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Aminoglycosides are among the most commonly used
broad-spectrum antibiotics in the anti-infective armamentar-
ium. The vast majority of aminoglycosides are bactericidal, they
have predictable pharmacokinetics, and they often act in syn-
ergy with other antibiotics, properties that make them valuable
as anti-infectives. Furthermore, despite the potential for renal
toxicity, ototoxicity, and bacterial resistance, several members
of this family of antibiotics have enjoyed clinical use for several
decades.

Aminoglycosides are multifunctional hydrophilic sugars that
possess several amino and hydroxy functionalities. The amine
moieties are mostly protonated in biological media; hence,
these antibiotics can be considered polycationic species for the
purpose of understanding their biological interactions. Since
they are polycationic, they show a binding affinity for nucleic
acids. Specifically, aminoglycosides possess high affinities
for certain portions of RNAs, especially the prokaryotic rRNA
(12–14, 38, 39). In addition, aminoglycosides bind to the ham-
merhead ribozyme (45, 49), tRNAPhe (26), the Rev response
element (RRE) transcriptional activation region in human im-
munodeficiency virus (HIV) (8, 18), the ribozyme from hepa-
titis delta virus (41), and group I self-splicing introns (6, 51,
52).

There are only a handful of structural studies on the inter-
actions of aminoglycoside antibiotics with specific RNA se-
quences. One such study aimed at understanding the molecu-
lar interactions of paromomycin (Fig. 1) with the aminoacyl
site (A-site)-decoding region of rRNA (12–14, 39). Another
dealt with the interactions of tobramycin (Fig. 1) with an RNA
aptamer (23). In 1998, Yoshizawa et al. (57) elucidated the
structure of gentamicin Cla bound to an A-site RNA complex.
These studies used nuclear magnetic resonance techniques to
elucidate the three-dimensional structures of the complexes of
RNA and aminoglycosides. In addition to these structural in-
vestigations, several footprinting studies and efforts with semi-
synthetic aminoglycosides have been reported for RNA inter-
actions (1, 7, 8, 30, 48). In this minireview, structural determinants
that are responsible for the specific recognition of certain RNA
folds by aminoglycosides, which have implications for the
mechanisms of action of these antibiotics, will be examined.
Recent determination of the low-resolution X-ray structure of
the 70S ribosome from Thermus thermophilus has shed light on
the global features of various domains in rRNAs and their
interactions with mRNA and tRNA (5). In light of the struc-
tural information presented above, mechanistic features of ami-
noglycoside binding to rRNA will be discussed as well.

The topics of the biological activities, resistance, and toxic-
ities of aminoglycoside antibiotics have been reviewed (4, 10,
31, 32, 44). The present report addresses the complementary
subjects of the molecular interactions responsible for the ac-
tivities of this class of antibiotics, the structural factors respon-
sible for the specificity, and the efforts made to design novel
derivatives of aminoglycoside antibiotics.

STRUCTURAL BASES FOR MECHANISM OF ACTION

The 16S rRNA from Escherichia coli is well studied among
the rRNA subunits, and in particular, the interactions of var-
ious aminoglycoside antibiotics with the 16S rRNA and their
effects on the process of translation of mRNA into polypeptide
have been scrutinized (35). Similar rRNA structures exist in
other organisms, such as yeast and Tetrahymena (33). Treat-
ment of rRNA with an aminoglycoside protects several nucleic
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 (35) to that of enzyme
inhibitors, which usually bind to the active sites of enzymes and
interfere with their activities. Different classes of aminoglyco-
side antibiotics bind to different sites on the rRNA, depending
on the structural complementarity between the two. For exam-
ple, neomycin, paromomycin (Fig. 1), gentamicin, and kana-
mycin 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 (Fig.
2) (33). Four bases, A1408, A1492, A1493, and G1494, in the
rRNA A-site interact with tRNA, although with different af-
finities. 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 (35).
These interactions are also thought to interfere with the
translocation of tRNA from the A-site to the peptidyl-tRNA
site (P-site).

