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SUMMARY  XI 

Summary 

 

Aminoglycoside antibiotics target the rRNA component of the small ribosomal subunit and 
interfere with protein biosynthesis by inducing misreading and inhibiting translocation. High 
resolution crystal structures have defined the binding site of aminoglycosides within the 16S 
rRNA decoding region. A number of drug-nucleotide contacts have been proposed to mediate 
the specific affinity of aminoglycoside antibiotics for the ribosomal aminoacyl site (A site); 
the individual contribution of each contact to the strength of drug binding has been 
hypothesized based on the atomic distance and the chemical nature of the contact. 

Efforts to genetically probe the functional relevance of drug-nucleotide contacts have in part 
been hampered by the presence of multiple rRNA operons in most bacteria. In the study 
presented here, a derivative of the gram-positive Mycobacterium smegmatis was rendered 
single rRNA operon allelic by means of gene inactivation techniques. Genetic manipulation 
of the single chromosomal rRNA operon resulted in cells carrying homogeneous populations 
of mutant ribosomes. An exhaustive mutagenesis of the ribosomal A site was performed to 
define the importance of individual drug-nucleotide contacts by whole cell in vivo drug 
susceptibility measurements. Changes in the binding affinity of aminoglycoside antibiotics to 
the modified ribosomal A site were inferred from the resistance phenotype conferred by the 
mutational alterations. 

Defined nucleotides within the ribosomal A site appear to be crucial for aminoglycoside 
binding: the adenine residue at position 1408, the C1409–G1491 interaction, and the non-
canonical base pair U1406·U1495 (E. coli numbering is used throughout). Base substitutions 
in one or more of these residues disrupt individual drug-nucleotide contacts, alter the 
geometry of the drug-binding site, or both.  

Adenine 1408 forms a pseudo-base pair with ring I of the disubstituted 2-deoxystreptamine 
aminoglycosides. This interaction appears to be indispensable for proper positioning of ring I 
and aminoglycoside binding, as an A1408G mutation resulted in high-level resistance to 
aminoglycoside antibiotics. 

Guanine 1491 forms a stacking interaction with ring I, thus stabilizing the ring I interaction 
with nucleotide 1408. The stacking interaction between ring I and the base at residue 1491 is 
largely sequence independent. Base substitutions disrupting the C1409–G1491 Watson-Crick 
pair changed its geometry such that aminoglycoside binding was impaired, in particular for 
transversion mutations replacing the pyrimidine-purine pair by a purine-purine or pyrimidine-
pyrimidine opposition. 

Uracil 1495 provides hydrogen bonding with ring II. In addition, the non-canonical base pair 
U1406·U1495 accommodates ring III of 4,6-disubstituted deoxystreptamines, allowing for 
additional contacts to guanine 1405. Mutational alterations of the U1406·U1495 interaction 
mainly affected ribosomal susceptibility to aminoglycosides comprising a 4,6-disubstituted 
moiety. 

The extent to which aminoglycoside binding is affected by A-site alterations depends on the 
number and nature of substituents at rings I and II. In particular, the strength of drug binding 
appears to reflect the nature of the substituent at position 6’ of ring I (amino versus hydroxyl 
group), the linkage between rings I and III (4,5- versus 4,6-linkage), and the overall charge of 
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the molecule (3 to 6 ammonium groups). Overall, a high number of molecular contacts and 
positive charges facilitates a robust binding interaction between aminoglycoside antibiotics 
and the ribosomal A site. The complex between drug substituents and rRNA nucleotides 
appears to constitute a network in which individual contacts can partly compensate for each 
other when disrupted. 

The data presented in this study indicate general as well as drug-specific features of 
aminoglycoside binding to the ribosome and define the functional relevance of individual 
drug-nucleotide contacts revealed by X-ray crystallography. Ultimately, a detailed functional 
understanding of structural interactions will lead to the improvement of existing 
antimicrobials and the rational design of effective novel compounds. 

 

 



ZUSAMMENFASSUNG  XIII 

Zusammenfassung 

 

Aminoglykoside binden an die RNA-Komponente bakterieller Ribosomen und stören die 
Proteinbiosynthese indem sie eine fehlerhafte Übersetzung des genetischen Codes 
verursachen und die Translokation hemmen. Hochauflösende Kristallstrukturen haben die 
Bindungsstelle der Aminoglykoside innerhalb der 16S rRNA der dekodierenden Region 
(decoding region) aufgezeigt. Demzufolge vermittelt eine Vielzahl molekularer Kontakte eine 
spezifische Affinität der Aminoglykosid-Antibiotika für die Aminoacylstelle (A site) in der 
ribosomalen dekodierenden Region. Der einzelne Beitrag eines jeden Kontaktes zur 
Bindungsstärke der Aminoglykoside wurde hypothetisch hergeleitet aus der atomaren Distanz 
und der chemischen Eigenschaft des jeweiligen Kontaktes. 

Versuche, die Bedeutung einzelner Aminoglykosid-Nukleotid-Kontakte genetisch zu 
erforschen werden dadurch erschwert, dass das Chromosom der meisten Bakterien für 
mehrere rRNA Operone kodiert. In der vorliegenden Arbeit wurde mittels gentechnischer 
Methoden ein grampositives Mycobacterium smegmatis mit einem einzelnen rRNA Operon 
konstruiert. Die genetische Manipulation des einzelnen rRNA Operons resultiert in 
Organismen mit einer homogenen Population an mutierten Ribosomen. Eine umfassende 
Mutagenese der ribosomalen Aminoacylstelle wurde durchgeführt, um die Bedeutung 
einzelner Aminoglykosid-Nukleotid-Kontakte mittels mikrobiologischer Resistenzstudien zu 
untersuchen. 

Bestimmte Nukleotide innerhalb der ribosomalen Aminoacylstelle scheinen von 
übergeordneter Bedeutung für die Aminoglykosidbindung zu sein: das Adenin an Position 
1408, das Basenpaar C1409–G1491, und die U1406·U1495 Interaktion (alle Positionsangaben 
in dieser Arbeit beziehen sich zum besseren Vergleich auf die E. coli-Nummerierung). Ein 
Basenaustausch an einer oder mehrerer dieser Positionen unterbindet einzelne 
Aminoglykosid-RNA-Kontakte, verändert die übergeordnete Geometrie der Bindungsstelle, 
oder beides. 

Adenin 1408 geht eine Pseudo-Basenpaarung mit Ring I der disubstituierten 2-
Deoxystreptamine ein. Diese Interaktion erscheint unersetzlich für eine korrekte 
Positionierung des Ringes I und für die Bindung der Aminoglykoside, da eine A1408G 
Mutation einen hohen Resistenzgrad gegenüber Aminolgykosiden aufweist. 

Guanin 1491 geht mit Ring I der Aminoglykoside eine Stacking-Interaktion ein, wodurch die 
Interaktion des Ringes I mit Adenin 1408 stabilisiert wird. Diese Stacking-Interaktion ist 
weitgehend sequenzunabhängig. Basenaustausche in C1409–G1491 zerstören die Watson-
Crick-Paarung und damit die Basenpaargeometrie als Grundlage der Stacking-Interaktion. 
Dies gilt insbesondere für Transversionen, welche das natürliche Pyrimidin-Purin-Paar durch 
eine Purin-Purin- oder Pyrimidin-Pyrimidin-Gegenüberstellung ersetzen. 

Uracil 1495 bildet eine Wasserstoffbrücke mit Ring II. Zudem beherbergt die Paarung 
U1406·U1495 Ring III der 4,6-disubstituierten Aminoglykoside und ermöglicht diesem 
dadurch zusätzliche Kontakte zu Guanin 1405. Mutationsbedingte Änderungen in der 
U1406·U1495 Interaktion beeinträchtigten daher in erster Linie die ribosomale 
Empfindlichkeit gegenüber den 4,6-disubstituierten Aminoglykosiden. 
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Das Ausmaß, mit welchem die Aminoglykosidbindung durch Veränderungen der 
Aminoacylstelle beeinträchtigt wird, hängt ab von der Zahl und der Zusammensetzung 
chemischer Substituenten an den Ringen I und II. Die Bindungsstärke scheint insbesondere 
beeinflusst zu sein von der Eigenschaft des Substituenten an Position 6’ des Ring I (Amino- 
vs. Hydroxylgruppe), von der Verknüpfung zwischen Ring I und Ring III (4,5- vs. 4,6-
Verknüpfung), und von der Gesamtladung des Moleküls (3 bis 6 positiv geladene 
Aminogruppen). Insgesamt wird die Bindung zwischen Aminoglykosid-Antibiotika und der 
ribosomalen Aminoacylstelle durch eine Vielzahl molekularer Kontakte ermöglicht. Der 
Komplex zwischen den Aminoglykosidsubstituenten und den rRNA-Nukleotiden stellt 
offensichtlich ein Netzwerk dar, in welchem einzelne Kontakte die Aufhebung anderer 
Kontakte teilweise kompensieren können. 

