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Abstract: Aminoglycosides are one of the first classes of antibiotics to have been used clinically, and
they are still being used today. They have a broad spectrum of antimicrobial activity, making them
effective against many different types of bacteria. Despite their long history of use, aminoglycosides
are still considered promising scaffolds for the development of new antibacterial agents, particularly
as bacteria continue to develop resistances to existing antibiotics. We have synthesized a series
of 6"-deoxykanamycin A analogues with additional protonatable groups (amino-, guanidino or
pyridinium) and tested their biological activities. For the first time we have demonstrated the ability
of the tetra-N-protected-6"-O-(2,4,6-triisopropylbenzenesulfonyl)kanamycin A to interact with a
weak nucleophile, pyridine, resulting in the formation of the corresponding pyridinium derivative.
Introducing small diamino-substituents at the 6”-position of kanamycin A did not significantly alter
the antibacterial activity of the parent antibiotic, but further modification by acylation resulted in
a complete loss of the antibacterial activity. However, introducing a guanidine residue led to a
compound with improved activity against S. aureus. Moreover, most of the obtained 6”-modified
kanamycin A derivatives were less influenced by the resistant mechanism associated with mutations
of the elongation factor G than the parent kanamycin A. This suggests that modifying the 6”-position
of kanamycin A with protonatable groups is a promising direction for the further development of
new antibacterial agents with reduced resistances.

Keywords: antimicrobial resistance; aminoglycosides; kanamycin; chemical modification; mode of
action; translation inhibition

1. Introduction

The overuse and misuse of antibiotics, both in human medicine and agriculture, has
led to a concerning increase in antimicrobial resistance (AMR) [1]. AMR is a significant
public health threat that limits our ability to treat infections effectively, leading to longer
hospital stays, higher healthcare costs and increased mortality rates. The 2017 WHO report
has identified a list of twelve antibiotic-resistant “priority pathogens”, nine of which are
Gram-negative bacteria [2]. These bacteria are particularly challenging to treat due to
their unique outer membrane structures, which limit the effectiveness of many commonly
used antibiotics. According to expert estimates, the problem of AMR may worsen as
a consequence of the COVID-19 coronavirus infection pandemic, as most of those who
became ill were given antimicrobials to prevent or treat bacterial complications [3,4].
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Aminoglycosides (AG) (Figure 1) are one of the first classes of antibiotics that were
discovered, and they are still relevant today due to their broad-spectrum antimicrobial
activity. They are active against gram-positive (G+) and gram-negative bacteria (G—), as
well as mycobacteria [5]. AG are commonly used for the treatment of infections caused
by G- bacteria, aerobic bacilli and staphylococci. They are often used in combination with
other antibiotics such as 3-lactams or vancomycin to improve their efficacy. Streptomycin,
a member of the AG family, is still used in combination therapy to treat Mycobacterium
tuberculosis [6]. Other AG such as kanamycin (KANA, 1) and amikacin (Figure 1) are used
as second-line drugs in the treatment of resistant M. tuberculosis infections [7].
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Figure 1. Structures of selected aminoglycoside antibiotics.

The mechanism of action of aminoglycosides is based on inhibition of protein synthesis
as a result of binding with the 16S rRNA of the bacterial ribosome 30S-subunit [8,9]. It
was demonstrated that different classes of AG might bind to various sites of the 165 rRNA.
Nevertheless, the common outcome is a change of a conformation of the A site to one that
mimics the closed state induced by the interaction between cognate tRNA and mRNA. This
leads to the inhibition of the proofreading capabilities of the ribosome and the promotion of
mistranslation, ultimately inhibiting protein synthesis [10]. Additionally, aminoglycoside
binding can also affect the translocation process catalyzed by the elongation factor G
(EE-G) [11].

Aminoglycoside antibiotics have been widely used since the 1940s, but their effective-
ness has been limited by the emergence of bacterial resistance. In addition to resistance,
AG can also cause serious side effects, such as kidney damage, hearing loss and vestibular
toxicity [12,13]. Since the 1970s, attempts have been made to obtain semi-synthetic amino-
glycoside antibiotics; as a result, amikacin (AMK) and netilmicin (NET) were introduced
into clinical practice in 1976 and 1981, respectively (Figure 1). More recently, plazomicin
(PLZ, Figure 1) has been developed to overcome the resistance mechanisms that have
evolved against older aminoglycosides. PLZ is a new generation aminoglycoside that has
been designed to evade the most common aminoglycoside-modifying enzymes (AMEs)
produced by bacteria. The FDA approved plazomicin in 2018 for the treatment of compli-
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cated urinary tract infections, including pyelonephritis, caused by certain gram-negative
bacteria. Its approval marked an important step in the rejuvenation of the aminoglycoside
class of antibiotics [14,15].

It was established that the major causes of antimicrobial resistance to AG are caused
by a reduction in intracellular concentrations of antibiotics by bacterial efflux pumps or
through reduced membrane permeability as well as the decreased affinity of the drug for its
target bacterial ribosome, either by modifications of the drug or of the ribosome. The most
clinically important mechanisms of resistance to AG are due to structural modifications
of AGs by AMEs, which recatalyze regioselective modifications of the aminoglycoside
molecule, such as N-acetylation, O-phosphorylation or an attachment of a nucleotide at
one of the hydroxyl group of AG. Recently, it has also been demonstrated that some bacte-
rial species, including Pseudomonas aeruginosa, Escherichia coli and Acinetobacter baumannii,
quickly develop point mutations in the gene fusA (encoding the EF-G protein) when grown
in sublethal concentrations of aminoglycosides such as kanamycin, tobramycin and gen-
tamicin [16,17]. These mutations were reported as a novel mechanism of aminoglycoside
resistance in the clinical strains of P. aeruginosa [18].

It is a valid approach to synthesize new derivatives of aminoglycosides to address
the challenges posed by antimicrobial resistance and the limitations of existing antibiotics.
Thus, we aimed to synthesize a series of new derivatives of AG in an attempt to find new
compounds which possess activity against resistant strains of microorganisms (including
strains with characterized mutations in the gene fusA (EF-G)) and/or with improved
pharmacological properties.

Kanamycin A, one of the first representatives of aminoglycosides and a starting com-
pound for the semi-synthetic antibiotic amikacin [19], was chosen as a starting scaffold for
chemical modification. The primary hydroxyl group in the 6" position was selected for
modification due to its availability and potential for selective transformation. Recently, com-
prehensive reviews have discussed various types of modifications of the aminoglycoside
family of antibiotics [5,20]. Among those, different modifications of the primary hydroxyl
group in the 6” position of the antibiotic (AMK, KANA, kanamycin B and tobramycin)
(Figure 2) were described, including the introduction of dithiol or azide groups, as well as
an obtaining of the thioethers [20].
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Figure 2. Types of semisynthetic AG derivatives obtained by the chemical transformation of the
6""-hydroxy group.

Furthermore, the replacement of hydroxyl moieties by amines on the cores of various
AGs was performed to explore the importance of electrostatic interactions for the binding
between RNA and AGs and to identify a common recognition pattern [21]. These results
have demonstrated that the presence of several amino groups on an AG core, including
the KANA series, correlates with an increase in inhibitory activity, as well as an increase in
binding with the 165 rRNA of the bacterial ribosome 30S-subunit [20].

Interestingly, the modification of KANAs at the 6”-position also extended their po-
tential application as antifungal drugs or fungicides for agriculture [22-24]. For exam-
ple, the KANA derivative K20 (Figure 1) has been shown to exhibit antifungal activity
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against various fungi, including Fusarium graminearum, a pathogen that causes fusariosis in
wheat [25,26].

Herein, we describe synthesis of a new series of 6”-modified KANA derivatives bear-
ing additional groups that can be protonated at physiological pH. Varying the structure of
the introduced fragment (alkyl amino-, guanidino- heterocyclic and hydroxyalkylamino)
was carried out in order to established structure—antimicrobial-activity relationships, in-
cluding an ability to overcome resistance of microorganisms caused by mutations in the
gene fusA (EF-G).

2. Materials and Methods
2.1. Chemistry

Kanamycin A was a commercially available product of Abcr GmbH (Karlsruhe, Ger-
many). All other solvents and reagents were commercially available products from Aldrich
(Saint Louis, MO, USA) and Merck (Darmstadt, Germany). DMF (dried over CaCl,, then
over P,Os) and pyridine (dried over KOH, then over CaCl,) were distilled before use.

The course of reactions, purification and extraction procedures, and the identities of the
obtained compounds, were monitored by TLC and HPLC methods. TLC was performed on
plates with 60F254 silica gel (Merck, Darmstadt, Germany). Kanamycin and its derivatives
were visualized on chromatograms in iodine vapor or by a solution of ninhydrin in ethanol
or 6N sulfuric acid solution followed by heating. UV-absorbing derivatives were also
detected in UV light.

The preparative isolation and purification of the compounds were performed on
silica gel columns (Kieselgel G60, 0.040-0.063 mm, Merck, Darmstadt, Germany). For
neutralization, DOWEX 50 WX2 (100-200 mesh) ion-exchange resin (SERVA, Heidelberg,
Germany) was used. All solutions were dried over sodium sulfate and evaporated in a
vacuum at a temperature below 40 °C.

Analytical HPLC was performed on an LC-20AD chromatograph (Shimadzu, Kyoto,
Japan) using a UV detector and a Kromasil-100-C18, 4.6250 mm column (Phenemenex,
Torrance, CA, USA) at a flow rate of 1 mL/min in systems:

System (Al): A (0.01M H3POy, pH 2.6) and B (MeCN), linear acetonitrile concentration
gradient from 20—80% acetonitrile in 30 min, then from 80—20% in 3 min;

System (A2): A (HCOONH, 0.2%, pH 4.5) and B (MeCN), linear acetonitrile concen-
tration gradient from 40—90% for 30 min, then from 90—40% for 3 min;

System (A3): A (0.01M H3POy, pH 2.6) and B (MeCN)), linear acetonitrile concentration
gradient from 80—95% for 30 min, then from 95—80% for 3 min;

System (A4): A (HCOONH4 0.2%, pH 4.5) and B (MeCN), linear acetonitrile concentra-
tion gradient from 20—90% for 30 min, then from 90—95% for 5 min, then from 95—95%
for 5 min, then from 95—20% for 5 min;

System (A5): A (HCOONH, 0.2%, pH 8.4) and B (MeCN), linear acetonitrile concen-
tration gradient from 40—90% for 30 min, then from 90—40% for 3 min;

System (A6): A (HCOONH4 0.2%, pH 8.4) and B (MeCN), linear acetonitrile concen-
tration gradient from 10—60% for 30 min, then from 60—10% for 3 min.

The purities of the intermediates and final compounds were at least 90% by HPLC
(for UV-absorbing compounds).

Elemental analysis was performed on the automated PerkinElmer 2400 CHN microan-
alyzer. High-resolution mass spectra (HR MS) were obtained by electrospray ionization
(ESI) on a micrOTOF-Q II instrument (Bruker Daltonics GmbH, Bremen, Germany). The
1H, 13C and N NMR spectra were recorded in DMSO-d6 at 25 °C on a Bruker AV III
500 spectrometer (Bruker Biospin AG, Féllanden, Switzerland) at 500.2 MHz, 125.8 MHz
and 50.7 MHz for 'H, 13C and '°N, respectively. Signal assignment in NMR spectra was
performed using two-dimensional COSY, TOCSY, NOESY, HSQC, HMBC and 'H-°N
edHSQC experiments. Standard pulse sequences were used. The 'H and '3C NMR spectra
were referenced using either residual DMSO solvent signals (2.50 ppm for DMSO-d6 for 'H
spectra and 49.5 ppm for DMSO-d6 for 3C spectra) or signals of internal DSS reference for



Pharmaceutics 2023, 15, 1177

50f22

D, 0 solutions. The 'H-1°N edHSQC spectrum was externally referenced against CH3NO,
for 1°N.