Puglisi and coworkers (12–14, 39) recently provided struc-
tural 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 (Fig. 3A). The design
of the RNA template was based on previous knowledge that
paromomycin interacts with the C1407 z G1494 base pair,
A1408, A1493, and U1495 and that these bases are absolutely
necessary for high-affinity binding (39) (shown in gray in Fig.
3A). Additional structural features, such as the pocket created
by the asymmetry in the internal loop region due to the pres-
ence of A1492 and the base pairing of C1409 z G1491 at the
lower stem region, are also important. These structural char-
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acteristics collectively create a pocket that is optimal for the
binding of paromomycin (see below).

In the native A-site RNA template, the stem has base-pair-
ing interactions at U1406 z U1495 (noncanonical) and C1407 z
G1494 (Fig 3A). Upon binding of paromomycin, the distinct
structure formed by A1408, A1492, and A1493 is stabilized
(Fig. 2B) and bases A1408 and A1493 form a noncanonical
base pair (12, 39). Nucleotide A1492, which does not have any
base-pairing interactions, creates a kink in the RNA structure,
and the combined effects of A1492 and the A1408 z A1493 base
pair creates a bulge in the A-site where paromomycin binds
and further extends the angle of the kink (Fig. 2B). The func-
tional groups on paromomycin, such as the hydroxyl and amino
groups, participate in specific interactions with the RNA mol-
ecule (see below).

The pocket created by A1492 and the A1408 z A1493 base
pair is occupied by ring II of paromomycin, and this ring stacks
above base G1491 (shown by a yellow arrow in Fig. 2B) (12).
Ring I of paromomycin makes specific contacts with the “uni-
versally” conserved base pairs U1406 z U1495 and C1407 z
G1494 in the rRNA. It is noteworthy that ring I is absolutely

necessary for specific binding of aminoglycoside antibiotics to
rRNA. Rings III and IV of paromomycin extend these inter-
actions further into the major groove of rRNA. The amino and
hydroxyl moieties mostly contribute to the nonspecific interac-
tions of paromomycin with rRNA; thus, they are not sequence-
dependent interactions. Another important point is that the
base pair C1409 z G1491 provides the seat for binding of
aminoglycoside in the pocket, and a mismatch base pair in this
position results in the loss of binding (12). In general, amino-
glycosides that share structural features with paromomycin
bind to rRNA similarly (13). However, different aminoglyco-
side antibiotics appear to bind to the same binding site in more
than one conformation (28). In essence, the conformation of
the aminoglycoside that does bind to RNA must satisfy the
electronic and steric constraints of the binding site. In a dif-
ferent study on the complex of gentamicin Cla and the A-site
RNA template, rings I and II of gentamicin Cla (which are
similar to those of paromomycin) exhibited binding interac-
tions similar to those in the complex of paromomycin and the
A-site RNA template (57). However, ring III in gentamicin Cla
interacts with base pairs U1406 z U1495 and G1405 z C1496 in

FIG. 1. Structures of aminoglycosides.
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the upper stem region (Fig. 3A). From these observations,
Puglisi and coworkers (57) proposed that all the aminoglyco-
sides that target the A-site of the 16S rRNA bind in a common
manner, similar to rings I and II in paromomycin and genta-
micin.

Although the overall structure of rRNA is conserved among

all species in an evolutionary sense, there are differences that
make binding of aminoglycosides more specific—by at least a
10-fold higher affinity—to the rRNA of prokaryotes than to
that of eukaryotes (19, 35, 38). This is not a large difference in
binding affinity and may in part explain the toxic effects of
these antibiotics in mammalian systems. Eukaryotic rRNA

