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MICROBIOLOGY

Creation of a macrolide antibiotic against
non-tuberculous Mycobacterium using late-stage

boron-mediated aglycon delivery
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Non-tuberculous mycobacteria (NTM) is gaining clinical recognition as a recently emerging pulmonary pathogen.
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Mycobacterium avium complex (MAC), the most common NTM, is the cause of pulmonary MAC disease. Currently,
the macrolide azithromycin (AZM) is the standard first-line antibiotic for treatment of the disease. However, the rise
of drug-resistant MAC necessitates the development of alternative therapeutics. Here, we present a late-stage
boron-mediated aglycon delivery strategy for selective modification of AZM, generating a library of potential anti-
MAC drugs designated KUO1 to KU13. Screening of KUO1 to KU13 revealed that KU13 exhibited enhanced antimi-
crobial activity against wild-type and macrolide-resistant MAC compared to AZM. Cryo-electron microscopy
analysis indicated that the inserted tercyclic moiety of KU13 formed a robust anchor on the bacterial ribosome,
creating a binding pocket with base flipping of U2847, potentially bypassing the standard mechanism of macrolide
resistance. These results position KU13 as a promising lead for therapeutics against macrolide-resistant MAC.

INTRODUCTION

Non-tuberculous mycobacteria (NTM), a group of mycobacterial
species other than Mycobacterium tuberculosis and M. leprae, are
known as opportunistic pathogens that most frequently invade the
lungs, skin, soft tissues, and lymph nodes. In particular, the lungs are
the most-commonly affected organ, and the disease is known to oc-
cur in people with anatomical or structural abnormalities of the air-
ways/lungs, such as bronchiectasis, chronic obstructive pulmonary
disease, and cystic fibrosis. NTM encompasses more than 190 species
that are found worldwide; mycobacteria of this class are ubiquitously
present in water, soil, livestock, wildlife, and food. NTM diseases re-
quire a long treatment period, have a high relapse rate, and have been
increasing in incidence in recent years, making such conditions a
major global issue (1). In addition, the incidence of NTM disease in
immunocompetent individuals without lung disease has increased
considerably over time (1, 2). In Japan, the incidence of NTM infec-
tion increased from 5.7 to 14.7 per 100,000 person-years between
2007 and 2014 (3). Similar data have been reported in several studies
conducted in Europe, the United States, and Asia.

One of the important shared findings from these epidemiologi-
cal studies is that the primary pathogens in Japanese patients typi-
cally are members of the Mycobacterium avium complex (MAC), a
group of two mycobacterial species, M. avium and M. intracellulare
(4). Similar observations have been reported in other countries and
regions, including Korea, Canada, Australia, and the Pacific coastal
region of China. In Japan, MAC accounts for approximately 90% of
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NTM-related disease cases; approximately 90% of these cases are
pulmonary MAC disease. Recent studies in Japan and the United
States have shown a notable increase in the incidence of NTM-
related diseases in middle-aged and older women lacking any previ-
ous underlying diseases.

Treatment of pulmonary MAC is based on combination chemo-
therapy, and treatment is required for at least 12 months after cul-
ture negativity. Guidelines of the American Thoracic Society (ATS),
the European Respiratory Society (ERS), the European Society for
Clinical Microbiology and Infectious Diseases (ESCMID), and the
Infectious Diseases Society of America (IDSA) strongly recom-
mend a three-drug regimen including a macrolide for patients with
macrolide-susceptible MAC pulmonary disease (5). Combination
therapy with three oral antibiotics, azithromycin (AZM), rifampi-
cin, and ethambutol, is currently considered the standard of care
(6, 7). The only key drug for the treatment of MAC pulmonary dis-
ease is a macrolide, typically consisting of AZM or clarithromycin
(CAM) (Fig. 1). The other two antibiotics, rifampicin and ethambu-
tol, have low bactericidal effects when used as monotherapies, but
are thought to help prevent the acquisition of macrolide resistance
when administered in combination with a macrolide (compared to
the case when macrolides are used alone) (6).

Currently, the ATS/ERS/ESCMID/IDSA guidelines recom-
mend drugs for MAC treatment regimens only based on the indi-
cations of existing antituberculous and other antimicrobial drugs
(5, 8). As a result, there are limited options for the treatment of
macrolide-resistant MAC, with possible regimens consisting of
amikacin liposomal inhalation suspension and streptomycin in-
jection (2). Moreover, the emergence of drug-resistant bacteria
remains a major clinical challenge (7). Treatment outcomes for
macrolide-resistant MAC lung disease are poor despite combina-
tion therapy with multiple antibiotics and surgical resection, result-
ingin an overall 1-year mortality rate of 10% (9). Thus, development
of alternative therapeutic agents that are effective against macrolide-
resistant strains is urgently required.
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Fig. 1. Chemical structures of macrolide antibiotics. Structures of azithromycin (AZM), clarithromycin (CAM), and telithromycin (TEL). The C-11 sidechain of TEL (brown)
interacts with residues U2609 and A752 of the E. coli 23S rRNA (12), representing a new ribosome binding compared to the A2058 residue of the E. coli 23S rRNA that is

targeted by the desosamine moiety (blue) shared among the macrolides.

