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Abstract

Periplasmic a-carbonic anhydrase of Helicobacter pylori (HpaCA), an oncogenic bacterium
in the human stomach, is essential for its acclimation to low pH. It catalyses the conversion
of carbon dioxide to bicarbonate using Zn(ll) as the cofactor. In H. pylori, Neisseria spp.,
Brucella suis and Streptococcus pneumoniae this enzyme is the target for sulfonamide anti-
bacterial agents. We present structural analysis correlated with inhibition data, on the com-
plexes of HpaCA with two pharmacological inhibitors of human carbonic anhydrases,
acetazolamide and methazolamide. This analysis reveals that two sulfonamide oxygen
atoms of the inhibitors are positioned proximal to the putative location of the oxygens of the
CO, substrate in the Michaelis complex, whilst the zinc-coordinating sulfonamide nitrogen
occupies the position of the catalytic water molecule. The structures are consistent with ac-
etazolamide acting as site-directed, nanomolar inhibitors of the enzyme by mimicking its re-
action transition state. Additionally, inhibitor binding provides insights into the channel for
substrate entry and product exit. This analysis has implications for the structure-based de-
sign of inhibitors of bacterial carbonic anhydrases.

Introduction

Helicobacter pylori is a pathogenic bacterium that colonises the stomach of approximately 50%
of the human population [1]. H. pylori infections are associated with severe gastroduodenal dis-
eases such as gastritis, peptic ulcers and gastric cancers [2-5]. Current H. pylori eradication
therapies rely on the simultaneous use of two or more broad-spectrum antibiotics (commonly
amoxicillin and clarithromycin) [6] and a proton pump inhibitor [7]. However, recent reports
show that this combination has lost efficacy, with an eradication rate ranging from 71% in the
United States to 60% in Western Europe [8-10]—well below the expected rate of 80% for first
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line therapy [11]. Therefore, there is a growing need to identify and develop a more effective al-
ternative to traditional therapies.

Bacterial carbonic anhydrases (CAs, EC 4.2.1.1), metalloenzymes that catalyse the hydration
of carbon dioxide to bicarbonate and hydrogen ions, are emerging as new potential drug candi-
dates due to their role in the survival, invasion and pathogenicity of bacteria [12, 13]. H. pylori
has two different CAs, o-class and B-class (HpaCA and HpBCA) [14]. Joint activities of o.- and
B-CAs and urease are required to produce NH3/NH," and CO,/HCO5  couples that maintain
H. pylori periplasmic and cytoplasmic pH close to neutral in the highly acidic medium of the
stomach, thus allowing both survival and growth in the gastric niche [15, 16]. HpoCA and
HpBCA are highly inhibited by many primary sulfonamides RSO,NHS,, including the clinical
drugs acetazolamide (AAZ), ethoxzolamide, methazolamide (MZA), topiramate and sulpiride
[17, 18]. Furthermore, certain CA inhibitors, such as acetazolamide and methazolamide, were
shown to inhibit the H. pylori growth in cell cultures [19]. In addition, previous studies have
shown that treating H. pylori with CA inhibitors drastically reduces the ability of the bacteria
to survive within an acid environment, suggesting that CAs are essential for colonisation of the
stomach and duodenum [20, 21]. Apart from H. pylori, several other Gram negative and Gram
positive bacterial species display susceptibility to CA inhibitors, including Neisseria spp. [22],
Brucella suis [23] and Streptococcus pneumoniae [24], which highlights the potential of the sul-
fonamide CA inhibitors as lead compounds for developing novel anti-infective agents.

Evidence that H. pylori CA inhibitors may be effective in vivo comes from pilot studies of
the treatment of peptic ulcer disease with AAZ. Treatment for 30 days achieved 96-97% of
gastric and duodenal ulcer healing [25, 26]. Whilst the healing effect was partly attributable to
inhibition of human CA activity in the parietal cells of the patients which caused suppression
of basal secretion of gastric acid [27], it has become apparent that AAZ treatment also likely
resulted in eradication of H. pylori. Indeed, AAZ was shown to be sufficiently effective not
only in ulcer healing but also in prevention of ulcer recurrence. Two years after antiulcer ther-
apy was discontinued, the recurrence rate in patients treated with AAZ (6%) was significantly
lower than that with classical antacid drugs (30-60%) [25, 28] and close to that achieved by
the triple eradication therapy [28]. Taken together, these clinical results suggested that, apart
from antiacid action, AAZ had an inhibitory effect on H. pylori, a causative pathogen for pep-
tide ulcer disease.

Here, we report structural analyses correlated with inhibition data, on complexes of HpaCA
with AAZ and MZA (Fig 1). This study has allowed us to address the molecular details of catal-
ysis of this enzyme and led to the identification of the protein elements that play a role in
inhibitor recognition.

