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in Structural Drug Design†‡ 
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Abstract 
 
Antibiotic resistance is a multifactorial problem that demands multifaceted 
strategies to address.  Here we present a drug-target network analysis of the 
clinically most prominent mechanism of resistance to aminoglycoside antibiotics, 
i.e. enzyme mediated modification of the antibiotics.  This drug-target network 
displays prominent resistance preferences for 4,6-disubstituted aminoglycosides 
such as tobramycin and gentamicin, reflective of their extensive clinical usage.  
Further analysis also highlights aminoglycosides that remain more resilient to 
modifications by various bacterial resistance enzymes. This aminoglycoside 
resistance drug-target network conveys a compelling case for prioritization of 
next-generation aminoglycosides development exploiting 4,5-disubstituted and 
non-deoxystreptamine aminoglycoside scaffolds to surmount rising drug-
resistance, in conjunction with advancing inhibitor/adjuvant leads effective 
against multiple aminoglycoside modifying enzyme. 
 
Introduction 
 
Devastating diseases caused by primary and opportunistic microbial infections 
have plagued modern humans since their evolution 200,000 years ago (1,2). 
Prehistoric human fossils and ancient written records detail the ravages of 
leprosy, pneumonia, meningitis, rabies, and many other microbial plagues, some 
of which persist as problems today (3–6). Infections caused by bacterial 
transmission remain a leading cause of human mortality despite centuries of 
medical progression (7). Foremost among these advancements was the clinical 
introduction of antimicrobial molecules, known as antibiotics, which allowed the 
successful treatment of potentially fatal bacterial infections (8,9). Decades after 
the unparalleled success of early antibiotic regimens, selective pressures have 
led to an increasing prevalence of microbial populations capable of surviving 
exposure to formerly toxic antibiotics (8). Now, it is estimated that by 2050, 
emerging antibiotic resistance will cost $100 trillion in lost GDP revenue, and 10 
million global deaths every year (10–13).  
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Antibiotics 
 
Currently, there are eighteen main classes of antibiotics, of which many have 
predominant roles in human therapy, e.g.: β-lactams, macrolides, quinolones, 
sulfonamides, tetracyclines, and aminoglycosides (14). Antibiotics, such as β-
lactams, generally affect gram-positive bacteria, while other antibiotics such as 
tetracyclines, macrolides, and aminoglycosides, largely affect both gram-negative 
and gram-positive bacteria (15). Of these, bactericidal aminoglycoside antibiotics 
are particularly attractive for the treatment of serious bacterial infections, unlike 
other bacteriostatic antibiotics that target protein synthesis, such as macrolides, 
lincosamides, and tetracyclines (15).  In addition to spectral potential and 
bactericidal effectiveness, aminoglycosides are conducive to next-generation, 
analogue development, thereby extending their clinical lifetime for patient 
treatment.  A profitable number of derivative antibiotics have already been 
constructed using the aminoglycoside core (14). Here, we will focus on the 
valuable potential remaining in studying the structural mechanisms of resistance 
in order to tailor intractable analogue developments for the aminoglycoside class 
of antibiotics as well as adjuvant/inhibitors against key resistance mechanisms.  
  
Aminoglycosides 
 
Aminoglycosides interfere with bacterial protein synthesis by binding the 30S 
ribosomal subunit to obstruct tRNA translocation from the A-site and P-site. This 
interaction thereby counteracts bacterial translation and propagation (16,17). 
Chemically, the majority of aminoglycosides are characterized by a 
deoxystreptamine ring that is substituted at two positions (18–20). Specifically, 
the deoxystreptamine core can be 4,5-disubstituted, or 4-6-disubstituted.  4,5-
disubstituted aminoglycosides include neomycin, lividomycin, ribostamycin, 
paromomycin, and butirosin, while 4,6-disubstituted aminoglycosides encompass 
kanamycin, amikacin, isepamicin, tobramycin, gentamicin, dibekacin, netilmicin, 
and sisomicin.  In addition to these two main classes of aminoglycoside 
antibiotics there is a third small but diverse group of non-deoxystreptamine 
aminoglycosides, which possess a slightly different pseudo-oligosacharride core.  
This group contains the founding member of the aminoglycoside class of 
antibiotics, streptomycin, and two additional drugs: hygromycin, and 
spectinomycin (Fig. 1).  Note that unlike all other aminoglycosides the non-
deoxystreptamine compounds hygromycin and spectinomycin do not have the 
same mode of action, nor is spectinomycin considered a bactericidal antibiotic.  
 
