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Abstract Aminoglycosides (AGs) are a class of antibiotics with a broad spectrum of activity. However,

their use is limited by safety concerns associated with nephrotoxicity and ototoxicity, as well as drug

resistance. To address these issues, semi-synthetic approaches for modifying natural AGs have generated

new generations of AGs, however, with limited types of modification due to significant challenges in syn-

thesis. This study explores a novel approach that harness the bacterial biosynthetic machinery of genta-

micins and kanamycins to create hybrid AGs. This was achieved by glycodiversification of gentamicins

via swapping the glycosyltransferase (GT) in their producer with the GT from kanamycins biosynthetic

pathway and resulted in the creation of a series of novel AGs, therefore referred to as genkamicins (GKs).

The manipulation of the hybrid biosynthetic pathway enabled the targeted accumulation of different GK

species and the isolation and characterization of six GK components. These compounds display retained

antimicrobial activity against a panel of World Health Organization (WHO) critical priority pathogens,

and GK-C2a, in particular, demonstrates low ototoxicity compared to clinical drugs in zebrafish embryos.

This study provides a new strategy for diversifying the structure of AGs and a potential avenue for devel-

oping less toxic AG drugs to combat infectious diseases.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Aminoglycosides (AGs), originally isolated from soil bacteria,
Streptomyces and Micromonospora, are highly potent and broad-
spectrum antibiotics that have been used to treat bacterial in-
fections since the 1940s. AGs act as bacterial protein synthesis
inhibitors by binding to 16S ribosomal RNA of the 30S ribosome,
which can promote mistranslation, block elongation, or inhibit the
initiation of protein synthesis. Structurally, AGs are characterized
by a core aminocyclitol moiety (ring I) connected to amino sugars
(ring II, III, and IV) via glycosidic linkages and, in most cases,
forming a pseudotrisaccharide scaffold. Most of the clinically
important AGs contain 2-deoxystreptamine (2-DOS) core as
aminocyclitol moiety and can be classified into two groups
depending on the position of substituted sugars: 4,5-disubstituted
2-DOS containing AGs, represented by neomycins and burtir-
osins, and 4,6-disubstitued 2-DOS containing AGs, represented by
gentamicins and kanamycins1 (Fig. 1). They can also be catego-
rized into three subfamilies based on their distinct structures of
pseudotrisaccharide scaffold, including kanamycin, gentamicin,
and neomycin families, which feature modified glucose, xylose,
and ribose as ring III, respectively (Fig. 1). Notably, the natural
gentamicin family AGs have the most extensive modifications,
including amination, C-methylation, N-methylation, didehydrox-
ylation, dehydrogenation and epimerization compared to other
family natural AGs.

Nephrotoxicity and ototoxicity have always been the safety
concerns associated with the prolonged use of AGs. While
nephrotoxicity is generally reversible due to the regeneration
capability of tubular cells and diminished AG accumulation in the
kidneys, ototoxicity, on the other hand, (in some cases) leads to
permanent and irreversible hearing loss. The extensive clinical
application is also the source of the severe bacterial resistance
encountered today. AGs resistance can arise from various mech-
anisms, including enzymatic modification of the chemical struc-
ture of AGs, chromosomal mutation, or modification of the target
site and efflux. Of these mechanisms deactivating the AGs through
modifying amine and hydroxyl groups by the bacterial AG-
modifying enzymes (AMEs), including the acetyl-CoA-dependent
AG acetyltransferases (ACCs), the ATP (and/or GDP)-dependent
AG phosphotransferases (APHs) and the ATP-dependent AG
nucleotidyltransferases (ANTs), is the most prevalence mecha-
nism underlying the widespread AG resistance1.

Despite the intrinsic toxicity and the ever-growing resistance
threatening their long-term use, AGs remain a valuable component
of the antibiotic armamentarium. Recent years have also seen
revived interest in the new therapeutic potentials of this old class
of antibiotics, such as treatment for fungal2 and viral infections3

and genetic diseases caused by premature termination codons
(PTCs)4,5.

Substantial efforts have been made to develop chemical ap-
proaches for expanding the structural diversity of AGs to over-
come the challenges associated with AGs resistances and
toxicities. Direct modification of the natural AGs has successfully
yielded a series of semisynthetic AG drugs, e.g., amikacin, dibe-
kacin, and arbekacin as kanamycin derivatives; etilmicin and
isepamicin as gentamicin derivatives; and netimicin and plazo-
micin as sisomicin derivatives5 (Fig. 1). However, the chemically
regiospecific modification of densely functionalized and structur-
ally diverse AGs commonly requires multi-step regiospecific
protection/deprotection schemes. As a result, it has not only been
a tedious synthetic endeavor for chemists, but it also commonly
leads to poor yields of final products6.

Biotechnology offers an obvious appeal as a complementary
strategy for efficient and regiospecific AG modifications, which
has inspired researchers to harness the biosynthetic machinery of
heavily modified natural AGs, like gentamicins and butirosins.
The substrate tolerance of a few AGs biosynthetic enzymes has
been exploited for the chemoenzymatic synthesis of non-natural
AGs. For example, BtrH and BtrG, responsible for the addition of
an (S )-4-amino-2-hydroxybutyric acid (AHBA) moiety to the
butirosins7, were utilized to regiospecifically attach an AHBA side
chain onto a range of natural AGs8; while GenN, one of the
methyltransferases involved in gentamicins biosynthesis, has been
shown to catalyze 300-N-methylation in both kanamycin B and
tobramycin9. GenN has also been coupled with the AAC(60)-
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Figure 1 Structure and classification of natural and semi-synthetic 2-DOS containing AG drugs. Red, blue, and green highlighted moieties

respectively represent xylose, glucose, and ribose as the different second sugar scaffold (ring III) in gentamicin, kanamycin, and neomycin family

AGs. The fourth sugar in neomycin is highlighted in grey. Purple indicates modifications installed via natural biosynthetic process, while gold

indicates modifications installed via semi-synthetic methods. Annotation to carbon and ring numbers is shown in gentamicin C1a.
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APH(200), the AME enzymes for C60-amination from Staphylo-
coccus aureus, to enzymatically synthesize amikacin analogous
with improved pharmacological potential10.

