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Abstract: The genome of Mycobacterium tuberculosis (Mtb) encodes three p-carbonic anhydrases
(CAs, EC 4.2.1.1) that are crucial for the life cycle of the bacterium. The Mtb 3-CAs have been cloned
and characterized, and the catalytic activities of the enzymes have been studied. The crystal
structures of two of the enzymes have been resolved. In vitro inhibition studies have been conducted
using different classes of carbonic anhydrase inhibitors (CAls). In vivo inhibition studies of
pathogenic bacteria containing f-CAs showed that f-CA inhibitors effectively inhibited the growth
of pathogenic bacteria. The in vitro and in vivo studies clearly demonstrated that §-CAs of not only
mycobacterial species, but also other pathogenic bacteria, can be targeted for developing novel
antimycobacterial agents for treating tuberculosis and other microbial infections that are resistant
to existing drugs. In this review, we present the molecular and structural data on three 5-CAs of
Mtb that will give us better insights into the roles of these enzymes in pathogenic bacterial species.
We also present data from both in vitro inhibition studies using different classes of chemical
compounds and in vivo inhibition studies focusing on M. marinum, a model organism and close
relative of Mtb.

Keywords: Mycobacterium tuberculosis; p-carbonic anhydrases; drug targets; tuberculosis; carbonic
anhydrase inhibitors; in vitro inhibition; antituberculosis drugs

1. Introduction

Diseases caused by Mycobacterium tuberculosis (Mtb) and other mycobacterial species affect a
large number of people in the world [1]. According to recent World Health Organization (WHO)
estimates approximately 10 million people developed TB disease in 2017 [2]. Worldwide, tuberculosis
(TB) is one of the top 10 causes of death and the leading cause of a single infectious agent. In 2017, TB
disease caused approximately 1.6 million deaths [2]. In addition, drug-resistant TB continues to be a
public health problem. The best estimate is that in 2017 558,000 people (range, 483,000-639,000)
developed TB that was resistant to rifampicin (RR-TB), the most effective first-line drug, and 82% of
these cases had multidrug-resistant TB (MDR-TB) [2].
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The genome-sequencing project of Mtb [3] and other pathogenic bacteria including M. marinum
(Mmar), a model bacterium, have greatly increased our knowledge about the evolution of
mycobacteria [4,5]. Sequencing of the genomes of pathogenic mycobacteria also helped us to identify
new drug targets, which might lead to the development of anti-TB drugs possessing a novel
mechanism of action and thus resolve the multidrug resistance (MDR) challenge of mycobacteria that
has emerged recently [3-7]. Among these targets, three novel proteins have been identified as
carbonic anhydrases (CAs, EC 4.2.1.1).

The CA enzymes are ubiquitous in nature and belong to eight different unrelated gene families
(a-, B-, v-, 0-, (-, -, O0-, and -CAs) [8,9] and are known to perform important physiologic roles in
living organisms [8-11]. The CAs of vertebrates belong to the a-CA gene family, which contains
multiple isoforms of the enzyme. CAs are involved in a fundamental reaction in which carbon
dioxide is reversibly hydrated to generate both bicarbonate and hydrogen ions for the regulation of
pH homeostasis. In addition, CAs participate in biosynthetic reactions, such as gluconeogenesis and
ureagenesis in mammals. Due to their association with various diseases, a-CA enzymes are
considered important targets for the design of new drugs, such as antidiuretics, antiglaucoma,
antiepileptic, and anticancer agents [11]. In the recent past, CAs belonging to the f-CA family have
emerged as potential targets for developing drugs against diseases caused by bacterial and parasitic
pathogens. Indeed, several in vitro inhibition studies have shown that the $-CAs from pathogenic
bacteria and parasitic pathogens can be inhibited by certain compounds [12-24]. Among these
inhibitors are sulfonamides and their bioisosteres, which are the main classes of CA inhibitors that
have been in clinical use for more than 50 years [25-28]. In addition, many studies have shown that
pathogenic organisms are susceptible to CA inhibitors in vivo as well [9,25,29-31].

Analysis of Mtb CA sequences has revealed that Mtb CAs belong to the 3-CA gene family, are
encoded by genes Rv1284, Rv3588c, and Rv3273, and are denoted as p-CAl, $-CA2, and p-CAS3,
respectively [3,9,32]. The Mtb $-CAs are zinc-containing metalloenzymes with characteristics similar
to those of many other bacterial f-CAs, including all the conserved amino acid residues involved in
the catalytic cycle, i.e., the four zinc-binding residues Cys42, Asp44, His97, and Cys101 [9]. The three
Mtb p-CAs have been cloned and purified, and kinetic studies of these CAs have been carried out
[33-37]. The X-ray crystal structures of two of the Mtb -CAs (Rv1284 and Rv3588c) have been
resolved [36,37]. Studies conducted on mycobacterial -CAs have shown that they are involved in the
invasion and survival of pathogens in the host environment and are thus considered potential drug
targets for developing novel anti-TB agents [9]. Several in vitro inhibition studies have shown that
Mtb B-CAs can be efficiently inhibited by different classes of inhibitors [9]. In this review, we present
the molecular data on the gene and protein sequences as well as the information on 3D structures of
Mtb B-CAs that is available in the literature. We also review the available data on the roles of f-CAs
in Mtb and nontuberculous mycobacteria (NTM), which include information on Mmar, a model
organism for studying the physiological roles of f-CAs in mycobacteria and a close relative of Mtb.
Similarly, we also discuss the data from in vitro inhibition studies using different classes of chemical
compounds.

2. Molecular Biology

The p-CA genes of Mtb (Rv1284, Rv3588c, and Rv3273) have been cloned, recombinant proteins
of these CAs have been produced, and activity and inhibition studies have been carried out [34-37].
The X-ray crystal structures of two of the enzymes (Mtb f-CA1 and Mtb f-CA2) have been resolved
[36,37]. The details of the molecular characterization of the Mtb -CA genes are presented in the
following sections.

2.1. M. tuberculosis Rv1284

The gene Rv1284 encodes Mtb f-CA1l, and the length of the corresponding peptide is 163 amino
acid residues (Figure 1). The protein product of Rv1284 was identified in the membrane fraction of
Mtb strain H37Rv by SDS-PAGE [38] and uLC-MS/MS [39]. The mRNA transcript is upregulated after
4 and 24 h of starvation, and the upregulation is highest at 96 h [40]. The gene product is required for
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the growth of bacteria in the C57BL/6] mouse spleen detected by transposon site hybridization
(TraSH) in H37Rv [41]. The Mtb Rv3588c gene was cloned, and the crystal structure of the
corresponding recombinant protein was studied in 2005 by Suarez Covarrubias et al. [36]. In a later
report in 2009, kinetic studies of the recombinant enzyme were carried out by Minakuchi et al. (Table
1) [34]. The analysis of the cloned sequence showed no differences to the original sequence available
in the UniProt database [3,34].

MTVTDDYLANNV'DYASGFKGPLPMPPSKHIAIVAé\éARLDVYRMLGIKEGEAHVIRNAGCVVTDDVIRS 70
LAISQRLLGTREI ILLHéI‘DéGMLTFTDDDFKRAIQDETGIRPTWS PESYPDAVEDVRQSLRRIEVNPFV 140

TKHTSLRGFVFDVATGKLNEVTP 163

Figure 1. The S-CA sequence of Mtb. The protein (Rv1284) sequence shows the amino acid residues
(boxed and with blue arrows) that are involved in the coordination of Zn(Il) ions in the active site of
the enzyme.

