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ABSTRACT: Novel bacterial topoisomerase inhibitors (NBTIs)
targeting DNA gyrase and topoisomerase IV constitute a new
antibacterial class for deadly pathogens such as MRSA. While most
NBTIs induce gyrase-mediated single-strand DNA breaks, a subset of
amide NBTIs induces both single-strand and double-strand DNA
breaks. Here, we report the X-ray crystal structures of two such amide
NBTIs, 148 and 185, and demonstrate an unusual binding mode
characterized by engagement of both GyrA D83 and R122. The
synthesis of two isosteric triazole NBTIs is also described, one of which
(342) affords only single-strand DNA breaks, while the other (276)
also induces both single- and double-strand DNA breaks. A combination of docking and molecular dynamics simulations is
employed to further investigate the potential structural underpinnings of differences in DNA cleavage.
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ombatting antimicrobial resistance (AMR) and its profound impact of structural biology on this emerging class of
devastating impact on human health remains a top antibacterials.
global priority. Indeed, recent estimates indicate that ~ 1.3 The majority of early NBTIs, including GSK299423° and
million individuals die each year as a direct consequence of gepotidacin,” employ a secondary amine (Figure 1A, circled)
bacterial AMR." Staphylococcus aureus, especially methicillin- as a key pharmacophoric element. The basic amine engages an
resistant strains (MRSA), constitutes the deadliest of the acidic aspartate residue (D83 in S. aureus DNA GyrA). The
Gram-positive pathogens, and we have a longstanding research importance of this interacétion has been substantiated by
program aimed at new therapies for this pathogen. several published structures” as well as by mutational studies
Our research has focused on Novel Bacterial Topoisomerase whereby the D83N ‘111}11?40 acid substitution commonly drives
Inhibitors (NBTIs),”® small-molecule antibacterial agents resistance to NBTIs. " More recently, several groups have

targeting the clinically validated enzymes DNA gyrase and de\llelogsgls nonamineib?sed NBTTIS) most especliél_llz)zf
topoisomerase IV. These essential enzymes, constituted as amides and oxa?c;loldlnone-contalnl.ng compoupds.

A,B, heterotetramers, modulate changes to the topology of Regfgt c'rystallogra.ph}c ‘and.co‘mputatlonal modeling St?d'
bacterial DNA through the intermediacy of transient double- ies™ indicated a distinctive binding mode for the oxazolidi-

strand breaks to the DNA double helix.* In 2010, Bax et al. nones, including interactions with R122 (S. aureus numbering),
a basic residue directly adjacent to the catalytic tyrosine of

DNA gyrase. In contrast, the X-ray crystal structure of one
amide-type NBTI revealed a classical interaction with D83.>
Herein, we report the first ternary X-ray structures of amide

published the ternary X-ray crystal structure of the NBTI
GSK299423, DNA gyrase, and a short segment of double-
strand DNA, a true watershed moment for the field> The
authors identified a unique ligand binding mode on the 2-fold
axis of the GyrA dimer interface. These results immediately

‘CSMedicinal

rationalized the absence of cross-resistance with existing gyrase Received: January 31, 2025 Chemisty etery
inhibitors such as the fluoroquinolones and have stimulated Revised:  March 19, 2025 ?(*%"‘!d
numerous additional structural studies,’® including with the Accepted:  March 25, 2025 ‘ .\!Q;A
most clinically advanced NBTI, gepotidacin.”® Other in- Published: April 1, 2025 '5 ‘i
novative research has elucidated a bifurcated halogen bond g

employed by some NBTIs,”'® further demonstrating the
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GSK299423 gepotidacin 148: X = S (thiazinone, 25 in ref. 15)
185: X = O (oxazinone, 23 in ref. 15)

Figure 1. (A) Chemical structures of NBTIs bearing a secondary amine (circled). Blue represents the DNA-binding moiety, black the linker, and
red the gyrase-binding moiety. (B) Chemical structures of amide NBTIs with unusual binding mode.

