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Abstract Aminoglycosides are potent bactericidal antibiot-
ics targeting the bacterial ribosome,where they bind to theA-
site and disrupt protein synthesis. They are particularly active
against aerobic, Gram-negative bacteria and act synergisti-
cally against certain Gram-positive organisms. Aminoglyco-
sides are used in the treatment of severe infections of the
abdomen and urinary tract, bacteremia, and endocarditis.
They are also used for prophylaxis, especially against
endocarditis. Bacterial resistance to aminoglycosides con-
tinues to escalate and is widely recognized as a serious health
threat. This might be the reason for the interest in
understanding the mechanisms of resistance. It is now clear
that the resistance occurs by different mechanisms such as
prevention of drug entry, active extrusion of drugs, alteration
of the drug target (mutational modification of 16S rRNA and
mutational modification of ribosomal proteins), and enzy-
matic inactivation through the expression of enzymes, which
covalently modify these antibiotics. Enzymatic inactivation
is normally due to acetyltransferases, nucleotidyltrans-
ferases, and phosphotransferases. In this review, we focus
on the recent concept of molecular understanding of
aminoglycoside action and resistance.

Introduction

The aminoglycosides are a family of molecules containing a
molecular nucleus, an aminocyclitol ring that can be
streptidine or 2-deoxystreptamine and two or more amino
sugars linked by glycosidic bonds to the nucleus. The first
aminoglycoside, streptomycin, was discovered byWaksman,
Schatz, and Bugie in 1944 and was isolated from
Streptomyces griseus. Most aminoglycosides are naturally

occurring substances produced by actinomycetes of either
the genus Streptomyces or Micromonospora. Amikacin,
netilmicin, dibekacin, isepamicin, and arbekacin, which are
semisynthetic derivatives from the genus Streptomyces are
labeled ‘-cins’, whereas those originating from the genus
Micromonospora (neomycin, tobramycin, paramomycin)
are labeled ‘-mycins’ (Giamerllou 1986). The bactericidal
activity of aminoglycosides is primarily exerted by inhi-
bition of protein synthesis. Aminoglycoside molecules
bind to the bacterial 30S ribosomal subunit rendering the
ribosome unavailable for translation, which results in cell
death (Kotra et al. 2000). The importance of the interaction
of the antibiotic molecule with the ribosome has been
shown using mutants or by chemical modification of
ribosomal components. Those derivatives that had a
reduced affinity for the aminoglycoside molecule exhibited
reduced levels of susceptibility. Other major metabolic
perturbations caused by aminoglycosides, which could be
secondary effects, include translation, membrane damage
(altered membrane composition and permeability), altered
cellular ionic concentrations, and disturbances in the
synthesis of DNA and RNA (Fourmy et al. 1996).
Aminoglycosides are active primarily against aerobic
Gram-negative bacilli and Gram-positive cocci. However,
it is well-known that bacteria develop resistance to
antibiotics and the frequency of multiresistant isolates has
alarmingly increased (Mingeot-Leclercq et al. 1999). As
the problem of global antibiotic resistance continues to
worsen, aminoglycosides have assumed increasing im-
portance in clinical practice. Their broad antimicrobial
spectrum, rapid bactericidal action, and ability to act
synergistically with other drugs have made them especially
useful in the treatment of serious nosocomial infections.
However, as with other drugs, their overuse and misuse
lead to the development of resistance in important micro-
bial pathogens (Zembower et al. 1998). The detailed
studies on several aminoglycoside-modifying enzymes
have been limited. Recently, we have purified streptomycin
adenylyltransferase from recombinant Escherichia coli
(Jana et al. 2005). Some mechanistic and mutational
studies have been carried out and the crystal structures of
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two acetyltransferases, a nucleotidyltransferase, and a
phosphotransferase have been reported (Davies and Wright
1997a). Genes encoding aminoglycoside-modifying en-
zymes are often located on plasmids, which permit cell-to-
cell dissemination of the aminoglycoside resistance trait.
Furthermore, several of these genes are also included in
transposons and integrons, which result in their rapid
dissemination at molecular level (Mingeot-Leclercq et al.
1999). Structural studies of the aminoglycoside modifying
enzymes are limited to interpretations of primary sequence
information. The crystal structures of aminoglycoside
phosphotransferase [APH (3')], aminoglycoside acetyl-
transferase [AAC (6')], and aminoglycoside nucleotidyl-
transferase [ANT (4')] are known (Sakon et al. 1993;
Wybenga-Groot et al. 1999; Burk et al. 2001). However,
the exact biochemical functions of the conserved motifs in
these enzymes have yet to be confirmed by more detailed
structural studies. The molecular architectures of amino-
glycoside-modifying enzymes are of special interest as
there are few reports on 3-D structure of these enzymes.
Furthermore, the elucidation of the active site of modifying
enzymes can provide insight into the mechanism of
nucleotide phosphate transfer and may provide a template
for drug design. There is a growing literature on the various
aspects of aminoglycoside antibiotic. Therefore, we
decided the present review covers recent literature dwelling
upon the molecular understanding of aminoglycoside
action and resistance.

