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APH Inhibitors that Reverse Aminoglycoside Resistance in

Enterococcus casseliflavus

Elise Kaplan,*™ 9 Laurent Chaloin,” Jean-Francois Guichou,” Kévin Berrou,®

Rahila Rahimova,™ ¥ Gilles Labesse,™

Aminoglycoside-phosphotransferases (APHs) are a class of
bacterial enzymes that mediate acquired resistance to amino-
glycoside antibiotics. Here we report the identification of small
molecules counteracting aminoglycoside resistance in Enter-
ococcus casseliflavus. Molecular dynamics simulations were
performed to identify an allosteric pocket in three APH enzymes
belonging to 3" and 2" subfamilies in which we then screened,
in silico, 12,000 small molecules. From a subset of only 14 high-
scored molecules tested in vitro, we identified a compound,
named here EK3, able to non-competitively inhibit the APH(2")-

Introduction

Aminoglycosides such as gentamicin and streptomycin are
broad-spectrum polycationic antibiotics often used to treat
severe bacterial infections due to a variety of aerobic Gram-
negative and Gram-positive microorganisms.’ They promote
mistranslation or inhibition of the translation by targeting the
A-site of the 30S ribosomal subunit, leading to the lethal
accumulation of aberrant proteins.>? The rapid bactericidal
activity,” prolonged post-antibiotic effect,”) and synergism of
aminoglycosides with cell-wall synthesis inhibitors including
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IVa, an enzyme mediating clinical gentamicin resistance.
Structure-activity relationship (SAR) exploration of this hit
compound allowed us to identify a molecule with improved
enzymatic inhibition. By measuring bacterial sensitivity, we
found that the three best compounds in this series restored
bactericidal activity of various aminoglycosides, including
gentamicin, without exhibiting toxicity to Hela cells. This work
not only provides a basis to fight aminoglycoside resistance but
also highlights a proof-of-concept for the search of allosteric
modulators by using in silico methods.

ampicillin and vancomycin®®” makes them particularly effective

antimicrobial tools. They are prescribed, for example, for the
treatment of endocarditis, urinary tract infections or septicemia.
However, their use in clinics has become limited by the
emergence of bacterial resistance.

Among the different mechanisms of antibiotic resistance,
clinical aminoglycoside resistance is predominantly supported
by the active alteration of the antibiotic by aminoglycoside-
modifying enzymes (AMEs).® Once inside the bacterial cell, the
drug is enzymatically modified which compromises its efficient
binding to the ribosomal target."” Genes encoding AMEs are
often located on transposable genetic elements associated with
other antibiotic resistance determinants, encoding B-lactamases
or different AMEs, which promotes the rapid diffusion of
antibiotic resistance within bacterial populations.

Currently more than a hundred AMEs have been identified
which belong to the evolutionary distinct families of amino-
glycoside acetyl-, nucleotidyl-, or phosphotransferases.®'" One
bi-functional enzyme carries both acetylation and phosphoryla-
tion activities."*'¥ Each AME family is further divided into
subfamilies, designated by the position of aminoglycoside
modification, followed by a Roman numeral and a letter
indicating substrate specificities and genetic variabilities
respectively.”” Aminoglycoside phosphotransferases, APHs, cata-
lyze the covalent addition of phosphate groups on aminoglyco-
side hydroxyl substituents at positions 4, 6, 9, 3, 2, 3" or 7.®
APH enzymes use ATP and/or GTP as phosphate donor.

They share a structurally similar nucleotide-binding site with
eukaryotic protein kinases." Several efforts have been made to
stop aminoglycoside deactivation by designing antibiotics more
resistant to enzymatic modification™'® or by targeting the
nucleotide pocket with inhibitors of protein kinases."*2"
However, the intrinsically large aminoglycoside versatility of
AMEs and the potential cross-reactivity with essential eukaryotic
pathways constitute the major limitations for therapeutic

© 2025 The Authors. ChemMedChem published by Wiley-VCH GmbH
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development of APH inhibitors. Another strategy would be to
take advantage of the presence of distinct allosteric sites in the
protein, in order to identify small molecules able to block
protein dynamics, often essential to its function. In addition,
this type of allosteric inhibitor is likely to result in non-
competitive inhibition, which has the advantage of being
independent of cellular substrate levels and should provide an
unprecedented level of specificity. The feasibility of such
approach by using allosteric modulators of APHs has been
already explored by us® and others.”®

Here, we present a strategy which combines molecular
dynamics (MD) simulations, in silico screening with enzymatic
and antibacterial assays to identify allosteric inhibitors of APHs.
From a small subset of molecules tested in vitro, we identified a
hit compound that reduces enzymatic phosphorylation of
aminoglycosides. Optimization of this initial hit led to small
molecules able to counteract aminoglycoside resistance in
bacteria. This study not only provides a basis to fight amino-
glycoside resistance, but may also serve as a template for the
development of combined chemotherapies to overcome bacte-
rial resistance and antibiotic obsolescence in a clinical context.