Compared to chemical and chemoenzymatic synthesis, bioengi-
neering approaches such as combinatory biosynthesis and biosyn-
thetic pathway engineering can be more sustainable alternatives for
efficiently modifying natural AGs, which, however, remain under-
explored due to the limited understanding of their biosynthesis in the
early years. The only reported attempt so far involved introducing
sevenbutirosins biosynthetic genes (btrI-J-K-O-V-G-H ), responsible
for biosynthesis and incorporation of the AHBA moiety, to a ho-
mologous host containing the kanamycins mini-biosynthetic gene
cluster. This resulted in the production of 1-N-AHBA-kanamycin X
and amikacin but withmeager yield (0.6 and 0.5 mg/L, respectively),
limiting their further development11.
All the 2-DOS containingAGs biosynthesis starts with converting
6-Glc-P to the 2-DOS core by a set of conserved enzymes12. In the
gentamicin biosynthesis, this is followed by the transfer of UDP-N-
acetylglucosamine (UDP-GlcNAc) onto the C-4 position of 2-DOS
by GenM1, the first glycosyltransferase (GT) in the gentamicin
gene cluster, resulting in pseudodisaccharide scaffold paromamine,
via deacylation of acetylparamomine by GenD (Fig. 2). Paromamine
is then glycosylated at the C-6 position with UDP-xylose by the
second GT, GenM2, to give the first pseudotrisaccharide scaffold,
gentamicin A213. In the last decade, significant progress has been
made in characterizing the abundant subsequent modification steps.
Notably, all these modifications are shown to occur on the pseudo-
trisaccharide scaffold after the formation of gentamicin A2. Genta-
micin A2 first undergoes sequential C-300 amination and methylation
by dehydrogenase GenD2, aminotransferase GenS2, and N-
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methyltransferase GenN to generate gentamicin A, which is further
methylated at C-400 position by C-methyltransferase GenD1 to give
gentamicin X2, the branch point pseudotrisaccharide intermediate
leading to two major parallel pathways14. C60-Methylation of
gentamicin X2 by C-methyltransferase GenK forms G418, which
together with gentamicin X2 are subsequently aminated at C-60 po-
sition by dehydrogenase GenQ and aminotransferase GenB1 in par-
allel to yield JI-20Ba and JI-20A, respectively15,16. The following
C30‒C40 didehydroxylation by phosphotransferase GenP and two
aminotransferases GenB3 and GenB4 in sequence converts JI-20A
and JI-20Ba to two of the gentamicin C complex, gentamicin C1a
and C2a, respectively17. In addition, the last aminotransferase ho-
molog GenB2 epimerize gentamicin C2a at C-60 position to produce
gentamicin C218,19. Finally, the N-methyltransferase GenL catalyzes
the 60-N-methylation of both gentamicin C1a and C2 to afford
gentamicin C2b and C1, respectively15. It is worth noting that recent
research has revealed the complex modification system of gentami-
cins to possess broader substrate tolerance than previously believed,
leading to the discovery of the multiple minor pseudotrisaccharide
parallelmodificationpathways15,20 (Supporting InformationFig. S1).

Compared to gentamicins biosynthetic pathway that diverges
in two main branches to incorporate all the modifications, the one
of kanamycins has been demonstrated in vitro to split at two
distinct points, formation of pseudodisaccharides by the first GT,
KanF, and formation of the pseudotrisaccharides by the second
GT, KanE, leading to 8 parallel pathways11 (Fig. S1). KanF uti-
lizes UDP-GlcNAc and UDP-Glc as different sugar donors to
convert 2-DOS to paromamine and 20-deamino-20-hydroxypar-
omamine, respectively, which are then aminated at C-60 by KanI-
KanL to give another two pseudodisaccharides, neamine and
20-deamino-20-hydroxyneamine. KanE was shown to accept all
four pseudodisaccharides as acceptor, as well as two different
sugars, UDP-Glc and UDP-konasomine (UDP-Kns, converted
from UDP-Glc by KanC-KanD), as donor. Nonetheless, the gen-
tamicins and kanamycins biosynthesis share a biosynthetic route
from Glc-6-P to their common pseudodisaccharide, paromamine.

The comprehensive understanding of the biosynthesis of these
two 4,6-disubstituted-2-DOS-containing AGs provides the possi-
bility for combinatory biosynthetic engineering that harnesses the
robust modification system from gentamicin biosynthesis to
modify kanamycin family scaffold and results in novel hybrid
AGs. In principle, this strategy can be achieved by either intro-
ducing all the gentamicins modification enzymes into the kana-
mycins producer or introducing kanamycin pseudotrisaccharide
scaffold biosynthetic machinery into the gentamicins producer.
While the former poses a challenge to the successful expression of
twelve genes in a heterologous host, we proposed that the latter
can be achieved by glycodiversification of gentamicins by simply
swapping the second GT GenM2 with its counterpart KanE. This
was inspired by the fact that GenM2 and KanE share a common
pseudodisaccharide, paromamine, as the sugar acceptor (Fig. S1),
and that Glc-6-P as a sugar donor of KanE can be derived from
bacterial primary metabolism.

Herein, we report creating a novel class of AGs, called gen-
kamicins (GKs), as a hybrid of gentamicins and kanamycins via
Figure 2 Biosynthetic pathways of gentamicins and GKs. The biosynthe

the same modification orders of gentamicins biosynthetic pathway. The

highlighted in blue (xylose) and pink (glucose), respectively. The structural

glucose 6-phosphate; 2-DOS, 2-deoxystreptamine; UDP, uridine diphospha

UDP-Glc, UDP-glucose.
combinatory biosynthesis and pathway engineering strategy. We
began with assessing the feasibility of this approach by examining
the capability of the gentamicins-producing strain Micro-
monospora echinospora ATCC 15835 to modify exotic kanamycin
B through a feeding experiment. Then, we employed the GT
swapping approach within the gentamicin producer to replace the
second GT, GenM2, with its counterpart KanE from kanamycin
biosynthesis effectively producing a series of proposed GKs.
Based on our understanding of gentamicin biosynthesis, we also
achieved the targeted accumulation of the different GK products
through pathway engineering to facilitate the isolation of mono
GK components. Finally, six GK products were successfully iso-
lated, structurally characterized, and examined for antimicrobial
activity and toxicity, revealing a less-toxic but still potent novel
aminoglycoside GK-C2 (9).

2. Materials and methods

2.1. Bacterial strains, chemicals, and culture conditions

Bacterial strains used in this work are listed in the Supporting
Information Table S1. G418 was purchased from SigmaeAldrich,
gentamicin X2, gentamicin C2, gentamicin C2a, gentamicin C1a
and gentamicin C1 were purchased from Toku-E. M. echinospora
ATCC 15835 wild-type andmutants were grown in liquid ATCC 172
medium (glucose 1%, soluble starch 2%, yeast extract 0.5%, N‒Z
amine type A 0.5%, CaCO3 0.1%) for genomic DNA isolation and
preparation of mycelium. F50 medium (soybean powder 2.0%,
peptone 0.1%, glucose 0.3%, soluble starch 3.0%, (NH4)2SO4 0.03%,
CaCO3 0.3%,KNO3 0.03%, CoCl2 0.005&) was used for metabolite
production. Soybean powder was applied as boiled broth and filtered
before addition to the F50medium.E. coli strains weremaintained in
2�TY media at 37 �C with the appropriate antibiotic selection at a
final concentration of 100 mg/mL ampicillin, 25 mg/mL chloram-
phenicol and 25 mg/mL kanamycin, respectively. ABB medium
(soytone 0.5%, soluble starch 0.5%, CaCO3 0.3%, MOPS, 0.21%,
FeSO4 0.0012%, Thiamine-HCl 0.001%, agar 3%) with addition of
10 mmol/L MgCl2 solution was used for conjugation. A medium
(soluble starch 1%, corn steep power 0.25%, yeast extract 0.3%,
CaCO3 0.3%, FeSO4 0.0012%, agar 3%, pH 7.0, adjustedwithKOH)
with addition of 10mmol/LMgCl2 solutionwas used for nonselective
culture of the exconjugants.

