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Vast numbers of prevalent aminoglycoside-modifying
enzymes undermine the clinical use of aminoglycoside
antibiotics. We present the design and synthesis of a
potent broad-spectrum bactericidal aminoglycoside based
on available X-ray co-crystal structures within the
ribosomal binding-site. The resulting antibiotic displays
broad protection of its functional groups from
inactivation by clinically relevant resistance enzymes.

Aminoglycosides (AGs) are a class of broad-spectrum
bactericidal antibiotics originally discovered among the arsenal
of molecules evolved by soil microbes to wage warfare on each
other." This class of natural and semi-synthetic antibiotics has
been highly effective against Gram-positive and Gram-negative
pathogens that are difficult to treat and cause life-threatening
infections in humans, including the bacterial strains under the

“E.S.K.A.P.E.” classification (Escherichia coli, Staphylococcus
aureus, Klebsiella sp., Acinetobacter sp., Pseudomonas
aeruginosa, and Enterobacter sp.).” * However, selective

pressure from decades of clinical use of AGs has led to world-
wide dissemination of more than 50 isoforms of
aminoglycoside-modifying enzymes (AMEs) that render most

AG antibiotics ineffective in clinical settings (Figure 1A, Table
1).3¢

The structural features common to all AGs include a
positively charged pseudosaccharide scaffold (Figure 1A),
assembled on a 2-deoxystreptamine core (ring B) and two to
four glycosidic linkages with neutral and basic sugar units,
which are decorated with hydroxyl and ammonium groups.
Owing to these unique and highly polar features, AGs belong to
a distinct molecular-descriptor space compared to most drugs."
Despite their structural diversity, the majority of AGs target
overlapping binding sites within an evolutionarily conserved
RNA helix deep in the core of the mRNA-tRNA decoding center
of the bacterial 30S ribosomal subunit, called the A-site (Figure
1B).”" When bound to the A-site AGs orchestrate a disruption
of the protein synthesis machinery and coax the ribosome to
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Figure 1. (A) Sub-classes of AGs based on the substitution pattern of
ring B: the 4,5-disubstituted class includes neomycin (1),
paromomycin (2), butirosin (4), and the simpler congener
ribostamycin (5). The 4,6-disubstituted class includes natural
products such as sisomicin (3), and semi-synthetic analogs such as
amikacin (6), a kanamycin B analog acylated with the Ni-L-HABA
group originating from butirosin (4). Dark arrows indicate functional
groups liable to AMEs. (B) Superimposed X-ray co-crystal structures
of AGs bound in the A-site (red box): neomycin (1), sisomicin (3),"
ribostamycin (5),” and amikacin (6)™. The location of the Gi405-N7-
Me group is highlighted as a magenta sphere. Rendered in PyMol.”
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Figure 2. Active site pockets of representative AME isoforms co-crystallized with a cofactor and an AG substrate (coenzyme-A, CoA, or a non-
hydrolysable ATP analog, ADPNP). Other substrates were superimposed (marked *). The protein structures are displayed as semi-transparent van
der Waals surfaces colored with the calculated electrostatic potential (red = negative, blue = positive).” AGs are displayed as sticks and color-
coded uniformly: kanamycin is shown yellow, butirosin in cyan, and neomycin or paromomycin in green. Clipping planes were used to expose the

active sites. Spheres represent water molecules (red) or magnesium ions

(green). (A) AAC(6')-Ia co-crystallized with paromomycin and Ac-CoA,

overlaying kanamycin C in the same protein.'8 PDB entries 2VQY and 1VoC.” (B) APH(3'/5")-1lla co-crystallized with butirosin and ADPNP,
overlaying neomycin and kanamycin B in the same protein."”** PDB entries 3H8P," 2BoQ and 1L8T.* (C) ANT(4')-1 co-crystallized with kanamycin

A and ADPNP,” overlaying frameworks of butirosin and neomycin. PDB

accept mismatched tRNAs.”"”® The misfolded protein products
resulting from the stalled and error-prone mRNA translation
trigger a sequence of cellular stressors that lead to bacterial
death.”® This broad-spectrum bactericidal effect is a key feature
of AGs, which is distinctive from other classes of antibiotics
that target the ribosome.”