1,3,6',3"-Tetra-N-Cbz-6"-O-(2,4,6-triisopropylbenzenesulfonyl)kanamycin A (2)

1st step

The solution of benzylchloroformate (2.40 mL, 16.7 mmol) in acetone (10 mL) was
added dropwise at 0 °C to the mixture kanamycin A monosulfate (2.0 g, 3.43 mmol) and
saturated water solution of Na,COj3 (26.7 mL). The reaction mixture was stirred at 0 °C
for 2 h, then at rt for 8 h. The resulting precipitate was filtered off and then suspended
in 1M HC1 (70 mL) and stirred for 30 min. The precipitate was filtered off, washed with
H,O and dried in a vacuum over P,Os. The target 1,3,6,3"-tetra-N-Cbz-kanamycin A was
obtained as a white solid (3.44 g, 98% yield) and used without the additional purification at
the next stage.

HRMS (ESI)Z calculated for [C50H61N4019]+ =1021.3930 [C50H64N5019]+ =1038.4196
[Cs50HeoN4O19Na]* =1043.3749, found [M+H]* =1021.4185 [M+NH,4]" = 1038.4467 [M+Na]*
=1043.4044, R¢ (CHCl3:MeOH 10:1) = 0.5, R; (system A2) = 13.41 min.

THNMR (5, ppm, J/Hz): 1.46-3.56 (m, 7H, cHex), 3.07—4.93 (m, 7H, CHy/ ), 3.31-4.99
(m, 7H, CHy4), 3.67 (d, 2H, *] = 6.1 Hz, -OH-CHcypr cpiyr.), 4.23 (t, 1H, 3] = 5.6 Hz, -OH-
CHj, cpgr.), 4.85-5.18 (m, 8H, -OCHy,), 5.24 (bs, 1H, -OH-CH 1ex5), 5.34 (d, 1H, 3] = 5.6 Hz,
-OH-CHpyy.cpa-), 6-84 (s, 1H, -NH-CH, cpg-), 7.01 (s, 1H, -NH-CH, cpy37-), 7.17 (s, 1H,
-NH-CH Hex3-), 7.21-7.42 (m, 20H, 4 x Ph), 7.43 (s, 1H, -NH-CHpex1-)-

I3C NMR (8, ppm, ] /Hz): 34.4,41.7,49.7, 50.1, 56.5, 60.2, 65.0, 65.3, 67.2, 70.1,70.6, 70.7,
72.3,72.7,729,74.1,80.4, 84.3,97.3,101.1, 127.7, 128.3, 136.8-137 4, 155.6, 155.9, 156.5, 156.6.

2nd step

The 2,4,6-Triisopropylbenzenesulfonylchloride (1.28 g, 4.23 mmol) was added to the solution
of 1,3,6' 3" -tetra-N-Cbz-kanamycin A (1.0 g, 0.98 mmol) and 4-(N,N-dimethylamino)pyridine
(517 mg, 4.23 mmol) in dry pyridine (15 mL). The reaction mixture was stirred 6 h at room
temperature (rt), then an additional amount of 2,4,6-triisopropylbenzenesulfonylchloride (1.28 g,
4.23 mmol) was added and the reaction mixture was stirred at rt for 20 h. An aqueous solution
of HCI (1IN, 70 mL) and water (100 mL) was added to the reaction mixture. The product was
extracted with ethyl acetate (3 x 60 mL) and organic fractions were combined, dried over
NaySQy, filtered off and evaporated to dryness. The target compound was purified by the col-
umn chromatography on silica gel. The elution was carried out by CHCl3 (200 mL), followed
by the mixture CHCl3-CH3OH (100:3). Fractions which contained the target compound were
combined and evaporated to dryness, resulting in 2 (1.12 g, 89% yield) as a light-yellow solid.

HRMS (ESI): calculated for [CesHggN5O1S]™ = 1304.5536, found [M+NH4]* = 1304.5655,
R¢ (CHCl3:MeOH 100:15) = 0.57, R¢ (system A3) = 8.31 min.

'HNMR (8, ppm, ] /Hz): 1.19-1.21 (m, 18H, 6 x-CH3), 1.41-3.55 (m, 7H, cHex), 3.06~
4.89 (m, 7H, CHy/¢), 3.29-4.97 (m, 7H, CHy»_¢1), 3.67 (d, 2H, 3] = 6.1 Hz, -OH-CHcpp cHar-),
3.99-4.06 (m, 3H, -CH(CH3)3), 4.86-5.11 (m, 8H, -OCH,), 5.24 (bs, 1H, -OH-CH_ pex5), 5.34
(d, 1H, 3] = 5.6 Hz, -OH-CH¢yyr.cpar.), 6-83 (s, 1H, -NH-CH, cpye-), 7-06 (s, 1H, -NH-
CH; cuz~-), 7.18 (s, 1H, -NH-CH pex3-), 7.25-7.39 (m, 20H, 4 x Ph), 7.34 (s, 1H, -NH-
CHcpex1 ')~

I3C NMR (8, ppm, J/Hz): 23.2, 24.37,24.45,29.0, 34.5, 41.6, 49.6, 50.0, 56.6, 65.0, 65.3,
66.4, 67.5,69.6,69.7,70.4,70.6,72.2,72.6,74.2, 80.0, 84.6, 97.4, 101.2, 123.7, 127.6, 128.2, 137.0,
137.1,137.2,150.2, 153.6, 155.5, 155.8, 156.5, 156.6.

1,3, 6/,3"-Tetra-N-Boc-6"-O-(2 4,6-triisopropylbenzeneosulfonyl)kanamycin A (3)

1st step

The solution of di-tert-butyldicarbonate (1.5 g, 6.86 mmol) and Et3N (0.5 mL, 3.43 mmol)
in DMSO (12 mL) was added to a suspension of kanamycin A monosulfate (500 mg, 0.86 mmol)
and NaOH (34 mg, 0.858 mmol) in H,O (2 mL). The reaction mixture was stirred at rt for
12 h, then NH4OH (conc, 5 mL) was added. The obtained solid was filtered over celite, and
a cake was washed with HyO (2 x 20 mL) and ethyl acetate (20 mL). The target compound
was eluted from celite with methanol (50 mL) and the obtained solution was evaporated to
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dryness, resulting in 1,3, 6',3"-tetra-N-Boc-kanamycin A (0.47 g, 62% yield) as white solid
which was used without the additional purification at the next stage.

HRMS (ESI): calculated for [C3gHggN4Oq9Na]™ = 907.4376, found [M+Na]* = 907.4533,
R¢ (MeOH:NHj3; 7:10) = 0.36.

'H NMR (8, ppm, J/Hz): 1.36 (s, 9H, 3x-CH3), 1.37 (s, 9H, 3x-CHj), 1.38 (s, 18H,
6x-CHs) 1.38-3.42 (m, 7H, cHex), 3.04-4.88 (m, 7H, CH,/ /), 2.9-4.89 (m, 7H, CH,»_¢), 3.69
(d, 2H, 3] = 6.1 Hz, -OH-CHyypr cpygr-), 421 (t, 1H, °] = 5.6 Hz, -OH-CH, ¢pyg-), 5.25 (bs,
1H, -OH-CH (Hexs), 5.35 (d, 1H, 3] = 5.6 Hz, -OH-CH . cpar-), 6-35 (s, TH, -NH-CHycpge-),
6.5 (s, 1H, -NH-CHj cp37-), 6.58 (s, 1H, -NH-CHgexs-), 6.96 (s, 1H, -NH-CHfex1-)-

I3C NMR (8, ppm, J/Hz): 28.1,28.2,28.3,34.7, 41.4,49.1, 50.0, 55.9, 60.3, 67.5,70.1, 70.3,
70.5,72.1,72.7,729,75.0,77.8, 804, 83.9,97.8, 101.1, 154.9, 155.3, 156.1, 156.3.

2nd step

The 2,4,6-Triisopropylbenzenesulfonylchloride (1.74 g, 5.74 mmol) was added to the
mixture of 1,3,6',3"-tetra-N-Boc-kanamycin A (1.18 g, 1.33 mmol) and 4-(N,N-dimethylanimo)
pyridine (702 mg, 5.74 mmol) in dry pyridine (30 mL). The reaction mixture was stirred at
rt for 6 h, then an additional portion of 2,4,6-triisopropylbenzenesulfonylchloride (1.74 g,
5.74 mmol) was added and the reaction mixture was stirred at rt for 20 h. An aqueous
solution of HCI (1IN, 70 mL) and H,O (100 mL) was added to the reaction mixture. The
target compound was extracted with ethyl acetate (3 x 60 mL) and the organic fraction was
dried over NaySQOy, filtered off and concentrated in a vacuum. The product was purified
by column chromatography in silica gel and the column was eluted by CHCl3 (150 mL),
followed by the mixture of CHCl3-CH3OH (100:2). Fractions which contained the target
compound were combined and evaporated to dryness, resulting in 3 (0.59 g, 39% yield) as
a light-yellow solid.

HRMS (ESI): calculated for [C53Hg1N4O51S]* = 1151.5896, found [M+H]* = 1151.5847,
R¢ (CHCl3:MeOH 10:1) = 0.31, R¢ (system Al) = 9.44 min.

6" -(Piperidin-1-yl)-6”-deoxykanamycin A acetate (4)

1st step

Compound 2 (200 mg, 0.156 mmol) was dissolved in dry pyridine (5 mL) and Nal
(2 mg, 0.016 mmol) and iPry EtN (0.1 mL, 0.77 mmol) were added to the reaction mixture.
The reaction mixture was refluxed for 1 h, then cooled to rt and diluted with H,O (50 mL).
The product was extracted with ethyl acetate (3 x 30 mL) and the organic fractions were
combined, dried over Na;SO,4 and evaporated to dryness. The residue was purified by flash-
chromatography on silica gel. The elution was carried out by CHCl3 (50 mL), followed
by the mixture CHCl3-CH30H-NH4OH (10:3:1). Fractions which contained the target
compound were combined and evaporated to dryness, resulting in 1,3,6’,3”-tetra-N-Cbz-
6" -(pyridin-1-ium)-6"-deoxykanamycin A (167 mg, 98% yield) as a white solid.

HRMS (ESI): calculated for [C55HgaN5O15]* = 1082.4246, found [M]* = 1082.4249, R¢
(CHCI3:MeOH 100:15) = 0.17, Ry (system A2) = 11.09 min.

'HNMR (5, ppm, J/Hz): 1.43-3.46 (m, 7H, cHex), 3.1-4.56 (m, 7H, CHy/_¢/), 3.15-4.95
(m, 7H, CHyv_¢r), 4.86-5.11 (m, 8H, -OCH,), 6.78 (t, 1H, *] = 4.9 Hz, -NH-CH, cpye'-), 7.1
(s, 1H, -NH-CH, cyyz-), 7.14 (s, 1H, -NH-CH_ex3-), 7.25-7.39 (m, 20H, 4xPh), 7.39 (s, 1H,
-NH-CH pex1-) 8.12 (s, 2H, Pyy), 8.58 (s, 1H, Pyy), 8.81 (s, 2H, Py).

13C NMR (5, ppm, J/Hz): 33.7, 41.2, 49.1, 50.3, 55.9, 61.9, 65.0, 65.3, 68.9, 69.1,70.2, 70.3,
715,722,739,79.1,84.7,98.1,101.0, 127.1, 127.6, 128 .2, 145.0, 145.4, 155.5, 155.8, 156.5, 156.6.