Die Daten, die in dieser Arbeit präsentiert werden, kennzeichnen sowohl die allgemeinen als 
auch die substanz-spezifische Eigenschaften der Aminoglykosidbindung an das Ribosom und 
definieren die funktionale Relevanz einzelner Kontakte, die durch die Röntgen-
strukturanalysen offen gelegt wurden. Ein detailliertes Verständnis der strukturellen und 
funktionalen Interaktionen schafft letztlich die wissenschaftliche Grundlage für eine rationale 
Verbesserung und Neuentwicklung effektiver Antibiotika. 
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Introduction 

 

The ribosome is the essential macromolecule of the protein synthetic machinery in all living 
cells. Ribosomes translate the genetic information encoded in messenger RNA (mRNA) to 
assemble amino acids into proteins. Ribosomes are made up of two subunits, both of which 
consist of ribosomal RNA (rRNA) and a number of different proteins (r-proteins). The small 
ribosomal subunit contains the decoding site where the mRNA sequence is read in blocks of 
three nucleotides, called codons. Each codon denotes one of twenty different amino acids, and 
each amino acid is ferried to the ribosome by its own transfer RNA (tRNA) or set of tRNAs. 
Every tRNA has an anticodon sequence that makes a specific match with the corresponding 
mRNA codon. The mRNA passes through two narrow channels on the 30S subunit to be 
displayed at the interface decoding site, where it interacts with the tRNA anticodon (Fig. 1). 

 

 

Fig. 1: The two ribosomal 
subunits from the thermophilic 
bacterium Thermus thermophilus. 
Top: The backbone traces of the 
rRNAs (yellow and grey) and the 
r-proteins (bronze and blue) are 
shown at the interfaces of the 
small (30S) and large (50S) 
ribosomal subunits. The location 
of the peptidyl site (P), the 
aminoacyl site (A), and the exit 
site (E) is indicated. Bottom: 
Vertical section through the P site 
showing the mRNA sequence 
(magenta), the aminoacylated 
initiator tRNA (green), and the 
exit tunnel (red arrow) through 
which the growing peptide chain 
emerges from the ribosome. 
Reprinted from [1] by permission 
from Macmillan Publishers Ltd. 

 

Protein synthesis is initiated when the start codon on the mRNA is guided into the peptidyl 
site (P site) on the 30S subunit to interact with the initiator tRNA charged with the amino acid 
methionine (fMet-tRNA). The 30S interface then assembles with the interface of the large 
subunit to form the 70S translation complex, upon which the second mRNA codon, in the 



INTRODUCTION  2 

adjacent aminoacyl site (A site), accepts the next tRNA with its amino acid. The base-pairing 
match between the tRNA anticodon and mRNA codon is checked by the decoding site within 
the A site of the small subunit. If the match is accepted, the aminoacyl end of the tRNA is 
swung into the catalytic site, the peptidyl-transferase center, on the large subunit, where a 
peptide bond is formed between the methionine and the second amino acid. The ribosome 
then moves one codon along the mRNA, bringing the third codon into the A site; this 
translocates the tRNA holding the dipeptide into the P site, and the deacylated initiator tRNA 
is moved into the exit site (E site) from where it is ejected. The cycle is repeated up to several 
hundred times, and the peptide chain grows from the peptidyl-transferase center through the 
tunnel in the large subunit to emerge at the back of the ribosome (Fig. 1). Eventually the 
ribosome reaches a stop codon on the mRNA, signaling the completion and release of the 
peptide chain. All these stages in the initiation, elongation and release of the peptide chain are 
helped by protein factors, usually with the expenditure of energy in the form of guanosine 
nucleotide triphosphate (GTP). 

 

Characteristics Bacteria Archaea Eukarya Mitochondria 

Ribosome size 70S 70S 80S 55S 

Small subunit     

Size 30S 30S 40S 28S 

Mass (MDa) 0.8 0.8 1.4 1.2 

rRNAs 16S 16S 18S 12S 

Number of r-proteins 20 28 32 33 

Large subunit     

Size 50S 50S 60S 39S 

Mass (MDa) 1.6 1.6 2.6 2.4 

rRNAs 23S, 5S 23S, 5S 28S, 5.8S, 5S 16S 

Number of r-proteins 34 40 46 52 

Table 1: Ribosome components from the three domains of life 

 

 

Present evidence indicates that ribosomal RNA is the catalytically active component within 
the large ribonucleoprotein complex. This has become most evident in regions of the 
ribosome that are directly engaged in functional steps of protein synthesis: the peptidyl 
transferase center in the large ribosomal subunit; and the decoding A site, located in the small 
subunit, where the mRNA codons are paired with anticodons of aminoacylated tRNAs [2-5]. 
Upon accommodation of a cognate aa-tRNA in the A site, the base triplets of the codon and 
anticodon interact in a Watson-Crick like manner forming a mini helix of six nucleotides. 
Such a structure is stabilized by 16S rRNA A-site nucleotides G530, A1492, and A1493 
(Escherichia coli numbering of residues is used throughout the thesis), thereby triggering 
proofreading and peptide bond formation [6]. In contrast, a non-cognate tRNA anticodon does 
not form a canonical base pair triplet, is therefore not stabilized in the decoding A site, and 
will ultimately dissociate from the ribosome. In this way, the ribosomal decoding A site, and 
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in particular rRNA residues G530, A1492, and A1493 mediate the proper translation of an 
mRNA molecule into a correct polypeptide sequence. 

 

 

Fig. 2: Conserved regions of the ribosome through three phylogenetic domains ((A) and 
(B)) and through three phylogenetic domains plus mitochondria and chloroplasts ((C) and 
(D)), mapped onto the small subunit ((A) and (C)) and on the large subunit ((B) and (D)) 
[7]. Positions present in more than 95% of the sequences are shown in red, green and gray. 
Red spheres represent those nucleotides that are universally conserved (99% conserved or 
greater), green spheres designate highly conserved residues (90–98% conserved). Dark gray 
helices represent conserved positions (less than 90% conserved at the nucleotide level). The 
light, transparent gray ribbons represent regions that are not present in at least 95% of the 
sequences. Conserved proteins are shown in red and non-conserved are gray. Main 
structural features for both subunits are indicated with the following abbreviations: bk, 
beak; sh, shoulder; sp, spur; P, platform; L1, L1 arm; CP, central protuberance; L11, L11 
arm; SRL, α-sarcin–ricin loop. Reprinted from [7] with permission from Elsevier. 
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The preservation of ribosome function over the course of evolution has been coupled to an 
overall conservation of ribosome structure. Ribosomes in organisms as phylogenetically 
distinct as bacteria and archaea show a remarkable degree of resemblance. Present evidence 
indicates that eukaryotic ribosomes, including those in mitochondria and chloroplasts, are 
similar in structure to their prokaryotic counterparts, although their size and complexity varies 
to a significant extent from that of prokaryotes (Table 1). The high conservation of ribosome 
structure and function through the three phylogenetic domains of life including mitochondria 
and chloroplasts becomes particularly evident in the functionally active sites, where the rRNA 
component is often conserved to the level of nucleotide sequence (Fig. 2; see also Fig. 5) [7]. 
Nevertheless, subtle differences in rRNA sequence and structure appear to suffice for specific 
binding of ribosomal inhibitors to bacterial- but not to eukaryotic ribosomes, as discussed 
below. 

 

Protein synthesis is one of the major targets for antibiotic compounds. Several classes of 
antibiotic compounds target the bacterial ribosome. The antibiotic-binding sites were initially 
determined by biochemical and genetic techniques; subsequently, many of these sites were 
revealed in greater detail by X-ray crystallography. Macrolides, lincosamides, and 
streptogramin B, among others, bind to bacterial 23S rRNA in the peptidyl transferase center 
and interfere with peptide-bond formation and with the elongation of the peptide chain (Fig. 
3). 2-deoxystreptamine aminoglycosides and hygromycin B bind to the bacterial 16S rRNA 
decoding site, interfering with the proper decoding and translocation of mRNA [1, 8]. 

 

 

Fig. 3: Binding sites of antibiotic compounds targeting the bacterial ribosome. The 30S 
ribosomal subunit is shown on the left and the 50S ribosomal subunit is shown on the 
right. Ribosomal RNAs are shown in yellow and grey and r-proteins in bronze and blue. 
Subunit models are based on the Thermus thermophilus 70S ribosome structure [9]. 
Reprinted from [1] by permission from Macmillan Publishers Ltd. 
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The discovery of streptomycin for treatment of tuberculosis in 1944 represents the first 
application of aminoglycoside antibiotics in human antibacterial chemotherapy. Since then, a 
large number of other aminoglycosides were isolated from various Actinomycetes producers. 
Among them, gentamicin, isolated from Micromonospora in 1963, constituted a significant 
advance in the treatment of Gram-negative bacterial infections. Ever since, a race began 
between the emergence of drug-resistant pathogens and the search for new antibiotics to 
combat them. Enzymatic inactivation is the clinically most significant mechanism of bacterial 
resistance to aminoglycosides. There are three classes of aminoglycoside-modifying enzymes: 
the aminoglycoside nucleotidyltransferases, the aminoglycoside phosphotransferases, and the 
aminoglycoside acetyltransferases (reviewed in [10]). The reactions catalyzed by these 
enzymes are usually regioselective, conferring resistance to certain subclasses of 
aminoglycosides by modifying defined substituents present in those drug molecules. More 
recently, plasmid-mediated 16S rRNA methylation has been recognized to confer drug 
resistance in clinical pathogens [11-13]. Both the enzymatic modification of the 
aminoglycoside and that of 16S rRNA result in a decrease in affinity of the drug for its target 
[10, 14]. Decreased aminoglycoside concentration inside the target cell, by reduction of drug 
uptake, activation of drug efflux, or both, can also decrease the susceptibility of bacterial 
strains and thus be the cause of intrinsic or acquired resistance. Although the exact 
mechanism of aminoglycoside uptake remains unknown, it most likely involves the 
electrostatic adsorption of the cationic compound to negatively charged lipopolysaccharides 
of the outer membrane of gram-negative bacteria. Membrane transport of the polar 
aminoglycoside molecules depends on the transmembrane potential generated by the 
respiratory chain. While respiratory chain mutants and strains containing functional mutations 
in their ATP synthases were shown to exhibit decreased susceptibility [15, 16], anaerobic 
bacteria are intrinsically resistant to aminoglycosides [17]. The first clinical isolates in which 
aminoglycoside resistance has been associated with mutational alterations in the small subunit 
rRNA were streptomycin-resistant Mycobacterium tuberculosis [18, 19]. Subsequently, 
mutations in the ribosomal decoding site were identified in clinical isolates of M. tuberculosis 
and M. abscessus resistant to the classical 2-deoxystreptamine aminoglycosides [20-24]. 
These species are characterized by the presence of only a single copy of the ribosomal operon 
[25], which implies that a single mutation can lead to the production of a homogenous 
population of mutant ribosomes and thus can result in resistance regardless of the recessive 
nature of the mutation involved . 