Materials and Methods
Protein purification, crystallisation and data collection

HpoCA is a homo-dimer in solution with a subunit mass of approximately 27 kDa and was
prepared as described [29]. AAZ and MZA were purchased from Sigma-Aldrich. Crystals of
the complexes with AAZ and MZA were obtained by mixing 8 mg/ml protein with 1 mM AAZ
or MZA, 1 mM ZnCl,, 12% (w/v) PEG 1.5K and 100 mM di-basic ammonium citrate and sus-
pending 2-pl drops over a well solution containing 24% (w/v) PEG 1.5K, 200mM di-basic am-
monium citrate. Diffraction data were collected at cryogenic temperatures using the MX1 and
MX2 beamlines of the Australian Synchrotron. All data were processed and scaled using
iMOSFLM [30] and SCALA [31] from the CCP4 software suite [32]. Data collection statistics
are summarised in Table 1. The crystals of all complexes were isomorphous and belonged to
space group P2, with the B value close to 90°, the condition under which pseudo-merohedral
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Fig 1. Structures of sulfonamides discussed in this study. (AAZ) acetazolamide, N-(5-sulfamoyl-
1,3,4-thiadiazol-2-yl)acetamide; (MZA) methazolamide, (E)-N-(3-methyl-5-sulfamoyl-1,3,4-thiadiazol-2(3H)-
ylidene)acetamide. The values for the inhibitory constants are as reported previously [18].

doi:10.1371/journal.pone.0127149.g001

twinning can occur. Analysis of the data using PHENIX Xtriage [33] detected pseudo-
merohedral twinning with the twin law (h, -k, -1).

Structure determination and analysis

The crystal structure of the Hpa'CA complex with AAZ was determined using molecular re-
placement (PHASER) [34] with the structure of aCA from Sulfurihydrogenibium yellowsto-
nense YO3AOPI (SspCA, PDB ID 4G7A; [35]) as a search model. Eight copies of the search
model, corresponding to four dimers, were found in the asymmetric unit. Model building and
refinement were carried out using the programs COOT [36] and PHENIX [37], with the twin
law (h, -k, -1) and non crystallographic symmetry (NCS) restraints. The Fourier difference
maps clearly revealed density for one Zn ion and one AAZ molecule in each subunit. The aver-
age B factors for the Zn ions and AAZ molecule in the final refined model (22 and 23 A%, re-
spectively) were close to that of the surrounding protein atoms, indicating that both Zn and the
inhibitor molecule are bound with an occupancy close to 1.

The structure of the HpaCA complex with MZA was solved by molecular replacement
using the protein coordinates of the dimer of the HpaCA/AAZ complex as a search model.

PLOS ONE | DOI:10.1371/journal.pone.0127149 May 26, 2015 3/13



@'PLOS ‘ ONE

Structures of H. pylori a-CA Sulfonamide Complexes

Table 2. Properties of the final models.

Resolution range (A)

No. of reflections
Residues/atoms/waters

I:{/Rfree

Average B (protein) (A%)

Average B (water) (A%)

Average B (Zn ions) (A%

Average B (inhibitors) (A%)
Bond-length deviation from ideality (A)
Bond-angle deviation from ideality (°)
Ramachandran space (%)

Favored

Allowed

Outliers

doi:10.1371/journal.pone.0127149.t002

Table 1. X-ray data collection statistics.

Complex AAZ MZA
Space group P2, P2,
Cell dimension (a, b, ¢ (A), B8 (°) 41.8, 133.6, 166.5, 90.2 42.5, 133.7, 166.6, 90.1
Observed reflections 411397 351477
Unique reflections 119874 93672
Resolution range (A) 334-2.0(2.1-2.0) 30.0-2.2(2.3-2.2)
Rrmerge 0.096 (0.250) 0.078 (0.220)
Average l/a(l) 7.7 (3.6) 11.0 (6.3)
Completeness (%) 97.6 (92.6) 98.2 (97.7)
Redundancy 3.4 (3.2) 3.8 (3.8)
‘ >y = 1))

Rmerge = —" |

S

where I, is the intensity of the ith observation of reflection h.

doi:10.1371/journal.pone.0127149.t001

Analysis of the stereochemical quality of the model was accomplished using MOLPROBITY
[38]. The refinement statistics are summarised in Table 2. Structure figures were prepared
using PYMOL [39]. The sequence alignment figure was produced using ESPript (http://espript.
ibep.fr) [40]. The coordinates and structure factors for the HpoCA complexes with AAZ and
MZA have been deposited in the Protein Data Bank (www.rcsb.org) under accession codes
4YGF and 4YHA, respectively.

Results and Discussion
Overall structure of HpaCA and comparison to other bacterial aCAs

The HpoCA subunit consists of a single polypeptide chain of 228 residues and comprises a
total of 5 a-helices and 14 B-strands, which fold into a compact globular domain approximately

HpaCA-AAZ HpaCA-MZA
30.0 - 2.0 30.0-2.2
119722 93642

1795/ 14731/1092 1773/ 14546/ 665
0.18/0.21 0.19/0.23

29 39

26 32

22 45

23 35

0.01 0.01

15 15

9 95

4 5

0 0
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T. ammonificans

Fig 2. The crystal structure of HpaCA and comparison with other bacterial CAs. A: Stereo diagram of the structure of the HpaCA monomer. Each
element of the secondary structure is labeled. The zinc ion and AAZ molecule are shown in ball and in stick representation, respectively, to indicate the
location of the active site. B, C, D, E: Dimers observed in the crystal structures of HpaCA, NgCA, SspCA and TaCA, respectively.