2nd step

1,3,6',3"-Tetra-N-Cbz-6"-( pyridin-1-ium)-6"-deoxykanamycin A (54 mg, 0,05 mmol)
was dissolved in CH3OH (2 mL), then Pd/C (5%, 85 mg) was added and the reaction
mixture was acidified to pH 3 by the addition of CH3COOH. The reaction mixture was
vigorously stirred at rt at Hy flow (1 atm) for 3 h. The catalyst was filtered off via celite;
the cake was washed with CH3OH (5 mL) and H,O (5 mL), and the combined filtrate
was concentrated in a vacuum. The target compound was precipitated by the addition of
acetone (10 mL), filtered off and dried in a vacuum over P,0Os, resulting in compound 4
(25 mg, 58% yield) as a white solid.
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Anal. calculated for [Co3Hy4N5019 Xx5AcOH x5H,0]: C, 42.12; H,7.93; N, 7.44, O 42.51.
Found: C,42.10; H, 7.90; N, 7.43.

HRMS (ESI): calculated for [Co3Hy5N501]" = 552.3245, found [M+H]* = 552.3216, R¢
(NH4OH:iPrOH 10:7) = 0.31, Tryp = 201 °C (decomp.). The assignment of the signals in the
'H and '3C NMR spectra is presented in the Table S1.

6" -(Pyridin-1-ium)-6"-deoxykanamycin A trifluoroacetate (5)

1st step

Compound 3 (60 mg, 0.052 mmol) was dissolved in dry pyridine (2 mL), then Nal
(1 mg, 0.005 mmol) and iPr;EtN (34 mg, 0.26 mmol) were added to the reaction mixture.
The obtained solution was refluxed for 1 h, then cooled to room temperature and diluted
with HyO (40 mL). The product was extracted with ethyl acetate (3 x 15 mL) and the
organic fractions were combined, dried over Na;SOy, filtered off and evaporated to dryness
in a vacuum. The product was purified by flash chromatography on silica gel and the
elution was carried by the mixture CHCl3-CH3OH (10:1, 25 mL) followed by the mixture
CHCl3-CH30H-NH4OH (10:5:3). Fractions which contained the target compound were
combined and evaporated to dryness in a vacuum, resulting in 1,3,6’,3"-tetra-N-Boc-6"-
(pyridin-1-ium)-6"-deoxykanamycin A (35 mg, 71% yield) as a white solid.

HRMS (ESI): calculated for [C43H7»N501g]" = 946.4872, found [M]* = 946.4979, R;
(CHClI3:MeOH 100:15) = 0.15.

2nd step

Trifluoroacetic acid (0.2 mL, 2.752 mmol) was added dropwise to the solution of
1,3,6',3"-tetra-N-Boc-6"-(pyridin-1-ium)-6"-deoxykanamycin A (30 mg, 0.03 mmol) in
CH,Cl, (1 mL). The reaction mixture was stirred at rt for 4 h and then evaporated to
dryness in a vacuum. The addition of Et,O (10 mL) to the residue resulted in the formation
of the precipitate, which was filtered off, washed with Et,O (50 mL) and dried in a vacuum
over P,0Os, resulting in the target compound 5 (23 mg, 63% yield) obtained as a white solid.

HRMS (ESI): calculated for [CpsHyoN5019]* = 546.2775, found [M]* = 546.2752, R¢
(NH4OH:iPrOH 10:7) = 0.3, Trp = 205 °C (decomp.).

The assignment of the signals in the 'H and '3C spectra is presented in Table S1.

6''-(2-Aminoethylamino)-6"-deoxykanamycin A acetate (6)

1st step

6''-(2-Aminoethylamino)-1,3,6’,3"-tetra-N-Cbz-6"-deoxykanamycin A (6a)

A mixture of compound 2 (805 mg, 0.626 mmol) and ethylenediamine (3.5 mL) was
stirred at rt for 24 h, then the reaction mixture was diluted with H,O (150 mL). The
forming precipitate was filtered off, washed with H,O and dried in a vacuum at 45 °C
and then in a vacuum over P,Os. The target 6”-(2-aminoethylamino)-1,3,6’ 3" -tetra-N-Cbz-
6''-deoxykanamycin A (6a) (612 mg, 92%) was obtained as a light-yellow solid and used
without additional purification on the next stage.

HRMS (ESI)Z calculated for [C52H67N6018]+ =1063.4511 [C52H66N6018Na]+ =1085.1150
[CsoHgeNO1gK]* = 1101.4071, found [M+H]* = 1063.4506 [M+Na]* = 1085.1326 [M+K]* =
1101.4065, R¢ (CHCl3:MeOH:HCOOH 13:5:0.1) = 0.45, R (System A4) = 17.5 min.

2nd step

6”-(2-Aminoethylamino)-1,3,6’,3" -tetra-N-Cbz-6"-deoxykanamycin A (6a) (61 mg,
0.057 mmol) was dissolved in CH3zOH (2 mL) and 5% Pd/C (95 mg) was added to the
reaction mixture. The CH;COOH was added to the reaction mixture until pH 3 was reached,
and the mixture was vigorously stirred at H, flow (1 atm.) for 4 h. The catalyst was filtered
off via a celite layer; the cake was washed with CH3zOH (5 mL) and H,O (5 mL), and the
combined filtrate was concentrated in a vacuum. The target compound was precipitated by
the addition of acetone (10 mL), filtered off and dried in a vacuum over P,Os, resulting in
the target compound 6 (32.8 mg, 69%) as a white solid.

Anal. calculated for [CogH4oNgO19 x5AcOH x3H,0]: C,40.91; H, 7.78; N, 9.54, O 41.77.
Found: C, 40.91; H, 7.63; N, 9.50.

HRMS (ESI): calculated for [CooH43NgO1p]" = 527.3040, found [M+H]* = 527.3032, R¢
(NH4OH:iPrOH 10:7) = 0.32, Tpyp = 181 °C (decomp.).
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The assignment of the signals in the 'H and '*C spectra is presented in Table S1.

6"'-(3-Aminopropyl-1-amino)-6"-deoxykanamycin A acetate (7)

1st step

6''-(3-Aminopropyl-1-amino)-1,3,6’,3"-tetra-N-Cbz-6"-deoxykanamycin A (7a)

A mixture of compound 2 (200 mg, 0.156 mmol) and propan-1,3-diamine (3.5 mL) was
stirred at rt for 24 h, then the reaction mixture was diluted with HyO (100 mL). The forming
precipitate was filtered off, washed with H,O and dried in a vacuum at 45 °C and then in
a vacuum over P,Os at rt. The target 6”'-(3-aminopropyl-1-amino)-1,3,6’,3"-tetra-N-Cbz-
6"'-deoxykanamycin A (7a) (136 mg, 81%) was obtained as a white solid and used without
additional purification on the next stage.

HRMS (ESI): calculated for [C53HgoNgO15]* = 1077.4668, found [M+H]*" = 1077.4667,
Rf (CHCI3:MeOH:HCOOH 13:5:0.1) = 0.42, R¢ (System A4) = 16.5 min.

2nd step

6"-(3-Aminopropyl-1-amino)-1,3,6’ 3" -tetra-N-Cbz-6"-deoxykanamycin A (7a) (138 mg,
0.129 mmol) was dissolved in CH30H (2.5 mL) and 5% Pd/C (180 mg) was added to
the reaction mixture. The CH3COOH was added to the reaction mixture until pH 3 was
reached, and the mixture was vigorously stirred at H, flow (1 atm.) for 4 h. The catalyst
was filtered off via a celite layer; the cake was washed with CH30H (5 mL) and H,O
(5mL), and the combined filtrate was concentrated in a vacuum. The target compound
was precipitated by the addition of acetone (10 mL), filtered off and dried in a vacuum over
P,0s, resulting in the target compound 7 (103 mg, 95%) as a white solid.

Anal. calculated for [C21Hy4NgO19 x5AcOH x1H,0]: C, 43.35; H, 7.75; N, 9.78, O 39.12.
Found: C, 43.35; H, 7.75; N, 9.78.

HRMS (ESI): calculated for [Cy1Hy5NgO1p]" = 541.3197, found [M+H]* = 541.3122, R¢
(NH4OH:iPrOH 1:1) = 0.15, Tnp = 176 °C (decomp).

The assignment of the signals in the 'H and '3C spectra is presented in Table S1.

6”-(2-Hydroxyethyl-1-amino)-6"-deoxykanamycin A trifluoroacetate (8)

1st step

1,3,6',3"-Tetra-N-Boc-6"-(2-hydroxyethyl-1-amino)-6"-deoxykanamycin A (8a)

A mixture of compound 3 (100 mg, 0.087 mmol) and 2-aminoethanol (1.5 mL) was
stirred at rt for 24 h, then the reaction mixture was diluted with H,O (100 mL). The forming
precipitate was filtered off, washed with H,O and dried in a vacuum at 45 °C and then in
a vacuum over P,Os at rt. The target 1,3,6/,3"-tetra-N-Boc-6"-(2-hydroxyethyl-1-amino)-
6"-deoxykanamycin A (8a) (35 mg, 45%) was obtained as a white solid and used without
additional purification on the next stage.

HRMS (ESI): calculated for [C4o0H74N5019]" = 928.4978, found [M+H]* = 928.4988, R¢
(CHCl3:MeOH:HCOOH 7:1:0.3) = 0.28.

'H NMR (8, ppm, J/Hz): 1.36 (s, 9H, 3x-CH3), 1.37 (s, 9H, 3x-CHj), 1.38 (s, 18H,
6x-CH3), 1.47-3.47 (m, 7H, cHex), 2.90-4.91 (m, 7H, -CH,»_¢»), 3.0 (s, 2H, -NH-CH,-),
3.1-4.92 (m, 7H, -CH; /), 3.63 (s, 2H, -CH»-OH), 6.35 (bt, 1H, ] = 4.5 Hz, -NH-CH, c13¢-),
6.57 (d, 1H, 3] = 9.3 Hz, -NH-CH, cpj37-), 6.64 (bd, 1H, 3] = 7.0 Hz, -NH-CH_jex3-), 6.97 (bs,
1H, '@'CHCHexl’)-

I3C NMR (8, ppm, ] /Hz): 28.1-28.3, 34.5, 41.3, 48.5, 48.9, 49.8, 50.4, 55.6, 56.8, 68.4, 69.5,
69.9,70.0, 70.5, 72.6, 75.4, 77.4-77.9, 78.0, 80.2, 84.3, 98.6, 101.1, 154.9-156.2.

2nd step

Trifluoroacetic acid (0.2 mL, 2.752 mmol) was added dropwise to a solution of 1,3,6’,3"-
tetra-N-Boc-6"-(2-hydroxyethyl-1-amino)-6"-deoxykanamycin A (8a) (30 mg, 0.032 mmol)
in CHCl, (2 mL). The reaction mixture was stirred at rt for 24 h and then evaporated
to dryness in a vacuum. The addition of acetone (10 mL) to the residue resulted in the
formation of a white solid which was filtered off, washed with acetone (3 x 10 mL) and
dried in a vacuum over P,Os. Finally, 6”-(2-Hydroxyethylamino)-6"-deoxykanamycin A
(8) (10 mg, 27%) was obtained as a white solid in the form of trifluoroacetate.

Anal. calculated for [CooH41NgO19 x5TFA x1H,0]: C, 32.35; H, 4.34; N, 7.55, F 25.59,
0 30.17. Found: C, 32.35; H, 4.60; N, 7.50.



Pharmaceutics 2023, 15, 1177

9 of 22

HRMS (ESI): calculated for [CooH4oN5O11]T = 528.2881, found [M+H]* = 528.2870, R¢
(NH4OH:iPrOH 1:1) = 0.32, Tinp = 186 °C (decomp.).