 

 

In addition to an impressive variety of natural aminoglycosides, several other molecules, such 
as dibekacin and amikacin, were synthesized by modification of natural compounds with the 
aims of extending their antibacterial spectrum and potency, evading the resistance 
mechanisms and increasing their bioavailability. 
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Today the clinically most relevant group of aminoglycosides are the 2-deoxystreptamines, 
forming a large family of water-soluble, polycationic amino sugars [10, 26, 27]. Common to 
the 2-deoxystreptamine aminoglycosides is the neamine core, composed of a glucopyranosyl 
(ring I) glycosidically linked to position 4 of a six-membered cyclitol (ring II). This neamine 
core can be further substituted by additional amino sugar moieties at either position 5 or 
position 6 of the deoxystreptamine and various additional substituents (Fig. 4). 

 

 

Fig. 4: Chemical structures of disubstituted deoxystreptamines, the clinically most relevant 
class of aminoglycosides: (A) 4,5-disubstituted deoxystreptamines; (B) 4,6-disubstituted 
deoxystreptamines. Reprinted from [10] with permission from ACS publications. 
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Previous studies have suggested that the common neamine core of the deoxystreptamine 
aminoglycosides is mainly responsible for correct drug binding [28-30]. The neamine core 
mediates specific binding to a universally conserved rRNA loop that adopts a stem-loop-stem 
conformation at the base of helix 44 at the 3’ end of 16S rRNA. Chemical footprinting has 
demonstrated that aminoglycosides protect concise sets of highly conserved nucleotides in 
16S rRNA when bound to ribosomes [31]. The aminoacyl-tRNA decoding site (A site) forms 
a binding pocket which is closed at the upper site by base-pair G1405–C1496 and at the lower 
stem by base-pair C1409–G1491. This narrow drug pocket is able to accommodate a 
framework of hydrogen bond donors and acceptors, provided by the 16S rRNA wobble base 
pair U1406·U1495; bases A1408, A1492, and A1493; and base pair C1409–G1491 [27, 32, 
33]. Most of these rRNA residues within the drug binding site are universally conserved 
through the three phylogenetic domains of life, with the exception of the residue at position 
1408, which is an adenine in bacteria and a guanine in eukaryotes (Fig. 5). This single-
nucleotide difference within the ribosomal decoding site most likely accounts for the 
selectivity of aminoglycoside antibiotics which discriminate between bacterial and human 
ribosomes [34]. 

 

 

 

 

Fig. 5: Evolutionary conservation of rRNA nucleotides in the small ribosomal subunit 
aminoacyl-site (A-site). Red nucleotides represent universally conserved residues (98% 
conserved or greater), highly conserved residues (90–97%) are shown in green, and gray 
nucleotides are less than 90% conserved in the corresponding domain. The bacterial A 
site is characterized by a universally conserved adenine at position 1408, while 
Eukaryotes carry a universally conserved guanine at the corresponding position. 
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Binding of aminoglycosides to the ribosomal A site interferes with the high-fidelity 
incorporation of amino acids by inhibiting the translocation of the tRNA-mRNA complex and 
by inducing codon misreading, which promotes the improper selection of aminoacyl-tRNA 
[26, 35-38]. Fidelity of translation is disrupted by inducing and stabilizing a conformational 
switch of the A site [39, 40]. Upon binding of 2-deoxystreptamines to the ribosomal A-site, 
the purines at residues A1492 and A1493 are flipped out and positioned to interact with the 
shallow/minor groove of the codon–anticodon helix (Fig. 6) [39]. Such a conformational 
switch of A1492 and A1493 is normally observed only upon accommodation of a cognate 
tRNA–mRNA complex (Fig. 7) [40-42]. The ribosome thereby loses its ability to discriminate 
between correct and incorrect tRNA, and incorrect amino acids are incorporated during 
protein synthesis, which is thought to lead to the synthesis of nonfunctional, misfolded 
proteins and ultimately to bacterial cell death [35-37, 43]. 

 

 

 

Fig. 6: The bacterial decoding center in the 30S ribosomal subunit. (a) Overview of the 30S 
subunit structure, in complex with A-site tRNA anticodon stem–loop (ASL, gold). Red arrows 
indicate the movement of domains during the transition to the closed 30S conformation. P-site 
codon and tRNA-ASL (mimicked by the 3′ end of the 16S RNA and the ‘spur’ stem–loop of a 
symmetry-related molecule in the crystal) are dark grey, helices H44 cyan, and H27 yellow. In 
the shoulder domain, H18 with the 530-loop is turquoise, and proteins S12 (orange), S4 (violet) 
and S5 (dark blue, on the back of the subunit) are highlighted in space-filling representation. In 
the head domain, H34 is blue. (b) Close-up of selected 30S elements around the decoding center, 
showing the A-site codon (purple), 16S RNA nucleotides G530 in the 530-loop (turquoise), and 
A1492 and 1493 in H44 (cyan) the positions of paromomycin (green) and streptomycin (pink). 
Remaining colors as in panel A (proteins S4 and S5 not shown). Reprinted from [6] with 
permission from Elsevier. 
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The structure of many of the aminoglycosides complexed to their rRNA target has recently 
been determined by crystal structure analysis, thus revealing the molecular details of drug-
target interaction at high resolution (2.2 to 3.3 Å). The structures of paromomycin, 
streptomycin, and hygromycin B complexed to the 30 S ribosomal particle [39, 40, 44], and 
of paromomycin and tobramycin (Fig. 7), as well as geneticin, neamine, gentamicin, 
kanamycin, ribostamycin, lividomycin, and neomycin complexed to oligonucleotides 
containing the minimal bacterial ribosomal A site [45-48] have facilitated the structural 
analysis of aminoglycoside binding. 

 

BA

Fig. 7: Crystal structures of tobramycin (A) and paromomycin (B) bound to the minimal A-site 
rRNA oligonucleotide showing the spatial orientation of the aminoglycoside compound within its 
rRNA binding site (top) and the molecular contacts that are formed between functional groups of 
the drug and of rRNA [45, 46]. For crystal structures of geneticin, neamine, gentamicin, 
kanamycin, ribostamycin, lividomycin, and neomycin see also references [47, 48]. 
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The level of structural details offered by the oligonucleotide approach revealed that the 
neamine core binds always in a similar orientation to the A site, regardless of its 4,5- or 4,6-
substitution type. The orientation of the glucopyranosyl (ring I) is characterized by a stacking 
interaction with the purine ring of G1491. This orientation allows ring I to form a pseudo 
base-pair with A1408 by hydrogen bonding. Ring II forms hydrogen bonds to the shifted 
U1406·U1495 pair that displays different geometries and different hydration patterns in the 
crystallized complexes. The additional rings attached either at position 5 or at position 6 of 
ring II contact different parts of the A site. Up to eight direct hydrogen bonds between rings I 
and II of the neamine moiety and the A site rRNA are conserved in the observed complexes. 
The overall number of contacts between the functional groups of aminoglycosides and RNA 
varies between 20 and 31, approximately one third being water-bridged [49, 50]. However, 
the functional relevance of individual drug-target contacts in aminoglycoside binding 
remained elusive. 

