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The genome of the newly identified bacterium Enterobacter sp. B13 encodes for a B-class carbonic anhy-
drases (CAs, EC 4.2.1.1), EspCA. This enzyme was recently cloned, and characterized kinetically by this
group (J. Enzyme Inhib. Med. Chem. 2016, 31). Here we report an inhibition study with sulfonamides
and sulfamates of this enzyme. The best EspCA inhibitors were some sulfanylated sulfonamides with
elongated molecules, metanilamide, 4-aminoalkyl-benzenesulfonamides, acetazolamide, and deacety-
lated methazolamide (Kis in the range of 58.7-96.5 nM). Clinically used agents such as methazolamide,
ethoxzolamide, dorzolamide, brinzolamide, benzolamide, zonisamide, sulthiame, sulpiride, topiramate
and valdecoxib were slightly less effective inhibitors (K;s in the range of 103-138 nM). Saccharin, cele-
coxib, dichlorophenamide and many simple benzenesulfonamides were even less effective as EspCA inhi-
bitors, with Kjs in the range of 384-938 nM. Identification of effective inhibitors of this bacterial enzyme
may lead to pharmacological tools useful for understanding the physiological role(s) of the p-class CAs in
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The upsurge of antimicrobial resistance to commonly used
antibiotics is a phenomenon which reached dramatic levels all over
the world.' The current antibiotics were developed decades ago
and lost effectiveness due to resistance phenomena and their inap-
propriate use, whereas few new such drugs reached the market
ultimately.!™ Especially Gram-negative pathogens, among which
Enterococcus faecium, Klebsiella pneumonia, Acinetobacter bauman-
nii, Pseudomonas aeruginosa, and Enterobacter spp., and the Gram-
positive Staphylococcus aureus (the so-called ESKAPE pathogens)*
are poorly responsive to most clinically used antibiotics. Further-
more, some of these bacteria are able to produce biofilms which
are non-responsive to therapy. All of them are common pathogens,
also provoking nosocomial infections difficult to eradicate, and
representing thus a major threat to the public health worldwide.*

Annotation of the genomes of many Gram-positive and Gram-
negative pathogenic bacteria gives the opportunity to discover
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diverse pathways for inhibiting their vital functions and/or to block
their virulence.* In recent years, some metabolically important
enzymes became an interesting research topic for the discovery
of alternative, druggable anti-infective targets. Among them, the
metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1)°”7 revealed to
be an interesting novel drug target in fighting infections provoked
by pathogenic protozoa,® fungi® and some bacteria.'® This is due to
the essential role that CAs play in carbon dioxide hydration to
bicarbonate and protons (the physiologic reaction that they cat-
alyze), which is used by the pathogens in essential functions such
as pH regulation, chemosensing, or biosynthetic reactions.'"'?
The CAs are present in many pathogenic bacteria, suggesting a
pivotal role in microbial virulence.®'° These enzymes were classi-
fied into several classes, which include the a-, B-, y-, 8-, (- and n-
CAs, of which only a-, B-, and y-ones are present in bacteria. The
metal ion from the enzyme active site is crucial in the catalytic pro-
cess, being coordinated by three His residues in the o-, y- and &-
classes, by one His, and two Cys residues in B- and {-CAs or by
two His and one GIn residues in n-class with the fourth ligand
being a water molecule/hydroxide ion acting as nucleophile in
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the enzyme catalytic cycle.”® The distribution pattern of these
enzymes in bacteria is very intriguing as some of them encode
CAs belonging just to one class (either o~ or B), others from two
(o- and B-CAs) whereas there are bacteria which contain all three
different genetic classes identified in these organisms so far.5!°
Furthermore, there are several species which seem not to encode
for CAs, such as the Gram-negative bacteria belonging the genera
Buchnera and Rickettsia,®® but it is not improbable that they may
contain CAs from a yet unidentified novel genetic family.