The assignment of the signals in the 'H and '3C spectra is presented in Table S1.

6"-((S)-7-((2-(4- Amino-2-hydroxybutanamido)ethyl)amino))-6"-deoxykanamycin A
acetate (9)

1st step

Benzotriazol-1-yloxytripirrolidonophosphonium hexafluorophosphate (PyBoP) (196 mg,
0.39 mmol) was added portionwise to the solution of 6”-(2-aminoethylamino)-1,3,6’,3"-tetra-
N-Cbz-6"-deoxykanamycin A (6a) (200 mg, 0.188 mmol) and (S)-4-(((benzyloxy)carbonyl)
amino)-2-hydroxybutanoic acid (143 mg, 0.57 mmol) in DMSO (2 mL). The pH of the
reaction mixture was kept ~8 by the addition of Et3N (~200 uL). The reaction mixture
was stirred at rt for 48 h, then H,O (100 mL) was added. The forming precipitate was
filtered off, washed with Et,O (50 mL), dried and purified by the column chromatogra-
phy on silica gel. The elution was carried out by the mixture CHCl3:CH3;OH:HCOOH
(5:1:0.3). Fractions which contained the target compound were combined and evaporated
to dryness, resulting in the target intermediate 6”-((S)-7-((2-(4-(benzyloxycarbonyl)amino-
2-hydroxybutanamido)ethyl)amino))-1,3,6’ 3" -tetra-N-Cbz-6'"-deoxykanamycin A (164 mg,
67%) as a white solid.

HRMS (ESI): calculated for [CgsHggN7Ooo " = 1298.53, found [M+H]* = 1298.5398, R¢
(CHCl3:MeOH:HCOOH 5:1:0.3) = 0.41, R (System A4) = 20.8 min.

'H NMR (5, ppm, J/Hz): 1.51-3.56 (m, 7H, cHex), 1.57 (s, 1H, -CH;/- CH,-), 1.83
(s, 1H, -CHy/- CHy-), 2.65 (s, 2H, -CH,-NHCO), 2.66-5.00 (m, 7H, CH;»), 3.08-4.98
(m, 7H, CHy/¢), 3.1 (s, 2H, -CHy- CHy-), 3.18 (s, 2H, -NH-CH>-), 3.88 (s, 1H, -NHCO-
CH,/-), 4.87-5.09 (m, 10H, -OCHy), 6.83 (t, 1H, 3] = 4.7 Hz, -NH-CH, ¢13¢-), 7.02 (d, 1H, 3]
=9.0 Hz, -NH-CH, cp37-), 7.18 (d, 1H, 3] = 8.6 Hz, -NH-CH pex3-), 7.22 (t, 1H, 3] = 5.5 Hz,
-CHy-NH-), 7.26-7.37 (m, 20H, 4 xPh), 7.41 (s, 1H, -NH-CH_pjex1-), 7.81 (t, 1H, 3] = 5.3 Hz,
-CH,-NH-CO).

I3C NMR (8, ppm, ] /Hz): 34.3,34.5,37.1, 37.6, 41.6, 48.5, 49.6, 49.6, 50.2, 56.4, 64.9, 65.0,
65.1,69.1,69.4,69.9,70.5,705,70.7,72.3,72.7, 74.3, 80.4, 84.5, 97.4, 101.2, 127.5, 127.6, 128.2,
155.5, 155.9, 156.0, 156.4, 156.5, 164.5.

2nd step

The 6-((S)-7-((2-(4-(Benzyloxycarbonyl)amino-2-hydroxybutanamido)ethyl)amino))-
1,3,6',3"-tetra-N-Cbz-6"-deoxykanamycin (150 mg, 0.116 mmol) was dissolved in CH;0H
(83 mL), then 5% Pd/C (200 mg) was added and the reaction mixture was acidified to pH 3
by the addition of CH3COOH. The reaction mixture was vigorously stirred at rt at H, flow
(1 atm) for 2 h. The catalyst was filtered off via a celite layer; the cake was washed with
CH30H (5 mL) and H,O (5 mL), and the combined filtrate was concentrated in a vacuum.
The target compound was precipitated by the addition of acetone (10 mL), filtered off and
dried in a vacuum over P,0Os, resulting in compound 9 in the form of acetate (97 mg, 91%
yield) as a white solid.

Anal. calculated for [Co4H49N7O12 x5AcOH x 1H,0]: C,43.17; H, 7.57; N, 10.36, O 38.9.
Found: C,43.17; H, 7.57; N, 10.36.

HRMS (ESI): calculated for [Co4Hs5gN7O1>]" = 628.3517, found [M+H]* = 628.3479, R¢
(NH4OH:iPrOH 1:1) = 0.27, Tryp = 179 °C (decomp.).

The assignment of the signals in the 'H and '3C spectra is presented in Table S1.

6"'-(2-(3-(1-Hydroxy-1,3-dihydrobenzo[c][1,2]oxaborol-7-y1)-N-(ethyl-1-amino)propanamide)-
6" -deoxykanamycin acetate (10)

1st step

1,3,6',3"-Tetra-N-Cbz-6"-(2-(3-(1-hydroxy-1,3-dihydrobenzo[c][1,2]oxaborol-7-y1)-N-(ethyl-
1-amino)propanamide)-6"-deoxykanamycin A

PyBoP (98 mg, 0.188 mmol) was added portionwise to the solution of 6”-(2-aminoethylamino)-
1,3,6',3"-tetra-N-Cbz-6"-deoxykanamycin A (6a) (100 mg, 0.094 mmol) and 3-(1-hydroxy-1,3-
dihydrobenzo[c][1,2]oxaborol-7-yl)propanoic acid (58 mg, 0.282 mmol) in DMSO (2 mL). The pH
of the reaction mixture was kept ~8 by the addition of Et3N (~50 pL). The reaction mixture
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was stirred at rt for 24 h, then Et;O (50 mL) was added. The forming precipitate was filtered
off, washed with Et,O (5 x 10 mL) and dried over P,Os, and the obtained product was used
without additional purification on the next stage (70 mg, 60%).

HRMS (ESI): calculated for [CepH76BNgOo1]t = 1251.5156, found [M+H]" = 1251.5124,
R¢ (CHCl3:MeOH:HCOOH 11.5:3:1.5) = 0.37, R¢ (System A5) = 16.0 min

2nd step

The 1,3,6',3"-Tetra-N-Cbz-6"-(2-(3-(1-hydroxy-1,3-dihydrobenzo[c][1,2]oxaborol-7-yl)-
N-(ethyl-1-amino)propanamide)-6-deoxykanamycin A (60 mg, 0.048 mmol) was dissolved
in CH30H (3.5 mL), then 5% Pd/C (85 mg) was added and the reaction mixture was
acidified to pH 3 by the addition of CH3COOH. The reaction mixture was vigorously
stirred at rt at Hy flow (1 atm) for 2 h. The catalyst was filtered off via celite layer; the
cake was washed with CH30OH (5 mL) and H,O (5 mL), and the combined filtrate was
concentrated in a vacuum. The target compound was precipitated by the addition of acetone
(10 mL) and was filtered off and dried in a vacuum over P,Os, resulting in compound 10
(22 mg, 45% yield) as a white solid.

HRMS (ESI): calculated for [CagHs; BNgO13] = 714.3607, found [M+H]?* = 357.1795, R;
(NH4OH:iPrOH 10:7) = 0.3, Rt (System A6) = 20.2 min, Tpp = 245 °C (decomp.).

The assignment of the signals in the 'H and '3C spectra is presented in Table S1.

6''-(2-Guanidinoethylamino)-6"-deoxykanamycin A acetate (11)

1st step

1,3,6/,3"-Tetra-N-Cbz-6"-(2-guanidinoethylamino)-6"-deoxykanamycin A

Ethyldiisopropylamine (EDIA, 80 pL, 0.452 mmol) was added to mixture of 6"-(2-
aminoethylamino)-1,3,6’,3"-tetra-N-Cbz-6"-deoxykanamycin A (6a) (160 mg, 0.151 mmol)
and 1H-pyrazole-1-carboximidamide hydrochloride (33 mg, 0.25 mmol) in DMF (2 mL).
The reaction mixture was stirred at rt for 24 h, then Et,O (50 mL) was added. The forming
precipitate was filtered off, washed with Et,O (5 x 10 mL) and dried over P,Os, and the
obtained product was used without additional purification on the next stage (125 mg, 75%).

HRMS (ESI): calculated for [Cs3HggNgO1s]* = 1105.4729, found [M+H]" = 1105.4456,
R¢ (CHCl3:MeOH:HCOOH 5:1:0.3) = 0.4, R; (System A4) = 16.9 min.

2nd step

The 1,3,6',3"'-Tetra-N-Cbz-6"-(2-guanidinoethylamino)-6"-deoxykanamycin A (125 mg,
0.113 mmol) was dissolved in CH30H (4 mL), then 5% Pd/C (190 mg) was added and
the reaction mixture was acidified to pH 3 by the addition of CH3COOH. The reaction
mixture was vigorously stirred at rt at Hy flow (1 atm) for 4 h. The catalyst was filtered
off via a celite layer; the cake was washed with CH3OH (5 mL) and H,O (5 mL), and the
combined filtrate was concentrated in a vacuum. The target compound was precipitated by
the addition of acetone (10 mL), filtered off and dried in a vacuum over P,Os, resulting in
compound 11 (83 mg, 85% yield) as a white solid.

Anal. calculated for [Cy1HyNgO19x5AcOH x6H,0]: C, 38.11; H, 7.84; N, 1147,
O 42.58. Found: C, 38.11; H, 7.84; N, 11.47.

HRMS (ESI): calculated for [Cpy1Hy5NgO1p]" = 569.3259, found [M+H]* = 569.3467, R¢
(NH4OH:iPrOH 1:1) = 0.28, Tryp = 202 °C (decomp.).

The assignment of the signals in the 'H and '3C spectra is presented in Table S1.

6"-(2-Amino-4,5-dihydro-1H-imidazol-1-y1)-1,3,6’ 3" -tetra-N-Cbz-6"'-deoxykanamycin
A trifluoroacetate (12)

EDIA (120 uL, 0.66 mmol) was added to a mixture of 6”-(2-aminoethylamino)-
1,3,6,3"-tetra-N-Cbz-6"-deoxykanamycin A (6a) (234 mg, 0.221 mmol) and tert-butyl-(((tert-
butyloxycarbonyl)amino)(1H-pyrazol-1-yl)methylen) carbamate (137 mg, 0.441 mmol) in DMF
(4.5 mL). The reaction mixture was stirred at 50 °C for 24 h, then Et,O (150 mL) was
added. The forming precipitate was filtered off, washed with Et,O (5 x 10 mL) and
dried in a vacuum over P,Os. The resulting intermediate was further dissolved in CH,Cl,
(2 mL) and TFA (0.2 mL, 2.75 mmol) was added dropwise. The reaction mixture was
stirred at rt for 24 h and then evaporated to dryness in a vacuum. The target compounds
were purified by column chromatography on silica gel. The elution was carried out by the
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mixture CHCIl3:MeOH:HCOOH (10:1.5:0.3). The fractions which contained the individ-
ual compounds were combined and evaporated to dryness, resulting in trifluoroacetate
of 1,3,6',3""-tetra-N-Cbz-6"-(2-guanidinoethylamino)-6"-deoxykanamycin A (white solid,
25 mg, 25%) and compound 12 in the form of trifluoroacetate (white solid, 20 mg, 23%).

Derivative 12. HRMS (ESI): calculated for [CszHggN7O1g]" = 1088.4386, found [M+H]*
=1088.4459, R¢ (CHCl3:MeOH:HCOOH 5:1:0.5) = 0.41, R (System A4)=19.1 min.