Table 1. Activity and inhibition kinetics of Mtb f-CAs compared to human CA II

CAs GeneID Protein Kt (S71) Kat/Km (M1S1) Ki(nM)2  Ref.
Mtb -

5 7
CAL Rvi284  163aa  3.9x10 3.7x 10 480 [34]
Mitb p- ] ]
CAD Rv3588c 207aa  9.8x10 9.3 x 10 9.8 [35]
Mt - Rv3273  764aab 4.3 x 105 4.0x 107 104 [33]
CA3
hCA II CA2 260aa 1.4 x10¢ 1.5 x 108 12 [35]

2Inhibition using acetazolamide;  Sulfate transporter domain (amino acids 121-414).

Interestingly, Mtb f-CAl is a smaller protein compared to other f-CA enzymes and more
specifically compared to the f-CA2 enzyme of mycobacteria [34]. In -CAl the Zn(l) ion is
coordinated by an aspartate residue, possessing a so-called ‘closed” active site conformation, which
is also observed in some algal -CA enzymes [34]. It has also been shown that many amino acids are
different in f-CA1 compared to f-CA2, suggesting a structural basis for the difference in catalytic
activity and affinity to CA inhibitors, as shown in Table 1 [34]. Interestingly, a study carried out in
2015 by Hofmann’s group showed that Rv1284 is susceptible to redox conditions in the host
environment, linking oxidative stimuli to changes in the pH homeostasis of the pathogen [42]. The
inactivation of Rv1284 due to oxidation stops the enzymatic hydration of carbon dioxide and thus
the production of protons; therefore, the decrease in the pH within the vicinity of action of Rv1284
could be a strategy employed by mycobacteria for survival in the host [42].

2.2. M. tuberculosis Rv3588¢

The protein encoded by gene Rv3588c, also known in the databases as CanB, is a f-CA and
contains 207 amino acid residues (Figure 2) [36]. Biochemical experiments have shown that the
protein product of Rv3588c is similar to the putative 213 aa CA Q9CBJ1 of Mycobacterium leprae [36].
The protein was identified by mass spectrometry in the membrane protein fraction of Mtb H37Rv
[43] and the proteomic data supported the translation start site [44]. Transposon hybridization
(TraSH) assay in H37Rv showed that the gene is required for bacterial growth in C57BL/6] mouse
spleen [41].
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MPNTNPVAAWKALKEGNERFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFqéAéSRVAAEIIFDQGLGDMF 70
y 3
VVRTAGHVIDSAVLGSIEYAVTVLNVPLIVVLGHDSCGAVNAALAAINDGTLPGGYVRDVVERVAPSVLL 140

GRRDGLSRVDEFEQRHVHETVAILMARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGEEV 207

Figure 2. The $-CA2 sequence of Mtb. The f-CA (Rv3588c) protein sequence shows the amino acid
residues (boxed and with blue arrows) that are involved in the coordination of the Zn(Il) ion at the
active site of the enzyme.

The available data from sequence alignment and from crystallographic studies have shown that
Mtb B-CA2 has zinc ligands that are present in other bacterial f-CAs [35]. Kinetic studies have shown
that the product of the Rv3588c gene of Mtb possesses the highest catalytic activity for CO2 hydration
among the three Mtb f-CAs (Table 1) [35].

2.3. M. tuberculosis Rv3273

The Rv3273 gene encoding -CA3 was identified in 2002 from the genome of Mtb strain H37Rv
[45]. It is believed to be a transmembrane protein based on its hydrophobic N-terminus [38,46,47].
Based on the information from UniProt and NCBI gene databases, the Rv3273 protein product is
predicted to contain 764 amino acids [3,45]. It is a bifunctional protein with a sulfate transporter
domain at the N-terminal end (amino acids 121-414) and a f-CA domain (amino acids 571-741) [33].
The schematic structure of the protein product is shown in Figure 3. The domain organization of the
protein is shown to be similar to that of the other bacterial proteins found in Arthrobacter aurescens
(YP_949116), Leptospira borgpetersenii (YP_798800), Legionella pneumophila (YP_126096), and Leptospira
interrogans (NP_710760), which are putative bifunctional proteins and contain both sulfate
transporter and f-CA domains [45].

The p-CA domain (amino acids 550-764) of the Rv3273 gene was cloned, characterized, and
denominated as B-CA3 [33]. The amino acid sequence of the cloned DNA was shown to be similar to
the amino acid sequence of Rv3273 that is available in databases [3,45] with the exception of a
substitution of amino acid Arg606 to Cys. Mtb f-CA3 has three conserved zinc binding residues
present in the -CA1 and B-CA2 of Mtb [34,36,37], which are Cys584, His642, and probably Asp586
[33]. Activity and inhibition studies of f-CA3 have also been carried out, and the details of the kinetics
are shown in Table 1.

1 121 414 571 741 764
CA domain
550 571 741 764
B _
CA domain

Figure 3. Schematic presentation of Mtb f-CA3 (Rv3273). (A) The complete 5-CA3 protein showing
both the sulfate transporter and CA domains at the N- and C-terminal ends, respectively. (B) The
recombinant Mtb f-CA3 protein produced for kinetic studies [33].
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3. M. marinum Is a Suitable Model for Studying the Roles of f-CAs

M. marinum, an NTM, is found in water and is a natural TB pathogen of zebrafish [4]. The Mmar
bacillus has several characteristics, such as slow growth, immotility, no spores, and Gram-positive
staining. Mmar is of great scientific interest because it is genetically related to Mtb, a pathogen that
causes TB in humans, and interestingly, the experimental infection of Mmar in fish mimics the
pathogenesis of TB [48]. The genome of the M strain of Mmar contains a 6,636,827-bp circular
chromosome. Mmar is widely used as a model organism to study TB, and genome comparisons have
confirmed the close genetic relationship between these two species showing that they share 3000
orthologs with an average amino acid identity of 85% [4].

Sequence and Phylogenetic Analysis of -CAs

Bioinformatic studies of different Mmar strains showed the presence of three -CAs in the
bacterium [29]. Analysis of Mmar f-CA sequences showed that they are closely related to the Mtb -
CA sequences [29]. Sequence alignment of f-CA protein sequences from both organisms showed very
high conservation of amino acids between the sequences (identities for f-CA1: 85.2%, p-CA2: 86.8%,
and B-CA3: 72.8%). The names, numbering and sequences of the f-CAs were based on the UniProt
entries (Figure 4).

A

Mtub pCAl MTVTDDYLANNVD YASGFKGPLPMPPSKHIAIVACMDARLDVYRMLGIKEGEAHVIRNAGCVVTDDVIRSLAISQRLLGTRE 82
Mmar ﬂCAl MTVTDDYIANNADYASGFEGPLPMPPSKHIAILACMDARLDVYRLLGINEGEAHVIRNAGGVATDDAIRSLAISQRLLGTRE 82
gk KK KKK B B skkk s kkkkkkkkkkkk kkk Kk AR AR AR RKRARAR AN

Mtub_BCAl IILLHHTDCGMLTEFTDDDFKRAIQDETGIRPTWSPESYPDAVEDVRQSLRRIEVNPFVTKHTSLRGFVFDVATGKLNEVTP 163
Mmar_BCAl VVLIHHTDCG«LTE‘I‘DDDFKM;IQDETGVKPWAAEAFPDAAEDVKQSLKKL:.N PEFVTKHVSLRGFVFDVATGKLNEVTL 163

ek Koakkk kkk:

Mt:ub_BCAZ MPNTNPVAAWKALKEGNEREFVAGRPQHPSQSVDHRAGLAAGQKPTAVIFGCADSRVAAEI IFDQGLGDMEVVRTAGHVIDSA 82
Mmar_PCA2 MFNTNPITAWKALSE@ERFVAGKPLHPSQSVDHRASLAS@KPTAVIFGCADSRVAAEIIFDQGLG)ME‘VVRTAGHVIDSA 82
Kkkkkok s ckkkAK LRk **