D83

Figure 2. Close-up view of interactions involving compounds 148 (A) and 185 (B). The full structure is shown in thin lines with carbon bonds in
green, oxygen in red, nitrogen in blue, and sulfur in yellow. Compounds 148 and 185 are shown in thicker lines. Key gyrase side chains and DNA
nucleotides are also shown as thick lines, with carbon bonds in cyan and yellow, respectively. Hydrogen bonds and other electrostatic interactions
are shown as dashed lines with distances labeled. Notice that the amide groups of 148 and 185 have their dipole moments interacting favorably in a
nearly linear arrangement with D83 on one side and R122 on the other. R122 also forms extensive interactions with the scissile phosphate and the
adjacent phosphate in the 3’-direction. The red arrow indicates where the hydroxyl of Y123, if present (but mutated to F), would react with the
phosphate that is cleaved.** The Mn?* atom is shown as a purple sphere.

NBTIs 148 and 185 (Figure 1B, 2) bound to DNA gyrase and noncanonical NBTI mechanism and thus initiated structural

double-stranded DNA with a distinctive binding mode studies.

engaging both D83 and R122. These studies spurred the Crystal structures of 148 and 185 were determined in
design and synthesis of additional novel chemotypes, including complex with the S. aureus GyrB27—AS56(GKdel) Y123F
isosteric substitution of the amide moiety by a triazole. fusion construct’ with a 20 bp symmetric DNA duplex at

Computational docking and molecular dynamics simulations resolutions of 1.97 and 2.25 A, respectively (Figures 2A and

were also employed in an effort to discern a structural rationale 2B). Compounds 148 and 185 differ based on the presence of

for diife.re.:nces in DNA cleavage. outcome's. ) sulfur or oxygen in the terminal ring of the gyrase-binding
Inhibition of the hERG cardiac potassium ion channel has . . - . .
moiety (Figure 1B, thiazinone and oxazinone, respectively)

presented a significant obstacle to the advancement of the and form nearly identical interactions with the gyrase-DNA

NBTIs.”* We'>'® and others'” have explored replacement of
) . e b reprac complex. As expected, both structures contain uncleaved DNA
the prototypical secondary amine with a nonbasic amide as one ] ) e , ) R
with a single Mn** ion at the 3'(A) site of each active site.”

strategy to overcome this liability. Indeed, compounds 148 and
185 (Figure 1B) showed reduced hERG inhibition relative to The 148 and 1‘?5 COInpOllTldS are each bognd aloTlg the
analogous amine NBTIs."* More intriguingly, these two amides noncrystallographic 2-fold axis of the gyrase dimer, with the

and other structurally related analogues led to accumulation of LHS wedging into the central base pairs of the DNA and the
both single- and double-strand DNA breaks in the presence of RHS binding into the usual hydrophobic pocket formed by the
S. aureus gyrase,ls’16 in contrast with the canonical view that side chains of 170, V71, and M75. Both 148 and 185 are bound
NBTIs cause only single-strand breaks.” We hypothesized that as a mixture of two alternative overlapping conformations
differential interactions with the enzyme may contribute to this along the 2-fold axis (Supporting Information Figure S1), as is

661 https://doi.org/10.1021/acsmedchemlett.5c00060

ACS Med. Chem. Lett. 2025, 16, 660—667


https://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.5c00060/suppl_file/ml5c00060_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.5c00060?fig=fig2&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.5c00060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

Amide NBTIs o

HN
()
O O
:>“‘NH
(0]
X

_0O
) 185 (23 in ref. 15)
N (6]
o/~ J
O (¢}
:>‘ INH
(o}
0 X
88 (3 in ref. 15)
N/

Triazole NBTIs

/N?N
N N H
o}
—> ° \N\ b F26 f
7
o]
= N/
Ol
N N
—
o
© \N\ b F342 j
o]
= N/

Figure 3. Triazole-containing NBTTIs as isosteres of amide-type NBTIs. Notably, 276 and 342 employ a piperidine linker moiety in place of the
dioxane linker for ease of synthesis and a fluoronaphthyridine DNA-binding motif in place of a quinoline.

commonly seen for other NBTIs.” Only one conformation is
shown for the sake of clarity.