2.2. Mutants construction

2.2.1. Construction of DgenM2::kanE,
DgenS2DgenKDgenM2::kanE,DgenQDgenKDgenM2::kanE and
DgenD1DgenKDgenM2::kanE
w 2 kb flanking regions of genM2 were amplified from the wild-
type genomic DNA using Phusion DNA polymerase (New En-
gland Biolabs) and cloned into the Streptomyces-E. coli shuttle
vector pYH7 between NdeI and HindIII sites18 to obtain construct
pWHU47. pWHU47 was introduced into the wild-type strain and
two previously constructed mutants, DgenS2DgenK and
tic pathway of GKs is proposed based on the hypothesis that it follows

different sugar scaffolds incorporated in gentamicins and GKs are

changes resulting from each modification are indicated in red. 6-Glc-P,

te; UDP-GlcNAc, UDP-N-acetylglucosamine; UDP-Xyl, UDP-xylose;
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DgenQDgenK, respectively, by conjugation and mutants screening
using the method described before21 to generate DgenM2,
DgenS2DgenKDgenM2, and DgenQDgenKDgenM2. Similarly,
pWHU2649 was constructed by cloning the w2 kb flanking re-
gions of genM2 amplified from DgenD1DgenK genomic DNA
into pYH7 between NdeI and HindIII sites and was introduced
into previously constructed DgenD1DgenK15 to generate
DgenD1DgenKDgenM2.

Full length kanE was amplified from the genomic DNA of
kanamycin-producing strain Streptomyces kanamyceticus ATCC
12853 using Phusion DNA polymerase and cloned into pWHU77
(between the NdeI and EcoRI sites) to obtain pWHU155. Then
pWHU155 was introduced into the above genM2 in-frame deletion
mutants respectively to generate DgenM2::kanE, DgenS2Dg-
enKDgenM2::kanE, DgenQDgenKDgenM2::kanE and
DgenD1DgenKDgenM2::kanE.

2.2.2. Construction of DgenM2DgenQ::kanE,
DgenM2DgenK::kanE and DgenM2DgenB3::kanE
pYH286 (for genQ in-frame deletion), pWHU1 (for genK in-frame
deletion) and pWHU5 (for genB3 in-frame deletion) constructed
previously were introduced into DgenM2::kanE respectively by
conjugation and mutants screening using the method described
before18 to generate DgenM2DgenQ::kanE, DgenM2Dg-
enK::kanE and DgenM2DgenB3::kanE.

All in-frame deletion mutants were verified by PCR using the
checking primers (Supporting Information Table S2) and Southern
blot analysis. Exconjugants were verified based on thiostrepton
resistance and confirmed by PCR.

2.3. Small scale production, extraction and HPLCeESI-HRMS
analysis

For small scale aminoglycoside production, extraction and anal-
ysis, two-stage lab condition production was used for M. echi-
nospora ATCC 15835 and its mutants. The seed culture (in liquid
ATCC 172 medium) was incubated at 28 �C and 220 rpm for 3
days and then used to initiate the 50 mL culture in F50 medium
with 5% inoculum. For kanamycin feeding experiment 50 mg/mL
kanamycin B was supplemented into the culture at this stage. The
culture was incubated at 28 �C and 220 rpm for 5 days. Each
culture broth was adjusted to pH 2.0 with 6 mol/L H2SO4, agitated
for 4 h and then centrifuged at 5000�g for 10 min at 4 �C. The
supernatant was filtered and applied to a column of DOWEX
50WX8-200 ion-exchange resin (2.5 g per 50 mL culture broth)
preconditioned with acetonitrile followed by Milli-Q water. The
column was then washed with Milli-Q water (6 column volume)
and aminoglycosides were eluted with 1 mol/L NH4OH (6 column
volume). The eluate was freeze-dried, dissolved in 1 mL Milli-Q
water, filtered through microporous membrane (0.2 mm) and
subjected to HPLCeESI-HRMS analysis. Each mutant was
cultivated and analyzed in triplicate.

HPLCeESI-HRMS analysis was performed on Thermo Elec-
tron LTQ-Orbitrap XL connected to a Thermo Scientific Accela
HPLC system fitted with Phenomenex Luna C18 column
(250 mm � 4.6 mm) at flow rate 0.4 mL/min using mobile phase
of (A) 0.2% trifluoroacetic acid adjusted to pH 2.0 with NH4OH
and (B) 100% acetonitrile. The column was eluted with gradient
as: 0e14 min 2% B to 6% B, 14e16 min 6% B to 8% B,
16e25 min 8% B to 15% B, 25e26 min 15% B to 90% B,
26e34 min 90% B, 35e45 min 2% B. The mass spectrometry was
operated in positive mode with scan range of 300e600 m/z.
Source conditions were vaporizer temperature at 350 �C, capillary
temperature at 275 �C, voltage of 3.5 kV, sheath gas at 60 L/h,
auxiliary gas at 10 L/h. MS/MS analyses were carried out in the
positive ionization mode with collision energy of 35 eV.

2.4. Large scale fermentation and GK mono component HPLC-
ELSD purification

Two-liter scale lab-condition fermentation was performed simi-
larly as above while distributed in 250 mL across eight 1000 mL
flasks. 30 L scale industrial fermentation was conducted as
following: the seed culture (in liquid ATCC 172 medium with
25 mg/mL thiostrepton) was incubated at 34 �C and 220 rpm for 3
days 48e60 h until the bacterial culture becomes dense and ex-
hibits a slightly reddish color prior inoculating into industrial
fermentation medium. The initial fermentation conditions were set
as: pH 7.6, rotational speed 245 rpm, airflow rate 2 L/min, tem-
perature 34 �C, internal pressure in the vessel 0.06 MPa. Param-
eters were monitored during fermentation, maintaining pH
stability between 7.2 and 7.6 using 1 mol/L sodium hydroxide and
1 mol/L hydrochloric acid. 2 L sterile water was added to the
fermentation vessel daily. 3 L medium was added to the fermen-
tation vessel on the third day when the fermentation broth turns
red. The fermentation halted on Day 5 when fermentation broth
turned to a deep purple color.

The fermentation culture was extracted as descripted in 2.3
with additional purification through 717 anion exchange resin to
further remove pigment impurities. Purification of GK mono
component from crude extract was performed on evaporative light
scattering detector (ELSD, Alltech 2000ES) connected with a
Thermo Scientific HPLC (UltiMate 3000) fitted with and a Phe-
nomenex Synergi Hydro-RP 80A (250 mm � 10 mm, 4 mm). The
column was eluted at a flow rate of 4 mL/min using a mobile
phase of (A) 0.2% trifluoroacetic acid (TFA) in H2O and (B) 100%
CH3CN with a linear gradient of 2%e8% A over 20 min. The
atomization and drift tube temperature were set at 108 �C and gas
flow of ELSD was set at 2.8 L/min. Detection and collection ratio
was set as 1:3 post-column. Targeted fractions were collected and
freeze dried. The production and purification of six successfully
isolated GK mono products were summarized in Supporting
Information Table S3.

2.5. GKs sulfate preparation

TFA was removed from the HPLC-ELSD purified samples by
multiple time freeze drying and then products were finally dis-
solved in water and the pH of the solution was adjusted to neutral
using H2SO4 to give GKs sulfate that used for test of antimicrobial
activity and toxicity.