doi:10.1371/journal.pone.0127149.g002

43 x 48 x 50 A” in size (Fig 2A). The B strands and o-helices are arranged in the topological
order oo 3BPRRRRRPRaPRRoP. The structure reveals a fold characteristic of other a«CAs of the
known structure [41] which contains a central 10-stranded, twisted B-sheet flanked by helices
ol and o2 on one side and 03-05 on the other. In a comparison of HpaCA against the struc-
tures in the RCSB Protein Data Bank [42] that have been described in the literature, using the
protein structure comparison service Fold at European Bioinformatics Institute (http://www.
ebi.ac.uk/msd-srv/ssm) [43], significant similarities were found with other bacterial o.CAs.
HpoCA has the closest structural similarity to the homologous enzymes from Thermovibrio
ammonificans (TaCA, PDB ID code 4C3T [44]), Neisseria gonorrhoeae (NgCA, PDB ID code
3R9G [45]) and S. yellowstonense (SspCA) (rms deviation of 1.2 A, 1.5 A and 1.3 A for the su-
perimposition of 205, 214 and 205 C, atoms, showing 36%, 38% and 39% sequence identity
over equivalent positions, respectively). Inspection of the superimpositions showed that struc-
tural similarity extends over the entire fold and includes all the secondary structure elements.
We have previously shown that when subjected to gel-filtration, HpaCA eluted as a single
peak with an apparent molecular weight of approximately 50 kDa, indicating that HpaCA
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forms a dimer in solution [29], in line with previous reports of the dimeric state of aCAs from
S. yellowstonense [35] and N. gonorrhoeae [45]. Analysis of the packing of the eight HpaCA
monomers in the asymmetric unit identified an obvious dimer with 2-fold symmetry and ap-
proximate dimensions of 43 x 50 x 84 A (Fig 2B). Eleven percent (1268 A?) of the subunit ac-
cessible surface area is buried upon dimerisation, which falls within the range found for other
dimeric proteins [46]. In line with this, analysis of probable assemblies in the crystal using the
PDBe PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/cgi-bin/piserver) also suggested
that HpaCA likely exists as a stable dimer in solution. The Hpa.CA dimer is very similar to that
observed in the crystals of NgCA, SspCA and TaCA (Fig 2C-2E), providing further evidence in
support of the hypothesis that, unlike mammalian 0.CAs, which are predominantly monomer-
ic, bacterial oCAs are dimeric. An interesting variation in this series is that two TaCA dimers
assemble into a tetramer by means of intra-subunit disulfide bonds, which is thought to con-
tribute to the TaCA’s thermostability [46].

Further structural comparisons show that the HpaCA fold is very similar to mammalian
0 CAs, the closest homologue (28% sequence identity) being human carbonic anhydrase II
(HCAII) [17]. Superimposition of the structures of HpauCA and HCAII (PDB ID code 3DVC
[47]) reveals that 206 of 258 C,, atoms could be superimposed with an rmsd of 1.6 A showing
32% identity over the aligned amino acid residues. Most of the secondary structure elements
present in HCAII are retained in HpoCA. The structural differences between the two enzymes
are mainly in the length of the surface loops (Fig 3): loops corresponding to $6-87, B7-p8,89-
B10, 03-04 and o5-B14 in HpaCA are longer in HCAIL

Zinc and acetazolamide binding and localisation of the active site

A conserved key feature of the active site of 0CAs is the zinc ion (cofactor) located in a cone-
shaped cavity and coordinated tetrahedrally by three histidine residues [41]. Previous compari-
son of the sequence of HpaCA with that of HCAII highlighted the conservation of the residues
involved in zinc coordination (His110, His112 and His129 (Fig 3)), binding of the substrate
(Leul90) and proton shuttling (His85) [19]. Compared with HCAII these residues in HpoCA
lie in equivalent positions on the side of the core B-sheet. They reside on strands p7 (His110,
His112), B9 (His129) and on the loops B11-B12 (Leul90) and B4-B5 (His85) at the bottom of
the long conical cavity, which clearly identifies it as the active site. In common with other bac-
terial aCAs, the entrance into this cavity in HpaCA is wider than in HCAII due to the shorter
loop connecting strands 39 and B10.

The zinc ion has been identified in the structures of both AAZ and MZA complexes as a
strong peak on the difference map at the position coordinated by His110, His112 and His129.
Furthermore, difference-Fourier maps revealed clear and unambiguous density for AAZ and
MZA in their respective complexes (Figs 4A and 5). In both structures, the N atom of the sul-
fonamide moiety of the inhibitor acts as the fourth ligand in the tetrahedral coordination
sphere for the zinc ion. This atom is also within hydrogen bonding distance from the Oy atom
of Thr191 (2.6 A) (Fig 4A). The O1 atom of the sulfonamide group forms a hydrogen bond
with the main-chain amide of Thr191. The sulfonamide group of AAZ is further stabilised by
van der Waals contacts with the side chains of Val141 and Trp201. The thiadiazole moiety of
AAZ stacks against the hydrophobic side of the cone-shaped surface leading into the active site
and makes van der Waals contacts with Val131, Leu190 and Ala192. The AAZ molecule is fur-
ther stabilised through a hydrogen bond between the O3 atom of its acetamido group and the
NS atom of Asn108 (3.1 A) and van der Vaals contact with the side chain of Lys88. Structural
superimpositions showed that the positions of the AAZ molecule and the zinc ion are very sim-
ilar in all eight subunits in the asymmetric unit. Superposition of the structures of the HpaCA/
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Fig 3. Structure-based sequence alignment of HpaCA, NgCA, SspCA, TaCA and HCAII. The elements of the secondary structure and the sequence
numbering for HpaCA are shown above the alignment. Conserved residues are highlighted in red. The conserved histidine residues coordinating the zinc ion
are marked by an asterisk. The proton shuttle residue of HCAII (His64) is marked with an open circle. The corresponding residue in HpaCA is His85. The
conserved residues that form a hydrophobic pocket in the active site are labeled with filled squares. The location of the catalytically important HCAII residue
Thr199 which forms a hydrogen bond to the zinc-bound water (Wat263, Fig 5), thereby orienting its two lone electron pairs toward the two neighbouring water
molecules (Wat318 and Wat338) in the active site is shown by an open square. The corresponding residue in HpaCA is T191.