Mtub_BCA2 NDGTLPGGYVRDVVERVAPSVLLGRRDGLSRVDEFEQRHVHETVAILVLGSIEYAVTVLNVPLIVVLGHDSCGAVNAALAAI 164

Mmax:_ﬂCAZ NmSVPGGYVRDVVERVAPSII.mRRDGLKRVDEFBQRHIQETVAQLVIGSIEYAVTVLNVPLWVIGHDSCG&VNAALTAI 164
*ik:: Skk kK

Mmax_‘_ﬂchz MARSSAISERIAGGSLAIVGVTYQLDDGRAVLRDHIGNIGE 205

Mmar PBCA2 MARSTAISNRVAAGTLAIVGVTYQLSDGQAVLRDHVGDIGA 205
Khkkkk ckhkkkok Kok kkRRAARRK Kk kAR K ko kKk

Cc
Mtub_ BCA3 MSTAVNSCTEAPASRSQWMLANLRHDVPASLVVFLVALPLSLGIAIASGAPITAGVIAAVVGGIVAGAVGGSPVQVSGPAAG 82
Mmax'_pCAB MSTAVKNSAEAPE SRSQWMRANLRHDFPASLVVFLVALPLSLGIAIASGAPLMAGLIAAVVGGIVAGLLGGS SVQVSGPAAG 82

KkKKK KKK KAKKKK AKKKAK sk SAKK KRKKKKRKR

Mtub_BCA3 LTVVVAELIDELGWPMLCLMTIAAGALQIVEFGLS nwvvmms:c:r:mxnvm.@c‘rsussmmnlﬂ 164

Mmar BCA3 LTVVVAGLIEQVGWQMLCLMTLGAGVLQIIFGLS TAPVVVHAMLAGIGVTIVIQQTHVL IAR 164
Fkhkkk Kk o:ookk kkkkhkk: kk kkk . Kk A KKK IRR KRR KKRR KRR Kk AR KRR Ak - ARKKRRAK_*

Mtub_ BCA3| LPDGILHHELHEVIVGGTVIAILLMWSKLPAKVRIIPGPLVAIAGATVLALLPVLOTERIDLOGNFFDAIGLPKLAEMS! 246

Mma:_pm L ILHHELHEVIVGGTVIATILLVWSRLPAMVERMVPGPLVA: \TALSTMVNLDVERINL S FEAISLPRLPELT! 246
- Tk KK KKKKRR KK IR K KRR KRR Kk oKk Kk o AKKIRRKKRR K Kok: ok *hkk Kk Kkkk kk *k: % k. % *
Mtub_BCA3 | QPWSHEISATALGVLTIALIASVESLL DKI OF SGLLGGLPITGVI R 328
Mmar_| -_PCA3 | QPWSNDIST IAVGVLTIALIASVESLLCAVGVDKLHHGP’RTNE‘NRE SANVLSGLLGGLPVTGVIVRSSANVAAG\R 328

Tkhk kK Kk *ks Sdkk Rk *kk K

Mtub_BCA3 | RMSTILHGVWILLFASLFTNLVELIPKAALAGLLIVIGAQLVKLAHIKLAWRTGNFVIYAITIVCVVEFLNLLEGVAIGL 410
Mmar_ BCA3 RTSAVLHGVWILLFASLHGLVELIMLI LI IQTAWRTGNEAIYVITILGVIFILNLLEGVVIG! 410
* k.

sk s kkokok s skkkkkkk ok kkk: kokkkARRRK Kkk Kk

Mtub BG\B {LVRVVRAPVEVKPVGGEQSKRWRVDIDGTLSFLLLPRLTTVLSKLPEGSEVTLNLNADYIDDSVSEAISDWRRAHETR 492

Mmar | BCAS LIRVIRAPIEARLV-SEEAKRWRVDIDGTLSFLLLPRLTNVLSELPEGSDITLNLNADYIDHSVSEAISDWKTAHEAT 492

* *ﬁi shkkokkdk ok - ok ke ckkkkk ko k ok ke h ko kkok ok sk h ok hk kdkkokkhokkok ko
Mtub_BCAB GGVVAIVETSPAKLHHAHARPPKRHFASDPIGLVPWRSARGKDR-GSASVLDRIDEYHRNGAAVLHPHIAGLTDSQDP 574
Mmar BCA3 GGEVTIIETSPAN’LVSAHTSPPKRHFMSRALR-EPH'I‘SRRDSHPDAEPSIRHGVEEYHRNGIGTLHHHVRELMDPANP 574
- dk kook . kkkkk ok *k: Kkkkkk * : *k Kk Kk L o rrkkkkkk  kk k. % . B T x
Mtub_BCA3 B 656
Mmar_ BCA3 1 656
Mtub_BCA3|M 738
Mmar BCA3| 738
Mtub_BCA3

Mmar_BCA3 GIVASNQPVGKP------- 748

Figure 4. Alignment of the Mtb and Mmar B-CA protein sequences. Conserved amino acid residues
between the three Mtb CAs (UniProt IDs: Rv1284/CA1, Rv3588c/CA2, and Rv3273/CA3) and the
corresponding Mmar -CA sequences are indicated by asterisks. (A) Shows the alignment of f-CA1l
sequences of Mtb and Mmar; (B) Shows the alignment of B-CA2 sequences of Mtb and Mmar; and (C)
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shows the alignment of f-CA3 sequences of Mtb and Mmar. The boxed yellow and blue highlighted
parts show the N-terminal sulfate transporter and C-terminal CA domains, respectively.

Phylogenetic analysis showed that each of the three Mmar -CAs are more closely related to the
corresponding Mtb B-CA compared to the S-CA of other mycobacterial species (Figure 5A). A
subcellular localization prediction using a web-based tool [49] (and the information accessed from
the TubercuList (http://tuberculist.epfl.ch) database suggested that Mtb S-CAl and p-CA2 are
cytoplasmic (data not shown), Mtb B-CA3 is a membrane-associated protein (Figure 5B), and these
predicted localizations match those of the Mmar p-CAs (Figure 5C) [49].
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Figure 5. Phylogeny of mycobacterial f-CA sequences and transmembrane domain prediction of Mtb
and Mmar B-CA3 protein sequences. The phylogenetic tree in panel A shows the evolutionary
relationship of the Mth and Mmar B-CA protein sequences in comparison with f-CAs from other
organisms (Phatc = Phaeodactylum tricornutum; Babo = Brucella abortus; Tspi = Trichinella spiralis; Dmel
= Drosophila melanogaster; Mpor = Mycolicibacterium porcinum; and Ehis = Entamoeba histolytica). Panel
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B shows the predicted transmembrane plot of Mtb B-CA3, and panel C shows the predicted
transmembrane plot of Mmar p-CA3 [49].