Investigations of CA in the bacteria domain may undoubtedly
reveal novel aspects of microbial virulence. For example, bacteria
lacking the bicarbonate transporter system, such as Vibrio cholerae,
a Gram-negative bacterium responsible of the human disease cho-
lera, can increase cytosolic bicarbonate levels through the action of
CAs, which convert into bicarbonate the metabolic CO, and/or
atmospheric CO, entered into the cell by simple diffusion.'® Fur-
thermore, the sulfonamide ethoxzolamide, a potent CA inhibitor
(CAl, see later in the text), with a low nanomolar affinity for the
CAs from this bacterium,'®"'® inhibits the bicarbonate-mediated
virulence, suggesting that conversion of CO, into bicarbonate by
the V. cholerae CAs plays a role in virulence induction, and that
inhibition of these enzymes may modulate infectivity.'%!® In the
gastric pathogen Helicobacter pylori, which encodes CAs belonging
to the a- and B-classes investigated in some detail,'* it has been
demonstrated that inhibition of the two bacterial enzymes with
sulfonamides such as acetazolamide, a low-nanomolar H. pylori
CA inhibitor, is lethal for the pathogen,'*!> which explains why
sulfonamide CAls (acetazolamide and ethoxzolamide) were clini-
cally efficient as anti-ulcer drugs.'”® Thus, the proposal of
bacterial CA inhibitors as anti-infective agents,”®'° eventually in
combination with other drug classes, is an idea supported by
preclinical and clinical data,'®!*!> and prompts us to investigate
such proteins in various pathogenic species, as well as to screen
various classes of CAIs'®"!® for their in vitro and in vivo effects
against such bacteria.

Recently, our group cloned and purified a recombinant B-CA
from a newly identified bacterium belonging to the genus Enter-
obacter, more precisely Enterobacter spp. B13, which appeared to
be similar to Enterobacter asburiae.'® The new enzyme, denomi-
nated from now on as EspCA, was shown to possess a good cat-
alytic activity for the reaction that converts CO, to bicarbonate
and protons, with a ke, of 4.8 x 10° s™! and a keat/Km of 5.6 x 107
M~ xs7!, at pH 8.3 and 20°C."° No inhibition studies were
reported so far for this enzyme belonging to the pathogenic CAs
from the ESKAPE group of bacteria mentioned above.*'® Identifica-
tion of potent and possibly selective EspCA inhibitors may lead to
pharmacological tools useful for understanding the physiological
role(s) of these under-investigated enzymes in pathogenic bacte-
ria. Here we report the first inhibition study of EspCA with a series
of sulfonamides and one sulfamate, the main class of CAIs.

Although few pathogenic B-CAs were characterized so far by
means of X-ray crystallography (among them are those from
Escherichia coli,”° Mycobacterium tuberculosis,”! Haemophilus
influenzae** and V. cholerae)' it appears that sulfonamides/sulfa-
mates possess the same inhibition mechanism against these
enzymes as for the o-CAs, that is, the inhibitor coordinates to the
catalytically crucial metal ion, impairing catalysis by substituting
the metal-bound nucleophile.” This is the reason why such classi-
cal CAls were included in this study. A library of 40 compounds,
comprising 39 sulfonamides and one sulfamate were assayed for
EspCA inhibition.”® Derivatives 1-24 and AAZ-HCT are either sim-
ple aromatic/heterocyclic sulfonamides widely used as building
blocks for obtaining new families of such pharmacologic agents,
or they are clinically used agents, among which acetazolamide
AAZ, methazolamide MZA, ethoxzolamide EZA and dichlorophena-
mide DCP, are the classical, systemically acting antiglaucoma

CAls.?* Dorzolamide DZA and brinzolamide BRZ are topically-act-
ing antiglaucoma agents,” benzolamide BZA is an orphan drug
belonging to this class of pharmacological agents, whereas topira-
mate TPM, zonisamide ZNS and sulthiame SLT are antiepileptic
drugs.?® Sulpiride SLP and indisulam IND were also shown to
belong to this class of pharmacological agents, together with the
COX2 ‘selective’ inhibitors celecoxib CLX and valdecoxib VLX.® Sac-
charin and the diuretic hydrochlorothiazide HCT are also known to
act as CAls.’

