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Limosilactobacillus reuteri (formerly Lactobacillus reuteri) is a probiotic bacterium involved in maintaining gut
microbiota balance and modulating immune response. In this study, for the first time, we report the recombinant
production and kinetic characterization of its y-class carbonic anhydrase (CA, EC 4.2.1.1), referred to as LreCAy.
The enzyme catalyzes CO, hydration with an efficiency comparable to that of other bacterial y-CAs, although
lower than that of a-hCA II. X-ray crystallization studies shed light on the enzyme structure, and inhibition
studies with anions, sulfonamides, and related compounds revealed that LreCAy is less susceptible to inhibition
compared to the y-class CA from Vibrio cholerae, used for comparison. Otherwise, activation assays with selected
amines and amino acids identified the two enantiomers of His (25 and 26) as the most potent LreCAy activators.
Stereochemistry had a minimal impact on activity, except for L-Phe (27), which was twice as potent as its p-
enantiomer (28). To assess the biological effects of CA modulation, E. coli DH5a, which expresses several CAs,
was used as a model organism. CA activators were tested alone and in combination with the pan-CA inhibitor
acetazolamide (AAZ), revealing CA-dependent effects on bacterial growth. Additionally, selected CA activators
were evaluated for their effects on human macrophages and intestinal epithelial cells, with L-Trp (31) attenu-
ating LPS-induced activation and exhibiting good biocompatibility in normal intestinal cells. Taken together,
these results underscore the feasibility of targeting LreCAy activation as a strategy to enhance probiotic efficacy.

1. Introduction

and protection [1]. Emerging high-throughput sequencing technologies
have expanded the understanding of gut-resident microorganisms,

The human microbiota comprises at least 100 trillion microbial cells, including bacteria, archaea, eukaryotes, and viruses [2]. Among them,
playing a fundamental role in host physiology, metabolism, immunity, probiotics are defined as live microorganisms that promote host health,
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particularly by restoring microbiota balance after antibiotic therapy [3].

In recent years, probiotics have garnered interest due to their
documented beneficial effects in a wide range of pathological conditions
[4], demonstrating a therapeutic or preventive role in gastrointestinal
disorders such as irritable bowel syndrome (IBS), antibiotic-associated
diarrhea, and infectious enterocolitis [5]. Moreover, emerging
research supports their involvement in modulating systemic conditions,
including metabolic syndromes, allergic reactions, neurodevelopmental
disorders, and even certain psychiatric conditions, via the gut-brain axis
[6,7]. As a result, the use of probiotics has expanded far beyond con-
ventional food supplements, with current formulations being integrated
into functional foods and pharmaceutical agents [8-10].

However, given the complexity of the gut ecosystem and the vari-
ability in host response, there is a growing demand for innovative
strategies to enhance the safety and stability, along with colonization
efficiency and overall functional performance of probiotic strains
[11-13]. Interestingly, these research trends seem to underscore the
strategic value of probiotics as therapeutic allies, not only in gut health
but also in the broader context of preventive medicine [14,15].

Our research group has longstanding expertise in the production,
kinetic analysis, and biochemical characterization of carbonic anhy-
drases (CAs, EC 4.2.1.1) [16], focusing on their exploitation as phar-
macological and druggable targets for a variety of biomedical
applications [17-19], including cancer [20,21], infectious diseases
[22-24], and neurological disorders [25-27]. CAs are a superfamily of
metalloenzymes encoded by most living organisms, including humans,
pathogenic and beneficial bacteria. They catalyze the reversible hydra-
tion of carbon dioxide (CO3) to bicarbonate (HCO3) and protons (HD), a
fundamental reaction that supports key biosynthetic and physiopatho-
logical pathways [28-30]. Among the eight known CA classes, the a, f,
vy, and 1 ones are expressed in bacteria [31]. In recent decades, growing
evidence has highlighted the pivotal role of bacterial CAs in survival,
virulence, adaptation to environmental changes, biofilm formation, and
pH regulation [32]. In light of these roles, our group has developed
several selective inhibitors designed to impair bacterial viability and
virulence by targeting their CA activity [33-36]. In general, the
emerging antibacterial strategy of targeting CAs in bacterial pathogens
is highly attractive [37,38]. However, it undoubtedly requires a great
effort in designing highly selective inhibitors to minimize off-target ef-
fects on probiotic strains, in order to avoid the impairment of their
physiological functions [39]. This consideration is particularly relevant
in the context of gastrointestinal infections, where pathogenic and
probiotic bacteria coexist in the same anatomical compartment. In such
cases, maintaining the activity of probiotic strains may be essential for
preserving gut balance and enhancing recovery. A notable example is
Vibrio cholerae, a human gastrointestinal pathogen that causes cholera.
This bacterium encodes three CA isoforms, a-, -, and y-class enzymes,
referred to as VchCAs. These enzymes contribute to the production of
bicarbonate ions, which are crucial for the optimal expression and ac-
tivity of cholera toxin (CTX), a key virulence factor involved in disease
progression [24,40-43]. Therefore, targeting VchCAs with selective in-
hibitors could reduce pathogenicity by interfering with this
bicarbonate-dependent mechanism, while ideally sparing the CAs of
beneficial gut microbiota [44].

However, although several probiotic CAs have been reported in the
UniProtKB database (https://www.uniprot.org) [45], there is no
comprehensive understanding of their specific roles and contributions to
the survival, metabolism, and performance of such probiotic microor-
ganisms. In this context, we began to explore whether the activation of
CAs in probiotic strains, an emerging field of study [46-53], could
represent a promising strategy to enhance their enzymatic activity and,
potentially, improve the overall probiotic performance, in the search for
preventive or antibiotic-adjuvant therapies. This hypothesis remains
largely unexplored due to the limited scientific literature currently
available in this field. To initiate investigation in this direction, we
selected Limosilactobacillus reuteri (formerly Lactobacillus reuteri), a
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Gram-positive, facultative anaerobic bacterial strain belonging to the
human microbiome, with significant levels present within the small
intestine and feces of healthy individuals [54,55].

Herein, for the first time, we successfully produced, purified LreCAy,
and performed a comprehensive kinetic characterization of the enzyme.
In addition, we screened a panel of anions and sulfonamide derivatives
(1-24), including clinically used drugs, to evaluate the sensitivity of the
enzyme to known inhibitors. A range of amines and amino acids (25-28)
has also been tested to identify the most effective activators of this
isoform. In the second part of the study, the most promising LreCAy
activators were selected for further investigation, serving as a case study
to evaluate their ability to modulate bacterial growth in a bacterial
model, their anti-inflammatory potential in macrophages, and their
cytocompatibility in normal intestinal epithelial cells.

2. Results and discussion
2.1. Obtainment and functional profiling of LreCAy

2.1.1. Synthesis, cloning, expression, and production of LreCAy

For the first time, the LreCAy protein was successfully expressed and
purified using recombinant DNA technology. The gene encoding LreCAy
was identified using a Protein BLAST search. After identification and
synthesis, the gene was cloned into the pET100/D-TOPO expression
vector, and the protein was heterogeneously expressed in Escherichia
coli. After purification by affinity chromatography, approximately 90 %
purity was assessed using SDS-PAGE (Fig. 1).