FIG. 2. (A) Stereo view of the partial structure of the 70S rRNA complexed with three tRNA molecules (Protein Databank code, 486D [available at http://www
.rcsb.rutgers.edu]). The A-site region on the 16S rRNA is shown in white, where aminoacyl tRNA ‘A‘ (in yellow) is bound near the A-site of rRNA. Two other tRNAs,
peptidyl and exit, “P” (in red) and “E” (in green), respectively, are shown as well. The backbone of the penultimate stem of the 16S rRNA molecule and the 900-loop
are shown in violet. The binding site of paromomycin at the A-site is indicated by the white arrow. (B) Stereo view of the solution structure of RNA A-site template
bound by paromomycin, which approximately corresponds to the A-site region on the 16S rRNA in white in panel A. The Connolly surface of the A-site RNA is
rendered according to the electrostatic potential by using the MOLCAD program (Tripos, Inc., St. Louis, Mo.), and the aminoglycoside is shown in a ball-and-stick
representation. The most electronegative potential is rendered in blue, and the most electropositive potential is rendered in red on the surface; all other colors show
the potentials between blue and red. The arrow in white shows the kink generated by A1492, which does not have a base-pairing partner. The arrow in yellow shows
the pocket generated by the A1408 z A1493 base pair and A1492. The arrow in red shows the location of the 3-amine on ring II, the site for acetylation by AAC(3).
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contains a guanine in place of A1408, resulting in a G1408 z
A1493 base pair. In addition, the matched base pair at C1409 z
G1491 does not exist in eukaryotes. These differences collec-
tively result in lowered affinities of aminoglycosides for the
eukaryotic rRNA (12, 19, 35, 38). Having outlined these dif-
ferences, binding of aminoglycosides to the A-site of rRNA in
prokaryotes alters the conformation of the A-site and affects
the specific interactions of mRNA and tRNA at this site, re-
sulting in erratic codon-anticodon interactions. There is a pau-
city of structural information on the specifics of these interac-
tions at the ribosomal level to date (see below), but the clear
and ultimate consequence is disruption of the translation pro-
cess.

Another structural study was performed on binding of to-
bramycin (Fig. 1) to an RNA aptamer (23). The RNA aptamer

that was used in this study was a 26-nucleotide stem-loop RNA
(Fig. 3B). There are four mismatch pairs, U7 z G20, G8 z U19,
G9 z A18, and U11 z 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 (Fig. 4). 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 to-
ward 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 (23).

The 7.5-Å-resolution X-ray structure of the functional com-
plex of T. thermophilus 70S rRNA containing tRNA and
mRNA is helpful to put the above discussion in perspective (5).
From this structure, one could envision how well the model
studies with smaller RNA templates such as the tobramycin-
RNA aptamer and the A-site–RNA with paromomycin (see
above) would fit into the complete structure of rRNA. The
A-site in the 16S rRNA subunit of the 70S rRNA is seen near
the interface of tRNA and the 50S rRNA subunit, in the
proximity of the codon-anticodon pair (Fig. 2A). Upon com-
parison of the solution structure of the A-site RNA template to
the A-site in the X-ray structure of 70S rRNA, the X-ray
structure appeared to be closely related to the paromomycin-
bound RNA template but not to the native solution structure
of the A-site RNA template (5). This is intriguing and suggests
that perhaps in the functional form the bulge or kink near
bases A1492 and A1493 always exists in the 70S rRNA. If this
were true, it implies that the binding pocket for paromomycin
is already in existence when the 70S rRNA becomes functional;
hence, it is predisposed for inhibition by paromomycin. This
contradicts the assertion that binding of paromomycin in-
creases the kink angle at the binding site. Evidence in support
of this idea comes from a recent study that suggested that the

FIG. 3. (A) Model of the A-site RNA template used to study the interactions
of paromomycin. The box represents the portion of the rRNA that is homolo-
gous to the A-site. (B) RNA aptamer template used to study the interactions of
tobramycin.