2.6. Antimicrobial activity test

Antibacterial activity of the aminoglycosides was evaluated by
minimal inhibitory concentration (MIC) against indicator strains.
MIC value was determined using broth microdilution method
according to standard protocols of antimicrobial susceptibility test
(Clinical and Laboratory Standards Institute, CLSI, 2014). The
inoculum was prepared by resuspending the isolated colonies of
indicator strains from an 18e24 h growth on blood agar plate in
Mueller Hinton Broth (MHB) (Qingdao Hope Bio-Technology
Co., Ltd.) for Enterococcus faecium ATCC 19434, Staphylococcus
aureus ATCC 29213, Klebsiella pneumoniae ATCC 700603,
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Acinetobacter baumannii ATCC 19606, and Enterobacter cloacae
ATCC 13047 or cation-adjusted MHB (CAMHB, with final con-
centration of Mg2þ and Ca2þ adjusted to 12.5 and 25 mg/L with
MgCl2 and CaCl2, respectively) for Pseudomonas aeruginosa
ATCC 27853, and adjusting the suspension to achieve a turbidity
equivalent to a 0.5 McFarland standard with MHB or CAMHB.
This inoculum was then diluted 100 times with MHB or CAMHB
to reach the concentration of approximately 1 � 106 CFU/mL just
before the assay. A 2-fold serial dilution of each aminoglycoside
sulfate solution stock (100 mL) in MHB or CAMHB was prepared
in 96-well microplates except the last column, which served as
negative controls (bacterial inoculum and MHB without amino-
glycoside). 100 mL of prepared bacterial suspensions were added
to each well to reach a final concentration of approximately
5 � 105 CFU/mL. After 20e24 h of incubation at 37 �C, MIC was
determined as the lowest concentration of the aminoglycosides
inhibiting visible bacterial growth. All experiments were per-
formed in triplicates.

2.7. Toxicity characterization

All applicable institutional and/or national guidelines for the care
and use of animals were followed.

2.7.1. Zebrafish strains and maintenance
Zebrafish (Danio rerio) adults and embryos were raised and
maintained in the Zebrafish Center of Nantong University under
conditions described as our previous protocols22. The transgenic
line Tg(Brn3c:mGFP)23,24 and wild-type AB strain25 were used in
ototoxicity test, in which, the membrane-localized green fluores-
cent protein (GFP) is expressed specifically in the hair cells (HCs).
5 days post fertilization (dpf) larvae were used in this study.
Animal Care and Use Committee of Nantong University and
Wuhan University approved all animal procedures.

2.7.2. Drugs treatment and microinjection in zebrafish
Compounds of GK-C1, C1, GK-C1a, C1a, GK-C2, C2, GK-C2a,
C2a, kanamycin B and dibekacin were directly diluted in E3
embryo medium26 to prepare the working solutions with appro-
priate concentrations. For assessing compounds toxicity to HCs in
posterior lateral line (pLL), ten healthy Tg(Brn3c:mGFP) zebra-
fish larvae at 5 dpf/well were placed in a 24-well plate and
exposed to aminoglycoside compounds at different concentrations
(0.5, 1, 2.5, 5, 10, 25, 50, 100 mmol/L). Compound solutions were
removed after 6 h and larvae were washed three times with em-
bryo medium for subsequently imaging or startle response assay.
To evaluate the toxicity of drugs to HCs in otic vesicle, Texas Red
labeled dextran (Invitrogen, USA) was added to prepare drug
solution with a final concentration of 10 mg/mL. About 2 nL
mixture was microinjected into semicircular canal of larvae at 5
dpf, and lasting for 6 h to observe the phenotypes of crista HCs in
otic vesicle.

2.7.3. Vital dye staining
The vital dye FM� 4e64 (N-(3-triethylammoniumpropyl)-4-(6-
(4-(diethylamino) phenyl) hexatrienyl) pyridinium dibromide,
Invitrogen Molecular Probes, Eugene, OR) was used to specif-
ically label functional HCs in neuromasts of pLL27. Free swim-
ming larvae were immersed in 3 mmol/L FM� 4e64 in embryo
medium for 45 s at room temperature in the dark, followed by
three rinses in E3 embryo medium.
2.7.4. Startle response test
Twenty normal larvae were put in a thin layer of E3 embryo
medium in a Petri dish attached to a mini vibrator which generated
sound stimulus (a tone burst 9 dB re ms�2, 600 Hz, for 30 ms).
Twenty times stimuli were repeated and the response of larvae to
every sound stimulus was recorded by an infrared camera over a
6 s period. Subsequently, movement trajectories were extracted
from the recording movies, and the movement typical parameters
of mean distance and peak velocity were used to quantify the
startle response of larvae to sound stimuli.

2.7.5. Images acquisition and statistical analysis
The HCs phenotypes in our experiments were scanned by a
confocal microscopy (Nikon, A1-DUT). For microscopic imaging
of zebrafish, embryos were anaesthetized with MS-222 (Sigma)
and embedded in 0.6% low-melting point agarose. Confocal im-
ages analysis was performed by Imaris X64 software (version
9.0.1). All data are presented as mean � standard error of the
mean (SEM), and all experiments were repeated at least three
times. Two-tailed, unpaired student’s t-test was used to identify
the significance difference between groups, with P < 0.05
considered statistically significant.

3. Results

3.1. Gentamicin-producing strain is capable of modifying
kanamycin B

Mimicking the biosynthetic logic of gentamicins that modifica-
tions primarily occur after the pseudotrisaccharide scaffold for-
mation, we proposed a combinatory biosynthetic pathway in M.
echinospora ATCC 15835 to produce the hybrid AGs, genkami-
cins (GKs) (Fig. 2). In this pathway KanE is predicted to replace
GenM2 to generate 300-dehydroxykanamycin C (GK-A2, 1), the
first pseudotrisaccharide equivalent to gentamicin A2 in genta-
micins pathway, which is followed by a series of modifications to
give the key intermediates GK-A (2), GK-X2 (3), GK-418 (4),
GK-JI-20A (5), GK-JI-20Ba (6), and the five C complex compo-
nents GK-C1a (7), GK-C2a (8), GK-C2 (9), GK-C2b (10), and
GK-C1 (11), through two main parallel pathways.

This combinatory biosynthesis approach relies on two pre-
requisites: 1) the modification enzymes in gentamicin biosynthesis
accept the kanamycin family trisaccharide scaffold as substrate,
and 2) the gentamicin-producing strain can tolerate the novel AG
products. As proof of concept, we probed the two prerequisites by
the feeding experiment. Kanamycins is a mixture of three main
mono components, kanamycin A, B, and C, with composition
percentages varying from different vendors. Only two mono
components, kanamycin A and B, are commercially available, and
kanamycin B is structurally closer to GK-A2 (1) compared to that
of kanamycin A. Thus, kanamycin B was fed to gentamicin-
producing strain M. echinospora ATCC 15835. Notably, four
novel products with [MþH]þ ions corresponding to m/z 498.2763
(calcd. for C19H40N5O10

þ: 498.2770), 512.2927 (calcd. for
C20H42N5O10

þ, 512.2926), m/z 480.3026 (calcd. for
C20H42N5O8

þ, 480.3028) and m/z 494.3178 (calcd. for
C21H44N5O8

þ 494.3184), respectively, were observed in the
HPLC‒ESI-HRMS analysis of culture extract, albeit at low levels
even with increased feeding concentration (Supporting
Information Fig. S2). The calculated molecular formula and tan-
dem MS/MS fragmentation pattern of these products are
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consistent with the ones of 300-N-methyl or 400-methyl-kanamycin
B, GK-JI-20A (5), GK-C1a (7), and GK-C2/C2a/C2b (8/9/10),
respectively. However, due to the low yield, isolation and further
structural elucidation of the novel products were impossible. To
mitigate the potential competition from the native substrates for
the modification enzymes, which may account for the low yield of
GK products, we constructed the genM2 in-frame deletion mutant
(Supporting Information Fig. S3), DgenM2, that abolished all the
native pseudotrisaccharides production (Fig. S3B). However,
feeding kanamycin B to DgenM2 did not significantly increase the
production level of the new species, implying the modest yield of
the GK products may stem from other factors, such as the
restricted uptake of external kanamycin B by the producer.