Results and Discussion

Molecular Dynamics Simulations Reveal Potential Allosteric
Sites

A visual inspection of the 3D-structures of all APHs indicated
potential binding sites near substrate locations. The idea was to
find a cavity outside of both substrate binding pockets, that
could be targeted by small molecules to block or perturb the
protein dynamics. Indeed, conformational flexibility is essential
for an efficient catalytic activity. To this end, we performed
molecular dynamics (MD) simulations to identify dynamic
pockets using three APH enzymes belonging to 3’ and 2”
subfamilies. These APHs represent more than half of the
identified APHs and include clinically important members. We
selected the APH(3')-llla for its broad spectrum towards 4,6-
disubstituted aminoglycosides,***' the APH(2")-lla which has
been identified in Gram-positive and Gram-negative
bacteria®?” and the enterococcal APH(2")-IVa which confers a
high level of resistance to gentamicin,?® one of the most
commonly used aminoglycosides in clinics. All three proteins
have been well-characterized structurally, and numerous crystal
structures are available,2°223"

MD simulations of 200 ns were carried out on APH(3')-llla
(PDB ID 1J7L), APH(2")-lla (4DCA, formerly 3R70) and APH(2")-
IVa (4DBX) structures after removal of bound ligands. The
resulting 2,000 frames extracted from the trajectories were
analyzed to detect dynamic cavities within the three APHs. As
expected, this analysis confirms the presence of the substrate
binding pockets but also identified a cavity present in the three
APHs, and located behind the nucleotide-binding site (Figur-
es 1A-C). For each protein, we calculated the volume of this
cavity all along the simulation. We observed significant volume
variations, with 3—-4-fold difference between the most open and
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closed conformations, with a fluctuation of the pocket volume
of APH(2")-lla ranging from 300-1,100 A® (Figure 1D). Therefore,
this cavity can be used to screen small molecules to block
protein dynamics and trap the enzyme in a conformational
state, making it less efficient.

APH Inhibitor Identified by in silico and in vitro Screenings

Pre-steady state studies evidenced that the product release
(departure of ADP and/or aminoglycoside 3'-phosphate) is the
rate-limiting step of the reaction catalyzed by APH(3')-la and
APH(3')-11a.5** Similarly, by examining the transient kinetics of
APH(3')-llla and APH(2")-IVa, we found similar results and
showed that the ADP release constitutes the rate-limiting step
of aminoglycoside phosphorylation,?**¥ leading us to consider
this property as shared among APH(3') and APH(2"). An ADP-
containing complex is therefore the longest-lived reaction
intermediate and constitutes consequently a pertinent target
for the discovery of novel, effective and allosteric APH
inhibitors.

We performed in silico ensemble screening based on the
three ADP-bound APH structures and the target cavity identi-
fied by analysis of our initial MD simulations. The APH(2")-
IVa-ADP complex was not available at that time, so we
generated it from the apo structure (4DBX) guided by the ADP-
bound APH(2")-lla (4DCA). Commercially available molecules
from the ZINC database®3" were filtered according to Lipinski’s
rules of five. Initial screening revealed that the APH(2")-IVa
displayed much lower docking scores than the other two APH
proteins. To overcome this disadvantage, a normal modes
analysis was performed on the APH(2”)-IVa and a more open
conformation of the protein was selected for the docking. We
docked into the ensemble of three APH-ADP structures a total
of 12,000 filtered small synthetic molecules using GOLD
software.®® For each protein-ligand conformation, the program
ranks the small molecules according to a scoring fitness
function (GoldScore) which takes into account factors such as
protein-ligand  hydrogen-bonding and van der Waals
energies.”” We selected a subset of 14 high-scored molecules,
hereafter named EK1-EK14, based on the mean of their
predicted binding affinities for all three APHs. The highest
docking scores for each small molecule are depicted in
Figure 2A and listed in Table S1 with their 2D structures shown
in Figure 2B. Some compounds, such as EK2 or EK8, presented
similar docking scores for the three proteins while others had
very different scores. With the exception of EK11 and EK12, no
particular structural consensus was found between the com-
pounds.

The 14 top hit molecules were purchased. Among them, six
compounds (EK1, EK8, EK9, EK11, EK12 and EK14) presented
solubility issues which prevented further testing. The potential
of the eight remaining molecules to inhibit aminoglycoside
modification in vitro was subsequently examined on purified
APH proteins using the rapid ADP/NADH coupled-system as
previously described.”” To detect low to mid-level inhibition, EK
compounds were screened at a relatively high concentration