AGs traverse the cell membrane exploiting an energy-
dependent uptake mechanism conserved in all bacteria,” and
must build-up over a concentration threshold to engage in a
self-reinforcing cycle of AG uptake.” Resistant clinical isolates

entry 1KNY.” Rendered in PyMol.”

survive exposure to AGs by reducing the intracellular
concentration of free AG under this critical threshold.”
Whereas {3-lactam antibiotics are catalytically hydrolyzed by
betalactamase enzymes, AGs are primarily rendered inactive by
enzymatic modification with adducts that prevent binding to
the A-site RNA helix (Figure 1).3® AMEs are classified based on
the targeted functional group and designated by a number
indicating the position of attack on the sugar:
N-acetyltransferases (AAC-#), O-phosphotransferases (APH-#),
and O-adenyltransferases (ANT-#) (Figure 2A-C) 3 Secondary

Scheme 1. Synthesis of the sisomicin-butirosin-neomycin hybrid antibiotic 17. Functional group interconversions are highlighted in red.
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resistance mechanisms include AG-efflux pumps, mainly in P.
aeruginosa and Acinetobacter strains.” ** Moreover, there is
growing concern over the number clinical isolates now carrying
ribosomal RNA methyltransferase (RMT) enzymes targeting the
A-site.””” Ribosomes modified with a N7-G1405 methyl adduct
effectively repeal the entire sub-class of 4,6-disubstituted AGs
including sisomicin (3), amikacin (5) and gentamicin (7)
(Figure 1B)." *>*°

resistance mechanisms in
28-34

Table 1. Distribution of AG
“E.S.K.A.P.E.” bacteria from clinical isolates (see Figure S2).

Bacterium Prevalent resistance mechanisms (ranked order)
Enterococci  AAC(6')-le/APH(2")-la, APH(3')-Illa ***°
S. aureus AAC(6')-le/APH(2")-la, ANT(4')-la, APH(3")-Illa 253

K. pneumoniae AAC(6')-Ib, AAC(3)-I, ANT(2") 253!

Efflux, APH(3')-VI, AAC(6')-1, AAC(3)-I/1l, ANT(2")-I, RMT 28333
Efflux, AAC(6')-Il, ANT(2")-1, APH(3')-1I, AAC(3)-] 22303334
AAC(6')-le, AAC(3)-I, ANT(2"), RMT *033:3% 36

Acinetobacter
P. aeruginosa

Enterobacter

Surveillance of AME genes in AG resistant clinical isolates
revealed that human pathogens express just one or two enzyme
isoforms (Table 1, Figure S2).” 834 Expression of redundant
AMEs may impose a metabolic burden by draining cellular
cofactors leading to negative selection in the absence of
antibiotic pressure.’” However, owing to the extended substrate
preference of the AME active-site pockets, a few isoforms
provide effective defense against the majority of clinically
deployed AGs (Figure S1).3° The development of small molecule
inhibitors targeting a fraction of the >50 isoforms of AMEs
could be helpful, but this approach cannot constitute a
generalizable solution for all AME isoforms, which may also
circumvent inhibition by rapid mutation.®® Most AMEs have
evolved multi-AG substrate promiscuity by recognizing the
common rings A and B, and harboring vast negatively charged
active site surfaces (Figure 2A-C). Nevertheless, the enzymes
targeting hydroxyl groups, APHs and ANTSs, are circumvented
by AGs that lack these susceptible functionalities (Figure 1A),
such as the 3'- and 4'-OH groups missing in sisomicin (3) and
gentamicin (7). Butirosin (4) is the only natural AG bearing a
N1-(S)-hydroxy-aminobutyric acyl non-glycosidic appendage
(“L-HABA”), which enhances its antibiotic potency compared to
the unsubstituted trisaccharide congener, called ribostamycin
(5).>° Many AME isoforms have not evolved a suitable pocket to
accommodate the Ni-L-HABA of butirosin (4) (Figure 2a).*"*#
Therefore, this side-chain has been widely exploited in semi-
synthetic AG antibiotics, such as amikacin (6) (Figure 1A)." * %