Bacteria synthesize proteins using ribosomes and export the re-
sulting proteins through the nascent peptide exit tunnel (NPET) in
the ribosome. In contrast, macrolide antibiotics express their anti-
bacterial activity by binding to peptide tunnels neighboring the pep-
tidyl transferase center (PTC) in the bacterial 23S rRNA, causing
translation arrest in the presence of nascent peptide chains with spe-
cific amino acid sequences (10, 11). The 23S rRNA consists of ap-
proximately 3000 nucleotides, and most macrolide antibiotics are
known to bind to adenine at positions 2058 and 2059 (Escherichia
coli numbering) via the antibiotics’ desosamine moiety (12). NTM
develops macrolide resistance primarily through the efflux of mac-
rolide antibiotics by efflux proteins (13-15), ribosomal methylation
by the product of the erm gene (16, 17) and nucleotide mutations
within the 23S rRNA (18). Currently reported rRNA mutations in-
clude mutation of A2058 and A2059 to guanine (i.e., A2058G and
A2059G; E. coli numbering); such changes are selected by exposure
to either AZM or CAM (19). Either of these individual mutations
disrupts the crucial interaction of the 23S rRNA with the deso-
samine moiety of these macrolide antibiotics.

Other work has shown that telithromycin (TEL), a third-generation
macrolide antibiotic approved in 2004, exhibits distinctive sites of
binding to the E. coli 23S rRNA, though not to the 23S rRNA from
NTM (20). X-ray crystallography of TEL complexed with the E. coli
ribosome demonstrates bindings at U2609 and A752 via the C-11 sub-
stituent of TEL, while maintaining the hydrogen bond between TELs
desosamine moiety and A2058 (12). In addition to TEL, a class of fully
synthetic ketolides and azalides incorporating triazole side chains has
exhibited remarkable antimicrobial efficacy against specific macrolide-
resistant bacterial strains (21, 22). On the basis of this observation, we
hypothesized that the introduction of a side chain at C-11 of AZM
would result in the formation of an additional interaction with the ri-
bosome, thereby enhancing the binding affinity of AZM against ribo-
somes from macrolide-resistant NTM.

In other work, regio- and stereoselective glycosylation reactions
using organoboron compounds and other reagents have been devel-
oped (23, 24). However, we have recently reported the modification of
glycosides via a regio- and 1,2-cis-stereoselective glycosylation reac-
tion catalyzed solely by boronic acids under mild conditions, a process
that we have designated boron-mediated aglycon delivery (BMAD)
(25-36) (Fig. 2A). In this reaction, boronic ester prepared from diol
acceptor 2 and boronic acid 3 activates the 1,2-anhydro donor 1 under
mild reaction conditions. The boron-bound oxygen atom in the
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resulting tetracoordinate boronate ester exhibits increased nucleophi-
licity. Subsequent intramolecular glycosylation from the oxygen atom
closer to the anomeric center in the favored transition state provides
the 1,2-cis glycoside 4 with high regio- and 1,2-cis-stereoselectivities,
in an Sni manner. In addition, we demonstrated that the BMAD
method can be applied to the site-selective and late-stage glycosylation
of nonprotected natural glycosides such as lanatoside C (LanC), a
molecule that bears eight free hydroxy groups (Fig. 2B) (36). In our
previous study, we reported an efficient strategy for the preparation of
chemical probes of LanC by a reaction sequence consisting of (i) a
BMAD reaction with a N3-functionalized donor (compound 5), (ii)
deprotection of triisopropyl silane (TIPS) groups, and (iii) a Huisgen
cycloaddition reaction. In light of our previous findings, we focused
on the 1,2-diol structure, this time within a macrolide ring instead of
a glycoside, i.e., at C-11 and 12 of AZM. Specifically, we anticipated
that late-stage BMAD would target the C-11,12-diol and the glycosyl-
ation would proceed exclusively at the C-11 hydroxy group to provide
an a(1”, 11) glycoside, thereby providing the desired C-11-modified
AZM derivatives (Fig. 2C). It should be noted that previous work has
demonstrated site-selective glycosylations of 14-membered macro-
lides at the C-11 mono-ol position (37), though none of its application
to the C-11,12 diol position in macrolides has been reported. The se-
quence of BMAD, deprotection, and Huisgen cycloaddition with a
range of alkynes was expected to result in the production of a library
of AZM derivatives (Fig. 2D). In the present study, chemical modifica-
tion of AZM was performed to develop AZM derivatives as potential
lead compounds for macrolide-resistant anti-MAC drugs.

