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ABSTRACT

Background: Bacterial antibiotic resistance often leads to treatment failure which may have
serious consequences, especially in critically sick patients. Resistance to aminoglycosides is
mainly due to the expression of antibiotic-modifying enzymes. One important mechanism of
aminoglycoside madification is the ATP/GTP-dependent O-phosphorylation catalyzed by
aminoglycoside phosphotransferases, APHs. The aim of this study is to identify specific
inhibitors of APHSs that could restore bacterial susceptibility to aminoglycosides.

Methods: We focused on the search for allosteric inhibitors that bind to small cavities of the
protein and block the enzyme function by perturbing its dynamics.

Results: From normal mode analysis, a cavity of variable volume belonging to a large groove
which splits the protein into two parts was chosen as target. By molecular docking, we
screened a large library of commercially available compounds. Seventeen of the highest
ranked compounds were tested by in vitro kinetic experiments in order to evaluate their
ability to inhibit APHs. Site-directed mutagenesis was carried out with the aim of confirming
the inhibition mechanism determined kinetically and the interactions with the protein
predicted by in silico studies. These interactions were also confirmed by the use of
structurally-related molecules.

Conclusions: Two compounds showed interesting inhibition properties, and one was able to
block two different classes of APH.

General significance: This study gives new insights into the inhibition of APHs by such
allosteric inhibitors, and provides the basis for the future development of combined therapies,
antibiotic plus APH inhibitor, which may reverse the resistance to aminoglycosides in a

clinical context.
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1. Introduction

Aminoglycosides constitute a large family of water soluble, polycationic amino sugars
of considerable structural diversity. They are broad spectrum antibacterial agents that are
products of bacterial or fungal metabolism. Bacterial resistance to aminoglycosides manifests
itself by one of the following mechanisms: (i) the presence of aminoglycoside-modifying
enzymes [1]; (i) the decrease of bacteria membrane permeability towards aminoglycoside
uptake into the bacteria or extrusion of the aminoglycosides from the cell by efflux pumps [2];
or (iii) the modification of the drug target which can be either mutations that result in
structural alterations of the ribosome [3] or methylations by 16S rRNA methyltransferases
which interferes with the aminoglycoside binding [4]. Among these mechanisms, inactivation
by aminoglycoside-modifying enzymes (AMES) is the most important both in terms of level
and frequency of resistance conferred to the bacteria [5]. There are three types of AMES,
each of which transfers a functional group onto the aminoglycoside structure thereby
inactivating the antibiotic: aminoglycoside O-nucleotidyltransferases (ANTSs) transfer a
nucleoside monophosphate from a nucleoside triphosphate on a hydroxyl group of the
antibiotic; aminoglycoside N-acetyltransferases (AACS) transfer an acetyl group from acetyl-
CoA on an amine group; and aminoglycoside O-phosphotransferases (APHSs) transfer the y-
phosphate of a nucleoside triphosphate on a hydroxyl group [6]. Each family of enzymes
consists of different isoenzymes that differ in substrate specificity and selectivity. At least 50
different genes for AMEs have been identified in bacteria [1,7]. A number of bacteria also
harbor a bifunctional enzyme that catalyzes both acetylation and phosphorylation [8,9].

In bacterial resistant isolates that possess antibiotic-inactivating enzymes, drugs are
enzymatically modified when they penetrate into the bacteria. Therefore, the altered drug is
unable to interact efficiently with its target, the ribosome. Moreover, in the absence of active
aminoglycosides that normally perturb bacterial protein synthesis, the next step of high-rate
accumulation of antibiotic does not take place [10,11]. Since the discovery of the antibiotic-

inactivating enzymes, many efforts have been carried out in order to chemically modify the
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existing antibiotics and produce new drugs that retain their antibacterial activity without being
inactivated. This strategy has led to considerable success, especially in the fight against
penicillin resistance. For instance, the use of methicillin, a derivative of the early penicillins,
overcame enzyme-mediated inactivation in most penicillin-resistant, gram-positive organisms
[12]. Another strategy to overcome enzyme-associated resistance consists in combining the
antibiotics with an inhibitor of the corresponding modifying enzyme. For example beta-
lactamase inhibitors, such as clavulanic acid, associated with amoxicillin inhibit most strains
of penicillinase-producing S. aureus, H. influenza, E. coli, Klebsiella spp,... [13]. Based on
this strategy, several teams have searched for AMEs inhibitors. The new discovery of AAC
inhibition by metal salts (mechanism still unknown) may offer a promising therapeutic issue
[14,15]. Shi et al. reviewed recent progresses in development of APHs inhibitors [16]. The
success in discovering specific inhibitors for AMEs depends on our ability to understand the
basic properties of their mode of action and of their substrate specificity. So far, main studies
focused on the development of competitive inhibitors that target either the nucleotide binding
site, such as protein kinase inhibitors [17,18], or the aminoglycoside binding site, with
aminoglycoside analogues [19,20] or non-carbohydrate inhibitors [21]. Using in silico
screening of chemical libraries in the aminoglycoside binding site of AAC(6')-Ib, competitive
inhibitors were recently identified [22].