Despite the advancements over the past decades, the AGs of
the 4,6-disubstituted 2-deoxystreptamine class remain liable to
inactivation by a subset of AMEs prevalent in clinical isolates
(Figure 1A, Table 1). This class is also ineffective against A-sites
modified by N7-G1405 rRNA methyltransferases (Figure 1B).>®

Although Nature’s arsenal of diverse AG structures provides
medicinal chemists with several examples that evolved to evade
AMEs and A-site methylation, no natural structures are known
that combine all the optimal features in one composite AG
entity. Therefore, our group has envisioned the incorporation
of AME-evasion features to the alternate 4,5-disubstituted AG
series that includes neomycin (1) and paromomycin (2),*"*
which may render them inert to the AG resistance mechanisms.

Herein, we report the systematic evaluation of synthetic AG

This journal is © The Royal Society of Chemistry 2015
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Scheme 2. Synthesis of a sisomicin-butirosin hybrid antibiotic 21.
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analogs that sequentially incorporate segments of sisomicin (3),
butirosin (4) and neomycin (1) in a single entity, culminating in
one of the most potent AG antibiotics ever prepared, as
evidenced by in vitro antibacterial assays against an extensive
panel of highly relevant bacterial strains. The conceptual basis
of this strategy of AG hybridization was inspired by pioneering
structural endeavors by Westhof,'” ™ *® Ramakrishnan”® and
their respective groups, as well as our previous collaborative
studies involving structure-based design in this series.**** 4

Results and discussion

Synthetic strategy. In practice, the numerous hydroxyl and
ammonium groups decorating AGs pose a daunting challenge
for chemoselectivity. Paromomycin (2) is a versatile starting
material to functionalize ring A using a 4',6'-O,0-benzylidene
protecting group (8) (Scheme 1).** We recently reported a
strategy to elaborate this intermediate into a 6'-aldehyde and
the ensuing elimination of a 4' leaving group,®” which provided
the 4',5-unsaturated intermediate 11 in multi-gram scale
(Scheme 1). Subsequently, we engaged the resulting allylic enal
carbonate in a palladium-catalyzed allylic deoxygenation
reaction, yielding the 3',4'-dideoxy intermediate 12 in 97% yield
(gram scale and 70% overall yield from 2).* The 6'-aldehyde
functionality allowed access to N6'-substituted neomycin
analogs by reductive amination (Scheme Si and Figure 3).
Alternative elaboration of the 6'-OH and 6'-azido (13)
intermediates delivered unsaturated 3',4'-dideoxy paromomycin
and neomycin analogs that we previously reported (Figure 3,
Table 2).#

For the final stage of this study, we exploited the absence of
interfering functional groups on the ring-A of the advanced 6'-
azido intermediate 13 to install the Ni-L-HABA appendage
(Scheme 1). We previously demonstrated that cyclic N1,06-
oxazolidinones are liable to mild alkaline hydrolysis in the
presence of a 6-membered cyclic carbamate on ring D, which
can be subsequently re-generated into a 6"'N-carbobenzyloxy
(Cbz) protecting group using sodium benzyloxide.* Thus,
exposing 13 to dry KHMDS forged two cyclic carbamates from
the Ni- and N6"-Cbz protecting groups (14) (Scheme 1).
Selective cleavage of the Ni,06-oxazolidinone and acylation
under standard amide coupling conditions afforded the Ni-L-
HABA-N6",04"-carbamate intermediate 15 in good yield. The
ring D N6"-Cbz protecting group was then re-generated,
affording intermediate 16 for global deprotection. Finally, Birch

Med. Chem. Commun., 2015, 00, 1-3 | 3
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Table 2. Minimum inhibitory concentration (MIC, pg/mL) against E.S.K.A.P.E. strains. Lower MIC values indicate better potency.