4,5-disubstituted aminoglycosides remain very influential drugs to human health. 
Neomycin has common antiseptic topical uses, and is the active ingredient in 
commercially available Neosporin.  In addition, lividomycin is utilized as a 
second-line antibiotic to treat Mycobacterium tuberculosis, Pseudomoas 
aeruginosa, and urinary tract infections (21–23). Likewise, ribostamycin was 
declared a critical antibiotic in human health by the World Health Organization, 
and is commonly employed against pelvic inflammatory diseases that can go on 
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to cause life-long infertility (24,25), while paromomycin is effective against 
gastrointestinal and liver infections. 
 
4,6-disubstituted aminoglycosides also play pivotal roles in treating human 
disease.  Tobramycin, amikacin, and gentamicin are all used in inhalable forms 
to clear chronic infections associated with cystic fibrosis (26,27). Furthermore, 
isepamicin and dibekacin, in combination with penicillin derivatives, treat 
potentially deadly, methicillin-resistant Staphylococcus aureus (MRSA) and P. 
aeruginosa skin, lung, and soft-tissue infections (28,29). Netilmicin is only used 
for gentamicin resistant infections because it must be injected (30), while 
sisomicin is largely employed to clear systemic urinary tract infections (31). 
Equally important, non-deoxystreptamine aminoglycosides, like streptomycin, are 
used in combination to clear serious M. tuberculosis infections, especially 
tuberculosis un-responsive to other antibiotics (drug-resistant TB) (32). Also, 
spectinomycin is given to patients with Neisseria gonorrhoeae (Gonorrhea), and 
particular those with penicillin allergies.  
 
Aminoglycoside Resistance 

 
There are five major mechanisms microbes utilize to impart aminoglycoside 
resistance: (a) revision of the 30S ribosomal subunit target by mutation, (b) 
methylation of aminoglycoside binding targets, (c) decrease in intracellular 
aminoglycoside concentrations by active efflux pumps, (d) reduction of effective 
aminoglycoside concentration by decreased inner membrane transport or 
changes of outer membrane permeability, and (e) substrate deactivation by 
aminoglycoside modifying enzymes (AMEs) (33–36). 30S ribosomal mutations 
can occur in the A-site, which alters physiochemical base-stacking interactions to 
affect shape, dynamics, and electrostatic properties. The resulting changes 
disrupt aminoglycoside-RNA binding interactions necessary for tRNA recognition 
(37). M. tuberculosis is a significant human health example of 30S ribosome 
mutational accumulations that evade aminoglycoside utility. M. tuberculosis 
directly mutates its 16S rRNA, as well as the ribosomal S12 protein, to achieve 
resistance.  Interestingly, some variants can then go on to become 
aminoglycoside dependent, with the antibiotic actually lowering rates of 
translation error instead of the intended, opposite effect (38). 
 
Ribosomal RNA modification by methyltransferases to circumvent 
aminoglycoside recognition also presents a dire dilemma (39,40). Most notably, 
New Delhi metallo-β-lactamase 1 (NDM1) drug-resistant microorganisms are a 
cause for alarm, as these bacteria are often resistant to several different classes 
of antibiotics (41–43). With respect to aminoglycoside susceptibility, the NDM1 
gene has been observed to be associated with the gene that encodes RmtF 16S 
rRNA methyltransferase (42). This implies that bacteria possessing such a 
resistance plasmid, as has been observed in Klebsiella pneumoniae, are 
completely unresponsive to many clinically used β-lactam and all 4,6-
disubstituted aminoglycoside antibiotics (41,44). 
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Furthermore, efflux pumps play a significant role in aminoglycoside resistance 
amongst Salmonella and Escherichia coli clinical isolates (45,46). E. coli such as 
pathogenic E. coli O157:H7 (47), and opportunistic pathogen Acinetobacter 
baumannii, are just two examples of gram-negative bacteria with a high rate of 
aminoglycoside resistance due to encoding aminoglycoside efflux pumps (46,48). 
In E. coli, AcrD is one such transporter, whose presence decreases bacterial 
aminoglycoside concentration to ineffective levels by an impressive factor of two 
to eight (46). 
 
