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INTRODUCTION

The first of the aminoglycoside antibiotics, streptomycin,
was reported in 1944 (255), a seminal contribution that paved
the way to discovery of a series of other aminoglycosides and
other antibiotics from natural sources in the next two decades.
Streptomycin proved to be effective for the first time in the
treatment of tuberculosis, a property that has endured to the
present. Subsequent discoveries of novel aminoglycoside anti-
biotics provided a host of therapeutic agents that showed
broad spectra of antibiotic activity. The activity was often im-
proved by medicinal chemists who were able to exploit the
structures of the parental molecules in developing semisyn-
thetic variants that resisted the activities of the aminoglycoside
resistance enzymes or expanded the breadth of activity. These
and related developments have been the subjects of a number
of recent reviews on aminoglycoside antibiotics (10, 111, 112,
151, 317). In this report, we address recent discoveries on the
mechanisms of activity of aminoglycosides, the mechanisms of
resistance, and the epidemiology of the resistance of bacteria
to these anti-infective agents.

ANTIMICROBIAL ACTIVITY AND CLINICAL
INDICATIONS

Aminoglycoside antibiotics exhibit in vitro activity against a
wide variety of clinically important gram-negative bacilli such
as Escherichia coli, Salmonella spp., Shigella spp., Enterobacter
spp., Citrobacter spp., Acinetobacter spp., Proteus spp., Kleb-
siella spp., Serratia spp., Morganella spp., and Pseudomonas
spp. as well as Staphylococcus aureus and some streptococci.
However, they lack predictable in vitro activity against Bacte-

roides spp. and other anaerobic microorganisms, Streptococcus
pneumoniae, Neisseria gonorrhoeae, Burkholderia cepacia, and
Stenotrophomonas maltophilia, and their activity against en-
terococci is adequate only when they are used synergistically
with a cell wall-active antibiotic, such as �-lactams and vanco-
mycin (101, 211).

As with other classes of antibiotics, significant differences
in the spectrum of antimicrobial activity exist among the var-
ious aminoglycosides. Numerous aminoglycoside-modifying
enzymes that inactivate various antibiotics of this class contrib-
ute significantly to differences in their in vitro activities. Gen-
erally, newer aminoglycosides such as gentamicin, tobramycin,
amikacin, netilmicin, isepamicin, dibekacin, and arbekacin
have broader spectra of activity than the older compounds like
streptomycin and kanamycin. Among the newer aminoglyco-
sides, gentamicin is more active than tobramycin against Ser-
ratia spp., while tobramycin has superior activity against
Pseudomonas aeruginosa. In a recent study, isepamicin exhib-
ited two- to fourfold-higher in vitro activity than amikacin
against members of the family Enterobacteriaceae, and both
antibiotics produced similar activities against Pseudomonas
aeruginosa (18). Arbekacin, an aminoglycoside that is widely
used in Japan, demonstrates the widest spectrum of antibac-
terial activity. Most impressive is its remarkable activity against
methicillin-resistant Staphylococcus aureus (7), including iso-
lates that exhibit resistance to other aminoglycosides (57, 113,
118).

Despite their potential nephrotoxicity and ototoxicity and
problems associated with aminoglycoside-resistant organisms
(see below), aminoglycoside antibiotics remain valuable and
sometimes indispensable for the treatment of various infec-
tions and prophylaxis in special situations. Aminoglycosides
exhibit several characteristics that make them useful as anti-
microbial agents. Among them are concentration-dependent
bactericidal activity, postantibiotic effect, relatively predictable
pharmacokinetics, and synergism with other antibiotics. In
contrast to �-lactams, the bactericidal activity of aminoglyco-
sides depends more on their concentration than on the dura-
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tion of bacterial exposure to inhibitory concentrations of anti-
biotic and is also significantly less dependent on the bacterial
inoculum size (17, 61, 77, 79, 193, 198, 309). The killing po-
tential of aminoglycosides is concentration dependent and in-
creases with increasing concentrations of the antibiotic (124,
326). Significantly, aminoglycosides exhibit the postantibiotic
effect (62, 63, 183). They continue to kill bacteria even after the
aminoglycoside has been removed following a short incubation
with the microorganism (35, 85, 144, 326). Concentration-
dependent bactericidal activity and postantibiotic effect in
combination with the attenuated risk of nephrotoxicity and
ototoxicity are the major reasons for once-daily dosing with
aminoglycosides in patients with normal renal function (95,
101, 102, 233).

Another important characteristic of aminoglycosides is their
ability to produce synergistic bactericidal activity in combina-
tion with antimicrobial agents inhibiting cell wall biosynthesis,
including �-lactams and vancomycin. Synergism presumably
arises as the result of enhanced intracellular uptake of amino-
glycosides caused by the increased permeability of bacteria
after incubation with cell wall synthesis inhibitors (82, 194).
The synergistic effect between aminoglycosides and �-lactam
antibiotics is well established for enterococci (39, 134, 150).
The issue of synergism against other microorganisms is less
clear. Despite the fact that such a synergistic effect was also
demonstrated for some strains of Enterobacteriaceae (80, 148,
219), Pseudomonas aeruginosa (29, 56, 147, 209), staphylococci
(33, 34, 252, 310), including methicillin-resistant Staphylococ-
cus aureus (MRSA) (125), and other microorganisms (80),
many of these microorganisms were not inhibited by a combi-
nation of aminoglycoside and cell wall-active compounds (131,
153, 245). In a disconcerting development, antagonism be-
tween aminoglycosides and �-lactams was recently described
(135). This antagonism resulted from induction of the amino-
glycoside-modifying enzyme AAC(6�)-APH(2�) by �-lactam
antibiotics and is particularly troublesome because it was de-
tected in MRSA.

Aminoglycoside antibiotics are useful for empirical treat-
ment of febrile neutropenic patients and patients with serious
infections caused by aerobic gram-negative microorganisms,
including Enterobacteriaceae and Pseudomonas aeruginosa
(101, 211). Because of the potential risk of failure in patients
infected with resistant microorganisms, aminoglycosides are
often administered in combination with other antibacterial
agents (132, 133). Combination with antipseudomonal penicil-
lins or cephalosporins is recommended for treatment of sys-
temic pseudomonal infections. Such combinations are benefi-
cial because of the probability of not only achieving the
synergistic effect but also preventing rapid development of
resistance to �-lactam antibiotics. For urinary tract infections,
monotherapy with an aminoglycoside is possible because in-
travenously administered antibiotic is excreted exclusively by
the kidneys.

Aminoglycosides are often used in combination with �-lac-
tams and glycopeptides for the treatment of patients with bac-
terial endocarditis caused by enterococci and less often for
streptococcal endocarditis (104, 264). Such combinations are
synergistic despite the fact that enterococci are intrinsically
resistant to aminoglycosides and �-lactams. Of great concern is
the discovery of new aminoglycoside-modifying enzymes in

enterococci that are able to inactivate most of the clinically
available aminoglycoside antibiotics, including gentamicin (51,
300). Because of the lack of cross-resistance, streptomycin or
arbekacin can be used instead of gentamicin against entero-
cocci that produce such gentamicin-modifying enzymes (51,
140, 322). When considering therapeutic options, it is impor-
tant to remember that microorganisms growing in an anaero-
bic environment such as an abscess have diminished suscepti-
bility to aminoglycosides.

Streptomycin, the first aminoglycoside, was also the first
antibiotic that was active against Mycobacterium tuberculosis
(255). It still shows excellent activity against Mycobacterium
tuberculosis and remains a first-line drug in combination che-
motherapy for drug-resistant tuberculosis (103, 206). Amino-
glycosides are also active against Yersinia pestis (94), Francisella
tularensis (11) and Brucella spp. (4, 200), the etiological agents
of plague, tularemia, and brucellosis, respectively. Streptomy-
cin alone or in combination with other antimicrobial agents is
a first-line antibiotic for therapy of these life-threatening in-
fections, whereas other aminoglycosides can be used as alter-
natives (83, 181, 226, 272, 273, 323).

Aminoglycosides are mainly administered parenterally. Un-
der certain circumstances, alternative drug delivery approaches
are used to increase the concentration of the antibiotic at the
site of infection or to reduce the risk of nephrotoxicity and
ototoxicity. One example is the use of aerosolized tobramycin
or gentamicin solutions for inhalation as a promising addition
to the traditional therapy and prophylaxis of respiratory tract
infections, including those occurring in cystic fibrosis patients
(59, 122, 201, 202, 238, 243). Another interesting approach is
the development and use of liposome-encapsulated aminogly-
cosides (256), used for both local applications (14, 227, 234,
235, 325) and intravenous administration (283, 285). The ac-
tivity of liposome-encapsulated aminoglycosides against intra-
cellular microorganisms is of special interest (8, 88, 97, 174,
176).