 

 

Previous genetic studies have shown that single mutations of specific rRNA positions may 
confer resistance to aminoglycosides [20, 22, 51-54]. These mutations most likely reduce the 
affinity of the A site for the drug by substituting defined functional groups that are targeted by 
the antibiotic and essential for its binding. Previous mutational studies in E. coli indicated that 
disruption of base-pairing between C1409 and G1491 may confer aminoglycoside resistance 
[51, 55]. However, these studies were hampered by the use of merodiploid strains, i.e. strains 
carrying wild-type and mutant rDNA alleles. The resulting heterogeneous mixture of mutant 
and wild-type ribosomes did not allow for an unambiguous determination of drug 
susceptibility, in particular as susceptibility to aminoglycosides is known to be dominant [52, 
55]. Thus far, most studies of structure-activity relationships in terms of drug binding have 
either been carried out with wild-type ribosomes or with heterogeneous populations of mutant 
and wild-type ribosomes [51, 53-55]. These studies yielded only limited information on the 
network of hydrogen bond interactions, van der Waals, and electrostatic contacts that maintain 
the drug-target complex. 
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In the present thesis, a single-rRNA allelic derivative of the gram-positive Mycobacterium 
smegmatis was used to determine the effect of A-site mutations on aminoglycoside binding. 
One of the two chromosomal rRNA operons naturally present in M. smegmatis was 
inactivated by gene replacement techniques to result in M. smegmatis ∆rrnB, a strain in which 
rRNA is exclusively transcribed from a single rrnA operon (Fig. 8). 

 

Genetic manipulation of the single rRNA operon resulted in recombinant strains with 
homogeneous populations of mutant ribosomes. The presence of homogeneous populations of 
mutated ribosomes allows to characterize at the molecular level the functional roles of 
individual rRNA nucleotides and different aminoglycoside substituents in drug binding. A 
large number of recombinant mutants with defined alterations in the ribosomal A site was 
constructed. This allowed for an exhaustive mutagenesis study of the ribosomal decoding site 
with particular interest in the contribution of 16S rRNA residues U1406, A1408, C1409, 
G1491, and U1495 to aminoglycoside binding. The susceptibility of ribosomes carrying 
defined sequence alterations in the ribosomal decoding site was assessed by in-vivo 
measurements of minimal inhibitory concentrations. In such an in-vivo assay system, the drug 
susceptibility phenotype conferred by a specific mutation reflects the importance of a specific 
interaction with the corresponding nucleotide, allowing for an in-depth analysis of the role of 
16S rRNA A-site residues in binding of 2-deoxystreptamine aminoglycosides. 

 

rrsB rrlB 3760tyrS rrfB
PP TTTT

rrsA rrlA ogtmurA rrfA
PP

tyrS
PPTT

rrsA rrlA ogtmurA rrfA
PP

rrsB rrlB 3760rrfB
TT

TT
rrsA rrlA ogtmurA rrfA

PP

aph

tyrS ‘3760
PP

M. smegmatis SMR

M. smegmatis SMR ∆rrnB::aph

M. smegmatis SMR ∆rrnB

Fig. 8: Inactivation of rRNA operon rrnB in M. smegmatis SMR. The rrnB operon has been 
inactivated previously by insertion of an aph gene encoding for an aminoglycoside 
phosphotransferase [20], which impeded research on aminoglycoside binding. In this thesis 
work, rrnB was inactivated by an unmarked deletion mutagenesis, resulting in the 
aminoglycoside susceptible strain M. smegmatis SMR ΔrrnB, in which the remaining rrnA 
operon is the only source of rRNA. Mutagenesis of rrnA thus results in homogenous 
populations of mutant ribosomes. 
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A large panel of 4,5- and 4,6-disubstituted deoxystreptamines was investigated, comprising 
paromomycin, neomycin, ribostamycin, neamine, lividomycin A, tobramycin, kanamycin A, 
kanamycin B, amikacin, geneticin (also known as G418), and gentamicin C. These 
compounds not only differ by the mode of substitution (4,5- vs. 4,6-) but also by the number 
and chemical composition of attached amino sugars, by the number of positive charges (three 
to six in total), and by the substituent at position 6’ of ring I (amino vs. hydroxyl group). 
Resistance phenotypes were confronted with the high-resolution crystal structures of the 
drugs bound to the wild-type bacterial A site and with mutant models based on the crystal 
structures. By relating the differences in drug susceptibility to the crystal structures, the 
contribution of individual aminoglycoside-RNA interactions for binding was analyzed. 

 

In the first chapter, the natural C1409–G1491 to A1409–U1491 sequence polymorphism is 
compared with drug susceptibilities of corresponding wild-type bacteria to assess the role of 
these residues in aminoglycoside binding. This chapter also rationalizes the importance of the 
pseudo base-pair between ring I and A1408, and of the proper insertion of ring II, as critical 
molecular interactions for 2-deoxystreptamine binding to the ribosome. In addition, the effect 
of mutational alterations of the non-canonical base pair U1406·U1495 on binding of selected 
aminoglycoside antibiotics is reported. 

The second chapter describes in detail the effect of sequence alterations in base pair C1409–
G1491 on the binding of selected aminoglycosides. The functional relevance of primary and 
secondary drug-target interactions is discussed. 

In the third chapter, a detailed analysis of the binding of 4,6-disubstituted aminoglycosides to 
the ribosomal A site is presented, identifying the key substituents in these compounds that 
facilitate specific binding to individual decoding site residues. 

The fourth chapter investigates the binding of neomycin-class aminoglycosides, comparing 
the functional binding characteristics and the role of specific substituents of various 4,5-
disubstituted aminoglcosides. 

In the fifth chapter, a more detailed description of the M. smegmatis genetic model is 
provided alongside with a comprehensive review of rDNA mutations and their 
characterization present in the literature. Data from M. smegmatis and other genetic models 
are combined in an integrating perspective and discussed in the context of aminoglycoside 
action, the biology and epidemiology of rRNA resistance mutations, and the selectivity of 
aminoglycoside antibiotics. 
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Abstract 
 

Aminoglycoside antibiotics target the 16S ribosomal RNA (rRNA) bacterial A 
site and induce misreading of the genetic code. Point mutations of the ribosomal 
A site may confer resistance to aminoglycoside antibiotics. The influence of 
bacterial mutations (introduced by site-directed mutagenesis) on ribosomal drug 
susceptibility was investigated in vivo by determination of minimal inhibitory 
concentrations. To determine the origin of the various resistance phenotypes at a 
molecular level, the in vivo results were compared with the previously published 
crystal structures of paromomycin, tobramycin, and geneticin bound to 
oligonucleotides containing the minimal A site. Two regions appear crucial for 
binding in the A site: the single adenine residue at position 1408 and the non-
Watson-Crick U1406·U1495 pair. The effects of mutations at those positions are 
modulated by the nature of the substituent at position 6’ (either hydroxyl or 
ammonium group) on ring I, by the number of positive charges on the antibiotic, 
and by the linkage between rings I and III (either 4,5 or 4,6). In particular, the 
analysis demonstrates: 1) that the C1409–G1491 to A1409–U1491 polymorphism 
(observed in 15 % of bacteria) is not associated with resistance, which indicates 
that it does not affect the stacking of ring I on residue 1491, 2) that the high-level 
resistance to 6’-NH3

+ aminoglycosides exhibited by the A1408G mutation most 
probably results from the inability of ring I forming a pseudo base pair with 
G1408, which prevents its insertion inside the A site helix, and 3) that mutations 
of the uracil residues forming the U1406·U1495 pair either to cytosine or to 
adenine residues mostly confer low to moderate levels of drug resistance, whereas 
the U1406C/U1495A double mutation confers high-level resistance (except for 
neomycin), which suggests that aminoglycoside binding to the wild-type A site 
and its functional consequences strongly depend on a particular geometry of the 
U1406·U1495 pair. The relationships between the resistance phenotypes observed 
in vivo and the interactions described at the molecular level define the biological 
importance of the different structural interactions observed by X-ray 
crystallography studies. 
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Introduction 
 

Aminoglycosides form a group of antibiotics that interfere with bacterial protein synthesis [1] 
by binding to the aminoacyl-transfer RNA (aa-tRNA) decoding site (A site) located at the 3  
end of the 16S ribosomal RNA (rRNA) [2]. Aminoglycosides disrupt the fidelity of 
translation by inducing and stabilizing a conformational switch of the A site that normally 
occurs only when a correct messenger RNA (mRNA)-tRNA complex is formed [3-5]. The 
ribosome thereby loses its ability to discriminate between correct and incorrect tRNA [6], and 
incorrect amino acids are incorporated during protein synthesis, which ultimately leads to 
bacterial cell death [7]. 

 

Aminoglycosides that bind to the A site contain a 2-deoxystreptamine (2-DOS) ring 
substituted by aminosugar rings either at position 4 (e.g., apramycin), at position 5 (e.g., 
hygromycin B), at positions 4 and 5 (e.g., paromomycin and neomycin), or at positions 4 and 
6 (e.g., tobramycin and gentamicin; Scheme 1) [8, 9]. The recently published X-ray crystal 
structures of paromomycin [4-6] and hygromycin B [10] complexed to the 30 S ribosomal 
particle, and of paromomycin [11], tobramycin [12], and geneticin [13] complexed to 
oligonucleotides containing the minimal bacterial ribosomal A site facilitate the analysis of 
the binding of aminoglycosides to the 16S rRNA at a molecular level (to date, no structural 
data for apramycin are available). The level of structural details offered by the oligonucleotide 
approach revealed that the 2-DOS ring (ring II) binds similarly to the A site, regardless of its 
4,5- or 4,6-substitution type (Figure 1; the monosubstituted hygromycin B binds in a different 
manner, not discussed here). In addition, the ring attached at position 4 of the 2-DOS ring 
(ring I) stacks against G1491 and forms a pseudo base pair to A1408 that is conserved in all 
structure. Ring II forms hydrogen bonds to the shifted U1406·U1495 pair that displays 
different geometries and different hydration patterns in the three complexes. The additional 
rings attached either at position 5 or at position 6 of ring II contact different parts of the A 
site. Ring III of paromomycin bridges the two strands together by forming one H bond to N4 
of C1407 and one H bond to N7 of G1491 (ring IV forms only two direct H bonds to 
backbone oxygen atoms). Ring III of tobramycin and geneticin forms two H bonds to O6 and 
N7 of G1405. Overall, approximately 25 hydrogen bonds are made between the RNA and the 
functional groups of the antibiotic in each complex (regardless of the 2-DOS substitution 
mode), one third being water-bridged [14]. Consequently, each crystallized aminoglycoside 
induces a flipped-out conformation of adenines 1492 and 1493 (Figure 1) that was revealed to 
be responsible for the loss of accuracy during translation [15]. 