Entry  Bacterium / AME id. by PCR* S(';)" A(’;’)k G(%” '(34‘; '?5”)’ 23 24 21 "('f)" F(’;)r (';Z; 25 26 27 17
1 Ecoli® 05 2 05| 2 8 [>4 64 8 | 2 4 2 |>64 8 2 05
2 S aureus® o5 2 05| 8 16 >4 16 8 |05 2 2 | 8 1 1 05
3 K pnuemoniae® 025 05 025 1 2 | >64 16 4 |05 2 1 [>4 2 05 05
4 A baumannii 05 2 2 1 8 | >64 >64 4 | 1 4 2 | >64 4 1 05
5 P ii’l‘_’l‘(’g')"ﬁ: ’ 05 2 05 |>82 64| >64 16 4 | 32 >4 8 |>64 2 05 025
6 FE ‘/’\’gf_f(ge) LANT@)L AACE) B4 B4 82 | 32 >64 | >64 64 >64 | >64 64 B | >64 64 >64 8
7 Bl (@) 025 05 025| 1 >64 | >64 64 4 | 64 >64 2 | >64 64 >64 0.25
g i;’,’ﬁ‘g - 025 8 05 | >32 64 | >64 >64 16 | >64 >64 32 | >64 16 16 1
s A i%’gﬁf"ﬁw(s')-vh ANT(2) P64 64 >64 | >82 >4 | >64 >64 8 | >64 >64 64 | >64 >64 64 1
10 5 iﬁ?‘(’:,)_l 1 64 05 |>32 64| >64 16 8 | >64 >64 64| 16 2 1 1
1 P iﬁ#%"ﬁa 1 32 2 |>32 64 |>64 64 8 | 8 >64 4 |64 4 1 05
ER @)1 64 4 64 | 4 8 |>64 >4 8 | 2 4 8 |>64 16 2 4
13 P ii’g‘(’g')‘fﬁa 32 4 32 | >82 64 | >64 >64 16 | 8 >64 8 | >64 >64 >64 05
1 S iL/’\’g‘(’g,) JAPH(Y) >64 64 64 | 32 >64 | >64 >64 16 | >64 >64 32 | >64 >64 64 2
15 Eoor @V 32 2 16 | 2 64|64 >4 8 | 2 8 4 |>64 8 8 1
16 FE 7\02 to methyliransforase Arma | >84 >64 >64 | 2 8 | >64 64 8 1 4 4 |64 16 2 1

(a-d) strains were obtained from ATCC (a) ATCC 25922, (b) ATCC 29213, (c¢) ATCC 10031, (d) ATCC 27853. Abbreviations: Neo, neomycin B (1) ; Par,

paromomycin (2); HPr, Ni-L-HABA-paromomycin (22); Siso, sisomicin (3); Amk, amikacin (5); Gen, gentamicin complex (7). Refer to structures in Figure 3.

reduction cleanly removed the five Cbz protecting groups and
reduced the 6'-azide in excellent yield (12% overall yield from
13), and outstanding purity (96%, LC trace), affording the novel
sisomicin-butirosin-neomycin hybrid antibiotic 17 (Figure 3,
Table 2). Furthermore, using a similar N1,06-oxazolidinone
route we cleaved ring D from intermediate 13, and installed an
Ni-L-HABA substituent on the 3',4'-deoxygenated trisaccharide
18 (Scheme 2) in order to boost the potency of analog 21, which
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represents a novel sisomicin-butirosin hybrid trisaccharide
(Figure 3, Table 2).

Antibacterial Potency and Evasion of Resistance
Mechanisms. The availability of seven hybrid analogs
presented herein (Figure 3) made possible a thorough
examination of multiple structural modifications applied on a
single AG series: the impact of ring-A dideoxygenation, the
charge of the 6'-group, substitution of N1 and N6', and the role
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Figure 3. Structures of control AG antibiotics 1 - 7, new hybrid AGs ant1b10t1cs 17 and 21, and predecessor analogs 22 - 27.
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of the distal L-idose ring D. We also compared the antibacterial
potency of our novel analogs to clinically deployed antibiotics
against a panel of 16 strains representative of susceptible and
AG-resistant pathogens of the E.S.K.A.P.E. group (Table 2).