MECHANISM OF ACTION

Although 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 cat-
alyzes protein synthesis with the assistance of several GTP-
hydrolyzing protein factors. The bacterial ribosome consists of
two subunits with relative sedimentation rates of 50S and 30S
(28, 45, 314). The large subunit comprises two RNA molecules,
referred to as the 5S and 23S RNAs, and 33 proteins, while the
small subunit is made up of a single 16S RNA and 20 to 21
proteins. 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, spectinomycin, paromomycin,
and hygromycin B have been solved (12, 27, 45, 117, 257, 306,
315). Together with several available nuclear magnetic reso-
nance structures for the ribosomal constituents (89–91, 320,
321), these structures provide valuable information not only on
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processes during translation but also on molecular mechanisms
of interaction of aminoglycosides with bacterial ribosome. The
ribosome has three functionally important tRNA binding sites,
designated A (for aminoacyl), P (for peptidyl), and E (for exit)
(reviewed previously [107]). During protein synthesis, the ri-
bosome decodes information stored in the mRNA and cata-
lyzes sequential incorporation of amino acids into a growing
polypeptide chain. High fidelity of translation (the ribosome
misincorporates only one amino acid per approximately 3,000
peptide bonds synthesized [25]) is achieved by the ability to
discriminate between conformational changes in the ribosome
induced by binding of cognate (correct) and noncognate (in-
correct) tRNAs at the A site (168). Although the precise mech-
anism of discrimination is presently unknown, correct codon-
anticodon recognition by the ribosome is believed to be
achieved in a two-step process—an initial recognition of base
pairing between the codon on the mRNA and the anticodon of
the tRNA and subsequent proofreading (129, 212).

Although all aminoglycosides bind to the 30S ribosomal
subunit and interfere with protein synthesis, the details of
interactions for different classes of aminoglycosides are differ-
ent. Paromomycin and other aminoglycosides that contain the
2-deoxystreptamine ring increase the error rate of the ribo-
some by allowing incorporation of the noncognate (or near-
cognate) tRNAs. The structure of the 30S subunit indicates
that two universally conserved adenine residues (A1492 and
A1493) are directly involved in the decoding process during
normal translation (213). In the native structure of the ribo-
some, these adenine residues are stacked in the interior of
helix 44. Binding of the tRNA to the A site flips A1493 and
A1492 out from their stacked position; it also flips G530 out
from the syn to the anti conformation. The N1 of adenines
interacts with the 2�-OH groups of the tRNA residues that are
in the first and second positions of the codon-anticodon triplet.
Because the distance between the 2�-OH groups will depend
on the geometry of base pairing, such hydrogen bonding might
allow discrimination between cognate and near-cognate or
noncognate tRNAs (45).

The following mechanism was proposed to explain how the
2-deoxystreptamine-containing aminoglycosides decrease ac-
curacy of translation. Analysis of the structures indicates that
paromomycin and other aminoglycosides that contain the 2-de-
oxystreptamine ring bind in the major groove of helix H44 of
16S RNA. Binding of the antibiotic results in flipping out of the
same conserved A1492 and A1493 residues that are normally
displaced upon binding of the cognate tRNA. Conformational
changes induced in the 30S subunit by binding of cognate
tRNA are energetically favorable because they allow the ribo-
some to participate in a greater number of compensating in-
teractions between the codon and anticodon double helixes
(213). Because the flipping-out of the adenine residues that
takes place during normal translation might require energy
expenditure, paromomycin-induced flipping-out can reduce
energetic cost, allowing binding of near-cognate tRNAs and
subsequent mistranslation of mRNA. Recently, it had been
demonstrated that paromomycin inhibits not only protein syn-
thesis but also assembly of the 30S ribosomal subunit (185).

Streptomycin differs structurally from other aminoglycosides
because its aminocyclitol ring is streptidine instead of 2-deox-
ystreptamine. Despite this difference, streptomycin binds at the

functional center of the ribosome in close proximity to the
binding site of paromomycin. Tight binding of antibiotic is
facilitated by interaction with nucleotides 13, 526, 915, and
1490 of 16S rRNA and protein S12 (45, 105, 186, 191, 196).
Like 2-deoxystreptamine-containing aminoglycosides, strepto-
mycin induces misreading of the genetic code (142, 143, 250),
but the underlying mechanism seems to be different. It has
been shown that during translation, the 30S subunit switches
between two distinct conformations. These conformational
switches involve two alternating base pairing schemes between
the nucleotides of helix 27, facilitated by ribosomal proteins S5
and S12 (168). In one of the two conformations, nucleotides
C912, U911, and C910 are paired with residues G885, G886,
and G887 (the 912-885 conformation). The alternative confor-
mation results from base pairing between nucleotides 912 to
910 and G888, A889, and G890 (the 912-888 conformation).

It has been demonstrated that mutational stabilization of
one of the conformations over the other results in two distinct
fidelity phenotypes. Mutations that enhance stability of the
912-888 conformation increase fidelity of translation and were
designated restrictive or hyperaccurate, while mutations favor-
ing the alternative 912-885 conformation decreased fidelity
and were designated ram (ribosomal ambiguity) or error-
prone. It was proposed that the interaction of streptomycin
with the ribosome preferentially stabilizes the ram state (45).
Such stabilization would not only render the A site more pro-
miscuous by lowering its affinity for tRNAs and allowing bind-
ing of near-cognate tRNAs, but could also affect the proposed
proofreading by making transition to the restrictive site more
difficult. It was hypothesized that various ribosomal mutations
producing streptomycin resistance or streptomycin depen-
dence shift the delicate balance that exists between the two
conformational states (45).

Spectinomycin, a nonaminoglycoside aminocyclitol, binds in
the minor groove at the end of helix 34 in close proximity to
helix H28 and a loop formed by the protein S5, and interacts
with residues G1064, C1066, G1068, and C1192 (45). It inhibits
translocation of the peptidyl-tRNA from the A site to the P
site. It was proposed that translocation of tRNA from the A
site to the P site requires the movement of various elements of
the ribosome, including helix 34. The X-ray structure of the
30S subunit with spectinomycin provided evidence that bind-
ing of the antibiotic at the end of helix 34 interferes sterically
with movement of the ribosome and restricts conformational
changes of helix 34. The authors suggested that ribosomal
mutations producing spectinomycin resistance may destabilize
the network of interactions between the head and the body of
the 30S subunit, allowing the head to move even in the pres-
ence of the antibiotic (45). Thus, in contrast to other amino-
glycosides, spectinomycin does not cause misreading, and as a
consequence, it has only a bacteriostatic effect on microbial
cells.

UPTAKE OF AMINOGLYCOSIDES

Despite the impressive progress that has been achieved in
the last several years in elucidating the details of the interac-
tion of aminoglycoside antibiotics with the ribosome and their
consequent influence on the translational machinery, many
aspects of the interaction of aminoglycosides with the bacterial
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cell still remain unclear. It has been proposed that aminogly-
coside antibiotics penetrate aerobically growing bacteria in
three consecutive steps (71, 114, 284). The first step is energy-
independent binding of the positively charged aminoglycosides
to the negatively charged moieties of phospholipids, lipopoly-
saccharides, and outer membrane proteins in gram-negative
bacteria and to phospholipids and teichoic acids in gram-pos-
itive microorganisms (284). It is believed that binding of ami-
noglycosides results in displacement of Mg2� and Ca2� ions
that link adjacent lipopolysaccharide molecules, a process that
damages the outer membrane and enhances its permeability
(114, 178). The initial electrostatic surface binding is followed
by the energy-dependent phase I of uptake. Uptake of amino-
glycosides during energy-dependent phase I requires a thresh-
old transmembrane potential generated by a membrane-bound
respiratory chain. That is why microorganisms with deficient
electron transport systems, such as anaerobes, are intrinsically
resistant to aminoglycosides. For the same reason, enterococci
and other facultative anaerobes are resistant to low concentra-
tions of aminoglycosides.

It is thought that during energy-dependent phase I, only a
small quantity of antibiotic molecules cross the cytoplasmic
membrane (32, 69). The binding of incoming antibiotic to the
ribosome results in misreading of mRNA and production of
misfolded proteins. Some of these proteins are incorporated in
the cytoplasmic membrane, leading to the loss of membrane
integrity. This in turn triggers a cascade of events called ener-
gy-dependent phase II of uptake. During this phase, additional
quantities of aminoglycosides are transported across the dam-
aged cytoplasmic membrane. As a consequence, antibiotics
accumulate rapidly in the cytoplasm and virtually irreversibly
saturate all ribosomes, resulting in the death of the cell. The
higher the concentration of the aminoglycoside, the more
rapid is the onset of energy-dependent phase II and subse-
quent bacterial death.

MECHANISMS OF RESISTANCE

Several mechanisms have been proposed for bacterial resis-
tance to aminoglycoside antibiotics. They include decreased
antibiotic uptake and accumulation, modification of the ribo-
somal target, efflux of antibiotic, and enzymatic modification of
aminoglycosides.

As discussed above, the bacterial uptake of aminoglycoside
antibiotics requires respiration, which generates an electrical
potential across the cytoplasmic membrane. A low level of
transmembrane potential or even its absence is responsible for
the intrinsic resistance of anaerobic bacteria (31) and de-
creased susceptibility of facultative anaerobes such as entero-
cocci to aminoglycosides (192). Chromosomal mutations in
Staphylococcus aureus influencing transmembrane electrical
potential have also been shown to produce aminoglycoside
resistance (190). Such mutations lower growth rates and allow
bacteria to survive during aminoglycoside therapy (30). Re-
cently, various multidrug active efflux systems have been iden-
tified as mechanisms of natural resistance to aminoglycoside
antibiotics in gram-negative bacteria such as Burkholderia
pseudomallei (197), Pseudomonas aeruginosa (3, 312), Acineto-
bacter baumannii (175), and E. coli (248). Efflux pumps extrude

the incoming antibiotic and produce low-level broad-spectrum
resistance that often includes antibiotics of different classes.