RESULTS

Synthesis of AZM derivatives KUO1 to KU13

Our initial step was to develop the late-stage BMAD strategy for
the chemical modification of AZM. This process involved a reac-
tion between AZM and sugar donors in the presence of a boronic
acid catalyst (compound 3). First, we used 'H-nuclear magnetic
resonance (NMR) to investigate the formation of the boronic ester
of AZM when exposed to 3 (fig. S1). NMR spectral analysis of a
solution of AZM and 3 indicated a downfield chemical shift of
AZM H-11 from 3.69 to 4.40 parts per million (ppm), C-11 from
73.4 to 87.2 ppm, and C-12 from 74.1 to 85.7 ppm, which implied
the coordination of 3 to the C-11,12-diol. As we expected from this
result, when glucose donor 1 was used in the BMAD reaction
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Fig. 2. Application of BMAD method to the synthesis of AZM analogs. (A) Highly stereo- and regioselective glycosylation of a nonprotected glycoside using boronic
acid catalyst 3 (29). (B) A chemical probe of lanatoside C (LanC) was synthesized using the late-stage BMAD method (36). (C) Development of a late-stage BMAD method
to selectively introduce sugar moieties at C-11 of AZM, permitting synthesis of AZM derivatives designated KUO1 to KUO5. (D) Efficient three-step reaction sequence of
(i) late-stage BMAD reaction, (ii) deprotection reaction, and (iii) Huisgen cycloaddition, permitting synthesis of AZM derivatives KU06 to KU13 using azido or triazole
substituents. Bn, benzyl; TIPS, triisopropylsilyl; DBCO, dibenzylcyclooctyne; Ac, acetyl.
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with AZM, using 0.2 equivalents of 3 in a mixed solvent of aceto-
nitrile (MeCN) and dimethyl sulfoxide (DMSO) at room tempera-
ture, the glycosylation reaction proceeded with a high yield of 86%
and excellent C-11 selectivity and 1,2-cis-stereoselectivity (Fig.
3A). Here, the C-11 selectivity was confirmed by the heteronuclear
multiple bond correlation between the C-11 of AZM and the ano-
meric hydrogen atom (H-1") of the glucosyl moiety, while the
1,2-cis-a-glycosidic bond was identified by the coupling constant
J17 2», which was calculated to be 2.5 Hz on the 'H-NMR spec-
trum (fig. S2). Subsequent deprotection of the benzyl group cata-
lyzed by Pd(OH),/C in a H; atmosphere afforded KUO1, in which
glucose was introduced at C-11 of AZM. Incorporation of vari-
ous sugar moieties was achieved under a similar sequence pro-
viding complete regio- and 1,2-cis-stereoselectivity. The presence
of 1,2-cis-P-glycosidic linkages was confirmed by analyzing the Jcy
coupling constant between the anomeric carbon and hydrogen
atoms. Reported Jcy values typically reach approximately 170 Hz
for a-anomers and 160 Hz for f-anomers (38). Consistent with
these expectations, hetereonuclear single quantum coherence spec-
tral analysis of the synthesized derivatives revealed Jcy values of
158.5 Hz for the mannoside unit and 161.5 Hz for the rhamnoside
unit, confirming the 1,2-cis-p-selectivity of the glycosidic linkages
(fig. S3). This process provided AZM derivatives KU02 to KUO05,
thereby establishing an efficient late-stage BMAD strategy for the
chemical modification of AZM.

Having successfully established the late-stage BMAD method for
AZM, our next step was to synthesize a library of AZM derivatives in
which glucose moieties with various functional groups were intro-
duced at the C-11 of AZM. The molecular design incorporated ter-
minal aromatic rings and alkyl amines, to foster n-n stacking and
hydrogen bonding with nucleosides within the macrolide’s ribosome
binding site, which was expected to potentiate the molecule’s anti-
bacterial efficacy. The BMAD reaction between AZM and an azido-
benzylated glucose donor 5 was investigated using the established
conditions (Fig. 3B). The reaction proceeded smoothly to afford
KUO06 at a high yield of 89% and with complete C-11 selectivity and
1,2-cis-stereoselectivity. KU06 then was desilylated using tetra-n-
butylammonium fluoride (TBAF) in tetrahydrofuran (THF) solvent
to provide KUO7. Successive Huisgen cycloaddition with various
acetylene compounds furnished glucose-AZM derivatives KU08 to
KU13 at good yields (Fig. 3C).

MIC assay of AZM derivatives KUO1 to KU13

To evaluate the potency of our newly synthesized AZM derivatives
KUO01 to KU13, minimum inhibitory concentration (MIC) assays
were performed against M. avium and M. intracellulare strains, as
well as against respective macrolide-resistant strains (Table 1). AZM
and TEL were used as controls. AZM exhibited antimicrobial activ-
ity with MIC <1 pg ml™" against wild-type MAC but not against
macrolide-resistant MAC strains (M. avium. subsp. avium B-1657
and M. intracellulare B-1639) with MIC >32 pg ml™". In contrast,
TEL did not demonstrate antimicrobial activity against macrolide-
resistant M. intracellulare with MIC of 32 pg ml~" but did exhibit
antimicrobial activity against both wild-type MAC (MIC <1 pg
ml™}) and macrolide-resistant M. avium (MIC of 2 ug ml™). Among
the AZM derivatives KUO1 to KUO5, which are modified with vari-
ous sugars, and KU06 and KUO07, which are modified with azido-
benzylated glucose, none were active against macrolide-resistant
M. intracellulare, expressing MIC >32 pg ml™". In contrast, KU07