'HNMR (5, ppm, ] /Hz): 1.50-3.59 (m, 7H, cHex), 3.06-4.98 (m, 7H, CH;_4), 3.09-4.86
(m, 7H, CHy/¢), 3.47 (s, 2H, -NH-CH,-CH,-), 3.65 (s, 1H, -NH-CH,-CH>-), 3.72 (s, 1H),
(s, 1H, -NH-CH,-CH,-), 4.45-5.1 (m, 8H, -OCH)), 6.80 (t, 1H, 3] = 4.8 Hz, -NH-CH, cp¢'-),
7.07 (d, 1H, 3] = 9.2 Hz, -NH-CH, cy3--), 7.17 (d, 1H, 3] = 8.2 Hz, -NH-CH ex1-), 7.25-7.40
(m, 20H, 4xPh), 7.36 (s, 1H, -NH-CHpex3-), 7.55 (s, 1H, -NH-CH,-CH,-), 7.71 (s, 1H,
-C-NH,).

I3C NMR (8, ppm, J/Hz): 34.3,40.6, 41.5, 45.8, 48.5, 49.6, 50.4, 56.2, 65.1, 65.3, 69.3, 69.7,
70.0,70.5,70.7,72.6,73.0,74.4,79.8, 85.1,97.9, 101.5, 127.6, 128.2, 136.9, 137.1, 137.2, 156.5,
156.6, 157.6,157.9, 158.8.

2.2. Biology
2.2.1. Microorganisms

The microbial strains were obtained from the working collection of Gause Institute
of New Antibiotics (GINA). Control strains of microorganisms included in the study:
S. aureus ATCC 29213, E. coli ATCC 25922, P. aeruginosa ATCC 27853 and M. smegmatis
ATCC 607. Microbial cultures were preserved at a low temperature (—75 °C) in trypticase-
soy broth (Becton, Dickinson, France) with 10-15% glycerol added. Storage under these
conditions was performed according to CLSI recommendations [27]. Before the experiment,
bacterial strains were activated after cryopreservation by seeding on trypticase-soy agar
medium (Beckton, Dickinson, France) and incubated at (36 =+ 1) °C for 16-24 h. Individual
morphologically homogeneous colonies were suspended in sterile physiological solution,
and the turbidity of the suspension was set to 0.5 units according to the McFarland standard
on the DEN-1 device (Biosan, Riga, Latvia), which corresponds to 1.5 X 108 CFU/mL for
bacterial cultures.

2.2.2. Sample Preparation

Samples were dissolved in sterile distilled water or dimethyl sulfoxide (DMSO),
according to the physicochemical characteristic of the samples studied, to a concentration
of 10.000 png/mL. To obtain working solutions, dilutions ranging from 64-0.5 pg/mL
were performed.

2.2.3. Assay Setting

Activity was assessed using minimum inhibitory concentration (MIC) values by the
microdilution method in Mueller-Hinton Broth (Beckton and Dickinson, France), according
to the procedure recommended for determining the sensitivities of microorganisms to
antimicrobial agents [27].

The analysis was performed in 96-well plates (Medpolymer, Moscow, Russia). The
inoculum was introduced no later than 15 min after preparation. MIC values were analyzed
after 15-18 h of incubation at (36 =+ 1) °C. The growth of microorganisms in the presence
of the tested samples was compared with the growth control without exposure. MIC was
determined by the lowest concentration suppressing the visible growth of microorganisms.

The criterion for the accuracy of the obtained results was the control antibiotic kanamycin
A and standard strains: S. aureus ATCC 29213, E. coli ATCC 25922, for which the MIC values
were determined: S. aureus ATCC 29213—1-4 ug/mL; E. coli ATCC 2592214 pg/mL. The
MIC:s of the reference strains must not exceed the confidence limits given in [27], provided
that the assay conditions are standard.
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2.2.4. Determination of Antibiotic Activity by the Agar-Diffusion Method

On Petri dishes with solid LB-agar medium (1.5%), an overnight culture of the E. coli
strain JW5503 [28], and the same strain with a deleted kanamycin resistance cassette
removed according to the method described in the publication [29], was applied. After
drying, 1 uL of antibiotic at a concentration of 50 mg/mL was applied to Petri dishes and
incubated at 37 °C for 18 h. Then, Petri dishes were scanned on a ChemiDoc device (Bio-
Rad, Hercules, CA, USA) in channels Cy2, Cy3, Cy5. Antibiotic activity was qualitatively
determined by the size of the zone of inhibition.

2.2.5. Determination of the Minimum Inhibitory Concentration

Testing was carried out on 2 strains: E. coli JW5503 [28] with a removed kanamycin
resistance cassette using the method described in the publication [29] and a strain selected
from the above by in vivo selection on kanamycin with substitution P610T. Totals of 200 pL
(in rows 2-11) and 400 pL (in the first row) of LB liquid medium containing an overnight
culture of 3 strains: JW5503 [28] with a deleted kanamycin resistance cassette, diluted
1000-fold, were added to each well of a 96-well 2 mL plate. Then, 2 pL of 50 pg/mL
antibiotic was added to each well of the first row. After that, successive dilutions were
carried out within one horizontal row, with the antibiotic concentration decreasing by a
factor of 2 at each step. The last 2 rows served as controls: row 12 was the original LB
medium without cells and antibiotic, row 11 was the cells without antibiotic. After culturing
for 18 h at 37 °C and constant agitation, cells were transferred to a low transparent 96-well
plate and optical density A590 was measured using a Victor X5 2030 spectrofluorimeter
(Perkin Elmer, Waltham, MA, USA). The concentration of the antibiotic in the first well in the
dilution series in which the cells did not grow was the minimum inhibitory concentration.
The experiment was repeated three times for each antibiotic.

2.2.6. Determination of Translation Accuracy Using Reporters

To qualitatively determine the accuracy of translation in the presence of antibiotics, the
E. coli strain JW5503 [28], with a kanamycin resistance cassette removed according to the
method described in the publication [29], transformed with pJC27 plasmids, on which the
[-galactosidase gene encoded, containing an error in the enzyme active center (E537) [30]:
GAA—GAC, and a control without replacement, were used. Thus, active 3-galactosidase
could be synthesized only in the case of translation error.

Petri dishes (10 cm) with solid medium (20 mL) LB-agar (1.5%) containing chloram-
phenicol at concentrations of 11.3 pg/mL and 80 ug/mL X-Gal were prepared. A mixture
of 3.5 mL of cooled LB-agar medium (0.6%) containing 11.3 ug/mL chloramphenicol and
0.5 mL of liquid cell culture A600~1.0 was applied to these Petri dishes, then the dishes
were left until solidified. From 1 to 2 pL of antibiotics at concentrations of 50 mg/mL
were applied to the resulting two-layer cell culture mediums and incubated at 37 °C for
18 h. The results were documented using a Samsung Galaxy Tab A71 phone camera. The
occurrence of blue staining of indigo, a product of the degradation of the X-Gal substrate
by the enzyme, along the edge of the inhibition zone indicates that the antibiotic causes
translation errors.

3. Results
3.1. Chemistry

For the synthesis of a series of new 6”-modified KANA derivatives, we employed
the common strategy which includes two synthetic steps: (1) the protection of all amino
groups with tert-butyloxycarbonyl (Boc) or benzyloxycarbonyl (Cbz) groups, followed by
(2) the activation of the primary 6”-hydroxyl group by introducing a good leaving group,
i.e., triisopropylbenzenesulfonyl (TIBS).

The syntheses of the 6”-substituted kanamycin derivatives 4-8 were performed start-
ing from the commercially available monosulfate of KANA (1) (Schemes 1 and 2). Tetra-
N-Cbz-6"-0-(24,6-triisopropylbenzenesulfonyl)kanamycin A (2) was obtained in two
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steps [31]. First, the amino groups of kanamycin A were protected by Cbz groups by
the reaction with CbzCl in the presence of NayCOs3 (Scheme 1). Due to the fact that the
reaction of tetra-N-Cbz-kanamycin A with p-toluenesulfonyl chloride was not selective, the
sterically hindered sulfonating agent, 2,4,6-triisopropylbenzenesulfonyl chloride (TIBSCI),
was used. The reaction was carried out at room temperature in pyridine, resulting in
compound 2 in an 87% yield for two steps.

Tetra-N-Boc-6"-O-(2 4,6-triisopropylbenzenesulfonyl)kanamycin A (3) was obtained
by a similar procedure: first, the amino groups of KANA were protected by Boc-groups
by the reaction with Boc,O in the presence of NaOH, allowing for an increase in the yield
of the target intermediate up to 62% in comparison with the previously described 50% for
the two-stages procedure (via the obtaining of the KANA-free base and an introduction
of the protective groups) [32]. The reaction of tetra-N-Boc-kanamycin A with TIBSC] was
carried out at room temperature in pyridine resulting in compound 3 in a 39% yield after a
chromatographic purification [33].

NH; NHCbz
Hoﬂ, Ho R
HO
OH| H,N HO OH NHCbz

o
Hm NH, 1) CbzCI/Na,COx %m NHCbz

“H,S0, o] o 2) TIBSC/IDMAP/Py o
OTIBS
Ho\mz\/e” HO o/
HN OH CbzHN OH
1) Boc,O/Et;N/NaOH 2
2) TIBSCI/DMAP/Py Py, EDIA, Nal, A
NHCbz
o)
NHBoc T—%
HO o) OH NHCbz
o NHCbz
HO oH NHBoc Ho _
o} HO o _ X
OTIBS OH
HO o) .. CbzHN
OH
BocHN Hy/Pd 4a
Py, EDIA, Nal, A AcOH
NH,
NHR 3
o] HO
e HO OH| H,N
(0] 2
Ho NHR HO S
N HO (0]
6" *HaN OH
RHN OH
4

5a, R=Boc
TFA/CH,CI,
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Scheme 1. Synthesis of 6”’-modified kanamycin A derivatives 4, 5 (*corresponding salt, A reflux).
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Scheme 2. Synthesis of 6”"-modified KANA derivatives 6-8.

Next, the interaction of tetra-N-protected 6”-O-(2,4,6-triisopropylbenzenesulfonyl)
kanamycin A (2 or 3) with different N-nucleophiles was evaluated. Initially, pyridine
was used as a solvent for this reaction; however, the elucidation of the structures of the
obtained products by the NMR and ESI MS methods revealed that the main reaction prod-
ucts corresponded to the 1,3,6,3"-tetra-N-Cbz-6"-(pyridine-1-ium)-6"-deoxykanamycin
A (4a) and 1,3,6',3"-tetra-N-Boc-6"-(pyridine-1-ium)-6"-deoxykanamycin A (5a) which
were isolated in 98% and 71% yields, respectively. However, the classic method of de-
protection of the Cbz-group by hydrogenolysis resulted in the simultaneous reduction
of the pyridine ring, and 6”-(piperidin-1-yl)-6"-deoxykanamycin A (4) was isolated in
the form of acetate in 58% yield. The removal of the N-Boc-protective groups by the
treatment with trifluoroacetic acid (TFA) proceeded smoothly and resulted in the target
6" -(pyridine-1-ium)-6"-deoxykanamycin A (5) which was obtained as trifluoroacetate in a
63% yield.

The next step of the KANA modification involved the reaction of the Cbz-protected
intermediate (2) with an excess of diamines (ethane-1,2-diamine or propane-1,3-diamine),
followed by the deprotection of Cbz-groups by hydrogenolisys (Scheme 2). Correspond-
ing 6”-(2-aminoethylamino)-6"”-deoxykanamycin A (6) and 6”-(3-aminopropylamino)-6"-
deoxykanamycin A (7) were isolated as acetates in 63% and 77% yields, respectively. The
6''-(2-hydroxyethylamino)-6"-deoxykanamycin A (8) was obtained analogously by the
interaction of tetra-N-Boc-6"-O-(2 4,6-triisopropylbenzenesulfonyl)kanamycin A (3) with
ethanolamine, followed by Boc-deprotection by the treatment with TFA.