Modifications of the target that produce aminoglycoside re-
sistance include mutational changes in the ribosomal proteins
or 16S rRNA and enzymatic methylation of the rRNA. The
mutational changes are known to produce resistance mostly to
streptomycin; also, mutation in the 16S rRNA could result in
decreased susceptibility to spectinomycin (271). Streptomycin
is still used for treatment of tuberculosis, and mutational re-
sistance to streptomycin in clinical isolates of Mycobacterium
tuberculosis is therefore of clinical importance (55). Strepto-
mycin resistance due to mutational changes in 16S rRNA or
ribosomal proteins has occasionally been demonstrated for
other microorganisms (81, 155, 177, 231). It has been proposed
that numerous mutations in the 16S rRNA and the 30S ribo-
somal subunit proteins disrupt a delicate balance that exists
between the ram and the restrictive states and thus interfere
with optimal translation (see above) (45). Methylation at N7 of
guanine residues of the 16S rRNA produces high-level resis-
tance to aminoglycoside antibiotics in aminoglycoside-produc-
ing microorganisms (64, 295), but this type of resistance has
not been reported in clinically important microorganisms.

The major mechanism of aminoglycoside resistance in clin-
ical isolates of gram-negative and gram-positive bacteria is
enzymatic modification of the amino or hydroxyl groups of
these antibiotics (Fig. 1). Modified aminoglycosides bind
poorly to the ribosome (167) and fail to trigger energy-depen-
dent phase II, allowing bacteria to survive in the presence of
the drug.

Three families of enzymes that perform cofactor-dependent

FIG. 1. Sites of modification by aminoglycoside-modifying en-
zymes.

VOL. 16, 2003 VERSATILITY OF AMINOGLYCOSIDES 433



drug modification in the bacterial cytoplasm have been recog-
nized; these are aminoglycoside phosphotransferases (APHs),
aminoglycoside acetyltransferases (AACs), and aminoglyco-
side nucleotidyltransferases (ANTs). The sites that are modi-
fied by these enzymes for different classes of aminoglycosides
were discussed in the article by Wright et al. (317). Figure 1
provides a sample of these enzymatic modifications for two
aminoglycosides. The level of resistance produced differs sig-
nificantly in various microorganisms and individual strains and
depends on many factors, including the amount of enzyme
produced, its catalytic efficiency, and the type of aminoglyco-
side. Whereas many of these enzymes give sufficient activities
to result in effective resistance, generally only phosphotrans-
ferases produce high levels of resistance. Each of the three
families of enzymes is further divided into classes, designated
by the site of modification, which is indicated in parentheses.
They are further subdivided into enzyme types (designated by
Roman numerals) that specify unique resistance phenotypes.
Finally, individual enzymes of the same class and type that
produce the same phenotype but are encoded by different
genes are designated by a lowercase letter (268). For example,
the AAC(6�)-I enzymes AAC(6�)-Ia, AAC(6�)-Ib, AAC(6�)-Ic,
etc., are aminoglycoside acetyltransferases that modify the an-
tibiotic at position 6� and produce the same phenotype (inac-
tivation of tobramycin, amikacin, netilmicin, kanamycin, and
dibekacin) but are encoded by different genes.

There are still inconsistencies in the nomenclature of genes
for aminoglycoside-modifying enzymes. In some cases, these
genes are named according to the site of modification, fol-
lowed by a number to distinguish between genes for individual
types of enzymes. According to another nomenclature, the
genes for AAC(6�)-Ia and AAC(3)-Ia are referred to as
aacA1and aacC1, respectively. This nomenclature is somewhat
confusing, and we will follow the nomenclature proposed by
Shaw and colleagues (268), which utilizes the same names for
the enzymes and the corresponding genes, but the names of
genes are in lowercase letters and italicized. According to this
more convenient nomenclature, the genes for the AAC(6�)-Ia
and AAC(3)-Ia enzymes are termed aac(6�)-Ia and aac(3)-Ia,
respectively.

Aminoglycoside Phosphotransferases

Aminoglycoside phosphotransferases (kinases) utilize ATP
as the second substrate and are able to phosphorylate specific
hydroxyl groups in all classes of aminoglycoside antibiotics.
Seven classes of enzymes, APH(3�), APH(2�), APH(3�),

APH(4), APH(7�), APH(6), and APH(9) have been identified
in clinical isolates and aminoglycoside-producing organisms
(268). The largest class of aminoglycoside phosphotransferases
includes enzymes that modify the hydroxyl groups of antibiot-
ics at the 3� position. Seven different types of APH(3�),
APH(3�)-I to APH(3�)-VII, have been identified among gram-
negative and gram-positive bacteria and also aminoglycoside-
producing microorganisms (268). Figure 2 depicts this reaction
for the phosphorylation of kanamycin A by APH(3�)s. The
product of phosphorylation lacks antibacterial activity.

APH(3�)-I produces resistance to kanamycin, neomycin,
lividomycin, paromomycin, and ribostamycin. The gene for the
first APH(3�)-I enzyme (aph(3�)-Ia) was discovered on trans-
poson Tn903 in E. coli (215). Subsequently, it was identified on
plasmids and transposons in many gram-negative bacteria, in-
cluding Klebsiella pneumoniae (163), Salmonella enterica sero-
var Typhimurium (319), Salmonella enterica (92), Proteus vul-
garis (204), Vibrio cholerae (24, 126), Campylobacter jejuni
(216), and the fish pathogen Pasteurella piscicida (146). Re-
cently the aph(3�)-I gene was identified in the gram-positive op-
portunistic human pathogen Corynebacterium striatum (287). The
gene was flanked by divergently oriented IS26 insertion sequences
and was located on the composite transposon Tn5715, exempli-
fying a case of horizontal transfer of antibiotic resistance genes
between gram-negative and gram-positive bacteria. The high fre-
quency of occurrence of APH(3�)-I and other enzymes producing
kanamycin resistance in bacteria resulted in the clinical obsoles-
cence of the kanamycins. Subsequent lack of use of kanamycins in
the clinic has resulted in a corresponding decline in the impor-
tance of these enzymes in clinical isolates.

In contrast to APH(3�)-I, APH(3�)-II is rarely found in clin-
ical isolates (268) despite the fact that it confers a similar
spectrum of resistance and the gene for this enzyme is also
located on a transposable element, Tn5 (16). The gene for
APH(3�)-IIb has been identified in the chromosome of Pseudo-
monas aeruginosa (109, 275). APH(3�)-IIb shows 52% amino
acid identity and 67% similarity with APH(3�)-IIa. Recently,
another phosphotransferase that produces a spectrum of resis-
tance characteristic of APH(3�)-II has been identified in
Pseudomonas aeruginosa (244). The enzyme shows 36% amino
acid identity with APH(3�)-IIa and 38% identity with APH(3�)-
IIb and is the first phosphotransferase whose gene has been
identified within an integron.

The genes for the APH(3�)-III phosphotransferases were
originally isolated from Staphylococcus aureus (106) and Strep-
tococcus faecalis (299). Later the gene was identified in Campy-
lobacter coli, which became a precedent for antibiotic resis-

FIG. 2. Phosphorylation of kanamycin A by APH(3�)s.
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tance gene transfer between gram-positive and gram-negative
bacteria (220, 288). APH(3�)-III produces resistance to kana-
mycin, neomycin, lividomycin, paromomycin, butirosin, and
ribostamycin. The enzyme is also able to modify amikacin and
isepamicin (301). Furthermore, although the level of amikacin
resistance that this enzyme produces is low, clinical enterococ-
cal isolates that express APH(3�)-III are resistant to amikacin-
ampicillin synergism (40, 162). A study of the epidemiology of
aminoglycoside-modifying enzymes in various countries indi-
cated the presence of the aph(3�)-IIIa gene in 9% of MRSA in
Japan (136) and in 13% of MRSA in Europe; the percentage
was even higher in methicillin-susceptible staphylococci (259).
Almost 50% of the aminoglycoside-resistant isolates of Entero-
coccus faecalis and Enterococcus faecium studied in Japan were
positive for aph(3�)-IIIa. Often, aph(3�)-IIIa in gram-positive
bacteria is found in combination with genes for other amino-
glycoside-modifying enzymes (302) or is genetically linked with
resistance genes for other classes of antibiotics (23, 311).

The genes for APH(3�)-IV and -V were detected only in
antibiotic-producing microorganisms (123, 130, 251, 294) and
will not be addressed here. The genes for two other enzymes,
APH(3�)-VI and APH(3�)-VII, were cloned correspondingly
from Acinetobacter baumannii (179) and Campylobacter jejuni
(291). APH(3�)-VI produces resistance to amikacin, isepami-
cin, kanamycin, neomycin, paromomycin, butirosin, and ribos-
tamycin (158) and is associated primarily with Acinetobacter
spp. (268). Earlier studies of the distribution of aminoglycoside
resistance genes demonstrated the presence of aph(3�)-VIa in
83 to 95% of amikacin-resistant Acinetobacter strains (156,
268). In a subsequent survey, the gene was identified in 46% of
aminoglycoside-resistant Acinetobacter strains (188). APH(3�)-
VII produces resistance to kanamycin and neomycin (290), but
the distribution of the gene has not been studied.