4. Structures of Mtb p-CAs

The X-ray crystal structures of the two Mtb f-CAs have been resolved [36,37]. The Protein Data
Bank (PDB) contains the X-ray structures of two out of the three Mtb f-CAs: Rv1284 (PDB IDs 1YLK,
4YF4, 4YF5, and 4YF6) and Rv3588c (PDB IDs 1YM3 and 2A5V). The structure of the catalytic domain
of Rv3273 is available as a homology model in SWISS-MODEL Repository [50]. The latter structure
was generated by the automated SWISS-MODEL homology modeling pipeline based on f-CA Can2
from a Cryptococcus neoformans template (2W3N, 26.3% identity). The structures of Mtb p-CAs are
shown in Figure 6. The catalytic domains of the three Mtb f-CAs possess the same S/a fold, which is
unique to the -CAs [51]; therefore, their secondary structures share many similarities, as shown in
Figure 6. The most important catalytic property of the protein is the difference in the environment
around the zinc in the active site. The active sites of f-CAs are classified into ‘active’ or ‘open” and
‘inactive’ or ‘closed’ conformations depending on the coordination of the zinc ion [51]. Mtb Rv3588c
was shown to switch between active and inactive conformations depending on the pH [37];
presumably the same could also hold true for the other two Mtb $-CAs. The environment of the zinc
center of each of the Mtb -CAs is shown in Figure 7. The active and inactive forms of 3-CAs are
characterized by different conformations of the Asp side chain in the active site. In the inactive form,
Asp is directly coordinated to the Zn ion (Figure 7B). In the active form, Asp forms a salt bridge with
a nearby Arg side chain (Figure 6A,C,D). In addition, this conformation is further stabilized by a
hydrogen bond from the Asp carboxy group to the Arg backbone amide (also shown in Figure 7A,
C, D). As shown in Figure 7, the switch between the two -CA forms is accompanied by both an Asp
side chain rotation and by a movement of the backbone on which the Asp is located. By coordinating
to Zn, this residue acts as an autoinhibiting agent by not allowing water molecules to bind to zinc (cf.
Figure 7B,C) thus preventing the catalytic activity. It should also be noted that the enzyme activity
can be affected by environmental redox conditions leading to a chemical modification of the active
site, as shown by applying redox agents to Rv1284 [42]. Oxidative conditions result in the removal of
cysteine Cys35 (Figure 7A) from the Zn coordination sphere by forming a disulfide bond between
Cys35 and a more remotely positioned Cys61 (not shown), which could even lead to the loss of zinc
ions. It was also shown that the Tyr120 residue may be critical in the oxidative inactivation of Rv1284
[42]. Notably, in Rv3588c and Rv3273, there is no Cys in the homologous position of Cys61, implying
a higher resistance to oxidative stress in these two Mtb 5-CAs [42].

Figure 6. Structures of Mtb p-CA catalytic domains. (A) X-ray structure of Rv1284 (1YLK); (B) X-ray
structure of Rv3588c (1YM3); (C) homology model of Rv3273 from SWISS-MODEL Repository. The
two chains of the homodimers are colored blue and red. Zinc ions are colored green [36,37].
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Figure 7. The active site of Mtb f-CAs. (A) Rv1284, PDB ID: 1YLK, (B) open conformation of Rv3588c,
PDB ID: 1YM3, (C) closed conformation of Rv3588c, PDB ID: 2A5V, (D) homology model of Rv3273
[36,37]. Zinc is shown as a gray sphere. In the inactive conformation, Asp in the binding site ligates to
Zn, and in the active conformation, Asp forms a salt bridge with Arg and a hydrogen bond with the
Arg backbone N. The zinc coordination bonds are shown as dashed lines, and the hydrogen bonds

between Asp and Arg are shown as green lines. In the active form, Zn is ligated to either water (A) or
other ligands (B-D).

5. Expression Analysis of -CAs from Mmar

Expression analysis of the three f-CA genes was carried out in the Mmar ATCC 927 strain using
PCR, and the presence of transcripts was seen as bands of 500 bp for -CA1, 490 bp for f-CA2, and
600 bp for p-CA3 (Figure 8A) [29]. Similarly, quantitative expression analysis of the f-CA genes in
different strains of Mmar (M, ATCC 927 and E11) was also performed using RT-qPCR, and the highest
expression was found in the ATCC 927 strain compared to the M and E11 strains. The molecular
analysis thus confirmed the presence of all three §-CA genes in Mmar (Figure 8).
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Figure 8. Expression analysis of f-CAs from Mmar: (A) The qualitative expression analysis of Mmar
B-CA genes showed the presence of all three 3-CAs in the ATCC 927 strain. Genomic DNA was used
as a positive control. (B-D) Relative expression analysis of three f-CA genes from the three strains of
Mmar using RT-qPCR [29].
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6. In Vitro Inhibition of Mycobacterial f-CAs

6.1. Inhibition of Mtb B-CAs Using Sulfonamides and Their Derivatives

The inhibition studies on Mtb f-CA1 were performed using a panel of sulfonamides, sulfamates,
and their derivatives, some of which are in clinical use [34]. Most of the tested compounds showed
high affinity for f-CA1l (inhibition range of 1-10 pM). The compounds with inhibition in the
submicromolar concentration range (K: values of 0.481-0.905 uM) included sulfanilyl-sulfonamides,
such as acetazolamide, methazolamide, dichlorophenamide, dorzolamide, brinzolamide,
benzolamide, and the sulfamate topiramate [34]. The most efficient inhibitors (Ki values of 97-186
nM) of this enzyme were 3-bromosulfanilamide and indisulam. The promising inhibition profiles of
sulfonamides and their derivatives used in this study suggested that the Mtb -CA1l enzyme is a
potential target for developing anti-TB agents with a different mechanism of action [34].

Similarly, the inhibition profiles of a series of diazenylbenzenesulfonamides derived from
sulfanilamide or metanilamide were shown to inhibit Mtb -CA2 in the range of 45-955 nM [52].
Subsequently, to obtain inhibitory molecules with better inhibition properties, new compounds were
synthesized by diazotization of aminosulfonamide and by coupling with phenols or amines [35].
These molecules were subsequently incorporated with various R moieties in the molecule—such as
hydroxy, amino, methylamino, dimethylamino, and sulfonate —which could induce water solubility
of these compounds as sodium salts. Among the molecules thus prepared, the aminomethylene
sodium sulfonate derivatives and their corresponding N-methylated analogues showed the most
efficient inhibition properties (Kis of 45-59 nM) [35]. Later, the diazenylbenzenesulfonamides were
also tested for the inhibition of Mtb -CA3, and among them, prontosil was found to be the best
inhibitor (Ki 126-148 nM) [53]. In another study, several compounds were tested for their inhibition
efficiency against Mtb f-CA3. Compounds that inhibited the activity of this enzyme in the nanomolar
range included 2-amino-pyrimidin-4-yl-sulfanilamide (Kr 90 nM) and sulfonylated sulfonamide (K:
of 170 nM). These studies suggested that Mtb f-CA3 could be targeted using CAls with the potential
to develop agents that target Mtb [33].

The sulfonamides prepared by reaction of sulfanilamide with aryl/alkyl isocyanates showed
inhibition of Mtb 3-CA1 and -CA3 in the range of 4.8-6500 nM and 6.4-6850 nM, respectively. The
structural activity relationship related to inhibition has been shown to be associated with the nature
of the moiety substituting the second ureido nitrogen, and it is the determining factor in controlling
the inhibitory power. This may be due to flexibility of the ureido linker and the ability of this moiety
to orientate in different subpockets of the active site cavities of these enzymes [54]. The inhibition of
all three Mtb f-CAs using a number of halogenated sulfanilamides and halogenated benzolamide
derivatives showed inhibition efficiency in the submicromolar to micromolar range. The substitution
pattern at the sulfanilamide moiety/fragment of the molecule is crucial for the inhibition efficiency of
the molecule. The best inhibitors were the halogenated benzolamides (Kis in the range of 0.12-0.45
uM), whereas the halogenated sulfanilamides were slightly less inhibitory (Kis in the range of 0.41-
4.74 uM) [55]. Similarly, the inhibition of the three Mtb f-CAs was carried out using a series of
fluorine-containing sulfonamides that were modified with amino, amino alcohol, and amino acid
moieties [56]. Among these, some showed efficient inhibition of f-CA2 (K: values in the nanomolar
range) and moderate inhibition efficiency against f-CA1 and $-CA3 (K:in the low micromolar range)
[56]. Recently, a novel sulfonamide molecule obtained from sulfanilamide, which was N4-alkylated
with ethyl bromoacetate followed by a reaction with hydrazine hydrate and further reacted with
various aromatic aldehydes, showed Kis in the range of 127 nM-2.12 uM for Mtb 5-CA3 [57].
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6.2. Mono and Dithiocarbamates as Inhibitors of Mycobacterial B-CAs

Studies have shown that both mono-(MTCs) and dithiocarbamates (DTCs) selectively inhibit
Mtb B-CAs. The inhibition of Mtb p-CA1 and p-CA3 using a series of N-MTCs and N,N-disubstituted
DTCs showed inhibition efficiencies in the subnanomolar to the micromolar range [58]. The inhibition
properties of these compounds were dependent on the substitution pattern at the nitrogen atom of
the DTC zinc-binding group. Replacement with aryl, arylalkyl-, heterocyclic as well as aliphatic and
aminoacyl moieties led to potent f-CAl and p-CA2 inhibitors in both the N-mono-and N,N-di-
substituted DTC series [58].