Isozaki et al., Sci. Adv. 11, eadt2352 (2025) 5 March 2025

was found to exhibit lower MIC values compared to AZM, not only
against wild-type M. avium and M. intracellulare (MIC values of 0.5
and 0.125 pg ml™’, respectively, for KU07 compared to MIC values
of 1 and 0.25 pg ml™", respectively, for AZM) but also against
macrolide-resistant M. avium (MIC of 16 ug ml™" for KU07 com-
pared to MIC of >32 pg ml™" for AZM), validating the strategy of
incorporating azido substituents at the C-11 of AZM. Furthermore,
the results obtained with AZM derivatives KU08 to KU13 showed
that KU11 and KU13, both harboring a pyridine substituent, dis-
played similar MIC values to TEL, and lower MIC values than AZM
against wild-type MAC, with MIC values for KU11 being 0.5 and
KU13 being 0.25 pg ml™" against M. avium, and MIC values for
both KU11 and KU13 being 0.125 pg ml™" against M. intracellulare.
In terms of macrolide-resistant strains, the results demonstrated
that KU13 exhibited MIC values that were superior to that of TEL
by twofold against macrolide-resistant M. avium (MIC of 1 pg
ml™"), and by fourfold against macrolide-resistant M. intracellulare
(MIC of 8 pug ml™"). These findings indicated that, compared to
AZM, KU13 exhibits superior antimicrobial activity against both
wild-type and macrolide-resistant MAC. To elucidate the effect of
the terminal para-pyridine moiety on KU13, KU14 with a simple
benzene ring instead of the pyridine ring was synthesized and evalu-
ated for antibacterial activity against Mycobacterium species (see
table S1). Here, KU14 expressed similar MIC values to TEL against
macrolide-resistant M. Intracellulare (MIC of 32 pg ml™"), high-
lighting the importance of the para-pyridine moiety on activity of
KU13 against macrolide-resistant M. Intracellulare.

Subsequently, MIC assays were conducted against a strain of
M. tuberculosis var. Bacille Calmette-Guérin (BCG), a live vaccine strain
for tuberculosis that has recently been reclassified as M. tuberculosis
(39). Both AZM and TEL displayed antimicrobial activity with MIC
values of 2 and 0.125 pg ml™", respectively, against M. tuberculosis.
Derivatives KUO1 to KU05, some of which (KU02, KU04, and KU05)
bear specific sugar moieties, demonstrated lower MIC values (1, 0.0312,
and 1 pg ml™" respectively) compared to AZM. However, KU08 to
KU13 exhibited even lower MIC values (<0.5 pg ml™"), indicating
that the introduction of a triazole component provides superior activity.
Furthermore, KU13 demonstrated lower MIC (0.0312 pg ml™)
than did TEL (0.125 pg ml™"), emphasizing KU13’ activity against
the Mycobacterium species.

To investigate potential pathogen selectivity, MIC assays also
were performed against multiple strains of E. coli. While AZM and
TEL displayed potent antibacterial activity against E. coli displaying
MIC values <1 pg ml™!, KUO1 to KU13 exhibited higher MIC
values of >1 pg ml™" (compared to AZM and TEL) against E. coli.
MIC assays were further conducted against a panel of other gram-
positive and gram-negative bacteria, in which KU01 to KU13 mostly
displayed higher MIC values compared to AZM and TEL (see table
S2). This finding revealed KU13 to be selectively effective against
Mycobacterium species.

Translation inhibition assay using an in vitro reconstituted
cell free system

The enhancement of antibiotic activity through semisynthetic ap-
proaches has led to remarkable advances in antibacterial efficacy
(40-42). The development of the third generation of macrolides, the
ketolides, with the insertion of bulky chemical modifications, has
increased the efficacy of macrolides compared to the parent com-
pounds (10). These extended motifs successfully form additional
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interactions with ribosomes (43). To investigate the effect of the
glucose-tercyclic insertion on translation inhibition by AZM deriv-
atives, we measured green fluorescent protein (GFP) production in
a reconstituted cell-free translation system (the PURE system) in
the presence of different concentrations of macrolides (Fig. 4) (44).
Translation inhibition due to the addition of KU13 was compared
with the effect of AZM. Although macrolides selectively inhibit
translation in specific amino acid sequence contexts rather than
bulk protein synthesis, known as “plug-in-the-bottle” model, for

simplicity, we compared global translation inhibition by KU13 to
that by AZM (11, 45). As the concentration of AZM in the PURE
system increased, the accumulation of GFP was attenuated due to
global translation inhibition (Fig. 4A). Translation inhibition was
first observed at 12.5 nM AZM, and this effect increased as the con-
centration of AZM was further increased, until translation was com-
pletely abolished at a concentration of 400 nM AZM (Fig. 4A). A
stronger effect was seen with KU13 (Fig. 4B). As for AZM, the
translation inhibition was first observed at 12.5 nM KU13; however,

Table 1. MIC assay of AZM derivatives to against MAC, M. tuberculosis, and E. coli. KUO1 KU13 Minimum inhibitory concentration (MIC) assays were
performed with M. avium and M. intracellulare strains, as well as against their corresponding macrolide-resistant strains; with M. tuberculosis; and with multiple

strains of E. coli. The resulting MIC values are expressed in units of pg mi~".

MIC (ngmi™")

Test strains 23S rRNA (E. coli AZM TEL KUO1 KU02 KU03 KU04 KUO05 KU06 KU07
numbering)
M. avium subsp. avium ATCC 25291 Wild type 4
A2059C >32
Wild type 0.5
A2058C >32
Wild type 8
Wild type 32
Wild type 16
Wild type 16
Wild type 16
Test strains 23S rRNA (E. coli AZM TEL KUo08 KU10
numbering)
Wild type 1 1 2 0.5 0.5 1
A2059C >32 1 4 0.5 8
Wild type 0.25 0.25 0.5 0.25
A2058C 32 32
Wild type 2 0.125 0.25 0.5
Wild type 0.5 4 4 4
Wild type 0.5 1 2 2 2
Wild type 0.5 0.5 2 2 2
E. coliBE1186 Wild type 0.5 1 4 2 2
A B
KU13
X 2 120 4
c c
K<l Ke)
B 0nM o 100 4 0nM
3 =
8 12.5nM o 804
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Fig. 4. Translation inhibition assay using in vitro reconstituted cell-free translation system. Green fluorescent protein (GFP) accumulation in the in vitro reconsti-
tuted cell-free translation system was monitored in the presence of AZM (A) (red) and KU13 (B) (blue). GFP levels in the presence of the various indicated concentrations
of AZM and KU13 were monitored over 120 min. In vitro translation inhibition assays were performed in triplicate, and the averaged values were plotted with their SD.
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attenuation was stronger than that observed with AZM (Fig. 4B).
Last, at a concentration of 200 nM KU13, translation was complete-
ly abolished (Fig. 4B). Therefore, our in vitro translation inhibition
experiment showed that semisynthetic modification of AZM to gen-
erate KU13 potentiates translation inhibition.

