (Figure 1). Probably,
the common ancestor was subject to an event of gene duplication,
which separated g-CAs from b-CAs. Subsequently, another
duplication event led to the a-CAs starting from b-CAs
(Figure 1). Here, the set of the homologous amino acid sequences
of CAs are considered to descend from a common ancestor with
divergent sequences, because the primary structure of the three
classes shows different hallmarks, but with a convergent function
because all the CA classes are mainly involved in the reversible
hydration reaction of CO2. This information prompted us to
speculate that the most ancestral CA is the g-class, which was
nominated as the ‘‘Ur-CA’’ (Ur in German means the ancestral
form)3. In fact, although the g class is widely distributed among
all three domains of life, it is the only CA class mainly identified
in Archaea, the most ancient microorganisms that exist on earth.
The phylogenetic analysis is corroborated by the promiscuity
theory, which is a key factor in the evolution of a new protein
function40,41. Looking at the substrate used by g-, b- and a-CAs,
we noticed that g-CAs use only CO2 as substrate, b-CAs can
hydrolyze CO2, COS and CS2, whereas the a-CAs not only
hydrate CO2, CS2, COS, cyanamide and cyanate, but also possess
esterase activity, with a range of esters of carboxylic, sulfonic or
phosphate esters27,32,42–47. We conclude that a-CA is the class
which acquires a high catalytic versatility resulting in the most
recent form as suggested by the phylogenetic analysis.

New insight in the b-CAs evolution

A common feature of all bacterial a-CAs known to date is the
presence of an N-terminal signal peptide, which suggests a
periplasmic or extracellular location and a possible physiological
role in CO2 uptake processes3. Recently, our groups described that
the bacterial a-CAs are mainly localized in the periplasmic space
of the Gram-negative bacteria and their function is to convert the
diffused CO2 into bicarbonate necessary for the bacterial
metabolism3. On the contrary, b- or g-classes have a cytoplasmic
localization and are responsible of CO2 supply for carboxylase
enzymes, pH homeostasis and other intracellular functions3. The
most interesting aspect appearing from the phylogenetic

analysis reported in Figure 1 was the amino acid sequence of
the b-CA identified in the genome of Porphyromonas gingivalis
(PgiCAbeta), a Gram-negative oral pathogenic bacter-
ium29,30,33,48–53. This enzyme can be considered as a ‘‘turning
sequence’’, which led to the bacterial a-CAs, which are present
only in Gram-negative bacteria. This observation prompted us to
investigate the primary structure of the b-CA encoded by the
genome of Porphyromonas gingivalis (Figure 2). The full
nucleotide sequence showed an open reading frame encoding a
242 residues polypeptide chain which contained all the typical
features of a b-CA, including the three residues Cys95, Cys151
and His148, which are involved in the catalytic mechanism of the
enzyme (as they coordinate the Zn(II) ion), and the residue of the
catalytic dyad Asp97 and Arg99 involved in the activation of
the metal ion coordinated water molecule (Figure 2). From the
previous alignment of the bacterial b-CAs, we noted that the
primary structure of PgiCAbeta had a long stretches of 18 amino
acids, as indicated in Figure 2. Interesting, this pre-sequence was
present in other, although not in all b-CAs identified in the
genome of Gram-negative bacteria. This observation evoked our
curiosity and a strong interest in the automated determination of a
possible signal peptide in b-CAs, similar to that identify in the
a-CA class enzymes. The secretory signal peptide is a protein
signal that targets its passenger protein for translocation across the
cytoplasmic membrane in prokaryotes54. Here, we used SignalP
version 4.1 (Center for Biological Sequence Analysis,
Kongens Lyngby, Denmark), which is a program designed to
discriminate between signal peptides and transmembrane regions
of proteins. The program is available as a web tool at http://
www.cbs.dtu.dk/services/SignalP/55. The obtained result was that
PgiCAbeta (encoded by the genome of P. gingivalis) possessed a
putative signal peptide of 18 amino acids at its N-terminal amino
acid sequence and a predicted cleavage site located between
Gly18 and Asn19 (Figure 2). The two residues involved in the
predicted cleavage were indicated as P10 (the residue just before
the cleavage) and P1 (the residue after the cleavage). Proteins
have specific amino acids in the cleavage sites. For example, in
bacteria P10 is mostly occupied by these residues: Ala (36–41%),
Asp (7–11%), Ser (11%) and Glu (6–10%)56. Following the
automated identification of the signal peptide of the a-CAs
identified in Gram-negative bacteria, such as HpyCA (from

Table 1. List of the proteins, organisms, accession numbers and cryptonyms of the sequences used in the phylogenetic
analysis.

CA class and accession number

� � � Cryptonym

Neisseria gonorrhoeae YP_207719.1 – – NgonCA
Helicobacter pylori NP_223829.1 WP_000642968.1 WP_000034119.1 HpyCA
Escherichia coli – WP_001709803.1 CDL59494 EcoCA
Haemophilus influenzae – NP_439452 – HinCA
Brucella suis – EEY28164.1 NP_698263.1 bSuCA
Salmonella enterica – WP_023203629.1 – SenCA
Vibrio cholerae AEA79886.1 WP_002051193.1 YP_001218355.1 VchCA
Sulfurihydrogenibium yellowstonense ACD66216.1 – WP_007547159.1 SspCA
Sulfurihydrogenibium azorense ACN99362.1 – WP_012674376.1 SazCA
Porphyromonas gingivalis – WP_021663681.1 WP_012457873.1 PgiCA
Ralstonia eutropha YP_841915.1 YP_841782.1 YP_725701.1 ReuCA
Burkholderia pseudomallei – WP_004550949.1 YP_108862.1 BpsCA
Mycobacterium tuberculosis – P64797.1 YP_008227613.1 MtuCA
Clostridium perfringens – WP_003471412.1 NP_562567.1 CpeCA
Streptococcus pneumoniae – NP_344575.1 YP_816426.1 SpnCA
Bacillus subtilis – YP_003867325.1 YP_005558024.1 BsubCA
Leifsonia xyli – YP_062554.1 YP_062697.1 LxiCA
Staphylococcus aureus – – EVX10196.1 SauCA
Enterococcus faecalis – – EPH93090.1 EfaCA
Streptococcus salivarius WP_002888224.1 – – SsalCA