The enzymatic activity of LreCAy was confirmed using the CA ac-
tivity assay, by monitoring pH changes, demonstrating its ability to
convert CO; into HCO3. These results confirmed the successful expres-
sion, purification, and functional activity of the recombinant LreCAy
protein. CA was quantified in Wilbur-Anderson units, which monitored
pH changes during the conversion of CO3 to HCO3 at 0 °C.

2.1.2. Kinetic parameters and inhibition of LreCAy

LreCAy catalyzes the reversible hydration of CO, into HCO3 and H,
similar to the slow isoform hCA 1. However, its catalytic efficiency is
approximately six times lower than that of the highly efficient hCA II
(Table 1).

Std 1
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Fig. 1. SDS-PAGE analysis of purified LreCAy. Lane Std, molecular weight
markers, with bands corresponding (from top to bottom) to 250, 150, 100, 75,
50, 37, 25, 20, and 15 kDa; Lane 1, Purified recombinant LreCAy (indicated by a
red arrow) obtained after affinity chromatography. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Table 1

Kinetic parameters for the CO»-hydration reaction catalyzed by LreCAy, along
with representative a- and y-class CA isoforms, and the inhibition constants (K;)
for acetazolamide (AAZ) are presented for comparative analysis.

Organism Isozyme Activity keat Ky kea/Km K;
level () ™m1tx @M
s for
AAZ

H. sapiens hCAT" Moderate 2.0 4.0 x 5.0 x 250
x 103 107
10°

H. sapiens hCA II Very high 1.4 9.3 x 1.5 x 12
x 103 108
10°

L. reuteri LreCAy Moderate 21 13.4 1.6 x 64
X X 10°
10° 103

V. cholerae VchCAY”  Moderate 7.4 11.5 6.4 x 473
X X 107
10° 103

E. coli EcoCAy Moderate 5.7 82.6 6.9 x 248
X X 10°
10° 1073

P. gingivalis PgiCAy® Moderate 4.1 7.5x 5.4 x 324
x 1073 107
10°

B. pseudomallei ~ BpsCAy® Moderate 5.3 21.2x 25 149
x 1073 107
10°

The cytosolic isozymes hCAs I and II (a-class), measured at 20 °C and pH 7.5 in
10 mM HEPES buffer 20 °C, and y-CA from L. reuteri (LreCAy), V. cholerae
(VchCAY), E. coli (EcoCAy), P. gingivalis (PgiCAy) and B. pseudomallei (BpsCAy),
measured at 20 °C and pH 8.3 in 20 mM NaClO, buffer 20 °C, are shown. In-
hibition data with the clinically used sulfonamide acetazolamide (AAZ) are also
reported for comparison purposes.

2 Data from Supuran et al., 2008 [56];

> Del Prete et al., 2016 [57];

¢ Del Prete et al., 2020 [58];

d Ferraroni et al., 2025 [59];

¢ Vullo et al., 2017 [46].

Notably, many CAs rank among the most efficient natural catalysts,
and among them, LreCAy demonstrates significant activity. As shown in
Table 1, the activity (k.q) of LreCAy is highly comparable to that of other
y isoforms, being 2- or 3-fold more active than enzymes from other
bacterial organisms. However, investigating the kinetic properties of
CAs is important because, even if these enzymes belong to the same
family, the steric hindrance of the amino acid residues surrounding the
catalytic pocket can affect parameters related to the affinity of the
enzyme for the substrate (Kpy).

Thus, the reference CA inhibitor acetazolamide (AAZ) was used as a
tool for comparison across the different CAs and tested against them
using the stopped-flow CO, hydrase assay. Interestingly, LreCAy was
inhibited by AAZ with an inhibition constant (K}) in the low nanomolar
range (=64 nM) (Table 1). Conversely, the compound exhibited high
potency against hCA II (K; = 12 nM) but was less effective compared to
the other CAs listed in Table 1, with Kj values ranging from 149 to 473
nM. This observation could be of interest for selective CA modulator
design, as the variations in Kj are associated with the different affinities
of compounds for the isozymes and can be attributed to the interaction
and steric hindrance of the amino acid residues in the catalytic pocket.

2.2. Inhibition of LreCAy

To fully characterize the LreCAy isoform, the stopped-flow-based
CO; hydrase assay was performed to evaluate its inhibition profile
using a wide selection of (in)organic anions, sulfonamides, sulfamides,
and sulfamates [60].
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2.2.1. Engyme inhibition by a panel of anions

Anions represent a significant class of CA inhibitors, typically acting
as coordinating ligands that interact with the metal ion in the enzyme
active site. This is particularly true for CAs containing zinc ions as co-
factors, with anionic compounds acting as monodentate ligands, main-
taining the tetrahedral geometry of the metal center. However, in rare
cases, they can adopt a trigonal bipyramidal coordination. Given their
biological and pharmacological relevance, our study investigated a
diverse range of organic and inorganic anions, as well as structurally
related small molecules (Table 2), all known to interact with metal ions
in the metalloenzyme active sites [61,62].

This study provides a comprehensive comparison between LreCAy
and VchCAy, the latter being the most extensively characterized y-CA
isoform to date, particularly in terms of its inhibition and activation
profiles [53,57]. Notably, VchCAy shares the highest sequence and
structural similarity with LreCAy within the y-class of CAs and originates
from V. cholerae, a microorganism that, like L. reuteri, colonizes the
gastrointestinal tract. Therefore, this comparison is not only of
biochemical relevance but also of pharmacological interest, as it high-
lights the functional differences between homologous enzymes from two
bacteria with contrasting roles in human health: L. reuteri is a beneficial
probiotic and V. cholerae is a pathogenic species.

The data presented in Table 2 compare LreCAy with VchCAy and the
ubiquitous hCAs I and II, revealing the following inhibition profiles.

Table 2

Inhibition data for LreCAy by inorganic and organic anions, assessed by a
stopped-flow CO, hydrase assay [60]. Data for hCAs I and II and a representative
y-isoform (VchCAy) from V. cholerae are also reported for comparison purposes.

Cpd K; (mM)*

hCA I hCA II LreCAy VchCAy®
F~ >300 >300 >100 21.3
cl- 6 200 >100 8.8
Br~ 4 63 >100 8.7
I~ 0.3 26 >100 6.3
CNO™ 0.0007 0.03 0.57 2.6
SCN~ 0.2 1.6 0.76 13.1
CN™ 0.0005 0.02 0.45 8.4
N3 0.0012 1.51 89 8.7
NO3 8.4 63 22 8.7
NO3 7 35 44 7.8
HCO3 12 85 3.8 3.0
co¥ 15 73 45 8.2
HSO3; 18 89 78 >200
SO% 63 >200 >100 9.6
HS™ 0.0006 0.04 0.93 7.9
NH,SO,NH ™ 0.31 1.13 0.0030 0.084
NH,SO3 0.021 0.39 0.019 0.087
PhB(OH), 58.6 23 0.033 0.081
PhAsOzH ™ 31.7 49 0.046 0.091
clog >200 >200 >100 >200
Sn03% 0.57 0.83 5.1 2.9
Se0% 118 112 58 9.1
TeOF 0.66 0.92 1.9 7.2
0s0% 0.92 0.95 9.0 NA
P,0% 25.8 48 69 7.3
V,0% 0.54 0.57 7.3 8.3
B4O% 0.64 0.95 2.9 7.2
ReO7 0.1 0.75 4.4 >200
RuO; 0.101 0.69 7.3 >200
$,0% 0.107 0.084 76 >200
SeCN~ 0.085 0.086 0.87 8.7
NH(S05)3 0.31 0.76 2.8 8.1
FSO3 0.79 0.46 84 7.5
cs% 0.0087 0.0088 6.7 8.8
EtNCS5 0.00079 0.0031 0.65 0.44
PFg >50 >50 >100 >200
CF3S03 >50 >50 8.1 >200