Four genes encoding APH(2�) enzymes have been detected
in gram-positive bacteria. The aph(2�)-Ia gene, which is found
downstream from aac(6�)-Ie, encodes the C-terminal part of
the bifunctional enzyme AAC(6�)-Ie-APH(2�)-Ia. The pres-
ence of acetyltransferase and phosphotransferase activities in
the bifunctional enzyme found in enterococcal, streptococcal,
and staphylococcal isolates renders them resistant to virtually
all clinically available aminoglycoside antibiotics except strep-
tomycin and, to some extent, arbekacin (51, 98–100, 162). The
biochemical properties of this intriguing enzyme were investi-
gated recently (9, 98–100). Three other enzymes, APH(2�)-Ib,
-Ic, and -Id, have recently been identified in enterococcal clin-
ical isolates (53, 141, 300). APH(2�)-Ic produce midlevel resis-
tance to gentamicin, tobramycin, and kanamycin, while APH(2�)-
Ib and APH(2�)-Id are responsible for higher levels of resistance
to these antibiotics and also produce resistance to netilmicin
and dibekacin (51). Although APH(2�)-Ib, -Ic, and -Id are not
as widely distributed among clinical isolates as the bifunctional
enzyme, they all abolish synergism between gentamicin and
cell wall-active agents such as ampicillin and vancomycin.

APH(3�) and APH(6) modify the 3�- and 6-hydroxyl groups
of streptomycin, respectively. Of the two genes for APH(3�)-I,
aph(3�)-Ia was identified in a streptomycin-producing strain of
Streptomyces griseus (121). The second gene, aph(3�)-Ib, was
cloned from a broad-host-range plasmid, RSF1010 (261), that
is widely distributed among gram-negative bacteria. Despite
the fact that the two enzymes are distributed among unrelated

microorganisms, they show 50% amino acid identity and 68%
similarity (268). Four enzymes that phosphorylate streptomy-
cin at the 6 position have been identified. The genes for two of
them, APH(6)-Ia and -Ib, were cloned from streptomycin pro-
ducers, Streptomyces griseus and Streptomyces glaucescens (72,
308). The third enzyme, APH(6)-Ic, is encoded by a gene
located within transposon Tn5, which is found infrequently in
gram-negative bacteria (268).

The gene for APH(6)-Id was cloned from plasmid RSF1010,
which was also the source for APH(3�)-Ib (261). The genes
encoding these two different phosphotransferases (referred to
in the literature as strA and strB) are linked and have been
reported in both pathogenic and environmental microorgan-
isms. For the sake of consistency, we will call these linked
genes aph(3�)-Ib-aph(6)-Id, according to the nomenclature
proposed by Shaw and colleagues (268). The aph(3�)-Ib-
aph(6)-Id genes from plant bacteria are usually associated with
the Tn5393 or Tn5393-like transposons that reside on large
conjugative plasmids, although the small nonconjugative plas-
mid RSF1010 that carries this tandem set of genes has also
been detected in plant pathogens (278). Plant-associated bac-
teria in which the linked genes were identified include Erwinia
amylovora and Erwinia herbicola (50), Pseudomonas syringae
(50, 280), and Xanthomonas campestris (278, 281). In contrast
to the majority of plant bacteria, the aph(3�)-Ib-aph(6)-Id
genes from human and animal pathogens were found to be
associated with small nonconjugative plasmids of gram-nega-
tive microorganisms (73, 145, 279).

Recently, the aph(3�)-Ib-aph(6)-Id genes were found on a
Tn5393-like transposon from a fish pathogen (154), on an
integron from Pseudomonas aeruginosa (208), and on a conju-
gative transposon-like mobile genetic element from Vibrio
cholerae (15, 126). Moreover, the aph(3�)-Ib-aph(6)-Id tandem
was detected within the Tn5393 transposon on the large plas-
mid pTP10 from a multiresistant clinical isolate of the gram-
positive opportunistic human pathogen Corynebacterium stria-
tum (287). Analysis of the structure of pTP10 suggests that it
evolved by acquisition of genetic information from different
unrelated species, including gram-negative bacteria, to result
in a modular plasmid producing aminoglycoside resistance in a
new gram-positive host.

Aminoglycoside phosphotransferases APH(4) and APH(7�)
produce resistance to hygromycin (108, 324), while APH(9)
produces resistance to spectinomycin (171, 282). These en-
zymes do not present any clinical significance and will not be
discussed here in detail. Table 1 summarizes the substrate
profiles of the aminoglycoside phosphotransferases.

Aminoglycoside Acetyltransferases

Aminoglycoside acetyltransferases comprise four classes of
enzymes: AAC(1), AAC(3), AAC(2�), and AAC(6�). They uti-
lize acetyl coenzyme A as the donor of the acetyl group in
modifying aminoglycosides at positions 1 and 3 of the 2-deox-
ystreptamine ring and positions 2� and 6� of the 6-aminohexose
ring. This enzymatic reaction is depicted in Fig. 3 for kanamy-
cin A.

Aminoglycoside 6�-acetyltransferases are broad-spectrum
enzymes capable of modifying most of the clinically important
aminoglycosides. AAC(6�)-I produces resistance to amikacin,
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tobramycin, netilmicin, kanamycin, isepamicin, dibekacin, and
sisomicin. Genes for at least 24 AAC(6�)-I enzymes have been
identified in both gram-negative and gram-positive microor-
ganisms. The only two known AAC(6�)-II enzymes confer re-
sistance to gentamicin, tobramycin, netilmicin, and sisomicin
but not to amikacin. Comparison of the amino acid sequences
of AAC(6�)s allowed their classification into three subfamilies
(116). The first subfamily contains AAC(6�)-Ib, AAC(6�)-Ie,
AAC(6�)-IIa, and AAC(6�)-IIb. The second subfamily includes
AAC(6�)-Ia, AAC(6�)-Ii, and AAC(6�)-Ip (46, 116, 305). The
subsequently discovered AAC(6�)-Iq (46) and AAC(6�)-Id (52)
could also be included in this subfamily. The third subfamily
originally consisted of AAC(6�)-Ic, AAC(6�)-Id, AAC(6�)-If,
AAC(6�)-Ig, AAC(6�)-Ih, AAC(6�)-Ij, and AAC(6�)-Ik, but later

AAC(6�)-Il, -Ir, -Is, -It, -Iu, -Iv, -Iw, -Ix, and -Iz were included as
well (161).

Of all the known AAC(6�)s, AAC(6�)-Ib is the most preva-
lent among various gram-negative microorganisms (268, 305).
It was identified in more then 70% of all gram-negative bac-
terial isolates showing the characteristic AAC(6�) resistance
profile (268). The gene for AAC(6�)-Ib has been detected in
either transposons or integrons (22, 165, 296, 297). It is rea-
sonable to assume that the location of the aac(6�)-Ib gene on
mobile genetic elements has facilitated its rapid dissemination
in the presence of selective antibiotic pressure among a wide
range of microorganisms. The genes for several AAC(6�)-I
enzymes have been identified in the chromosomes of gram-
negative bacteria. DNA-DNA hybridization experiments dem-
onstrated that the genes for AAC(6�)-Ik from Acinetobacter sp.
strain 6, AAC(6�)-If from Acinetobacter sp. strain 13, AAC(6�)-
Ig from Acinetobacter haemolyticus, AAC(6�)-Ic from Serratia
marcescens, and AAC(6�)-Iz from Stenotrophomonas malto-
philia are species specific and are always present in the chro-
mosome, whether or not the resistance phenotype is expressed
(157, 159, 161, 249, 269).

The gene for another aminoglycoside 6�-I acetyltransferase,
AAC(6�)-Ie, is part of the fused gene for the major determinant
of aminoglycoside resistance in staphylococci and enterococci (51,
268). AAC(6�)-Ie is the N-terminal half of the aforementioned
bifunctional enzyme AAC(6�)-Ie-APH(2�)-Ia, which produces re-
sistance to virtually all aminoglycosides, including gentamicin,
amikacin, tobramycin, netilmicin, and kanamycin but not strep-
tomycin (86, 162). The gene for this bifunctional enzyme is a part
of the composite transposon Tn4001, which is widely distributed
among gram-positive microorganisms (222). Recently, the
aac(6�)-Ie-aph(2�)-Ia gene was detected in Lactobacillus and
Pediococcus isolates of animal origin (289). All Enterococcus
faecium strains produce a chromosomally encoded enzyme
AAC(6�)-Ii that confers resistance to tobramycin, sisomicin,
netilmicin, and kanamycin (58). Another aminoglycoside 6�-I
acetyltransferase, AAC(6�)-Im, has been discovered in both En-
terococcus faecium and E. coli (52). Its gene, aac(6�)-Im, exhibits
65% identity in DNA sequence with the aac(6�)-Ie portion of the
fused gene encoding the bifunctional enzyme. Moreover, the gene
for AAC(6�)-Im was found to be adjacent to that for APH(2�)-
Ib.

In contrast to the fused genes encoding the bifunctional
enzyme, aac(6�)-Im and aph(2�)-Ib are separate open reading

FIG. 3. Acetylation of kanamycin A by AAC(6�)s.

TABLE 1. Substrate profiles of aminoglycoside phosphotransferases

Phosphotransferase Substrate(s)

APH (3�)
I Kanamycin, neomycin, lividomycin, paromomycin,

ribostamycin
II Kanamycin, neomycin, butirosin, paromomycin,

ribostamycin
III Kanamycin, neomycin, lividomycin, paromomycin,

ribostamycin, butirosin, amikacin, isepamicin
IV Kanamycin, neomycin, butirosin, paromomycin,

ribostamycin
V Neomycin, paromomycin, ribostamycin
VI Kanamycin, neomycin, paromomycin, ribostamycin,

butirosin amikacin, isepamicin
VII Kanamycin, neomycin

APH(2��)
Ia (bifunctional

enzyme)
Kanamycin, gentamicin, tobramycin, sisomicin,

dibekacin
Ib, Id Kanamycin, gentamicin, tobramycin, netilmicin,

dibekacin
Ic Kanamycin, gentamicin, tobramycin

APH(3��)-Ia, -Ib Streptomycin

APH(7��)-Ia Hygromycin

APH(4)-Ia, -Ib Hygromycin

APH(6)-Ia, -Ib,
-Ic, -Id

Streptomycin

APH(9)-Ia, -Ib Spectinomycin
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frames that are probably transcribed from a single promoter.
Hybridization experiments revealed the presence of the
aac(6�)-Im gene not only in enterococci and E. coli, but also in
several other genera of gram-negative bacteria, including
Pseudomonas, Klebsiella, Citrobacter, Enterobacter, Serratia,
and Aeromonas. These data provide strong evidence for the
horizontal transfer of resistance genes between gram-positive
and gram-negative bacteria (52).