FIG. 4. Stereo view of the complex of tobramycin bound to the RNA aptamer. The green Connolly surface represents a portion of the aminoglycoside binding site.
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affinities of different aminoglycosides for the A-site RNA tem-
plate are different, and the ability of these antibiotics to inhibit
protein synthesis in vitro varies as well (15). Gentamicin and
several other related antibiotics interact with the A-site RNA
with dissociation constants (Kd) in the micromolar range, but
they inhibited an in vitro translation process, with 50% inhib-
itory concentrations in the nanomolar range (15). The latter
finding was inferred as the result of aminoglycoside binding to
the intact rRNA in the decoding region (A-site), and the dif-
ference in binding to intact rRNA versus that to the A-site
template RNA may be due to the differences in the conforma-
tions of these two RNAs, as discussed above.

The A-site makes weak contacts with the mRNA and tRNA,
implying that this region plays a role in recognition of appro-
priate tRNA via subtle changes in the free energy (5). The
binding of aminoglycoside near this site may affect the delicate
process of interactions between codon and anticodon. 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 (5). 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 elu-
cidating and understanding the subtle changes that lead to the
antibiotic actions of aminoglycosides.

A number of investigations have used synthetic probes to
understand the interactions between RNA templates and ami-
noglycosides. It has been suggested that aminoglycosides bind
to more than one target site in the ribozyme (6, 30). Recently,
several aminoglycoside antibiotics such as neomycin B, tobra-
mycin, and kanamycin A have been dimerized either symmet-
rically or asymmetrically by using a “tether,” and their binding
affinities were compared to those of the monomeric parent
aminoglycosides (30). It was suggested that if there were mul-
tiple 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 in-
deed 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 binding affin-
ity could be the increased number of positively charged amino
groups on the dimerized aminoglycoside, but this effect seems
to be synergistic with the entropic advantage gained by dimer-
ization (30). It also indicated the presence of multiple high-
affinity binding sites for aminoglycoside antibiotics in an RNA
molecule. Another study attempted to exploit the RNA bind-
ing properties of paromomycin and the intercalating behaviors
of certain compounds such as pyrene and thiazole orange (48).
This strategy envisioned aminoglycosides as a means for the
delivery of intercalating agents to the RNA. The conjugate of
paromomycin with thiazole orange or pyrene showed better
binding properties to the 27-nucleotide A-site RNA template.
In fact, the dissociation constant for the paromomycin-thiazole
orange conjugate was measured at 46 nM, which was reported
as the highest affinity that the rRNA A-site has shown for any
ligand.

The structural requirements for RNA binding by aminogly-
cosides indicated that a bulge in the RNA sequence is neces-
sary to allow binding of aminoglycosides (7). 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 bind-
ing of tobramycin to the RNA aptamer. This aminoglycoside
appeared to interact mainly with the nucleic 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 interac-
tions of the aminoglycoside and the nucleic base (7). This
analogy can be applied to other RNA sites such as the ham-
merhead region and the A-site, where a cavity is present due to
the noncanonical base-pairing or loops or bulges that create a
suitable site for the aminoglycosides to interact with the an-
ionic phosphate groups and the nucleic bases. Along these
lines, Westhoff and colleagues (49) put forward a proposal that
the interaction of aminoglycosides with RNA is likely to be
shape specific rather than sequence specific.

Consistent with this concept, the electrostatic fields in the
RNA folds were deemed as the guiding force for binding (see
below). Hermann and Westhoff (20) were able to identify the
docking confirmations of several aminoglycoside antibiotics in
various RNA templates, such as tobramycin-RNA aptamers
and the A-site region in the 16S RNA, for which structural
information was available. On the basis of those observations,
the binding mode of aminoglycosides to the trans-activating
response element region in HIV was predicted (20). In another
study on RRE in HIV, the binding region for the Rev protein,
Cho and Rando (8) investigated the role of a single-base bulge
and a cavity for binding of aminoglycosides. Consistent with
previous hypotheses, it was deduced that grooves in the non-
duplex regions of RNA are important for high-affinity binding
of aminoglycosides to RNA. In this case, the single-base bulge
did not affect binding, but the cavity, a G-rich region consisting
of two noncanonical base pairs and one single bulged U, has a
high affinity for aminoglycosides. Tampering with the cavity
decreased the affinity of the RRE RNA for aminoglycosides,
thus indicating that the noncanonical base pair-containing
bulges are the primary aminoglycoside-binding sites in this
RNA template (8).

