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ABSTRACT: Vancomycin-resistant enterococci are multidrug-
resistant bacteria that as of 2021 continue to pervade the U.S.
healthcare system as the second-most prevalent source of healthcare-
acquired infections behind Escherichia coli. Given the limited
treatment options for vancomycin-resistant enterococci and growing
concerns about antibiotic-induced gut microbiome dysbiosis, there is
an urgent need for narrow-spectrum antibiotics that can selectively
target vancomycin-resistant enterococci while preserving the
integrity of the gut microbiome. Previous studies have demonstrated
the in vivo potential of orally dosed acetazolamide-based compounds
to reduce vancomycin-resistant enterococci bioburden in the
gastrointestinal tract and internal organs of mice. However, while
it is hypothesized that these molecules inhibit bacterial carbonic
anhydrases, the exact target of the acetazolamide scaffold in vancomycin-resistant enterococci has remained unconfirmed.
Additionally, the impact of the scaffold on in vivo gut microbiome diversity remains uncharacterized. The work herein reports the
chemoproteomic identification of α-carbonic anhydrase as the primary target of the acetazolamide scaffold in E. faecium and presents
its uniqueness as a narrow-spectrum antibiotic target that can be exploited by CAI0019, a lead acetazolamide derivative with in vivo
efficacy, while sparing gut microbiome diversity in mice. This work presents compelling data that not only confirm α-carbonic
anhydrase as an antibiotic target in Enterococcus but also demonstrate that narrow-spectrum in vivo antienterococcal efficacy can be
achieved through targeting α-carbonic anhydrase such that gut commensal microbiota remain unimpacted.
KEYWORDS: antibiotics, carbonic anhydrase inhibitor, enterococcus, microbiome, chemoproteomics, pharmacokinetics, animal models

Enterococcus pathogens are among the most prevalent anti-
biotic-resistance threats in the United States, driven by the rise
of vancomycin-resistant Enterococcus (VRE), mainly comprised
of E. faecium and E. faecalis.1 According to the Centers for
Disease Control and Prevention, Enterococcus species were the
second leading cause of hospital-acquired infections behind
Escherichia coli from 2018 to 2021 in the U.S.2 VRE is not only
a problem in the hospital but a major burden on long-term-
healthcare facilities.3−5 VRE colonization is a critical risk factor
for patients in healthcare settings, which is mainly initiated by
exposure to antibiotics that create microbial dysbiosis in the
gastrointestinal tract (GIT) of a patient and is the origin point
for downstream infections.6,7 There is an urgent need for novel
therapeutics to treat Enterococcus infections. The current
standard-of-care for VRE is either linezolid8 or off-label use

of daptomycin,8 which suffer from dose-limiting toxicity9 and
disruption of the microbial balance of the microbiome.10

With respect to the gut microbiome, dysbiosis in the gut has
been linked to many downstream health consequences,
including cancer11,12 and neurodegenerative disease.13 With
respect to Enterococcus, it comprises <0.2% of the gut
microbiota in healthy humans.14 However, overgrowth of
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microbiome enterococci bacteria or escape from the GIT can
promote both colorectal cancer,15 autoimmune disorders,16

and Clostridioides difficile infection.17 The growing under-
standing of the impact of the gut microbiome on human health
has led to an emphasis on considering antibiotic effects on the
gut microbiome.18 This has paved the way for strategies to
preserve the microbiome, such as fecal transplant after
antibiotic treatment19 and development of pathogen-specific
microbiome-sparing antibiotics.20,21

Carbonic anhydrases (CAs) are metalloenzymes that
catalyze the conversion of water and carbon dioxide to
bicarbonate and a proton mediated through a zinc ion (Zn2+)
in the active site. The resulting products are critical for
physiological processes such as pH homeostasis, cellular
signaling, and metabolic processes.22 There are a variety of
genetically and structurally distinct CA subfamilies, including
α-, β-, and γ-classes within bacterial lineages,23,24 while humans
only encode for the α-class of CA.25 The Food and Drug
Administration (FDA)-approved human CA inhibitor aceta-
zolamide, AZM (Figure 1), is commonly prescribed for

treatment of altitude sickness,26 glaucoma,27 and as a
diuretic.28 Our team has targeted bacterial CAs for antibiotic
drug development against Enterococcus species29−34 and
Neisseria gonorrheae.35−39 These efforts have led to proof-of-
concept results that bacterial CA inhibitors effectively
decolonize the GIT of mice from Enterococcus infection40

and that AZM is effective in a mouse model for Enterococcus
peritoneal infection.41

However, the on-target engagement of these molecules with
bacterial CAs has yet to be demonstrated. Various essential
metabolic processes require bicarbonate to support bacterial
growth.42−45 A prior report using Escherichia coli as a model
system calculated that the intracellular demand for bicarbonate
is so great that it must have a constant supply to grow, which is
provided by the α-CA.46 In N. gonorrheae, a hypomorphic β-
CA mutant, with a catalytic efficiency 2 orders of magnitude
below that of WT-β-CA, requires CO2 for growth, while the
WT grows efficiently in ambient atmosphere without CO2
supplementation.47 This suggests there is a threshold of CA
activity necessary to supply enough bicarbonate for efficient
growth, and if activity drops below that threshold, the bacteria
cannot sustain growth. However, CAs are not the only sources
of bicarbonate for many bacteria. Most bacteria express
dissolved inorganic carbon (DIC) transporters that can
provide the cell with exogenous bicarbonate to satisfy the
metabolic flux. This was demonstrated in Staphylococcus aureus
that natively expresses MpsA and MpsB genes, which were
shown to be DICs that concentrate bicarbonate into the cell,
and it does not possess a CA gene.48 In fact, Fan et al. carried
out an in-depth genomic and phylogenetic analysis of the
National Center for Biotechnology Information Reference
Sequence Database (RefSeq) and found that mpsA and mpsB

genes are widely distributed in genomes across Firmicutes,
Proteobacteria, Actinobacteria, and Bacteroidetes phyla.48 Addi-
tionally, the authors also addressed the possibility of species
expressing both mpsAB and CA and showed that if bacteria
coexpress both, MpsAB outperforms the CA in terms of
growth restoration during inducible gene expression, and the
CA gene is not necessary.49 Interestingly, it was noted that
MpsA and MpsB homologues are not present in Enterococcus
species among a handful of other human pathogens, and these
bacteria only encode for the CA gene. Thus, we hypothesized
that targeting bacterial CAs may provide a uniquely narrow-
spectrum antibiotic agent that spares the microbiota.