AAC(6�)-IIa and -IIb were originally detected in Pseudomo-
nas aeruginosa (265) and Pseudomonas fluorescens (268). They
show 66% amino acid identity and 78% similarity and confer
resistance to gentamicin, tobramycin, netilmicin, sisomicin,
and dibekacin. Although in early studies the genes for
AAC(6�)-II were detected only rarely, recent surveys indicate
that production of these enzymes and the presence of low
permeability and efflux pumps have become the major mech-
anisms of aminoglycoside resistance in clinical isolates of
Pseudomonas aeruginosa (188, 218). Recently, the gene for a
new bifunctional enzyme, ANT(3�)-Ii-AAC(6�)-IId, was iden-
tified in an integron from a clinical isolate of Serratia marc-
escens (47). The aac(6�)-IId portion of the gene is identical to
the previously identified aac(6�)-Ib� acetyltransferase from
Pseudomonas aeruginosa (160) and differs by only one base pair
from the gene for aac(6�)-Ib. This difference results in the
single Leu83Ser substitution in the enzyme, which in turn abol-
ishes resistance to amikacin and changes the specificity of the
AAC(6�)-I enzyme to that of AAC(6�)-II (160, 241). There-
fore, despite the classification of the acetyltransferase activity
from Serratia marcescens as AAC(6�)-II by its conferred resis-
tance phenotype, at the amino acid level this enzyme is closer
to AAC(6�)-Ib.

Two other aminoglycoside resistance genes, aacA29a and
aacA29b, have recently been located in an integron from
Pseudomonas aeruginosa, although the G�C content value of
56% suggests that the genes may have originated from a dif-
ferent microorganism (230). The two enzymes differed by only
four amino acids, and they showed only 35% and 34% identity
with the most closely related AAC(6�)-Il. Because of an ap-
parent truncation of their carboxyl termini, these enzymes are
13 to 22 amino acids shorter than the more typical AAC(6�)s.
They produce resistance to amikacin, tobramycin, kanamycin,
dibekacin, and isepamicin and were named AAC(6�)-29a and
-29b.

AAC(3)s are widely distributed among different bacterial
genera, including aminoglycoside producers. They constitute
the second largest group of aminoglycoside acetyltransferases
and are the second most common mechanism of aminoglyco-
side acetyltransferase-mediated aminoglycoside resistance in
clinical isolates after the AAC(6�)-I enzymes.

AAC(3)-I enzymes produce a narrow spectrum of resistance
that includes gentamicin, sisomicin, and fortimicin. The genes
for two enzymes, AAC(3)-Ia and AAC(3)-Ib, were identified
alone or together in up to 30% of clinical isolates of gram-
negative bacteria (188, 269, 292, 316). Comparison of the
amino acid sequences of AAC(3)-Ia (316) and -Ib (262) dem-
onstrated that they are 76% identical and 84% similar. The
gene for AAC(3)-Ia was detected on conjugative plasmids and
transposons and within gene cassettes in integrons from enter-
obacteria and Pseudomonas aeruginosa (47, 230, 232, 298). The
aac(3)-Ib gene has recently been found fused to another ami-

noglycoside resistance gene, aac(6�)-Ib, located in an integron
from Pseudomonas aeruginosa (78).

Three aac(3)-II genes encoding AAC(3)-IIa, -IIb, and -IIc
have been identified. The aac(3)-IIc gene shows 97% identity
and the aac(3)-IIb shows 72% identity with the aac(3)-IIa gene
(240; S. Vakulenko, H. Entina, and S. Navashin, presentation
at 17th Int. Congr. Chemother., 1991). AAC(3)-II enzymes
produce resistance to gentamicin, tobramycin, sisomicin, netil-
micin, and dibekacin. This resistance pattern had earlier been
designated AAC(3)-III (5) and AAC(3)-V (13, 240), but later
was renamed AAC(3)-II because all the genes turned out to be
identical (268). The AAC(3)-II acetyltransferase is commonly
seen in various clinical isolates of gram-negative bacteria (188,
218, 268). The frequency of the AAC(3)-II phenotype varies
among different genera, from 18% in Pseudomonas spp. to
60% in some other gram-negative bacteria. It was demon-
strated that 85% of the bacteria that show the AAC(3)-II
phenotype produce AAC(3)-IIa and only 6% produce AAC(3)-
IIb (268).

Three other AAC(3)s from clinical isolates, AAC(3)-III,
AAC(3)-IV, and AAC(3)-VI, are uncommon. AAC(3)-IIIa,
-IIIb, and -IIIc produce resistance to gentamicin, tobramycin,
sisomicin, kanamycin, neomycin, paromomycin, lividomycin,
and dibekacin and were identified in Pseudomonas aeruginosa
(21, 268, 307). AAC(3)-IV acetylates gentamicin, tobramycin,
netilmicin, sisomicin, apramycin, and dibekacin and has been
observed, although rarely, in clinically important microorgan-
isms (5, 48). Curiously, a gene encoding an enzyme that is more
then 70% identical to AAC(3)-IV has been identified on the
chromosome of the nitrogen-fixing bacterium Sinorhizobium
meliloti (42). The AAC(3)-VI enzyme produces resistance to
gentamicin and occurs rarely among clinical isolates. The gene
for AAC(3)-VI has been cloned from a conjugative plasmid of
Enterobacter cloacae and shown to have 50% amino acid iden-
tity with the gene for AAC(3)-IIa (239, 268). The genes for
AAC(3)-VII, -VIII, -IX, and -X have been discovered in ami-
noglycoside-producing actinomycetes.

AAC(1) produces resistance to apramycin, paromomycin,
lividomycin, and ribostamycin and has been identified in ani-
mal isolates of E. coli (119, 169). Probably because AAC(1)
enzymes produce no clinically important resistance, the genes
for these acetyltransferases have not been cloned, so the dis-
tribution of AAC(1) among clinical isolates has not been stud-
ied.

Representatives of the AAC(2�)-I subclass of aminoglyco-
side acetyltransferases are unique because they have been
shown to be chromosomally encoded and universally present in
the species in which they were first identified. The gene for
AAC(2�)-Ia has been isolated from Providencia stuartii (242).
Production of the AAC(2�)-Ia enzyme alone or, more often, in
combination with other enzymes is the major mechanism of
resistance to gentamicin, tobramycin, netilmicin, dibekacin,
and neomycin in Providencia species (188). The gene for
AAC(2�)-Ia is present in all clinical isolates of Providencia
stuartii and is normally expressed at low levels (187, 242).
Mutants producing clinically significant levels of aminoglyco-
side resistance were shown to have substantially increased lev-
els of aac(2�)-Ia mRNA. Subsequent studies demonstrated
that regulation of AAC(2�)-Ia is an extremely complex process,
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involving at least seven regulatory genes acting in at least two
pathways (172, 173).

Providencia stuartii, like many other microorganisms, has
acetylated peptidoglycan. Mutants of Providencia stuartii that
express aac(2�)-Ia at various levels show not only different
sensitivities to aminoglycosides but also altered cell morphol-
ogies due to changes in the degree of O-acetylation of pepti-
doglycan (223–225). These data and the observation that
AAC(2�)-Ia can use components of O-acetylated peptidogly-
can to acetylate gentamicin led to a proposal that this enzyme
plays some role in peptidoglycan biosynthesis (223). In es-
sence, it was proposed that the enzyme carries out peptidogly-
can O-acetylation, and it would appear that acetylation of
aminoglycosides is an adventitious activity (242). It has been
argued that the enzyme and “acetate” are transported to the
periplasm, where the peptidoglycan is modified. The absence
of correlation between the kinetic parameters for AAC(2�)-Ia
with the resistance phenotype for different aminoglycosides
has been interpreted as evidence for lack of importance of
these enzymes as resistance determinants (93). We hasten to
add that AAC(2�)-Ia is not a major peptidoglycan O-acetyl-
transferase in Providencia stuartii, because in the absence of the
enzyme, 42% of peptidoglycan is still O-acetylated, compared
to 54% in the parental wild-type strain (224). It is plausible that
AAC(2�)-Ia is actually cytoplasmic, like all its kin, where acetyl
coenzyme A would be available to it. Since peptidoglycan is
largely assembled inside the cytoplasm, it is likely that the
enzyme may acetylate the components of the cell wall in this
milieu, before their export to the periplasmic space for final
cell wall assembly.