Chemical structure

As a class of antibiotics, aminoglycosides have a backbone
structure consisting of an aminocyclitol ring saturated with
amine and hydroxyl substitutions. In the majority of
clinically useful aminoglycosides, this aminocyclitol moi-
ety is streptamine or 2-deoxystreptamine (Fig. 1). Strep-
tomycin, possessing a streptidine molecule, is the only
exception. The aminocyclitol nucleus is connected through
glycosidic linkages to various amino sugars (aminoglyco-
sides) (Spelman et al. 1989). The aminoglycosides can be
conveniently divided into three structural types based on
the position of their glycosidic linkages. These structural

types include the 4,6-disubstituted 2-deoxystreptamines
containing most of the clinically useful aminoglycosides
such as gentamicin, tobramycin, amikacin, and netilmicin,
the 4,5-disubstituted 2-deoxystreptamines (neomycin and
paromomycin), and others (streptomycin and spectinomy-
cin) (Fig. 2). Spectinomycin, although often considered an
aminoglycoside, does not contain an amino sugar. Thus,
several investigators have suggested that the term amino-
cyclitol be used to describe this entire group of agents
rather than the less precise term aminoglycoside (Ristuccia
and Cunha 1982). The aminoglycoside structure is
important in understanding their chemical properties.
These are basic, strongly polar compounds that are
positively charged (cationic). They are highly soluble in
water, relatively insoluble in lipids, and have enhanced
antimicrobial activity in alkaline rather than acidic
environments. As a result, aminoglycosides are minimally
absorbed from the gut and penetrate the blood brain barrier
poorly. The cationic nature of the aminoglycosides con-
tributes to their antimicrobial activity. Because of their
positive charge, they are able to bind negatively charged
lipopolysaccharide of the bacterial cell wall and a variety of
intracellular and cell membrane anionic molecules such as
DNA, RNA, and phospholipids. Unfortunately, their pos-
itive charge at physiological pH also contributes to their
toxicities, e.g., nephrotoxicity, ototoxicity, and neuromus-
cular blockade. Aminoglycosides are metabolically stable
compounds that are excreted unchanged in the urine.

Mechanism of action

The antimicrobial action of aminoglycosides is facilitated
by their chemical structure. These antibiotics can be
considered as polycationic species. Because they are
polycationic, they show binding affinity for negatively
charged residues in the outer membrane of Gram-negative
bacilli and in nucleic acids. Their bactericidal activity is
due to inhibition of bacterial protein synthesis through
binding to prokaryotic 16S rRNA and disruption of the
integrity of the bacterial cell membrane. The uptake
process is self-promoted involving the drug-induced dis-
ruption of Mg2+ bridges between adjacent lipopolysaccha-
ride molecules. They show their bactericidal activity
through a multistep process.

Binding

First, aminoglycosides bind electrostatically to negatively
charged residues in the outer membrane of Gram-negative
bacteria in a passive, nonenergy dependent process
(Hancock et al. 1991). Then they diffuse through outer
membrane porin channels and enter the periplasmic space.
Their subsequent transport across the cytoplasmic mem-
brane requires metabolic energy from the electron transport
system in an oxygen-dependent process. This phase of
transport has been termed energy dependent phase I (EDP-
I) and is the rate limiting step. The oxidative energy
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production required for transport explains why aminogly-
cosides are much less active in an anaerobic environment.
EDP-I can also be inhibited by divalent cations, reduced

pH, and hyperosmolarity. In the cytosol, aminoglycosides
bind to the 30S subunit of ribosomes through an energy
dependent process (EDP-II) (Bryan and Kwan 1983).
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Misreading

The binding does not prevent the formation of the initiation
complex of peptide synthesis, it perturbs the elongation of
the nascent chain by impairing the proofreading process
controlling translational accuracy. The aberrant proteins
may be inserted into the cell membrane, leading to altered
permeability and further stimulation of aminoglycoside
transport (Melancon et al. 1992).