However, therapeutic enzyme inhibitors are not restricted to active site competitors.
Identification of small molecules that stabilize inactive conformations of the protein may
represent a powerful starting point for rational drug design. The underlying idea is to complex
the enzyme with a molecule that binds to a cavity other than the active site, and stabilizes the
enzyme in a non-catalytically competent conformation. For example, the inhibition of
APH(3")-llla by AR_3a, an ankyrin repeat protein, has been shown to be due to a significant
change of the APH conformation upon AR_3a allosteric binding [23]. However, the large size
of this modulator makes it hardly druggable.

Here, using normal mode analysis on two different APH crystal structures, we
identified a common cavity of variable volume and used it as target for screening a library of
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small commercially available compounds. By molecular docking, several potential allosteric
inhibitors  against two aminoglycoside-modifying enzymes, aminoglycoside 3'-
phosphotransferase type llla, APH(3"-llla, and aminoglycoside 2"-phosphotransferase type
IVa, APH(2")-IVa, were identified. We performed kinetic and molecular modelling studies to

assess their mechanism of inhibition and to spotlight their binding site in the protein.
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2. Materials and methods

2.1. Normal mode analysis and molecular docking

Two starting crystal structures of APH(3")-1lla (PDB ID: 1L8T, including kanamycin A
and ADP, from [24]) and APH(2")-IVa (PDB ID: 3SG8, including tobramycin, from [25]) were
selected for normal modes computation and cavity search. In these structures, the
aminoglycosides were removed to favour the binding of inhibitors near the target cavity. ADP
was maintained in 1L8T, except otherwise stated in the text. The first two hundreds normal
modes were calculated (all-atoms parameter set 27) using the VIBRAN module of CHARMM
program [26,27] allowing to define fifty conformations for each enzyme. Briefly, after addition
of hydrogen using the H-build routine, the potential energy of each system was minimized for
5,000 steps of conjugate gradient algorithm (tolerance gradient of 0.01 kcal/mol/A) followed
by 50,000 steps of Adopted Basis Newton-Raphson to reach a mean energy gradient of less
than 10° kcal/mol/A. Diagonalization of the Hessian matrix and normal modes were
computed from these energy-minimized structures. Trajectories of superimposed modes
(modes 7 to 200, after removal of the six first modes corresponding to intrinsic translational
or rotational motions) were computed with CHARMM to produce fifty frames corresponding to
protein conformers (hereafter called "trajectory” allowing to visualize the displacement of the
whole coordinates on the superposed modes 7 to 200). Atomic fluctuations averaged by
residues were computed from normal modes 7-200 using the fluctuation subroutine
implemented in the Vibran module of Charmm. Structure and normal modes trajectories were
analyzed with VMD software [28]. From these conformers, all cavities were identified and
characterized using MDpocket software [29], and a small cavity fulfilling the criteria for
allosteric inhibition (location and variable volume) located behind the kanamycin binding site
was selected for subsequent screening.

All docking was performed using GOLD (Genetic Optimization for Ligand Docking)
program v5.2 [30,31]. Zinc database (http://zinc.docking.org) [32] was queried to find drug-
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like molecules according to Lipinski's rule-of-five [33]. Briefly, 100,000 compounds from the
Zinc database were selected after applying these drug-like filtering criteria, except that logP
was defined below or equal to 2 in order to increase the selection of aqueous-soluble
compounds. All these molecules were screened by ensemble docking on both APHs using
20 genetic algorithm runs within a 15 A radius of the sphere centered on the targeted site
and using Goldscore as scoring function. The docking poses were analyzed by the clustering
method (complete linkage) from the rmsd matrix of ranking solutions. A second round of
molecular docking (50 genetic algorithm runs) was performed on each APH separately, using
the highest ranked compounds (the first hundred) from the ensemble screening. Twenty one
compounds corresponding to the highest scores were selected, but finally, only seventeen
compounds were commercially available and purchased.

