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NMR-Guided Fragment-Based Approach for the Design of AAC(6')-1b

Ligands

Thomas Lombeés,” Guillaume Bégis,”™ Frédérique Maurice,” Serge Turcaud,” Thomas Lecourt,”

| *[b]

Frédéric Dardel,*® and Laurent Micouin*®

Aminoglycosides are potent, broad-spectrum antibiotics of
major clinical importance." Unfortunately, the emergence of
resistance is increasingly restricting their use as antibacterials.””
Among the common mechanisms of resistance, enzymatic
modification of aminoglycosides by N-acetylation at the 6'-po-
sition is one of the most widespread. Two functional classes of
N-acetyltransferases (AAC(6')) have been described: AAC(6')-I,
which confers resistance to amikacin but not to gentamicin,
and AAC(6')-ll, with the reciprocal selectivity. Among these
two classes, the aminoglycoside 6'-N-acetyltransferase type li
(AAC(6')-1) has been intensively investigated, with the crystallo-
graphic determination of its structure and the design of several
bisubstrate inhibitors.”) Moreover, the first inhibitor of this
enzyme active in cells has recently been reported, providing
the proof of concept for the pharmaceutical potential of such
compounds.” The structure of AAC(6')-ly has also been report-
ed.”

As part of a general program on the fragment-based design
of aminoglycoside mimics,® we have been interested in the
study of another AAC(6')-1 subclass: AAC(6)-Ib. Unlike in the
cases of AAC(6')-li and ly, which are chromosomally encoded
(and hence confined to a single bacterial species), the gene for
AAC(6')-lb is carried by mobile elements such as the integrons,
and is present in over 70% of AAC(6')-producing Gram-nega-
tive clinical isolates.”” Furthermore, some isoforms of this class
have recently evolved in clinical isolates to provide resistance
to both amikacin and gentamicin® or to some fluoroquino-
lines.” The low sequence identity (<20%) of ACC(6')-Ib with
the well-characterized ACC(6')-li and ACC(6')-ly prompted us to
evaluate a fragment-based approach for the design of ligands
of this enzyme, rather than a rational design based on the
structural data available for ACC(6')-li and ACC(6')-ly enzymes.
Our aim was to design ligands that were structurally distinct
from aminoglycosides, which would be less likely to be deacti-
vated by other resistance enzymes."” Here we report an NMR-
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guided design of micromolar ligands for this enzyme, as well
as their conversion into a bisubstrate inhibitor.

In preliminary studies, we used NMR detection techniques
to identify compound 1 (Scheme 1) as a primary fragment for
the design of ligands." This compound is readily available
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Scheme 1. Dissociation constants of selected ligands determined by fluores-
cence spectroscopy experiments.

from cyclopentadiene on a large scale in a racemic or enan-
tioenriched form.'” Both saturation transfer difference (STD)"?
and reverse n.O.e. pumping experiments"'” were used to verify
its ability to mimic the central desoxystreptamine core of kana-
mycin binding to the enzyme (Figure 1). Furthermore, the spe-
cificity of this binding was confirmed by a substantial decrease
in the STD signal of compound 1 when the experiment was
conducted in the presence of kanamycin, showing competitive
binding of this fragment to the active site of the enzyme (for
details see the Supporting Information).

Compound 1 was then coupled through ether or ester link-
ages with several substituted aromatic moieties capable of
mimicking ring 1 of aminosides, leading to racemic neamine
analogues (Scheme 2).

All the compounds were then evaluated by reverse n.O.e.
pumping experiments for their ability to bind AAC(6')-1b.

It was expected that the common aminocyclopentanic
moiety would bind in most cases, leading to intermolecular
n.O.e. transfers, whereas efficient n.O.e. transfers from the aro-
matic appendage would only occur with the best ligands
(Figure 2). This NMR screening provided a qualitative estima-
tion of binding affinity for all the compounds, which can be
classified into three groups: no signals from the aromatic com-
ponents were observed with compounds 5 and 13, whereas
weak n.O.e transfer onto the aromatic components of com-
pounds 14, 15, 8, 18, 12 and 11 could be detected, and strong
n.O.e. transfers were observed with compounds 7, 4, 6, 16 and
9. Although this “ligand-observe” set of experiments provided
a qualitative affinity score for the enzyme, we could not at this
stage exclude the possibility that the binding might be occur-
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Figure 1. STD analysis of the binding of kanamycin (bottom) and diamino-
cyclopentanol 1 (top; the water signal has been removed for clarity) to
AAC(6')-1b. The boxed peaks correspond to the cyclic methylenic protons
located between the two amino groups. In each case, the

shaded box corresponds to the proton syn to the amines and

shows the strongest STD signal.