doi:10.1371/journal.pone.0127149.9003

AAZ, SspCA/AAZ, TaCA/AAZ and HCAII/AAZ complexes shows a very good overlap of the
zinc-coordinating sulfonamide moieties and only subtle differences in the orientation of the
AAZ molecule, consistent with the absolute conservation of the protein residues that are im-
portant for AAZ recognition (Fig 4B).

Active site structure and an insight into the catalytic mechanism

Superposition of the HpoCA/AAZ complex with the structures of free and CO,-bound
HCAII (PDB ID codes 2CBA and 2VVA [48]) reveals that many residues that line the walls
of the AAZ binding pocket in HpaCA are conserved in HCAII, where they play an important
role in catalysis (Fig 4C). Amino acid residue His85 of Hpo.CA corresponds to HCAII residue
His64, which is the catalytic proton shuttle that undergoes transition between the inward and
outward conformations and thus facilitates proton transfer between the active site and sur-
rounding solvent in catalysis by HCAII [48]. As in other previously characterised bacterial
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Fig 4. Stereo view of the AAZ-binding site in HpaCA and comparison to other aCAs. A: The (mFo-DFc) sigmaA-weighted [32] electron density for AAZ
bound to HpaCA is shown in green. The map was calculated at 2.0-A resolution and contoured at 3.0-c level. The AAZ molecule is shown in all-atom ball-
and-stick representation with carbon atoms coloured orange. Amino acid residues that interact with AAZ are shown in stick representation. The catalytic zinc
ion that is coordinated tetrahedrally (black dash lines) is shown as a black sphere. Hydrogen bonds are shown as blue dashed lines. B: Stereo view of the
inhibitor-binding sites of the superimposed HpaCA/AAZ (black), SspCA/AAZ (red), TaCA/AAZ (blue) and HCAII/AAZ (green) complexes. The diagram
illustrates the remarkably similar mode of AAZ binding, particularly around the sulfonamide moiety which coordinates the zinc ion. Residues are labeled in
HpaCA. C: Stereo view of the superposition of the active site regions of HpaCA (red) and HCAII (blue for the free enzyme, green for the complex with CO5).
Residues and water molecules are labeled in HCAII. The “deep” water (Wat338), catalytic water (Wat263) and Wat318 observed in the active site of free
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HCAII are shown as blue spheres. The CO, (substrate) observed in the crystal structure of the HCAII/CO, complex is shown in green. The zinc ion (black
sphere) is only shown in the free HCAII structure for clarity.

doi:10.1371/journal.pone.0127149.9004

0 CAs [44, 45], the imidazole ring of His85 in the crystal structure of HpoCA is pointing
away from the active site, most likely due to repulsion between the positively charged imidaz-
ole ring of the solvent-exposed His85 and zinc ion under the acidic conditions of the crystalli-
sation mix. Amino acid residues Val131, Val141, Leul90 and Trp201 of HpaCA correspond
to HCAII residues Val121, Val 143, Leu198 and Trp209, that form the hydrophobic pocket
that is important for recognition and correct orientation of the CO, molecule. Thr191 in
HpaCA corresponds to HCAII residue Thr199 that forms a hydrogen bond to the zinc-
bound catalytic water/hydroxide ion (Wat263, Fig 4C), thereby orienting its two lone elec-
tron pairs toward the two neighbouring water molecules (Wat318 and Wat338) that reside
on potential substrate-binding sites in HCAII. Residue Thr200 in HCAII which forms part of
the hydrogen-bonding network connected to the proton shuttle His64 in HCAII is not con-
served in HpaCA; the latter has alanine in this position. However, there is no experimental
evidence for the essential role of Thr200 in HCAII catalysis. The observation that the side
chains of all residues that are implicated in the catalytic mechanism of HCAII are conserved
in HpaCA and their positions and conformations are very close to those of respective resi-
dues in the human homologue strongly suggests that HpaCA is likely to follow the same re-
action mechanism where CO, is converted into bicarbonate HCO; via a nucleophilic attack
on CO, by the reactive zinc-bound hydroxide ion [41, 49].

In addition, examination of the superposition of the Hpa.CA/AAZ complex with the struc-
tures of free and substrate (CO,)-bound HCAII reveals that two sulfonamide oxygen atoms of
AAZ are positioned close to the putative location of the oxygens of the CO, substrate in the Mi-
chaelis complex (0.8 A and 0.4 A) (Fig 4C). Furthermore, in this superimposition the zinc-co-
ordinating sulfonamide nitrogen occupies the position of the catalytic water/hydroxide ion
Wat263. Thus, our analysis suggests that AAZ acts as a site-directed inhibitor by mimicking
the catalytic transition state of the CO, hydration reaction, which is in agreement with the
tight binding reported for this inhibitor (K; = 21 nM) [18]. Additionally, it can be deducted
that the surface-exposed aliphatic amino acid residues Val131, Leul90 and Ala192 that form
stabilising interactions with the thiadiazole and acetamido moieties of AAZ likely line the wall
of the channel for substrate entry and product exit.