Structural analysis and visualization of docking poses were carried out using the

PyMOL Molecular Graphics System (version 1.3, Schrodinger, LLC).

2.2. Kinetic studies

In all in vitro kinetic experiments, equimolar concentrations of MgCl, were added to
ATP. Thus, in the text, ATP and ADP refer to MgATP and MgADP, respectively.
Experimental buffer was 50 mM Tris-HCI pH 7.5, 1 mM free MgCl,, 40 mM KCI, and the
temperature was 25°C. The APH steady-state activity was evaluated using purified
recombinant proteins, produced as previously reported [34], by measuring the time courses
of ADP production by two different methods.

For a rapid screening of the compounds, the steady-state rate constants, kg, of
enzyme activity were monitored in 96-well plates by coupling the release of ADP to a
pyruvate kinase/lactate dehydrogenase reaction, as described by McKay et al. [35]. Reaction
mixtures contained 0.5 uM APH, 4 mM phosphoenol pyruvate, 280 uM NADH, 20 U/ml
pyruvate kinase, 25 U/ml lactate dehydrogenase, 25 or 350 uM ATP and 50 or 100 pM
kanamycin A, with APH(3')-llla or APH(2")-1Va, respectively. Experiments were carried out in
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the absence or in the presence of potential inhibitors at 500 uM. Reactions were initiated by
the addition of ATP and monitored by reading the absorbance at 340 nm every 11 seconds.
Values of kss were determined from the slope of linear phase of the reaction time courses
using GraFit 7.0.2 software. The experiments were carried out in triplicate and the averaged
inhibition was computed.

For the best compounds identified by the previously described enzymatic coupled
system, the inhibition constants and inhibition modes were determined by the quench-flow
method and HPLC analysis as previously described [36]. Briefly, quench-flow method
consists in interrupting enzymatic reactions at different times with a quencher, which is
usually a strong acid [37]. Here, 10% perchloric acid was used to stop the reaction every 3—
7 s, depending on the enzyme. The reaction was triggered by addition of ATP in a
thermostatically-controlled beaker (25°C) containing the enzyme and the aminoglycoside,
with or without inhibitor. After quenching, the separation of ADP and ATP was carried out
using HPLC (Alliance, Waters) and a partisphere SAX column (AIT France). The mobile
phase was 200 mM ammonium phosphate buffer pH 5.5 and 10% acetonitrile. Samples from
guench-flow were first spin at 19,000 g for 20 min at 4°C to remove precipitated protein. A
volume of 100 pl of supernatant quenched sample was diluted into 900 ul of mobile phase
supplemented with KOH to readjust the pH to 5.5. Volumes of 50 or 100 pl of these samples
were injected on the HPLC column. Quantification of ADP and ATP was obtained by
integrating absorption peaks at 259 nm from the chromatograms. The inhibition mode and
inhibition constants were determined by repeating the experiment at different concentrations
of ATP (keeping kanamycin A concentration constant, see figure legends) or at different
concentrations of kanamycin A (ATP concentration constant). APH concentrations were 0.1—
0.5 uM. Fittings were performed using GraFit 7.0.2 software using four different inhibition
modes: competitive, non-competitive, uncompetitive and mixed. Only the most appropriate fit
(which describes the inhibition with the lowest Chi?) is shown on the figures with the

corresponding Lineweaver-Burk representation.
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2.3. Site-directed mutagenesis

R211A mutant of APH(3")-llla was constructed by PCR (QuickChange Lightning Multi
Site-Directed Mutagenesis Kit) using the two primers :
5-TTTATTGATCTTGGGGCAAGCGGCAGGGCGGAC-3,' and
5-GTCCGCCCTGCCGCTTGCCCCAAGATCAATAAA-3'.

Each 50 ul PCR reaction contained 2.5yl of 10x QuickChange Lightning Multi
reaction buffer, 0.75 pl of QuickSolution, 100 ng of DNA template (wild type aph(3')-llla in a
pET15b plasmid), 1 pl of each mutagenic primer (100 ng), 10 MM dNTP and 2.5 units of
QuickChange Lightning Multi enzyme blend. The PCR product was digested by Dpnl
restriction endonuclease for 1h at 37°C. Mutant plasmids were recovered after
transformation in E. coli BL21 (DE3) chemo-competent cells. Successful introduction of the
desired mutations was controlled by sequencing the plasmid DNA (Fig. S1).