Tetra-N-Cbz-protected 6”-(2-aminoethylamino)-6"-deoxykanamycin A (6a) was used
for the further modification of the primary amino group of the 2-aminoethyl residue
(Scheme 3).
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Scheme 3. Modification of tetra-N-Cbz-protected 6”-(2-aminoethylamino)-6"-deoxykanamycin
A (6a).

The 6”-((S)-7-((2-(4-amino-2-hydroxybutanamido)ethyl)amino))- 6”-deoxykanamycin
A (9) was obtained by the acylation of the intermediate 6a with (S)-4-(((benzyloxy)carbonyl)
amino)-2-hydroxybutanoic acid [34] in the presence of the condensing agent benzotriazol-
1-yloxytripyrrolidinophosphonium hexafluorophosphate (PyBop)) followed by the amino
groups’ deprotection by hydrogenolysis (Scheme 3). Compound 9 was isolated in a 61%
yield for two steps.

The organoboron moiety is one of the promising pharmacophores in medicinal chem-
istry [35], and we aimed to investigate the effect of this modification on the pharmacological
activity of the natural AGs. As such, a congener 10 in which KANA conjugated with
benzoxaborole residue was prepared by the acylation of the intermediate 6a with 3-(1-
hydroxy-1,3-dihydrobenzo[c][1,2]oxaborol-7-yl)propionic acid in the presence of PyBop
reagent followed by the Cbz-groups cleavage by hydrogenolysis. The target derivative 10
was isolated as an acetate in a 27% yield counting for two stages.

The 6”-(2-Guanidinoethylamino)-6"-deoxykanamycin A (11) was obtained by the
guanidation of the intermediate 6a with 1H-pyrazole-1-carboxamide followed by deprotec-
tion in 64% yield (Scheme 3). Initially, the di-Boc-derivative of 1H-pyrazole-1-carboxamide
(tert-butyl-((Boc)amino)(1H-pyrazol-1-yl)methylene) carbamate [36]) was employed for the
synthesis of the target compound 11 (Scheme 4), but the Boc-group cleavage from the inter-
mediate 11a by the treatment with TFA led to the formation of a mixture of products. The
obtained mixture was further separated by the column chromatography method, resulting
in the two main compounds which were analyzed by physico-chemical and spectral meth-
ods. Along with the target Cbz-protected guanidine derivative 11, the side imidazoline
derivative 12 was isolated from the reaction mixture (Scheme 4). The structure of compound
12 was elucidated using mass spectrometry and NMR spectroscopy data analysis.
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Scheme 4. Interaction of tetra-N-Cbz-protected 6”-(2-aminoethylamino)-6"-deoxykanamycin A (6a)
with tert-butyl-((Boc)amino)(1H-pyrazol-1-yl)methylene)carbamate followed by N-Boc-deprotection.

The 'H NMR spectrum of compound 12 does not reveal the signals of the Boc-group
as well as the signals of NH groups of the guanidine residue. A cyclic structure of the side
6""-group in derivative 12 was proposed based on the 'H-13C HMBC and 'H-!>N correlation
experiments on direct spin-spin interaction constants with multiplicity edition (\H-">N
edHSQC) data (Figures 529 and S30 in the Supporting Information File). A correlation
between the signals of the H-6 protons of the 3,6-dideoxy-3,6-diaminoglucose residue and
the signal of carbon of the guanidine residue at 158.9 ppm was observed in the HMBC
spectrum of compound 12 (See Supporting Information File). This interaction is only
possible if the carbon atom of guanidine is located equidistant from both CH, groups and
this fragment has a cyclic (imidazoline) structure.

Based on these data, the structure of the obtained side product 12 corresponds to
6"-(2-amino-4,5-dihydro-1H-imidazol-1-y1)-6"-deoxykanamycin A (Scheme 4). The sug-
gested structure of compound 12 was also supported by 'H and 'H-1°N edHSQC NMR
spectroscopy data. A broad peak at 7.71 ppm with the integral intensity of two proton units
corresponding to the amino group was observed in the 'H NMR spectrum of derivative 12.
The 'H-"N HSQC correlation spectrum also reveals the signal of the NH, group, with a
negative polarity at —311.2 ppm (See Supporting Information File) along with the signals
of the NH amide protons of the Cbz-protecting groups.

HR ESI mass spectrum has the only monoisotopic peak at 1088.4459 Da, which is in
complete agreement with the proposed structure of compound 12. However, the isolated
yield of compound 12 was low (~20%), and we were not able to obtain the corresponding
deprotected derivative in the amounts sufficient for further biological studies.

The purity of the intermediate and target compounds 4-11 was confirmed by the TLC
and/or HPLC methods (for UV-absorbing derivatives) and by the elemental analysis data.
Structures were confirmed by the HR ESI mass spectrometry and NMR spectroscopy methods.

3.2. In Vitro Antimicrobial Activity Studies

The antibacterial activities of the new KANA derivatives 4-11 were evaluated on a
panel of G— and G+ bacterial strains in comparison with the parent KANA (1) (Table 1).
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Table 1. Antibacterial activity of the new obtained kanamycin derivatives 4-11 in comparison with
the KANA (1).

Hoﬁoz
HO™"3n _ NH,
0 NH,
HO )
HO L5Q7 R
H,N  OH
MIC *, ug/mL
Compound R S. aureus E. coli P. aeruginosa M. smegmatis
ATCC 29213 ATCC 25922 ATCC 27853 ATCC 607

1 OH 2 2 >64 0.125-0.25
4 E_N ) >64 >64 >64 64

5 —N >64 >64 >64 32

% \_/
6 SN 2 4 32 1
H
7 ¢ \H/\/\NH 2 8 >64 0.5
8 & \N/\/OH 8 32 >64 4
OH
H
9 f\NNNWNHZ 8 32 >64 1
H
0]
65;\ /\/H
10 H >64 >64 >64 8
0 ,B-0
HO
& N NH
~ /\/ 2
11 H hig 0.5 4 64 0.25

NH

* MIC—minimal inhibitory concentration, MICs are measured as the lowest concentration of agents that prevent
any visible growth. The results of the experiments were definitely reproducible. In cases of full coincidence of the
data obtained, the MIC is represented as a single number.

The results of the screening demonstrated that none of the tested compounds, includ-
ing KANA (1), were active against the P. aeruginosa ATCC 27853 strain (MICs > 32 pug/mL).
The introduction of the piperidine or pyridinium residues at the 6”-position of KANA
(compounds 4 and 5) resulted in the significant loss of the antibacterial activity against
all tested strains, including Staphylococcus aureus ATCC 29213 (G+), E. coli ATCC 25922
(G—) and Mycobacterium smegmatis ATCC 607 (MICs > 64 ug/mL), suggesting that a
bulky cyclic residue might disrupt the interaction of the antibiotic with the target. On
the contrary, the presence of the diamino group (compounds 6 and 7) allowed them to
retain antibacterial activity against three of the tested strains (MICs~0.54 pg/mL vs.
MICs~0.125—4 for 1). However, further modification of the amino group of compound 6 by
(5)-4-(((benzyloxy)carbonyl)amino)-2-hydroxybutyric acid (compound 9) or benzoxabo-
role residue (compound 10) resulted in a dramatic decrease of the antibacterial activity in
comparison with both KANA (1) and compound 6 (MICs~8.5-64 ng/mL for 9 and 10 vs.
MICs~0.125-4 for KANA and MICs~1-4 for compound 6).

The most active among the series of KANA analogues was the guanidine derivative
11, that demonstrated two-times-less activity in comparison with the parent kanamycin A
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(1) against E. coli ATCC 25922 strain, similar activity against M. smegmatis ATCC 607 strain,
and was four-times more active than kanamycin A (1) against the S. aureus ATCC 29213
strain (MICs values zero-point-five and two for compound 11 and KANA, respectively).

Next, we checked if the new derivatives are “sensitive” to the most common mech-
anism of resistance to aminoglycoside antibiotics, which is based on the work of the
aminoglycoside-modifying enzymes (AMEs) [37]. An in-depth evaluation of the antibac-
terial activities of compounds 7, 8 and 11 revealed that they were inactive against the
kanamycin A-resistant strains Proteus mirabilis ESBL 137, Klebsiella pneumoniae 1951, K. pneu-
moniae ESBL 126, E. coli ESBL 135, Methicillin resistant S. aureus 88 (MRSA) and Staphylococcus
epidermidis C 200IMR (MICs > 64 ug/mlL, data not shown). Inactivity against P. aerugi-
nosa ATCC 27853 (Table 1) could be explained by the presence of the aminoglycoside-3'-
phosphotransferase gene in the genome [38].

An evaluation of the antibacterial activity of the KANA derivatives 4, 6-11 by the
diffusion-in-agar method on E. coli BW25113 AtolC and the same strain bearing the aminogly
coside-3'-phosphotransferase gene on a plasmid revealed that tested compounds 4, 6-11
demonstrated significantly lower potencies against the resistant strain, not surprisingly sug-
gesting that they were substrates for the aminoglycoside-3'-phosphotransferase (Figure S31).

Although the inactivation of the AGs by the modifying enzymes is the most common
resistance mechanism, mutations in the gene fusA (EF-G) can also be responsible for the
resistance to aminoglycosides; P610T EF-G mutations were reported to be distributed in
clinically important strains [39,40].

Next, we tested the activity of KANA derivatives 4, 6-11 against the fusA mutant
strain with the substitution P610T. Although the tested compounds 4, 6-11 in general
demonstrated lower antibacterial activities (Table 2) in comparison with KANA (1), the
difference between MICs values against the wild type and the resistant strains was less
significant for 6”-modified KANA derivatives than for the parent antibiotic: the MIC/MIC
(WT) ratio for the tested compounds 4, 6-11 was 1-4 vs. 6-12 for KANA, respectively. Thus,
one can hypothesize that 6"-modified compounds are less affected by the resistance that
occurs as a mutation in the gene of the elongation factor G.

Table 2. Antibacterial activity of the KANA derivatives 4, 6-11 against E. coli BW25113 AtolC strain
and its derivative with mutated fusA (P610T).

E. coli BW25113 E. coli BW25113
Compound AtolC, AtolC P610T EF-G MIC(P610T)/MIC
MIC, pg/mL (P610T), MIC, ug/mL
KANA (1) 5 31 6
Fusidic acid 2 2 1
Erythromycin 2 2 1
4 >250 >250 -
6 63 125 2
7 125 125 1
8 125 500 4
9 125 250 2
10 250 500 2
11 31 63 2

As the mechanism of the antibacterial action of AG is based on the misreading of
mRNA and the incorporation of the incorrect amino acids during protein synthesis, our
next step included an evaluation of the action of new KANA derivatives on the E. coli
BW25113 reporter strain which contains the 3-galactosidase gene with a mutation in the
enzyme active (catalytic) site E537 [30] (Figure 3).
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Figure 3. Kanamycin and its derivatives increase the misreading of 537 codon GAC (Asp) of the 3-
galactosidase gene by GlutRNA. (a)—schematic depicting the principle of the method. If an antibiotic
causes decoding errors, GAC is decoded as GAA, a 3-galactosidase is synthesized which cleaves the X-
Gal substrate, causing indigo blue staining. Otherwise, no functional protein is formed. (b,c)—results
of the test for compounds 4-11. KANA—Kanamycin A; KanC—Kanamycin C; Str—Streptomycin;
Rif—Rifampicin. Concentration of 4-11, KANA (c), KanC, Rif—50 mg/mL; Str, KANA (b)—5 mg/mL.
Volume of each antibiotic 1 pL. Streptomycin and kanamycins are miscoding inductors, rifampicin

affects RNA synthesis and does not induce ribosomal errors. An active 3-galactosidase is synthesized
only in the case of a translation error, and if the mechanism of action of the antibiotic is associated
with the miscoding, we observe indigo blue staining along the edge of the inhibition zone due to the
presence of a degradation product of the X-Gal substrate. Figure 3 shows that all tested analogs 4,
6-11 caused a blue coloring of the bacterial lawn, which specifies translation errors in the targeted
cells. Thus, according to this data, modifications of the 6” position of kanamycin A do not prevent
the induction of translation errors.