 

Previous mutational genetic, biochemical, and structural studies have shown that single 
mutations of specific nucleotides are sufficient to confer resistance to aminoglycosides [16-
19]. These mutations reduce the affinity of the A site for the aminoglycoside by substituting 
particular base functional groups that are targeted by the antibiotic and essential for its 
binding. Notably, the higher the resistance level, the more important for the activity the RNA-
antibiotic interactions that were disrupted. 
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Scheme 1. Chemical structures of aminoglycoside antibiotics: a) 
monosubstituted 2-DOS aminoglycosides, b) 4,5- and 4,6-(2-DOS)-
disubstituted aminoglycosides. The 2-DOS ring is shown in bold. 
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Figure 1. Secondary and three-dimensional structures of the A site. a) Secondary structure of the 
conserved bacterial A site (boxed). The percentage of conservation for each base pair and internal 
loop is reported (as calculated by use of the software COSEQ [41] from the alignment of the small 
subunit rRNA available on the web site of the Ribosomal Database Project II) [42]. The 
Escherichia coli numbering is specified. b) Secondary structure of the crystallized RNA 
oligonucleotide (crystals were obtained by using a 5-C or a 5-UU overhang). c) Superimposition 
(based on the atoms of the conserved neamine moiety) of the A site bound to paromomycin (gold), 
tobramycin (cyan), and geneticin (magenta). The view corresponds to one half of the crystallized 
complex. The RNA nucleotides are colored according to the bound aminoglycoside. Solvent 
molecules were omitted for clarity. 
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In this study we report on point mutations of the A site region in a single rRNA allelic 
derivative of Mycobacterium smegmatis [16], whose effects on susceptibility to amino-
glycosides were investigated. The following aminoglycosides were studied (Scheme 1): 
paromomycin, neomycin (an analogue of paromomycin carrying a 6’-ammonium group 
instead of a 6’-hydroxyl group), tobramycin, geneticin (also known as G418), gentamicin C 
(the most significant difference in the chemical structures of the three gentamicins forming 
gentamicin C - see Experimental Section - in relation to geneticin is the presence of a 6’-
ammonium group instead of a 6’-hydroxyl group). Hence, two main classes of amino-
glycosides were studied in vivo: the 4,5- and the 4,6-(2-DOS)-substituted, with the substituent 
at position 6  in each class being either a hydroxyl or an ammonium group, and a varying 
number of positive charges present (four to six in total - Scheme 1 and Table1). The various 
resistance phenotypes observed are confronted with the high-resolution crystal structures of 
paromomycin [11], tobramycin [12], and geneticin [13] bound to RNA oligonucleotides con-
taining the wild-type bacterial A site and with mutant models based on the crystal structures. 

 

By relating the differences in drug susceptibility to the respective crystal structures, the 
comparative importance of each aminoglycoside-RNA interaction for the binding can be 
analyzed. In addition, the agreement between the in vivo data and the crystal structures 
validates the crystallographic approach based on minimal constructs containing the A site. By 
providing biological information both at the cellular and at the atomic level, the combination 
of in vivo drug susceptibility studies and crystallographic investigations constitutes a valuable 
tool to assess the effectiveness of newly designed antibiotics. 
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Results and Discussion 
 

Investigations of ribosomal nucleic acids in bacterial microorganisms are hampered by the 
fact that most eubacteria carry multiple rRNA operons in their genomes, rendering genetic 
manipulation difficult [20]. Here we have introduced rRNA point mutations into a single 
rRNA allelic derivative of Mycobacterium smegmatis, either by selective plating or by genetic 
engineering techniques. In contrast to studies in Escherichia coli, where mutant ribosomes are 
expressed from a plasmid-encoded copy of the 16S rRNA gene, which results mostly in a 
mixture of mutant and wild-type ribosomes [21], this experimental system results in cells 
carrying a homogeneous population of mutant ribosomes. The presence of homogeneous 
populations of mutant ribosomes allows the use of in vivo drug susceptibility studies 
(measurement of minimal inhibitory concentrations (MICs)) as a means to determine the 
functional importance of individual structural interactions revealed by X-ray crystallography. 
In such a well-defined system it is possible to draw direct conclusions on the relationships 
between a mutation and a molecular contact previously established by X-ray crystallography. 

 

Natural polymorphism of the A site 

The bacterial A site is more than 95 % conserved among bacteria (Figure 1 a), which is 
consistent with the essential role it plays in ribosomal accuracy. The minimal constructs used 
in the crystallization assays contain the conserved A site twice (residues 1404-1412 and 1488-
1497) (Figure 1 b). The resulting three-dimensional structures (Figure 1 c) are similar to the 
structure of the A site bound to paromomycin inside the 30 S particle [4], which strongly 
supports their biological relevance [14]. Although wild-type Mycobacterium smegmatis 
contains the conserved A site sequence, the A1410–U1490 and C1411–G1489 base pairs 
located outside the aminoglycoside binding site are replaced by G1410–C1490 and U1411–
A1489 base pairs (Table 1). This natural polymorphism (Figure 1 a) does not seem to affect 
the binding of the aminoglycosides, as inferred from the similar MIC values obtained for 
M. smegmatis, Arcanobacter hemolyticum, Actinomyces neuii, and Bacillus cereus (Table 1). 

Stacking of ring I on guanine 1491 has been proposed to be important for binding of 
aminoglycosides to the A site [22, 23] because such stacking allows the formation of a pseudo 
base pair to A1408 and of H bonds to the phosphate oxygen atoms of the bulged adenines 
1492 and 1493 [11-13]. Organisms such as Cellulomonas flavigena and Arthrobacter ramosus 
have an A1409–U1491 pair instead of the C1409–G1491 pair found in approximately 80 % of 
the prokaryotic organisms (Table 1 and Figure 1 a). However, the replacement of C1409–
G1491 by A1409–U1491 does not appear to affect susceptibility to aminoglycosides (Table 
1). Additionally, a C1409U mutation has previously been shown not to disturb drug binding 
[24]. Although ring III of paromomycin forms a direct hydrogen bond to the atom N7 of 
G1491, the nature of the 1491 nucleotide might be less important for binding than the 
presence of a largely sequence-independent base pair that allows the stacking of ring I. 
Notably, tobramycin makes only water-bridged contacts to N7 of G1491 [12] and no contact 
is observed from geneticin [13]. In summary, the natural polymorphism of the A site sequence 
between the various prokaryotic organisms does not seem to have a major effect on the 
binding of the aminoglycosides studied. 
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Mutations of non-interacting bases 

The mutations U1498C (located outside the binding site) and C1496U (located in the binding 
site) were either obtained by selective plating on hygromycin B, which interacts directly with 
residues 1498 and 1496 in the 30 S particle [10], or introduced by means of recombinant 
DNA techniques. Nucleotide 1498 is two nucleotides away from the aminoglycoside binding 
site, and for that reason it was not included in the minimal constructs used for X-ray 
crystallography (Figure 1). As expected, the mutation U1498C does not decrease the 
susceptibility to tobramycin and gentamicin, while the mutation C1496U induces a four- to 
eightfold MIC increase (Table 2). Residue 1496 does not interact directly with the 
aminoglycosides, but is located in close vicinity to the binding site. Tobramycin makes a 
water-bridged H bond from N1 of ring II to N4 of C1496 in the crystal structure (Figure 2 a) 
[12]. Geneticin binds to the A site similarly to tobramycin, although no water-mediated 
contacts to C1496 were observed [13]. Notably, the functional groups on rings II and III in 
geneticin and gentamicin are identical (Scheme 1). We suggest that a mutation from C to U 
leads to the formation of a G1405·U1496 wobble pair that could be accommodated by the 
aminoglycoside, the atom O4 of U1496 replacing the water molecule bridging the H bond to 
N4 of C1496 in the tobramycin complex (Figure 2 a). 
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The A1408G mutation: discrimination based on the nature of the functional group at the 
6’ position 