The genes for AAC(2�)-Ib, -Ic, -Id, and -Ie have been de-
tected in mycobacterial species (1, 2). These enzymes exhibit
63 to 79% homology and are universally present in mycobac-
teria. Evaluation of the kinetic parameters for purified
AAC(2�)-Ic from Mycobacterium tuberculosis with various ami-
noglycosides as the substrate demonstrated that this enzyme is
able to perform both N- and O-acetylation of the antibiotics
(120). In contrast to AAC(2�)-Ia in Providencia stuartii,
AAC(2�)-I enzymes in mycobacteria do not produce detectable
resistance to aminoglycoside antibiotics, and their function
remains unknown. Table 2 summarizes the substrate profiles of
the aminoglycoside acetyltransferases.

Aminoglycoside Nucleotidyltransferases

Aminoglycoside nucleotidyltransferases (ANTs) comprise
five classes, ANT(2�), ANT(3�), ANT(4�), ANT(6), and ANT(9).
They utilize ATP as the second substrate and modify aminogly-
coside antibiotics by transferring AMP to their hydroxyl group at
positions 2�, 3�, 4�, 6, and 9, respectively. Figure 4 depicts the
reaction of ANT(2�) with kanamycin A.

ANT(2�)-Ia produces resistance to gentamicin, tobramycin, si-
somicin, dibekacin, and kanamycin (41). The gene for ANT(2�)-
Ia is widespread among all gram-negative bacteria, but the fre-
quency of its detection varies from one country to another. The
ant(2�)-Ia gene was found within various genetic backgrounds,
including small nonconjugative plasmids (43, 263), conjugative
plasmids (43), and various transposons and integrons (36, 47, 199,
229). Studies of the epidemiology of aminoglycoside resistance in
different parts of the world clearly demonstrate a relationship

FIG. 4. Adenylation of kanamycin A by ANT(2�).

TABLE 2. Substrate profiles of aminoglycoside acetyltransferases

Acetyltransferase Substrate(s)

AAC(6�)
I (at least 24 different enzymes) Tobramycin, amikacin, netilmicin, dibekacin, sisomicin, kanamycin, isepamicin
II Tobramycin, gentamicin, netilmicin, dibekacin, sisomicin, kanamycin

AAC(3)
Ia, Ib Gentamicin, sisomicin, fortimicin
IIa, IIb, IIc Tobramycin, gentamicin, netilmicin, dibekacin, sisomicin
IIIa, IIIb, IIIc Tobramycin, gentamicin, dibekacin, sisomicin, kanamycin, neomycin, paromomycin, lividomycin
IV Tobramycin, gentamicin, netilmicin, dibekacin, sisomicin, apramycin
VII Gentamicin

AAC(1) Paromomycin, lividomycin, ribostamycin, apramycin

AAC(2�)-Ia Tobramycin, gentamicin, netilmicin, dibekacin, neomycin
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between the type of aminoglycosides used and the prevalence in
bacteria of a particular aminoglycoside-modifying enzyme. There-
fore, it is not surprising that in the United States, where genta-
micin accounts for about 80% of all aminoglycoside use whereas
amikacin accounted for only 10%, the gene for ANT(2�)-Ia was
detected in 81% of all aminoglycoside-resistant enterobacteria. In
contrast, in Japan, where amikacin has been the most commonly
used aminoglycoside, the gene for ANT(2�)-Ia was detected in
less then 50% of all clinical isolates studied (188).

ANT(3�)-I confers resistance to streptomycin by modifying
its 3�-hydroxyl group and to spectinomycin by modifying it at
position 9 (70, 127). At least eight individual ant(3�)-I genes
have been identified (221). The ANT(3�)-I enzymes show be-
tween 59% and 95% amino acid sequence identity and are
widely distributed among gram-negative microorganisms. For
example, ANT(3�)-Ia was detected in more than 90% of strep-
tomycin-resistant clinical isolates (266). The ant(3�)-Ia gene
was detected within transposons and various plasmids in gram-
negative bacteria (49, 87, 127, 258) and the gram-positive bac-
teria Staphylococcus aureus (60) and Corynebacterium glutami-
cum (210). Also, class I integrons harboring ant(3�)-I genes
have been identified frequently among various clinical isolates
of Enterobacteriaceae (26, 165, 182, 253, 313), Pseudomonas
aeruginosa (207), and Vibrio cholerae (66–68, 84). Recent de-
tection of the ant(3�)-Ia gene within integrons on the large
conjugative plasmid of an Enterococcus clinical isolate (54) is
of obvious concern, because streptomycin is used for synergis-
tic therapy of serious enterococcal infections when high-level
resistance to gentamicin is encountered.

ANT(4�)-Ia produces resistance to amikacin, tobramycin,
dibekacin, isepamicin, and kanamycin, while ANT(4�)-IIa pro-
duces resistance to amikacin, tobramycin, isepamicin, and
kanamycin (139, 254). The ant(4�)-Ia genes (often referred to
in the literature as aadD) were cloned from the plasmids of
both Staphylococcus aureus and thermophilic bacilli and turned
out to be almost identical except for one base pair difference
(180, 203). Recently, this gene was detected on the large con-
jugative plasmid from Staphylococcus aureus (20) and as a part
of the mec region from methicillin-resistant staphylococci (138,
277). It is the predominant mechanism of aminoglycoside re-
sistance in Japan among strains of Staphylococcus aureus that
produce aminoglycoside-modifying enzymes (136) and has
been identified alone or in combination with other enzymes in
more then 50% of MRSA in Europe (259). This enzyme is also
responsible for aminoglycoside resistance in enterococci (44,
259). In contrast to ANT(4�)-I, ANT(4�)-IIa is found only
among gram-negative bacteria, including many representatives
of the Enterobacteriaceae and Pseudomonas spp. (267). The
gene for ANT(4�)-IIa adenyltransferase was originally cloned
from Pseudomonas aeruginosa (139), and its nucleotide se-
quence has been determined (267). No homology was found
between ANT(4�)-IIa and ANT(4�)-Ia.

ANT(6)-I produces resistance to streptomycin, and the
ant(6)-Ia gene has been found by DNA-DNA hybridization in
more then 80% of enterococcal and staphylococcal clinical
isolates in Europe (217). In a more recent study in Japan,
enterococcal strains were investigated by PCR for the presence
of genes for aminoglycoside-modifying enzymes, and the gene
for ANT(6)-Ia was identified in almost 50% of Enterococcus
faecalis and Enterococcus faecium isolates (149). Most of these

isolates produced other aminoglycoside-modifying enzymes,
rendering the strains resistant to almost all clinically available
aminoglycoside antibiotics. Another two genes encoding chro-
mosomal aminoglycoside 6-adenylyltransferase were identified
in Bacillus subtilis (214, 274) and Bacillus halodurans (286).
The amino acid sequence of the enzyme from Bacillus subtilis
is 58% identical and 74% similar to that of ANT(6)-Ia, while
the enzyme from Bacillus halodurans is 41% identical and 56%
similar to ANT(6)-Ia. The similarity between two Bacillus en-
zymes is even lower.

The ANT(9)-I adenyltransferase is limited to Staphylococcus
aureus (205), produces resistance only to spectinomycin, and
therefore has limited clinical importance. Table 3 summarizes
the substrate profiles of the aminoglycoside nucleotidyltrans-
ferases.

EPIDEMIOLOGY OF AMINOGLYCOSIDE RESISTANCE

The resistance of clinical isolates to aminoglycoside antibi-
otics varies with the specific drug, the microorganism, its mech-
anism of resistance, the geographic area, and many other fac-
tors. Resistance to aminoglycosides is generally associated with
enzymatic modification of the antibiotic. One exception is the
high proportion of clinical isolates of Pseudomonas aeruginosa
that exhibit low-level aminoglycoside resistance as a result of
diminished penetration of the drug into the cell. Furthermore,
in Mycobacterium tuberculosis, the principal mechanism of ami-
noglycoside resistance is mutational alteration of the ribosomal
target. Selection of microorganisms producing aminoglycoside-
modifying enzymes depends on the amount of antibiotic usage
in particular hospitals and the standards of clinical treatment
within various countries.

In 1997, the SENTRY surveillance program was established
to monitor predominant pathogens and antimicrobial resis-
tance patterns of nosocomial and community-acquired infec-
tions over a broad network of hospitals in the United States,
Canada, South America, and Europe (228). Analysis of more
then 4,000 clinical isolates from patients with bloodstream
infections in the United States revealed that the four most
common gram-negative bacteria (E. coli, Klebsiella spp.,
Pseudomonas aeruginosa, and Enterobacter spp.) were quite
susceptible to the aminoglycosides tested: 96 to 100% to ami-
kacin, 90 to 96% to gentamicin, and 94 to 97% to tobramycin
(228). Among gram-positive bacteria, 14% of Staphylococcus
aureus strains and 40% of coagulase-negative staphylococci
were resistant to gentamicin (228).