A study was designed that addresses several questions
surrounding bacterial CAs as viable antibiotic therapeutic
targets. First, we demonstrate intracellular target engagement
for the first time against bacterial CAs. Second, we provide
proof-of-concept in vivo efficacy in an Enterococcus septicemia
mouse model after oral dose for the most advanced bacterial
CA inhibitor to date, CAI0019 (Figure 1).29 Last, we sought to
evaluate the effect on mouse microbiome diversity upon
prolonged oral treatment with CAI0019. The results of these
studies are provided herein.

■ RESULTS AND DISCUSSION
CAI0019 Activity versus a Panel of Enterococcus and

Other Species Encoding or Lacking MpsAB Homo-
logues. The bacterial CA inhibitor CAI0019 was previously
characterized with minimum inhibitory concentration (MIC)
values as low as 22 nM against some strains,29 and potent
inhibition of the pathogens' two CAs.30 In this study, we
expanded the Enterococcus panel testing from our previous
report29 to include not only additional E. faecium and E. faecalis
strains, but also other clinically relevant strains such as E.
avium, E. casseliflavus, E. durans, E. hirae, E. raffinosus, and E.
saccharolyticus (Table 1). The data showed that CAI0019
exhibits MICs ranging from 0.022 to 1.57 μM across the panel
of 25 E. faecalis and E. faecium strains, resulting in MIC50 (the
concentration that inhibited 50% of the strains tested) of 0.094
μM and MIC90 (the concentration that inhibited 90% of the
strains tested) of 0.39 μM for that subset. This potency was a
96- and 46-fold improvement (for MIC50 and MIC90,
respectively) compared to the original hit in this series,
AZM, with MIC50 and MIC90 values of 9.01 and 18 μM,
respectively. Moreover, the molecule was greater than 31- and
7-fold more potent (MIC50 and MIC90) compared to linezolid,
which demonstrated MIC50 and MIC90 of 2.96 μM against the
E. faecalis and E. faecium strains. Intriguingly, the rarer
Enterococcus strains exhibited a wider range of MIC values
for CAI0019, ranging from 0.094 to 50 μM (Table 1), but
were still generally more potent compared to AZM (MICs
from 2.25 to 72.0 μM). Overall, the MIC50 of CAI0019 against
all tested Enterococcus strains, collectively, was 0.19 μM, a 47-
fold improvement over the collective MIC50 of AZM and 15-
fold more potent than linezolid.

MIC assays were performed in both ambient air conditions
and in conditions with 5% CO2 atmosphere. At 5% CO2, the
level of carbon dioxide is high enough to permeate into the
bacterial cell and spontaneously react with water to convert to
bicarbonate, making any other bicarbonate-concentrating
mechanisms, such as CA, nonessential.46 Hence, CO2
supplementation is a way to investigate whether the
mechanism of action involves the perturbation of the
bicarbonate supply through CA inhibition. Notably, all

Figure 1. Structures of acetazolamide (AZM) and CAI0019 with
prior reported antienterococcal activity29 and biochemical inhibition
of bacterial and human carbonic anhydrases.30
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Enterococcus species exhibited large shifts in susceptibility in
the presence of CO2 (MICs > 200 and 288 μM for CAI0019
and AZM, respectively) (Table 1), coupled with potent
biochemical CA inhibition (Figure 1), indicating that CA
inhibition is likely the mechanism of action for CAI0019 and
AZM. Alternatively, the strains exhibited no MIC shift with
linezolid, which is known to inhibit protein synthesis by
targeting the bacterial 50S ribosomal subunit50 and thus acts
independently of bicarbonate-related mechanisms. These data

indicate that CAI0019 has the potential to exhibit broad
antienterococcal activity with greater potency than linezolid.

Prior literature reported that most bacteria encode for
MpsAB bicarbonate transporters and either do not encode for
CAs,48,51 or if CA is coexpressed, the bacteria rely on MpsAB
over CA for bicarbonate sourcing.52,53 To explore this further
with CAI0019 and AZM, we tested the activity against bacteria
within three groups. The first being another α-CA expressing
species that lacks MpsAB, to which Enterococcus belongs, but
also represented by Listeria monocytogenes.48 Second were two

Table 1. Minimum Inhibitory Concentrations (MICs) for Molecules against Expanded Panel of Enterococcus Isolates and
Additional Species

MIC (μM)

CAI0019 AZM LNZa

bacterial strain ambientb CO2
c ambientb CO2

c ambientb CO2
c

E. faecalis HM-201 0.39 >200 18.0 >288 2.96 2.96
E. faecalis HM-334d 0.022 >200 9.01 >288 2.96 2.96
E. faecalis HM-335d 0.094 >200 9.01 >288 1.48 2.96
E. faecalis HM-934 0.39 >200 9.01 >288 2.96 2.96
E. faecalis NR-31970 0.094 >200 18.0 >288 2.96 2.96
E. faecalis NR-31971d 0.022 >200 9.01 >288 2.96 2.96
E. faecalis NR-31972d 0.047 >200 9.01 >288 1.48 2.96
E. faecium ATCC 700221 0.19 >200 9.01 >288 2.96 2.96
E. faecium HM-952 0.19 >200 9.01 >288 2.96 2.96
E. faecium HM-965 0.022 >200 4.50 >288 2.96 2.96
E. faecium HM-968d 0.094 >200 9.01 >288 1.48 2.96
E. faecium HM-970 0.19 >200 9.01 >288 2.96 2.96
E. faecium NR-28978d 0.19 >200 9.01 >288 2.96 2.96
E. faecium NR-31903d 0.047 >200 9.01 >288 47.4 47.4
E. faecium NR-31909 0.19 >200 9.01 >288 2.96 2.96
E. faecium NR-31912 0.19 >200 9.01 >288 2.96 2.96
E. faecium NR-31914d 0.094 >200 9.01 >288 2.96 2.96
E. faecium NR-31916d 0.094 >200 9.01 >288 2.96 2.96
E. faecium NR-31933 0.39 >200 9.01 >288 2.96 2.96
E. faecium NR-31937 0.79 >200 9.01 >288 2.96 2.96
E. faecium NR-31954 1.57 >200 36.0 >288 2.96 2.96
E. faecium NR-32052d 0.047 >200 9.01 >288 1.48 1.48
E. faecium NR-32053 0.094 >200 4.50 >288 2.96 2.96
E. faecium NR-32065d 0.047 >200 4.50 >288 0.74 1.48
E. faecium NR-32094 0.19 >200 9.01 >288 1.48 1.48
E. avium ATCC 14025 12.6 >200 72.0 >288 2.96 2.96
E. casselif lavus ATCC 700327 6.28 >200 72.0 >288 2.96 2.96
E. durans ATCC 11576 0.094 >200 2.25 >288 2.96 2.96
E. gallinarum ATCC 49373 6.28 >200 36.0 >288 2.96 2.96
E. hirae ATCC 10541 50.3 >200 36.0 >288 2.96 2.96
E. raf f inosus ATCC 49464 0.19 >200 36.0 >288 2.96 2.96
E. saccharolyticus ATCC 43076 0.19 >200 4.50 >288 2.96 2.96
Ef MIC50