Among all the A-site mutations that confer aminoglycoside resistance, spontaneous and 
recombinant mutants containing the A1408G mutation display the highest levels of resistance 
[16, 18, 21]. This mutation is the most frequently found in clinical isolates as well [19]. In this 
study, we constructed a single rRNA derivative of M. smegmatis (mc2155 SMR5 ∆rrnB::hyg) 
by using a hygromycin B resistance cassette for gene inactivation to allow for in vivo drug 
susceptibility studies of the aminoglycosides investigated. An A1408G mutant was obtained 
by selective plating. The results indicate high-level resistance (500- to 1000-fold MIC 
increases) for neomycin, tobramycin, and gentamicin, but a low to moderate level of 
resistance (eight- to 60-fold MIC increases) for paromomycin and geneticin (Table 2), which 
is in agreement with what was observed previously [21]. Neomycin, tobramycin, and 
gentamicin all possess a 6’-ammonium group on ring I. Superimposition of the three crystal 
structures shows that ring I forms similar H bonds to the Watson-Crick sites of A1408, 
regardless of the nature of the donor group at position 6’ [14]. A model of the A1408G 
mutation based on the crystal structure reveals that a guanine residue cannot form a base pair 
to ring I because its Watson-Crick sites do not match the functional groups at positions 5’ and 
6’ of the antibiotic (Figure 2 b). A 6’-ammonium group cannot accept H bonds from the 
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Watson-Crick sites of the guanine residue, and additionally its positive charge creates 
repulsion against the N1 and N2 amino groups (Figure 2 b). As a consequence, the antibiotic 
becomes ineffective because the A to G mutation prevents aminoglycoside binding by 
precluding the insertion of ring I into the helix. However, a 6’-hydroxyl group, as in 
paromomycin and geneticin, could still become an acceptor of an H bond from N1 or N2, 
although the resulting pseudo pair does not appear to promote a favorable insertion of ring I, 
as indicated by the low to moderate level of resistance. Notably, another strongly efficient 
resistance mechanism in bacteria aims at expressing enzymes that add chemical groups at the 
6’ position [9, 25]. The high-level resistance phenotype is similar, although it results from a 
modification of the antibiotic instead of the RNA. 

 

 

 

Figure 2. Two models of A site mutants based on the crystal structure of the tobramycin/A site 
complex. a) Substitution of the wild-type C1496–G1405 pair by a wobble U1496·G1405 pair. b) 
Substitution of adenine 1408 by a guanine residue (for clarity, only ring I of tobramycin is shown and 
hydrogen atoms were added on the 6’-ammonium group of ring I and on the Watson-Crick sites of the 
bases). These surface views are down the axis of the A-site helix. The H bonds observed in the crystal 
structure are shown as dashed lines on the left; the mutated residues on the right are highlighted in red. 
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Mutations of the non-Watson-Crick U·U pair: Importance of geometric adaptability 

The U1406·U1495 pair is highly conserved (Figure 1 a) and may play a major role in 
ribosome function [26]. The U·U pair adopts different shifted geometries in the crystal 
structures, depending on the bound aminoglycoside [14]. In order to find out whether a U·U 
pair is the only type of base pair able to adapt its geometry and its hydration pattern to allow 
the binding of aminoglycosides from different subgroups, various mutants that would affect 
one U or the other were obtained by selective plating or by means of recombinant DNA 
techniques (Table 3) and analyzed according to the base-pair geometries that would result 
from the mutations. Remarkably, the conformations of the U1495·U1406 pair universally 
conserved in the A site and the U32·U38 pair found at the interface of the anticodon loop and 
the anticodon stem in some tRNA molecules [27] are similar. All tRNAs possess a non-
Watson-Crick 32·38 pair that adopts a geometry close either to a U·U pair (like C·U) or to a 
C·A pair [28]. 
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As previously observed in Escherichia coli [17], the mutation U1406A confers resistance 
specifically to the 4,6-(2-DOS) aminoglycosides, whereas the 4,5-(2-DOS) aminoglycosides 
are unaffected (Table 3). The crystal structures show that, while the 4,5-(2-DOS) antibiotics 
form direct contacts up to the U1406·U1495 pair, the 4,6-(2-DOS) antibiotics reach further 
away to form direct H bonds up to G1405. In addition, the aminoglycosides do not form any 
contact to U1406 (Figure 3 a and ref. [14]), except for geneticin, which forms an H bond from 
the hydroxy group O4’’ on ring III to one phosphate oxygen atom. A model of an A1406–
U1495 Watson-Crick pair shows that the adenine residue cannot accommodate ring III of the 
4,6-(2-DOS) aminoglycosides (Figure 3 b), which most probably becomes unable to bind to 
G1405. Furthermore, this analysis strongly suggests that geneticin and gentamicin (which has 
a ring III identical to that of geneticin) are more sensitive to the mutation because of the 
probable disruption of the direct hydrogen bond to residue 1406. 

 

The U1406C mutation confers resistance similar to that of U1406A, but additionally 
resistance to paromomycin is detected (Table 3). Superimposition of the C32·U38 pair 
observed in some tRNAs [28] on the U1495·U1406 pair shows that the geometrically 
different U1495·C1406 pair (residue 1406 is displaced further towards the deep groove in the 
U1406C mutant than in the U1406A mutant) will not allow the binding of 4,6-(2-DOS) 
aminoglycosides up to G1405 (Figure 4 a). The observed resistance to paromomycin can be 
accounted for by the greater shift of residue 1406 towards the deep groove, which probably 
disfavors the accommodation of ring II. We did not observe a similar effect for neomycin 
(which differs chemically from paromomycin only in the nature of the 6’ position on ring I 
and by an additional charge), which indirectly underlines the complexity of the interplay 
between two crucial molecular interactions: the pseudo pair with A1408 and the non-Watson-
Crick U1495·U1406 pair. Apparently, the loss of interactions at one site can be partially offset 
by an increase in strength of those at the other. Thus, the spontaneous evolution of the 
U1406C mutant to the U1406C/A1408G double mutant confers a high level of resistance on 
all the aminoglycosides tested (Table 3). 

 

Low to moderate levels of resistance (two- to 64-fold MIC increases) against neomycin, 
tobramycin, and gentamicin, but high-level resistance (200- to 500-fold MIC increases) to 
paromomycin are observed for strains carrying a U1495 to A/C mutation (Table 3). The 4,6-
(2-DOS) antibiotics distinguish between U1495C and U1495A, unlike their 4,5-(2-DOS) 
counterparts, an observation related to the additional contacts to G1405 present in the 4,6-(2-
DOS) complexes. Otherwise, the phenotype can be attributed to the geometry of the base pair 
formed, and to the fact that ammonium N1 will not be able to bind to the N4 or N6 amino 
group of C or A, respectively (Figure 3 c and Figure 4 a). Ammonium N1 could bind to the 
N7 of the adenine, but less favorably than to the O4 of U, because of the presence of N6 in the 
vicinity. Therefore, the binding of ring II to residue 1495 cannot occur as observed in the 
wild-type sequence. However, the impact of the U1495 to A/C mutation on the susceptibility 
to antibiotics is less strong than that observed for the A1408G mutation for neomycin, 
tobramycin, and gentamicin, even though both mutations prevent the formation of direct 
contacts to the drug. The opposite is observed for paromomycin and geneticin: they are both 
more sensitive to the U1495A/C than to the A1408G mutation. It is likely that rings I and III 
of the 2-DOS aminoglycosides containing a 6’-ammonium group can compensate some 
specific contacts by electrostatic interactions so that the aminoglycoside can still bind, 
although with less affinity. 



CHAPTER 1  28 

 

 

 

Figure 3. Models of Watson-Crick 1495–1406 mutants. a) Detailed view of tobramycin bound to the 
deep groove of the wild-type U1495·U1406 pair in the crystal structure of the tobramycin complex. 
Models of the U1406A and U1495A mutants displaying (b) a U1495–A1406 and (c) an A1495–
U1406 Watson-Crick pair, respectively. These surface views are down the axis of the A site helix 
(ring I is omitted for clarity). The mutated residues are highlighted in red. 
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Figure 4. Possible arrangements of various 1495·1406 non-Watson-Crick pairs. a) A 
U1495·C1406 pair (based on the glycosidic bond of residue 1495; red) and a 
C1495·U1406 pair (based on the glycosidic bond of residue 1406; blue) superimposed 
on the structure of the wild-type U1495·U1406 pair from the crystal structure of the 
tobramycin complex (bold). b) Superimposition of an A1495·C1406 pair (red) and a 
C1495·A1406 pair (blue) (both based on the glycosidic bond of residue 1495) on the 
wild-type U1495·U1406 pair from the crystal structure of the tobramycin complex 
(bold). The glycosidic bonds are shown as arrows; Ow stands for the oxygen atom of a 
water molecule. This Figure attempts to convey that the structural changes (and thus 
the binding possibilities) induced by the mutation(s) are proportional to the difference 
in relative orientations of the vectors joining the C1’ carbon atoms linking the ribose 
sugars to the bases. 

 

Interestingly, a U1406C/U1495A double mutant is as highly resistant as the single A1408G 
mutant, except for neomycin, which is only moderately susceptible to this double mutant 
(Table 3). The C32·A38 pair observed in some tRNAs [28], as well as its nonisosteric A·C 
pair, were superimposed on the U1495·U1406 pair (Figure 4 b). The apparent nonisostericity 
between these three pairs strongly supports the suggestion that the high-level resistance to 
aminoglycosides provoked by the combined U1406C and U1495A mutations comes from the 
major change in the base-pair geometry (this analysis infers that a U1406A/U1495C double 
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mutant, if viable, should display an equally high level of resistance). However, these data 
indicate that the binding of ring I of neomycin to A1408 is still strong enough to anchor the 
antibiotic despite the disruption of the 1406–1495 pair in such mutants. 