3-D complex

It is well-known that aminoglycosides bind to the bacterial
ribosome and inhibit protein synthesis. The precise
mechanisms of their antimicrobial activity are still a
subject of study. The ribosome is a complex structure
comprising three RNA molecules and more than 50
proteins. The complex catalyzes protein synthesis with
the assistance of several guanosine 5c-triphosphate hydro-
lyzing protein factors. Aminoglycoside antibiotics bind to
the 30S ribosomal subunit, which plays a crucial role in
providing high-fidelity translation of genetic material.
Recently, atomic structures for both the large and the
small ribosomal subunits and high-resolution crystal
structures of the 30S subunit with streptomycin, spectino-
mycin, paromomycin, and hygromycin B have been solved
(Ban et al. 2000). Together with several available nuclear
magnetic resonance (NMR) structures for the ribosomal
constituents (Fourmy et al. 1998), these structures provide
valuable information not only on processes during trans-
lation but also on molecular mechanisms of interaction of
aminoglycosides with the bacterial ribosome. The 16S
rRNA from E. coli is well-studied among the rRNA
subunits, particularly the interactions of various aminogly-
coside antibiotics with the 16S rRNA (Moazed and Noller
1987) and their effects on the process of translation of
mRNA into polypeptides have been scrutinized (Noller
1991). Similar rRNA structures exist in other organisms,
such as yeast and Tetrahymena. Treatment of rRNAwith an
aminoglycoside protects several nucleic acid bases in
rRNA from chemical modification, implying that these
molecules possess high affinities for certain sites in rRNA.
This mode of binding was likened by Noller (1991) to that
of enzyme inhibitors, which usually bind to the active sites
of enzymes and interfere with their activities. Different
classes of aminoglycoside antibiotics bind to different sites
on the rRNA, depending on the structural complementarity
between the two. For example, neomycin, paromomycin,
gentamicin, and kanamycin are believed to bind to the A-
site on the 16S rRNA in E. coli in a similar fashion and
were shown to protect bases A1408 and G1494 in chemical
footprinting experiments (Noller 1991). Four bases,
A1408, A1492, A1493, and G1494, in the rRNA A-site
interact with tRNA, although with different affinities. The
binding of the aforementioned aminoglycosides to the A-
site in the decoding region (i.e., the site of codon and
anticodon recognition) interferes with the accurate recog-
nition of cognate tRNA by rRNA during translation (Noller

1991). These interactions are also thought to interfere with
the translocation of tRNA from the A-site to the peptidyl–
tRNA site (P-site). Puglisi et al. (1998) recently provided
structural evidence on the mode of interactions of
paromomycin, a representative aminoglycoside of the
neomycin class, with a 27-nucleotide RNA template that
was designed to mimic the A-site region of the 16S rRNA
in E. coli. The design of the RNA template was based on
previous knowledge that paromomycin interacts with the
C1407 · G1494 base pair, A1408, A1493, and U1495 and
that these bases are absolutely necessary for high-affinity
binding (Recht et al. 1996). Another structural study was
performed on binding of tobramycin to an RNA aptamer
(Cate et al. 1999). The RNA aptamer that was used in this
study was a 26-nucleotide stem-loop RNA. There are four
mismatched pairs, U7 · G20, G8 · U19, G9 · A18, and U11 ·
U16, in this RNA aptamer that are part of the zippered
hairpin loop. Tobramycin binds in this groove partially
encapsulated by the surface of the deep groove and the
guanine base of the residue G15. In this complex, ring I of
tobramycin sits on the floor of the deep groove. One of the
amino groups on ring II of tobramycin interacts with the
phosphate backbone in the deep groove, and the other
amino group is exposed to the solvent. Ring III is
positioned in the center of the deep groove, with hydroxyl
groups directed toward the floor of the groove. The
conformation of the RNA aptamer described above was
suggested to be similar to those of the hairpin loops in
tRNA and rRNA (Jiang and Patel 1998). The A-site makes
weak contacts with the mRNA and tRNA, implying that
this region plays a role in recognition of appropriate tRNA
via subtle changes in the free energy. The binding of
aminoglycoside near this site may affect the delicate
process of interactions between codon and anticodon (Xi
and Arya 2005). It was also proposed that the presence of
an aminoglycoside stabilizes the complex of mRNA and
tRNA at the A-site, which in turn affects the process of
translation (Cate et al. 1999). It is difficult to surmise all the
effects of aminoglycosides on the rRNA structure, and
further structural studies with the aminoglycosides bound
to the complexes, such as the 70S rRNA, will be helpful in
elucidating and understanding the subtle changes that lead
to the antibiotic actions of aminoglycosides. A number of
investigators have used synthetic probes to understand the
interactions between RNA templates and aminoglycosides.
It has been suggested that aminoglycosides bind to more
than one target site in the ribozyme (Michael et al. 1999).
Recently, several aminoglycoside antibiotics such as
neomycin B, tobramycin, and kanamycin A have been
dimerized either symmetrically or asymmetrically by using
a “tether,” and their binding affinities were compared to
those of the monomeric parent aminoglycosides (Michael
et al. 1999). It was suggested that, if there were multiple
binding sites on the RNA, the dimerized aminoglycosides
should bind with a higher affinity than the parent antibiotic,
provided that multiple binding sites are accessible. It was
indeed observed that the dimerized aminoglycosides bind
to the Tetrahymena ribozyme 20 to 1,200-fold better than
the parent aminoglycosides. One explanation for the higher
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binding affinity could be the increased number of
positively charged amino groups on the dimerized amino-
glycoside, but this effect seems to be synergistic with the
entropic advantage gained by dimerization (Welch et al.
2005). It also indicated that the presence of multiple high-
affinity binding sites for aminoglycoside antibiotics in an
RNA molecule bulge in the RNA sequence is necessary to
allow binding of aminoglycosides (Cho et al. 1998). By
using a specific stem-loop derivative of the RNA aptamer,
a series of chemical interference, chemical modification,
and mutation studies was performed to understand the
structural requirements for binding of tobramycin to the
RNA aptamer. This aminoglycoside appeared to interact
mainly with the nucleic acid bases in the RNA aptamer but
not with the phosphate backbone. The presence of a bulge,
however, was proposed to be important for the high-
affinity binding of tobramycin in a stoichiometric ratio, and
it was concluded that a bulge creates a cavity for in-
teractions of the aminoglycoside and the nucleic acid base
(Pilch et al. 2005). This analogy can be applied to other
RNA sites, such as the hammerhead region and the A-site,
where a cavity is present due to the noncanonical base-
pairing, loops, or bulges that create a suitable site for the
aminoglycosides to interact with the anionic phosphate
groups and the nucleic acid bases.