As compared to other NBTTs, the linker regions of 148 and
185 are bowed away from the 2-fold axis (Supporting
Information Figure S1), which allows them to form additional
interactions with the protein. Specifically, the amide groups of
148 and 1885 are each bound with their dipole moments nearly
colinear with the carboxylate group of D83 on one side (4.4—
4.6 A from the amide nitrogen) and the guanidino group of
R122 on the other (3.2—3.5 A from the amide carbonyl
oxygen). The amides are thus positioned to form close to
ideally favorable colinear charge-dipole interactions with D83
and R122. The guanidino group of R122 in turn forms a
network of H-bonds with the scissile phosphate bound by the
Mn?" ion and with the adjacent phosphate in the 3'-direction.
In contrast, the dioxane rings of the 148 and 185 linker regions
do not form direct interactions with residues of the protein or
DNA and are less well-ordered in the structures. The close
interactions of the amide groups of 148 and 185 with R122, a
key active site residue that contacts the known scissile
phosphate to stabilize the excess negative charge of the
transition state, suggest a possible mechanism for how 148 and
185 could influence the formation of DNA breaks.
Oxazolidinone-type inhibitors have also been shown to engage
the R122 residue,””** although published details are lacking as
to the stabilization of cleaved DNA by these compounds.
Earlier research from Germe et al. demonstrated that an
R122A variant of S. aureus DNA gyrase is not cleavage-
competent.27

It is thus tempting to speculate that this unusual binding
mode may play a role in the stabilization of double-strand
breaks by amides 148 and 18S. However, several additional
amide inhibitors afforded only single-strand DNA breaks,
including compound 88" (Figure 3). However, our efforts to
date have not afforded high-quality crystals with such
compounds, leaving open questions about the potential
relevance of the interactions with R122. As noted above, the
effects of the oxazolidinones””*” on DNA cleavage have not
been reported. In an effort to bridge this knowledge gap, we
undertook additional design and synthesis efforts.

Isosteric substitution is a commonly employed technique in
medicinal chemistry, and triazoles constitute an attractive,
readily accessible amide bioisostere.”® Compounds 276 and
342 (Figure 3) were synthesized (Scheme S1, Supporting
Information) as isosteric analogues of 185 and 88, respectively.
We hypothesized that the oxazinone-containing 276 would
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stabilize both DSBs and SSBs in the presence of DNA gyrase,
whereas benzodioxane-containing 342 would afford only SSBs
based on analogy with the benzodioxane moiety of 88 and its
lack of induction of DSBs."” DNA cleavage assays were thus
conducted using a negatively supercoiled DNA substrate with
S. aureus DNA gyrase to determine the extent to which SSBs
and DSBs were formed.

Incubation of pBR322 DNA with the oxazinone-triazole 276
in the presence of DNA gyrase resulted in a concentration-
dependent increase in both SSBs and DSBs (Figure 4), in line

e —r—— " }

% DNA Cleavage

T
0.0001 0.001 0.01 0.1 1 10

276, uM

Figure 4. Compound 276 induction of DNA strand breaks in the
presence of gyrase. (A) The ethidium-stained gel indicates positions
of DNA after incubation with enzyme in the absence or presence of
276 (0.1 nM-10 uM). The various DNA forms are indicated as
negatively supercoiled pBR322 DNA substrate ((—)SC), linearized
DNA (Lin) representing double-strand breaks, and nicked open-
circular DNA (Nick) representing single-strand breaks. Ciprofloxacin
and gepotidacin were included as controls at the indicated
concentrations. (B) Induction of single strand breaks (SSB) and
double-strand breaks (DSB) induced by 276 (0.1 nM-100 uM).
Percent DNA cleavage was calculated by assessment of the intensity
of DNA bands relative to the intensity of the EcoR1 digested pBR322
band as described in Supporting Information. The percent DNA
cleavage in enzyme controls was subtracted to yield the final results.
Results shown are derived from S separate experiments run on
separate days. Regression lines were generated using a 4-logistic curve
fit in Sigmaplot 16 (Grafiti LLC, Palo Alto, CA).
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with our hypothesis based on activity of the oxazinone-amide
185."° The maximal percentage of SSBs approached 10—13%,
whereas DSBs were somewhat lower (~5—7%). The controls
behaved as expected, with ciprofloxacin affording DSBs and
gepotidacin yielding SSBs.