Nonetheless, the observation of the new compounds demon-
strated that the gentamicin-producing strain can tolerate the new
products. It also suggested that modification enzymes involved in
the two methylations on ring III (GenN and GenD1, respectively),
one methylation (GenK or GenL), and didehydroxylation on ring
II (GenP-GenB3-GenB4 cascade) are promiscuous and can accept
kanamycin pseudotrisaccharide scaffold as substrate. Given that
kanamycin B already bears amino groups at C-6 and C-300, the
tolerance of enzymes for the amination of kanamycin pseudo-
trisaccharide scaffold at the corresponding positions (GenQ-
GenB1 cascade and GenD2-GenS2 cascade, respectively) were
Figure 3 HPLC‒ESI-HRMS analysis of gentamicins production in w

chromatogram traces of gentamicins and proposed GK products in the

DgenM2::kanE, (D) DgenS2DgenKDgenM2::kanE, (E) DgenD1DgenK

enQ::kanE, (H) DgenM2DgenB3::kanE, (I) DgenM2DgenK::kanE.
not able to be predicted by the feeding experiment. However, on
the other hand, our previous studies on GenD2-GenS2 cascade
revealed that they were able to catalyze the reverse reaction, C-
300-deamination of kanamycin B14, indicating they are likely to
accommodate GK-A2 as a substrate. Taken together, these results
validated the viability of the proposed combinatory biosynthesis
strategy. The low yield of the novel GK products, on the other
hand suggested an obvious abuse existed in generating novel AGs
by feeding natural substrates.

3.2. Producing a series of novel aminoglycosides GKs
via glycosyltransferase swapping

We then cloned kanE onto an integrative vector, pWHU77, which
carries a constitutive promoter PermE* and was previously used
for gene complementation in the gentamicin producer, to generate
the kanE expression construct pWHU155. Swapping genM2 with
kanE was then achieved by introducing pWHU155 into M. echi-
nospora ATCC 15835 DgenM2 mutant. Remarkably, a series of
new products with [MþH]

þ
ions and MS/MS fragmentation

pattern corresponding to all the proposed GK products (Fig. 2)
were successfully observed in the culture extract of DgenM2::-
kanE by HPLC‒ESI-HRMS/MS (Fig. 3C and Supporting
Information Fig. S4). The number and yield of new products
ild-type and GKs production in engineered mutants. Extracted ion

fermentation culture extracts from (A) wild-type, (B) DgenM2, (C)

DgenM2::kanE, (F) DgenQDgenKDgenM2::kanE, (G) DgenM2Dg-
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were significantly increased compared to those produced in the
feeding experiment.

In comparison to the intermediates, the C-complex products
are the primary gentamicin components produced in the wild-type
M. echinospora (Fig. 3A). It has been noted that the right branch
C-complex products, gentamicins C2, C2a, and C1, are produced
at higher levels than the left branch ones, C1a and C2b. The
composition of the majority of GK intermediates and C-complex
components produced in DgenM2::kanE followed a similar
pattern to the one of gentamicins production in wild-type strain,
except for a surprisingly high level of an unknown intermediate
with the same m/z of GK-X2 (3) and the trace amount of GK-C1a
(7) (Fig. 3C). HPLC‒MS/MS analysis of this unknown species
suggested it is a structural isomer of GK-X2 (3). Unlike GK-X2
(3), which has both methyl groups installed on ring III, MS/MS
fragmentation indicated that the two methyl groups in this inter-
mediate are separately on rings I and III (Fig. S4). Our previous
studies on minor methylation pathways in gentamicins biosyn-
thesis uncovered two gentamicin X2 isomers, gentamicin Ae and
X2-1 (Supporting Information Fig. S5). We proposed that the
biosynthetic route of this intermediate akin to that of gentamicin
Ae or X2-1, making its structure likely to be GK-Ae (3a) or GK-
X2-1 (3b). Elevated levels of 3a/3b could divert the metabolic flux
to the right branch of the proposed GK pathway, which is
consistent with the decreased yield of left branch products, GK-
C1a (7) and GK-C2b (10), when compared to gentamicin C1a
and C2b production in the wild-type strain.

The above results demonstrated that endogenously produced
the kanamycin family pseudotrisaccharides via GT swapping
approach were recognized by all the modification enzymes and
modified with comparable efficiency to the native substrates.
Furthermore, the combinatorial biosynthesis approach not only
generated a greater diversity of novel products compared to the
feeding process, resulting in the creation of 12 new GK products
but also significantly higher production levels for these products.

3.3. Targeted accumulation of GK components by biosynthetic
engineering

In vivo production of a series of structurally similar GKs in
DgenM2::kanE made the isolation, structural confirmation, and
activity assessment of individual mono-components, particularly
those with lower yields, extremely challenging. This promoted us
to focus on targeted accumulating GK species. The successful
production of all the proposed GK products, coupled with the
observation that the production level of the majority of the species
mirrors those of the corresponding gentamicin species, suggested
that the GK biosynthetic pathway in DgenM2::kanE is likely
mimicking the one of gentamicin. Our previous work on charac-
terizing the gentamicin pathway generated a series of gene(s)
deletion mutants that individually accumulate various gentamicin
components. Based on those mutants, we hypothesized that tar-
geted accumulation of corresponding GK products could be ach-
ieved via biosynthetic engineering.

The four M. echinospora mutants, DgenS2DgenK, DgenD1Dg-
enK, DgenQDgenK, and DgenQ were found to eliminate the down-
stream and/or minor parallel pathways’ metabolites and direct the
metabolic flux toward the endpoint, resulting in exclusive accumu-
lation of gentamicins A2, A, X2, and G418, respectively7,8,14.
Accordingly, to facilitate the isolation of corresponding GK com-
pounds, we constructed DgenS2DgenKDgenM2::kanE, DgenD1Dg-
enKDgenM2::kanE, DgenQDgenKDgenM2::kanE and DgenM2D
genQ::kanE, respectively (Supporting Information Fig. S3). HPLC‒
ESI-HRMS analysis of these mutants showed that, while
DgenS2DgenKDgenM2::kanE, DgenD1DgenKDgenM2::kanE, and
DgenM2DgenQ::kanE successfully accumulated GK-A2 (1), GK-A
(2), and GK-418 (4) at a 10-, 9- and 20-fold level, respectively, and
withno substantial rise in theupstreamproductsproduction in all three
cases, theDgenQDgenKDgenM2::kanE, on the other hand, increased
the yield of bothGK-X2 (3) and the upstreamGK-A (2) (Fig. 3D‒G).