DOI: 10.1080/14756366.2016.1201479 Bacterial carbonic anhydrases phylogeny 3
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Helicobacter pylori), VchCA (from Vibrio cholerae), SspCA
(from Sulfurihydrogenibium yellowstonense), NgonCA (from
Neisseria gonorrhoeae), SsalCA (from Streptococcus salivarius),
and ReuCA (from Ralstonia eutropha) we noted that the predicted
cleavage site showed in P10 was always an Ala residue (Table 2).
This observation is in good agreement with the typical
periplasmic localization of the a-CAs. In fact, the genome of
H. pylori encodes for three CA classes: a-, b- and g-CA57. The
a-CA was shown to possess a periplasmic localization, the b-CA
has been found in the cytoplasm, whereas no information is
available on the expression/localization of the g-CA from this
pathogenic bacterium3,4,15,58,59. It was suggested that the activity
of periplasmic a- and b-CAs could be an additional requirement
for the gastric colonization of the bacterium57,60,61. We want
stress the fact that the primary sequence of the b-CA (HpyCAb)
identified in the genome of H. pylori did not show a signal peptide
at its N-terminal region when subject to the automated identifi-
cation of the predicted signal peptide. In fact, HpyCA has a
cytoplasmic localization, as described in literature57.

But now a new question arises: what is the cellular localization
of the b-CAs characterized by the presence of a signal peptide,
which up to date was considered to be a common feature of only
a-CAs? In Table 2, we present a number of bacterial b-CAs which
possess stretches of pre-sequences of 18 or more than 20 amino
acid residues before the signal cleavage site. Among the b-CAs
considered in this study, only three of them show in position P10

an Ala residue, which is the most frequent one found in the P10

cleavage site of bacterial proteins. These two such b-CAs, PgiCA
and HhyCA, were identified in the genome of two Gram-negative
bacteria Porphyromonas gingivalis and Haliscomenobacter
hydrossis, respectively, and show a glycine or an asparagine
residue in P10. These two residues are never found in position P10

of other bacterial proteins. We have hypothesized that b-CAs with
an Ala residue in position P10 (the same residue found in the P10

position of the a-CA) could be able, likely the a-CAs, to move
toward the periplasmic space, whereas b-CAs having a different
residues in P10 (residue different from Ala, Asp, Ser and Glu; see
the text above), probably are not capable to cross the inner
membrane of the periplasmic space. We drew this conclusion
because Gruber et al. demonstrated that the substitution of the
cleavage site motif, in particular when the Ala residues is
replaced by a Gly (see cleavage sequence of PgiCAbeta in
Table 2), blocks the translocation of proteins to the plastid62.
Perhaps, this is the reason why most of the a-CAs show an Ala in
the P10 position (Table 2).

Thus, we have constructed a phylogenetic tree in order to
better investigate the evolutionary relationship of b-CAs
sequences found in Gram-negative bacteria and characterized by
the presence of a signal peptide. The dendrogram shown in Figure
3 has been obtained by aligning the amino acid sequences of
a-CAs with the amino acid sequences of b-CAs identified in the
genome of Gram-positive and Gram-negative bacteria. Bacterial
b-CAs having a predicted signal peptide were indicated adding
‘‘ps’’ near the cryptonym (Tables 1 and 2). The complete list of
organisms, CA classes, accession numbers and cryptonyms used
in the phylogenetic analysis are indicated in Table 1. Figure 3
shows that b-CAs from Gram-negative bacteria clustered in a
distinct branch: one clade is made of a-CAs and b-CAs with
‘‘ps’’, while the other clade contained b-CAs without a signal
peptide. Interestingly, LxiCAbeta_+ seemed closely associated to
the b-CAs ‘‘ps’’ but this CA did not show a predicted cleavage
motif, as expected for a b-CAs from a Gram-positive bacteria
because in these microorganism the periplasmic space is missing.
Probably the b-CAs ‘‘ps’’ have arisen from an ancestor having the
amino acid sequence similar to that of a b-CA identified in Gram-
positive bacteria. This event might be due to a mutation, which
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introduced the cleavage site in the b-CAs ‘‘ps’’. This hypothesis is
in agreement with Gupta’s theory sustaining that Gram-positive
bacteria occupy an intermediate position between Archaea and
Gram-negative bacteria, and this latter group has evolved from
them63,64.

Conclusions

We propose here that the b-CAs found in bacteria with a
periplasmic space (Gram-negative) and characterized by a signal
peptide having an Ala residue (or, with lower frequency, Asp, Ser
or Glu) in position P10 of the cleavage site might have a
periplasmic localization. In this case, probably, their physio-
logical function is similar to that suggested for the a-CAs from
Gram-negative bacteria, such as involvement in bacterial metab-
olism or in the acclimatization of the microorganisms to a hostile
environment (as it is the case for Helicobacter pylori). Moreover,
our non-mainstream analyses are thought in such a way as to give

new inputs to the readers, evoking their curiosity in this
fascinating world of the carbonic anhydrases.
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