RESISTANCE TO AMINOGLYCOSIDES AND
STRATEGIES TO COUNTER IT

Even though the binding site for aminoglycosides is in
rRNA, resistance to aminoglycosides is not manifested by al-
teration of this target in general. This is in part due to the fact
that the function of the rRNA is central in the protein biosyn-
thetic process and that this function is so well preserved across
genera that it cannot be impaired by the possibility of such
structural alteration. In addition, all organisms have multiple
copies of the genes that encode rRNA. In order to generate an
rRNA resistant to a certain antibiotic that binds to it, all these
genes will have to be mutated, and the probability of the
occurrence of such an event is virtually nonexistent. Moreover,
it is easier for an organism either to modify the rRNA target
posttranslationally or to produce resistance enzymes (see be-
low). On the other hand, there are some reports of mutations
in the ribosomal proteins that confer resistance to certain an-
tibiotics. For example, mutations in the ribosomal protein
L10e lead to resistance to sordarin, a tetracyclic diterpene
glycoside antifungal agent that selectively inhibits fungal pro-
tein biosynthesis (24). Mutations in another ribosomal protein,
L22, confer resistance to erythromycin, and recently, the X-ray
crystal structure of this protein from T. thermophilus was de-
termined (50). Mutations that confer resistance to erythromy-
cin are on a beta-hairpin loop on L22, and it was postulated
that this region may be in proximity to the erythromycin-bind-
ing site near the peptidyl transfer center (50). However, these
types of mechanisms for resistance are not seen for aminogly-
cosides. It is also observed that certain mutations in the highly
conserved 530 stem-loop region in rRNA result in “streptomy-
cin dependence,” perturbing (actually reducing) the transla-
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tional error frequency (22, 37). However, there is no three-
dimensional structural information on this observation for us
to be able to comment on it further. Resistance to aminogly-
cosides is widely reported, but the preponderance of the cases
of resistance to these agents has not been as overwhelming as
that of the cases of resistance to b-lactam antibiotics. This may
be due in part to the more frequent use of b-lactams in the
clinic, but it may also be due to the differences in the mecha-
nisms of dissemination of the resistance determinants (34, 55).
Whereas methylation of 16S rRNA in aminoglycoside-produc-
ing organisms gives high-level resistance to the actions of these
antibiotics (3, 46), the most common mechanism for clinical
resistance to aminoglycosides is their structural modification
by specific enzymes expressed in resistant organisms. The sites
of modifications in kanamycin B by various enzymes are shown
schematically in Fig. 5. The binding of the modified aminogly-
coside antibiotics to their target sites is compromised. There
are three classes of these enzymes: aminoglycoside phospho-
transferases (APHs), aminoglycoside nucleotidyltransferases
(ANTs), and aminoglycoside acetyltransferases (AACs). Within
each class, there are enzymes with different regiospecificities
for aminoglycoside modifications: there are four nucleotidyl-
transferases [ANT(6), ANT(49), ANT(30), and ANT(20)], seven
phosphotransferases [APH(39), APH(20), APH(30), APH(6),
APH(9), APH(4), and APH(70)], and four acetyltransferases
[AAC(29), AAC(69), AAC(1), and AAC(3)]. There also ex-
ists a bifunctional enzyme, AAC(69)–APH(20), that can acet-
ylate and phosphorylate its substrates sequentially (2, 9). The
issue of the origins of these resistance enzymes has been dis-
cussed in recent reviews and will not be repeated here in the
interest of brevity (32, 55).