Single-particle cryo-EM reveals KU13 binding at the NPET
with associated structural rearrangements of the ribosome
To obtain structural insights into how the chemical modifications in-
corporated into KU13 provide higher translation inhibition, the
KU13-bound M. tuberculosis 70S ribosome was visualized using
single-particle cryo-electron microscopy (cryo-EM) (Fig. 5 and fig.
S4). Our cryo-EM reconstruction at 2.33 A resolution clearly showed
a cryo-EM density, corresponding to the KU13 molecule, situated in
the narrower region of the NPET, a location that is in close proximity
to the nascent amino acid moiety on the CCA-end of the tRNA ac-
commodated in the P site (Fig. 5B). The extended glucose-tercyclic
motif of KU13 induced a structural rearrangement in the NPET. In the
previously reported structure of the M. tuberculosis 70S ribosome
without a nascent peptide, U2847 (U2609 by E. coli numbering), a
residue that is not known to form an interaction with the nascent poly-
peptide, makes a hydrogen bond with A881 (46) (A752 by E. coli num-
bering) (Fig. 5C and fig. S5). In E. coli, these two residues form a base
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pair and modulate the ribosomal response to the nascent peptide. This
base pair also is involved in the bactericidal effects of extended macro-
lides such as TEL (43, 47). This base pair conformation is highly con-
served in diverse microorganisms, including Mycobacterium and
other clinically important bacterial pathogens (46, 48-51) (fig. S5).
However, in our KU13-bound structure, U2847 exhibited a nearly
180° rotation around the axis of the RNA backbone, disrupting the
hydrogen bond otherwise seen between the residues forming this base
pair. This rotation provided an additional n-x stacking interaction with
the pyridine ring of the tercyclic motif of KU13 (Fig. 5D). On the oth-
er side of U2847, G2846 (G2608 by E. coli numbering) was seen to
form another interaction with KU13. That is, the pyridine ring of
KU13 was effectively sandwiched between U2847 and G2846 (Fig.
5D) in the cryo-EM structure. The benzene ring of the tercyclic moiety
appeared to form n-w interaction with U2016 (U1782 by E. coli num-
bering) as well, further enhancing the binding of the C-11 substituent
to the ribosome (Fig. 5D). These interactions are inferred to play an
important role in ribosomal binding by KU13, providing a robust an-
chor for the antibiotic association with the ribosome. This structural
enhancement of macrolide binding to the NPET explains the higher
activity of this derivative in translation inhibition in the cell-free trans-
lation system (Fig. 4). The structural comparison with previously re-
ported macrolide-bound ribosomes (52) revealed that the AZM

PDB ID: 8FC2  ~

Fig. 5. Cryo-EM structure of the KU13-bound M. tuberculosis 70S ribosome. (A) Cryo-EM reconstruction of the KU13-bound M. tuberculosis 70S ribosome. (B) A cross
section of (A) showing the internal regions of the ribosome. The cryo-EM density corresponding to KU13 is observed in the area of the NPET close to the peptidyl trans-
ferase center (PTC). The enlarged view on the right panel shows the KU13 density, with the compound’s ribosomal environment shown: KU13 (blue), tercyclic motif of
KU13 (purple), tRNA (yellow green), nascent peptide (gold), rRNA (gray). Hydrogen bonds are indicated as a red dotted line. (C) The M. tuberculosis 70S KU13 binding
pocket in the absence of KU13 (PDB ID: 7MT2) (46). Note that U2847 is situated proximal to U2016. (D) The M. tuberculosis 70S KU13 binding pocket in the presence of
KU13 (as determined in the present study). Note that U2847 here is rotated by approximately 180° relative to the unbound state shown in (C). (E) AZM-bound Thermus
thermophilus 70S ribosome (PDB ID: 8FC2) (52). Note that U2609 (corresponding to M. tuberculosis U2847) is not rotated upon the binding of AZM without tercyclic
modification. The rRNA sequence forming the binding pocket between these species is conserved.
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portion of KU13 forms interactions with ribosomal environments in a
manner similar to that seen with AZM itself (Fig. 5, D and E, and fig.
S6). In this context, we note that the ribosomal environments are fully
conserved across the Mycobacterium complex and in other bacteria,
except that the AU interaction of the A2295-U2849 base pair is re-
placed with a GC interaction (fig. S5). The adenosine at position 2296
(A2058 by E. coli numbering) is known to be essential for macrolide
binding to the bacterial ribosome. In our KU13-bound structure,
A2296 forms a hydrogen bond with the desosamine moiety of KU13,
in parallel to the binding seen with AZM itself (Fig. 5, D and E).
Considered together, our results showed that KU13 binds to the
ribosome environment in the NPET via a synthetic tailored glucose-
tercyclic motif, forming a robust anchor with an induced fit pro-
vided by the flipping of U2847. In addition, the conserved AZM
motif also makes a strong interaction, including hydrogen bond for-
mation with A2296, which is essential for macrolide binding.