Therapeutic uses

Aminoglycosides display bactericidal, concentration-de-
pendent killing action and are active against a wide range
of aerobic Gram-negative bacilli. They are also active
against staphylococci and certain mycobacteria. Amino-
glycosides are effective even when the bacterial inoculum
is large, and resistance rarely develops during the course of
treatment. These potent antimicrobials are used as prophy-
lactic agents and in the treatment of a variety of clinical
situations (Table 1) (Rybak and Whitworth 2005). Gen-
tamicin is the aminoglycoside used most often because of
its low cost and reliable activity against Gram-negative
aerobes (Rougier et al. 2004). However, local resistance
patterns should influence the choice of therapy. In general,
gentamicin, tobramycin, and amikacin are used in similar
circumstances, often interchangeably. Tobramycin may be
the aminoglycoside of choice for use against Pseudomonas
aeruginosa because it has shown greater in vitro activity.
Nevertheless, the clinical significance of this activity has

been questioned. Amikacin is particularly effective when
used against bacteria that are resistant to other aminoglyco-
sides because its chemical structure makes it less suscep-
tible to inactivating enzymes. Depending on local patterns
of resistance, amikacin may be the preferred agent for
serious nosocomial infections caused by Gram-negative
bacilli. In clinical practice, they possess many desirable
properties, the most important of which may be rapid
bactericidal activity against a wide range of pathogens
(Peloquin et al. 2004). The advantages and disadvantages
of aminoglycosides are listed in Table 2. The major
limitations of these agents include a relatively low ther-
apeutic index with both nephrotoxicity and ototoxicity.
They are not absorbed orally due to their cationic nature
and thus must be given parenterally by either an intrave-
nous or intramuscular route. Streptomycin is the drug of
choice against Francisella tularensis (tularemia), Yersinia
pestis (plague), and as an alternative choice for the
treatment of brucellosis. It is also the most active amino-
glycoside against Mycobacterium tuberculosis including
many multidrug resistant strains (Magnet and Blanchard
2005).