Crystal structures for four aminoglycoside-modifying en-
zymes have been reported (21, 36, 42, 53, 56). These are for
ANT(49), AAC(3), AAC(69), and APH(39) type IIIa [APH(39)-
IIIa]. It is interesting that the same forces that drove the
evolution of aminoglycoside biosynthesis for binding to the
ribosomal sites also would appear to have driven evolution of
the resistance enzymes. Namely, electrostatic interactions ap-
pear to be quite significant. It was noted that the positively
charged aminoglycoside is attracted to APH(39)-IIIa, since the
active site of the enzyme provides favorable interactions due to
the excessive negative charge distribution in this region of the
surface (21, 55). Once the complex forms between the two (i.e.,
the substrate and the enzyme), this electrostatic attraction on
the substrate is complemented by specific electrostatic inter-
actions between the active site and the aminoglycoside in

APH(39)-Ia, -IIa, and -IIIa, as documented by studies of spe-
cific deaminated aminoglycosides (29, 40). In the same sense
that the amines in the structures of aminoglycosides are im-
portant for binding to rRNA, they would appear to be signif-
icant—perhaps indispensable—for recognition of the drugs by
the resistance enzymes.

The structural modifications of aminoglycosides result in a
severe reduction of the ability of the modified antibiotic to
bind to the target RNA due to unfavorable steric and/or elec-
trostatic interactions. For example, acetylation of the amine
group at position 3 on paromomycin (Fig. 1) results in unfa-
vorable steric clashes in the A-site RNA, as can be surmised
from the structure of the complex between paromomycin and
A-site RNA (shown by a red arrow in Fig. 2B). In addition,
acetylation in this case would interfere with the necessary elec-
trostatic attraction between the RNA and the aminoglycoside
as well. Another example is phosphorylation of aminoglycoside
at the 39 position (corresponding to the 39 site in ring II of
paromomycin [Fig. 1]) due to the action of APH(39). Consider-
ing that kanamycin A [a substrate for APH(39) enzymes] binds
in a fashion similar to that for paromomycin at the A-site of
rRNA, ring II should fit into the pocket created by A1492.
However, the phosphate group at the 39 position would inter-
fere with this binding due to the repulsive electrostatic and
steric interactions between the 39 phosphate and the phosphate
backbone of the rRNA, resulting in poor binding of the 39-
phosphorylated aminoglycosides at the A-site of rRNA.

Gentamicin C is susceptible to at least five or six modifying
enzymes, and the same pattern can be seen for the semi-
synthetic antibiotic tobramycin. A major breakthrough was the
preparation of amikacin (Fig. 1), a kanamycin A derivative
with the amino group at position 1 acylated by 4-amino-2-hy-
droxybutyrate. The presence of the aminohydroxybutyryl group
in general prevents the enzymatic modification of amikacin at
multiple positions. This antibiotic undergoes acetylation by dif-
ferent types of AAC(69), as well as by a few other aminoglyco-
side-modifying enzymes such as AAC(29), APH(20), and ANT
(20). The activity of the parent antibiotic is not compromised
by this synthetic alteration because the aminohydroxybutyryl
group does not interfere with binding to the A-site of rRNA.
The aminohydroxybutyryl functionality at position 1 of amika-
cin appears to fit well into the extended cleft, as seen in the
model generated from the nuclear magnetic resonance struc-
ture of the A-site RNA; the amino group in this moiety may
also enhance binding of amikacin to RNA through electro-
static interactions (unpublished results from our group). Con-
sequently, greater than 80% of the gentamicin-resistant mem-
bers of Enterobacteriaceae and 25 to 85% of Pseudomonas
aeruginosa-resistant strains are sensitive to amikacin (25, 27).
A recent surveillance study conducted in North America indi-
cated that amikacin is still an active antimicrobial agent
against P. aeruginosa (11). Similar studies in Europe showed
that amikacin exhibited activity against gram-negative bacilli
superior to those of gentamicin and tobramycin (43).