@ Mean from three different assays, by a stopped-flow technique with errors in
the range of + 5-10 % of the reported values.
> Data from Del Prete et al., 2016 [57].
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i. Halides, sulfate, perchlorate, and hexafluorophosphate did not
inhibit LreCAy at concentrations up to 100 mM. Notably, halides
inhibited hCA I and VchCAy in the low millimolar range (with the
exception of fluoride in hCA I) but exhibited weaker inhibition
against hCA IL In contrast, sulfate acted as a potent inhibitor of
VchCAy and a weaker inhibitor of hCA 1.

ii. Weak inhibition of LreCAy was observed for nitrite, nitrate,
hydrogen sulfite, selenate, pyrophosphate, and fluorosulfonate,
with inhibition constants (Kjs) ranging from 21 to 84 mM. Sur-
prisingly, azide, which typically shows a high affinity for cations,
was the weakest inhibitor in this subset (K; 89 mM).

Conversely, all these anions inhibited VchCAy in the low milli-

molar range, except for hydrogen sulfite, which was inactive.

Interestingly, azide, pyrophosphate, and fluorosulfonate act as

sub-millimolar or low-millimolar inhibitors of hCA I and II.

Significant inhibition of LreCAy was observed for bicarbonate,

carbonate, stannate, tellurate, osmate, divanadate, tetraborate,

iii.

SO,NH, SO2NH, SO,NH, SO;NH,
NH SO,NH.
z (CHg)aNH, o
1 2:n=0 5 6
3n=1
4:n=2
SO,NH,
I\
\
HoN"Ng” ~SO,NH, HNA\S)\SOZNHZ
(CHZ),OH
13 14 15:n=0
16:n=1
17:n=2
HoN O,N

\©\ N
S"O /z_ﬁ\ X \/\©\
S 3o
0" N7 g7 TSO:NH, HO SO,NH,
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perrhenate, perruthenate, iminodisulfonate, trithiocarbonate,
and triflate, which presented K; values in the range of 1.9-9.0
mM. Again, a similar trend was observed for VchCAy, except for
perrhenate and perruthenate, which were inactive. Instead, all
these anions generally function as micromolar inhibitors of hCA I
and II, except for bicarbonate, carbonate, and triflate, which
more effectively inhibit LreCAy.

iv. The most potent inhibitors of LreCAy were isocyanate, isothio-
cyanate, cyanide, hydrogen sulfide, selenocyanide, and N,N-
diethyldithiocarbamate, with K; values between 0.45 and 0.87
mM. All these anions inhibited LreCAy more potently than
VchCAy. In particular, the most effective LreCAy inhibitors were
sulfamide, sulphamic acid, phenyl arsenic acid, and phenyl-
boronic acid, with Ks of 3, 19, 33, and 46 pM, respectively. This
inhibition profile is consistent with that of hCA I and II, except for
phenylarsenic and phenylboronic acids, which are weaker in-
hibitors of human isoforms.

SO,NH SO,NH
e SO,NH, R 2
HO
X SO,NH
cl cl 2
NH, NH,
7:X=F 10 11:R=CF;
8:X=Cl 12:R=Cl
9: X =Br
SO,NH,
H
HZN\rN\ N
J T
N
Z SO,NH,
CooH

18 19

QL
S
H
HoN SO,NH,

22:n=0
20 2 231
24:n=2
SO,NH, HNTS
Q leN\>—so NH o NN N :
2NH2 N \
)LN)\S /U\ /)\S>_SOZNH2 o~ S>_SOZNH2 mSOZNHz
H N ) cl SO,NH, s S
cl fole}
AAZ MZA EZA DCP DZA
Acetazolamide Metazolamide Eth lamid Dichlorph Dorzol: 1
SO,NH,
NS N o SO o o
N Q0 P& H—S0,NH, 0o 2ne N
0w N | SONH, S-\7S >< N\ H
B AN ©/ H R o’N (N
00 4,6 SO,NH,
BRZ BZA TPM ZNS SLP
Brinzolamide Benzolamide Topiramate Zonisamide Sulpiride

0.5 Q O
N
S< Cl
Nt N
e
H,NO,S r

{ lN—@—SOZNHZ
~ lN—@—SOQNHQ gmo
i~ N

IND VLX CLX SLT
Indisulam E7070 Valdecoxib Colecoxib Sulthiame
F
H,N
o] H
N cl s )—NH, HO-NH Q\
|/ | >N - Br
S,NH HN. N\(\,S N N=" N
S s SO,NH Ny / H
750 22N 22 HoNO,S o, _ N
o oo NH, N ”/\/ “~SO,NH,
SAC HTC FAM EPA
Saccharin Hydrochlorothiazide Famotidine Epacadostat

Fig. 2. Commercial and clinical sulfonamides/sulfamates/sulfamides investigated as LreCAy inhibitors.



A. Bonardi et al.

Distinct differences in the inhibition profiles of bacterial and human
CAs in response to inorganic and organic anions were found, suggesting
potential elements for designing tools to selectively target bacterial
enzymes, without perturbing host homeostasis. Furthermore, some
interesting insights can be extrapolated if we consider the results for
LreCAy and VchCAy, where the various anions tested showed different
inhibition profiles against these isoforms. This could be a starting point
for understanding how the development of selective inhibitors can
selectively modulate the growth of microorganisms that share the same
host district.

2.2.2. Engzyme inhibition by a panel of sulfonamides and related
compounds

The chemical structures of the commercial (1-24) and clinically used
(AAZ-EPA) sulfonamides, sulfamides, and sulfamates tested in the in-
hibition studies on LreCAy are presented in Fig. 2, and the K; values are
reported in Table 3, with hCAs I and II and VchCAy reported for
comparison.

Overall, these compounds inhibit hCA II > LreCAy = VchCAy > hCA

Table 3

Inhibition data for LreCAy by sulfonamides/sulfamates/sulfamides 1-24 and the
clinically used drugs (AAZ-EPA), assessed by a stopped-flow CO, hydrase assay
[60]. Data for hCAs I and II and a representative y-isoform (VchCAy) are also
reported for comparison purposes.