e 0.094 9.01 2.96
Ef MIC90

f 0.39 18 2.96
AllEnterococci spp. MIC50

g 0.19 9.01 2.96
AllEnterococci spp. MIC90

h 6.28 36.0 2.96
Listeria monocytogenes ATCC 19111i 100 >500 72 >500 2.96 2.96
Staphylococcus aureus USA300j >500 >500 >500 >500 1.48 1.48
Staphylococcus epidermidis NRS101j >500 >500 >500 >500 2.96 2.96
Bacillus subtilis ATCC11774k >500 >500 >500 >500 1.48 1.48

aLNZ = linezolid. bIndicates standard conditions in ambient air at 37 °C. cIndicates incubation under 5% CO2 atmosphere at 37 °C. dMICs
previously reported by Kaur et al.29 eMinimum inhibitory concentration at which the compound inhibited 50% of the tested E. faecalis and E.
faecium strains. fMinimum inhibitory concentration at which the compound inhibited 90% of the tested E. faecalis and E. faecium strains. gMinimum
inhibitory concentration at which the compound inhibited 50% of all tested Enterococcus strains. hMinimum inhibitory concentration at which the
compound inhibited 90% of all tested Enterococcus strains. iL. monocytogenes encodes only an α-CA and does not encode for MpsAB homologues.
jS. aureus and S. epidermidis do not encode for any CAs and do express MpsAB homologues. kB. subtilis encodes for both MpsAB and CAs.
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strains that lack CA homologues and only encode MpsAB
bicarbonate transporters represented by Staphylococcus aureus
and Staphylococcus epidermidis.48 Finally, the third encoding
both CA and MpsAB genes represented by Bacillus subtilis.48

CAI0019 and AZM, while less potent than against Enter-
ococcus, were able to inhibit the growth of L. monocytogenes,
and the pathogen was no longer susceptible in 5% CO2. The
lower potency may be due to differences in the CA enzyme or
the entry into the cell. Nonetheless, the CA inhibitors do
provide measurable activity. Conversely, neither CAI0019 nor
AZM demonstrated any measurable antibacterial activity, up to
500 μM, against the MpsAB-containing species. These results
support the prior literature suggesting bacteria that only
encode for CAs with no MpsAB homologues would be
susceptible, while species that encode for MpsAB, with or
without a CA gene, would not be susceptible to bacterial CA
inhibitors.
Chemoproteomics Target Engagement Assays. While

evidence suggests CA inhibition is the likely mechanism of
action for the AZM-based antienterococcal activity, there is
still a lack of target engagement data to support this or
implicate other potential intracellular targets. Therefore,
probes were designed and synthesized for utilization in a
chemoproteomics pull-down assay as an unbiased approach for
identifying potential E. faecium protein targets (Scheme S1).
The AZM-based pull-down probe Biotin-AZM consists of an
AZM scaffold tethered to biotin via a PEG8 linker. As a
negative control based on prior structure−activity relation-
ships, pull-down probe, Biotin-Neg was designed in the same
manner, except with the sulfonamide replaced by a methyl
sulfone group. The sulfone analog does not inhibit the bacterial
CAs30 nor exhibit any antimicrobial activity29 likely through
the loss of coordination to the Zn2+ in the CA active site. We
confirmed the Biotin-AZM probe maintained in vitro
inhibition of both the α- and γ-CAs with Ki values of 66 and
204 nM, respectively. Conversely, the Biotin-Neg probe did
not inhibit either bacterial CA at concentrations up to 10 μM.
We also tested both probes for antibacterial activity against E.
faecium in MIC assays, but they did not maintain activity up to
64 μg/mL, which may be due to large changes in the
lipophilicity and molecular weight of the probe for whole-cell
activity. Thus, we performed the pull-downs on lysates to
remove the molecule entry variable.

The native expression level of each bacterial CA was
quantified to understand relative expression using global label-
free quantification (LFQ) proteomics. For this, we grew E.
faecium in overnight cultures, pelleted, washed, and lysed the
cells in biological triplicate. Lysates were normalized to total
protein concentration, then prepared for bottom-up proteo-
mics with trypsin digestion followed by LC-MS/MS analysis.
The LFQ intensities were normalized to protein concentration
in each sample. The data showed that the α-CA isoform has
significantly greater expression, 2.1 × 107 normalized LFQ
intensity, compared to the γ-CA with 4.0 × 105 normalized
LFQ intensity (Figure S1).

These biotin-functionalized probes were then employed in a
pull-down assay with magnetic streptavidin beads to enrich
target proteins from E. faecium lysates. Baseline control
samples were prepared in which streptavidin beads were
treated with DMSO rather than the probe to evaluate
nonspecific protein binding to the beads. The lysates
(biological triplicate) were then incubated with probe-treated
and DMSO-treated streptavidin beads, followed by washing

with PBS, and gentle elution of weak binders. The beads were
prepared for a bottom-up proteomics sample with on-bead
trypsin digestion, followed by LC-MS/MS analysis. Peptides
detected were matched to their corresponding proteins to
identify targets and were quantified based on normalized
abundances. Both Biotin-AZM and Biotin-Neg datasets were
compared to the DMSO control datasdaet to account for
nonspecific binders to streptavidin.

Overall, 806 total proteins were identified across all three
treatment groups (full dataset provided in Supporting
Information), and the data were visualized in volcano plots
based on the log2(fold-change) in protein abundance and on
the −log10(p-value) for statistical significance, between probe-
treated and DMSO-treated lysates (Figure 2). Proteins

enriched by a log2(fold-change) of ≥2.0 and −log10(p-value)
of ≥ 1.3 were considered statistically significantly enriched by
4-fold or more in the Biotin-AZM pull-down compared to the
DMSO control pull-down. A total of three protein candidates
met these criteria (Figure 2, Table 2), with the E. faecium α-CA
showing the greatest enrichment in the Biotin-AZM pull-down
with 8.21 log2(fold-change) with a 3.22 −log10(p-value). The
two additional proteins enriched by Biotin-AZM included L-
lactate oxidase and a homocysteine-S-methyltransferase
protein. Neither the E. faecium α-CA nor homocysteine S-
methyltransferase was enriched on the Biotin-Neg negative
control probe, indicating these may bind specifically to the
Biotin-AZM (Figure 2B, Table 2). Conversely, L-lactate
oxidase was significantly enriched on the negative control
Biotin-Neg (Figure 2, Table 2), suggesting this may bind the
probe or AZM scaffold independently of the sulfonamide and
is likely not relevant for biological effect. Interestingly, E.
faecium γ-CA was not identified in any of the samples despite