© 2025 The Authors. ChemMedChem published by Wiley-VCH GmbH
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Figure 1. Selection of a target cavity for in silico screening of allosteric inhibitors. Crystal structures are (A) APH(3')-Illa (1J7L), (B) APH(2")-lla (4DCA,
superseding 3R70) and (C) APH(2")-IVa (4DBX). The nucleotides, magnesium ions and aminoglycosides are respectively represented in yellow sticks, purple
spheres and grey sticks. In (C), MgADP derives from 4DCA aligned to 4DBX. Aminoglycosides correspond to kanamycin A from 1L8T in (A), gentamicin Cla
from 3HAM in (B) and kanamycin A from 4DFB in (C). (D) Distribution of the volume cavity during the MD simulations for APH(3')-llla (green), APH(2")-lla
(salmon) and APH(2"")-IVa (blue). For clarity, snapshots are shown at 0.1 ns intervals. The first 200 MD snapshots for the three proteins and the corresponding

cavities are shown in Movie S1.
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Figure 2. Docking scores and enzymatic APH inhibition of selected EK molecules. (A) Upper panel: in silico screening scores on APH(3')-llla (white), APH(2")-
lla (grey) and APH(2")-IVa (black) for the 14 selected EK compounds. Lower panel: relative inhibitions of the enzymatic activities by EK compounds. Steady-
state rate constants (k,,) were measured using the ADP/NADH coupled assay with final concentrations of 0.5 uM APH enzyme, 100 uM kanamycin A, 350 uM
ATP and 500 uM EK compounds, before normalizing the activities to vehicle values. nd (no data) indicates compound solubility issues preventing testing. (B)
Corresponding 2D structures of EK molecules. ZINC numbers, docking scores and enzymatic relative activities are fully listed in Table S1.

(500 uM). As shown in Figure 2A, compound EK3 resulted in
low to moderate inhibition of APH(3')-llla and APH(2")-lla, but
reduced APH(2")-IVa-mediated kanamycin A modification by
over 80%. To further appreciate the basis for this dramatic
reduction, we performed biochemical characterization of this

ChemMedChem 2025, €202400842 (3 of 11)

hit compound to kinetically define the mechanism of APH
inhibition and evaluate its potential toxic effects in cellulo.
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EK3 is a Non-Competitive Inhibitor of APH(2")-IVa

Uncharged at physiological pH, EK3 is a small molecule
(311 Da) structurally related to methylxanthine molecules such
as caffeine and theophylline. EK3 is characterized by the
presence of a methyl-sulfanyl acetamide group and a 4-carbon
aliphatic chain on the imidazole moiety. The compound has a
partition coefficient, clogP, of 0.14, and possesses three hydro-
gen-bond donors and eight acceptors, according to ZINC12.5”
To our knowledge, no patent, nor known or predicted activity
has been described for this molecule. However, it has been
already selected from another virtual screening and tested
in vitro against the human S-adenosylmethionine decarboxy-
lase, but did not demonstrate sufficient activity."”

We probed the APH inhibition mode of EK3 by a direct
steady-state kinetics measurement using the quench-flow
method combined with HPLC nucleotide detection.***" To this
end, steady-state rate constants of the reaction were measured
at different concentrations of EK3 and substrates. To determine
the mode of inhibition with ATP or kanamycin A, the
concentration of the parametric substrate was fixed, close to its
respective K., value, as previously determined.***? Double
reciprocal plots revealed non-competitive inhibition of APH(2")-
IVa towards both ATP and kanamycin A substrates with
inhibition constants, K, of 20+1 and 2341 puM respectively
(Figure 3A and B).

EK3 Hit Optimization

To optimize inhibition potency and to bring structural insights
on substituents favorable for potent inhibition, we then
performed structure-activity relationship experiments. In the
ZINC database and using the Tanimoto index classification,™”
more than 3,000 compounds have a 70% or greater structural
identity to EK3. We filtered these analogues using the following
criteria: equal or greater aqueous solubility compared to EK3,
low molecular weight (150-600 Da) and commercial availability.
The resulting library was then docked into the APH(2")-IVa-ADP
structure using the same parameters as previously set for

A 60 B 20 — T
F 7 16 L K=23£1pM
40 - [
- E 2 -
£ | $ .0
T o0 b |
- 4
0 1 1 1 0 1 L 1 L 1
0.005 0 0.005 001 0015 002 0.2 -0.1 0 0.1 0.2

1/[ATP] (uM-') 1/[kanamycin A] (uM"")
Figure 3. Mode of inhibition of APH(2")-IVa by EK3. Lineweaver-Burk
representation of the non-competitive inhibition profiles of EK3 with respect
to (A) ATP or (B) kanamycin A. Initial concentrations in the reaction mixtures
were 0.5 uM APH(2")-IVa, 20 uM kanamycin A, 50-2000 pM ATP in (A) or 5-
200 uM kanamycin A and 400 uM ATP in (B), and O (circles), 20 (squares), 35
(diamonds) or 50 (triangles) uM EK3. The values of the inhibition constants,
K, are indicated. Raw data and global fittings according to other modes of
inhibition are shown in Figure S1.
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ensemble docking on the three APHs. Analysis of the docking
revealed that 28 molecules scored better than EK3, including 5
pairs of enantiomer molecules. We acquired 10 of them based
on their similarity with the hit compound and decided to select
only one molecule by enantiomer pair. We further included 9
compounds that were less well-ranked but presented interest-
ing features such as a shorter and/or branched aliphatic chain,
increased rigidity or small substituent variations. Their docking
scores are listed in Table S2. Although its expected solubility is
lower than that of the hit compound, EK3-11 was also selected
because it is the acetyl version of EK3. All analogues share the
same core scaffold (monomethyl-xanthine) with variations
along the R;, R, and R; positions (Figure 4A). We experimentally
probed the APH(2"”)-IVa activity with our portfolio of 20
analogues using the direct quench-flow method. As shown in
Figure 4B, we observed a general trend of molecules having
shorter motifs (<4-carbon chain) in R, to be less effective,
suggesting that R, substituents play a major role in the protein
interaction.