The mutant APH(3)-1lla was produced in E. coli and purified as the wild type protein.
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3. Results

3.1. Target cavity identification by normal mode analysis

Here, we focused on the search for APH allosteric inhibitors that bind to small cavities
of the protein and block the enzyme function by perturbing its dynamics. Thus, a specific
cavity was defined according to the following criteria: the cavity must be present in different
APH subfamilies, it must be outside of the substrate binding sites, and lastly, it must undergo
obvious volume change during the dynamics of the enzyme, required for its function. Sub-
families APH(3') and APH(2") were chosen because of their prevalence [1].

From the normal mode analysis, one cavity behind the aminoglycoside binding site
was selected because it was fulfilling all the predefined criteria (Fig. 1, Fig. S2 also showing
videos). It belongs to a large groove which splits the proteins into two parts. Moreover, the
region defining this cavity was found to be flexible according to the fluctuations computed
from the superposed normal modes (Fig. 1). It must be emphasized that the observed atomic
fluctuations were relatively small and therefore were not considered as the main criteria to
select the cavity (commonly, fluctuations of residues located at the interior of the protein are
less important compared to external flexible loops). Typically, APH proteins do not require
large collective motions like other kinases for their biological function and this feature renders
more difficult the search for internal dynamic cavities. Nevertheless and taking into account
to these small fluctuations, the target binding pocket was also selected in respect to the
volume changes observed along the normal modes. The target cavities were surrounded by
residues Gly192 and Arg226 in 1L8T structure and by residues Ser199 and Ser232 in 3SG8
(yellow balls in Fig. S2). They are situated at a similar place within the two APHs and their
compositions in amino acids were similar but not identical (at least one Phe, Leu, lle, Ser and
Asp found in each case).

Figure 1
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3.2. Molecular docking

Using the targeted cavity defined above in APH(3)-llla and APH(2")-IVa structures
and the ZINC chemicals database [32], a virtual screening was carried out in order to predict
and evaluate the potential affinity of these enzymes for drug-like molecules using Gold
software. The Goldscore scoring function was used to rank the screened molecules — the
highest scores predict highest affinities. In order to favor the binding of inhibitors near the
target cavity which is located behind the aminoglycoside binding site, kanamycin A was
removed from 1L8T structure (but not ADP) and tobramycin from 3SG8 prior docking.

In a first case study using an ensemble docking after overlaying both APH (same
center of coordinates defining the target cavity at the same location for the two APHS), the
first 100 out of the 100,000 compounds from the drug-like ZINC subset were selected based
on their docking scores. Then, a second thorough docking run (50 GA runs) was performed
on each APH separately with these selected compounds. We finally selected 21 best ranking
ligands (63 < score < 81) after named NL1 to NL21 (Table 1). NL4, NL7, NL10 and NL15
were not commercially available, and therefore only 17 NL compounds were purchased for

the further experimental assays.

3.3. Rapid in vitro screening of APH inhibitors using a coupled enzyme kinetic assay.

To evaluate the potential APH inhibition promoted by the selected molecules, in vitro
inhibition studies were performed. The 17 molecules were rapidly screened using an
enzymatic coupled-system, as previously described [35]. We used kanamycin A for these
studies because both APHs can phosphorylate this aminoglycoside with a good efficiency
through a Michaelis-Menten kinetics. Steady-state rate constants (ki) were measured at
fixed concentrations of ATP and kanamycin A, in the absence or in the presence of NL
compounds (500 pM). Percentages of inhibition by NL compounds were determined and
normalized in respect to the activity without compound. The results are summarized in Table
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1. In these conditions, a 40% or higher inhibition of APH(3")-llla activity was observed with
compounds NL6 and NL8, and for APH(2")-1IVa with compounds NL6, NL9 and NL16. Two
compounds seemed particularly interesting: NL8 because it inhibits APH(3")-llla by almost
80%, and NL6 for its ability to inhibit both APHs.

In order to determine the inhibition mode of these two compounds, steady-state
kinetic experiments were carried out using a direct quenched-flow method. Results are

described below and their mechanism is discussed on the basis of docking experiments.

3.3.1. Inhibition by NL8 compound.

NL8 was the most potent inhibitor amongst the 17 molecules tested here by the
coupled system, showing a 79% inhibition of APH(3)-Illa activity at 500 uM. However, it
showed little inhibition of APH(2")-IVa activity. The steady-state rate constants, ks, of
APH(3)-llla were determined at different concentrations of kanamycin A or ATP, and at 0, 50
or 100 uM concentrations of NL8 by the quenched-flow method. Double reciprocal plots of
1/kss versus 1/[ATP] or 1/[kanamycin A] are shown in Fig. 2.