Figure 2. Chemoproteomics pull-down assay volcano plots from E.
faecium lysates. (A) Protein enrichment in Biotin-AZM pull-down
samples compared to DMSO control pull-down samples. (B) Protein
enrichment in Biotin-Neg pull-down samples compared to DMSO
control pull-down samples. Criteria for enriched proteins (−log10(p-
value) ≥ 1.3; log2(fold-change) ≥ 2) are depicted by dashed lines. E.
faecium α-CA is dlabeled as a green circle. Other proteins found to be
enriched by Biotin-AZM are indicated as blue circles. (C) AZM
preincubation compared to the Biotin-AZM probe. (D) CAI0019
preincubation compared to the Biotin-AZM probe. Criteria for
competed off proteins (−log10(p-value) ≥ 1.3; log2(fold-change) ≤
−2) are depicted by dashed lines. E. faecium α-CA is labeled as a
green circle in all panels.
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the AZM inhibiting the enzyme with a Ki value of 323 nM. The
lack of enrichment on pull-down may be attributed to the
significantly greater expression of the α-CA isoform in the
bacterial cells. The α-CA isoform, with a greater affinity and
expression level 2 orders of magnitude greater than the γ-CA,
may simply be able to outcompete for the limited Biotin-AZM
probes on beads. Therefore, these data do not rule out the γ-
CA as a secondary target but indicate a low probability of
being a primary target for the scaffold.

To further investigate E. faecium α-CA engagement of AZM
and CAI0019, competition pull-down experiments were
performed in which lysates were preincubated with 100 μM
of free inhibitor AZM or CAI0019 prior to the pull-down to
compete with Biotin-AZM for target binding. Criteria
determining the proteins that successfully competed off from

the pull-down probe by inhibitors were defined as proteins
with a log2(fold-change) less than −2 and a −log10(p-value)
greater than 1.3.

The results from the pull-down competition experiments
indicated that AZM and CAI0019 both significantly compete
off the α-CA from the Biotin-AZM probe, as shown by the
strong negative log2(fold-change) in α-CA enrichment on the
beads when compared to that of the standard Biotin-AZM
pull-down using E. faecium lysates pretreated only with DMSO
(Figure 2, Table 2). L-lactate oxidase was not detected in the
competition samples, and 5-methyltetrahydropteroyltrigluta-
mate-homocysteine S-methyltransferase was not negatively
enriched in the competition datasets, further strengthening the
conclusion that these proteins were likely false positives that
lack biological relevance to the antimicrobial effect of the

Table 2. Annotated Proteins Enriched Pull-Down Assay by Biotin-AZM and Biotin-Neg Probes Compared to DMSO Controls
in Pull-Down Assay

(Biotin-AZM) − DMSOa (Biotin-Neg) − DMSOb AZM − (Biotin-AZM) CAI0019 − (Biotin-AZM)

acc #c description
−log10
(p-value)

log2
(FC)d

−log10
(p-value)

log2
(FC)d

−log10
(p-value)

log2
(FC)d

−log10
(p-value)

log2
(FC)d

Q3XYE8 α-carbonic anhydrase 3.22 8.21 0.69 1.24 2.96 −7.88 2.07 −6.52
Q3Y1Q6 L-lactate oxidase 1.96 3.49 2.08 3.33 n.d.e n.d.e n.d.e n.d.e

Q3Y1Z7 homocysteine S-
methyltransferase

1.40 2.19 1.07 1.64 0.06 0.15 0.02 −0.04

aNormalized protein abundance detected in the DMSO-treated sample was subtracted from the Biotin-AZM probe samples. bNormalized protein
abundance detected in the DMSO-treated sample was subtracted from the Biotin-Neg probe samples. cUniprot protein accession number
corresponding to the samples. dFC = fold-change. en.d. = not determined, lack of detection in competition assay.

Figure 3. Preclinical antimicrobial evaluation for CAI0019. (A) Multistep resistance selection of CAI0019 against the VR E. faecium NR-31909.
Bacteria were serially passaged with test agents for 15 days, and the broth microdilution assay was used to determine the MICs for CAI0019,
linezolid, and rifampicin against VRE after each successive passage. (B) Combination testing of CAI0019 with different antibiotics against the VR E.
faecium NR-31909. CAI0019 was tested at 0.125 and 0.25 × MIC in combination with either linezolid, daptomycin, ampicillin, gentamycin, or
doxycycline against E. faecium NR-31909, and the FIC values were calculated. Interactions where the FICI was ≤0.5 were categorized as synergistic,
an FICI value of >0.5 to 1.25 was considered additive, an FICI value of >1.25 to 4 was considered indifferent, and FICI values of >4 were
considered antagonistic. Scale bars represent OD600 reading, n = 3 biological replicates for both MPC and synergy testing.
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inhibitors themselves. The results taken together with the fact
that Enterococcus species are no longer susceptible to AZM or
CAI0019 in 5% CO2 all strongly indicate that the α-CA is the
primary target for antimicrobial activity for the scaffold. The
full datasets are provided in the Supporting Information.
Preclinical Antimicrobial Evaluation for CAI0019.

CAI0019 was previously shown to exhibit bacteriostatic
antienterococcal activity.29 To further investigate the potential
for translation of CAI0019, we evaluated the molecule in
several preclinical antimicrobial assays, including resistance,
postantibiotic effect (PAE), and drug synergy screening. First,
we examined the potential to develop resistance to CAI0019
using a multistep resistance selection assay against the E.
faecium NR-31909 clinical strain. The MIC of CAI0019
increased by only 2-fold MIC at passage 10 and by 4-fold MIC
on passage 14, indicating that E. faecium did not develop
significant resistance to CAI0019 (Figure 3). This trend was
comparable to what was observed for linezolid, which showed
a 2-fold MIC increase in MICs starting at passage 13. In
contrast, E. faecium rapidly acquired resistance to rifampicin,
with an 8-fold MIC increase after just five passages, followed
by a gradual rise throughout the experiment. These results
indicate a slight drift in MIC after multiple passages but do not
indicate significant resistance development over the course of
the assay.

Next, we evaluated the PAE, the period after complete
removal of the drug in which an antibiotic effect is still
observed. The PAE was determined for CAI0019 and linezolid
against two VRE strains. Linezolid and CAI0019 displayed an
observed PAE ranging from 1 to 2 h against the two strains
tested (Table S1). These results are consistent with previous
reports, which showed that linezolid’s PAE are within the same
range for different Gram-positive bacteria, including staph-
ylococci and enterococci.54 The short PAE of CAI0019 could
be attributed to its bacteriostatic activity against the VRE.