In a similar study performed under the European SENTRY

TABLE 3. Substrate profiles of aminoglycoside
nucleotidyltransferases

Nucleotidyltransferase Substrate(s)

ANT(2��)-I Tobramycin, gentamicin, dibekacin, sisomicin,
kanamycin

ANT(3�)-I Streptomycin, spectinomycin
ANT(4�)-Ia Tobramycin, amikacin, dibekacin, kanamycin,

isepamicin
ANT(4�)-IIa Tobramycin, amikacin, kanamycin, isepamicin
ANT(6�)-I Streptomycin
ANT(9)-I Spectinomycin
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program, the in vitro activities of several aminoglycoside anti-
biotics against more then 7,000 clinical isolates from 20 uni-
versity hospitals were evaluated (260). The susceptibility to
amikacin, gentamicin, and tobramycin among E. coli was
99.6%, 95.4%, and 95.7%, respectively; among Klebsiella spp.,
it was 95.6%, 88.1%, and 85.8%, respectively; among Pseudo-
monas aeruginosa isolates, 91.8%, 78.8%, and 80.8%, respec-
tively; and among Enterobacter spp., it was 95.8%, 90.1%, and
82.1%, respectively. Among clinical isolates belonging to Acin-
etobacter spp., only 58%, 43%, and 60% were susceptible to
amikacin, gentamicin, and tobramycin, respectively, whereas
the susceptibility levels among isolates of Stenotrophomonas
maltophilia for the same antibiotics were 76%, 54%, and 58%,
respectively. Furthermore, only 7% of methicillin-susceptible
Staphylococcus aureus (MSSA) and 17% of methicillin-suscep-
tible coagulase-negative staphylococci were resistant to gen-
tamicin. Resistance levels for gentamicin among MRSA,
methicillin-resistant coagulase-negative staphylococci, and En-
terococcus spp. reached 80%, 62%, and 39%, respectively. For-
ty-nine percent of Enterococcus isolates also exhibited high-
level resistance to streptomycin. Comparison with previous
surveillance studies (19, 75, 76) revealed that during a 10- to
15-year period, resistance to gentamicin in Europe increased
up to 5% among some gram-negative bacterial species and
more then 10% in Staphylococcus aureus (260).

When trends in the antimicrobial susceptibility of more than
6,000 Pseudomonas aeruginosa isolates were monitored be-
tween 1997 and 1999 in various regions of the world, decreases
in susceptibility to aminoglycosides were seen over the 3-year
period in Europe (from 89% to 79% for amikacin and from
76% to 68% for tobramycin) and Latin America (from 78% to
70% for amikacin and from 68% to 64% for tobramycin). At
the same time, the susceptibility of Pseudomonas aeruginosa to
amikacin and tobramycin in the United Stated remained the
same and increased somewhat in Canada (96). A similar study
with 5,000 enterococcal isolates from the United States, Can-
ada, Latin America, Europe, and the Asia-Pacific region dem-
onstrated that from 14% to 40% of them were highly resistant
to gentamicin and from 28% to 45% were highly resistant to
streptomycin (170). Isolates from Latin America were more
susceptible to aminoglycosides than isolates from other re-
gions.

The epidemiology of aminoglycoside resistance is becoming
more complex, in part because of the multitude of aminogly-
coside-modifying enzymes that exist for these antibiotics and
also from the presence of disparate additional mechanisms for
antibiotic resistance other than enzymatic resistance determi-
nants. Based on the variations in intensity and patterns of
aminoglycoside usage, different combinations of aminoglyco-
side-modifying enzymes have been selected in clinical strains in
different countries and sometimes even in different hospitals
within a given country. Because the genes for the aminoglyco-
side-modifying enzymes are often located on plasmids or trans-
posons, together with the genes encoding resistance to other
classes of antibacterials, the total consumption of nonamino-
glycoside antibiotics can also significantly influence the epide-
miological features of aminoglycoside resistance.

Despite the increasing complexity of mechanisms for resis-
tance to antibiotics, the epidemiology for resistance to amino-
glycosides, particularly that of gram-negative bacteria, have

been studied extensively. Seminal contributions have been
made by researchers at the Schering-Plough Corp., who devel-
oped the methods for determination of aminoglycoside resis-
tance mechanisms in gram-negative microorganisms. These
methods involve disk susceptibility testing of the microorgan-
isms for 12 selected aminoglycosides followed by subsequent
DNA hybridization with up to 19 different aminoglycoside
resistance gene probes (189, 293). Comparison of the data on
mechanisms of aminoglycoside resistance in bacteria isolated
from various regions of the world over a period of almost 30
years revealed that they became more complex over time
(188). This complexity is the result of combinations in individ-
ual bacterial isolates of various plasmid-mediated aminoglyco-
side-modifying enzymes. Additionally, chromosomal enzymes
in Providencia stuartii and Serratia marcescens and permeability
resistance in Pseudomonas aeruginosa contribute further to the
complexity of resistance in these microorganisms.

Analysis of data on the use of various aminoglycoside anti-
biotics in different countries and regions of the world indicates
that a correlation exists between the selective pressure of an-
tibiotics and the patterns of combinations of aminoglycoside
resistance mechanisms (188). For example, in the 1970s and
1980s, gentamicin was the most frequently used aminoglyco-
side (around 80%) in the United States, while amikacin was
used more heavily in Japan. During the same time period, the
principal mechanisms of aminoglycoside resistance in the
United States were production of ANT(2�)-I, an enzyme that
confers resistance to gentamicin, tobramycin, kanamycin, and
dibekacin but not to amikacin, and AAC(3)-I (resistance to
gentamicin), whereas in Japan, in addition to ANT(2�)-I,
AAC(6�)-I (produces resistance to amikacin, netilmicin, tobra-
mycin, dibekacin, and kanamycin but not to gentamicin) was
identified in 50% of isolates (236, 270).

More recent surveys have demonstrated that broadening of
aminoglycoside resistance spectra to include most of the clin-
ically available aminoglycosides, such as gentamicin, tobramy-
cin, amikacin, and netilmicin, occurred in countries and hos-
pitals where these antibiotics were used more extensively
(218). In Belgium, France, and Greece, where amikacin has
been used more extensively than in other European countries,
the incidence of AAC(6�)-I, an enzyme that produces resis-
tance to amikacin, was also much higher. In contrast, genta-
micin accounted for about 80% of all the aminoglycosides
consumed in Germany, and the major resistance mechanism
was ANT(2�)-I, followed by AAC(3)-IV, enzymes that pro-
duce resistance to gentamicin (188). Despite the existence of
more than 50 aminoglycoside-modifying enzymes, only several
of them, ANT(2�)-I, AAC(6�)-I, and, to a lesser extent,
AAC(3)-I, AAC(3)-II, AAC(3)-III, AAC(3)-IV, and AAC(3)-
VI, have been selected in gram-negative bacteria to produce
the majority of aminoglycoside resistance.

The epidemiology of aminoglycoside resistance has also
been studied in gram-positive bacteria such as staphylococci
and streptococci, although much less extensively. Three types
of enzymes, bifunctional AAC(6�)-I-APH(2�), ANT(4�)-I, and
APH(3�)-III, are of particular significance because they pro-
duce resistance to clinically important aminoglycosides. AAC(6�)-
I-APH(2�) produces resistance to gentamicin, tobramycin, and
amikacin among other aminoglycosides, ANT(4�)-I to tobra-
mycin and amikacin, and APH(3�)-III to amikacin. Earlier

440 VAKULENKO AND MOBASHERY CLIN. MICROBIOL. REV.



surveys of aminoglycoside resistance in clinical isolates from
Europe demonstrated that the bifunctional AAC(6�)-I-
APH(2�) enzyme was the most common in staphylococci, oc-
curring in 87 to 91% of the resistant isolates tested (74, 293).
This is not surprising if we consider that gentamicin was the
most commonly used aminoglycoside, and neither ANT(4�)-I
nor APH(3�)-III produces gentamicin resistance.

In a recent European survey, 363 staphylococcal isolates
resistant to at least one aminoglycoside antibiotic were
screened by multiplex PCR for the presence of the genes for
the same three aminoglycoside-modifying enzymes. Although
the occurrence of AAC(6�)-I-APH(2�) among isolates was still
very high (68% of all isolates), the proportions of two other
enzymes in staphylococci, ANT(4�)-I and APH(3�)-III, in-
creased significantly, to 48% and 14%, respectively, in com-
parison with earlier studies (259). The bifunctional AAC(6�)-
I-APH(2�) enzyme was most prevalent among MRSA isolates
and was found in 76% of MRSA, 67% of methicillin-resistant,
coagulase-negative staphylococci, and only 50% of MSSA and
32% of methicillin-sensitive, coagulase-negative staphylococci.
The same was true for the ANT(4�)-I resistance mechanism.
The gene for ANT(4�)-I was detected in 53% of MRSA and
42% of MSSA. At the same time, the least common aminogly-
coside-modifying enzyme, APH(3�)-III, was found more fre-
quently in MSSA, and only 7% of MRSA harbored the gene
for this enzyme (259).

In a similar study of the distribution of these three genes
among MRSA, MSSA, and coagulase-negative staphylococci
from Kuwait, the gene for AAC(6�)-I-APH(2�) was detected in
all but two gentamicin-resistant isolates, always in combination
with the genes for ANT(4�)-I and APH(3�)-III (302). In con-
trast to the European isolates, the most prevalent aminoglyco-
side-modifying enzyme in 381 MRSA isolates from Japanese
hospitals was ANT(4�)-I (136). The gene for this enzyme was
identified in almost 85% of all MRSA strains. The frequencies
of occurrence of the genes for the other two enzymes, 62% for
AAC(6�)-I-APH(2�) and 9% for APH(3�)-III, were similar to
those detected in MRSA strains from Europe. Production of
AAC(6�)-I-APH(2�) alone or in combination with ANT(4�)-I
and/or APH(3�)-III renders MRSA resistant to all aminogly-
cosides in clinical use. A recent study in Japan (136) confirmed
excellent activity of arbekacin, a derivative of dibekacin,
against aminoglycoside-resistant staphylococci (113, 137).
Among aminoglycoside-resistant MRSA isolates, only 7% that
produced AAC(6�)-I-APH(2�), 6% that produced AAC(6�)-I-
APH(2�) in combination with APH(3�)-III, and 12% that pro-
duced the bifunctional enzyme in combination with ANT(4�)-I
were resistant to arbekacin.