Notwithstanding, anaerobic bacteria alter outer membrane permeability as well 
as inner membrane transport in response to environmental cues, and are 
inherently more difficult to target with aminoglycoside antibiotics (33). E. coli and 
Clostridium perfringens are both major causes of food poisoning.  When grown 
anaerobically, E. coli and C. perfringens become resistant to gentamicin and 
other aminoglycoside antibiotics due to decreased membrane potential.  A 
quinone oxidation-reduction cycle is required for aminoglycoside trafficking, 
rendering the aminoglycoside class ineffectual for the majority of anaerobes as 
well as facultative anaerobes under such low oxygen conditions (49). However, 
the principal aminoglycoside resistance mechanism remains direct enzyme 
catalysis as carried out by aminoglycoside modifying enzymes (AMEs) (36,50). 
For this reason, AMEs are of great medical and pharmacological interest, and will 
be discussed in further detail below. 
 
Aminoglycoside Modifying Enzymes 
 
Enzymatic aminoglycoside inactivation is carried out by acetylation, 
phosphorylation, or nucleotidylation.  A class of enzymes expressed by 
pathogenic bacteria has the ability to carry out each mechanism: N-
acetyltransferases (AACs), O-phosphotransferases (APHs), and O-
nucleotidyltransferases (ANTs) (51). Aminoglycoside N-acetyltransferases 
(AACs) are a major source of resistance in gram-negative bacteria such as 
Enterobacteriacae, but are also found in gram-positive organisms, such as 
Staphylococci, Enterococci, and Streptococci (52–54). AACs utilize acetylCoA as 
a donor to facilitate N-acetylation of aminoglycoside antibiotics.  Aminoglycosides 
have many amine functional groups, and AACs have been found that modify the 
deoxystreptamine ring and 6-aminohexose ring through amino group acetylation 
(55–58).  
 
Aminoglycoside O-phosphotransferases (APHs) are primarily found in gram-
positive bacteria such as S. aureus, complications of which can cause serious 
skin infection and toxic shock syndrome (59–61). Interestingly, APH presence is 
known to confer a high level of aminoglycoside resistance (27,62). APHs bind 
ATP or GTP as the phosphate donor.  The APHs then transfer the γ-phosphate 
from the nucleotide triphosphate to a hydroxyl group of the aminoglycoside, 
succeeded by release of modified substrate and ADP or GDP (27,62,63).  
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Aminoglycoside O-nucleotidyltransferases (ANTs) are a major source of 
aminoglycoside resistance found amongst gram-negative clinical organisms, 
such as Enterobacteriaceae and Pseudomonas, which are prevalent pathogens 
in food poisoning and cystic fibrosis (52,64,65). The ANT class catalyzes a 
nucleotidyltransfer reaction, where ATP binds to the enzyme followed by the 
aminoglycoside substrate.  ANTs nucleotidylate the aminoglycoside by direct 
nucleophilic attack of the aminoglycoside hydroxyl on the ATP molecule α-
phosphate (66). This reaction covalently links AMP to the now modified-
aminoglycoside, releasing pyrophosphate, and the modified aminoglycoside no 
longer efficiently impedes bacterial translation. Acetylation, phosphorylation, or 
nucleotidylation all decrease modified-aminoglycoside recognition of the 30S 
ribosome by 10-15 fold, such that bacterial translational error never approaches 
toxic levels (52,67–70). 
 