Figure 2

The NL8 compound was found to be a competitive inhibitor of APH(3")-llla towards
ATP with a K; of 9 £ 2 uM, and a non-competitive inhibitor towards kanamycin A with a K; of
55 + 2 UM.

It should be noted that NL8 was initially identified as potential allosteric inhibitor on
the basis of a docking on APH(3')-llla-ADP complex. To explain the unexpected ATP
competitive inhibition mode found here, we carried out another docking of NL8 but in the
absence of ADP (Fig. S3). In these conditions, NL8 was found to overlap with the nucleotide
binding site, especially with the phosphate groups of the nucleotide. Unfortunately, it was
difficult to predict with accuracy the binding of NL8 as the molecule presents a high degree of

variability, even within repetitions of dockings (several rounds using identical parameters).
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Similar variabilities were obtained when NL8 was docked in the apo, in the kanamycin-bound
or in the ADP-bound structures.

NL8 was identified on the basis of an in silico screening in which the cavity of the
targeted protein was located behind the aminoglycoside binding pocket (Fig. 1). However,
the competition between ATP and NL8 upon binding to APH(3"-llla suggests than the
inhibitor may bind to a different location, presumably closer to the nucleotide binding pocket

without interfering with the aminoglycoside site.

3.3.2. Inhibition by NL6 compound.

The coupled enzyme system method showed that NL6 inhibited efficiently both
enzymes with 43% and 63% inhibition for APH(3')-1lla and APH(2")-1Va, respectively.
We determined the mode of inhibition of each protein by NL6. Fig. 3A and B show
that NL6 is a non-competitive inhibitor of APH(2")-IVa towards both ATP and kanamycin A
with K;of 85 + 10 uM and 74 £ 4 uM, respectively. Similarly, kinetics with APH(3")-llla showed
NL6 acts again as a non-competitive inhibitor towards ATP and kanamycin A with K; of
75 +£3 uM and 76 = 6 UM, respectively (Fig. 3C and D).
Figure 3
To further investigate the binding of NL6 to APH(3')-1lla, molecular docking of NL6
was performed in the apo protein, in the ADP-bound structure and in the ternary complex
(PDB ID: 1L8T). Although NL6 is acting on both APHSs' activity, it was more difficult to predict
the binding position of NL6 in APH(2")-IVa. Therefore, we focused on APH(3')-llla here. A
cluster of the best docking poses is shown in Fig. 4A, B, C for each simulation. Interestingly,
if one part of the molecule presents an important degree of flexibility in the apo and in the
ADP-bound structures, the dihydro-benzopyran ring of NL6 shows a rigorously identical
location in all docking predictions, suggesting the importance of this group for NL6 binding.
The interactions occurring between this moiety and the protein are detailed in Fig. 4D.
Figure 4
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All molecular dockings predicted that the dihydro-benzopyran ring is stabilized by the
backbone atoms of Leu209 and Gly210 and by a hydrogen bond between the carbonyl near
the benzopyran ring and the side chain of Arg211 (Fig. 4D). This latter interaction seems to
be of a crucial importance to stabilize the molecule as NL6 presents a completely different
predicted location when Arg2l1l is replaced by an alanine (Fig. 4E). To assess the
importance of this interaction for the in vitro binding of NL6, we engineered the R211A
mutant of APH(3')-llla and performed kinetic studies in the absence or in the presence of
NL6. The activity of this mutant was significantly affected: k. was decreased by 62%.
Interestingly, the molecule was completely unable to inhibit the APH mutant (Fig. 4F). This
result confirms the binding site of NL6 predicted by in silico studies and highlights the
importance of Arg211 for its binding to APH.

To further investigate the importance of the two other interactions occurring with the
benzopyran ring, we tested the activity of structurally related compounds. Indeed, the
benzopyran moiety is stabilized by two hydrogen bonds with the backbones of Leu209 and
Gly210, it was thus impossible to modify these interactions by mutations. Consequently, we
evaluated the activity of two structurally related molecules. One of them, named NL6-1
(Zinc14108604), contains the same dihydro-benzopyran ring than NL6 but with a slightly
shorter structure, while the other compound, NL6-2 (Zinc13235262), has a naphthyl group
instead. According to ZINC chemical database, the two analogues show more than 70% of
structural similarity with NL6 (Fig. 5A).