4. Discussion

Aminoglycoside antibiotics, cidal inhibitors of bacterial protein synthesis, have experi-
enced a renaissance during the last two decades. The development of plazomicin, the first
new AG approved by the FDA in nearly 40 years, is an example and confirmation of the
renewed interest in this “old” class of antibiotics. According to the recent scoping review,
plazomicin seems to be a powerful, practical and safe tool for the control and resolution
of infections that would not respond with favorable outcomes to the use of classic broad-
spectrum antibiotics, but this new antimicrobial drug, to be properly exploited and have
its effectiveness maintained over time, should be administered only when necessary, and
sparingly [41].

The expansion of the aminoglycoside antibiotic class might help to fill an urgent
unmet need in the new antimicrobial drugs effective against the ever-expanding spread of
multidrug-resistant pathogens, especially G-negative bacteria [42].

Aiming at finding new active AG derivatives, we studied the modification of the
6"-position of KANA resulting in a series of 6”"-deoxykanamycin A analogues bearing
an additional basic group that could be ionized at physiological pH (amino-, guanidino
or pyridinium).

For the first time, we demonstrated the ability of tetra-N-(Boc or Cbz-protected)-6"-
O-(2,4,6-triisopropylbenzenesulfonyl)kanamycin A to interact with a weak nucleophile
such as pyridine, resulting in the formation of the corresponding pyridinium derivative.
However, such a modification turned out to be unfavorable for the antibacterial activity
of the target compound obtained after the amino group’s deprotection. The introduction
of the small diamino residues at the 6”-position of KANA did not significantly alter the
antibacterial activity of the parent antibiotic; nevertheless, further modification by the
acylation reaction resulted in a complete loss of potency, while the introduction of the
guanidine residue led to the compound 11 with an improved activity against the S. aureus
ATCC 29213 strain. Unsurprisingly, the modification of KANA at the 6”’-position does not
help overcome resistance caused by aminoglycoside-3'-phosphotransferase, i.e., studied
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transformations of the molecule most likely do not prevent the antibiotic from being
phosphorylated at 3’-hydroxy group [38].

Interestingly, we observed that the difference in susceptibility between the E. coli ATCC
25922 strain and the BW25113 E. coli strain with the AtolC knockout is less pronounced for
KANA (~2 times) and increased significantly for its new analogs 4, 6-11 (up to 15 times in
the case of compound 6). While the ribosomes and translation factors of both strains are
almost identical, the discovered difference could appear because of the difference in the
lipopolysaccharides (LPS) and cell wall structures of the outer membranes of the E. coli
BW25113 AtolC and E. coli ATCC 25922 strains [43]. Despite their frequent use as therapeutic
agents, the mechanisms of aminoglycoside outer-membrane (OM) translocation remain
incompletely understood. The self-promoted pathway is a proposed uptake mechanism.
Here, divalent cations between LPS molecules are displaced by AGs which leads to brief
OM destabilization, thereby enabling OM translocation. LPS—being the major component
of the outer leaflet of the OM—plays a central role for the integrity and the selective
permeability of the OM [43]. Hence, the difference in activity between the ATCC 25922
and BW25113 E. coli strains suggests that the decline might be due to penetration issues, as
these strains have different LPS and cell walls, which could provide different sensitivities
to antibiotics.

However, the obtained 6”-modified KANA derivatives 4, 6-11 were less influenced
by the resistant mechanism associated with mutations of the elongation factor G than the
parent KANA (1), suggesting that this direction of the modification is still prospective for
the further investigations. AGs inhibit translocation, and recently it has been demonstrated
that they trap ribosomes in the conformation, which is not preferable for EF-G binding [44].
The EF-G mutants (P610T) that possess resistance to aminoglycosides probably could
bind to ribosome even in the presence of the aminoglycoside. Synthesized 6”-modified
KANA derivatives could trap ribosomes in the conformation, which is not preferable for
wild-type and mutant EF-G. Further research on the molecular basis of EF-G mutations in
aminoglycoside resistance could shed light on these observations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pharmaceutics15041177/s1, Table S1: Assignments of the signals
in 1H and 13C NMR spectra of compounds 4-11; Figures S1 and S2: 1H and 13C NMR spectra of
1,3,6',3"-tetra-N-Cbz-kanamycin A; Figures S3 and S4: 1H and 13C NMR spectra of 1,3,6’,3"-tetra-
N-Boc-kanamycin A; Figures S5 and S6: 1H and 13C NMR spectra of 1,3,6’,3"-tetra-N-Cbz-6"-O-
(2,4,6-triisopropylbenzenesulfonyl)kanamycin A (2); Figures S7-528: 1H and 13C NMR spectra of
the kanamycin A derivatives 4a, 4-7, 8a, 8, 9a, 9-11; Figure S29: Fragment of the HMBC 1H-13C
spectrum of compound 12; Figure 530: 1H-15N edHSQC spectrum of compound 12; Figure S31: The
antibacterial activity of the kanamycin A derivatives 4, 6-11 and reference antibiotics.
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Abbreviations

Boc, tert-butyloxycarbonyl; Cbz, benzyloxycarbonyl; d, doublet; dd, doublet of doublets; DMF,
dimethylformamide; DMSO, dimethylsulfoxide; HPLC, high performance liquid chromatography;
HRMS (ESI), high-resolution mass spectrometry with electrospray ionization; ICs, is the amount of a
drug which causes the inhibition of growth of the 50% of cells; MIC, minimum inhibitory concentra-
tion; NMR, nuclear magnetic resonance; PyBop, benzotriazol-1-yloxypyrrolodinophosphnium hex-
afluorophosphate; rt, room temperature; s, singlet; TFA, trifluoroacetic acid; TIBS, 2,4,6-triisopropylben
zenesulfonyl; TLC, thin layer chromatography; t, triplet.

References

1. Ferri, M.; Ranucci, E.; Romagnoli, P.; Giaccone, V. Antimicrobial Resistance: A Global Emerging Threat to Public Health Systems.
Crit. Rev. Food Sci. Nutr. 2017, 57, 2857-2876. [CrossRef] [PubMed]

2. Pontefract, B.A.; Ho, H.T.; Crain, A.; Kharel, M.K.; Nybo, S.E. Drugs for Gram-Negative Bugs from 2010-2019: A Decade in
Review. Open Forum Infect. Dis. 2020, 7, ofaa276. [CrossRef] [PubMed]

3. Ghosh, S.; Bornman, C.; Zafer, M.M. Antimicrobial Resistance Threats in the Emerging COVID-19 Pandemic: Where do We Stand?
J. Infect. Public Health. 2021, 14, 555-560. [CrossRef] [PubMed]

4. Lai, C.C; Chen, S.Y,; Ko, W.C; Hsueh, PR. Increased Antimicrobial Resistance during the COVID-19 Pandemic. Int. |. Antimicrob.
Agents. 2021, 57, 106324. [CrossRef] [PubMed]

5. Tevyashova, A.N.; Shapovalova, K.S. Potential for the Development of a New Generation of Aminoglycoside Antibiotics. Pharm.
Chem. . 2021, 55, 860-875. [CrossRef]

6. Menzies, D.; Benedetti, A.; Paydar, A.; Martin, I; Royce, S.; Pai, M.; Vernon, A.; Lienhardt, C.; Burman, W. Effect of Duration and
Intermittency of Rifampin on Tuberculosis Treatment Outcomes: A Systematic Review and Meta-analysis. PLoS Med. 2009, 6,
€1000146. [CrossRef]

7.  Brossier, F; Veziris, N.; Aubry, A.; Jarlier, V.; Sougakoff, W. Detection by Genotype MTBDRsl Test of Complex Resistance
Mechanisms to Second-line Drugs and Ethambutol in Multidrug-resistant Mycobacterium Tuberculosis Complex Isolates. J. Clin.
Microbiol. 2010, 48, 1683-1689. [CrossRef]

8. Carter, A.P; Demons, W.M.; Brodersen, D.E.; Morgan-Warren, R.J.; Wimberly, B.T.; Ramakrishan, V. Functional Insights from the
Structure of the 30S Ribosomal Subunit and Its Interactions with Antibiotics. Nature 2000, 407, 340-348. [CrossRef]

9. Fourmy, D.; Recht, M.L; Blanchard, S.C.; Puglisi, ].D. Structure of the A Site of Escherichia coli 16 S Ribosomal RNA Complexed
with an Aminoglycoside Antibiotic. Science 1996, 274, 1367-1371. [CrossRef]

10. Jana, S.; Deb, J.K. Molecular Understanding of Aminoglycoside Action and Resistance. Appl. Microbiol. Biotechnol. 2006, 70,
140-150. [CrossRef]

11. Cabanas, M.J.; Vazquez, D.; Modolell, J. Inhibition of Ribosomal Translocation by Aminoglycoside Antibiotics. Biochem. Biophys.
Res. Commun. 1978, 83, 991-997. [CrossRef] [PubMed]

12.  Selimoglu, E. Aminoglycoside-induced Ototoxicity. Curr. Pharm. Des. 2007, 13, 119-126. [CrossRef] [PubMed]

13. Lopez-Novoa, ] M.; Quiros, Y.; Vicente, L.; Morales, A.I; Lopez-Hernandez, EJ. New Insights into the Mechanism of Aminoglyco-
side Nephrotoxicity: An Integrative Point of View. Kidney Int. 2011, 79, 33—45. [CrossRef]

14. Krause, KM.; Krause, K.M.; Serio, A.W.; Kane, T.R.; Connolly, L.E. Aminoglycosides: An Overview. Cold Spring Harb. Perspect.
Med. 2016, 6, a027029. [CrossRef]

15. Al-Tawfiq, J.A.; Momattin, H.; Al-Ali, A.Y.; Eljaaly, K.; Tirupathi, R.; Haradwala, M.B.; Areti, S.; Alhumaid, S.; Rabaan, A.A;
Mutair, A.A.; et al. Antibiotics in the Pipeline: A Literature Review (2017-2020). Infection 2021, 50, 553-564. [CrossRef] [PubMed]

16. Scribner, M.R.; Santos-Lopez, A.; Marshall, C.W.; Deitrick, C.; Cooper, V.S. Parallel Evolution of Tobramycin Resistance across
Species and Environments. MBio 2020, 11, €00932-20. [CrossRef]

17.  Ibacache-Quiroga, C.; Oliveros, J.C.; Couce, A.; Blazquez, J. Parallel Evolution of High Level Aminoglycoside Resistance in
Escherichia Coli under Low and High Mutation Supply Rates. Front. Microbiol. 2018, 9, 427. [CrossRef]

18. Bolard, A.; Plésiat, P,; Jeannot, K. Mutations in Gene fusAl as a Novel Mechanism of Aminoglycoside Resistance in Clinical
Strains of Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2018, 62, e01835-17. [CrossRef]

19. Kawaguchi, H.; Naito, T.; Nakagawa, S.; Fujisawa, K.I. BB-K8, a New Semisynthetic Aminoglycoside Antibiotic. ]. Antibiot. 1972,
25,695-708. [CrossRef]

20. Chandrika, N.T.; Garneau-Tsodikova, S. Comprehensive Review of Chemical Strategies for the Preparation of New Aminoglyco-
sides and Their Biological Activities. Chem. Soc. Rev. 2018, 47, 1189-1249. [CrossRef]

21. Wang, H; Tor, Y. RNA-Aminoglycoside Interactions: Design, Synthesis, and Binding of “Amino-aminoglycosides” to RNA.
Angew. Chem. Int. Ed. 1998, 37, 109-111. [CrossRef]

22. Subedi, Y.P; AlFindee, M.N.; Takemoto, J.Y.; Chang, C.W.T. Antifungal Amphiphilic Kanamycins: New Life for an Old Drug.