The level of SSBs induced by benzodioxane-triazole 342 was
similar to that with 276, but only small quantities of DSBs
were formed (Figure S). These results mirror those seen with
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Figure 5. Compound 342 induction of DNA strand breaks in the
presence of gyrase. (A) The ethidium-stained gel indicates positions
of DNA after incubation with enzyme in the absence or presence of
342 (0.1 nM-10 uM). Ciprofloxacin and gepotidacin were included as
controls at the indicated concentrations. (B) Induction of single
strand breaks (SSB) and double-strand breaks (DSB) by 342 (0.1
nM-100 uM) was quantified by the same method as that explained in
Figure 4. Results shown are derived from § separate experiments run
on separate days. Regression lines were generated using a 4-logistic
curve fit in Sigmaplot 16 (Grafiti LLC, Palo Alto, CA).

amides 185 and 88,"° reinforcing the importance of the right-
hand side terminal ring. These observations have prompted a
more comprehensive program surrounding these triazole
NBTIs, the results of which will be reported in due course.
We have been unable to obtain high-quality crystals with
triazole NBTIs in ternary complexes with DNA gyrase and
bacterial DNA.

To facilitate a deeper understanding of the binding modes of
nonamine-containing NBTTs, and to attempt to explain the
notable differences in DNA cleavage patterns within this
subclass of NBTIs, we performed a docking analysis. Using the
higher-resolution S. aureus DNA gyrase crystal structure
resolved with compound 148 as our starting point, we
prepared a model system by splitting apart the GyrA/B fusion
construct and reversing the Y123F deactivation mutation due
to its proximity to the binding site. However, the missing
Greek-Key domains were not reconstructed. The set of 14
NBTIs (see below) was subsequently docked using the original
atomic coordinates of the cocrystallized 148 molecules as a
target.

Our previously published'> amide-type NBTIs constituted
12 of the 14 docked NBTIs. Eight of the 12, compounds 88,
89, 101, 103—105, 113, and 115 (Supporting Information
Figure S3A), primarily cause SSBs (“SSB subset”) while the
other four, compounds 148, 185, 186, and 189 (Supporting
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Information Figure S3B), lead to accumulation of both SSBs
and DSBs (“DSB subset”)."” The remaining two compounds
docked were the triazoles 342 (induces SSBs, Figures 3 and 5)
and 276 (induces both SSBs and DSBs, Figures 3 and 4).

Analysis of the docked structures showed prototypical NBTI
binding configurations for all 14 compounds (Figure 6A).
Overlaying the ligand-bound crystal structure for compound
148 and the aligned crystal structure of compound 185 onto
their docked counterparts showed only minor deviations in the
binding pose (Figure 6B, C). Docking compound 88 resulted
in an increased distance to the proximal D83 residues
compared to a previous docking study but maintained no
direct interaction with R122 (Figure 6D).”'>** The remaining
docked compounds showed varying degrees of interaction with
the local binding site residues (Supporting Information Figure
S4). There were no significant differences in any of these
distances between the SSB and DSB subsets of the compounds
(Figure 6E). Also of note is that the two triazole compounds
were docked in a highly similar manner, with a maximum
deviation over all measured distances of only 0.3 A in
opposition to their different DNA cleavage patterns (Figure
6F).