The three GK products from the left branch pathway, including
GK-JI-20A (5), GK-C1a (7), and GK-C2b (10), along with one
right branch intermediate, GK-JI-20Ba (6), were produced in trace
amount in DgenM2::kanE. These products are in lower positions
in the proposed pathway, making it difficult to accumulate them
through metabolic engineering exclusively. Nevertheless, their
production can still be boosted by blocking the downstream or the
right paradelle pathways. Gene deletion of genB3 was found to
raise the production of both immediate upstream intermediates, JI-
20A and JI-20Ba, in M. echinospora17. DgenB3DgenM2::kanE
was accordingly constructed and found to increase the production
of GK-JI-20Ba (6) by 70 folds compared to DgenM2::kanE
(Fig. 3H). Surprisingly, while no change in the GK-JI-20A (5)
yield was observed, the production of the GK-X2 isomer 3a
increased by 50 folds in DgenB3DgenM2::kanE compared to
DgenM2::kanE. The methyltransferase GenK is a critical enzyme
that directs the gentamicin biosynthesis to the right branch
pathway. Deletion of genK in M. echinospora led to the elimi-
nation of gentamicin right branch products and largely lifted the
production of all the left branch ones18. We subsequently con-
structed DgenM2DgenK::kanE, which brought up the yield of the
two C-complex products, GK-C1a (7) and GK-C2b (10), by
approximately 30-fold and 5-fold, respectively. Interestingly,
although the GK-X2 (3) exhibited an accumulation increase of
around 100-fold in this mutant, the downstream GK-JI-20A (5)
still remained at a trace level (Fig. 3I).

3.4. Purification and structural characterization of six GK
compounds

To facilitate the isolation of mono GK components, the engineered
mutants were initially subjected to 2 L scale lab-condition
fermentation using a modified F50 medium, which reduces all
ingredients by 50% and incorporates filtered broth of soy powder
to lower viscosity. Fermentation extracts were purified succes-
sively through ion-exchange resins prior subjected to mono
components preparation using an LC-ELSD. However, owing to
the lack of an optimal separation of the target components from
impurities, GK-A2 (1), GK-A (2), and GK-JI-20B (6) could not be
obtained in the required purity for structural and activity charac-
terization (Fig. S5). Additionally, the yields of GK-C2a (8) in
DgenM2::kanE and GK-C2b (10) in DgenM2DgenK::kanE were
insufficient to support the effective purification of an adequate
quantity of both compounds based on the 2 L lab-condition
fermentation (Fig. S5). Ultimately GK-X2 (3) (derived from
DgenQDgenKDgenM2::kanE), GK-418 (4) (derived from
DgenM2DgenQ::kanE), GK-C1a (7) (derived from DgenM2Dg-
enK::kanE) and GK-C1 (11) (derived from DgenM2::kanE) were
successfully isolated in satisfactory quantities and purities under
the laboratory setting (Supporting Information Fig. S6).

The C-complex products constitute the primary components of
clinically used gentamicin mixtures and have also been reported to
exhibit superior antibacterial activities compared to the in-
termediates. We hypothesized that the activity profile of GK
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products follows a similar pattern. Consequently, we turned to
large-scale industrial fermentation to aid in preparing the
remaining three C-complex GK products, GK-C2a (8), GK-C2 (9)
and GK-C2b (10), which were not achievable in the lab setting.
This was conducted through fermentation of DgenM2::kanE (for
GK-C2a (8) and GK-C2 (9)) and DgenM2DgenK::kanE (for GK-
C2b (10)), respectively, using a full formulation medium in a 30 L
scale bioreactor. Notably, both mutants displayed a different
metabolite profile compared to the lab-condition fermentation.
The metabolite flux in both mutants was predominantly directed
towards endpoint C-complex products during industrial fermen-
tation while substantial amounts of intermediates remained con-
verted in the lab settings (Fig. S5D and S5E). This could
potentially be attributed to an extended bacterial growth phase and
sustained secondary metabolism facilitated by a continuous
nutrient supply and tightly controlled conditions in the bioreactor
fermentation. This led to a significant increase in the production of
GK-C2a (8) in DgenM2::kanE and facilitated its subsequent
isolation. Interestingly, though the yield of GK-C1a (7) was
greatly raised in DgenM2DgenK::kanE during industrial fermen-
tation, it did not convert to the downstream GK-C2b (10), which is
in contrast to what was observed in lab-condition fermentation.
While industrial fermentation of DgenM2DgenK::kanE made the
GK-C1a (7) and CK-C2 (9) purification more efficient, we were
not able to obtain GK-C2b (10) eventually.

Overall, six GK mono-components, including GK-X2 (3), GK-
418 (4), GK-C1a (7), GK-C2a (8), GK- GK-C2 (9), and GK-C1
(11) were purified, and their structures were confirmed by 1D
and 2D-NMR characterization (Supporting Information Table S4‒
S9 and Figs. S7‒S54).

3.5. GKs display promising antimicrobial activity

The six purified GKs were subsequently screened for antimicro-
bial activity against the ESKAPE panel pathogens, including
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu-
moniae, Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacter cloacae. The minimal inhibitory MIC of each
compound against the reference strain recommended by the
Clinical and Laboratory Standards Institute (CLSI) for each spe-
cies was determined using a microbroth dilution assay following
Table 1 Antimicrobial activity against ESKAPE pathogens (MIC, m

Compounds E. faecium ATCC

19434

S. aureus ATCC

29213

K. pneumonia

ATCC 700603

Kanamycin B 0e0.125 0.5e1 8e16

Dibekacin 0e0.125 0.25e0.5 16e32

X2 0.25e0.5 2e4 64e128

G418 0.125e0.25 2e4 32e64

C1a 0e0.125 0.125e0.25 8e16

C2 0e0.125 1e2 32e64

C2a 0e0.125 0.25e0.5 8e16
C1 0.25e0.5 0.5e1 8e16

GK-X2 (3) 0.25e0.5 4e8 >128

GK-418 (4) 0.5e1 4e8 >128

GK-C1a (7) 0e0.125 0.25e0.5 16e32

GK-C2a (8) 0e0.125 0.5e1 32e64

GK-C2 (9) 0.5e1 0.5e1 >128

GK-C1 (11) 0e0.125 0.25e0.5 64e128

aAll values were determined in three replicates with micro dilution meth
the CLSI guidelines. To compare with the clinically used AGs and
offer insights into the structural-activity relationship, the MIC
assay included the six corresponding gentamicin mono compo-
nents, kanamycin B, and the synthetic kanamycin derivative,
dibekacin (Table 1).