Dockings were achieved in the APH(3")-llla with NL6 and its two analogues using the
same parameters. According to these in silico studies, the two molecules bind to the same
position to that observed for NL6 in the substrate-bound structure of APH(3')-llla (Fig. 5C and
D). However, the naphthyl group of NL6-2 does not interact with the protein in contrast to the
dihydro-benzopyran group NL6-1 which has similar interactions to those of NL6. Similarly,
when docked in the apo protein, NL6 and NL6-1 show a strict overlay of their dihydro-
benzopyran group, while NL6-2 presents a completely different binding mode (Fig. 5E and
F). The naphthyl group of NL6-2 is indeed located at the opposite side from ADP in contrast
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to the dihydro-benzopyran moiety of NL6 and NL6-1, located near the nucleotide binding site.
This suggests that the benzopyran ring is also important for the stabilization of NL6.
Figure 5

Based on this prediction, these molecules were tested in vitro to estimate their ability
to inhibit the APH(3")-1lla activity. As shown in Fig. 5B, NL6-1 inhibits the activity of the APH.
Similarly to NL6, NL6-1 was confirmed to act as a hon-competitive inhibitor towards ATP with
a K of 185 + 12 uM (data not shown). The 2-fold higher K; of NL6-1 compared to NL6 can be
explained by its shorter structure (20 carbons) compared to NL6 (23 carbons), resulting in a
smaller number of interactions with the protein and consequently in a weaker inhibition. In
contrast, NL6-2 was completely unable to inhibit the APH activity, confirming the hypothesis
that the dihydro-benzopyran group is of major importance for APH inhibition.

According to kinetic and molecular docking studies, NL6 is likely to bind between both
substrates, without affecting their binding. The presence of NL6 should greatly perturb the
phosphotransfer of the y-phosphate of ATP on the 3'-OH of kanamycin A which could explain
the enzyme inhibition.

To conclude, the dihydro-benzopyran ring is of crucial importance for the binding of
NL6 to APH enzymes. In addition, the two interactions with side chain of Arg211 and
backbones of Leu209 and Gly210 were shown to play an essential role in the inhibition of

APH.
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4. Discussion

The problem of bacterial resistance to antibiotic due to aminoglycoside
phosphotransferases APH(2")-IVa and APH(3’)-llla enzymes could be overcome by the
development of novel drugs that target APHs, as suggested by Shi and co-authors in a
recent review [16]. For example, because of the structural similarity of the ATP binding
domain with protein kinases, APHs can be inhibited by eukaryotic protein kinase inhibitors. In
this way, protein kinase inhibitors of the isoquinoline sulfonamide family have been shown to
be competitive inhibitors of APH(3')-1lla towards ATP, although they were unable to restore
aminoglycoside susceptibility of strains harboring aph(3")-llla gene [38]. In the same manner,
Shakya et al. screened a library of known kinase inhibitors and identified pyrido-pyrimidines
as selective inhibitors of APH(3")s and flavonoids as general inhibitors of APHs [39]. A crystal
structure of the APH(2")-IVa-kanamycin-quercetin complex allowed to confirm that the
inhibitor binds to the ATP binding site of the enzyme.

The problem with such kinase inhibitors is their intrinsic poor selectivity because they
target the ATP binding site of APHs which is similar to that of many eukaryotic important
enzymes. However, the recent structure-guided optimization of protein kinase inhibitors
constitutes a promising strategy to enhance their specificity for APHs [18]. The originality of
our inhibitors, compared to these protein kinase inhibitors, is that they do not target the
substrate binding site, hence avoiding or reducing off-target effects. Therefore, they are
neither going to compete with the antibiotic itself for the binding to APHs or to the rRNA
target, nor with ATP which has a central role in many physiological processes. Instead, they
have been selected for their ability to interfere with important dynamic properties of the
targeted enzyme.

A similar strategy was successful applied to APH with the development of allosteric
inhibitors based on engineered ankyrin repeat motives. These compounds inhibited the
enzyme activity, both in vitro and in vivo, and were able to restore the bacteria sensitivity to

kanamycin and amikacin to a level comparable to that of the corresponding knockout strains
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[40]. Later, the resolution of the crystal structure of APH(3")-llla complexed with one of the
most potent ankyrin repeat protein inhibitor has confirmed the allosteric inhibition mechanism
[23]. Indeed, the binding of the inhibitor stabilizes the APH in a non-catalytically competent
conformation. However, the designed ankyrin repeat protein is a large molecule that is hardly
druggable.