Methazolamide binding

The chemical structure of MZA is very close to that of AAZ, with the main difference being the
substitution with CHj at position 3 of the thiadiazole ring (Fig 1). Superposition of the structures
of the HpaCA complexes with AAZ and MZA (Fig 5) shows that the mode of binding of MZA
is very close to that of AAZ except for the subtly different orientation of the thiadiazole ring: in
the structure of the MZA complex the plane of this ring is tilted by 5° relative to the plane of the
same ring in the superimposed AAZ complex, so that there is no steric clash between the methyl
group and the protein atoms. The overall hydrogen bonding network stabilising MZA is identi-
cal to that of AAZ. Furthermore, the calculated values of the relative accessible surface area bur-
ied upon interaction of AAZ and MZA with protein are very close (42% and 40% respectively).
Our structural analysis therefore suggests that, with all other structural factors being similar, the
10-fold difference in the inhibitory constant (K; (MZA) = 225 nM) is likely explained by the en-
ergetically unfavourable interaction between the aliphatic methyl group of MZA and partially
negatively charged main-chain carbonyl oxygens of Ala192 and Pro193 (Fig 5).
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Fig 5. Structural comparison between the MZA and AAZ complexes of HpaCA. The MZA molecule is
shown in all-atom representation with carbon atoms coloured in orange. The (mFo-DFc) sigmaA-weighted
electron density for MZA is shown in green. The map was calculated at 2.2-A resolution and contoured at 3.0-
o level. The AAZ molecule is shown in cyan. Protein surface is shown and coloured according to the
electrostatic potential. The subtle rotation and shift of MZA with respect to AAZ does not break the hydrogen
bond between the O3 atom of the carbonamide moiety and the side chain of Asn108. The weaker binding of
MZA in comparison to AAZ is likely due to energetically unfavourable interaction between the additional
aliphatic methyl group of MZA and partially negatively charged carbonyl oxygens of the main-chain peptides
of Ala192 (C-O distance 4.3 A) and Pro193 (C-O distance 3.5 A).

doi:10.1371/journal.pone.0127149.g005

Concluding Remarks

Here we presented analysis of the first crystal structure of aCA from the carcinogenic bacteri-
um H. pylori, which allowed us to address the molecular details of catalysis of this enzyme. In
addition, we revealed the structural basis of inhibition of HpaCA by AAZ and MZA. Both
compounds are also inhibitors of human CAs and have been used clinically, originally as di-
uretics [50], and subsequently as antiglaucoma or antiulcer drugs [51, 52]. Susceptibility of H.
pylori to this class of sulfonamides can be exploited by developing AAZ and similar compounds
into novel anti-infective agents using the structural insights provided by this study.

Acknowledgments

We thank Dr Alan Riboldi-Tunnicliffe at the Australian Synchrotron for assistance with data
collection. We are also grateful to Dr Danuta Maksel and Dr Robyn Gray at the Monash Uni-
versity Protein Crystallography Unit for assistance with the robotic crystallisation trials.

Author Contributions

Conceived and designed the experiments: AR CS. Performed the experiments: J]M YL MM. An-
alyzed the data: JM YL MM AR. Contributed reagents/materials/analysis tools: CS. Wrote the
paper: JM YL MM CS AR.

PLOS ONE | DOI:10.1371/journal.pone.0127149 May 26, 2015 10/13



@’PLOS ‘ ONE

Structures of H. pylori a-CA Sulfonamide Complexes

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Dunn BE, Cohen H, Blaser MJ. Helicobacter pylori. Clin Microbiol Rev. 1997; 10; 720-741. PMID:
9336670

Wroblewski LE, Peek RM Jr, Wilson KT. Helicobacter pylori and gastric cancer: factors that modulate
disease risk. Clin Microbiol Rev. 2010; 23: 713-739. doi: 10.1128/CMR.00011-10 PMID: 20930071

Kusters JG, van Vliet AH, Kuipers EJ. Pathogenesis of Helicobacter pylori infection. Clin Microbiol Rev.
2006; 19:449-490. PMID: 16847081

Ernst PB, Gold BD. The disease spectrum of Helicobacter pylori: the immunopathogenesis of gastrodu-
odenal ulcer and gastric cancer. Annu Rev Microbiol. 2000; 54: 615-640. PMID: 11018139

Peek RM Jr, Blaser MJ. Helicobacter pylori and gastrointestinal tract adenocarcinomas. Nat Rev Can-
cer. 2002; 2: 28-37. PMID: 11902583

Graham DY, Fischbach L. Helicobacter pylori treatment in the era of increasing antibiotic resistance.
Gut. 2010; 59: 1143-1153. doi: 10.1136/gut.2009.192757 PMID: 20525969

Walsh JH, Peterson WL. The treatment of Helicobacter pylori infection in the management of peptic
ulcer disease. N Engl J Med. 1995; 333: 984-991. PMID: 7666920

Gisbert JP, Calvet X, O'Connor A, Mégraud F, O'Morain CA. Sequential therapy for Helicobacter pylori
eradication: a critical review. J Clin Gastroenterol. 2010; 44: 313-325. doi: 10.1097/MCG.
0b013e3181c8a1a3 PMID: 20054285