Finally, using the standard checkerboard assay, we
investigated the interactions of CAI0019 with different
antibiotics currently or previously used to combat VRE
infections using different mechanisms of action. CAI0019
exhibited a synergistic interaction with ampicillin and
gentamicin against the tested strain, with a fractional inhibitory
concentration index (FICI) of ≤0.5 and 0.28, respectively
(Figure 3). Alternatively, CAI0019 demonstrated an additive
relationship with linezolid, daptomycin, and doxycycline
against the tested strain. The synergy with gentamicin is an
observation that has previously been noted in the E. faecalis
strain that was isolated from an endocarditis patient that had a
single-point mutation resulting in a stop codon placed in the
middle of the α-CA gene, yielding an inactive enzyme.55 This
particular strain was susceptible to gentamicin due to increased
proton motive force-powered uptake and increased membrane
permeability.
In Vitro ADME Properties for CAI0019. Next, we

evaluated CAI0019 for in vitro ADME and physicochemical
properties related to drug-likeness (Table 3). Our prior reports
on CAI0019 note log D7.4, solubility in PBS (pH 7.4), and
Caco-2 permeability29,40 and we have relisted those values here
for full evaluation of in vitro ADME. Orally effective drugs
typically reside within chemical space MW < 500 Da and log
D7.4 values ranging from 1 to 3,56 which is where CAI0019
resides with a MW = 318.4 Da and log D7.4 = 2.26. Solubility is
around 30 μM in both PBS at pH 7.4 and simulated intestinal
fluid at pH 6.5; thus, the molecule has an upper solubility limit

in aqueous media that is 21- to 173-fold the MIC levels for the
molecule. Bidirectional Caco-2 apparent permeability (Papp)
was evaluated as an estimate of intestinal absorption. CAI0019
demonstrated moderate Papp values in both apical-to-baso-
lateral (6.5 × 10−6 cm/s) and in the reverse direction (14.1 ×
10−6 cm/s), which suggests the molecule would likely have
high oral bioavailability with slight efflux potential in vivo. One
caveat to the Caco-2 results is that the molecule displayed
approximately 50% or lower percent recovery in the assay,
possibly due to nonspecific binding to cells and lysosomal
sequestration57 and/or potential intracellular binding to
endogenous human CA expressed in Caco-2 cells, such as
CA XIII, leading to sequestration within the cells. The
molecule exhibited high mouse plasma protein binding with
a fraction unbound ( fu) of 0.06, similar to that of AZM.
Finally, CAI0019 was evaluated for stability in mouse liver
microsomes as a surrogate to estimate metabolism for the
molecule and found to be 51.8% remaining after 60 min
incubation, resulting in a half-life of 66.9 min and intrinsic
clearance of 103.6 μL/min/mg. These values indicate that
CAI0019 may be prone to phase 1 oxidative metabolism. In
summary, despite high plasma protein binding and potential
for metabolic liability, the molecule possesses favorable
physicochemical properties and ADME values to be considered
a candidate for oral treatment of E. faecium infection.
In Vivo Pharmacokinetics for CAI0019 in Mice.

CAI0019 was next evaluated for in vivo pharmacokinetics
(PK) in mice. In our prior report on the development of
CAI0019, we demonstrated that the molecule is orally
bioavailable with in vivo plasma values in mice after a 10
mg/kg per os (PO) dose.29 Our current study was designed to
assess standard PK metrics, including quantification of oral
bioavailability, but also blood partitioning for the molecule. It
is well established that CA inhibitors, as demonstrated with
AZM, partition into the red blood cell (RBC) portion of the
blood over the plasma due to expression of both human CA 1
and 2 within the erythrocyte.58 Thus, we evaluated CAI0019
concentration in whole blood after both intravenous (IV)
doses at 5 mg/kg and per os (PO) doses at 10 mg/kg to
determine oral bioavailability. We also compared the prior

Table 3. In Vitro ADME Profile for CAI0019

MW 318.4
log D7.4 2.26a

solubility (μM) PBS, pH 7.4b 33.0a

SIF, pH 6.5c 30.2
SGF, pH 1.2d 25.0

Caco-2Papp (10−6 cm/s)e A → B (% rec)f 6.5 (35%)a

B → A (% rec)f 14.1 (53%)a

mouse plasma f u
g 0.06

mouse liver microsome stabilityh % @ 15 min 87.3
30 79.0
45 68.8
60 51.8
t1/2 (min)i 66.9
Clint (μL/min/mg)j 103.6

aPreviously reported by Kaur et al.29 and Abutaleb et al.40 bPBS =
phosphate-buffered saline. cSIF = simulated intestinal fluid. dSGF =
simulated gastric fluid. ePapp = apparent permeability coefficient. A =
apical, B = basolateral. pH 6.5/7.4 in receiver/donor chambers. f% rec
= % recovery from media after assay. gf u = fraction unbound. h%
remaining at each time point. it1/2 = half-life. jClint = intrinsic
clearance.
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reported CAI0019 plasma concentration after a 10 mg/kg PO
dose to determine blood partitioning (Figure 4 and Table 4,
tabular data in Tables S2−S5).

The data showed that CAI0019 is rapidly absorbed after oral
dose with a maximum concentration (Cmax) of 5.94 μM in
whole blood observed at the 10-min time point. In the plasma
fraction, Cmax of 1.43 μM was reached later at the 30-min time
point. The area under the curve over 24 h (AUC0−24h)
exposure of CAI0019 in whole blood after both 5 mg/kg IV
and 10 mg/kg PO dosing routes of administration was shown
to be 19.32 and 23.67 h*μM, respectively. When normalized
according to dose, oral bioavailability (F) was determined to
be 61.8% for the molecule. The AUC0−24h in plasma at the 10
mg/kg PO dose was 1.76 h*μM, amounting to a 13.4-fold
decrease from the whole blood AUC0−24h, suggesting high
blood partitioning into RBCs. Evidence for blood partitioning
of the AZM scaffold was initially reported by Wallace et al.
after observing that AZM exhibits 4-fold partitioning into
RBCs over plasma in healthy human subjects.59 The increased
blood partitioning for CAI0019 may be partially attributed to
the almost 40-fold increased potency for human CA 2
inhibition for CAI0019 compared to that of AZM (Figure
1). Although mouse RBCs contain murine CA 2 (mCA 2)60,61

rather than hCA 2, the mCA 2 (UniProt ID: P00920) is highly
homologous to hCA 2 (UniProt ID: P00918) with which it
shares 81% sequence identity and 93% similarity (Figure S2),

suggesting that our AZM-based inhibitors would similarly
engage mCA 2.62 Finally, the plasma unbound fraction
(plasmau) was determined using the mouse plasma fu value
of 0.06. Adjusting for plasmau at the 10 mg/kg PO dose drops
the maximum exposure below that of the MIC50 for CAI0019
against E. faecium and E. faecalis strains, suggesting the need for
a larger dose size to achieve plasmau exposure high enough to
demonstrate efficacy in vivo.
Efficacy of CAI0019 in a Mouse Model for E. faecium