Here, on the basis of in silico screening of a chemical library, our idea was to find
small molecules that are more druggable than large proteins and that inhibit APHs in a
similar manner to that of ankyrin repeat protein. Allosteric small-molecule kinase inhibitors
are indeed promising alternatives to active site binders, as recently reviewed [41].

We have identified twenty one small molecules that are potential allosteric inhibitors
of APHs. Out of the seventeen that were evaluated, four molecules were able to inhibit
significantly APH activity in vitro. We determined the mode of inhibition for two of them and
showed that they are non-competitive towards kanamycin A. One of them, NL8, was a
competitive inhibitor of APH(3')-1lla towards ATP, suggesting that it should bind near the
nucleotide binding position, but its precise binding position remains elusive. The fact that it
did not inhibit APH(2")-IVa suggests that it does not bind to the nucleotide binding site which
is conserved between the two APHs. The most promising molecule, NL6, is able to inhibit
non-competitively the two APHSs tested. Its binding site was confirmed both by mutating one
interacting residue of APH and by the use of NL6 analogues with one missing the dihydro-
benzopyran ring required for an efficient binding. As shown in Fig. 6, NL6 binds to a different
location in APH(3")-llla that of the protein kinase inhibitor CKI, and of the ankyrin-repeat
protein inhibitor AR-3A.

Figure 6

This confirms that non-allosterically modulated proteins such as APHs can be
inhibited by small druggable allosteric compounds, which brings new insights for the rational
drug discovery of APHs inhibitors.

The seventeen compounds will be further tested for their effect on antibiotic
susceptibility of different Gram-positive and Gram-negative bacteria strains as well as on
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their potential cell toxicity. The integration of dynamic motions by using normal mode
analysis in combination with molecular docking, enzyme kinetics and antibacterial activity
studies, provided important insights into the molecular basis underlying ligand binding and
enzyme inhibition. Co-crystallization assays of APHs with these molecules are currently in
progress and rational lead optimization processes are considered in order to design new
derivatives with higher inhibitory properties. Efforts should be made to increase the affinity of
APH for the inhibitor by adding chemical substitutions that would interact with additional
residues of the cavity. This should avoid that a single mutation of the protein is enough to

prevent the inhibition.
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5. Conclusion

Optimization of the lead compounds identified in this study should help in the design
of efficient APHs inhibitors that may overcome APH-dependent bacterial resistance to
aminoglycosides. Emergence and frequency of potential resistance mutants will be evaluated
in vitro. Moreover, this strategy may be applied to other multi-resistant strains for which the

major AMEs have been identified.
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Figure captions

Fig. 1. Identification of the target cavities using normal mode analysis. (A) Crystal structure of
APH(3')-llla shown as blue cartoon, complexed with ADP and kanamycin A in stick
representation (PDB ID: 1L8T). (B) Detection of all the dynamic cavities, shown in mesh
representation, from the fifty frames of the trajectory of the 200 first normal modes of 1L8T
structure depleted of ligands. (C) Selected cavity used for virtual screening. (D) Crystal
structure of APH(2")-IVva shown as pink cartoon, complexed with tobramycin in stick
representation (PDB ID: 3SG8). (E) Detection of dynamic cavities of 3SG8 structure without
tobramycin. (F) Selected cavity used for virtual screening. (G) Volume of the target cavities
(shown in C and F) showing variation along the normal modes trajectory of APH(3')-llla (in
blue) and APH(2")-IVa (in red). (H and I) Atomic fluctuations averaged by residue computed
from normal mode analysis for APH(3)-llla (1L8T) and APH(2")-IVa, respectively. The

numbers highlight residues showing significant fluctuations (for more details, see Fig. S2).

Fig. 2. Determination of APH(3")-llla inhibition mode by NL8. (A) Competitive inhibition profile
by NL8 towards ATP. Final concentrations were 0.1 pM APH(3’)-llla, 50 uM kanamycin A
and 5-500 uM ATP. (B) Non-competitive inhibition profile by NL8 towards kanamycin A. Final
concentrations were 0.1 pM APH(3)-llla, 5-200 pM kanamycin A and 25 pM ATP.
Lineweaver-Burk representations are shown but the fits were carried out on raw data. NL8

concentrations were 0 uM (circles), 50 uM (squares) or 100 uM (triangles).