All enterococci are intrinsically resistant to aminoglycosides
due to the facultative anaerobic mechanism that results in
impaired uptake of aminoglycosides. Combination with inhib-
itors of cell wall synthesis, such as �-lactams or vancomycin,
results in synergistic effects, in part because of increased ami-
noglycoside uptake. Gentamicin is the most commonly used
aminoglycoside in the United States in combination with cell
wall inhibitors for synergistic treatment of enterococcal infec-
tions. Production by enterococci of enzymes that modify ami-
noglycoside antibiotics has important consequences for antibi-
otic therapy of enterococcal infections. Among at least 10
aminoglycoside-modifying enzymes that were identified in en-

terococci (51, 52), the bifunctional AAC(6�)-I-APH(2�) has the
greatest clinical importance because it produces resistance to
virtually all aminoglycosides except streptomycin (86, 162).
Therefore, only streptomycin can be used in combination ther-
apy against AAC(6�)-I-APH(2�)-producing strains, provided
that they are not also highly resistant to streptomycin. Based
on the phenotype produced by the bifunctional enzyme, the
current methods for predicting synergism of cell wall inhibitors
with aminoglycosides requires only susceptibility testing for
high-level resistance to gentamicin and streptomycin.

Three other enzymes, APH(2�)-Ib, APH(2�)-Ic, and APH(2�)-
Id, which produce gentamicin resistance, have recently been iden-
tified in enterococci. These enzymes also produce resistance to
various aminoglycosides but not to streptomycin and amikacin
(51). Therefore, amikacin can be used successfully in synergistic
combinations against streptomycin-resistant enterococci produc-
ing APH(2�)-Ib, APH(2�)-Ic, and APH(2�)-Id but not AAC(6�)-
I-APH(2�). It should also be mentioned that arbekacin (an ami-
noglycoside that is not used clinically in the United States) is
active against strains producing APH(2�)-Ib, -Ic, and -Id and
against 40% of isolates producing the bifunctional enzyme (51).
Identification by PCR of aminoglycoside-modifying enzymes in
121 enterococcal isolates highly resistant to gentamicin revealed
the gene for the AAC(6�)-I-APH(2�) enzyme in 79% and the
genes for APH(2�)-Ib, APH(2�)-Ic, and APH(2�)-Id enzymes in
5%, 1.6%, and 14%, respectively, of the isolates that were studied
(51, 141, 300). The appearance of these new gentamicin-modify-
ing enzymes in enterococci requires reevaluation of the current
strategy for predicting synergistic combinations with aminoglyco-
sides.

The presence of the genes for seven aminoglycoside-modi-
fying enzymes in 279 clinical isolates of enterococci from a
university hospital in Japan was studied recently (149). Almost
half of the isolates produced ANT(6)-Ia, the streptomycin-
modifying enzyme. The gene for the bifunctional enzyme
AAC(6�)-I-APH(2�) was detected in 42.5% of Enterococcus
faecalis and only 4.3% of Enterococcus faecium isolates. Almost
half of Enterococcus faecalis and Enterococcus faecium isolates
produced APH(3�)-IIIa, an enzyme that produces resistance to
amikacin and kanamycin but not to other aminoglycosides.
The high incidence of APH(3�)-IIIa in Japan can be explained
by the extensive use of amikacin in that country.

STRATEGIES TO COUNTER RESISTANCE

As discussed in this report, the primary mechanism of resis-
tance to aminoglycosides is enzymatic modification of these
drugs in the resistant organisms. In principle, if the resistance
mechanisms were to be inhibited, the antibacterial activity of
various aminoglycosides could be restored. This concept is
inspired by the successful introduction into clinical use of the
first inhibitor of �-lactamases, enzymes that produce resistance
to �-lactam antibiotics (164, 247). The combination of the
inhibitor, clavulanic acid, and amoxicillin, a penicillin, has been
marketed for two decades. The clinical benefit of this strategy
led to other �-lactamase inhibitor-penicillin combinations (38).
The success of the approach depends on the high prevalence of
class A �-lactamases, enzymes that are inhibited by clavulanic
acid, among bacterial pathogens.

There are no clinical success stories for inhibition of amino-
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glycoside resistance enzymes. For that matter, not many inhib-
itors of these enzymes are known. The difficulty arises from the
presence of so many different enzymes to inhibit and also from
the fact that the biochemical mechanism of many of these
enzymes has not been studied in any meaningful detail. The
mechanisms for many of these enzymes are still unknown (10).
Nonetheless, a number of recent studies have attempted to
circumvent the activities of aminoglycoside resistance enzymes.
The majority of these studies have been carried out with ami-
noglycoside phosphotransferases, which have been scrutinized
in more enzymological detail.

Most of the studies on inhibitors of aminoglycoside-modify-
ing enzymes have centered on aminoglycoside-based mole-

cules. Indeed, if the site of the enzymatic modification in the
aminoglycoside is altered, one would in principle have a non-
substrate molecule that retains affinity for binding to the active
sites of these enzymes. For example, tobramycin and dibeka-
cin, both of which lack the 3�-hydroxyl moiety, are competitive
inhibitors for APH(3�)s (184). Similarly, paromomycin and
lividomycin A, both of which have 6�-hydroxyl groups instead
of amines, are competitive inhibitors of AAC(6�)s (318). 6�-
Methylated derivatives of kanamycins are also effective against
organisms that harbor AAC(6�)s, presumably because the site
of transfer of the acetyl group is now more hindered and
cannot serve its function effectively (303).

Roestamadji et al. reported the first mechanism-based in-

FIG. 5. Mechanism-based inhibition of APH(3�)s.

FIG. 6. Cyclic process of phosphorylation and release of inorganic phosphate for derivative 5 of kanamycin A.
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hibitors for the APH(3�)s (inhibitors 1 and 2) (246). These
compounds (1 and 2) were based on the structures of neamine
and kanamycin B, respectively (Fig. 5). Each possesses a nitro
(NO2) group in place of an amine at the 2� position. These
compounds serve as substrates for the APH(3�)s, but upon
transfer of the phosphate (species 3), the phosphate is elimi-
nated rapidly to generate a reactive entity (species 4) that
covalently and irreversibly modifies the active sites of the en-
zymes.

Inhibitors of protein kinases have been shown to inhibit
APH(3�)s (37, 65). The realization that these inhibitors might
also affect aminoglycoside phosphotransferases was made
when the Wright and Berghuis laboratories noted that the
X-ray structure of APH(3�)-IIIa was very similar to that of
eukaryotic protein kinases, especially in the ATP-binding do-
main (128). The inhibitors bind to the ATP-binding domains of
these proteins. Furthermore, bisubstrate analogues have been
explored as inhibitors of these enzymes (166). The concept
behind the inhibitors was to occupy both subsites, the amino-
glycoside- and ATP-binding subsites, within the active site of
these two-substrate enzymes. A set of molecules that co-
valently linked an aminoglycoside to adenosine were shown to
inhibit APH(3�) in a competitive manner (166). A set of
dimeric aminoglycosides have been reported recently (276).
These molecules bind to the A site of the ribosome, where they
manifest their antibacterial activity, but since their structures
have been altered dramatically, they are not recognized by
several of the aminoglycoside-modifying enzymes (276). This is
a promising strategy to counter the resistant phenotype.

Two alternative strategies to overcoming aminoglycoside in-
activation have been explored recently (110, 246). One is based
on the principle that interactions between substrates and en-
zymes at sites remote from the seat of the reaction would
significantly influence the catalytic facility of the reaction
(246). Accordingly, removal of a series of amines throughout
the framework of the structures for neamine and kanamycin B
showed considerable attenuation in the catalytic prowess of
APH(3�)s against these antibiotics, despite the fact that the
hydroxyl that serves as the recipient of the phosphate group in
these enzymatic reactions had not been altered (246).

Another strategy exploited the catalytic reaction of
APH(3�)s in turnover of a novel molecule (5) that was engi-
neered to accept the phosphate group and immediately release
it into the milieu (Fig. 6) (110). In essence, the resistance
enzyme would be converted into an ATP hydrolase, as ATP is
consumed to give rise to the formation of ADP and inorganic
phosphate. This strategy is depicted below. In lieu of a hy-
droxyl group in position 3�, a ketone was introduced into the
structure of kanamycin A, which prefers to be hydrated (spe-
cies 6). The hydrated species serves as a substrate to APH(3�)
to give rise to species 7, which is inherently unstable and
releases the inorganic phosphate from the antibiotic. Hence,
the antibiotic is not inactivated as a phosphorylated derivative.

CONCLUDING REMARKS

Aminoglycoside antibiotics have been available for over 50
years. Although their clinical use has been extensive, their
toxicity and the prevalence of resistance in clinical strains have
prompted the pharmaceutical industry to look for alternatives.

Whereas the search for novel targets for antibiotics from the
genomic information is ongoing (6, 115, 152, 195, 237), no
antibacterial agent based on these efforts has so far entered
clinical trials. Meanwhile, structural knowledge of the ribo-
some, the target for aminoglycosides, has invigorated the field
of antibiotic development. It is expected that knowledge of the
binding interactions of aminoglycosides and the ribosome
would lead to concepts in drug design that would take us away
from the parental structures of aminoglycosides in the direc-
tion of different structural classes that bind to the same ribo-
somal target sites as aminoglycosides. Indeed, one such exam-
ple was reported recently (110). Only time will tell if these
investigations will prove fruitful.
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