Aminoglycoside Drug-Target Network 
 
The number of enzymes identified that are able to confer resistance to 
aminoglycoside antibiotics through acetylation, phosphorylation, or 
nucleotidylation have been steadily growing.  Currently, nearly a hundred 
different bacterial enzymes have been described, most identified in clinical 
isolates.  Anticipating the deluge, Shaw in 1993, systematized the nomenclature 
of these enzymes, in which the enzyme name reflects its modification activity, the 
site of modification on the antibiotic, and the antibiotic substrate spectrum (51).  If 
multiple enzymes were found with the identical activity, subscripts were 
additionally used as unique identifier.  Nonetheless, the plethora of enzymes and 
the diversity of aminoglycosides they provide resistance to have become 
sufficiently complex to present and describe aminoglycoside resistance in the 
format of a drug-target network. 
 
Previously, drug-target networks have been taken advantage of to present a 
novel perspective that enables the identification of additional protein targets, new 
drug ligands, and guide experimental drug synthesis (71).  Characterization of 
these networks has been applied to treating endocrine, hematological, 
cardiovascular, and psychiatric gene diseases (72).   As such, understanding 
enzymes and the drugs they target in association with vast protein networks aids 
prospective and increasingly rational drug/inhibitor discovery and design (72). 
 
Recasting the description of enzyme mediated aminoglycoside resistance as a 
drug-target network highlights the complexity facing those that pursue avenues to 
combat antibiotic resistance.  As shown in Figure 2, aminoglycoside antibiotics 
are able to interact with the ribosome, thereby precipitating a cascade of events 
that ultimately results in a bactericidal outcome, or alternatively can interact with 
a large number of different resistance enzymes that will detoxify the drug.  
Simplistically, this illustration emphasizes that overcoming resistance implies 
blocking or avoiding interactions with a large number of AMEs.  To illustrate the 
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scope, half of the aminoglycoside antibiotics can be rendered useless by more 
than 40 different enzymes (Table 1).  Most impressively, kanamycin can be 
rendered ineffective by no less than 64 different AMEs, and the clinically used 
tobramycin and gentamicin antibiotics are susceptible to detoxification by more 
than 50 AMEs.  While it is understood that the prevalence of different AMEs 
varies, and some of these are only associated with a select subset of bacterial 
pathogens, nonetheless, the numbers indicate that the chance of encountering 
AME mediated resistance for kanamycin is higher than, for example, isepamicin 
or paromomycin. 
 
While the aminoglycoside drug-target network emphasizes and highlights the 
complexity of AME mediated resistance, it also can enable the prioritization of 
avenues for addressing this phenomenon.  Specifically, if additional data is 
incorporated into the network diagram, it could suggest a hierarchy of strategies 
to pursue.  Most obviously, integrating prevalence of distinct resistance enzymes 
encountered within a specific clinical setting could readily suggest optimal 
aminoglycoside antibiotics for treatment.  For example, AAC(6')-Ie and APH(2'')-
Ia are always found together as a single bi-functional polypeptide; furthermore, in 
clinical isolates this bi-functional AME is occasionally found together with 
APH(3')-IIIa (73–75).  When these three AMEs co-exist, treatment by 
aminoglycoside antibiotics is essentially made impossible, as all 4,5- and 4,6-
disubstituted aminoglycosides are substrates for at least one of these three 
enzymes. But, if APH(3')-IIIa is not found in those clinical isolates, then treatment 
with the 4,5-disubstituted aminoglycosides paromomycin or lividomycin is viable.  
Unfortunately, within clinical settings, such detailed data on AME prevalence is 
nearly always incomplete and highly fluid as observed resistance mechanisms 
closely track antibiotic usage (76,77).  To advance new chemotherapeutic 
strategies for addressing AME mediated antibiotic resistance, we have instead 
linked the available structural data for aminoglycoside drug-target interactions to 
the network. 
 