The nonsignificant differences in binding pose distances
across the SSB and DSB subsets, coupled with the nearly
identical binding of the differentially DNA-cleaving triazole
NBTIs, suggested that static docking alone is insufficient to
identify potential explanations for differences in observed DNA
cleavage patterns. To address this, the docked systems were
used in an ensemble of molecular dynamics (MD) simulations.
Each docked NBTI was simulated in triplicate 200 ns
production simulations and seeded from separately minimized
and equilibrated structures to randomize starting positions and
velocities. The first 50 ns of each simulation were considered
equilibration time and not analyzed (Supporting Information
Figure SS).

We first examined the radius of gyration (ngr) as a metric
for how conformationally dynamic each NBTI was throughout
the simulation. This metric, aggregated over time, showed no
significant difference between the SSB and DSB subsets,
indicating little deviation from their initial binding pose.
However, by isolating the horizontal components of R,,,, we
observed a significant difference between the groups (Figure
7A). It should be noted, however, that the triazole NBTIs
possessed the highest average perpendicular Ry, across both
groups, indicating that high lateral bowing is not wholly
predictive of DNA cleavage patterns. This is consistent with
the observed horizontal bowing in the crystals of amide
compounds 148 and 185 relative to other published
structures™”***>**3° (vide supra and see Supporting Informa-
tion Figure S6) and suggests that NBTI bowing is a feature of
the oxazinone and thiazinone gyrase-binding moieties, rather
than the amide or triazole motifs.

We next investigated specific NBTI-residue interactions,
dividing the symmetric binding site into “Near” and “Far”
residues based on proximity to the asymmetrically bound
inhibitors (Figure 7B). Distances were collected at each
simulation time step as the minimum between the atoms of the
amide or triazole moieties and the functional groups of
D83year/kar and R122y4r/p.- Comparing the distances of the
SSB and DSB subsets, averaged over time, revealed a
significant difference for only Near-side residue R122 (Figure
7C). The per-compound distance distributions of R122y,,
(Figure 7D), aggregated over the three replicates, revealed that

https://doi.org/10.1021/acsmedchemlett.5c00060
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Figure 6. Computational docking results in the S. aureus DNA gyrase crystal resolved with 148. (A) Compiled docked structures from all 14
compounds. Docked NBTTIs are shown with a wire representation and binding site components shown as licorice. Symmetric binding site residues
are labeled Near (magenta) and Far (yellow) based on their position relative to the bound NBTL (B) Overlay of cocrystallized 148 (wire) with its
docked pose (transparent). (C) Overlay of the aligned crystal of 185 (wire) with the docked pose (transparent). (D) Overlay of the previous
docked pose of 88 in 2XCS (wire) and the newly docked pose (transparent). (E) Amide- and triazole-NBTI distance distributions to residue
backbones (BB) and side chains (SC), grouped by SSB- (green) and DSB- (blue) subsets. Points show distances for individual NBTIs, color
indicating an amide- or triazole-containing compound. (F) Docked poses of the two triazole NBTIs. 276 from the DSB-subset is in blue (top), and
the SSB-subset 342 is in green (bottom). Statistical significance is given by an independent ¢ test (* p < 0.05; ** p < 0.01; *** p < 0.001).

the distances of the DSB subset primarily fell into a bimodal
distribution with peaks at around 3 and S A. This contrasted
with the irregular distributions of the SSB subset.

We speculate that the more consistent R122y,,, interactions
for NBTIs in the DSB subset stem from their higher
perpendicular Ry, as compounds with a more bowed pose
could potentially interact with residues on the side of the
binding pocket more frequently. Distance time-series of DSB-
inducing 186 to R122y,,, showed a unique interaction pattern
for each simulation replicate (Figure 7E, G). Distances
remained stable at ~ 3 and S A for replicates 1 and 3,
respectively, while replicate 2 alternated between these states.
These interaction patterns underlie the bimodal distributions
seen in Figure 7D. The stable S A state corresponds to
interactions between R122y,, and the scissile phosphate group
of the DNA backbone seen in our crystals of 148 and 185 as
well as previously reported structures.”’ Supporting this, the
time-series of R122y,,, and PO, distances for 186 followed a
pattern nearly inverted to the amide distances (Figure 7F, G).
It should be noted that the distances were not cleanly
anticorrelated, as R122y,,, also interacted with other binding
pocket elements (data not shown). However, both DSB-
causing and SSB-causing triazole NBTIs appeared to bind so
that R122y,,, formed a stable bridge between both Lewis basic
nitrogens of the triazole and the backbone phosphate (Figure
7H). This, like perpendicular Ry, suggests that NBTI amide/
triazole interactions with R122y., correlate with but do not
drive different DNA cleavage patterns.