This is exemplified by EK3-13 and EK3-6 where an
additional methyl on R,, leading to EK3-17 and EK3, increases
inhibition by 1.8 and 2.5-fold respectively. Interestingly, EK3-20
which has a benzene ring at R, still reduced APH activity by
40%, suggesting that bulkier R, motifs do not prevent enzyme
binding. This is confirmed by its high docking score (Figure S2).

At 20 uM, EK3 reduces APH activity by 50%. A similar or
greater effect was recorded with the two analogues EK3-17
and EK3-18, which respectively displayed 50 and 70% inhib-
ition. The two molecules only differ from each other in R, where
the presence of an acetyl for EK3-18 lead to a larger inhibition
than an amide. However, this does not stand as a general rule
(see EK3 and EK3-11). We further characterized EK3-17 and
EK3-18 and determined their inhibition profile by direct,
steady-state kinetics. As for EK3, we found that the two
analogues display a non-competitive inhibition with respect to
both substrates (Figure 5). The inhibition constants for EK3-17
and EK3 are comparable, confirming the equivalent activity
described previously, while EK3-18 presented a two-fold small-
er K, with respect to ATP (10+£1 uM) and a similar K; with
respect to the aminoglycoside.

Binding Mode of EK3 and Analogues to the APH(2")-IVa
Remains Puzzling

The non-competitive mode of the inhibition of EK3 compounds
is consistent with the initial cavity targeted in our docking
studies. Despite numerous trials of co-crystallization, we could
not confirm the inhibitor binding site, possibly due to the
relatively poor solubility of EK3 molecules in the crystallization
drops and/or the presence of DMSO solvent. However, we
determined a crystal structure at 2.40 A after soaking a crystal
of apo APH(2")-IVa with EK3-18, the most potent inhibitor. X-
ray data and refinement statistics are given in Table S3. The
crystal belongs to space group P12,1 and contained two
proteins per asymmetric unit. Comparison of the structures of
apo APH(2")-IVa soaked or not with EK3-18 shows a conforma-
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Figure 5. Modes of inhibition of APH(2")-IVa by EK3-17 and EK3-18 com-
pounds. Lineweaver-Burk representations of the non-competitive inhibition
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(triangles) uM EK3 analogues. Raw data and global fittings with different
modes of inhibition are shown in Figure S2.
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tional change in the C-terminal domain of the protein (Fig-
ure 6A, Movie S2) where helices 09 and 10 are pushed forward
by approximately 6-8 A. A similar movement was observed in
one structure of apo APH (form |Il), possibly due to
dehydration." The latter crystal had a lower solvent content
than the other apo structures obtained (form | and IlIl). However,
solvent content here was close to 50% and such conformational
change was not observed with crystals soaked with just DMSO,
nor in other APH(2")-IVa complex structures (Figure 6B-C), while
a similar motion could be obtained on a structure after soaking
a crystal with EK3 (data not shown). Yet, no electron density
could be attributed to EK3-18 in the structure determined
here, but we cannot exclude that the conformational change
observed here is induced by the presence of the EK3-18
inhibitor. Further characterizations will be needed to clarify the
binding mode of EK3 inhibitors.

EK3-Based Inhibitors Reverse Aminoglycoside Resistance in
APH(2")-IVa-Producing Enterococcus Casseliflavus

To assess the effect of EK3-based inhibitors on the bacterial
susceptibility to aminoglycosides, we selected an aminoglyco-
side-resistant  Enterococcus casseliflavus isolate expressing
aph(2”’)-IVa (CIP 111947, ATCC 700668) from the Pasteur
Institute, Paris. Genomic and plasmid DNA of the strain were
extracted and used as templates for detection of aph genes. We
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Figure 6. Conformational change of the C-terminal domain of the protein. Overlay of crystal structures of APH(2")-IVa in apo form (grey, 4DBX) and (A) after
soaking with EK3-18 (light blue, 9H2Z) or in an alternate apo form (yellow, 3 N4 U), (B) in complex with ADP (salmon, 4 N57) and (C) in complex with

kanamycin A (green, 4DFB). Ligands are shown as sticks.

confirmed the presence of plasmid-borne aph(2”)-IVa while we
did not detect other aph genes. We challenged this strain with
EK3-based inhibitors and assessed the effect on the minimal
inhibitory concentrations (MICs) of a variety of aminoglycosides
(Table 1). The strain shows high-level of resistance to amino-
glycosides with a MIC between 1 and 4 mg/mL. In the presence
of EK3-based compounds, we observed no effect on bacterial
growth in the absence of aminoglycoside, but a dose-depend-
ent decrease of the aminoglycoside MIC values. At 256 ug/mL,
the highest concentration of inhibitor tested, we measured a 5-
6 log, decrease of the MIC values for the four aminoglycosides
tested. In line with kinetic inhibition data and for almost all the
concentrations tested, EK3-18 displayed a greater efficiency
than EK3 and EK3-17, reducing the MIC values by one or two