In general, all the GK C-complex products displayed potent
antimicrobial activities against four out of the six tested strains,
including E. faecium ATCC 19434, S. aures ATCC 29213, P.
aeruginosa ATCC 27853 and E. cloacae ATCC 13047. Similar to
the gentamicin intermediates, GK-X2 (3) and GK-418 (4) only
showed potent activity against E. faecium ATCC 19434, S. aures
ATCC 29213, and E. cloacae ATCC 13047. Additionally,
consistent with the trend for gentamicins, the GK C-complex
products exhibited superior activity against all the pathogens
than the two tested intermediates, indicating that modifications
increase the antimicrobial activity. This was particularly true for
the case of P. aeruginosa ATCC 27853. While it was not sensitive
to all tested gentamicin and GK intermediates and kanamycin B,
all gentamicin and GK C-complex species, as well as dibekacin,
displayed potent activity against it. This suggested that the 3,4-
didehydroxylation for both kanamycin and gentamicin pseudo-
trisaccharide scaffolds is critical for the activity against P. aeru-
ginosa ATCC 27853. In most cases, GK products showed slightly
decreased activities compared to the corresponding gentamicin
species against all tested pathogens (except for A. baumannii
ATCC 19606), implying that swapping the xylose with glucose in
ring III may cost the activity. It is worth noting that, while A.
baumannii ATCC 19606 was found to be resistant to all forms of
gentamicin and kanamycin B, both dibekacin and the four GK
C-complex components presented promising inhibition activities.
This result suggested that both 3,4-didehydroxylation on ring II
and glucose instead of xylose as ring III are essential structure
features for inhibiting A. baumannii ATCC 19606. All the tested
AGs showed only moderate or no activity against K. pneumoniae
ATCC 700603.

3.6. GK-C2a shows low ototoxicity in zebrafish embryos

Ototoxicity has been a long-standing issue of AGs’ clinical
application due to their irreversible damage to inner hair cells
(HCs), and thus arouse more concern than their nephrotoxic side-
g/mL)a.

e A. baumannii

ATCC 19606

P. aeruginosa

ATCC 27853

E. cloacae ATCC

13047

>128 >128 1e2

1e2 0.5e1 0.5e1

>128 >128 1e2

>128 >128 1e2
>128 0.5e1 1e2

>128 4e8 1e2

>128 1e2 0.5e1

>128 4e8 0.5e1

>128 >128 4e8

>128 >128 8e16

2e4 1e2 0.5e1

16e32 2e4 1e2

8e16 2e4 0.5e1

16e32 4e8 0.5e1

od following CLSI guidelines.



Figure 4 The toxicity assessment of AG compounds to HCs in pLL of zebrafish. (A) Confocal image of a Tg(Brn3c:mGFP) larvae at 5 day

post-fertilization (dpf) and schematic diagram of methods used in toxicity testing. The neuromast in L1 (lateral 1) of pLL analyzed in this

experiment was marked by red dashed box. (B) Representative fluorescent images of HC cluster in L1 neuromast of pLL under different

compounds treatment at concentration of 10 mmol/L. Scale bar: 10 mm. (C)e(I) Statistical results of the number of HCs in L1 neuromast under

different compounds treatment with a series of concentrations (n Z 10).
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effects, which are reversible. Zebrafish is an excellent and
powerful tool for ototoxicity tests due to its surficial sensory
lateral line HCs and inner ear HCs, similar to mammalian HCs in
morphology and function7,8. Here, the transgenic line
Tg(Brn3c:mGFP) larvae were utilized to comprehensively assess
the toxicity of GK C-complex mono components to HCs in neu-
romasts of pLL at concentrations ranging between 0 and
100 mmol/L (Fig. 4 and Supporting Information Fig. S55). As
comparison, the four corresponding gentamicin C-complex com-
ponents, kanamycin B, and dibekacin were included in the test.
Results showed that the tested AGs induced the loss of HCs
exhibiting the dose-dependent mode and their toxicity to HCs
notably varied (Fig. 4C‒I). Generally, the two compounds
belonging to the kanamycin family exhibited higher toxicity than
both gentamicins and GKs across all tested concentrations
(Fig. 4C‒E). In evaluating the four GKs C-complex compounds, it
suggested that GK-C2a displayed the least ototoxicity among
them (Fig. 4C). A comparative analysis of the corresponding
C-complex species between the GK and gentamicin families
revealed that GK-C1a (7), GK-C2 (9) and GK-C1 (11) exhibited
toxicity levels comparable to gentamicin C1a, C2 and C1,
respectively, while GK-C1 only demonstrated increased toxicity
than gentamicin C1 at concentrations between 10 and 100 mmol/L
(Fig. 4F‒I). Remarkably, GK-C2a (8) exhibited a significantly
reduced toxicity profile compared to gentamicin C2a, particularly
at concentrations �2.5 mmol/L (Fig. 4G). While possessing potent
antimicrobial activity against multiple pathogens in ESKAPE
panel (Table 1), GK-C2a (8) demonstrated an ototoxicity profile
comparable to that of the least ototoxic gentamicin C-complex
species, gentamicin C1, suggesting the promising potential of
GK-C2a (8) as a mono-component in clinical applications.

To further characterize the ototoxicity of GK-C2a in larvae, the
HCs existing in the main auditory organs of zebrafish, including
functional HCs in neuromasts of pLL and cristae HCs in the otic
vesicle, were analyzed under treatment of GK-C2a (8). This was
also compared with gentamicin C2a, kanamycin B and semi-



Figure 5 The toxicity assessment of GK-C2a (8) in zebrafish HCs morphology and function. (A) Schematic structure of main auditory organs

in zebrafish at 5 dpf, including otic vesicle and pLL system. Green patches indicated the locations of neuromasts in pLL. The neuromasts in L1,

L2 and L3 analyzed in this experiment were marked by red dashed box. Detailed structure of otic vesicle was depicted. ACHC, anterior crista hair

cell; LCHC, lateral crista hair cell; PCHC, posterior crista hair; UM, utricular macula; AM, saccular macula. (B) Representative merged fluo-

rescent images of HC cluster (green color) and functional HC cluster (red color) in L1 neuromast under 10 mmol/L different compounds treatment.

Scale bar: 10 mm. (C) Representative merged fluorescent images of crista HC clusters (marked by white dot circle lines) in otic vesicles treated

with 10 mg/mL different compounds. Scale bar: 50 mm. (D) Statistical results of the number of HCs and functional HCs per neuromast (L1, L2

and L3) under 10 mmol/L different compounds treatment (n Z 30). (E) Statistical results of the number of cristae HCs in AC, LC, and PC regions

(n Z 10). (F, G) Statistical results of swimming distance and velocity in startle response experiment exposed to 9 dB re ms�2 sound stimulus

(n Z 20). **, ***, and **** represented P < 0.01, P < 0.001, and P < 0.0001, respectively.
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synthetic derivative drug, dibekacin, in attempt to provide insights
into structure and ototoxicity relationship (Fig. 5). Results showed
that the four AGs compounds caused the reduced functional HCs,
while the number of functional HCs and GFP-labeled HCs under
GK-C2a (8) treatment was dramatically higher than that of others
(Fig. 5B, D). The influence of AG compounds on HCs in the inner
ear was also examined by microinjection of the compounds into
otic vesicles (Fig. 5A). As shown, the semicircular canal filled
with Texas Red labeled dextran indicated that the drugs were
successfully conveyed (Fig. 5C). Images showed that there were
obviously damaged HCs in anterior cristae (AC), lateral cristae
(LC), and posterior cristae (PC) under treatment. However, the
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damages varied slightly in GK-C2a (8) while seriously in dibe-
kacin (Fig. 5C). The number of three clusters of crista HCs was
analyzed and consistent statistical results were also shown
(Fig. 5E). To investigate the effect of GK-C2a (8) on auditory
function of larvae, a startle response assay was performed
(Supporting Information Fig. S56). The results indicated that
larvae exposed to GK-C2a (8) were more sensitive to external
sound stimuli embodied in higher swimming distance and peak
velocity compared to other compounds (Fig. 5F, G and Fig. S56).