Data of Table 1 show the inhibition data of EspCA with the 40
derivatives mentioned above, as obtained by a stopped-flow CO,
hydrase assay monitoring the physiologic reaction catalyzed by
CAs.? Inhibition data of the human (h), possibly off-target iso-
forms hCA I and II, and of the B-CA (VchCA B) from another bacte-
rial pathogen, V. cholerae, recently crystallized and investigated by
us,'® are also presented in Table 1, for comparison reasons
(Chart 1).

The following structure-activity relationship (SAR) can be
drawn from the inhibition data of Table 1:

(i) Weak EspCA inhibition was observed for three sulfonamides
investigated here, 10-12 which were micromolar inhibitors:
10 and 11 with Kis of 8.42-8.95 uM, and 12 with a K; of
>10 pM. It should be noted that 11 and 12 are the only ben-
zene-1,3-disulfonamide derivatives (together with DCP,

Table 1

Inhibition data of hCA I, hCA II, VchCAB and EspCA with compounds 1-HCT?®
Compound hCA 1 hCA 11 K; (nM) VchCARB EspCA
1 45,400 295 463 73.9
2 25,000 240 447 583
3 28,000 300 785 812
4 78,500 320 >10,000 384
5 25,000 170 >10,000 93.6
6 21,000 160 463 90.2
7 8300 60 >10,000 700
8 9800 110 9120 879
9 6500 40 >10,000 87.8
10 6000 70 >10,000 8420
11 5800 63 879 8950
12 8400 75 4450 >10,000
13 8600 60 68.1 523
14 9300 19 823 83.7
15 6 2 349 720
16 164 46 304 88.1
17 185 50 3530 674
18 109 33 515 856
19 95 30 2218 775
20 690 12 859 453
21 55 80 4430 647
22 21,000 125 757 485
23 23,000 133 817 96.5
24 24,000 125 361 58.7
AAZ 250 12 4512 789
MZA 50 14 6260 137
EZA 25 8 6450 132
DCP 1200 38 2352 938
DZA 50,000 9 4728 103
BRZ 45,000 3 845 107
BZA 15 9 846 120
TPM 250 10 874 131
ZNS 56 35 8570 128
SLP 1200 40 6245 132
IND 31 15 7700 513
VLX 54,000 43 8200 133
CLX 50,000 21 4165 788
SLT 374 9 455 138
SAC 18,540 5959 275 801
HCT 328 290 87.0 133

" Mean from 3 different assay. Errors in the range of +10% of the reported values
(data not shown).
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Chart 1. Structure of sulfonamides/sulfamates

which is also not a quite effective inhibitor, with a K; of
938 nM) investigated here, whereas 10 is also one of the
few tetra-substituted benzene derivatives in the series. This
prompts us to conclude that bulky, poly-substituted com-
pounds at the aromatic ring are associated with poor inhibi-
tory activity against this enzyme (Table 1).

Many of the simple, aromatic sulfonamides with one or two
different substituents at the benzene ring, such as 2-4, 7, 8,
17-22, the clinically used agents with a more complex scaf-
fold based on the benzenesulfonamide motif DCP, IND, CLX
and the heterocyclic sulfonamide 13 (deacetylated acetazo-
lamide AAZ), were weak—medium potency EspCA inhibitors
with Kis in the range of 384-938 nM (Table 1). Again the SAR
is rather obvious, as these compounds are mono- or disub-
stituted benzenesulfonamides possessing compact moieties
in the meta- or para-positions with respect to the sulfon-
amide group (2-4, 17, 18) or they incorporate bulkier moi-
eties in the 4-position, as in the case of 19, 21 and 22.

(ii)

(iii

—

investigated in the Letter.

Compound 20 is a benzolamide (BZA) derivative, and BZA
itself is a rather effective inhibitor (K; of 120 nM). The addi-
tional 4-amino moiety present in 20 leads to a four-fold loss
of activity compared to the parent compound. Another type
of compounds in this category is represented by some halo-
genated sulfanilamides, such as 7 and 8. However the
replacement of the F or Cl atoms from 7 and 8 by a Br (in
9) leads to a 10-time increase in the inhibitory power, with
the bromo-derivative 9 being an effective EspCA inhibitor (K;
of 87.8 nM). Thus minimal variations in the structure lead to
dramatic changes in the enzyme inhibitory power of these
sulfonamides.