Table 1. Effect of EK3-based inhibitors on the bacterial aminoglycoside
susceptibility. Comparison of antibiotic susceptibility of an Enterococcus
casseliflavus isolate expressing the aph(2”)-IVa gene in the absence or
presence of EK3, EK3-17 or EK3-18. Inhibitor concentrations of 0 (No inh.),
64, 128 and 256 and MIC values are expressed as ug/mL. The (+) symbol
indicates standard bacterial growth in the absence of antibiotic but in the
presence of EK3 compounds at indicated concentrations. For EK3-based
compounds, 256 ug/mL corresponds to 0.78-0.82 mM, concentrations
smaller than the maximal dose showing no cytotoxic effect (Figure 7).

MIC values (pg/mL)

No inh. EK3 EK3-17 EK3-18
0 64 128 256 64 128 256 64 128 256
Kanamycin A 2048 512 128 64 1024 256 128 256 64 32

Gentamicin 4096 1024 512 256
Tobramycin 4096 1024 512 128 2048 512 256 512 128 64

Sisomicin 1024 1024 512 64 512 256 64 128 64 32
No antibiotic + + + + + + + + + +

2048 1024 512 512 256 64
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further log,. In these conditions, susceptibility of the Enter-
ococcus isolate to gentamicin and tobramycin has been
restored according to Eucast clinical breakpoints guidelines.*
Gentamicin is the most used aminoglycoside in clinics, often
prescribed for its efficient synergism effect with B-lactams. As a
control, we evaluated the ability of EK3 compound to inhibit
the APH(2")-IVa-mediated deactivation of gentamicin in vitro.
We found that the compound displayed a similar level and
mode of inhibition than previously determined with kanamycin
A (Figure S3). This suggests that EK3 compounds are effective
to prevent aminoglycoside deactivation of all substrates
modified by the APH(2")-IVa enzyme.

EK3-Based Inhibitors are not Cytotoxic to HeLa Human Cells

With the aim to use EK3-based inhibitors, or a pharmacologi-
cally optimized compound, as an aminoglycoside combined
therapeutic, we evaluated their toxicity to human cells using
the Cell Proliferation Kit Il (XTT). This kit is widely-used to
quantitatively assess drug toxicity in cellulo. As shown in
Figure 7, the viability of HelLa cells was not affected, even at
1 mM of inhibitors.

Conclusions

Aminoglycosides are among the most commonly used anti-
microbial agents in clinical practice, due to their ability to treat
a variety of acute bacterial infections. However, the efficacy of
these antibiotics is constantly threatened by the production of
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Figure 7. Cytotoxicity assays of EK3 and related compounds. Viability of
Hela cells in the presence of indicated concentrations of EK3 (white bars),
EK3-17 (grey bars) or EK3-18 (black bars) was measured using the an XTT-
based colorimetric assay. SDS at 1% was used as a negative control. Results
are expressed as mean versus cell viability obtained without compound but
at the same DMSO concentration (1 %) + standard deviation for three
independent replicates. For SDS, the error bars are not visible due to low
dispersion of the data (SD ranging from 0.14-0.27 % cell viability).

AMEs, the most frequently reported aminoglycosides resistance
mechanism. These enzymes therefore represent promising
targets for the design of reverting agents. Over the last few
decades, a number of studies have focused on the development
of inhibitors capable of restoring aminoglycoside activity by
inhibiting AMEs, and in particular APHs.

The family of APHs, also called aminoglycoside kinases,
includes a variety of structurally related enzymes. In particular,
they contain a nucleotide-binding domain which presents a
high degree of structural similarity, also shared with eukaryotic
protein kinases (ePKs)."¥ Thus, several known ATP-competitive
inhibitors of protein kinases such as sulfonamide, flavonoids
and wortannin, have been tested against the APH(3')-llla and
APH(2")-la enzymes, demonstrating a good level of
inhibition."**?" Likewise, crystal structures of APH(3)-llla and
APH(9)-la have been determined in complex with CKI-7, an
inhibitor of the casein kinase 1 from the isoquinoline
sulfonamide family, which, similarly to ePKs, was found to bind
to the nucleotide-binding pocket.*”#¥ The interaction of differ-
ent ePK inhibitors with APH(3')-la from E. coli has also been
investigated.?" In this study, crystal structures of the enzyme
were determined in complex with a number of kinase inhibitors,
including the ePK pyrazolopyrimidine inhibitors PP1 and PP2
that were found in the nucleotide-binding site of APH(3)-la,
acting as ATP-competitive inhibitors. The same group previ-
ously screened 80 kinase inhibitors against 12 APHs belonging
to six different APH subfamilies, including the APH(3")-llla and
the APH(2")-IVa.”® They found that most of them were also APH
inhibitors acting competitively toward the nucleotide. Among
them, the flavonoid natural product quercetin displayed activity
against all tested APHs and a crystal structure of APH(2")-IVa in
complex with quercetin, revealed a binding mode common to
that of nucleotides. The degree of inhibition of APHs by
quercetin (Ki~25 uM) was similar to that determined here for
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approach exploits an intrinsic property of most if not all
enzymes which is their conformational flexibility, critical for
their function. By binding to allosteric sites, modulators may
indeed (i) slow down the transition towards an active state
(perturbing enzyme dynamics by trapping the protein in a
particular conformational state), (i) perturb enzyme oligomeri-
zation, or (iii) prevent the formation of a crucial intermediate
conformational state.***" While competitive orthosteric inhib-
itors target active sites, the most conserved regions among
diverse families of enzymes, allosteric modulators bind to sites
which present a higher degree of variability. This approach has
the benefit of avoiding targeting the ATP-binding site that is
conserved between APHs and ePKs.