While the D83g,, to NBTI-amide/triazole distances were not
significantly different between the SSB and DSB subsets, the
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reason for the comparatively tight distribution of the DSB
subset is unclear (Figure 7B). Given that a lower variance
would most likely arise from a stabilizing interaction with an
average distance of 5.1 A, it was unlikely that contacts between
the NBTI-amide/triazole motif and D83 were the source.
Instead, we observed a stable interaction between D83y, and
the oxazinone/thiazinone motifs of the DSB subset. This
interaction has not been observed in experimental structures,
but it was previously reported in docked poses of the
oxazinone-containing BWC0977.** Distance distributions
between D83g,, and the oxazinone/thiazinone ring-nitrogen
of the DSB group simulations showed stable interactions
across replicates and were not observed in the SSB subset
(Figure 7L, J). Unlike with the prior metrics, this specific
interaction was possible for compound 276 but not for
compound 342. While we might speculate that the stabilization
of D83y, alone causes the double stand breaks seen in this set
of compounds, previous experimental studies comparing DNA
cleavage between amide and amine analogues of oxazinone/
thiazinone NBTIs only saw a substantial accumulation of
double-strand DNA breaks in the amide compounds.'® We
thus hypothesize that specific interactions with both R122y,,
and D83, are necessary to stabilize the doubly cleaved
intermediate. Still, the mechanism through which these double
strand breaks form remains elusive.

The canonical view of NBTIs suggests that they induce only
single-strand DNA breaks, but exceptions have been
reported.>'**" X-ray crystal structures for two amide-type
NBTIs previously shown to induce double-strand DNA breaks
are presented. Each reveals an unusual binding mode, with a
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Figure 7. Molecular dynamics simulation analysis of NBTI functional group interactions with binding pocket residues. (A) Radius of gyration
distributions split into SSB- and DSB-subsets. R, denotes 3D radius of gyration, and LR, represents horizontal gyration, perpendicular to the
longest axis of the NBTL The points show trajectory-averaged values colored by NBTI linker motif. (B) Binding pocket map of the positions of the
Near-side (magenta) and Far-side (yellow) residues relative to an NBTI (cyan). Dashed lines show distances measured throughout the simulations.
Minimum distances between residue side chains and amide and triazole heavy-atoms were collected. (C) Aggregate distances measured throughout
the simulation to the four interacting residues shown in part B. Average distances for each NBTI simulation replicate are shown as points colored
by their motifs. (D) Per-compound distance distributions between R122y.,, and the NBTIs shown in part C. Each distribution contains distances
from three replicate trajectories. Time-series distances of 186 over replicates between (E) the amide or triazole to the side chain of R122y.,, and
(F) the guanidino group of R122y,, to the scissile phosphate. Curves were smoothed by rolling average with a window size of 1% total trajectory
length. Gray regions indicate the equilibration period excluded from analyses. (G) Representative distances sampled from the trajectory denoted in
E & F at 100 ns (top) and 150 ns (bottom). 186 is shown in blue, R122,, in magenta, and the phosphate group oxygens in red. (H) Distances of
the NBTT triazole and scissile phosphate to R122y,,, taken from the final frame of replicate 3 for 342 (top, green) and 276 (bottom, blue). (I) Per-
replicate distance distributions between D83y, and different NBTI motifs. (J) Representative interaction distances of D83y, in yellow with SSB-
inducing 89 in green (Top) and SSB- & DSB-inducing 148 in blue (Bottom). Statistical significance is given by the Mann—Whitney U-test for non-
normal distributions (* p < 0.05; ** p < 0.01; *** p < 0.001).
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