Septicemic Peritonitis. Following PK characterization,
CAI0019 was carried forward for evaluation in an E. faecium
septicemic peritonitis mouse model. Due to the 10 mg/kg PO
quaque die (QD) dose demonstrating exposure below the
MIC50 for the plasma unbound fraction, our team chose to
dose CAI0019 for the proof-of-concept study at 20 mg/kg PO,
QD for 3 days. Eight-week-old BALB/c mice were infected
intraperitoneally with E. faecium NR-31909 suspension
containing 5% mucin at an inoculum of 5.43 × 107 CFU/
mL. One hour later, groups were randomly chosen (n = 6/
group), and mice were treated with 20 mg/kg PO of either
CAI0019, AZM (treatment group), or linezolid (positive
control group) while a fourth group was treated with vehicle
(negative control group). Mice received treatments once daily
for 3 days before they either succumbed to the infection or
were humanely euthanized at the end of the study. In the
study, both CAI0019 and linezolid rescued 83% (5 out of 6
mice), followed by AZM rescuing 66.7% (4 out of 6 mice)
(Figure 5). These numbers were significant improvements over
the vehicle-treated cohort, which only saw 16.7% survival (1
out of 6 mice).

To determine the effect of the molecule on VRE bioburden
after treatment, the E. faecium burden in organs was quantified
from each mouse in each cohort (Figure 5 and Table S6).
Across the kidney, liver, and spleen tissues, the treatments
AZM and CAI0019 were equally as efficacious as linezolid. All
displayed agf significant reduction with at least a 2-log10 CFU/
mL reduction of VRE bioburden compared to the vehicle-
treated control in each tissue. These values are equivalent to
>99% reduction of VRE bioburden over the 3-day treatment.
These results corroborate the efficacy of rescuing mice in the
same model.
Effect of CAI0019 on Mouse Microbiome Diversity.

With the promising proof-of-concept results for CAI0019 in
the E. faecium septicemic peritonitis model, we were motivated
to evaluate the molecule for its effect on mouse microbiome
diversity. Microbiome dysbiosis in the GIT is a contributor to
numerous other adverse health conditions. Thus, the develop-
ment of therapeutics capable of selectively eliminating VRE
infection while sparing the GIT microbiota would be preferred.
As mentioned, bicarbonate is a critical metabolic building
block to support bacterial growth. Bacteria typically rely on
one of two mechanisms to satisfy bicarbonate needs for
growth: DIC transporters or CAs. E. faecium and E. faecalis are
among several pathogens that do not encode for mpsAB DIC
genes but do encode for CAs.48 It is our hypothesis that due to
the CA inhibition mechanism of action, CAI0019 will spare the
microbiome, as these bacteria will be able to supplement
bicarbonate via MpsA and MpsB homologues. Thus, to test
our hypothesis, we carried out an in vivo experiment to assess
alterations in the GIT microbiome diversity before, during, and
after 14-day treatment with CAI0019.

For this experiment, C57BL/6 mice (n = 5/group) were
treated with CAI0019 (20 mg/kg, PO QD for 14 days),

Figure 4. In vivo pharmacokinetic analysis of CAI0019 in mice.
Concentration curves are shown for whole blood after a 5 mg/kg IV
dose (blue circles) and a 10 mg/kg PO dose (blue open circles).
Concentration curve for plasma (magenta triangles, reported by Kaur
et al.29) and plasmau (open magenta triangles) after a 10 mg/kg PO
dose is shown. All data points are mean ± standard deviation for each
time point (n = 3 per time point). Concentration for MIC50 depicted
by a black dotted line.

Table 4. In Vivo Pharmacokinetic Metrics for CAI0019 in
Micea

whole blood plasmab plasmau
c

5 mg/kg
IV

10 mg/kg
PO

10 mg/kg
PO

10 mg/kg
PO

Cmax (μM)d 29.33 5.94 1.43 0.086
AUC0→24h(h*μM)e 19.32 23.67 1.76 0.11
F (%)f 61.8

aValues are determined from n = 3 mice per time point. bReported by
Kaur et al.29 cPlasmau was determined using the fraction unbound for
CAI0019 of 0.06 in mouse plasma. dMaximum concentration of
CAI0019 measured in each medium. eArea under the curve for
CAI0019 in each medium over the time course of the experiment.
fOral bioavailability determined from whole-blood samples.
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Figure 5. In vivo efficacy of CAI0019 and AZM in murine VRE peritonitis model after infection with E. faecium NR-31909. (A) Kaplan−Meier
survival curves were analyzed using the log-rank (Mantel-Cox) test. The asterisk (*) denotes a statistically significant difference (p < 0.05) in
comparison between treated mice and vehicle-treated mice (n = 6/group). Organ tissue from the kidneys (B), liver (C), and spleen (D) of infected
mice was collected at the time of death for vehicle-treated mice and at day 3 for all surviving animals. The CFU/mL data were analyzed via a one-
way ANOVA with post hoc Dunnett’s test for multiple comparisons. Asterisks denote significant differences for treatment groups compared to the
vehicle group (n = 6/group). ** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001.