DISCUSSION

The development of antibiotics is highly urgent, given that the emer-
gence of antimicrobial resistance (AMR) has begun to render our
current arsenal of antibiotics less effective (53, 54). In general, resis-
tance to antibiotics that target the ribosome depends on the chemical
inactivation of the compounds or modifications that alter antibiotic-
binding pockets on ribosomes. These changes ultimately attenuate
the binding of such antibiotics to targets on the bacterial ribosome
(55). Therefore, one approach to developing antibiotics that over-
come drug resistance is to synthetically design the anchors used by
these compounds (56). In this context, the functional and structural
evaluation of semi-synthetically generated antibiotics is essential.

To design a large variety of ribosome-targeting anchors based on
a common strategy, we applied our late-stage BMAD method for the
chemical modification of AZM. Specifically, we used BMAD to in-
troduce chemical modifications at a desired site in AZM, permitting
us to generate AZM derivatives with selective antimicrobial activity
against the recently emerging MAC (Fig. 3). First, we developed the
late-stage BMAD method to selectively introduce various sugar
moieties at the C-11 of AZM. The BMAD reaction facilitated modi-
fication exclusively at C-11, permitting synthesis of the AZM deriv-
atives KUO1 to KUO5 with excellent regio- and stereoselectivity.
Second, we applied this method in an efficient three-step sequence
of (i) late-stage BMAD reaction, (ii) deprotection reaction, and (iii)
Huisgen cycloaddition, providing the synthesis of AZM derivatives
with azido or triazole substituents at C-11. As a result, KU06 to
KU13 were successfully synthesized, completing the library of AZM
derivatives KUO1 to KU13.

Next, KUO1 to KU13 were evaluated for whole-cell antimicrobial
activity against species of Mycobacteria and multiple strains of E. coli
(Table 1). The results demonstrated that KU13 exhibits potent anti-
microbial activity against both wild-type and macrolide-resistant
MAC, as well as against M. tuberculosis. To elucidate the mechanism
underlying the enhanced activity of KU13, we initially investigated
the impact on translation inhibition of inserting the glucose-tercyclic
moiety in AZM, specifically by evaluating GFP protein production in
the cell-free PURE system (Fig. 4). A comparison of the translation
inhibition activities of AZM and KU13 revealed the demonstrably
superior activity of KU13, confirming that KU13’s activity targets
the ribosome. Subsequently, we used cryo-EM to obtain structural
insights into the mechanism by which KU13 achieves its superior
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translation inhibition activity. In our cryo-EM reconstruction, the
tercyclic motif of KU13 successfully formed an anchor with 23§
rRNA (Fig. 5). KU13 binding disrupted a hydrogen bond formed
between A881 and U2847 of the 23S rRNA while flipping U2847 to
create a unique binding pocket in which U2847 (in combination with
(G2846) accommodates the tercyclic motif, forming a n-r stacking
interaction between the pyridine ring of KU13 and U2847, as well as
between the same pyridine ring and G2846, and between benzene
ring of KU13 and U2016. This “induced-fit” binding mode differs
from that seen for previously reported ketolides, such as TEL and
solithromycin (57, 58). The stable base pairing between A881 and
U2847 (A752 and U2609 by E. coli numbering) is essential for the
binding of the alkyl-aryl side chain of TEL and solithromycin (fig.
S7) (43, 47). Thus, this chemical insertion of a ketolide is situated in
the opposite direction of that used by KU13 (fig. S7B). The binding
of TEL and solithromycin do not cause structural rearrangements,
and analogous antibiotics bind to the naturally formed preexisting
binding pocket on the ribosome. Our approach using the BMAD
method permitted the successful design of an anchor, such that one
of our derivatives generates a target binding site by inducing a struc-
tural rearrangement within the ribosome, causing U2847 to flip by
approximately 180° (Fig. 5). The formation of a hydrogen bond be-
tween A2296 (A2058 by E. coli numbering) and the desosamine
sugar of the macrolide backbone is essential for the binding of this
antibiotic class to the bacterial ribosome. Macrolide-resistant bacte-
rial pathogens often harbor modifications at this key site, including
modification by methylation or point mutation to guanine (55). On
the other hand, KU13 has an alternative anchor for binding to the
ribosome, suggesting that macrolides incorporating this moiety will
exhibit potentiation of ribosomal binding. This enhancement pre-
sumably is the source of the increased translation inhibition activity
observed for KU13 (compared to AZM). Furthermore, this anchor
also may explain the superior antibacterial activity of KU13 as dem-
onstrated in the MIC assay (Table 1), in which KU13 exhibited a two-
fold decrease in MIC (compared to AZM) against wild type
M. intracellulare. Moreover, the anchor between the tercyclic motif
and rRNA compensated for the loss of the interaction between deso-
samine and rRNA residue A2296 (A2058 by E. coli numbering) in
the resistant strain. The replacement of A2058 with C in the resistant
strain may result in the loss of a hydrogen bond interaction with the
desosamine moiety. Thus, the MIC of AZM against a macrolide-
resistant A2058C mutant of M. intracellulare (M. intracellulare B-
1639) was increased (compared to the wild-type strain) to >32 pg
ml™", while KU13 had an MIC of 8 pg ml™" against the macrolide-
resistant strain, a value more than four-fold lower than that of
AZM. We attribute this potentiation of antibiotic activity to the new-
ly formed additional interaction between the ribosome and KU13’s
tercyclic motif, thereby compensating for the loss of the hydrogen
bond otherwise formed between the wild-type ribosome and the
desosamine moiety of macrolides.