Cpd K; (nM)?
hCA 1 hCA II LreCAy VchCAy

1 28000 300 92 672
2 25000 240 400 95
3 79 8.0 530 81
4 78500 320 700 69
5 25000 170 86 94
6 21000 160 75 76
7 8300 60 130 73
8 9800 110 83 73
9 6500 40 97 95
10 7300 54 550 544
11 5800 63 330 87
12 8400 75 160 563
13 8600 60 92 66
14 9300 19 97 70
15 5500 80 69 88
16 9500 94 91 556
17 21000 125 67 6223
18 164 46 87 5100
19 109 33 190 4153
20 6.0 2.0 65 5570
21 69 11 90 764
22 164 46 79 902
23 109 33 130 273
24 95 30 94 73
AAZ 250 12 64 473
MZA 50 14 75 494
EZA 25 8.0 86 85
DCP 1200 38 820 1230
DZA 50000 9.0 93 87
BRZ 45000 3.0 170 93
BZA 15 9.0 310 78
TPM 250 10 210 69
ZNS 56 35 92 725
SLP 1200 40 250 78
IND 31 15 92 91
VLX 54000 43 380 817
CLX 50000 21 370 834
SLT 374 9.0 86 464
SAC 18540 5959 7900 550
HTC 328 290 790 500
FAM 922 58 950 >100000
EPA 8262 917 990 >100000

AMean from three different assays, by a stopped-flow technique (errors were in
the range of + 5-10 % of the reported values).
bData from Del Prete et al., 2016 [57].
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L, in that order, being LreCAy inhibitors in the range of 64.3-7914 nM.
Concerning the inhibition data in Table 3, the following trends were
observed.

i. Among the tested sulfonamides, SAC was the weakest LreCAy
inhibitor (K; = 7900 nM), with approximately a 2-fold stronger
inhibition profile with respect to hCA L.

ii. Compounds 2-4, 7, 10-12, 19, 23, DCP, BRZ, BZA, TPM, SLP,
VLX, CLX, HTC, FAM, and EPA inhibited LreCAy with K; values
between 130 and 990 nM. Among these, derivatives 3, 19, BZA,
and HTC exhibited weaker inhibition of LreCAy than the human
CA isoforms. Instead, VchCAy was inhibited by 2-4, 7, 11, BRZ,
BZA, TPM, and SLP with K; values below 100 nM. On the other
hand, sulfonamides 12, 19, 23, DCP, VLX, and CLX were weaker
inhibitors of VchCAy than LreCAy. This finding is especially
noteworthy as it may expand the factors influencing a physician’s
selection of clinical sulfonamides, facilitating the development of
the most suitable therapy for the patient while maintaining the
balance of commensal bacteria in the microbiota.

iii. A good inhibition profile in the range of 64-97 nM was observed
for sulfonamides 1, 5, 6, 8, 9, 13-18, 20-22, 24, AAZ, MZA, EZA,
DZA, ZNS, IND, and SLT. While sulfonamides 5, 6, 8, 9, 13-15,
24, MZA, EZA, DZA, and IND showed similar inhibitory activity
against VchCAy, derivatives 1, 16-18, 20-22, AAZ, ZNS, and SLT
were more potent and selective inhibitors of LreCAy. Notably,
compounds 1, 5, 6, 8, and 17 emerged as the most selective
LreCAy inhibitors with respect to both hCA I and II, with selec-
tivity ratios ranging from 118 to 312 over hCA I and 1.3-3.2 for
hCA 1II. Considering the experimental errors (+5-10 %), the K;
values for derivatives 15 and 16 against LreCAy and hCA II are
comparable. Among these, compounds 1 and 17 were the most
selective LreCAy inhibitors with respect to VchCAy, with selec-
tivity ratios of 7.3 and 92.88, respectively.

iv. Rationalizing the structure-activity relationships (SARs) in this
case is challenging due to the structural diversity of the tested
sulfonamides, which include both aromatic (benzenesulfona-
mides) and heterocyclic derivatives. However, certain trends
emerged: m-substituted aromatic sulfonamides generally exhibi-
ted stronger inhibitory activity than p-substituted ones (e.g,
compounds 1 and 5 compared to 2-4) against LreCAy, while the
introduction of bulkier substituents tended to reduce potency (e.
g., in 5 and DZA compared to DCP and BRZ). Additionally, het-
eroaromatic sulfonamides often exhibit greater inhibitory activ-
ity than their benzene counterparts (e.g., compounds 13, 14, and
20 compared to 2 and 22-24, or AAZ, MZA, EZA, DZA, BRZ, and
BZA show higher potency than DCP, SLP, VLX, and CLX). Once
again, the secondary sulfonamide SAC exhibited the weakest in-
hibition profile among all the tested compounds. In the case of
sulfonamides, structural diversity is a key determinant of selec-
tivity. Aromatic derivatives with meta-substitutions generally
show stronger inhibition of LreCAy compared to para-
substitutions, which can be rationalized by improved accommo-
dation within the enzyme active site. Likewise, heteroaromatic
sulfonamides frequently outperform their benzene analogues,
suggesting that heteroatoms facilitate additional polar in-
teractions with the enzyme. Our findings underscore how subtle
structural variations of inhibitors and activators can be exploited
to achieve isoform selectivity. This has important implications for
the rational design of modulators that could enhance probiotic
functionality via LreCAy without affecting host or pathogenic
CAs.

2.3. Activation of LreCAy

The activation of LreCAy holds significant therapeutic potential for
supporting probiotics that help restore a balanced gut microbiota or for
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utilizing L. reuteri as a resource competitor to counteract bacterial in-
fections in the gastrointestinal tract. Identifying new probiotic-
stimulating agents is a promising strategy for maintaining a healthy
microbiota, thereby contributing to the prevention and treatment of
pathological conditions in humans. In addition, some of these com-
pounds are components of bacterial growth media, metabolites that can
arrive in the gut, or signalling compounds between the host and
microbiota (produced and secreted by both).

2.3.1. Engyme activation by a panel of amines

In this context, a wide panel of amines, including amino acids, both
natural (L) and non-natural (D) (Fig. 3), were tested on LreCAy, and in
Table 4, the activation constants (K,), compared with those for VchCAy,
hCA I and II, are reported.

Although all tested compounds exhibited a similar activation profile
of LreCAy within the range of 8.3-37.2 pM, which is generally weaker
than that observed for VchCAy, the following considerations can be
made.

i. Derivatives 27, 29, 30, 33-35, 37, and 39-42 showed a weaker
activation profile for LreCAy than hCA I and II, with K4s ranging
from 10.2 to 37.2 pM.

ii. Compounds 25, 26, 36, and 43-47 activated hCA I > LreCAy >
hCA 11, in that order, whereas amino acids 28 and 32 activated
VchCAy > hCA II > LreCAy > hCA I, respectively. Among these,
derivatives 25 and 26 emerged as the most potent LreCAy acti-
vators, with K4 values of 8.3 and 9.7 pM, respectively. Again,
compound 26 was the only selective activator of LreCAy
compared to VchCAy.

iii. A selective activation profile for LreCAy was observed with ac-
tivators 31, 38, and 48, compared to human isoforms, with
selectivity ratios ranging from 1.7 up to more than 6.4-fold
relative to hCA I and from 1.6 to >3.2-fold relative to hCA II.

Generally, both amines and amino acids exhibited a similar activa-
tion trend, and stereochemistry did not play a crucial role in activity, as
both L- and p-amino acids demonstrated comparable activation levels.
The only exception was 1-Phe (27), which proved to be 2-fold more
potent than p-Phe (28). This case also provides noteworthy insights.

(NJ/YNHZ ©/\/NH2
HN I COOH COOH
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Table 4

Activation data for LreCAy by amines and amino acids 25-48, assessed by a
stopped-flow CO, hydrase assay [60]. Data for hCAs I and II, and a represen-
tative bacterial y-isoform (VchCAy) are also reported for comparison purposes.