Figure 6. Mouse gut microbiome diversity in fecal pellets upon antibiotic treatments. (A) Taxonomic analysis at the family level showing bacterial
population changes after oral antibiotic administration from day −1 (predose) to day 7 (all groups) and day 14 (for CAI0019). (B) Shannon alpha
diversity index analysis of each cohort comparing pre- and postdose microbiome diversity (n = 5 mice per group except for linezolid day 7 samples
(n = 4)). Unpaired Wilcoxon rank-sum tests with p-values (adjusted for multiple comparisons using the Benjamini−Hochberg method) comparing
the differences in Shannon Alpha Diversity between predose samples and postdose samples. Boxes span the first to the third quartiles, center lines
represent median values, and whiskers show data points within 1.5× the interquartile range of the top and bottom quartiles. ** p (adjusted) < 0.01,
ns = not significant. (C) Beta diversity assessed by Bray−Curtis dissimilarity from untransformed 16S rRNA gene count data.
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linezolid (20 mg/kg PO QD for 7 days), or clindamycin
(positive control, 100 mg/kg PO QD for 7 days). Fecal
samples were collected at day −1 prior to treatment to serve as
a negative control for the changes in microbiome diversity
within the same mouse after treatments. Fecal samples were
aseptically collected at day 7 for all groups and at day 14 for
the CAI0019 group. DNA was extracted from fecal samples
and submitted for microbiome metagenomics analysis of the
V4−V5 region of 16S RNA (rRNA) sequencing and qPCR
quantification to provide relative abundance values (Figure 6).
It should be noted that a complication arose during initial
dosing of linezolid in one mouse, resulting in the animal being
sacrificed without collecting any postdose fecal sample pellets;
therefore, the cohort size for linezolid day 7 is 4. Additionally,
mice for the clindamycin and linezolid control groups were
ordered separately and cohoused together prior to ordering the
mice for the CAI0019 test group. This accounts for an initial
difference in the day −1 microbiomes between the control
groups and CAI0019 groups. However, since the study is to
evaluate changes in diversity within each cohort, the day −1
predose controls for each group are valid for comparison to
postdose time points.

CAI0019-treated mice exhibited no significant changes in
microbiome diversity in the fecal samples at days 7 or 14
compared to the fecal pellets collected prior to treatment. This
is reflected by the lack of a statistically significant change in the
Shannon Alpha Diversity and beta diversity values for pre- and
post-treatment fecal samples. These results indicate that the
microbiomes of the CAI0019 treatment groups maintained
sufficient species richness and diversity throughout the
prolonged treatment regimen. Additionally, the mice generally
tolerated the prolonged 20 mg/kg PO QD treatment with
CAI0019 and did not exhibit any deleterious effects on animal
health or well-being when observed and scored during
treatment. An illustration of the tolerability for the molecule
can be observed in the lack of significant body weight loss over
the 14 days of treatment for the mice (Figure S3).
Interestingly, the linezolid cohort also exhibited no significant
change in microbiome diversity when comparing the pretreat-
ment to the day 7 fecal samples, even though the molecule is
active in vitro against microbiome bacteria and demonstrated
mouse gut dysbiosis in other studies when dosed at 100 mg/kg
PO.10 This is a lack of effect from linezolid is likely attributable
to the rapid intestinal absorption of linezolid63 and the lower
dose of 20 mg/kg compared to prior studies, resulting in a low
concentration of the molecule retained in the GIT.64

■ DISCUSSION
The results of this study confirm the intracellular target for the
1,3,4-thiadiazole class of antienterococcal agents to be the
bacterial α-CA and provide in vivo data demonstrating efficacy
in a mouse model for septicemic peritonitis while having no
significant effect on the GIT microbiome diversity. These
findings are an extension of previous work by our team in hit-
to-lead optimization of the scaffold to improve antibacterial
properties against VRE and demonstrate efficacy in decoloni-
zation of E. faecium from mouse GITs. While prior studies
demonstrated antimicrobial activity for the scaffold, questions
remained regarding both the intracellular target and the
mechanisms that elicit the antimicrobial effect against the
pathogen. This study is the first to confirm target engagement
with α-CA. Interestingly, the results indicate that γ-CA is likely
not an intracellular target for the scaffold. Indeed, based on Ki

alone, AZM and CAI0019 are >5-fold more potent against the
α-CA over the γ-CA, and this is to be expected as the scaffold
was originally designed for closely related human α-CAs.
Moreover, follow-up genetic studies, such as knockdown or
complementation of the CA genes to further validate the
chemoproteomics results, were unsuccessful. Notably, E.
faecium is known to be difficult to study using genetic
approaches due to underlying DNA defense mechanisms that
prevent foreign DNA-plasmids from effectively entering the
cell.65,66 Thus, even without genetic validation, we believe the
data in its totality point to a high probability that α-CA
inhibition is the primary means for antibacterial activity.

With the scaffold confirmed to be targeting the α-CA, there
are still questions as to how inhibiting the CA mediates an
antibacterial response. Prior literature investigates the role of
bicarbonate in central carbon metabolism for bacteria,
demonstrating that bicarbonate serves as a critical carbon
source to support bacterial growth, including anaplerotic
reactions involving biotin-dependent carboxylation67 to supply
components of central metabolism with oxaloacetate42 and
acetyl-CoA.43,68 Acetyl-CoA is also the substrate for the first
committed step in fatty acid biosynthesis, as it is converted into
malonyl-CoA by acetyl-CoA carboxylase, again using bicar-
bonate.43,68 Moreover, bicarbonate has been shown to be
critical for de novo purine biosynthesis in bacteria45 as it is a
substrate for PurK, the enzyme that carries out an irreversible
step of converting aminoimidazole ribonucleotide to carbox-
yaminoimidazole ribonucleotide.69 Investigations in E. coli
have shown that there is a high metabolic need for bicarbonate
to support central carbon flux and that dropping below that
threshold renders the bacteria unable to sustain growth.46

These prior studies suggest that the antibacterial properties of
the bacterial CA inhibitors could be attributed to the
disruption of these bicarbonate-dependent pathways. Addi-
tionally, there is the possibility that residual γ-CA activity in
the cell could compensate for the loss of α-CA activity. Future
work to design inhibitors with more potent γ-CA activity could
provide additional improvements in antibacterial activity.

More recent findings describe DICs, i.e., bicarbonate
transporters, as a primary means to satisfy the bicarbonate
needs of a widespread array of bacteria. Within these reports,
the authors demonstrate that most bacteria rely on DICs;
however, a relatively small number of bacterial pathogens lack
DICs and require CAs to meet the bicarbonate needs. Among
these were Enterococcus species.48 Additionally, in follow-up
studies, the same group demonstrated that if bacteria have
both DICs and CA encoded, the fitness of the species is reliant
on the DIC activity.49 Thus, based on this literature, we tested
CAI0019 and AZM against B. subtilis that encodes both CA
and mpsAB genes, and the molecules were not active. These
studies suggest that CA inhibitors may occupy a unique niche
of narrow-spectrum activity that may allow the class to have no
significant effect on the GIT microbiome diversity. We tested
the hypothesis by conducting an in vivo mouse microbiome
diversity experiment and demonstrated no significant change in
GIT microbiome diversity after prolonged daily oral treatment
of CAI0019 at an efficacious dose of 20 mg/kg. Taken
together, these results further validate bacterial CA inhibition
as a viable antibiotic therapeutic strategy, provide a
mechanistic underpinning to the observed antimicrobial effect,
and suggest that CAs may be uniquely positioned as an
antibiotic target while sparing the GIT microbiome.
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The results reported herein also provide rationale to evaluate
CA inhibition in a variety of other pathogens that lack DICs
but encode CA genes (similar to those of Enterococcus).
Among these are high-priority pathogens such as Mycobacte-
rium tuberculosis, Helicobacter pylori, Pseudomonas aeruginosa, E.
coli, and N. gonorrheae.46,48,70 Prior work has already been
reported investigating CA inhibition against M. tuberculosis71

and H. pylori72,73; however, these studies were not focused on
translation to animal models. Additionally, a recent report
suggests A. baumannii may be susceptible to CA inhibition in
certain conditions, but requires efflux pump knockout to gain
intracellular access to the CA.74 Our studies demonstrated that
bacterial CA inhibition can lead to efficacious in vivo activity
and afford the opportunity to test the hypothesis that CA
inhibition would be a viable approach to target additional high-
priority pathogens.