From a small chemical library of 12,000 compounds and
from testing only 14 molecules invitro, we successfully
identified an non-competitive inhibitor of APH(2")-IVa from E.
casseliflavus. Using a similar strategy targeting a different APH
cavity located behind the aminoglycoside binding site, we
previously identified, from a pool of only 17 molecules tested
in vitro, two inhibitors of APH(3')-llla from E. faecalis and
APH(2")-IVa from E. casseliflavus.”® Among them, the molecule
called NL6 was confirmed to be a non-competitive inhibitor yet
the level of inhibition against both enzymes was 8-fold lower
(Ki~80 uM) than measured here for EK3-18. Altogether, these
results highlight the high success rate of this strategy compared
to conventional in vitro screenings of large libraries.”' To our
knowledge, the EK3 inhibitors identified here constitute the
most potent allosteric inhibitors of APH(2”)-IVa described so far.
Moreover, our allosteric inhibitors do not appear to be toxic to
Hela cells in culture, suggesting that they are more specific
than previous ePK inhibitors tested on APHs.

Given the intrinsic tolerance of enterococci to aminoglyco-
sides, it is not surprising that the bacterial isolate tested here
presents high MICs (1,024-4,096 ng/mL). According to the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST)," enterococci isolates with gentamicin MIC < 128 pg/
mL are considered as susceptible. When used at 256 pug/mL,
EK3-18, our most efficient inhibitor reduces the MIC below this
threshold. For other aminoglycoside antibiotics, especially
sisomicin, the sensitivity is restored even in the presence of
64 pug/mL inhibitor. However, this concentration remains high
and more optimization of this compound is necessary to further
improve its in vitro efficacy. To this end, additional structural
work providing molecular insight into the inhibitor binding
mode would not only aid development of a more active
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inhibitor of APH(2")-IVa, but also assist the design of broader
antibacterial compounds targeting other APHs.

Experimental Section

Molecular Dynamics Simulations and Docking

Three APH structures were used for molecular dynamics simulations
and virtual screening: APH(3')-llla (PDB 1J7L), APH(2")-lla (PDB 4DCA
formerly 3R70) and APH(2")-Iva (PDB 4DBX). Each ligand-free
protein was immersed in a water box (10 A edge around the solute)
and neutralized by addition of salt ions (Na*/Cl"). The potential
energy of each system was minimized with 50,000 steps of
conjugate gradient using the CHARMM36 all-atom force field
topology and parameters®® and the program NAMD (v2.11).% After
a gradual heating from 0-310K, a short equilibration (2 ns) was
performed in explicit water (TIP3P water model) to remove steric
clashes with CMAP protein backbone energy correction terms and
periodic boundary conditions. The Lennard-Jones potential was
smoothly truncated from 10-12 A and the PME (Particle Mesh
Ewald) algorithm was used to calculate long-range electrostatics
with a grid spacing of 1 A. After equilibration, a production run of
200 ns was carried out in the isobaric-isothermal ensemble. This
simulation time was selected as sufficient for sampling and
detecting small cavities as checked by a longer simulation (addi-
tional 200 ns performed for APH(2"')-IVa to ensure a more in-depth
sampling). Temperature (310 K) and pressure (1 atm) were kept
constant by Langevin dynamics and Nosé-Hoover Langevin piston
coupled to the water bath. From the production trajectory 2,000
conformations (snapshots) were extracted and used for pocket
detection using Fpocket or MDpocket.®”~>

Virtual screening was performed using GOLD program (Genetic
Optimization for Ligand Docking, v5.2) from CCDC Software
Limited® on the three APH ensemble. The nucleotide (ADP) was
kept for 1J7L, 3R70 and introduced in 4DBX by superimposition to
3R70 structure (an energy minimization step was performed prior
docking). Preliminary screening indicated that docking scores were
much lower for 4DBX structure than other APHs. Thus, a more open
conformation of the protein was generated by computing the
normal modes using the Elastic Network Model from EINemo' and
this conformation was used for the screening. Three amino acid
side chains were defined as freely flexible during docking for all
APHs (using the rotamers library of GOLD) for K44, E60 and D208
(numbering refers to 1J7L) in order to increase ligand accessibility.
The target cavity (previously identified by MDpocket) was defined
by setting a spherical area around the cavity center coordinates
and a radius of 10A. A chemical library encompassing 12,000
molecules was collected from the ZINC database®™ and filtered to
fulfill drug-like properties (Lipinski's rule of 5) and higher polarity.
The genetic algorithm (50 runs) allowed the search of best docking
orientations (poses) for each chemical entity and further ranked by
the GoldScore scoring function by using the clustering method
(complete linkage) from the RMSD matrix of docking solutions. The
final ranking of best hits was determined according to their docking
scores and commercial availabilities. Visual Molecular Dynamics
(VMD 1.9.2)®9 was used to analyze the simulations and extract the
2,000 conformations from the simulation trajectory.