Another anticipated developmental approach for AMR is
“pathogen-specific” treatment (56). The current preference for broad-
spectrum antibiotics targets motifs that are shared among bacterial
ribosomes, resulting in drastic changes to the general microbiome of
the patient. However, given the increasing concern regarding specific
classes of pathogenic bacteria such as ESKAPE (a mnemonic for a
group of organisms that includes Enterococcus faecium, Staphylococ-
cus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, and Enterobacter spp.), the development and use
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of antibiotics with a narrower spectrum is anticipated (39). MIC ex-
periments against a range of bacterial pathogens revealed that KU13
exhibits selective antibiotic activity against Mycobacterium complex-
es. This spectrum suggests that KU13 would be useful for targeting
the emerging MAC disease.

In conclusion, our BMAD method permitted the successful in-
troduction of a tercyclic motif (via insertion of a glucose moiety)
into the AZM backbone. As we demonstrated in the present work,
this chemical modification acts as an additional anchor for binding
to the bacterial ribosome and induces a structural rearrangement in
the NPET of the ribosome to generate a unique binding pocket. To-
gether, our findings suggest that KU13 should be further explored
as a promising lead compound for the development of therapeutics
with activity against macrolide-resistant MAC.

MATERIALS AND METHODS
Evaluation of antibacterial activity against mycobacteria
The type strain of M. avium, ATCC 25291, was obtained from the
American Type Culture Collection (ATCC; Manassas, VA, USA);
the type strain of M. intracellulare, JCM 6384, was obtained from the
RIKEN BioResource Research Center (Tsukuba, Japan); the type
strain of M. tuberculosis var. BCG Tokyo 172-2 was provided from
National Institute of Infectious Diseases (Japan). Strains B-1657 and
B-1639 were selected as single colonies with macrolide resistance
from cultures of ATCC 25291 and JCM 6384, respectively, following
growth on Middlebrook 7H10 agar supplemented with OADC en-
richment containing erythromycin. The sequences of the 23S rRNA
genes in these macrolide-resistant strains were verified by Sanger
sequencing, revealing mutations from adenine to cytosine at posi-
tions 2059 and 2058 (E. coli numbering), respectively.

The MIC values of AZM and its derivatives were determined by
a serial microbroth dilution method. The mycobacterial cells were
diluted to a density of approximately 10° colony-forming units
(CFU) ml™" in Middlebrook 7H9 broth that had been adjusted to a
pH of 7.4 and supplemented with ADC enrichment. The cell sus-
pensions then were exposed to serial dilutions of compounds and
incubated at 37°C for 14 days. The lowest concentration at which
cell growth was completely absent (as judged by visual inspection)
was defined as the MIC. Middlebrook 7H10 agar, Middlebrook 7H9
broth, OADC enrichment, and ADC enrichment were obtained
from Becton, Dickinson and Company (Franklin Lakes, NJ, USA).

Evaluation of antibacterial activity against other
gram-positive and gram-negative bacteria
Test strains shown in Table 1 (other than Mycobacterium) and table
S2 are laboratory collection in Institute of Microbial Chemistry, ex-
cept for those listed below; S. aureus Mu50 was provided from
K. Hiramatsu, formerly of Juntendo University. E. coli CAG12184 was
obtained from National BioResource Project: E. coli, National Insti-
tute of Genetics (Shizuoka, Japan). Neisseria gonorrhoeae DSM9188
was purchased from the German Collection of Microorganisms and
Cell Cultures (DSMZ; Lower Saxony, Germany). N. gonorrhoeae
73176 is a derivative strain of DSM 9188, in which the C2611 to U
mutations (using E. coli numbering) have been genetically introduced
in all four 23S rRNA genes. N. gonorrhoeae 22475 is same as Z3176
but the mutations are A2059 to G.

The MIC values were examined by a serial agar dilution method
according to Clinical and Laboratory Standards Institute guidelines
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(59). The test-organism suspension was prepared at approximately
10* CFU per spot using a MIC-2000 (Dynatech Laboratories, Inc.)
inoculum replicating apparatus. The MIC was defined as the lowest
concentration of antibiotic that inhibited development of visible
growth on the agar after 18 hours of incubation at 37°C (42 hours of
incubation at 37°C for M. smegmatis). Compounds were dissolved
in DMSO. Appropriate dilutions were made with the required cul-
ture medium immediately before testing.

Ribosome purification

E. coli ribosomes were purified from Strain KT101 (60). In brief, a
culture (100 ml) of KT101, grown to an absorbance at 600 nm of 0.5,
was harvested by centrifugation. The resulting bacterial pellet was
suspended in 1 ml of lysis buffer [20 mM HEPES-KOH (pH 7.6),
10 mM Mg(OAc),, and 30 mM NH,CI]. The cells were disrupted by
the addition of lysozyme (10 pl of a 50-mg/ml solution) to the cell
suspension, which was mixed well, frozen in liquid nitrogen, and
gently thawed. The resulting lysate was centrifuged at 20,000¢ for
10 min to remove debris. The cleared lysate then was subjected to
sucrose density gradient centrifugation using an SW28 centrifuge
rotor (Beckman Coulter, Brea, CA, USA) at 28,000 rpm for 4.5 hours
in a 10 to 40% (w/v) sucrose gradient formulated in the above lysis
buffer. The 70S ribosome fraction was isolated using a Gradient
Master (BioComp, San Antonio, TX, USA).