Malfertheiner P, Bazzoli F, Delchier JC, Celifiski K, Giguére M, Riviére M, et al. Helicobacter pylori
eradication with a capsule containing bismuth subcitrate potassium, metronidazole, and tetracycline
given with omeprazole versus clarithromycin-based triple therapy: a randomised, open-label, non-infe-
riority, phase 3 trial. Lancet. 2011; 377: 905-913. doi: 10.1016/S0140-6736(11)60020-2 PMID:
21345487

Vakil N. Helicobacter pylori treatment: a practical approach. Am J Gastroenterol. 2006; 101: 497-499.
PMID: 16542285

Graham DY, Lu H, Yamaoka Y. A report card to grade Helicobacter pylori therapy. Helicobacter. 2007;
12,275-278. PMID: 17669098

Supuran CT. Carbonic anhydrases: novel therapeutic applications for inhibitors and activators. Nat Rev
Drug Discov. 2008; 7: 168—181. doi: 10.1038/nrd2467 PMID: 18167490

Supuran CT. Bacterial carbonic anhydrases as drug targets: toward novel antibiotics? Front Pharma-
col. 2011; 2: 34. doi: 10.3389/fphar.2011.00034 PMID: 21779249

Chirica LC, Petersson C, Hurtig M, Jonsson BH, Borén T, Lindskog S. Expression and localization of a-
and B-carbonic anhydrase in Helicobacter pylori. Biochim Biophys Acta. 2002; 1601: 192—199. PMID:
12445482

Marcus EA, Moshfegh AP, Sachs G, Scott DR. The periplasmic -carbonic anhydrase activity of Helico-
bacter pylori is essential for acid acclimation. J Bacteriol. 2005; 187: 729-738. PMID: 15629943

Krulwich TA, Sachs G, Padan E. Molecular aspects of bacterial pH sensing and homeostasis. Nat Rev
Microbiol. 2011; 9: 330—-343. doi: 10.1038/nrmicro2549 PMID: 21464825

Chirica LC, Elleby B, Lindskog S. Cloning, expression and some properties of -carbonic anhydrase
from Helicobacter pylori. Biochim Biophys Acta. 2001; 1544: 55-63. PMID: 11341916

Nishimori I, Minakuchi T, Morimoto K, Sano S, Onishi S, Takeuchi H, et al. Carbonic anhydrase inhibi-
tors: DNA cloning and inhibition studies of the a-carbonic anhydrase from Helicobacter pylori, a new
target for developing sulfonamide and sulfamate gastric drugs. J Med Chem. 2006; 49:2117-2126.
PMID: 16539401

Nishimori I, Onishi S, Takeuchi H, Supuran CT. The a and B classes carbonic anhydrases from Helico-
bacter pylori as novel drug targets. Curr Pharm Des. 2008; 14: 622—-630. PMID: 18336307

Sachs G, Weeks DL, Wen Y, Marcus EA, Scott DR, Melchers K. Acid acclimation by Helicobacter pylo-
ri. Physiology (Bethesda). 2005; 20: 429-438. PMID: 16287992

Bury-Moné S, Mendz GL, Ball GE, Thibonnier M, Stingl K, Ecobichon C, et al. Role of and carbonic
anhydrases of Helicobacter pylori in the urease-dependent response to acidity and in colonization of
the murine gastric mucosa. Infect Immun.2008; 76: 497-509. PMID: 18025096

Vaneechoutte M, Verschraegen G, Claeys G, van den Abeele AM. Selective medium for Branhamella
catarrhalis with acetazolamide as a specific inhibitor of Neisseria spp. J Clin Microbiol. 1988; 26: 2544—
2548. PMID: 3147992

Winum JY, Kéhler S, Supuran CT. Brucella carbonic anhydrases: new targets for designing anti-infec-
tive agents. Curr Pharm Des. 2010; 16: 3310-3316. PMID: 20819063

PLOS ONE | DOI:10.1371/journal.pone.0127149 May 26, 2015 11/13


http://www.ncbi.nlm.nih.gov/pubmed/9336670
http://dx.doi.org/10.1128/CMR.00011-10
http://www.ncbi.nlm.nih.gov/pubmed/20930071
http://www.ncbi.nlm.nih.gov/pubmed/16847081
http://www.ncbi.nlm.nih.gov/pubmed/11018139
http://www.ncbi.nlm.nih.gov/pubmed/11902583
http://dx.doi.org/10.1136/gut.2009.192757
http://www.ncbi.nlm.nih.gov/pubmed/20525969
http://www.ncbi.nlm.nih.gov/pubmed/7666920
http://dx.doi.org/10.1097/MCG.0b013e3181c8a1a3
http://dx.doi.org/10.1097/MCG.0b013e3181c8a1a3
http://www.ncbi.nlm.nih.gov/pubmed/20054285
http://dx.doi.org/10.1016/S0140-6736(11)60020-2
http://www.ncbi.nlm.nih.gov/pubmed/21345487
http://www.ncbi.nlm.nih.gov/pubmed/16542285
http://www.ncbi.nlm.nih.gov/pubmed/17669098
http://dx.doi.org/10.1038/nrd2467
http://www.ncbi.nlm.nih.gov/pubmed/18167490
http://dx.doi.org/10.3389/fphar.2011.00034
http://www.ncbi.nlm.nih.gov/pubmed/21779249
http://www.ncbi.nlm.nih.gov/pubmed/12445482
http://www.ncbi.nlm.nih.gov/pubmed/15629943
http://dx.doi.org/10.1038/nrmicro2549
http://www.ncbi.nlm.nih.gov/pubmed/21464825
http://www.ncbi.nlm.nih.gov/pubmed/11341916
http://www.ncbi.nlm.nih.gov/pubmed/16539401
http://www.ncbi.nlm.nih.gov/pubmed/18336307
http://www.ncbi.nlm.nih.gov/pubmed/16287992
http://www.ncbi.nlm.nih.gov/pubmed/18025096
http://www.ncbi.nlm.nih.gov/pubmed/3147992
http://www.ncbi.nlm.nih.gov/pubmed/20819063