Many of the clinically used sulfonamide/sulfamate drugs,
such as MZA, EZA, DZA, BRZ, TPM, ZNS, SLP, VLX, SLT and
HCT showed rather efficient EspCA inhibitory properties,
with Kis in the range of 103-138 nM (Table 1). Although
these compounds possess quite diverse scaffolds (mono- or
bicyclic aromatic/heterocyclic moieties; protected sugar
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Chart 1. (continued)

moiety with the sulfamate zinc-binding group in TPM, ali-
phatic sulfonamide with a heterocyclic ring attached to it
in ZNS, etc.), their inhibition profiles against this enzyme
are quite similar, proving thus that a rather large number
of diverse chemotypes belonging to the sulfonamide/sulfa-
mate classes can effectively bind within the enzyme active
site.

(iv) The most effective EspCA inhibitors were 1, 5, 6,9, 14, 16, 23,
24 and AAZ, which had Kis in the range of 58.7-96.5 nM
(Table 1). They include the simple benzenesulfonamides
with meta (metanilamide 1) or para (5, 6 and 15) groups,
of the amino, aminoalkyl or hydroxyalkyl type. It is interest-
ing to note again that small structural changes (e.g., the

position of the amino moiety in 1 and 2) lead to drastic
changes of activity. Metanilamide 1 is 7.96 times a better
EspCA inhibitor compared to its isomer, sulfanilamide 2.
Comparing the aminoalkyl series (compounds 2, 5, 6, consid-
ering the linker of O carbon atoms for 2) with the hydrox-
yalkyl one (derivatives 15-17), the differences of inhibitory
profiles are again quite different. For the aminoalkyl series
the inhibitory activity increased with the length of the linker
between the sulfamoyl-phenyl ring and the amino moiety
(from O to 2) whereas for the hydroxyalkyl series, the behav-
ior was quite irregular, with 15 (n=0) and 17 (n = 2) behav-
ing as weak inhiibtors and 16 (n=1) as a potent one (K; of
88.1 nM)—Table 1. Comparing the aminoethyl derivative 6
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with the corresponding hydroxyethyl one 17, again the dif-
ference of inhibitory power is important, with 6 being 7.5-
times a better inhibitor compared to 17. Another effective
chemotype as EspCA inhibitor is represented by the imino
derivative 14 (de-acetylated methazolamide) which is a bet-
ter inhibitor compared to MZA and especially compared to
the structurally related de-acetylated AAZ, 13, which is 6.2
times a weaker inhibitor compared to 14. For the sulfani-
lyl-sulfonamides subseries (22-24) activity increased with
the length of the linker from 0 to 2, with 22 behaving as a
weak inhibitor, whereas 23 and 24 as effective ones. In fact
24 was the most effective EspCA inhibitors discovered so far.
The inhibition profile of EspCA is quite different from that of
the B-class enzyme from V. cholerae, VchCAB or the human
isoforms I and II (belonging to the a-class). This is an inter-
esting observation as it prompts us to hypothesize that it
might be possible to design EspCA-selective CAls.

(v

~

In conclusion, we investigated the inhibition with sulfonamides
of the newly identified CA from the bacterium Enterobacter sp. B13,
EspCA. The best EspCA inhibitors were some sulfanylated
sulfonamides with elongated molecules, metanilamide, 4-amino-
alkyl-benzenesulfonamides, acetazolamide, and deacetylated
methazolamide (Kis in the range of 58.7-96.5 nM), whereas the
clinically used agents such as methazolamide, ethoxzolamide,
dorzolamide, brinzolamide, benzolamide, zonisamide, sulthiame,
sulpiride, topiramate and valdecoxib were slightly less effective
(Kis in the range of 103-138 nM). Saccharin, celecoxib, dichloro-
phenamide and many simple benzenesulfonamides were less
effective as EspCA inhibitors, with Kjs in the range of 384-938 nM.
Identification of effective inhibitors of this bacterial enzyme may lead
to pharmacological tools useful for understanding the physiological
role(s) of the B-class CAs in bacterial pathogenicity/virulence.
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