Since the first crystal structure of an AME by Holden and co-workers, more than 
20 years ago (78), our knowledge on these enzymes has increased, and 
currently we have structural data for 21 different enzymes.  Furthermore, for 
nearly all of these enzyme structures, the data also includes detailed information 
on drug target interactions, and in several cases for multiple drug interactions 
(Figure 2 and ESI Table 1).  Unfortunately, the available structural data do not 
provide a comprehensive coverage of the entire network, and significant and 
substantial gaps remain to be filled.  Nonetheless, sufficient structural information 
is now accessible to begin exploiting these for advancing new chemotherapeutic 
avenues. Specifically, we explore two separate, but not mutually exclusive, 
avenues for combating emerging aminoglycoside antibiotic resistance: (a) 
adjuvants that block aminoglycoside interactions with unwanted targets, including 
AME inhibitors, or (b) novel analogues in the form of next-generation 
aminoglycosides.  
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Structural Drug Design – I: AME inhibitors 
 
The aminoglycoside drug-target network would suggest that to block 
aminoglycoside resistance by inhibiting AMEs, nearly a hundred different 
inhibitors would be required to ensure complete coverage.  This is therapeutically 
not a viable strategy.  Fortunately, that may not be required.  First, the choice of 
aminoglycoside with which an inhibitor is co-administrated as an adjuvant may 
substantially reduce the AMEs to be targeted.  Secondly, it is to be expected that 
several of the AMEs to be inhibited will share considerable structural similarity, 
such that a single inhibitor may target multiple AMEs.  For example, while 
paromomycin can be rendered ineffective by 15 different APHs (Table 1), one 
can reason that, given the extensive structural similarity observed between 
several of the different APH(3') enzymes, a single inhibitor might be able to 
accomplish this task.  Thirdly, not all of the AMEs that can potentially confer 
resistance will likely be present in a specific clinical setting, further reducing the 
number of adjuvants that may need to be co-administered.  Guided by these 
considerations, efforts have been pursued to arrive at pan-AAC, APH and ANT 
inhibitors. 
 
Applying structure-based inhibitor/adjuvant design to AMEs has already proven 
useful in the past. For example, AACs share structural and functional homology 
with the GCN5-related Histone Acetyltransferase (HAT) superfamily, despite poor 
sequence identity (79). Compellingly, Histone Acetyltransferase inhibitors have 
gone into clinical trial that treat cancers, such as neuroblastomas (80,81).  
Therefore, these inhibitors present a promising avenue for adjuvant development 
to combat antibiotic resistance conferred by the AACs, though ensuring absence 
of cross-reactivity with host enzymes is a concern.  Even more striking, APHs 
share homology with eukaryotic protein kinases, many of whom have large 
libraries of well-characterized, anti-cancer inhibitors.  Interestingly, some of these 
protein kinase inhibitors have already demonstrated the ability to impede 
APH(3’)-III activity (82–84).  The knowledge could help tailor inhibitors against 
the multiple APHs.  Moreover, the ANT class also belongs to the much larger 
DNA polymerase β–like nucleotidyltransferase superfamily (polβ superfamily), 
which includes enzymes involved in DNA replication and repair (85). Previously 
reported DNA polymerase β inhibitors are another promising avenue that could 
also help guide ANT adjuvant and inhibitor designs (86,87). 
 
Structural Drug Design – II: next-generation aminoglycosides 
 
Exploiting the available structural data on AMEs for next-generation 
aminoglycoside development is particularly attractive given that, thanks to the 
Nobel Prize awarded work by Steitz and colleagues, detailed information is also 
available for how aminoglycoside antibiotics interact with their intended target, 
the bacterial ribosome (88,89).  
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It must be acknowledged that even prior to having acquired any structural 
insights into drug-target interactions, drug developers actually exploited inferred 
binding topologies for aminoglycosides and AMEs to arrive at next-generation 
antibiotics.  Guided by observed AME interactions with butirosin, a next-
generation derivative of kanamycin, amikacin, was developed that incorporated 
the (S)-4-amino-2-hydroxybutyrate group on the N1-position.  This single 
modification substantially altered the susceptibility of the antibiotic to numerous 
AMEs.  While 64 different enzymes can deactivate kanamycin, the additional N1-
substitution limits this to 38 enzymes for amikacin, i.e. a reduction of nearly 40%. 
 