Chemicals

All aminoglycosides, ATP and other chemicals were purchased from
Merck, previously Sigma-Aldrich, at the highest purity grade. Small
molecule compounds, referred to as EK molecules, were ordered
from Molport (http://www.molport.com), dissolved in DMSO at
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100 mM final concentration before being aliquoted and stored at
—20°C. ATP in the text refers to MgATP containing equimolar
concentrations of nucleotide and MgCl,. Stock solutions of amino-
glycosides and ATP at 5 and 10 mM respectively were prepared in
50 mM Tris-HCl pH 7.5, 40 mM KCl and 1 mM MgCl, and stored at
—20°C.

Kinetic Measurements

The N-terminally 6His-tagged recombinant APHs were produced in
E. coli BL21 cells according to the procedure already published.®
Typical yields were 70, 80 and 50 mg/L of overnight culture for the
APH(2")-lla, APH(2")-IVa and APH(3')-llla, respectively. Proteins were
stored at —20°C in a buffer containing 50 mM Hepes pH 7.5, 1 mM
MgCl, and 50% glycerol. All kinetic measurements were performed
in a buffer containing 50 mM Tris-HCI pH 7.5, 40 mM KCl and 1 mM
free MgCl..

To rapidly screen the effect of EK compounds on the three APH
enzymes, we utilized the protein kinase (PK) and lactate dehydro-
genase (LDH) enzymatic coupled assay as already described.”” In
brief, free ADP production was coupled to NADH consumption,
monitored at 340 nm, in the presence of 0.5 uM APH, 500 uM EK
compound, 350 uM ATP, 100 uM kanamycin A with an excess of PK,
LDH and their respective substrates as described earlier.®” Reac-
tions were carried out in 96-well plates at 25°C. The steady-state
rate constants, k., were calculated from the slope of the linear
phase of the reaction using GraFit (Version 7.0.3, Erithacus Software
Limited). Results were normalized to controls containing no EK
compound but identical DMSO concentration.

The mode of inhibition of EK3 and structurally-related compounds
was determined by the quench-flow method and HPLC analysis as
described earlier.”” By this technique, concentrations of total ADP,
i.e. enzyme-bound plus free ADP are obtained. Time courses were
fitted globally (altogether) with GraFit software using the four
different inhibition modes: competitive, non-competitive, mixed
and uncompetitive, and transformed as Lineweaver-Burk represen-
tations. Initial concentrations of ATP, kanamycin A and EK
compound are indicated in the figure legend. In all assays, DMSO
final concentration was matching the highest concentration of EK
compound.

Crystallization, Data Collection and Structure Determination

The APH(2”)-IVa at 6 mg/mL was mixed at a 1:1 ratio with a
crystallization solution composed of 10% PEG3350 and 50 mM
ammonium citrate pH 7.5 in a 2 uL final volume. Crystallogenesis
was performed at 18°C in EasyXtal 15-well plates by the hanging-
drop vapor diffusion method over a reservoir of 500 uL. Micro-
seeding using crystals obtained in the same conditions was used to
promote growth of larger crystals. After crystal formation, 0.1 uL of
EK3-18 at 100 mM in DMSO was added to the drop and left for
5 min. Longer soaking times resulted in crystal degradation and
poor X-ray diffraction. Crystals were then flash frozen in liquid
nitrogen in nylon loops. Data were collected on beamline ID30 A-1
(MASSIF-1) at ESRF, indexed with XDS-Autoprocess® and scaled
with Aimless.®® Structure was solved by molecular replacement
with Phaser,® using a previous solved structure of the protein
(5C4L)" as model after removal of ligand and water molecules. The
structure was subsequently built and refined using Coot®™' and
Refmac® and validated with RAMPAGE®” and PROCHECK."*®
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Cell Viability Assay

Approximately 7,500 Hela cells were plated in flat-bottom 96-well
plates in a final volume of 100 pL. After 24 h of incubation at 37°C
and 5% CO,, cells were treated with indicated concentrations of EK
compound, respecting a final DMSO concentration of 1%. Positive
and negative controls were performed by omitting small com-
pound and adding either identical DMSO concentration or 1% SDS,
respectively. Cell viability was assessed after two days of treatment
using the Cell Proliferation Kit Il protocol (XTT, Roche). Measure-
ments were carried out by reading absorbance at 470 nm with a
reference wavelength of 660 nm. The results of three independent
repetitions were averaged and normalized to the mean of vehicle
control wells containing no EK compound but identical DMSO
concentration.