Analysis of the minimum inhibitory concentration (MIC)
results focusing on susceptible strains (Table 2, entries 1-5)
highlights the fundamental antibiotic potency of each analog.
Alow MIC value is a result reflecting the AG transport and
accumulation in the cell, the engagement of the ribosome
target, and the downstream bactericidal action. The first
unexpected observation in this series was the requirement for a
6'-ammonium group to achieve antibacterial activity in the
3',4"-dideoxygenated analogs (Table 2, compare 1 to 2, 23 to 24,
and 25 to 28).® Structural analysis suggest that ribosomal
binding would not be affected, therefore, the losses in potency
suggest that the 6'-OH 3',4'-dideoxygenated analogs 24 and 25
may fail to enter bacteria cells. On the other hand, we have
shown that the sisomicin-paromomycin hybrid 6'-OH analog 25
displays antiprotozoal activity." The ring A 6'-OH versions of
AGs, in particular paromomycin (2),*° display superior activity
against eukaryotic ribosomes, owing to the A-site A1408G
nucleotide variant (Figure 1B, box).””>

As expected, bacterial strains that rely on ANT(4') enzymes
to inactivate AGs were susceptible to the 3’,4’-dideoxygenated
analogs (Table 2, entries 10 and u). However, a subset of
enzymes classified as APH(3') isoforms are capable of binding
alternate conformations to target either 3'- or 5"-OH groups.”
Our data suggest that removal of the 3-OH group is insufficient
to prevent inactivation by strains expressing APH(3')-Illa
and -Ia enzymes (Table 2, entries 7 and 8). Moreover, cleavage
of ring D from 3',4-dideoxygenated analogs resulted in a
considerable detriment to the potency to the trisaccharide
series compared to the tetrasaccharide neomycin series (Table
2, compare 1 to 5, and 23 to 27). The ring D is an L-idose
glycoside (Figure 1A),” which originates from additional
biosynthetic elaboration of D-glucosamine,* and suggests that
eons of evolutionary pressures have optimized the
neo/paromomycin series to bind the extended pocket of the
A-site and exploit additional RNA contacts (Figure 1B).” The
MIC data further suggest that 3'- and 4'-dideoxygenation are
absolutely essential modifications for AME evasion, and when
introduced in combination with a 6-ammonium and ring D
these features confer an enhancement in antibiotic potency
(Table 2, Figure 3).

These findings prompted us to further study the 6'-amino-
3',4'-dideoxygenated neomycin and butirosin series. The AG
known as G52 is a naturally occurring N6'-methylated sisomicin
congener (7). We introduced this modification in a Gs2-
neomycin hybrid 26 (Scheme Si, Figure 3). However, no
significant improvement against strains expressing AAC(6')
enzymes was observed (Table 2, entries 6, 13 and 14). We
hypothesize that an extended library of C5'/N6'-modifications
may be required for further optimization of this series, such as
N6'-ethyl,”® N6'-hydroxyethyl,* or Cs5'-methylation.”

The most powerful feature that confers broad protection
against AMEs, including N6'-acetylation, is the appendage of
bulky Ni-substituents, which are believed to be poorly
accommodated by the active sites of most AME isoforms
(Figure 2a). Multiple side-chains have been reported: Ni-L-
HABA (e.g. butirosin (4), amikacin (6), and plazomycin),* also
the shorter variant Ni-L-a-hydroxy-f-amino-propionic acyl

This journal is © The Royal Society of Chemistry 2015
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(e.g. isepamicin), and Ni-ethyl (e.g. netilmicin, a sisomicin
analog)." More recently, we reported an isosteric difluoro-
substituted F,-HABA side-chain (N1i-L-o-hydroxy-f,B-difluoro-
y-amino-butanoic acyl), as a general approach to reduce the
cellular toxicity of AGs by partially neutralizing the neighboring
y-ammonium positive charge at physiological pH.>* ¥ We
selected the 6'-amino 3',4'-dideoxygenated tri- and tetra-
saccharides to study the combined effect of N1-L-HABA and
ring D on the antibiotic potency of the sisomicin-hybrid
analogs 17 and 21 (Table 2, Figure 3). Remarkably, the boost in
antibiotic potency imparted by the Ni-substituent combined
with the neomycin ring D on analog 17 was of greater
magnitude than that observed for the tetrasaccharide 21, or the
comparable AG pairs butirosin (4) versus ribostamycin (5), or
paromomycin (2) versus N1-HABA-paromomycin (22) (Figure
3). The blending of numerous optimal features of the sisomicin-
butirosin-neomycin hybrid structure 17 resulted in exceptional
MIC values against Gram-negative and -positive E.S.K.A.P.E.
bacterial strains, MIC range 0.25 - 0.5 pg/mL (Table 2).