In summary, these results sufficiently indicated that the novel
aminoglycoside GK-C2a (8), displayed low ototoxicity in zebra-
fish embryos. It also indicated that swapping the second sugar
from xylose to glucose in gentamicins provides comparable or
reduced ototoxicity, while modification on kanamycin scaffolds
can significantly reduce the ototoxicity.
4. Discussion

AGs have been essential antibiotics for treating bacterial in-
fections for decades. However, their clinical use is hindered by
toxicity concerns as well as ever-growing resistance. Nevertheless,
AGs continue to be clinically valuable due to their potent and
broad-spectrum antimicrobial activities, especially their potential
renewed application in the anti-cancer treatment that has been
discovered. To overcome the limitations and aid in new applica-
tions of these important family compounds, the development of
AG structural derivative therefore remains imperative.

Semi-synthetic approaches via direct modification of the nat-
ural AGs have been utilized to develop the second and third
generation AGs in the early years. Despite a few successes, such
as dibekacin, etilmicin, and plazomicin, chemically regiospecific
modification of densely functionalized and structurally diverse
AGs remains challenging and consequently leads to low effi-
ciency. A few successes in the chemoenzymatic modification of
natural AGs using enzymes from heavily modified natural AG
biosynthesis in the early years offered an appealing alternative and
demonstrated the potential of harnessing the microbial biosyn-
thetic machinery to create novel AGs. However, they were still
limited by challenges in production in scale due to the low yields.

The extensive knowledge acquired regarding understanding the
biosynthetic pathway of the most heavily modified natural AG,
gentamicins, opens up new opportunities to employ a combinatory
biosynthesis strategy for AG structural diversification. Based on
the biosynthetic logic of gentamicins, the modifications all occur
after the pseudotrisaccharide formation, and with substrate pro-
miscuity previously revealed to multiple modification enzymes in
their biosynthesis, it leads to a potential glycodiversification
strategy for the bioengineering the AGs.

The antimicrobial activity of the six GK compounds was
evaluated against a panel of WHO’s critical priority pathogens, the
ESKAPE panel, which are six highly virulent pathogens with
increasing multi-drug resistance revealed. The results demon-
strated that GKs retained promising antimicrobial activity as
clinically used gentamicin and kanamycin family compounds
against ESKAPE panel pathogens, with C-complex products
showing the highest activity. While GK intermediates, GK-X2 and
GK-418, display limited activity against some strains, this was not
unexpected given the similar antimicrobial profiles of corre-
sponding gentamicin species. The antimicrobial activity of GK
species was also compared to that of the natural gentamicins and
kanamycin B, as well as a clinically used semi-synthetic AG,
dibekacin. Notably, the four GK C-complex components, partic-
ularly GK-C1a, presented promising inhibition activities against
A. baumannii ATCC 19606, while the pathogen was found to be
resistant to all forms of gentamicins and kanamycin B. The ac-
tivity comparison revealed a few structural‒activity relationships.
Swapping the xylose with glucose in ring III of gentamicins has
different effects on the activities of each species against different
pathogen species. Extensive modifications on kanamycin scaf-
folds, leading to the GK C-complex compounds, increase the
activity against all tested pathogens except for K. pneumoniae
ATCC 700603. While 3,4-didehydroxylation generally increases
the activities of all three family AGs against all pathogens tested,
it is critical for the activity against P. aeruginosa ATCC 27853.
Both 3,4-didehydroxylation and having glucose instead of xylose
as ring III are essential structural features for inhibiting A. bau-
mannii ATCC 19606. The promising antimicrobial activities of the
obtained GK-C-complex products against the reference strain of
the ESKAPE panel pathogens suggest their potential to combat
the drug-resistant species, especially the ones of A. baumannii,
which shows high resistance to almost all AGs. It is, therefore,
worth testing the antimicrobial activity of obtained GK-C-
complex products against clinically isolated drug-resistant
ESKAPE panel pathogens in future work.

Zebrafish embryos were used as a model system to assess the
ototoxicity of the four GK C-complex compounds in comparison
with the four gentamicin C-complex components, kanamycin B,
and dibekacin. Remarkably, extensive modifications on kana-
mycin scaffolds leading to GK C-complex compounds signifi-
cantly reduced the ototoxicity in zebrafish embryos. Commercial
gentamicin is a complex of several compounds with major in-
gredients as C-complex species. Different ototoxicity in cochlear
explants of mono gentamicin C-complex components has been
reported28. This is consistent with our findings of the corre-
sponding GK C-complex components showing different ototoxic
profiles. The four GK-C complex components showed comparable
ototoxicity to that of the corresponding gentamicin species.
Notably, while GK-C2a showed potent antimicrobial activity
against four out of six ESKAPE pathogens, toxicity comparative
data revealed that it displayed much lower auditory toxicity than
the corresponding gentamicin C2a, and has comparable ototox-
icity to the least ototoxic gentamicin species, gentamicin C1, in
the test model. As ototoxicity and antimicrobial activity do not
directly correlate for the C-complex compounds of both family
AGs, it is possible to reformulate these AGs with less ototoxic
components without altering antimicrobial activity.
5. Conclusions

In this study, we explored the novel approach that centered on
gentamicin glycodiversification through GT swapping in bacterial
producers to diversify the structures of AGs efficiently. As a pre-
liminary attempt, through a feeding experiment, we showed that
gentamicin-producing strains can modify kanamycin B, resulting in
four new hybrid species. This demonstrated the feasibility of
combining the biosynthetic pathways of gentamicins and kanamycins
by swapping gentamicin pseudotrisaccharide formation GTwith the
corresponding one from kanamycins biosynthesis to create their
novel hybrid AGs. Indeed, the mutant DgenM2::kanE successfully
led to the production of a series of proposed GKs. Biosynthetic en-
gineering of the GK pathway is then employed for the targeted
accumulation of specific GK products, making their isolation and
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structural characterization feasible. Six genetically engineered mu-
tants were constructed for the targeted accumulation of GK compo-
nents that facilitated the purificationof individualGKspecies.SixGK
compounds were eventually isolated and structurally characterized
via combination of fermentation in the lab and industrial settings. The
large-scale fermenter production of the GK-C complex components
from DgenM2::kanE and DgenM2DgenK::kanE showcased the po-
tential in green manufacturing of these valuable AGs. The AHBA
chain at theN-1position of the2-DOS ring is a structural feature of the
new generation of AGs, including amikacin, arbekacin, and plazo-
micin demonstrating improved activity againstmany resistant strains.
The novel GKs can serve as novel structural leads for further modi-
fications via semi-synthesis to attach the AHBA chain side chain.

Overall, this study demonstrates the potential of glycosyl-
transferase swapping to diversify AG structures, leading to the
creation of novel hybrid AGs with promising antimicrobial ac-
tivity, particularly GK-C2a, with low toxicity, making it a candi-
date for further development as an antibiotic with improved safety
profiles. This research offers a valuable contribution to developing
AG antibiotics in the face of drug toxicity and antibiotic resistance
concerns.
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