Bacterial DNA Extraction and Identification of aph Genes by
PCR

Plasmid DNA was isolated using the NucleoSpin™ plasmid kit from
Macherey-Nagel while genomic DNA was obtained as follows. Two
to three colonies grew on LB agar were lysed in 25 pL of 0.25%
SDS, 0.05 M NaOH and boiled for 15 min as described earlier.”’ Cell
lysates were then diluted with 200 uL of sterile water and 5 pL of
this mixture were used for the PCR reaction.

DNA amplification experiments were performed in a final volume of
25 uL containing 10 ng or 5puL of plasmid and genomic DNA,
respectively, 200 uM dNTP, 1X PCR buffer, 2.5 U Taq DNA polymer-
ase (New England Biolabs) and 0.5 uM of each primer (Sigma) for
the detection of three aminoglycoside resistance aph genes listed
in Table 2. After an initial denaturation step of 3 min at 94°C, 35
cycles of 40 s at 94°C, 40 s at 56°C and 40 s at 72°C were carried
out, before a final extension stage of 2 min at 72°C. Positive
controls were included using cloning vectors containing each aph
gene from enterococci. PCR products were visualized on 1.5%
agarose gels.

Evaluation of Antibiotic Bacterial Susceptibility

Aminoglycoside bacterial susceptibility was evaluated by the broth
microdilution method in the absence or presence of EK com-
pounds, measuring the minimal inhibitory concentration (MIC)
which corresponds to the lowest concentration of aminoglycoside
resulting in complete inhibition of bacterial growth. Overnight
precultures of an Enterococcus casseliflavus isolate expressing the
aph(2”)-IlVa gene (Pasteur Institute Collection, CIP 111947, ATCC
700668) were realized by inoculation of 3 mL of Mueller-Hinton
(MH) broth with bacteria conserved as 50% glycerol stocks at

Table 2. List of primers used for detection of aph genes. The melting
temperature (Tm) for each primer is indicated.

Gene Sequence Tm Size
(5'-3) (0 (bp)
aph(2")-lla CTTGGACGCTGAGATATATGAGCAC 62.0 867

GTTTGTAGCAATTCAGAAACACCCTT 61.6

aph(2")-lva GTGG ACAGGAATGCCATC 60.4 641
CCCTCTTCATACCAATCCATATAACC 60.7

aph(3)-llla GGCTAAAATGAGAATATCACCGG 59.7 523
CTTTAAAAAATCATACAGCTCGCG 60.1
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—80°C. After 16 h of growth under shaking at 37°C, bacteria were
diluted 100-fold in 3 mL of fresh MH broth and incubated for an
additional 2 h to get exponential growth phase cultures.

Measurements were performed in 96-well plates (Microtest Tissue
Culture plates, Falcon) filled with 100 pL/well MH media containing
10° CFU/mL, supplemented or not with different concentrations of
aminoglycoside antibiotic and EK compounds. Specifically, we
added 100 uL of MH to the wells of column 1 (sterility control,
negative control), 50 uL of MH to the wells of columns 3-11 and
75 pL to column 12 (growth control, positive control). We added
100 pL of aminoglycoside solution at 8,192 ng/mL to the wells of
column 2 and proceed to a two-fold dilution series until column 11
from which 50 uL were thrown away. 25 uL of solutions containing
4% DMSO (1% final) and different concentrations of EK compounds
were added to the wells as follow: 1% line 0 pg/mL, 2™ line 256 ug/
mL (64 pg/mL final), 3" line 512 ug/mL (128 ug/mL final) and 4™
line 1,024 pg/mL (512 pg/mL final). Finally, 25 uL of inoculum at
0.004 ODg, (0.001 final ODg,,) were added.

MICs were assessed after 24 h growth at 37°C. Antibiotic break-
points were determined according to recommendations of the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST).5¥

Supporting Information Summary

Table S1. Docking scores and relative APH activities of EK
compounds.

Table S2. Docking scores of EK3 analogues in APH(2")-IVa-ADP
structure.

Table S3. X-ray data and refinement statistics.

Figure S1. Determination of the mode of inhibition of APH(2")-
IVa by EK3.

Figure S2. Determination of the mode of inhibition of APH(2")-
IVa by EK3-17 or EK3-18.

Figure S3. Determination of the mode of inhibition of APH(2")-
IVa by EK3 using gentamicin as aminoglycoside substrate.

Movie S1. Molecular dynamics trajectories of APHs and
associated selected cavity.

Movie S2. Conformational change observed after soaking of
APH(2")-IVa crystal with EK3-18.
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Molecular dynamics simulations and
in silico screening were used to
identify non-competitive inhibitors of
APH, the enzymes that confer resist-
ance to aminoglycoside antibiotics. A
hit molecule showed activity against
APH(2")-IVa. Allosteric inhibition by
the hit molecule and a two-fold more
potent analogue was confirmed by
enzymatic measurements. Both inhibi-
tors restored sensitivity to various
aminoglycosides in a resistant strain
of enterococci.
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