6.3. Phenolic Natural Products and Phenolic Acids as Mycobacterial B-CA Inhibitors

In search of novel inhibitors that could selectively inhibit Mtb -CAs, a series of phenolic natural
products (NPs) were screened against Mtb f-CA1 and Mtb f-CA3. It was shown that NPs were able
to selectively inhibit Mtb -CAl and -CA3 with Kis in the submicromolar range [59]. Similarly,
screening of a series of phenolic acids and their derivatives against all three Mtb f-CAs showed good
inhibition efficiencies (Kis 1.87 uM-6.09 uM). In addition, these compounds showed no inhibitory
activity against human CA I or CA II, suggesting that the phenolic compounds could potentially be
developed as anti-TB agents [60]. Computational analysis of the binding mode of the compounds
suggested that the inhibitors anchored to the zinc-coordinated water molecule in the CA active site
and interfered with the nucleophilic attack of the zinc hydroxide on the substrate CO2[60]. Screening
of a series of C-cinnamoy]l glycosides containing the phenol moiety against the three Mtb f-CAs also
showed that most of the compounds were highly efficient inhibitors of Mtb f-CA2 (Kr 130-940 nM),
showing a preference for f-CA2 over human CA II [61].

6.4. Carboxylic Acids as Inhibitors of Mycobacterial f-CA

Carboxylic acids are known to inhibit Mtb f-CAs, but the inhibitory mechanism of these acids is
not known. Screening of scaffolds containing carboxylic acids, such as benzoic acid, nipecotic acid,
ortho and para coumaric acid and ferulic acid, against all three Mtb -CAs showed inhibition efficacy
in the micromolar range (K: 0.11-0.97 uM). The Kis for the inhibition of f-CA2 were in the range of
0.59-8.10 uM, whereas against f-CAl, the carboxylic acids showed inhibition constants in the range
of 2.25-7.13 uM [62]. This class of inhibitors has not been well explored, and further in vitro inhibition
studies are needed to document the real potential of these inhibitors as anti-TB agents.

7. Inhibition of Mycobacterial Strains in Culture

In addition to studies on the in vitro inhibition of Mtb 3-CAs, CA inhibitors have been used for
the inhibition of Mtb growth in culture [9]. Studies using 6-mercaptopurine with sulfony/sulfenyl
halides known as 9-sulfonylated/sulfenylated-6-mercaptopurines showed that the compounds
inhibited growth of the wild-type Mtb bacilli H37Rv in the range of 0.39-3.39 pg/mL [63]. Among
these compounds, one of the derivatives showed a minimal inhibitory concentration (MIC) of
approximately 1 mg/mL against several drug-resistant Mtb strains [63]. The compounds with MICs
below 1 ug/mL were considered excellent leads [63].

The inhibition of Mmar, a model mycobacterium, was recently investigated in liquid cultures
using DTCs Fcl14-584a and Fc14-584a. The DTCs were prepared by the reaction of a corresponding
amine with carbon disulfide in the presence of a base. The obtained compounds were shown to be
specific inhibitors of Mtb f-CA1 and $-CA3 [58]. This study showed that the minimum concentration
(MIC) required for complete inhibition of Mmar was 75 uM. Further studies using the concentration
below MIC (dilution 1:4) have shown no growth of Mmar, suggesting that the DTCs are bactericidal
[29]. These studies demonstrate that CAls, in addition to inhibiting the activity of mycobacterial -
CAs, impair the growth of both Mtb and NTM in culture and have significant potential as
antimycobacterial compounds.
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8. In Vivo Inhibition of Mycobacteria by CA Inhibitors

In vivo studies have shown that 6-ethoxy-1,3-benzathiazole-2-sulfonamide (ETZ) impairs the
signaling of PhoPR in Mtb [64,65]. ETZ is a sulfonamide compound that is a general inhibitor of CA
activity and is an FDA-approved drug used in the treatment of glaucoma, epilepsy, and duodenal
ulcers and is also a diuretic [9]. ETZ treatment of Mtb induces phenotypes similar to the PhoPR
mutants downregulating the PhoPR regulon, a reduction in virulence-associated lipids, and
inhibition of Esx-1 protein secretion [64] (Table 2). Further studies on single-cell imaging of a PhoPR-
dependent fluorescent reporter strain showed that ETZ inhibited PhoPR-regulated genes in infected
macrophages and in mouse lungs [64]. A mouse model infected with bacteria containing a fluorescent
reporter showed a reduction in bacteria in the lungs and significantly reduced GFP fluorescence
compared to the control group [64].

The extracellular DNA (eDNA) in NTM is responsible for the phenotypic resistance of the
bacteria to antibiotics and plays an important biological role in the bacteria [66]. Studies have shown
that bicarbonate ion helps in the export of eDNA in NTM, and it is well established that the enzymatic
activity of CAs is involved in the production of bicarbonate ions via the hydration of carbon dioxide
[11,67]. Furthermore, it has been demonstrated that a mutant M. avium in which CA genes were
inactivated was unable to export eDNA [67]. However, when the CA genes were restored, the
transport of eDNA was also restored, suggesting that CAs play important roles in the transport of
eDNA and the formation of biofilms by the bacteria [67] (Table 2). The surface-exposed proteome of
M. avium in eDNA-containing biofilms showed that CAs are abundantly present, and the inhibition
studies showed a significant reduction in eDNA transport in the presence of ETZ [67].

Table 2. In vivo inhibition studies showing the effects of CA inhibitors.

CA Inhibitor  Mycobacterium Group Effect on the Bacterium References
Inhibits PhoPR 1 tt t
Ethoxzolamide Mitb MTC 1orts PHOTH regtion, attenuates [64]
virulence
Ethoxzolamide M. avium nm  Reduces the transport of eDNA and [67]
biofilm formation
I i h of i

Dithiocarbamate Mmar NTM mpairs growth of Mmar in [29]

zebrafish larvae

DTCs, another class of compounds that strongly inhibit Mtb f-CAs in vitro, have been used in
vivo for the inhibition of Mmar [29,58]. The in vivo studies have shown that a DTC, FC14-384b (Figure
9B and Table 2), significantly impaired the growth of Mmar in zebrafish larvae [29]. The zebrafish
larvae infected with the Mmar wasabi strain with an infection dose of 471 + 143 (CFUs) bacteria and
treated with 300 uM FC14-384b showed a significant reduction (p > 0.0096) in bacterial load (Figure
9B) compared to the zebrafish larvae not treated with the inhibitor (Figure 9A). These studies suggest
that the compounds that selectively inhibit the activity of -CAs could be useful as a new class of
antimycobacterial agents that can potentially treat MDR-TB.
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Figure 9. Inhibition of Mmar in a zebrafish model. (A) Green fluorescence showing the infection in

zebrafish larvae at six days post infection not treated with the inhibitor; and (B) zebrafish larvae
infected with Mmar and treated with 300 uM Fc14-584b showing the absence of bacteria. The figure
is modified from Aspatwar et al. [29].