Aminoglycoside resistance

Most resistance to aminoglycosides is caused by inactiva-
tion by intracellular bacterial enzymes. Because of struc-
tural differences, amikacin is not inactivated by the
common enzymes that inactivate gentamicin and tobramy-
cin. Therefore, a large proportion of the Gram-negative
aerobes that are resistant to gentamicin and tobramycin are
sensitive to amikacin. In addition, with increased use of
amikacin, a lower incidence of resistance has been ob-
served compared with increased use of gentamicin and
tobramycin (Watanabe et al. 2004). P. aeruginosa may
show adaptive resistance to aminoglycosides. This occurs
when formerly susceptible populations become less sus-
ceptible to the antibiotic as a result of decreased intracel-
lular concentrations of the antibiotic. This decrease may
result in colonization, slow clinical response, or failure of
the antibiotic despite sensitivity on in vitro testing (Yao et
al. 2004). Aminoglycosides are often combined with a
beta-lactam drug in the treatment of Staphylococcus aureus
infection. This combination enhances bactericidal activity,
whereas aminoglycoside monotherapy may allow resistant

Table 1 Clinical uses of aminoglycosides

Aminoglycoside Application

Streptomycin Tularemia, tuberculosis and plague
Gentamicin, amikacin,
netilmicin

Meningitis, pneumonia, sepsis

Paromomycin Amoebic dysentery
Spectinomycin Gonorrhoea
Neomycin Burns, wounds, ulcers, dermatitis

Table 2 Advantages and disadvantages of the aminoglycosides

Advantages Disadvantages

Rapid bactericidal action Inactivity against anaerobes
Relatively low cost Narrow therapeutic index
Chemical stability Toxicities: nephrotoxicity, ototoxicity
Broad spectrum activity Lack of oral absorption
No allergic reaction
Synergistic action with other
antibiotic
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staphylococci to persist during therapy and cause a clinical
relapse once the antibiotic is discontinued (Davies and
Wright 1997b). Infective endocarditis that is due to
enterococci with high levels of resistance to aminoglyco-
sides is becoming increasingly common. All enterococci
have low-level resistance to aminoglycosides because of
their anaerobic metabolism. In the treatment of bacterial
endocarditis, a beta-lactam drug is also used synergistically
to facilitate aminoglycoside penetration into the cell. When
high-level resistance occurs, it is typically due to the pro-
duction of inactivating enzymes by the bacteria. Because of
the increasing frequency of this resistance, all enterococci
should be tested for antibiotic susceptibility (Dworkin
1999). As with all antibiotics, resistance to aminoglycosides
is becoming increasingly prevalent. Repeated use of
aminoglycosides, especially when only one type is
employed, leads to an increased incidence of resistance
(Fluit and Schmitz 1999). Nevertheless, resistance to
aminoglycosides requires long periods of exposure or very
large inoculums of organisms and occurs less frequently
than with other agents, such as third-generation cephalo-
sporins, which are also effective against Gram-negative
organisms (Neu 1992). The aminoglycoside resistance
genes are derived from bacterial genes, which encode
enzymes involved in normal cellular metabolism (Pezzella
et al. 2004). The selective pressure of aminoglycoside usage
causes mutations, which alter the expression of these
enzymes, resulting in the ability tomodify aminoglycosides.
Bacteria can acquire foreign DNA by the mechanisms of
transduction, transformation, and conjugation. This is
facilitated by two types of genetic elements, self-transfer-
able conjugative plasmids, and transposons (Ahmed and
Shimamoto 2004).

Mechanism of resistance

The mechanisms of bacterial resistance to aminoglycosides
have been the subject of numerous genetic and biochemical
studies (Vakulenko and Mobashery 2003; Wright 2005).
There are three general mechanisms of aminoglycoside
resistance: (1) reduction of the intracellular concentration
of the antibiotic within bacterial cells, usually via efflux of
the agent out of the bacterial cell by either dedicated or
general efflux pumps; (2) alteration of the molecular target
of the antibiotic, usually as result of a spontaneous
mutation in the gene encoding the target or substitution
of the target’s function by an exogenous gene; and (3)
enzymatic inactivation of the aminoglycoside (Walsh 2000;
Azucena and Mobashery 2001; Walmsley 2001). It must be
acknowledged that even for these broad classifications
there are some resistance mechanisms that do not really fall
neatly into any of those three categories. In addition, more
than one resistance mechanism is at play (often in the same
strain at the same time) in the case of some classes of drug.
Given the wide diversity of resistance mechanisms and the
genes encoding them, it would seem a fruitless enterprise to
develop agents to circumvent their activity.