@’PLOS ‘ ONE

Structures of H. pylori a-CA Sulfonamide Complexes

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Burghout P, Cron LE, Gradstedt H, Quintero B, Simonetti E, Bijlsma JJ, et al. Carbonic anhydrase is es-
sential for Streptococcus pneumoniae growth in environmental ambient air. J Bacteriol. 2010; 192:
4054-4062. doi: 10.1128/JB.00151-10 PMID: 20525828

Puscas I. Treatment of gastroduodenal ulcers with carbonic anhydrase inhibitors. Ann N'Y Acad Sci.
1984; 429: 587-591. PMID: 6378030

Valean S, Vlaicu R, lonescu |. Treatment of gastric ulcer with carbonic anhydrase inhibitors. Ann N 'Y
Acad Sci. 1984; 429: 597-600. PMID: 6588915

Davenport HW. In memoriam: the carbonic anhydrase theory of gastric acid secretion. Gastroenterolo-
gy. 1968; 54 Suppl: 702-5. PMID: 4968242

Penton JG, McColl KE. Eradication of Helicobacter pylori: an objective assessment of current thera-
pies. BrJ Clin Pharmacol. 1997; 43: 223-243. PMID: 9088577

Modak JK, Revitt-Mills SA, Roujeinikova A. Cloning, purification and preliminary crystallographic analy-
sis of the complex of Helicobacter pylori a-carbonic anhydrase with acetazolamide. Acta Crystallogr
Sect F Struct Biol Cryst Commun. 2013; 69: 1252—1255. doi: 10.1107/S1744309113026146 PMID:
24192362

Battye TG, Kontogiannis L, Johnson O, Powell HR, Leslie AG. iMOSFLM: a new graphical interface for
diffraction-image processing with MOSFLM. Acta Crystallogr D Biol Crystallogr. 2011; 67: 271-281.
doi: 10.1107/S0907444910048675 PMID: 21460445

Evans PR. An introduction to data reduction: space-group determination, scaling and intensity statis-
tics. Acta Crystallogr D Biol Crystallogr. 2011; 67:282-292. doi: 10.1107/S090744491003982X PMID:
21460446

Winn MD, Ballard CC, Cowtan KD, Dodson EJ, Emsley P, Evans PR, et al. Overview of the CCP4 suite
and current developments. Acta Crystallogr D Biol Crystallogr. 2011; 67: 235-242. doi: 10.1107/
S0907444910045749 PMID: 21460441

Zwart PH, Grosse-Kunstleve RW, Lebedev AA, Murshudov GN, Adams PD. Surprises and pitfalls aris-
ing from (pseudo)symmetry. Acta Crystallogr D Biol Crystallogr. 2008; 64: 99—107. PMID: 18094473

McCoy AJ, Grosse-Kunstleve RW, Storoni LC, Read RJ. Likelihood-enhanced fast translation func-
tions. Acta Crystallogr D Biol Crystallogr. 2005; 61: 458—464. PMID: 15805601

Di Fiore A, Capasso C, De Luca V, Monti SM, Carginale V, Supuran CT, et al. X-ray structure of the first
“extremo-a-carbonic anhydrase', a dimeric enzyme from the thermophilic bacterium Sulfurihydrogen-
ibium yellowstonense YO3AOP1. Acta Crystallogr D Biol Crystallogr. 2013; 69: 1150—1159. doi: 10.
1107/S0907444913007208 PMID: 23695259

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr D
Biol Crystallogr, 2010; 66: 486-501. doi: 10.1107/S0907444910007493 PMID: 20383002

Adams PD, Afonine PV, Bunkéczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive
Python-based system for macromolecular structure solution. Acta Crystallogr D Biol Crystallogr. 2010;
66: 213-221. doi: 10.1107/S0907444909052925 PMID: 20124702

Chen VB, Arendall WB 3rd, Headd JJ, Keedy DA, Immormino RM, Kapral GJ, et al. MolProbity: All-
atom structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr. 2010;
66: 12—21. doi: 10.1107/S0907444909042073 PMID: 20057044

The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrédinger, LLC.