While the sum of the study demonstrates on-target α-CA
inhibition is a viable antienterococcal therapeutic strategy able
to spare the microbiome, there remain limitations, particularly
for CAI0019 as a lead compound. The main limitation is with
respect to the inhibition of human CAs. While AZM can be
dosed at over 1 g/day in humans with few adverse effects,75

CAI0019 is more potent against hCA 2, which may reduce its
tolerability. Aside from blood partitioning data, we do not yet
know the consequences of CAI0019 mammalian CA inhibition
in vivo, particularly with respect to whether the molecule
maintains a diuretic effect and what the maximum tolerated
dose may be. Additionally, it remains unclear as to the effect
mammalian CA binding may have on the distribution of the
molecule to tissues relevant for infection and the overall effect
on reducing enterococcal bioburden. However, this provides
an opportunity for future analog design to be directed toward
increasing selectivity over hCAs while maintaining antienter-
ococcal activity. If this can be achieved, such molecules may
demonstrate improved plasma unbound exposure while
widening the therapeutic window, in turn allowing for more
pharmacokinetic/pharmacodynamic evaluation of the scaffold.
This would represent a critical advancement toward ultimately
fulfilling the therapeutic potential for the class and could
subsequently provide motivation toward exploring the
potential of targeting CAs in other bacterial pathogens
mentioned above.

The results of this study fill a scientific gap and expand on
the benefits of bacterial CA inhibition as a viable antibiotic
approach. Utilizing a chemoproteomic approach with an AZM-
based biotin probe, our team identified the E. faecium α-CA as
the primary binding target for the 1,3,4-thiadiazole-sulfona-
mide scaffold. The lead molecule CAI0019 demonstrates
potent antienterococcal activity with efficacy in rescuing mice
in a lethal septicemic peritonitis model of E. faecium infection
after oral dosing. Finally, we hypothesized based on the
mechanism of action that bacterial CA inhibitors would
represent narrow-spectrum agents capable of sparing the GIT
microbiome. This hypothesis was supported by data
demonstrating that mice treated daily with oral doses of
CAI0019 had no significant alterations in microbiome
diversity. The summation of these studies supports the
potential for translating bacterial CA inhibitors for the
treatment of E. faecium and could ultimately open the door
for CA inhibition in combating other drug-resistant bacteria.

■ MATERIALS AND METHODS
Chemistry General Information. CAI0019 was obtained

as previously described.29 All synthetic methods for obtaining
chemoproteomics probes Biotin-AZM and Biotin-Neg are
provided in the Supporting Information.
Biological General Information. Materials and methods

for biological evaluation are provided in the Supporting
Information.

■ ASSOCIATED CONTENT
Data Availability Statement
Proteomics data have been deposited in MassIVE repository
under the id MSV000098878 and MSV000099801.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsinfecdis.5c00736.

Native expression LFQ CA intensities, synthetic scheme
for chemoproteomics probes, whole blood and plasma
concentrations in mice from intravenous and oral
dosing, unbound plasma concentrations in mice after
oral dosing, E. faecium tissue bioburden values, Uniprot
sequence alignment for mCA2 and hCA2, mouse body
weight over 14-day dosing with CAI0019, synthetic
protocols for Biotin-AZM and Biotin-Neg, compound
characterization including 1H- and 13C NMR spectra
and mass spectra for pull-down probes, materials, and
methods are provided (PDF)
Chemoproteomic native expression and pull-down data
provided in XLSX. Microbiome Taxonomy Classifica-
tion per mouse provided in XLSX. (XLSX)
Pull-downBiotin-AZM probe data (XLSX)
Pull-downcompetition data (XLSX)
Globalproteomic levels (XLSX)
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ACN,acetonitrile; ADME,Absorption, Distribution, Metabo-
lism, Excretion; APCI,atmospheric pressure chemical ioniza-
tion; AUC,area under the curve; AZM,acetazolamide;
BOP,benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate; CA,carbonic anhydrase; CAI,carbonic
anhydrase inhibitor; CFU,colony forming unit; Cmax,maximum
concentration; CO2,carbon dioxide; DCM,dichloromethane;
DIC,dissolved inorganic carbon; DIPEA,diisopropylethyl-
amine; DMA,N,N-dimethylacetamide; DMSO,dimethyl sulf-
oxide; DNA,DNA; DTT,dithiothrietol; Efα-CA,E. faecium α-
carbonic anhydrase; Efγ-CA,E. faecium γ-carbonic anhydrase;
ESI,electrospray ionization; FA,formic acid; f u,fraction un-
bound; GIT,gastrointestinal tract; hCA 1,human carbonic
anhydrase 1; hCA 2,human carbonic anhydrase 2; HCl,hy-
drochloric acid; HPLC,high performance liquid chromatog-
raphy; IAM,iodoacetamide; IV,intravenous; Ki,inhibition con-
stant; LC-MS/MS,liquid chromatography tandem mass
spectrometry; mCA 2,murine carbonic anhydrase 2; MeOH,-
methanol; MIC,minimum inhibitory concentration;
MLM,mouse liver microsome; MW,molecular weight; NaCl,-
sodium chloride; NaOH,sodium hydroxide; Papp,apparent
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permeability; NMR,nuclear magnetic resonance; ODS,octade-
cylsilyl; PBS,phosphate buffered saline; PEG,polyethylene
glycol; PK,pharmacokinetic; PO,per os; PPB,plasma protein
binding; QD,quaque die; RBC,red blood cell; qPCR,quantita-
tive polymerase chain reaction; RNA,ribonucleic acid;
rRNA,ribosomal ribonucleic acid; SGF,simulated gastric fluid;
SIF,simulated intestinal fluid; TBS,tris buffered saline;
TFA,trifluoroacetic acid; TSB,tryptic soy broth; TMS,trime-
thylsilane; VRE,vancomycin-resistant Enterococci; WT,wild-
type.
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