9. Conclusions

The experimental data on the biochemical and molecular characterization of Mtb f-CAs have
provided us with better insights into the diverse roles of these enzymes in the Mtb pathogen. In
addition to their role in the hydration of CO: required for pH homeostasis in the pathogen, these
enzymes have been implicated in several nonenzymatic functions that are required for the survival
of Mtb and pathogenesis of TB disease in the host. However, precise physiological roles of the
individual enzymes have yet to be discovered. In vitro inhibition studies using different classes of
inhibitors have shown that Mtb -CAs are druggable targets with potential as anti-TB agents with a
diverse mechanism of action compared to the drugs that are in clinical use and to which the Mtb
strains have developed various degrees of resistance.

Interestingly, recent studies have shown that CA inhibitors that selectively inhibit Mtb f-CAs in
vitro also inhibit the growth of Mmar in vivo in zebrafish. Similarly, ETZ, a general CA inhibitor and
a clinically used drug, inhibits the secretion of virulence factors and attenuates Mtb. These findings
represent an in vivo proof of concept that the Mtb f-CA enzymes are indeed promising targets for
developing antimycobacterial agents. However, we need to design novel CA inhibitors that are not
only selective against the mycobacterial f-CAs but are also membrane permeable and safe for clinical
use in humans when tested in strict preclinical and clinical settings.
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Abbreviations

The following abbreviations are used in this manuscript:

CA Carbonic anhydrase
Mtb Moycobacterium tuberculosis
Mmar Mycobacterium marinum
CAI Carbonic anhydrase inhibitor
MDR-TB Multidrug-resistant tuberculosis
WHO World Health Organization
TB Tuberculosis
MTBC Mycobacterium tuberculosis complex
NTM Nontuberculous mycobacteria
ETZ Ethoxzolamide
B-CA1 Beta-carbonic anhydrase 1
B-CA2 Beta-carbonic anhydrase 2
B-CA3 Beta-carbonic anhydrase 3
RR-TB Resistant to rifampicin Mycobacterium tuberculosis
eDNA Extracellular DNA
PDB Protein Data Bank
MTC Monothiocarbamates
DTC Dithiocarbamates
NP Natural products
MIC Minimal inhibitory concentration
References
1. Glaziou, P.; Floyd, K.; Raviglione, M.C. Global Epidemiology of Tuberculosis. Semin. Respir. Crit. Care Med.

10.

11.

12.

2018, 39, 271-285.

WHO. Global Tuberculosis Report; Geneva, Switzerland WHO: 2018; pp. 1-277. ISBN 978-92-4-156564-6.
Cole, S.T.; Brosch, R.; Parkhill, ].; Garnier, T.; Churcher, C.; Harris, D.; Gordon, S.V.; Eiglmeier, K; Gas, S.;
Barry, C.E., 3rd; et al. Deciphering the biology of Mycobacterium tuberculosis from the complete genome
sequence. Nature 1998, 393, 537-544.

Stinear, T.P.; Seemann, T.; Harrison, P.F.; Jenkin, G.A.; Davies, J.K.; Johnson, P.D.; Abdellah, Z;
Arrowsmith, C.; Chillingworth, T.; Churcher, C.; et al. Insights from the complete genome sequence of
Mycobacterium marinum on the evolution of Mycobacterium tuberculosis. Genome Res. 2008, 18, 729-741.
Garnier, T.; Eiglmeier, K.; Camus, J.C.; Medina, N.; Mansoor, H.; Pryor, M.; Duthoy, S.; Grondin, S.; Lacroix,
C.; Monsempe, C.; et al. The complete genome sequence of Mycobacterium bovis. Proc. Natl. Acad. Sci. USA
2003, 100, 7877-7882.

Kaul, G,; Kapoor, E.; Dasgupta, A.; Chopra, S. Management of multidrug-resistant tuberculosis in the 21st
century. Drugs Today (Barc.) 2019, 55, 215-224.

Saxena, A.K,; Singh, A. Mycobacterial tuberculosis Enzyme Targets and their Inhibitors. Curr. Top. Med.
Chem. 2019, 19, 337-355.

Aspatwar, A.; Haapanen, S.; Parkkila, S. An Update on the Metabolic Roles of Carbonic Anhydrases in the
Model Alga Chlamydomonas reinhardtii. Metabolites 2018, 8, 22.

Aspatwar, A.; Winum, J.Y.; Carta, F.; Supuran, C.T.; Hammaren, M.; Parikka, M.; Parkkila, S. Carbonic
Anhydrase Inhibitors as Novel Drugs against Mycobacterial beta-Carbonic Anhydrases: An Update on In
Vitro and In Vivo Studies. Molecules 2018, 23, 2911.

Aspatwar, A.; Tolvanen, M.E.; Ortutay, C.; Parkkila, S. Carbonic anhydrase related proteins: Molecular
biology and evolution. Subcell. Biochem. 2014, 75, 135-156.

Supuran, C.T. Carbonic anhydrases: Novel therapeutic applications for inhibitors and activators. Nat. Rev.
Drug Discov. 2008, 7, 168-181.

Nishimori, I.; Minakuchi, T.; Kohsaki, T.; Onishi, S.; Takeuchi, H.; Vullo, D.; Scozzafava, A.; Supuran, C.T.
Carbonic anhydrase inhibitors: The beta-carbonic anhydrase from Helicobacter pylori is a new target for
sulfonamide and sulfamate inhibitors. Bioorg. Med. Chem. Lett. 2007, 17, 3585-3594.



Int. ]. Mol. Sci. 2019, 20, 5153 14 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Klengel, T.; Liang, W.]J.; Chaloupka, J.; Ruoff, C.; Schroppel, K.; Naglik, ]J.R.; Eckert, S.E.; Mogensen, E.G;
Haynes, K.; Tuite, M.F.; et al. Fungal adenylyl cyclase integrates CO: sensing with cAMP signaling and
virulence. Curr. Biol. 2005, 15, 2021-2026.

Innocenti, A.; Muhlschlegel, F.A.; Hall, R.A.; Steegborn, C.; Scozzafava, A.; Supuran, C.T. Carbonic
anhydrase inhibitors: Inhibition of the beta-class enzymes from the fungal pathogens Candida albicans and
Cryptococcus neoformans with simple anions. Bioorg. Med. Chem. Lett. 2008, 18, 5066-5070.

Innocenti, A.; Leewattanapasuk, W.; Muhlschlegel, F.A.; Mastrolorenzo, A.; Supuran, C.T. Carbonic
anhydrase inhibitors. Inhibition of the beta-class enzyme from the pathogenic yeast Candida glabrata with
anions. Bioorg. Med. Chem. Lett. 2009, 19, 4802—-4805.

Isik, S.; Kockar, F.; Aydin, M.; Arslan, O.; Guler, O.O.; Innocenti, A.; Scozzafava, A.; Supuran, C.T. Carbonic
anhydrase inhibitors: Inhibition of the beta-class enzyme from the yeast Saccharomyces cerevisiae with
sulfonamides and sulfamates. Bioorg. Med. Chem. 2009, 17, 1158-1163.

Isik, S.; Kockar, F.; Arslan, O.; Guler, O.O.; Innocenti, A.; Supuran, C.T. Carbonic anhydrase inhibitors.
Inhibition of the beta-class enzyme from the yeast Saccharomyces cerevisiae with anions. Bioorg. Med. Chem.
Lett. 2008, 18, 6327-6331.

Prete, S.D.; Angeli, A.; Ghobril, C.; Hitce, J.; Clavaud, C.; Marat, X.; Supuran, C.T.; Capasso, C. Anion
Inhibition Profile of the beta-Carbonic Anhydrase from the Opportunist Pathogenic Fungus Malassezia
Restricta Involved in Dandruff and Seborrheic Dermatitis. Metabolites 2019, 9, 147.