Cpd Ka (uM)”
hCA 1 hCA I LreCAy  VchCAy"
25  1-His 0.03 10.9 8.3 1.01
26  p-His 0.09 43 9.7 14.2
27 1-Phe 0.07 0.013 10 0.73
28  p-Phe 86 0.035 25 0.24
29 [-DOPA 3.1 11.4 25 0.19
30 d-DOPA 4.9 7.8 32 0.13
31 L-Trp 44 27 16 0.008
32  p-Trp 41 12 14 0.40
33  L-Tyr 0.02 0.011 33 0.12
34 p-Tyr 0.04 0.013 34 0.10
35  1-Phe-(4-NH,)-OH 0.24 0.15 33 0.69
36 Histamine 21 125 25 0.31
37 Dopamine 13.5 9.2 31 0.45
38  Serotonin 45 50 26 0.17
39  2-Pyridyl-methylamine 26 34 37 0.14
40 2-(2-Aminoethyl) 13 15 31 0.26
pyridine
41  1-(2-Aminoethyl)- 7.4 2.3 25 0.0071
piperazine
42 4-(2-Aminoethyl)- 0.19 0.94 13 >100
morpholine
43  l-Adrenaline 0.09 96 33 >100
44 L-Asn 11.3 >100 25 >100
45  1-Asp 5.2 >100 32 >100
46  1-Glu 6.43  >100 30 >100
47 p-Glu 10.7 >100 30 >100
48 1-Gln >100 >50 16 >100

# Mean from three different assays, by a stopped-flow technique (errors were
in the range of + 5-10 % of the reported values).
b Data from Angeli et al., 2018 [53].

Similar to inhibitors, activators exhibit distinct activation profiles
depending on the specific CA isoform, a variability that can be attributed
to differences in the amino acid composition of their active sites. These
structural variations enable diverse modes of interaction with activating
compounds. Consequently, it is feasible to design isoform-selective ac-
tivators of LreCAy to promote the performance of this probiotic, offering

HO NH,
:©/\V/ NH,
COOH
HO HN / COOH

25: [ -His 27: L-Phe
26: D-His 28: D-Phe
mNHz wNH,
COOH mOOH
HO' H,N
33: L-Tyr N
34: D-Tyr 35: L-Phe-(4-NH;)-OH
HO
| X
NH, _ NH,
| NT
HN
. . 39:n=1
38: Serotonin 40:n=2

NH
H2NOC/\|’\\ 2

COOH

44: [ -Asn

Hooc/\"‘NH2

COCH

45: [ -Asp

29: L-DOPA 31: L-Trp
30: D-DOPA 32: D-Trp
N NH, HO NH,
HO
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HooC NH,

COOH

46: L-Glu
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H,NOC wNH3
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48: [-GIn

Fig. 3. Structure of amino acids and amines (activators panel) investigated as LrCAy activators.
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a potential strategy to selectively treat dysbiosis, without disrupting the
growth of other pathogenic or non-pathogenic intestinal
microorganisms.

2.4. Structural insight into LreCAy

Structural insights are crucial for elucidating the catalytic mecha-
nism of the LreCAy, and following an initial crystallization screen, two
different crystal forms were obtained for LreCAy. From the data
collected on the first crystal form, belonging to the orthorhombic space
group 1222, we solved and refined the structure at 2.80 A resolution.
These crystals were obtained using a precipitant solution containing 0.2
M magnesium formate dihydrate and 20 % (w/v) PEG 3350. The second
crystal form was obtained from conditions containing 2.0 M ammonium
sulfate, 0.1 M HEPES pH 7.5, and 2 % (v/v) PEG 400, yielding crystals in
the orthorhombic space group P2;:2,2;. Diffraction data collected on
these crystals extended to atomic resolution (1.26 A). Both crystal forms
contained three monomers per asymmetric unit. Data collection pa-
rameters and refinement statistics are summarized in Table S1.

The structures were solved by molecular replacement, using the
AlphaFold-predicted model as the initial template. Electron density
maps showed clear definition for all 179 amino acids except for the first
N-terminal residue in each monomer, which we introduced with occu-
pancy equal to in the refined model. Structural superposition of the
experimental and predicted models revealed a close overlap (R.M.S.D. of
0.364), with no major global deviations between the alphafold model
and the structure at 1.26 A (Fig. 4). On the other hand, the structure at
2.8 A showed a variability in the orientation of the so-called acid loop, as
highlighted in Fig. 4, probably due to a different crystal packaging inside
the crystal lattice.

Since no substantial structural differences were observed between
the two experimental models, the high-resolution structure is described
here in detail. LreCAy forms a trimer of identical monomers, each
adopting the characteristic seven-turn left-handed f-helix fold capped
by a C-terminal o-helix that runs antiparallel to the p-helix axis,
consistent with previous X-ray structural studies on y-CAs (Fig. 5A)
[63-67].

N-termini
C-termini
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The trimeric assembly showed three active sites located at the in-
terfaces between adjacent monomers, and a zinc ion was coordinated by
three histidine residues in a tetrahedral geometry (His67 and His96 from
one monomer and His91 from the neighbouring subunit) together with a
water molecule (W1). This differs from the structure of the prototype
y-CA, Cam, in which the zinc ion is coordinated by two water molecules
[67]. In LreCAy, W1 is stabilized through hydrogen bonding with
Tyrl59, functioning analogously to the gatekeeper Thr199 in a-CAs and
Asn202 in Cam [67], thereby positioning the hydroxide ion for nucle-
ophilic attack on the CO, substrate (Fig. 5B). In addition to W1, two
further water molecules (W2 and W3) are located within the active site,
forming an extended hydrogen-bonding network with surrounding res-
idues, suggesting a potential role in the catalytic process (Fig. 5B).
Several residues, crucial for trimer stabilization and active-site integrity
as Arg46, Asp48, and Asp62 (corresponding to Arg59, Asp76, and Asp61
in Cam), are conserved in LreCAy, as in other y-CAs reported previously
[59,67,68]. Notably, Glu84, which functions as a proton shuttle in Cam
(analogously to His64 in hCA II), is replaced by Arg70 in LreCAy. This
substitution, which is not universally conserved among catalytically
active y-CAs, suggests variability in the positioning of the proton shuttle
residue within the family, potentially contributing to differences in
catalytic efficiency. Interestingly, in one active site, a sulfate anion was
observed bound directly to Zn?", displacing W1 and generating a dis-
torted trigonal bipyramidal coordination environment (Fig. 5C).
Although sulfate did not inhibit LreCAy at tested concentrations (K; >
100 pM), this binding mode resembles that of an inhibitor, with one
oxygen atom forming a hydrogen bond with the side chain of Tyr168.

When comparing the three-dimensional structure of LreCAy with
those of Cam, PgiCAy and BpsCAy [59,67,68],it becomes evident that
although all share the characteristic left-handed p-helix fold capped by a
C-terminal a-helix, variations are present in the regions preceding the
a-helix and in several loop segments (Fig. 6).