Fig. 3. Determination of the inhibition mode of APH(2")-IVa (A, B) or APH(3")-llla (C, D) by
NL6. Final concentrations were (A) 0.5 uM APH(2")-IVa, 100 uM kanamycin A and 50-500
UM ATP; (B) 0.5 UM APH(2")-1IVa, 5-150 pM kanamycin A and 400 pM ATP; (C) 0.1 pM
APH(3)-llla, 50 uM kanamycin A and 5-250 uM ATP; (D) 0.1 uM APH(3Y)-llla, 5-100 uM
kanamycin A and 25 pM ATP. NL6 concentrations were 0 pM (circles), 20 uM (triangles) or
50 UM (squares).
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Fig. 4. (A, B, C) Clusters of docking poses of NL6 in the apo, in the ADP-bound and in the
ternary structures of APH(3"-llla, respectively. The stable dihydro-benzopyran group of NL6
is shown surrounded by a dashed line. (D) Details of interactions of the dihydro-benzopyran
ring of NL6 with APH(3")-llla. (E) Docking of NL6 in the substrate-bound structure of APH(3")-
llla R211A mutant. (F) Steady state activity of APH(3")-llla R211A mutant as a function of
ATP concentration in the absence (circles) or in the presence of NL6 (squares). Final
concentrations were 0.2 uM R211A APH(3)-llla, 50 uM kanamycin A, 5-100 uM ATP, and O

or 50 uM NL6.

Fig. 5. (A) Structure of NL6 and the two selected analogues, NL6-1 and NL6-2. (B)
Comparison of APH(3")-llla steady state activity as a function of ATP concentration in the
absence of NL compound (circles) or in the presence of NL6 (squares), NL6-1 (triangles) or
NL6-2 (stars). Final concentrations were 0.1 uM APH(3")-llla, 50 uM kanamycin A, 5-100 puM
ATP, and 0 or 50 uM NL compounds. (C, D) Overlay of the best docking poses of NL6 (grey)
and NL6-1 (pink) or NL6-2 (dark cyan) respectively in the APH(3)-llla-ADP-kanamycin A
complex. (E, F) Overlay of the best docking poses of NL6 and NL6-1 or NL6-2 respectively in

the apo structure of APH(3")-llla.

Fig. 6. (A, B) Crystal structures of the APH(3")-llla bound to CKI-inhibitor (yellow sticks, PDB

ID: 3Q2J) or to AR_3A inhibitor (green cartoon, PDB ID: 2BKK), respectively. (C) Predicted

binding position of NL6 (grey sticks) in APH(3')-1lla.
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Table 1

Table 1.

Docking scores and averaged in vitro APH inhibitions of selected NL compounds. Compounds that were not commercially available are
indicated by an asterisk. Zinc numbers are indicated in brackets. Inhibitions of APH activity by 500 uM of NL compound are expressed as
percentage relative to the activity without compound. Inhibitions by 40% or more are highlighted in bold.

APH(3)-llla APH(2")-IVa APH(3)-llla APH(2")-IVa
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Supplementary Material (for online publication)
Click here to download Supplementary Material (for online publication): Supplementary material no video.pdf

Fig. S1. Sequencing result showing the representative part of the
aph(3")-llla gene where the R211A mutation has been introduced.


http://ees.elsevier.com/bbagen/download.aspx?id=331942&guid=193ea33a-34f4-4f88-8441-59c1c5036a52&scheme=1

Fig. S2. Identification of the target cavities using normal mode analysis. (A, B) Crystal structures of APH(3')-llla and APH(2")-IVa shown as
blue or pink cartoon, respectively. The fluctuated residues involved in the cavity are shown as red balls: H188, K217 and 1247 in APH(3’)-
Illa and D237, E238 and K255 in APH(2”)-IVa. Yellow balls indicate CA atoms of the residues surrounding each cavity (G192 and R226 in
APH(3")-llla and S199 and S232 in APH(2")-1Va). (C, D) Movies showing the motions of APH(3")-llla and APH(2”)-1IVa from superposed
normal modes. Same representations as in A and B, respectively.



Fig. S3. Predicted binding poses obtained for NL8 by molecular docking using identical parameters either in the APH(3")-llla apo protein (A,
B) or in the APH(3"-llla-kanamycin A complex (C, D). Best docking poses of NL8 in the ADP-bound structure (E) or in the ternary complex
(F). NL8 was docked into the 1L8T structure in which none, one or both ligands were conserved for docking. Removed ligands are shown in

transparent sticks.



Video Fig S2C
Click here to download Supplementary Multimedia File: Fig S2C.mpg
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Video Fig S2D
Click here to download Supplementary Multimedia File: Fig S2D.mpg
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