The clinical AG antibiotics amikacin (4) and gentamycin (7)
were ineffective against over half of the panel of E.S.K.A.P.E.
strains expressing AMEs (MIC ranges 16 to >64 pg/mL, Table 2,
entries 6—16)3’6. This panel is representative of single-, double-,
and multi-AME expression in clinical isolates, which impart
pan-AG resistance in >10 to 60% of clinical isolates in hospitals
throughout the world (Table 1, Figures S1 and S2). In particular,
AGs of the 4,6-disubstituted class are ineffective against strains
expressing the prevalent dual enzyme APH(2")/AAC(6'), as well
as N7-G1405 A-site rRNA methyltransferases (e.g. ArmA)." > *°
Analog 17 displays excellent MICs values for AME-expressing
strains compared to neomycin B (1), sisomicin (3), amikacin (5),
gentamicin (7), and other controls (entries 1 to 16, Table 2). The
data further suggest that Ni-L-HABA substitution imparted
significant protection against strains expressing APH(3'),
AAC(6') or AAC(3) isoforms that display high to moderate
resistance to the precursor analog 27. Moreover, the presence of
ring D on 17, but not 21, appears to impart protection to the 5"-
OH of 17 from modification by the S. aureus APH(3')-1lla and E.
coli APH(3')-Ia enzymes, presumably by blocking alternate
binding modes of the promiscuous AME active sites (Table 2,
entries 7 and 8, compare 17 to 21 and 27). Taken together, the
average MIC potency of analog 17 across the panel E.S.K.A.P.E.
pathogens is less than 2 pg/mL, which is excellent compared to
the clinical AG antibiotics (Table 2). This comparison is
favorable even taking into account the resistance mechanisms
prevalent at the time these AGs were originally deployed.*

Conclusions

The inactivation of AGs by widespread promiscuous AME
isoforms and their synergistic combinations that endows
bacterial pathogens with multi-AG resistance has posed a long-
standing challenge. To reclaim their position in the arsenal of
first-line antibiotic therapies the next generation of AG analogs
must evade inactivation by three major types of AME
mechanisms, and also engage the N7-Gi405-methylated A-site
variants without compromising the AG broad-spectrum
bactericidal activity against clinical pathogens.

This study presents the systematic evolution of AG hybrid
structures blending the salient features of multiple natural and
semi-synthetic AG antibiotics from the past five decades
(Figure 1A). Each of the hybrid analogs in this collection
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extended MIC panel revealed the individual and synergistic 17- S-Jo, M. Vargyas, J. Vasko-Szedlar, B. Roux and W. Im, Nucleic.

51, 2871-2878.

15. D. N. Wilson, Critical reviews in biochemistry and molecular
biology, 2009, 44, 393-433.

16. M. A. Kohanski, D. J. Dwyer and J. J. Collins, Nature reviews.
Microbiology, 2010, 8, 423-435.

effects of the distal L-idose ring-D, the requisite 6'-ammonium Acids Res., 2008, 36, W270-275.
group, the absence of susceptible 3'- and 4'-hydroxyls on ring A, 18. M. W. Vetting, C. H. Park, S. S. Hegde, G. A. Jacoby, D. C.
and the appendage of the N1-HABA substituent. The deliberate Hooper and J. S. Blanchard, Biochemistry, 2008, 47, 9825-9835.

blending of numerous optimal features into the sisomicin- 19, D.H. Fong and A. M. Berghuis, Antimicrob. Agents. Chemother.,
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