Nocentini, A.; Osman, S.M.; Almeida, I.A.; Cardoso, V.; Alasmary, F.A.S.; AlOthman, Z.; Vermelho, A.B.;
Gratteri, P.; Supuran, C.T. Appraisal of anti-protozoan activity of nitroaromatic benzenesulfonamides
inhibiting carbonic anhydrases from Trypanosoma cruzi and Leishmania donovani. J. Enzym. Inhib. Med.
Chem. 2019, 34, 1164-1171.

Akdemir, A.; Angeli, A,; Goktas, F.; Eraslan Elma, P.; Karali, N.; Supuran, C.T. Novel 2-indolinones
containing a sulfonamide moiety as selective inhibitors of candida beta-carbonic anhydrase enzyme. J.
Enzym. Inhib. Med. Chem. 2019, 34, 528-531.

Bua, S.; Osman, S.M.; Del Prete, S.; Capasso, C.; AlOthman, Z.; Nocentini, A.; Supuran, C.T. Click-tailed
benzenesulfonamides as potent bacterial carbonic anhydrase inhibitors for targeting Mycobacterium
tuberculosis and Vibrio cholerae. Bioorg. Chem. 2019, 86, 183-186.

Bua, S.; Haapanen, S.; Kuuslahti, M.; Parkkila, S.; Supuran, C.T. Sulfonamide Inhibition Studies of a New
beta-Carbonic Anhydrase from the Pathogenic Protozoan Entamoeba histolytica. Int. J. Mol. Sci. 2018, 19,
3946.

Nocentini, A.; Bua, S.; Del Prete, S.; Heravi, Y.E.; Saboury, A.A.; Karioti, A.; Bilia, A.R.; Capasso, C.; Gratteri,
P.; Supuran, C.T. Natural Polyphenols Selectively Inhibit beta-Carbonic Anhydrase from the Dandruff-
Producing Fungus Malassezia globosa: Activity and Modeling Studies. ChemMedChem 2018, 13, 816-823.
Nocentini, A.; Cadoni, R.; Dumy, P.; Supuran, C.T.; Winum, J.Y. Carbonic anhydrases from Trypanosoma
cruzi and Leishmania donovani chagasi are inhibited by benzoxaboroles. |. Enzym. Inhib. Med. Chem. 2018,
33, 286-289.

Nishimori, I.; Onishi, S.; Takeuchi, H.; Supuran, C.T. The alpha and beta classes carbonic anhydrases from
Helicobacter pylori as novel drug targets. Curr. Pharm. Des. 2008, 14, 622-630.

Nishimori, I.; Minakuchi, T.; Maresca, A.; Carta, F.; Scozzafava, A.; Supuran, C.T. The beta-carbonic
anhydrases from Mycobacterium tuberculosis as drug targets. Curr. Pharm. Des. 2010, 16, 3300-3309.

Strop, P.; Smith, K.S.; Iverson, T.M.; Ferry, J.G.; Rees, D.C. Crystal structure of the “cab”-type beta class
carbonic anhydrase from the archaeon Methanobacterium thermoautotrophicum. J. Biol. Chem. 2001, 276,
10299-10305.

Zimmerman, S.A,; Ferry, J.G.; Supuran, C.T. Inhibition of the archaeal beta-class (Cab) and gamma-class
(Cam) carbonic anhydrases. Curr. Top. Med. Chem. 2007, 7, 901-908.

Aspatwar, A.; Hammaren, M.; Koskinen, S.; Luukinen, B.; Barker, H.; Carta, F.; Supuran, C.T.; Parikka, M.;
Parkkila, S. beta-CA-specific inhibitor dithiocarbamate Fc14-584B: A novel antimycobacterial agent with
potential to treat drug-resistant tuberculosis. ]. Enzym. Inhib. Med. Chem. 2017, 32, 832-840.

Vermelho, A.B.; Capaci, G.R.; Rodrigues, I.A.; Cardoso, V.S.; Mazotto, A.M.; Supuran, C.T. Carbonic
anhydrases from Trypanosoma and Leishmania as anti-protozoan drug targets. Bioorg. Med. Chem. 2017,
25,1543-1555.

Syrjanen, L.; Vermelho, A.B.; Rodrigues Ide, A.; Corte-Real, S.; Salonen, T.; Pan, P.; Vullo, D.; Parkkila, S.;
Capasso, C.; Supuran, C.T. Cloning, characterization, and inhibition studies of a beta-carbonic anhydrase



Int. ]. Mol. Sci. 2019, 20, 5153 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

from Leishmania donovani chagasi, the protozoan parasite responsible for leishmaniasis. J. Med. Chem.
2013, 56, 7372-7381.

Kapopoulou, A.; Lew, ].M.; Cole, S.T. The MycoBrowser portal: A comprehensive and manually annotated
resource for mycobacterial genomes. Tuberculosis (Edinb.) 2011, 91, 8-13.

Nishimori, I.; Minakuchi, T.; Vullo, D.; Scozzafava, A.; Innocenti, A.; Supuran, C.T. Carbonic anhydrase
inhibitors. Cloning, characterization, and inhibition studies of a new beta-carbonic anhydrase from
Moycobacterium tuberculosis. ]. Med. Chem. 2009, 52, 3116-3120.

Minakuchi, T.; Nishimori, I.; Vullo, D.; Scozzafava, A.; Supuran, C.T. Molecular cloning, characterization,
and inhibition studies of the Rv1284 beta-carbonic anhydrase from Mycobacterium tuberculosis with
sulfonamides and a sulfamate. |. Med. Chem. 2009, 52, 2226-2232.

Carta, F.; Maresca, A.; Covarrubias, A.S.; Mowbray, S.L.; Jones, T.A.; Supuran, C.T. Carbonic anhydrase
inhibitors. Characterization and inhibition studies of the most active beta-carbonic anhydrase from
Moycobacterium tuberculosis, Rv3588c. Bioorg. Med. Chem. Lett. 2009, 19, 6649-6654.

Suarez Covarrubias, A.; Larsson, A.M.; Hogbom, M.; Lindberg, J.; Bergfors, T.; Bjorkelid, C.; Mowbray,
S.L.; Unge, T.; Jones, T.A. Structure and function of carbonic anhydrases from Mycobacterium tuberculosis. J.
Biol. Chem. 2005, 280, 18782-18789.

Covarrubias, A.S.; Bergfors, T.; Jones, T.A.; Hogbom, M. Structural mechanics of the pH-dependent activity
of beta-carbonic anhydrase from Mycobacterium tuberculosis. |. Biol. Chem. 2006, 281, 4993-4999.

Gu, S.; Chen, J.; Dobos, KM.; Bradbury, E.M.; Belisle, J.T.; Chen, X. Comprehensive proteomic profiling of
the membrane constituents of a Mycobacterium tuberculosis strain. Mol. Cell. Proteom. 2003, 2, 1284-1296.
Rosenkrands, I; King, A.; Weldingh, K.; Moniatte, M.; Moertz, E.; Andersen, P. Towards the proteome of
Moycobacterium tuberculosis. Electrophoresis 2000, 21, 3740-3756.

Betts, J.C.; Lukey, P.T.; Robb, L.C.; McAdam, R.A.; Duncan, K. Evaluation of a nutrient starvation model of
Muycobacterium tuberculosis persistence by gene and protein expression profiling. Mol. Microbiol. 2002, 43,
717-731.

Sassetti, C.M.; Boyd, D.H.; Rubin, E.J. Genes required for mycobacterial growth defined by high density
mutagenesis. Mol. Microbiol. 2003, 48, 77-84.

Nienaber, L.; Cave-Freeman, E.; Cross, M.; Mason, L.; Bailey, UM.; Amani, P.; A Davis, R.; Taylor, P.;
Hofmann, A. Chemical probing suggests redox-regulation of the carbonic anhydrase activity of
mycobacterial Rv1284. FEBS ]. 2015, 282, 2708-2721.