Among the four homologous enzymes, Cam is unique in containing a
short a-helix connecting the p-helix to the C-terminal o-helix. In
contrast, LreCAy, BpsCAy, and PgiCAy display a f-strand in this position,
resulting in a distinct orientation of the initial C-terminal a-helix in Cam
compared with the other y-CAs. The most pronounced structural

Fig. 4. Superposition of the predicted AlphaFold LreCAy structure (cyan) with the experimental LreCAy structures, in magenta (PDB: 9SUZ) at 1.26 A of resolution
and in green (PDB: 9SUT) at 2.80 A of resolution. Zoomed view illustrates the positional differences of the “acid loop”. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)
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Tyr168

Fig. 5. A) The LreCAy trimer, with the three monomers shown in purple, red, and blue, respectively. The zinc ions are also depicted. B) Active site region of LreCAy.
Residues from one subunit are coloured in light grey and residues from a second subunit in yellow. Dotted lines represent the zinc ion coordination and red dotted
lines hydrogen bonds. C) Active site region of LreCAy with the SO~ inhibitor bound. Residues from one subunit are coloured in purple and residues from a second
subunit in blue with dotted lines representing zinc coordination and hydrogen bonds, as previously indicated. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

B8- B9 loop

“the acidic loop”

Fig. 6. Structural superposition of LreCAy (green, PDB: 9SUZ), Cam (blue, PDB:
1QRG), PgiCAy (magenta, PDB: 9GVA), and BpsCA y (yellow, PDB: 7ZW9). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

differences are located in two regions: the p1-p2 loop and the $8-$9
loop. In the p1-B2 loop, all isoforms except Cam adopt a similar
conformation, whereas Cam features an elongated loop that extends to
pack against the neighbouring protomer within the trimer [67]. In the
8-p9 loop, also referred to as the “acidic loop”, even greater variability
is observed. Cam and LreCAy both possess an extended loop, while
PgiCAy and BpsCAy exhibit shorter counterparts (Fig. 6).

2.5. Effects of selected CA activators on E. coli growth

To investigate the role of CA modulators in bacterial growth, we
developed an ad hoc assay using E. coli cultures [69]. E. coli DH5a was
chosen as a reference model for Gram-negative bacteria because it is
easy to cultivate and grows rapidly under standard laboratory condi-
tions. Regarding CA expression, E. coli encodes several CAs, specifically
CynT and CynT2, both belonging to the p-class, YadF, also known as
EcoCAy, and an 1-CA. EcoCAp (CynT2) and EcoCAy have previously been
isolated and characterized by our group, and their enzymatic activity
has been thoroughly profiled [58,70,71]. Among these, CynT2 is
essential for the growth of the microorganism at atmospheric pCO; [72,
73], making it the physiologically relevant isoform for assessing the
impact of CA activators on proliferation. Although EcoCAy and 1-CA are
encoded in the genome, their contribution under these conditions is
negligible. Therefore, the activation profiles were determined exclu-
sively for EcoCAB, providing meaningful insights into the CA-dependent
effects observed in our assays.

The designed assay involves testing selected CA activators alone or in
combination with AAZ, as a reference CA inhibitor. The rationale behind
this approach is to assess whether certain amines, potentially acting as
growth enhancers for E. coli, exert their effects through CA activation.
Co-treatment with AAZ is used to selectively suppress CA activity,
thereby allowing us to determine whether the observed compound-
caused growth effects are CA-dependent. Briefly, AAZ was used in the
assays at a concentration of 1.0 mg/mL (4.5 pM), as previous studies
showed an effect on cell growth at this level (green bars, Fig. 7), whereas
complete growth inhibition was observed at 4.0 mg/mL [62].

CA activators (Fig. 3) were selected based on their chemical struc-
ture, stereochemistry, activation potency, and isoform selectivity to-
ward EcoCAp (data have already been published) [58,70,71].
Specifically, kinetics studies on EcoCAf (Fig. 7) revealed varying Ka
values among the tested amines, with serotonin (38) exhibiting the
highest potency (Kp = 2.76 pM), followed by 1-Phe-(4-NH2)-OH (35, Kp
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Fig. 7. Effect of CA activators and AAZ on E. coli DH5a growth. E. coli cells were treated with selected CA activators at concentrations of 0.1 and 1.0 pM while
evaluating their modulatory effects on bacterial proliferation. Among the activators, 1-Glu (46) and 1-Asn (44) were tested only at 1.0 pM. AAZ was added at a fixed
concentration of 4.5 pM, and its combination with each activator was also tested to determine potential interactions affecting bacterial growth. Growth was
monitored spectrophotometrically by measuring optical density at 600 nm (ODggp) over time. For each activator, the K, value is reported for EcoCAf. Data are
expressed as mean + SD from three independent experiments, each performed in triplicate.

= 7.34 pM), 1-Tyr (33, Ko = 9.86 pM), and dopamine (37, Kp = 11.3
pM). Whereas 1-His (25, Ko = 36 pM) and 1-Asn (44, Kp = 49.5 pM)
displayed relatively weaker activation effects.

Interestingly, the assays demonstrated that the activators influenced
bacterial proliferation in a concentration-dependent manner (Fig. 7). In
fact, the optical density (ODggg) measurements of E. coli cultures treated
with the selected CA activators 25, 33, 35, 37, 38, and 44 indicated that
L-Tyr (33), p-Tyr (34), 1-Phe-(4-NH3)-OH (35), and serotonin (38) pro-
moted bacterial cell growth, as shown by the increase in ODggg values
(grey bars, Fig. 7) compared to the untreated control (yellow bars,
Fig. 7). The presence of AAZ (green bars) led to a notable reduction in
E. coli growth, which confirmed its inhibitory effect on EcoCAs activity.
This decline in ODggy values was observed across all experimental
conditions, indicating that inhibition of $-CA negatively impacts bac-
terial proliferation. When Histamine (36), 2-(2-aminoethyl)pyridine

(40), 1-Asp (45), and 1-Gln (48) were co-administered with AAZ (blue
bars, Fig. 7), bacterial growth was partly restored compared to treat-
ment with AAZ alone. In contrast, compounds such as -Glu (46), t-Asn
(44), 1-Trp (31), and p-Trp (32) produced no significant change under
co-treatment, suggesting only a weak interplay between their limited
activation and AAZ inhibition. For the remaining activators, the pres-
ence of AAZ resulted in an increased inhibitory effect on bacterial
growth. The combination of CA activator and AAZ may likely create a
competing balance in terms of enzyme regulation, where the activators
push for increased EcoCAp activity, whereas AAZ suppresses this ac-
tivity. The outcome of this balance would naturally result in a decrease
in optical density if the inhibitor effect outweighed the activator influ-
ence. Although these assays in E. coli provide valuable mechanistic in-
sights into CA-dependent growth modulation, they do not substitute for
experiments in L. reuteri. Thus, the observed effects should be regarded
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as an indirect model, and extrapolation to the probiotic strain must
await future validation.

2.6. Effects of selected CA activators on human macrophages and human
intestinal epithelial cells

The biological effect of selected CA activators was afterwards eval-
uated on human macrophages under basal and pro-inflammatory con-
ditions after 24 h of exposure, and on an epithelial cell line isolated from
the small intestine (HIEC-6) after 24 h and 48 h of exposure (Fig. 8).

CA activators, which underwent biological evaluations (25, 26, 31,
32, 38, and 48), were selected on the basis of potency, stereochemistry,
and isoform selectivity. Under basal conditions (Fig. 8a), the cell
metabolic activity of macrophages is not significantly modulated, with
the exception of compound 38, which stimulates macrophage meta-
bolism in a dose-dependent manner. As expected, the stimulation with
lipopolysaccharide (LPS) alone dramatically increases the cell metabolic
activity of macrophages, as a sign of immunostimulation. Compounds
31 and 32 are the most effective ones capable of counteracting the cell
metabolic activity trend triggered by LPS, leading to values that are
comparable to the untreated sample (Fig. 8b). In parallel, only r-Trp (31)
shows a good biocompatibility on HIEC 6 cells at all the concentrations
tested (Fig. 8c), while 25, 26, 38, and 48 significantly decrease cell
metabolic activity only at the lowest concentration tested. Finally,
compound 32 lowers the percentage of metabolically active intestinal
cells in a dose-dependent manner.