With the three-dimensional structural data that has become available, we can 
now dissect and analyze the structural basis for the significantly decreased 
susceptibility to AME mediated resistance for amikacin vs. kanamycin (see 
Figure 3).  Examination of the structural data for kanamycin in complex with its 
various partners reveals that the actual conformation of the antibiotic does not 
significantly change (60,90–93).  The rational given for this observation has been 
that the biosynthesis of aminoglycosides has evolved to result in bioactive 
compounds that in their lowest energy conformation are potent binders to the 
ribosome.  For AMEs to effectively compete with the ribosome they have also 
evolved to bind to this identical lowest energy conformation (60).  Also, the 
hydrogen bonding interactions the drug makes with different targets shows 
extensive similarities, which is not surprising, as similar to the ribosome, AMEs 
aim to satisfy all hydrogen bond opportunities presented by the antibiotic so as to 
enhance binding affinity.  However, what is significantly different is the van der 
Waals interactions made, i.e. the walls of the aminoglycoside-binding pocket in 
the various targets are located in different places.  This observation implies that 
bulky substitutions, such as the (S)-4-amino-2-hydroxybutyrate group 
modification on the N1-position, will differentially impact different target 
interactions.  Hence, 40% of the enzymes that can deactivate kanamycin are 
unable to provide resistance to amikacin. 
 
Building on this identical paradigm, the latest aminoglycoside that is presently 
entering phase III clinical trials, plazomicin, is derived from the sisomicin, with an 
identical modification at the N1 position as amikacin, and a second modification 
on the N6’ position (see Figure 1). This new antibiotic has already proven 
effective against methicillin-resistant S. aureus and other multi-drug resistant, 
pathogenic, gram-negative bacteria (94–98).  It is predicted that AME 
mediated resistance for plazomicin will be limited to select enzymes capable of 
modifying amino moieties at the 2’ position (99).  However, when this antibiotic 
becomes widely available, it is perhaps inevitable that additional enzymes will 
make their way from the “resistome” to pathogenic bacteria (100,101).  
Nonetheless, the strategy is effective and allows the much needed expansion of 
the available armament of antibiotics.  Moreover, amikacin and plazomicin, in the 
context of the aminoglycoside drug-target network and the available structural 
data, suggests new avenues for next-generation aminoglycoside development.  
For example, based on the current predominance of 4,6-disubstituted 

Page 9 of 21 MedChemComm

M
ed

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



aminoglycoside AME interactions, 4,5-disubstituted aminoglycosides should be 
considered an attractive scaffold for future antibiotic development (see Table 1).  
The suitable extensions on this scaffold can be informed by current structural 
information, though an expansion of this knowledge is needed.  Also, the non-
deoxystreptamine aminoglycoside appear to represent an underexplored area. 
 
Conclusions 
 
The aminoglycoside resistance drug-target network illustrates the complexity of 
AME mediated resistance.  It also provides a platform to aid in prioritizing 
different strategies to overcome and combat resistance to these antibiotics.  
Specifically incorporating the expanding insights on the structural details of 
aminoglycoside-target interactions will facilitate the development of AME 
inhibitors that could be exploited as adjuvants, and the design of next-generation 
aminoglycoside antibiotics.  It is extremely encouraging that much progress has 
been made in the development of next-generation aminoglycoside antibiotics 
with reduced affinity for AMEs.  Exploiting structural details on AME-
aminoglycoside interactions provides opportunities to further expand the 
available armament of aminoglycoside antibiotics with dramatically reduced 
susceptibility to clinically relevant resistance mechanisms. 
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Abbreviations 

 
AAC: Aminoglycoside N-acetyltransferases 
AMEs: aminoglycoside modifying enzymes 
ANT: Aminoglycoside O-nucleotidyltransferases 
APH: Aminoglycoside O-phosphotransferases 
 
Figure Legends 
 
Figure 1: Chemical structures of representative aminoglycoside antibiotic 
classes. A) 4,5-disubstituted aminoglycoside paromomycin. B) Non-
deoxystreptamine aminoglycoside spectinomycin. C) 4,6-disubstituted 
aminoglycoside kanamycin. D) Next-generation 4,6-disubstituted aminoglycoside 
plazomicin, currently in phase III trials. 
 