 

 

Conclusion 
 

Aminoglycosides inhibit bacterial protein synthesis by binding specifically to the ribosomal A 
site. Although quantitative, in vitro measurements of binding constants [29] are plagued by 
numerous difficulties, such as a multiplicity of binding sites [30] whose relative affinities 
depend on the nature of the introduced mutations. In addition, reduced model systems have to 
be used, which means that, among others, integrated effects (for example, the nonviability of 
a mutation because of dynamic hindrance of movements in the whole ribosome) cannot be 
appreciated. This work aims to link in vivo resistance phenotypes to crystal structures of 
aminoglycoside/A site complexes, in order to understand drug-target interaction at the 
molecular level. Single mutations of A site nucleotides were found to confer different levels 
of resistance to aminoglycosides depending on the chemical structure of the aminoglycoside 
and on the nucleotide mutated. 

 

Firstly, all point mutations are located at the A site, which suggests that this type of resistance 
mechanism prevents the binding of the antibiotic to the A site. Secondly, the insertion of 
ring I inside the A site helix, so that it can form a pseudo base pair to A1408, represents the 
key molecular interaction for a specific and effective binding mode of the aminoglycosides. 
The A1408G mutant prevents this insertion and confers the highest level of resistance 
observed for a single mutant to aminoglycosides containing a 6’-ammonium group. Thirdly, 
organisms possessing various types of base pairs in the stem on which ring I stacks do not 
display any resistance phenotype, which indicates that the stacking is not sequence specific. 
Fourthly, the various mutants of the U1406·U1495 pair that were investigated disturb the 
binding through the resulting modification of the rRNA geometry. The sensitivity of the 
aminoglycosides to the various mutants of the U1406·U1495 pair is correlated with 
differences in their chemical structures (the substitution mode of the 2-DOS ring and the 
nature of the functional group at position 6’) as well as with the nature and the position of the 
mutation. For example, when the 1406·1495 pair is less favorable to binding of ring II (as in 
the U1495 mutants investigated), 4,5- and 4,6-(2-DOS) aminoglycosides containing a 6’-
ammonium group still bind because of the additional charge - relative to aminoglycosides 
with a 6’-hydroxyl group - and because ring I can apparently remain inserted in the helix. 
However, a major displacement of either residue 1406 or 1495 towards the deep groove (such 
as would occur in the U1406C/U1495A double mutant) makes the mutant highly resistant 
(only moderately resistant to neomycin), by precluding an appropriate positioning of ring II 
near the 1406·1495 pair, which results in the poor insertion of ring I and the potential loss of 
H bonds to G1405. Thus, globally, neomycin is the least susceptible to any of the U·U pair 
mutants, because it contains a 4,5-(2-DOS) ring, a 6’-ammonium group, and six positive 
charges. Not surprisingly, neomycin is the most promiscuous binder among the 
aminoglycosides [8]. In addition to emphasizing the importance of the pseudo pair between 
ring I and A1408 for binding, these observations corroborate the importance of the 
adaptability of the U·U pair to recognize various 4,5- and 4,6-(2-DOS) aminoglycosides. 
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In previous NMR structures, ring I was positioned near a non-canonical A1408·A1493 pair 
[31]. In addition, it was proposed that an H bond might be formed between O2  of ring III and 
O4 of U1406 [22]. Both A1408G and U1406A mutations were consequently suggested to 
disturb the conformation of the 1408·1493 pair and to prevent ring III from binding to the A 
site [17, 21]. However, the X-ray structures used for interpretation of the resistance data in 
this study reproduce the natural state of the A site bound to aminoglycosides inside the 30 S 
particle (in contrast with the NMR structures) and therefore provide a more detailed and 
accurate view of the molecular interactions occurring in vivo. 

To summarize, the three available crystal structures for paromomycin, tobramycin, and 
geneticin support a molecular basis on which the ribosomal drug susceptibilities of the 
various mutants can be understood, and thus validate the crystallographic approach. Hence, 
the combination of crystal structures with studies on in vivo ribosomal drug susceptibility can 
aid in assessing the relative importance of each RNA-antibiotic interaction for the binding, a 
prerequisite in the search for new antibiotics. 

 

 

Experimental Section 

 

DNA techniques: DNA manipulations were performed by standard procedures [32] or 
according to the manufacturers' instructions (Amersham Biosciences, BioRad, Promega, 
Qiagen, Roche Applied Sciences). Nucleic acid sequencing was done by use of fluorescent-
labeled nucleotides and Taq cycle sequencing (Applied Biosystems). 

 

Bacterial strains, media, and antibiotics: E. coli strain XL-1 blue (Stratagene) was utilized 
for cloning and propagation of the plasmids. E. coli cultures were grown in LB medium 
containing either ampicillin (120 μg mL-1), gentamicin (5 μg mL-1), or hygromycin B (100 
μg mL-1). The mycobacterial strains used are listed in Table 4; LB medium containing Tween 
80 (0.05 %) was used for cultivation [16]. For selection, LB agar plates were supplemented 
with the appropriate antibiotic at the following concentrations: amikacin, 10-100 μg mL-1; 
gentamicin, 5 μg mL-1; hygromycin B, 100 μg mL-1; streptomycin, 200 μg mL-1. 

M. smegmatis mc2155 SMR5 ∆rrnB::hyg was constructed as follows: a PstI/SpeI fragment 
(16S rRNA position 663 to 23S rRNA position 2384, numbering according to E. coli) from 
plasmid prRNA4-4, which carries the complete rrnB operon [16], was substituted with the 
hygromycin B resistance cassette of pIJ963 [33]. Subsequently, the counter-selectable marker 
rpsL+ [34] was cloned into the single XbaI restriction site, resulting in plasmid prRNA::hyg-
rpsL. The final construct was transformed into M. smegmatis mc2155 SMR5 [34]. A single 
rRNA allelic derivative was obtained by a two-step selection procedure [35]; that is, selection 
of transformants on agar plates containing hygromycin B followed by a counter-selection step 
with streptomycin. Inactivation of rrnB was confirmed by Southern blot analysis. By a similar 
technique, a single rRNA allelic derivative with an unmarked deletion of the rrnB operon was 
generated (that is, M. smegmatis mc2155 SMR5 ∆rrnB, to be described in detail elsewhere). 

Antibiotics were obtained from Sigma: paromomycin (P-9297), neomycin (N-6386), 
tobramycin (T-1783), geneticin (G-5013), gentamicin C (a mixture of gentamicin C1 (45 %), 
C1 a (35 %) and C2 (30 %); G-3632). 
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Selection of drug resistant mutants: Spontaneous hygromycin B-resistant mutants of 
M. smegmatis mc2155 SMR5 ∆rrnB::aph were isolated by selection on LB medium 
containing hygromycin B. Further characterization identified the following mutants: 
M. smegmatis mc2155 SMR5 ∆rrnB::aph rrnA 1406 C, M. smegmatis mc2155 SMR5 
∆rrnB::aph rrnA 1496U, M. smegmatis mc2155 SMR5 ∆rrnB::aph rrnA 1498C (for details, 
see ref. [36]). Spontaneous aminoglycoside-resistant mutants of M. smegmatis mc2155 SMR5 
∆rrnB::hyg and M. smegmatis mc2155 SMR5 ∆rrnB rrnA 1406 C were selected on LB-agar 
containing amikacin (100 μg mL-1). Twelve mutants each were characterized for the 
resistance determinant, resulting in strains M. smegmatis mc2155 SMR5 ∆rrnB::hyg rrnA 
1408G and M. smegmatis mc2155 SMR5 ∆rrnB rrnA 1406 C/1495 A, respectively. 

 

Introduction of mutations by RecA-mediated homologous recombination: A RecA-
mediated homologous recombination assay [37] was used to introduce point mutations 
1406A, 1406C, 1495A, and 1495C into the single functional rRNA operon of M. smegmatis 
mc2155 SMR5 ∆rrnB. The primer combinations used for the two-step fusion PCR 
mutagenesis are given in Table 5. In brief, rDNA amplicons (approximately 1.1 kbp) were 
cloned into pGEMTeasy-vector (Promega), isolated by NcoI/SpeI digestion, and cloned into 
the ApaI/SpeI site of pMV361-Hyg [38], respectively. The resulting plasmids were pMV361-
hyg-rRNA1406A, pMV361-hyg-rRNA1406C, pMV361-hyg-rRNA1495A, and pMV361-hyg-
rRNA1495C, respectively. 
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M. smegmatis mc2155 SMR5 ∆rrnB was transformed with vectors pMV361-hyg-
rRNA1406 A, pMV361-hyg-rRNA1406 C, pMV361-hyg-rRNA1495 A, and pMV361-hyg-
rRNA1495 C as described in ref. [38]. After 5 days of incubation on selecting plates, single 
colonies were picked and colony-purified for further investigations. Serial dilutions of 
transformed strains were plated on agar plates containing apramycin (16 μg mL-1, 1495C), 
gentamicin (10 μg mL-1, 1406A, 1406C), and amikacin (8 μg mL-1, 1495A). Nucleic acid 
sequencing was used to verify that the rDNA point mutation had been introduced into the 
single functional rRNA operon by gene conversion and resulted in the following drug 
resistant mutants: M. smegmatis mc2155 SMR5 ∆rrnB rrnA 1406 A pMV361-hyg, 
M. smegmatis mc2155 SMR5 ∆rrnB rrnA 1406 C pMV361-hyg, M. smegmatis mc2155 SMR5 
∆rrnB rrnA 1495 A pMV361-hyg, and M. smegmatis mc2155 SMR5 ∆rrnB rrnA 1495 C 
pMV361-hyg. 