The consistent, dose-dependent effects of CA activators on both
bacterial growth and macrophage responses, together with the
comprehensive biochemical characterization of LreCAy, provide strong
mechanistic evidence for its functional role. Although direct genetic
manipulation was not undertaken, the reproducibility and specificity of
these responses provide substantial support for the involvement of
LreCAy.

3. Conclusions

In summary, we reported, for the first time, the recombinant pro-
duction, isolation, purification, and functional characterization of the
y-class CA from the probiotic bacterium L. reuteri, named LreCAy. The
successful expression and kinetic profiling of LreCAy represent a novel
contribution to the understanding of probiotic enzymes, providing a
foundation for further biochemical and pharmacological investigations.
Herein, we performed and discussed a comprehensive, systematic
evaluation of panels of canonical CA modulators, such as inhibitors with
inorganic and organic anionic nature, sulfonamide and related struc-
tures, along with amines and amino acids. The differential inhibition
and activation profiles observed between LreCAy and both hCAs I and II
and VchCAy highlight the feasibility of designing isoform-selective
modulators, which could enhance probiotic activity without adversely
affecting the host or pathogenic CAs. Interestingly, among the activators
tested, some compounds demonstrated the ability to stimulate bacterial
growth in E. coli, probably through a CA-dependent mechanism, and
modulate inflammatory responses in human macrophages, with r-Trp
(31) showing particularly promising biocompatibility in intestinal
epithelial cells. These findings provide proof-of-concept that LreCAy
activity can modulate bacterial growth and immune responses. While
formal causality has yet to be established, the convergence of
biochemical, pharmacological, and phenotypic evidence robustly sup-
ports the functional relevance of LreCAy, underscoring its potential as a
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Fig. 8. Cell metabolic activity of: (a) human differentiated macrophages under
basal conditions after 24 h of exposure; (b) LPS-stimulated human differenti-
ated macrophages after 24 h of exposure; (c-d) human intestinal epithelial cells
HIEC-6 after 24 h and 48 h of exposure. Cells were treated with compounds 25,
26, 31, 32, 38, and 48, administered at 0.1, 1, 10, 50, and 100 pM. Metabolic
activity of untreated cells (UC) was set at 100 %. Data are presented as mean +
standard deviation (SD). Each experiment was performed twice in triplicate per
experimental condition (n = 6). a = p < 0.0001, b = p < 0.0010, ¢ = p <
0.0050, and d = p < 0.0250 comparing treated cells to the untreated cells; # =
p < 0.0001 comparing LPS-stimulated cells to untreated cells.
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target for modulating probiotic functionality. These results collectively
support the feasibility of targeting LreCAy as a novel concept to modu-
late probiotic functionality. However, it is important to emphasize that
the bacterial growth assays were performed in E. coli as a surrogate
model, and the effects on L. reuteri itself remain to be directly validated.
Therefore, while our findings provide a proof-of-concept, further dedi-
cated studies on L. reuteri cultures will be essential before firm trans-
lational conclusions can be drawn regarding probiotic enhancement.

4. Experimental section
4.1. Cloning, expression, and purification of the recombinant LreCAy

4.1.1. Chemicals and instruments

The materials and instruments used in this study were obtained from
various sources. Isopropyl p-p-1-thiogalactopyranoside (IPTG) and an-
tibiotics were purchased from Merck (Darmstadt, Germany). His-Trap
FF affinity column and molecular weight markers were sourced from
Cytiva (Uppsala, Sweden). Additional equipment included the AKTA
Prime purification system (Cytiva), SX20 Stopped-Flow instrument
(Applied Photophysics, Leatherhead, UK), iBright 1500 Imaging System
(Thermo Scientific, Waltham, MA, USA), and SDS-PAGE apparatus (Bio-
Rad, Hercules, CA, USA). Unless otherwise stated, all other reagents
were of analytical grade.

4.1.2. Gene identification, synthesis, cloning, and heterologous expression

Recombinant LreCAy protein was obtained through a combination of
bioinformatics and molecular biology techniques. Initially, the LreCAy
gene was identified using the Protein BLAST program, employing
various bacterial y-CA sequences as queries. The gene encoding LreCAy
was designed and synthesized by a specialized company, GeneArt (Life
Technologies), before being cloned into the pET100/D-TOPO expression
vector (Life Technologies). The recombinant LreCAy protein was sub-
sequently expressed in E. coli ArcticExpress competent cells and purified
using a nickel-based His-Trap FF affinity column. Protein concentration
was determined via Bradford assay, while purity was assessed by 12 %
SDS-PAGE followed by Coomassie Brilliant Blue-R staining. The final
protein yield was 90 %. Enzymatic activity was evaluated using a CA
activity assay, which monitored pH changes during the conversion of
CO5 to HCO3 at 0 °C, quantified in Wilbur-Anderson units.

4.2. LreCAy activity and inhibition/activation measurements

All tested anions, sulfonamides, sulfamides, sulfamates, amines, and
amino acids were of the highest purity available from Merck (Milan,
Italy). An Applied Photophysics stopped-flow instrument was used to
assay the CA-catalyzed CO; hydration activity [60]. Phenol red (at a
concentration of 0.2 mM) served as an indicator, operating at the
absorbance maximum of 557 nm, with 20 mM TRIS (pH 8.3) buffer, and
20 mM NaClO4 to maintain a constant ionic strength [74]. The initial
rates of the CA-catalyzed CO5 hydration reaction were followed for a
period of 10-100 s. CO; concentrations ranged from 1.7 to 17 mM for
determining the kinetic parameters and inhibition constants using
Lineweaver-Burk plots [75-77]. At least six traces of the initial 5 %-10
% of the reaction were carried out to determine the initial velocity.
Uncatalyzed rates were assessed similarly and subtracted from the total
observed rates. Stock solutions of the inhibitor and activators (10-100
mM) were prepared in distilled-deionized water, and dilutions were
subsequently made with the assay buffer. Inhibitor/activator and
enzyme solutions were preincubated together for 15 min at room tem-
perature to allow for the formation of the E-I (Enzyme-Inhibitor) or E-A
(Enzyme-Activator) complex. Inhibition constants (K;) were obtained by
non-linear least-squares methods using GraphPad Prism 9 (San Diego,
CA, USA) and the Cheng-Prusoff equation.

All reported inhibition constants and kinetic parameters for the un-
inhibited enzyme are the mean of at least three different determinations.
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The activation constant (K,) values were obtained by considering the
classical Michaelis-Menten equation, which has been fitted by non-
linear least squares by using GraphPad Prism 9 (San Diego, CA, USA).
All tested anions, sulfonamides, sulfamides, sulfamates, amines, and
amino acids were of the highest purity available from Merck Italia
(Milan, Italy).