To date, all attempts to make semisynthetic aminoglycosides
have focused on the synthesis of derivatives that circumvent
resistance enzymes. Examples of such antibiotics are dibekacin
and tobramycin, which lack the 39-hydroxyl group and are
therefore not substrates for APH(39) compounds. Other ex-
amples are isepamycin and amikacin, both of which have an
acylated N-1 group, which makes them poorer substrates for a
number of the modifying enzymes. Recently, 39-oxo-kanamycin
A (Fig. 1) was designed and prepared (16). This prototypic
aminoglycoside serves as a good substrate for the common
APH(39). However, the product of phosphorylation is inher-
ently unstable, and it releases the phosphoryl group to the

FIG. 5. Sites of modification on kanamycin B by various aminoglycoside-
modifying enzymes. The arrows point to the sites of modification by the specific
enzymes, namely, acetyltransferases, phosphotransferases, and nucleotidyltrans-
ferases.
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solution as inorganic phosphate, regenerating the original an-
tibiotic. Such an antibiotic renders these bacterial resistance
enzymes obsolete for the resistant bacterium (16). Further
applications such as this await future experimentation.

As described earlier, recent investigations have revealed that
rings I and II of the neomycin class of aminoglycosides are
essential for RNA binding and that they are sufficient to direct
the binding of aminoglycosides to the unique binding pocket in
the RNA A-site (1, 12, 13, 17, 41). Wong and coworkers (1, 17)
suggested that the 1,3-hydroxylamine moiety present in almost
all aminoglycoside antibiotics may be an important recognition
motif for RNA binding. They investigated small molecules that
recognize RNA with the 1,3-hydroxylamine motif as a core (1,
17). To test this idea, a series of aminoglycoside derivatives
bearing either one or two of these recognition motifs for RNA
interaction was synthesized (1, 15). Some of these new com-
pounds showed antibiotic activities, and a few were found to be
effective in binding to the rRNA A-site sequence (1, 15, 54).
Although these derivatives (such as structures 5 and 6 in Fig. 1)
bind to the truncated model of the rRNA A-site in the submi-
cromolar range, there is only a weak correlation between RNA
binding affinity and antibacterial activity. For instance, despite
stronger binding affinities than neamine, some of these com-
pounds were weaker antibiotics. On the contrary, compounds
such as gentamicin and ribostamycin, even though they contain
a neamine-like core moiety, exhibit good antibiotic activity but
are poor A-site binders (54). A possible explanation is that in
vitro binding to this RNA construct does not precisely mimic
the in vivo binding event in the ribosome in every respect.

In parallel to these investigations, Tok and Rando (47) de-
scribed simple 1,3(2)-aminoalcohol-containing molecules with
potencies similar to or greater than that of paromomycin. The
structural simplicity of these 1,2- and 1,3-aminoalcohols and
their potential as effective substituents for structurally compli-
cated aminoglycoside antibiotics could stimulate further inter-
est in the design and rapid syntheses of a series of new and
potent antibacterial agents.

CONCLUSIONS

The discovery of the first aminoglycoside in 1944 stimulated
considerable interest in these antibiotics. A number of sub-
classes of these antibiotics have been identified, and the struc-
tures of the parent drugs have been further elaborated by
chemists to generate potent derivatives with expanded spectra
of antibacterial activity. Several of these semisynthetic amino-
glycosides have also been less prone to structural alterations by
the resistance enzymes. The current knowledge of the activities
of these antibiotics, their pharmacokinetics, their structural
diversity, and chemistry for their preparation is considerable
indeed. There has been a perception that investigations of
aminoglycosides have reached maturity and that the prospects
for novel insights are perhaps remote. However, structural and
mechanistic information on the target(s) of these antibiotics
and their respective resistance enzymes has only begun to
emerge in the past few years. This information should stimu-
late novel developments in the de novo design of molecules
that bind to the ribosomal target site or molecules that would
serve as inhibitors for the resistance enzymes in the near fu-
ture. The structural and mechanistic investigations reviewed
here represent the starting point for future developments in
this important area.
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