M. tuberculosis ribosomes were purified from the M. tuberculosis
var. BCG Pasteur strain, purchased from ATCC. This strain lacks
the macrolide-resistant gene erm (37), which encodes an rRNA
methyltransferase and is found in other M. tuberculosis strains (61).
In brief, a culture (7.6 liters) of BCG Pasteur, grown to an absor-
bance at 540 nm of 0.1, was harvested by centrifugation. Cells in the
resulting bacterial pellet were disrupted mechanically using a motor
and aluminum oxide powder. The disrupted cells were centrifuged
to remove the aluminum oxide and cell debris. M. tuberculosis 70S
ribosomes then were purified using sucrose density gradient cen-
trifugation as described above for E. coli ribosomes.

In vitro translation inhibition assay

The in vitro translation inhibition assay was performed using the
PUREfrex reconstituted in vitro translation system 1.0 (GeneFrontier
Corp., Chiba, Japan) according to the manufacturer’s instructions,
except that Solution III was replaced with ribosomes purified (as
described above) from E. coli KT101. The mRNA for the sfGFP re-
porter gene (encoding Superfolder GFP) was synthesized using the
in vitro Transcription T7 Kit (for siRNA Synthesis) (Takara Bio, Shiga,
Japan) (42). In brief, for the assay itself, PUREfrex Solutions I and II
were combined with ribosomes and 0 to 1000 nM of KU13 or AZM. The
sfGFP mRNA (30 ng/pl) then were added to the mixture, and the
reaction was incubated at 37°C for 120 min, with sampling at in-
termediate time points. The levels of sfGFP synthesized were moni-
tored by measuring fluorescence (excitation/emission wavelengths,
485/510 nm, respectively) using a Varioskan LUX instrument (Thermo
Fisher Scientific Inc., Waltham, MA). In vitro translation inhibition
assays were performed in triplicate, and the averaged values were
plotted with their SD.

Cryo-EM grid preparation and data collection

To form the antibiotic-bond ribosome complex, 10 pM KU13 was
added to 100 nM M. tuberculosis 70S. A 3-pl portion of the KU13-
bound M. tuberculosis 70S complex at 100 nM was applied to a
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glow-discharged Quantifoil R1.2/1.3 200-mesh Cu grid (Quantifoil,
Jena, Germany) that had previously been coated with a continuous
amorphous carbon film using a JEE-420 vacuum evaporator (JEOL,
Tokyo, Japan). Immediately following sample application, grids were
blotted with filter paper to remove the excess solution and flash-frozen
by plunging into liquid ethane using a Vitrobot Mark IV (Thermo
Fisher Scientific). Cryo-EM images were obtained with a CRYO ARM
300 II electron microscope (JEOL) operating at an accelerating voltage of
300 kV; images were recorded with a K3 camera (Gatan Inc., Pleasanton,
CA, USA) at a nominal magnification of 60,000%, corresponding to
an objective pixel size of 0.788 A. The defocus range of the data collec-
tion extended from —0.3 to —3.0 pm. The total exposure dose on the
specimen was 40 e /A%, and each exposure was fractioned into 40
and recorded as movie frames. Automated data acquisition was per-
formed using the Serial EM program (62).

Single-particle image processing and model building
Single-particle image processing was performed using the RELION 4.0
program (63). A total of 3724 movie micrographs were motion cor-
rected and dose weighted using the program implemented in RELION
4.0 (fig. S4). These motion-corrected micrographs showed distinct ri-
bosome particles (fig. S4B). Contrast transfer function (CTF) parame-
ters of the motion-corrected micrographs were estimated using the
CTFFIND 4.1 program (64). Ribosome-particle images were picked
using the AutoPick function implemented in RELION 4.0. A total of
515,051 extracted particles were classified using two-dimensional (2D)
classification to discard junk particles. The resulting selection of
366,623 particles was autorefined to obtain a consensus reconstruction.
Subsequently, 3D classification was performed on the basis of the align-
ment information of the consensus reconstruction. The major class,
containing 205,461 particles, underwent autorefinement, CTF refine-
ment, Bayesian polishing, and a further round of autorefinement,
yielding a cryo-EM reconstruction at a resolution of 2.33 A (fig. S4C).
The local resolution distribution of the cryo-EM structure was calcu-
lated with the program implemented in RELION 4.0 (fig. S4D). The
structural model was constructed using UCSF Chimera (65) and
COOT (66) with a starting model composed of the structure of
M. tuberculosis 70S [Protein Data Bank (PDB) ID: 7MT2] (46). The
composed model, including KU13, was real-space refined using phe-
nix.real_space_refine routine in the PHENIX package (67). The struc-
tural validation of the final model was assessed using MOLPROBITY
(68) (table S3). Graphical figures were prepared using UCSF Chimera
(65) and UCSF Chimera X (69).

Supplementary Materials
This PDF file includes:

Figs. S1to S83

Tables S1to S3

Supplementary Methods
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