Active efflux pump

Aminoglycoside concentration was decreased inside a
target cell by reduction of drug uptake, activation of drug
efflux pump, or both (Hatch and Schiller 1998). This will
affect the susceptibility of the strain to the whole class of
aminoglycoside compounds and can be the cause of
intrinsic or acquired resistance. Bacterial efflux pump is
an energy-dependent (ATP) pump and is now recognized as
a major cause of antibiotic resistance. This is particularly
true for the multidrug-resistant opportunist pathogens
responsible for nosocomial infections. Bacterial species
constitutively expressing such transporters are intrinsically
resistant to low levels of various antibiotics. However,
mutations in the regulatory genes of the pumps or induction
of expression in the presence of substrate, can lead to the
overexpression of the originally constitutive or pump genes
(Aires et al. 1999; Masuda et al. 2000). In the last several
years, aminoglycosides were shown to be substrates for a
number of multidrug efflux pumps, including members of
the five superfamilies of bacterial transporters. The resis-
tance nodulation cell division (RND) transporter super-
family plays an important role in Gram-negative bacteria.
The transporters of the RND superfamily use the mem-
brane proton-motive force as energy source. They are
localized in the cytoplasmic membrane and in Gram-
negative bacteria. They interact with a membrane fusion
protein, located in the periplasmic space, and an outer
membrane protein to form a continuous tripartite channel
able to export substrates directly out of the cell (Westbrock-
Wadman et al. 1999; Livermore 2002). Several RND
proteins were shown to be involved in intrinsic and/or
acquired, proton motive force-dependent, aminoglycoside
resistance in various Gram-negative pathogens, including
P. aeruginosa, Burkholderia pseudomallei, Acinetobacter
baumannii, and E. coli (Poole 2005). Active efflux has
been evidenced for neomycin, kanamycin, and hygromycin
A in E. coli.

Target modification

16S rRNA methylation

Many aminoglycoside producing organisms express rRNA
methylases, which are capable of modifying the 16S rRNA
molecule at specific positions critical for the tight binding
of the drug (Maravic 2004). A number of genes encoding
such enzymes have been identified from several amino-
glycoside producers. The corresponding rRNA methyl-
transferases form the aminoglycoside resistance family of
methyltransferases. Kanamycin A and B are obtained from
Streptomyces tenjimariensis and Streptomyces tenebrarius,
respectively. They catalyze the modification of A1408 at
the N1 position and confer high-level resistance to kana-
mycin, tobramycin, sisomicin, and apramycin, but not
gentamicin. Gentamicin A is obtained from the gentamicin
producer Micromonospora purpurea and kasugamycin is
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obtained from S. tenebrarius. They catalyze the modifica-
tion of G1405 at the N7 position and conferring high-level
resistance only to the 4,6-disubstituted deoxystreptamines
including gentamicin (Doi et al. 2004).Methylation of these
nucleotides presumably abolishes the intermolecular con-
tacts that they make with the drug. There are also reports
available on genes encoding a 16S rRNAmethyltransferase
in 2003 and 2004, which described the characterization of
methyltransferase genes in clinical isolates of human Gram-
negative pathogens. The rmtA and rmtB genes were found
in clinical isolates of P. aeruginosa and Serratia marces-
cens, respectively. These strains were found in Japan, where
arbekacin has been used extensively since 1990. The two
genes share 82% sequence identity and the encoded Rmt
enzymes confer high-level resistance [minimal inhibitory
concentrations (MICs) >1024μg/ml] to almost all clinically
useful aminoglycosides including arbekacin (Galimand et
al. 2003). The considerable primary sequence similarity
was observed between the Rmt proteins and the 16S rRNA
methylases of Actinomycetes. They show the high G + C
content of the gene (55%). This suggests a possible gene
transfer from the producing organisms to Gram-negative
pathogens. Another 16S rRNA methylase was character-
ized from Klebsiella pneumoniae. The structural gene,
armA, was located on plasmid containing several other
resistant genes including those conferring resistance to
beta-lactams, trimethoprim, sulfonamides, and other ami-
noglycoside resistance determinants (Galimand et al. 2005).

Ribosomal mutations

Aminoglycoside resistance can also occur by mutation of
the ribosomal target. It is clinically relevant only for
streptomycin in M. tuberculosis. Mycobacterium is the
only genus of eubacteria with species that contain a single
copy of the ribosomal operon. This implies that a single
mutation can lead to the production of a homogeneous
population of mutant ribosomes and, thus, can result in
resistance (Meier et al. 1994). The mutations in the rrs
gene, encoding the 16S rRNA and associated with
streptomycin resistance in M. tuberculosis, affect two
highly conserved regions. These are the 530 loop and the
nucleotide 912, resulting in a decrease in affinity for
streptomycin. Mutations in genes encoding ribosomal
proteins can also alter the activity of aminoglycosides.
Notably, mutations in protein S12 are the other major cause
of streptomycin resistance in M. tuberculosis (Yamane et
al. 2005).