Figure 2: Aminoglycoside drug-target network. Drug-target network of known 
aminoglycosides with modifying enzymes. The bacterial ribosome is the primary 
node (grey). Aminoglycosides are represented as diamonds and are separated 
into their three classes: 4,5-disubstituted aminoglycosides (red), 4,6-disubstituted 
aminoglycosides (orange) and non-deoxystreptamine aminoglycosides (yellow). 
Aminoglycoside interactions with the ribosome are depicted as lines colored 
according to their corresponding diamond. AME nodes are colored by enzyme 
class: AAC’s (green), APH’s (blue) and ANT’s (purple). Lines colored according 
to their corresponding modifying enzyme represent interactions of AMEs with 
their respective aminoglycosides. Enzymes are listed in numerical order and 
according to their gene nomenclature (ex: a,b,c) as hollow nodes. Solid colored 
nodes represent enzymes with a currently known structure; structures with bound 
aminoglycosides have diamonds beneath with corresponding aminoglycoside 
color (36,51,102,103). 
 
Figure 3: Ribosome bound kanamycin and amikacin versus AMEs. Van der 
Waals surface of the (A) bacterial ribosome A-site (grey) [PDB ID: 2ESI], (B) 
AAC(2’)-Ic (green) [PDB ID: 1M4I], (C) APH(3’)-IIIa (blue) [PDB ID: 1L8T], and 
(D) ANT(2”)-Ia (purple) [PDB ID: 4WQL] bound to kanamycin (orange). Amikacin 
(light orange) bound to the bacterial ribosome A-site [PDB ID: 4P20] and 
modeled into the active sites of aminoglycoside modifying enzymes (by adding 
the (S)-4-amino-2-hydroxybutyrate group on the N1-position of kanamycin)(104) . 
Amikacin is depicted as semi-transparent in the active sites of AAC(2’)-Ic and 
ANT(2”)-Ia as binding results in steric clashes, rationalizing its inability to interact 
with those particular enzymes.  
 
Table 1: Susceptibility of aminoglycosides to AMEs. For each 
aminoglycoside antibiotic information is provided on the site(s) of modification, 
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which AME class performs the modification(s), and how many different enzymes 
are capable of rendering the aminoglycoside ineffective. 
 
ESI Table 1: AME Databank Accession Codes. AME structures as noted in 
Figures 2 and 3 are listed by corresponding PDB reference codes. 
  

Page 20 of 21MedChemComm

M
ed

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 
Table 1: 

Antibiotic 
Position of Modification by: Num. 

AACs 
Num 
APHs 

Num 
ANTs 

Total 
AMEs AACs APHs ANTs 

Lividomycin  1, 3 3' - 4 4 0 8 
Neomycin  1, 2', 6' 3' - 32 15 0 47 
Butirosin  1, 6' 3' -  27 15 0 42 
Paromomycin  1, 3 3' -  15 15 0 30 
Ribostamycin  1, 2', 6' 3' -  32 13 0 45 
Kanamycin  3, 2', 6' 3', 2'' 4', 2'' 40 20 4 64 
Amikacin  3, 6'  3', 2'' 4' 27 8 3 38 
Isepamicin  6' 3', 2'' 4' 26 7 3 36 
Tobramycin  3, 2', 6' 2'' 4', 2'' 48 5 4 57 
Gentamicin  3, 2', 6' 2'' 2'' 48 5 1 54 
Dibekacin  3, 2', 6' 3', 2'' 4', 2'' 41 5 2 48 
Netilmicin  3, 2', 6' 2'' - 42 5 0 47 
Sisomicin  3, 2', 6' 2'' 2'' 48 5 1 54 
Hygromycin  -  4, 7'' -  0 3 0 3 
Streptomycin  -  6, 3'' 6, 3'' 0 7 3 10 
Spectinomycin  -  9 9, 3'' 0 2 3 5 
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