ring out of the enzyme active site. Since the size of
AAC(6')-b (43 kD, 2% 196 amino acids) precluded the
direct investigation of foot-printing by “target-ob-
serve” 2D NMR techniques (such as HSQC or TROSY
experiments), the binding of representative ligands
was then investigated by fluorescence spectroscopy.
We indeed observed that binding of compounds 1,
15, 4 and 9 induced strong quenching of the fluores-
cence of tryptophan residues (50-70%). As AAC(6')-I
enzymes share conserved tryptophan residues within
their active sites, on which the 2-DOS moiety has
been observed to stack, this fluorescence quench
might be indirect evidence that these compounds
are indeed interacting with tryptophans located in
the AAC(6')-Ib active site. Furthermore, it allowed the
calculation of their dissociation constants by titra-
tion. Thus, Ky values were established to be 41+
3 um for compound 1, 57+6 pum for compound 15,
23+ 2 um for compound 4, and 20+ 1.2 um for com-
pound 9 (Scheme 1).

This correlates very well with the NMR results, as
the additional interactions observed with 4 and 9
result in a twofold improvement of affinity, whereas
the small loss observed with 15 is correlated with
very weak intermolecular n.O.e. transfer.

The final validation of this NMR-guided ligand op-
timization was performed by preparing a bisubstrate
ligand from compound 9. For this study, we decided

one-pot procedure recently reported by Auclair and co-workers
(Scheme 3).

The dissociation constant of compound 24 was then evalu-
ated by fluorescence titration as 9504+ 190 nm, showing an im-
proved affinity relative to the starting optimized fragment 9.
Standard AAC(6')-Ib inhibition essays with kanamycin as a sub-
strate showed that compound 24 is an inhibitor, with a K;
value of about 5004300 nm, whereas neither CoA nor com-
pound 9 showed any significant inhibitory properties. No syn-
ergistic activity could be observed when 24 was tested in com-
bination with kanamycin against a E. coli strain harbouring the
AAC(6')-Ib encoding gene, as would be expected with a com-
pound bearing an unmodified CoA moiety."

In conclusion, we have shown in this work that “ligand-ob-
serve” NMR techniques such as reverse n.O.e. pumping can be
used to drive the detection and optimisation of ligands for
AAC(6')-Ib, one of the most clinically important resistance en-
zymes to aminoglycosides. Interestingly, this fragment-based
approach has been conducted without any need for NMR
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to resynthesise this compound in enantioenriched 9
form, since the coupling of a racemic material with
the CoA moiety would deliver diastereomers
(Scheme 3). Compound 22 was then selectively re-
duced, deprotected and coupled with CoA by the
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Figure 2. Qualitative binding analysis by reverse-n.0.e pumping experiments of com-
pounds 4-18. Spectra are ordered by increasing affinities. The water signal (4.7 ppm) has
been removed for clarity.
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structural assignment of the target, with the validation of the
binding site for the ligands by fluorescence spectroscopy and
the preparation of a bisubstrate inhibitor. Despite the modest
inhibition constant of compound 24 in relation to bisubstrate
inhibitors described for AAC(6')-li, this result shows that ligands
and inhibitors of AAC(6')-lb can be constructed from non-ami-
noglycoside-like fragments, and that NMR can be a powerful
tool for qualitatively estimation of their binding affinities to
the enzyme. The design of more drug-like, nonbisubstrate
inhibitors, as well as cocrystallisation studies, are underway.
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Reverse n.O.e. pumping in the detec-
tion and optimisation of ligands:
Ligand-observed NMR experiments have
been used to drive the detection and
optimisation of non-aminoglycosidic li-
gands for AAC(6')lb, one of the most
clinically important resistance enzymes
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to aminoglycosides. This fragment-
based approach has been conducted
without any need for NMR structural as-
signment of the target, and has been
validated by the preparation of a bisub-
strate inhibitor.
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