Malen, H.; Pathak, S.; Softeland, T.; de Souza, G.A.; Wiker, H.G. Definition of novel cell envelope associated
proteins in Triton X-114 extracts of Mycobacterium tuberculosis H37Rv. BMC Microbiol. 2010, 10, 132.
Kelkar, D.S.; Kumar, D.; Kumar, P.; Balakrishnan, L.; Muthusamy, B.; Yadav, A.K, Shrivastava, P.;
Marimuthu, A.; Anand, S.; Sundaram, H.; et al. Proteogenomic analysis of Mycobacterium tuberculosis by
high resolution mass spectrometry. Mol. Cell. Proteom. 2011, 10, M111.011627.

Camus, J.C.; Pryor, M.].; Medigue, C.; Cole, S.T. Re-annotation of the genome sequence of Mycobacterium
tuberculosis H37Rv. Microbiology 2002, 148, 2967-2973.

Mawuenyega, K.G.; Forst, C.V.; Dobos, K.M.; Belisle, ].T.; Chen, ].; Bradbury, E.M.; Bradbury, A.R.; Chen,
X. Mycobacterium tuberculosis functional network analysis by global subcellular protein profiling. Mol. Biol.
Cell 2005, 16, 396-404.

Xiong, Y.; Chalmers, M.J.; Gao, F.P.; Cross, T.A.; Marshall, A.G. Identification of Mycobacterium tuberculosis
H37Rv integral membrane proteins by one-dimensional gel electrophoresis and liquid chromatography
electrospray ionization tandem mass spectrometry. |. Proteome Res. 2005, 4, 855-861.

Parikka, M.; Hammaren, M.M.; Harjula, S.K.; Halfpenny, N.J.; Oksanen, K.E.; Lahtinen, M.J.; Pajula, E.T.;
livanainen, A.; Pesu, M.; Ramet, M. Mycobacterium marinum causes a latent infection that can be
reactivated by gamma irradiation in adult zebrafish. PLoS Pathog. 2012, 8, €1002944.

Krogh, A.; Larsson, B.; von Heijne, G.; Sonnhammer, E.L. Predicting transmembrane protein topology with
a hidden Markov model: Application to complete genomes. |. Mol. Biol. 2001, 305, 567-580.

Bienert, S.; Waterhouse, A.; de Beer, T.A.; Tauriello, G.; Studer, G.; Bordoli, L.; Schwede, T. The SWISS-
MODEL Repository-new features and functionality. Nucleic Acids Res. 2017, 45, D313-D3109.

Rowlett, R.S. Structure and catalytic mechanism of the beta-carbonic anhydrases. Biochim. Biophys. Acta
2010, 1804, 362-373.



Int. J. Mol. Sci. 2019, 20, 5153 16 of 16

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Carta, F.; Maresca, A, Scozzafava, A.; Vullo, D.; Supuran, C.T. Carbonic anhydrase inhibitors.
Diazenylbenzenesulfonamides are potent and selective inhibitors of the tumor-associated isozymes IX and
XII over the cytosolic isoforms I and II. Bioorg. Med. Chem. 2009, 17, 7093-7099.

Maresca, A.; Carta, F.; Vullo, D.; Scozzafava, A.; Supuran, C.T. Carbonic anhydrase inhibitors. Inhibition
of the Rv1284 and Rv3273 beta-carbonic anhydrases from Mycobacterium tuberculosis with
diazenylbenzenesulfonamides. Bioorg. Med. Chem. Lett. 2009, 19, 4929-4932.

Pacchiano, F.; Carta, F.; Vullo, D.; Scozzafava, A.; Supuran, C.T. Inhibition of beta-carbonic anhydrases
with ureido-substituted benzenesulfonamides. Bioorg. Med. Chem. Lett. 2011, 21, 102-105.

Maresca, A.; Scozzafava, A.; Vullo, D.; Supuran, C.T. Dihalogenated sulfanilamides and benzolamides are
effective inhibitors of the three beta-class carbonic anhydrases from Mycobacterium tuberculosis. |. Enzym.
Inhib. Med. Chem. 2013, 28, 384-387.

Ceruso, M.; Vullo, D.; Scozzafava, A.; Supuran, C.T. Sulfonamides incorporating fluorine and 1,3,5-triazine
moieties are effective inhibitors of three beta-class carbonic anhydrases from Mycobacterium tuberculosis. J.
Enzym. Inhib. Med. Chem. 2014, 29, 686-689.

Wani, T.V; Bua, S.; Khude, P.S.; Chowdhary, A.H.; Supuran, C.T.; Toraskar, M.P. Evaluation of
sulphonamide derivatives acting as inhibitors of human carbonic anhydrase isoforms I, II and
Moycobacterium tuberculosis beta-class enzyme Rv3273. |. Enzym. Inhib. Med. Chem. 2018, 33, 962-971.
Maresca, A.; Carta, F.; Vullo, D.; Supuran, C.T. Dithiocarbamates strongly inhibit the beta-class carbonic
anhydrases from Mycobacterium tuberculosis. |. Enzym. Inhib. Med. Chem. 2013, 28, 407-411.

Davis, R.A.; Hofmann, A.; Osman, A.; Hall, R.A.; Muhlschlegel, F.A.; Vullo, D.; Innocenti, A.; Supuran,
C.T.; Poulsen, S.A. Natural product-based phenols as novel probes for mycobacterial and fungal carbonic
anhydrases. |. Med. Chem. 2011, 54, 1682-1692.

Cau, Y.; Mori, M.; Supuran, C.T.; Botta, M. Mycobacterial carbonic anhydrase inhibition with phenolic acids
and esters: Kinetic and computational investigations. Org. Biomol. Chem. 2016, 14, 8322-8330.

Buchieri, M.V,; Riafrecha, L.E.; Rodriguez, O.M.; Vullo, D.; Morbidoni, H.R.; Supuran, C.T.; Colinas, P.A.
Inhibition of the beta-carbonic anhydrases from Mycobacterium tuberculosis with C-cinnamoyl glycosides:
Identification of the first inhibitor with anti-mycobacterial activity. Bioorg. Med. Chem. Lett. 2013, 23, 740—
743.

Maresca, A.; Vullo, D.; Scozzafava, A.; Manole, G.; Supuran, C.T. Inhibition of the beta-class carbonic
anhydrases from Mycobacterium tuberculosis with carboxylic acids. J. Enzym. Inhib. Med. Chem .2013, 28, 392—
396.

Scozzafava, A.; Mastrolorenzo, A.; Supuran, C.T. Antimycobacterial activity —of 9-
sulfonylated/sulfenylated-6-mercaptopurine derivatives. Bioorg. Med. Chem. Lett. 2001, 11, 1675-1678.
Johnson, B.K.; Colvin, C.J.; Needle, D.B.; Mba Medie, F.; Champion, P.A.; Abramovitch, R.B. The Carbonic
Anhydrase Inhibitor Ethoxzolamide Inhibits the Mycobacterium tuberculosis PhoPR Regulon and Esx-1
Secretion and Attenuates Virulence. Antimicrob. Agents Chemother. 2015, 59, 4436-4445.

Johnson, B.K.; Abramovitch, R.B. Small Molecules That Sabotage Bacterial Virulence. Trends Pharmacol. Sci.
2017, 38, 339-362.

Rose, SJ.; Babrak, L.M.; Bermudez, L.E. Mycobacterium avium Possesses Extracellular DNA that
Contributes to Biofilm Formation, Structural Integrity, and Tolerance to Antibiotics. PLoS ONE 2015, 10,
e0128772.

Rose, S.J.; Bermudez, L.E. Identification of Bicarbonate as a Trigger and Genes Involved with Extracellular
DNA Export in Mycobacterial Biofilms. mBio 2016, 7, e01597-16.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ @ article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