Enzymatic modification

Enzymatic modification is one of the most important
mechanisms of aminoglycoside resistance (Hayashi et al.
1997; Hotta et al. 1996; Shaw et al. 1993), resulting in a
loss of antibacterial activity due to a diminished affinity for
the ribosomal A-site target (Llano-Sotelo et al. 2002).
There are three classes of these enzymes: aminoglycoside

acetyltransferases, aminoglycoside nucleotidyltransferases,
and aminoglycoside phosphotransferases (Fig. 3).

Aminoglycoside acetyltransferases

AACs catalyze the regioselective acetylation of one of the
four amino groups of aminoglycoside antibiotic. Acetyla-
tion reduces the affinity of these compounds for the
acceptor tRNA site on the 30S ribosome by four orders of
magnitude. The acetylation of aminoglycosides occurs
after the random binding of both acetyl-CoA and amino
group of aminoglycosides to the enzyme and was proposed
to proceed via a direct nucleophilic attack by the amine on
the thioester (Levings et al. 2005). The AACs are classified
based on their regiospecificity of acetyl transfer on the
aminoglycoside structure. For example, the AAC(6') N-
acetylate aminoglycoside on the amine group that is
frequently found on position 6' of the aminohexose linked
to position 4 of the central 2-deoxystreptamine ring, while
AAC(3) N-acetylate linked to position 3 of the 2-
deoxystreptamine ring (Wright and Serpersu 2004). The
first to be identified was the 178 amino acid AAC(2')-Ia
from Providencia stuartii. The AAC(3) family of amino-
glycoside acetyltransferases is one of the largest. It includes
four major types, I–IV, based on the pattern of aminogly-
coside resistance that they confer (Sunada et al. 1999;
Draker and Wright 2004). The first aminoglycoside-
modifying enzyme to be purified to homogeneity was the
E. coli R-plasmid-encoded gentamicin acetyltransferase.
This allowed for the first studies of the substrate specificity
of these enzymes. The bifunctional AAC(6')-Ie APH(2'')-Ia
enzyme (Hegde et al. 2001) confers broad spectrum and
high-level aminoglycoside resistance in enterococci and
staphylococci. It differs from the two AAC(6') described
above in its genetic localization and catalytic mechanism.
The structural gene of the enzyme is generally found on
transposable elements and frequently carried on R plasmids
(Vetting et al. 2004). These mobile supports account for the
intergenus transfer of the resistant determinant, originally
isolated from Enterococcus faecalis. The enzyme is
monomeric in solution and the acetyltransferase activity
exhibits exceptionally broad substrate specificity for
aminoglycosides including fortimcin A and aminoglyco-
sides possessing a hydroxyl group at the 6'-position. Three-
dimensional structures for four members of the class have
been reported (Hon et al. 1997; Burk et al. 2004). These
show structural homology to the GCN5 superfamily of
acyltransferases (Vetting et al. 2005). There are no common
active site catalytic residues among all AACs. Analysis of
the active site region where aminoglycosides bind, though,
reveals a highly negatively charged surface that serves as a
docking platform for these basic antibiotics.

Aminoglycoside nucleotidyltransferases

The ANTs represent the smallest class of aminoglycoside-
inactivating enzymes. The clinically important aminogly-
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cosides, such as gentamicin and tobramycin, are both
modified by ANT(''). The gene encoding this enzyme is
widely distributed among pathogenic bacteria and its local
prevalence is clearly selected by aminoglycoside usage in
different clinical environments. There are 10 ANTs iden-
tified to date. These are of both chromosomally encoded
and plasmid-encoded enzymes (Boehr et al. 2004). The ant
(2'') and ant(3'') genes encoding adenylyltransferases are
often identified on mobile genetic elements in resistant
Gram-negative organisms. The ant(4'), ant(6), and ant(9)
genes are also found on plasmids or integrated into
transposons in Gram-positive organisms. These enzymes
catalyze the reaction between Mg–ATP and aminoglyco-
side to form the O-adenylylated aminoglycoside and the
magnesium chelate of inorganic pyrophosphate. Enzymes
that regioselectively adenylylate the 6 and 3'' positions of
the streptomycin and the 9 and 3'' positions of the
spectinomycin have been identified. The reactions cata-
lyzed by the ANT(2'') and ANT(4') are most significant and
have been the most thoroughly mechanistically and
structurally studied (Gates and Northrop 1988). The two
investigators found the kinetic mechanism to be sequential
and an ordered mechanism of substrate binding, with
nucleotide (ATP) binding before aminoglycoside. The
structure of aminoglycoside substrates bound to the
enzyme has been characterized by NMRmethods, although

a 3-D structure of the entire enzyme remains elusive. The
3-D structure of only one ANT has been reported, that of
ANT(4') from S. aureus (Pedersen et al. 1995). The enzyme
functions as a dimer, with the active site at the interface and
with both monomers contributing residues to stabilize the
substrates. The positioning of the substrates supports
independent mechanistic evidence for direct attack of the
nucleophilic hydroxyl on the α-phosphate of ATP.