Med. Chem. Comm. 2018, 9, 909-919. [CrossRef] [PubMed]


http://doi.org/10.1080/10408398.2015.1077192
http://www.ncbi.nlm.nih.gov/pubmed/26464037
http://doi.org/10.1093/ofid/ofaa276
http://www.ncbi.nlm.nih.gov/pubmed/32760748
http://doi.org/10.1016/j.jiph.2021.02.011
http://www.ncbi.nlm.nih.gov/pubmed/33848884
http://doi.org/10.1016/j.ijantimicag.2021.106324
http://www.ncbi.nlm.nih.gov/pubmed/33746045
http://doi.org/10.1007/s11094-021-02510-0
http://doi.org/10.1371/journal.pmed.1000146
http://doi.org/10.1128/JCM.01947-09
http://doi.org/10.1038/35030019
http://doi.org/10.1126/science.274.5291.1367
http://doi.org/10.1007/s00253-005-0279-0
http://doi.org/10.1016/0006-291X(78)91493-6
http://www.ncbi.nlm.nih.gov/pubmed/361042
http://doi.org/10.2174/138161207779313731
http://www.ncbi.nlm.nih.gov/pubmed/17266591
http://doi.org/10.1038/ki.2010.337
http://doi.org/10.1101/cshperspect.a027029
http://doi.org/10.1007/s15010-021-01709-3
http://www.ncbi.nlm.nih.gov/pubmed/34606056
http://doi.org/10.1128/mBio.00932-20
http://doi.org/10.3389/fmicb.2018.00427
http://doi.org/10.1128/AAC.01835-17
http://doi.org/10.7164/antibiotics.25.695
http://doi.org/10.1039/C7CS00407A
http://doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2&lt;109::AID-ANIE109&gt;3.0.CO;2-0
http://doi.org/10.1039/C8MD00155C
http://www.ncbi.nlm.nih.gov/pubmed/30108980

Pharmaceutics 2023, 15, 1177 22 of 22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Subedi, Y.P,; Roberts, P.; Grilley, M.; Takemoto, ].Y.; Chang, C.W.T. Development of Fungal Selective Amphiphilic Kanamycin:
Cost-effective Synthesis and Use of Fluorescent Analogs for Mode of Action Investigation. ACS Infect. Dis. 2019, 5, 473-483.
[CrossRef] [PubMed]

Subedi, Y.P,; Pandey, U.; Alfindee, M.N.; Montgomery, H.; Roberts, P.; Wight, J.; Nichols, G.; Grilley, M.; Takemoto, ].Y.; Chang,
C.W.T. Scalable and Cost-effective Tosylation-mediated Synthesis of Antifungal and Fungal Diagnostic 6”-Modified Amphiphilic
Kanamycins. Eur. J. Med. Chem. 2019, 182, 111639. [CrossRef]

Takemoto, J.Y.; Wegulo, S.N.; Yuen, G.Y,; Stevens, ].A.; Jochum, C.C.; Chang, C.W.T.; Kawasakia, Y.; Miller, G.W. Suppression of
wheat Fusarium Head Blight by Novel Amphiphilic Aminoglycoside Fungicide K20. Fungal Biol. 2018, 122, 465-470. [CrossRef]
Alfindee, M.N.; Subedi, Y.P; Grilley, M.M.; Takemoto, ].Y.; Chang, C.W.T. Antifungal Activities of 4” 6" -Disubstituted Amphiphilic
Kanamycins. Molecules 2019, 24, 1882. [CrossRef]

Clinical and Laboratory Standards Institute (CLSI). Methods for Dilution Antimicrobial Susceptibility Tests for bacteria that Grow
Aerobically, 10th ed.; Approved Standard, (M07-A10); Clinical and Laboratory Standards Institute (CLSI): Wayne, PA, USA, 2015.
Baba, T.; Ara, T.; Hasegawa, M.; Takai, Y.; Okumura, Y.; Baba, M.; Datsenko, K.A.; Tomita, M.; Wanner, B.L.; Mori, H. Construction
of Escherichia coli K-12 In-frame, Single-gene Knockout Mutants: The Keio Collection. Mol. Syst. Biol. 2006, 2, 2006.0008.
[CrossRef]

Datsenko, K.A.; Wanner, B.L. One-step Inactivation of Chromosomal Genes in Escherichia Coli K-12 Using PCR Products. Proc.
Natl. Acad. Sci. USA 2000, 97, 6640-6645. [CrossRef]

Manickam, N.; Nag, N.; Abbasi, A ; Patel, K.; Farabaugh, PJ. Studies of Translational Misreading in vivo Show that the Ribosome
Very Efficiently Discriminates against Most Potential Errors. RNA 2014, 20, 9-15. [CrossRef]

Chen, G; Pan, P; Yao, Y.; Chen, Y.; Meng, X,; Li, Z. Regioselective Modification of Amino Groups in Aminoglycosides Based on
Cyclic Carbamate Formation. Tetrahedron 2008, 64, 9078-9087. [CrossRef]

Hiraiwa, Y.; Usui, T.; Akiyama, Y.; Maebashi, K.; Minowa, N.; Ikeda, D. Synthesis and Antibacterial Activity of 5-Deoxy-5-
Episubstituted Arbekacin Derivatives. Bioorg. Med. Chem. Lett. 2007, 17, 3540-3543. [CrossRef] [PubMed]

Van Schepdael, A.; Delcourt, J.; Mulier, M.; Busson, R.; Verbist, L.; Vanderhaeghe, H.J.; Mingeot-Leclercq, M.P.; Tulkens, PM.;
Claes, PJ. New Derivatives of Kanamycin B Obtained by Modifications and Substitutions in Position 6”. 1. Synthesis and
Microbiological Evaluation. J. Med. Chem. 1991, 34, 1468-1475. [CrossRef] [PubMed]

Arican, M.O.; Erdogan, S.; Mert, O. Amine-functionalized Polylactide-PEG Copolymers. Macromolecules 2018, 51, 2817-2830.
[CrossRef]

Tevyashova, A.N.; Chudinov, M.V. Progress in the Medicinal Chemistry of Organoboron Compounds. Russ. Chem. Rev. 2021, 90,
451-487. [CrossRef]

Castillo-Melendez, ].A.; Golding, B.T. Optimisation of the Synthesis of Guanidines from Amines via Nitroguanidines Using 3,
5-Dimethyl-N-nitro-1H-pyrazole-1-carboxamidine. Synthesis 2004, 10, 1655-1663. [CrossRef]

Becker, B.; Cooper, M.A. Aminoglycoside Antibiotics in the 21st Century. ACS Chem. Biol. 2013, 8, 105-115. [CrossRef] [PubMed]
Hainrichson, M.; Yaniv, O.; Cherniavsky, M.; Nudelman, I.; Shallom-Shezifi, D.; Yaron, S.; Baasov, T. Overexpression And Initial
Characterization of The Chromosomal Aminoglycoside 3’-O-Phosphotransferase APH(3’)-Iib from Pseudomonas Aeruginosa.
Antimicrob. Agents Chemother. 2007, 51, 774-776. [CrossRef]

Mogre, A.; Sengupta, T.; Veetil, R.T.; Ravi, P.; Seshasayee, A.S.N. Genomic Analysis Reveals Distinct Concentration-dependent
Evolutionary Trajectories for Antibiotic Resistance in Escherichia Coli. DNA Res. 2014, 21, 711-726. [CrossRef]

Mogre, A.; Veetil, R.T.; Seshasayee, A.S.N. Modulation of Global Transcriptional Regulatory Networks as a Strategy for Increasing
Kanamycin Resistance of the Translational Elongation Factor-G Mutants in Escherichia Coli. Genes Genomes Genet. 2017, 7,
3955-3966. [CrossRef]

Alfieri, A.; Franco, S.D.; Donatiello, V.; Maffei, V.; Fittipaldi, C.; Fiore, M.; Coppolino, F.; Sansone, P.; Pace, M.C.; Passavanti, M.B.
Plazomicin against Multidrug-Resistant Bacteria: A Scoping Review. Life 2022, 12, 1949. [CrossRef]

Terren, M.; Taccani, M.; Pregnolato, M. New Antibiotics for Multidrug-Resistant Bacterial Strains: Latest Research Developments
and Future Perspectives. Molecules 2021, 26, 2671. [CrossRef] [PubMed]

Ebbensgaard, A.; Mordhorst, H.; Aarestrup, EM.; Hansen, E.B. The Role of Outer Membrane Proteins and Lipopolysaccharides
for the Sensitivity of Escherichia coli to Antimicrobial Peptides. Front Microbiol. 2018, 9, 2153. [CrossRef] [PubMed]

Parajuli, N.P.; Mandava, C.S.; Pavlov, M.Y.; Sanyal, S. Mechanistic Insights into Translation Inhibition by Aminoglycoside
Antibiotic Arbekacin. Nucleic Acids Res. 2021, 49, 6880-6892. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/acsinfecdis.8b00327
http://www.ncbi.nlm.nih.gov/pubmed/30674192
http://doi.org/10.1016/j.ejmech.2019.111639
http://doi.org/10.1016/j.funbio.2017.12.001
http://doi.org/10.3390/molecules24101882
http://doi.org/10.1038/msb4100050
http://doi.org/10.1073/pnas.120163297
http://doi.org/10.1261/rna.039792.113
http://doi.org/10.1016/j.tet.2008.07.022
http://doi.org/10.1016/j.bmcl.2007.04.065
http://www.ncbi.nlm.nih.gov/pubmed/17502146
http://doi.org/10.1021/jm00108a035
http://www.ncbi.nlm.nih.gov/pubmed/2016724
http://doi.org/10.1021/acs.macromol.7b02751
http://doi.org/10.1070/RCR4977
http://doi.org/10.1055/s-2004-829130
http://doi.org/10.1021/cb3005116
http://www.ncbi.nlm.nih.gov/pubmed/23110460
http://doi.org/10.1128/AAC.01034-06
http://doi.org/10.1093/dnares/dsu032
http://doi.org/10.1534/g3.117.300284
http://doi.org/10.3390/life12121949
http://doi.org/10.3390/molecules26092671
http://www.ncbi.nlm.nih.gov/pubmed/34063264
http://doi.org/10.3389/fmicb.2018.02153
http://www.ncbi.nlm.nih.gov/pubmed/30245684
http://doi.org/10.1093/nar/gkab495
http://www.ncbi.nlm.nih.gov/pubmed/34125898

	Introduction 
	Materials and Methods 
	Chemistry 
	Biology 
	Microorganisms 
	Sample Preparation 
	Assay Setting 
	Determination of Antibiotic Activity by the Agar-Diffusion Method 
	Determination of the Minimum Inhibitory Concentration 
	Determination of Translation Accuracy Using Reporters 


	Results 
	Chemistry 
	In Vitro Antimicrobial Activity Studies 

	Discussion 
	References