4.3. Crystallographic studies

4.3.1. Crystallization and X-ray data collection

Initial crystallization trials were performed at 23 °C with a 10 mg/mL
LreCAy solution in Tris-HCl 50 mM, pH 9.0, using a commercially
available crystallization screen (JCSG-plus™ from Molecular Di-
mensions). Crystals of LreCAy were obtained using the sitting drop vapor
diffusion method with 24-well Linbro plates. 2 pL of LreCAy solution
were mixed with 2 pL of a solution of 2.0 M ammonium sulfate, 0.1 M
HEPES, pH 7.5, 2 % v/v PEG 400, and were equilibrated against the
same solution at 296 K to obtain crystals in space group P27212;. 0.2 M
magnesium formate dihydrate and 20 % w/v PEG3350 were equili-
brated against the same solution at 296 K to obtain crystals in space
group 1222. All crystals were flash-frozen at 100 K using a solution ob-
tained by adding 20 % (v/v) glycerol to the mother liquor solution as a
cryoprotectant. Data on crystals of the complexes were collected using
synchrotron radiation at the XRD2 beamline at Elettra Synchrotron
(Trieste, Italy) with a wavelength of 1.00 A and a DECTRIS Pilatus 6 M
detector. Data were integrated and scaled using the program XDS [78].
Data processing statistics are shown in the Supporting Information.

4.3.2. Structure determination

The structure was solved by the molecular-replacement technique
using the MOLREP program [79]and the coordinates generated from
AlphaFold as a starting model. The model was refined using the
REFMACS program [80] from the CCP4 suite [81]. Refinements pro-
ceeded using normal protocols of positional, isotropic, or anisotropic
atomic displacement parameters alternating with the manual building of
the models using COOT [82]. The quality of the final models was
assessed with COOT and RAMPAGE [83]. Crystal parameters and
refinement data are summarized in the Supporting Information. Atomic
coordinates were deposited in the Protein Data Bank (PDB: 9SUZ and
9SUT). Graphical representations were generated with UCSF Chimera
[84].

4.4. Effect on bacterial growth

4.4.1. Bacterial strains and culture conditions

E. coli DH5a was obtained from Agilent Technologies (Santa Clara,
CA, USA) and cultured in Mueller-Hinton (MH) broth (Sigma-Aldrich,
St. Louis, MO, USA) under aerobic conditions at 37 °C, with continuous
shaking at 200 rpm in an INNOVA 42 incubator (Eppendorf, Hamburg,
Germany). Overnight cultures were collected by centrifugation at 4 °C
(1500x%g, 30 min), resuspended in fresh MH broth to an initial optical
density (OD) of 0.15 at 600 nm, and incubated until ODggo reached 0.6.
Throughout the experiment, the pH of the medium was monitored to
ensure optimal bacterial growth. Antibiotics were not introduced into
the culture medium.

4.4.2. Bacterial growth monitoring and treatment with activators
Bacterial growth assays were performed in 96-well tissue culture-
treated, clear polystyrene microplates (Falcon, Mannedorf,
Switzerland), with a total volume of 200 pL per well. The cultures were
incubated at 37 °C with continuous agitation (80 rpm) on an integrated
spectrophotometer plate reader (TECAN, Mannedorf, Switzerland). Ac-
tivators were administered at final concentrations of 0.1 and 1.0 pM
during the exponential growth phase (ODggp = 0.5-0.6). Control con-
ditions included untreated E. coli cultures as well as cultures treated with
AAZ at a final concentration of 1 mg/mL. Each experiment was
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performed in triplicate using independent biological replicates, and
bacterial growth was monitored by measuring the ODggo at regular in-
tervals using a SPARK multimode microplate reader (TECAN,
Mannedorf, Switzerland) [69].

4.5. Anti-inflammatory activity and biocompatibility evaluation

4.5.1. Human cell cultures

Undifferentiated human monocytes (CRL-3622™) were purchased
from ATCC® and cultured in complete RPMI 1640 (Merck, Darmstadt,
Germany) at 37 °C and 5 % CO». The medium was supplemented with
10 % of heat-inactivated foetal bovine serum (FBS, Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), 1 % penicillin/streptomycin (S.I.
A.L. S.r.l., Rome, Italy), and 1 % sodium pyruvate (Merck, Darmstadt,
Germany).

Human intestinal epithelial cells HIEC-6 (CRL-3266™) were pur-
chased from ATCC® and cultured in complete DMEM/F12 (Merck,
Darmstadt, Germany) at 37 °C and 5 % COs. The medium was supple-
mented with 20 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid, purchased from Merck, Darmstadt, Germany), 10
mM r-glutamine (Euroclone S.p.A., Milan, Italy), 10 ng/mL epidermal
growth factor (EGF), 10 % heat-inactivated foetal bovine serum (FBS,
Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and 1 % peni-
cillin/streptomycin (S.I.A.L. S.r.1., Rome, Italy) [85].

For differentiation into macrophages, monocytes were seeded in 96-
well tissue culture-treated plates (Falcon®, Corning Incorporated,
Brooklyn, NY, USA) and stimulated with 100 ng/mL of PMA (phorbol-
12-myristate-13-acetate, purchased from Merck, Darmstadt, Germany,
stock solution 1 mM in DMSO) in complete RPMI for 48 h at 37 °C and 5
% COy, as previously reported [86].

4.5.2. Cell metabolic activity

Undifferentiated monocytes were seeded in 96-well tissue culture-
treated plates (Falcon®, Corning Incorporated, Brooklyn, NY, USA) at
a density of 5 x 10° cells/well. Cultured cells were differentiated as
previously described. After 48 h, the differentiation medium was dis-
carded and replaced with a fresh one containing complete RPMI (UC,
untreated cells) or selected compounds (25, 26, 31, 32, 38,48) at 0.1, 1,
10, 50, 100 pM (stock solutions: 100 mM in 1 % acetic acid for com-
pounds 25, 26 and 48; 100 mM in 0.05 % HCI for compounds 31 and 32;
100 mM in DMSO for compound 38). To induce inflammation, macro-
phages were stimulated with LPS 0.5 pg/mL (lipopolysaccharide from
E. coli, purchased from Merck, Darmstadt, Germany, stock solution 1
mg/mL in water) and exposed to compounds in parallel. After 24 h, the
exposure media were replaced by 100 pL/well of fresh RPMI containing
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
0.5 mg/mL (Merck, Darmstadt, Germany). Afterwards, cells were
incubated for 4 h at 37 °C. Then, the MTT medium was discarded, and
100 pL of DMSO was added to each well. In the end, samples were
incubated for 10 min at 37 °C.

HIEC-6 cells were seeded in 96-well tissue culture-treated plates
(Falcon®, Corning Incorporated, Brooklyn, NY, USA) at a density of 5 x
10° cells/well. After 24 h, the medium was discarded, and cells were
treated as described for macrophages. After 24 h and 48 h, the exposure
media were replaced by 100 puL/well of fresh DMEM/F12 containing
MTT 0.5 mg/mL (Merck, Darmstadt, Germany), and the MTT assay was
performed as described previously in this section. The optical density in
each well was measured at a wavelength of 540 nm using a spectro-
photometer (Thermo Fisher Scientific, Waltham, MA, USA). Untreated
cells (UC) were set as the control (100 % of cell metabolic activity). Each
experiment was performed twice in triplicate per experimental condi-
tion (n = 6) [86].
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4.5.3. Statistical analyses

Data were statistically analyzed by GraphPad Prism 8 (San Diego,
CA, USA) using two-way analysis of variance (ANOVA) followed by
Dunnett and Tukey’s multiple comparison tests. The results are the mean
values =+ standard deviation (S.D.). Values of p < 0.05 were considered
statistically significant.
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