Aminoglycoside phosphotransferases

Aminoglycoside kinases are known as aminoglycoside
phosphotransferases. These are widely distributed among
bacterial pathogens. Phosphorylation of the antibiotics
results in a dramatic effect on their ability to bind to their
target on the A-site of the ribosome. The genes encoding
these enzymes are frequently found on multidrug resistance
R plasmids, transposons, and integrons. APHs are clas-
sified based on their regiospecificity of phosphoryl trans-
fer, their substrate specificity, and the specific gene
sequence in question. APHs catalyze the regiospecific
transfer of the γ-phosphoryl group of ATP to one of the
hydroxyl substituents present on the aminoglycoside. They
include a large number of aminoglycoside-modifying
enzymes and are most relevant to clinical resistance to
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aminoglycosides in Gram-positive organisms (McKay et
al. 1996). The APH (3') family is especially ubiquitous and
has been widely used as resistance marker in molecular
biology research (example, the neo cassette). The best-
studied APH is APH (3')-IIIa, which has both 3' and 5''-
regiospecific phosphoryl transfer capacities. The enzyme is
primarily found in Gram-positive cocci such as staphylo-
cocci and enterococci, and confers resistance to a broad
range of aminoglycosides but not to gentamicin or
tobramycin (McKay et al. 1996). Both antibiotics lack
the critical 3'-hydroxyl groups that accept the phosphate
group donated by ATP. The kinetic analysis demonstrated
that the enzyme requires formation of a ternary complex
with ATP and the aminoglycoside substrate and like all
other kinases, divalent cations are essential for enzyme
activity. The steady-state kinetic mechanism was shown to
be sequential on the basis of the intersecting pattern of the
lines observed in the reciprocal plot (McKay and Wright
1995; Roestamadji et al. 1995). The 3-D structure of the
enzyme revealed a remarkable similarity with Ser, Thr, and
Tyr protein kinases, which was not evident from the
primary amino acid sequence (Nurizzo et al. 2004). Other
aminoglycoside kinases include the spectinomycin-mod-
ifying enzyme APH(9) and APH(3'') (StrA) and APH(6)
(StrB), both of which modify streptomycin. The bifunc-
tional enzyme, AAC(6')–APH(2') is widely distributed
among pathogenic bacteria and confers high level resis-
tance to virtually all aminoglycosides except streptomycin
and spectinomycin. The AAC(6') domain of this bifunc-
tional enzyme has overlapping aminoglycoside modifica-
tion capacity with APH(2'') domain, and aminoglycosides
can be doubly modified (Boehr et al. 2005). As a result, this
enzyme has shown very high MICs.

Implications for drug development

The rise of antibiotic resistance is a public health concern
that has led to increased interest in studying the ways in
which bacteria avoid the effects of antibiotics. Enzymatic
inactivation by several families of enzymes has been
observed to be the predominant mechanism of resistance to
aminoglycoside antibiotics. Recently, a few reports have
become available on the 3-D atomic structure of the
aminoglycoside-modifying enzymes, such as kanamycin
phosphotransferase and kanamycin nucleotidyltransferase.
Relatively little information is known about their exact
biochemical mechanism from their 3-D structures. The
biochemical mechanisms of resistance and the substrate
specificity and catalytic efficiency of these enzymes need
to be investigated. The challenge is to determine the 3-D
structures of three classes of modifying enzymes by X-ray
crystallography and to understand the molecular basis for
aminoglycoside resistance modification from their 3-D
structures. This information could lead to the development
of effective and potent inhibitors that will reverse antibiotic
resistance. To date, not a single compound has been tested
clinically that has reversed aminoglycoside resistance.

Time has come to rethink about counterresistance. There
are less arguments against the need for new aminoglyco-
sides and strategies to design novel aminoglycoside-
modifying enzyme inhibitors to avoid the emergence and
dissemination of resistant bacteria. Recently, we mentioned
a few strategies that can circumvent antibiotic resistance
(Jana and Deb 2005). Current research holds out the
promise that effective inhibitors of aminoglycoside-
modifying enzymes may eventually restore the usefulness
of aminoglycoside antibiotics. With the synthesis of
inactivating enzyme-resistant analogs and the introduction
of newer, less toxic antimicrobial agents, aminoglycosides
continue to serve a useful role in the treatment of serious
enterococcal and Gram-negative bacterial infections.
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