Robert X, Gouet P. Deciphering key features in protein structures with the new ENDscript server. Nu-
cleic Acids Res. 2014; 42: W320-W324. doi: 10.1093/nar/gku316 PMID: 24753421

Lindskog S. Structure and mechanism of carbonic anhydrase. Pharmacol Ther. 1997; 74: 1-20. PMID:
9336012

Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein Data Bank. Nu-
cleic Acids Res. 2000; 28: 235-242. PMID: 10592235

Krissinel E, Henrick K. Secondary-structure matching (SSM), a new tool for fast protein structure align-
ment in three dimensions. Acta Crystallogr D Biol Crystallogr 2004; 60: 2256—-2268. PMID: 15572779

James P, Isupov MN, Sayer C, Saneei V, Berg S, Lioliou M, et al. The structure of tetrameric a-carbonic
anhydrase from Thermovibrio ammonificans reveals a core formed around intermolecular disulfides
that contribute to its thermostability. Acta Crystallogr D Biol Crystallogr. 2014; 70: 2607—2618. doi: 10.
1107/S1399004714016526 PMID: 25286845

Huang S, Xue Y, Sauer-Eriksson E, Chirica L, Lindskog S, Jonsson BH. Crystal structure of carbonic
anhydrase from Neisseria gonorrhoeae and its complex with the inhibitor acetazolamide. J Mol Biol.
1998; 283: 301-310. PMID: 9761692

Jones S, Thornton JM. Protein-protein interactions: a review of protein dimer structures. Prog Biophys
Mol Biol. 1995; 63: 31—-65. PMID: 7746868

PLOS ONE | DOI:10.1371/journal.pone.0127149 May 26, 2015 12/13


http://dx.doi.org/10.1128/JB.00151-10
http://www.ncbi.nlm.nih.gov/pubmed/20525828
http://www.ncbi.nlm.nih.gov/pubmed/6378030
http://www.ncbi.nlm.nih.gov/pubmed/6588915
http://www.ncbi.nlm.nih.gov/pubmed/4968242
http://www.ncbi.nlm.nih.gov/pubmed/9088577
http://dx.doi.org/10.1107/S1744309113026146
http://www.ncbi.nlm.nih.gov/pubmed/24192362
http://dx.doi.org/10.1107/S0907444910048675
http://www.ncbi.nlm.nih.gov/pubmed/21460445
http://dx.doi.org/10.1107/S090744491003982X
http://www.ncbi.nlm.nih.gov/pubmed/21460446
http://dx.doi.org/10.1107/S0907444910045749
http://dx.doi.org/10.1107/S0907444910045749
http://www.ncbi.nlm.nih.gov/pubmed/21460441
http://www.ncbi.nlm.nih.gov/pubmed/18094473
http://www.ncbi.nlm.nih.gov/pubmed/15805601
http://dx.doi.org/10.1107/S0907444913007208
http://dx.doi.org/10.1107/S0907444913007208
http://www.ncbi.nlm.nih.gov/pubmed/23695259
http://dx.doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
http://dx.doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
http://dx.doi.org/10.1107/S0907444909042073
http://www.ncbi.nlm.nih.gov/pubmed/20057044
http://dx.doi.org/10.1093/nar/gku316
http://www.ncbi.nlm.nih.gov/pubmed/24753421
http://www.ncbi.nlm.nih.gov/pubmed/9336012
http://www.ncbi.nlm.nih.gov/pubmed/10592235
http://www.ncbi.nlm.nih.gov/pubmed/15572779
http://dx.doi.org/10.1107/S1399004714016526
http://dx.doi.org/10.1107/S1399004714016526
http://www.ncbi.nlm.nih.gov/pubmed/25286845
http://www.ncbi.nlm.nih.gov/pubmed/9761692
http://www.ncbi.nlm.nih.gov/pubmed/7746868

@’PLOS ‘ ONE

Structures of H. pylori a-CA Sulfonamide Complexes

47.

48.

49.

50.

51.

52.

Zheng J, Avvaru BS, Tu C, McKenna R, Silverman DN. Role of hydrophilic residues in proton transfer
during catalysis by human carbonic anhydrase Il. Biochemistry. 2008; 47: 12028—12036. doi: 10.1021/
bi801473w PMID: 18942852

Sj6éblom B, Polentarutti M, Djinovic-Carugo K. Structural study of X-ray induced activation of carbonic
anhydrase. Proc Natl Acad Sci USA. 2009; 106: 10609-10613. doi: 10.1073/pnas.0904184106 PMID:
19520834

West D, Kim CU, Tu C, Robbins AH, Gruner SM, Silverman DN, et al. Structural and kinetic effects on
changes in the CO, binding pocket of human carbonic anhydrase Il. Biochemistry. 2012; 51: 9156—
9163. doi: 10.1021/bi301155z PMID: 23098192

Maren TH. Carbonic anhydrase: chemistry, physiology, and inhibition. Physiol Rev. 1967; 47: 595—
781. PMID: 4964060

Supuran CT. Carbonic anhydrase inhibitors. In: Puscas |, editor. Carbonic anhydrase and modulation
of physiologic and pathologic processes in the organism: enzime activators and inhibitors. Helicon Ti-
misoara; 1994. pp. 29-113.

Maren TH. The development of topical carbonic anhydrase inhibitors. J Glaucoma. 1995; 4: 49-62.
PMID: 19920638

PLOS ONE | DOI:10.1371/journal.pone.0127149 May 26, 2015 13/13


http://dx.doi.org/10.1021/bi801473w
http://dx.doi.org/10.1021/bi801473w
http://www.ncbi.nlm.nih.gov/pubmed/18942852
http://dx.doi.org/10.1073/pnas.0904184106
http://www.ncbi.nlm.nih.gov/pubmed/19520834
http://dx.doi.org/10.1021/bi301155z
http://www.ncbi.nlm.nih.gov/pubmed/23098192
http://www.ncbi.nlm.nih.gov/pubmed/4964060
http://www.ncbi.nlm.nih.gov/pubmed/19920638