 

 

Drug susceptibility testing: Drug susceptibility testing was done in a microtiter plate format. 
Antibiotics were added in twofold series of dilutions to 100-μL starting cultures 
(OD600=0.05), grown from a single colony. For each drug a range from 0.25-1024 μg mL-1 
was tested. The MIC was defined as the drug concentration at which the growth of the 
cultures was completely inhibited after 72 h incubation at 37 °C, which corresponds to 24 
generations. 

 

Molecular modeling: The crystal structure of the A site bound to tobramycin (PDB code, 
1LC4) was used to generate the structural models. The C1496U mutation was modeled by 
superimposition of a wobble G·U pair from the crystal structure of an RNA duplex (PDB 
code, 485D) [39] on the G1405·C1496 pair inside the complex (using the base atoms of the 
guanine residues). The A1408G mutation was modeled by superimposition of the base atoms 
of a guanine residue on those of adenine 1408. The U1406A and U1495A mutations were 
modeled by superimposition of the sugar atoms of the adenine residue of a Watson-Crick A·U 
pair (present in the RNA construct outside the binding site) on the sugar atoms of U1406 and 
U1495 respectively. All superimpositions were performed by use of the LSQMAN software 
package [40]. 
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Addendum 

 

 

Personal contribution to chapter 1 
 

In this article, the single-rRNA allelic Mycobacterium smegmatis mc2155 SMR5 ΔrrnB strain 
was used to introduce the 16S rRNA decoding A-site alterations U1406C, U1406A, U1495A, 
and U1495C, as well as the double mutations U1406C/U1495A and U1406C/A1408G. 
Together with the previously published mutant strains C1496U and U1498C (Pfister et al., 
Antimicrob. Agents Chemother. (2003), 47: 1496-1502), these strains were used to investigate 
the effect of A-site alterations on drug binding. To do so, the susceptibility of the rRNA 
mutant strains to the aminoglycoside antibiotics paromomycin, neomycin, tobramycin, 
geneticin, and gentamicin was determined in vivo by minimal inhibitory concentration (MIC) 
assays. Previously published crystal structures of paromomycin, tobramycin, and geneticin 
bound to oligonucleotides containing the minimal A site were used for data interpretation. 
The combination of crystal structure analysis with in vivo susceptibility data provided 
significant conclusions on the functional importance of individual drug-target contacts 
observed in the crystal structures. 

 

My contribution as a second author to this manuscript was as follows: 

 
 
Construction of the genetic model Mycobacterium smegmatis mc2155 SMR5 ΔrrnB 

• Development of the gene deletion strategy 
• Construction of knockout suicide vectors 
• Transformation and selection of recombinant clones 
• Genotypic and phenotypic characterization of single-crossover clones 
• Counter-selection and screening for rrnB deletion 
• Genotypic and phenotypic characterization of M. smegmatis mc2155 SMR5 ΔrrnB. 

 
Construction of the 16S rRNA U1406A, U1495C, and U1495A mutant strains 

• Design of mutagenesis primer 
• Generation of rRNA gene fragments carrying single point mutations 
• Construction of integrative fragments carrying the mutagenesis fragments 
• Transformation, selection, and characterization of merodiploid integrants 
• Screening integrants on several aminoglycoside antibiotics for transfer of rRNA 

mutations into the chromosomal rrnA operon by homologous recombination 
• Genotypic and phenotypic characterization of 16S rRNA mutant strains 

 
Minimal inhibitory concentration assays for the U1406A, U1495C, and U1495A mutants 

• Experimental setup 
• MIC reading  
• Data analysis 
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Mutagenesis of 16S rRNA C1409-G1491 Base-pair Differentiates 
Between 6′-OH and 6′-NH3

+ Aminoglycosides 
 

Peter Pfister*, Sven N. Hobbie*, Christian Brüll, Natascia Corti, 
Andrea Vasella, Eric Westhof and Erik C. Böttger 

 

 

Abstract 
 

Using a single rRNA allelic grampositive model system, we systematically 
mutagenized 16 S rRNA positions 1409 and 1491 to probe the functional 
relevance of structural interactions between aminoglycoside antibiotics and the A-
site rRNA that were suggested by X-ray crystallography. At the structural level, 
the interaction of the 2-deoxystreptamine aminoglycosides with the rRNA base-
pair C1409-G1491 has been suggested to involve the following features: (i) ring I 
of the disubstituted 2-deoxystreptamines stacks upon G1491 and H-bonds to the 
Watson–Crick edge of A1408; (ii) ring III of the 4,5-disubstituted 
aminoglycosides shows hydrogen bonding to G1491. However, we found that 
mutants with altered 16 S rRNA bases 1409 and 1491 discriminated poorly 
between 4,5-disubstituted and 4,6-disubstituted 2-deoxystreptamines, but 
differentially affected aminoglycosides with a hydroxyl group versus an 
ammonium group at position 6′ of ring I, e.g. G1491U conferred high-level drug 
resistance to paromomycin and geneticin, but not to neomycin, tobramycin or 
gentamicin. 
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Introduction 
Aminoglycoside antibiotics target the decoding site of the ribosome, also termed the 
ribosomal A site, and thereby interfere with the high-fidelity incorporation of amino acids [1, 
2]. The clinically most relevant group of aminoglycosides, i.e. the 4,5-disubstituted and 4,6-
disubstituted 2-deoxystreptamines, are characterized by a common neamine core, constituted 
by a glucopyranosyl ring (ring I) attached to position 4 of a 2-deoxystreptamine moiety 
(ring II). The neamine cores of individual aminoglycosides differ from each other by the 
number, position and type of substituents of the glucopyranosyl ring I. The core is further 
substituted by one or two additional rings connected to position 5 or 6 of the 2-
deoxystreptamine moiety (see Figure 1). 

 

Figure 1. Structure of aminoglycoside antibiotics: 4,5 and 
4,6-disubstituted 2-deoxystreptamine aminoglycosides. 
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Footprinting experiments and NMR studies revealed that the neamine core mediates specific 
binding to an evolutionarily conserved rRNA loop that adopts a stem-loop-stem sequence, 
and is located at the base of helix 44 of the small ribosomal subunit rRNA [3-7]. Previous 
studies have shown that the common core formed by rings I and II of the 2-deoxystreptamines 
is mainly responsible for correct drug binding [7-12]. Ring I, which intercalates into the 
internal loop formed by A1408, A 1492, A1493 and base-pair C1409-G1491 (see Figure 2) is 
crucial for proper insertion into the ribosomal A-site [9-12]. The binding pocket is closed at 
the upper site by the base-pair G1405-C1496 and at the lower stem by the base-pair C1409-
G1491 (the Escherichia coli numbering of residues is used throughout). Upon binding of 2-
deoxystreptamines to the ribosomal A-site, A1492 and A1493 are flipped out and positioned 
to interact with the shallow/minor groove of the codon–anticodon helix [9-12]. Such a 
conformational switch of A1492 and A1493 is normally observed only upon accommodation 
of a cognate tRNA–mRNA complex explaining the miscoding properties of these drugs [13]. 

 

 

Figure 2. Secondary and three-dimensional structures of the bacterial A site (E. coli 
numbering). Left: secondary structure of the conserved bacterial A-site (boxed). The percentage 
of conservation for each base-pair is reported (as calculated by use of the software COSEQ 
from the alignment of the small subunit rRNA available on the website of the Ribosomal 
Database Project II [29]). Within the A-site, the rRNA sequences of E. coli and M. smegmatis 
are identical; the E. coli numbering is specified. Right: stereo views of the three-dimensional 
structures of the A site complexed with the 4,5-disubstituted 2-deoxystreptamine paromomycin 
(top) and the 4,6-disubstituted 2-deoxystreptamine tobramycin (bottom). The structure of 4,5-
disubstituted 2-deoxystreptamines is shown in yellow and the structure of 4,6-disubstituted 2-
deoxystreptamines is shown in red, according to the crystal structures [10, 11]. The bases 
A1408, G1491 and G1405 are shown in bold in the secondary structure diagram as well as in 
the stereo views. 
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The insertion of the neamine core into the binding pocket appears to be independent of 
whether substitution is at position 5 or at position 6 of the 2-deoxystreptamine ring [10, 11]. 
The orientation of the glucopyranosyl ring is characterized by a stacking interaction with the 
purine ring of G1491. This orientation allows ring I to form a pseudo base-pair with A1408 
by hydrogen bonding (see Figure 3) [10-12]. The hydroxyl groups at position O3′ and O4′ of 
ring I form additional hydrogen bonds to the phosphate groups of the two bulged adenine 
bases 1492 and 1493 and thereby further stabilize the location of ring I. Ring III and ring IV 
of 4,5-disubstituted 2-deoxystreptamines reach down the stem towards base-pairs 1409–1491 
and 1410–1490, enabling the exocyclic hydroxyl group at position 5″ of ring III to contact N7 
of G1491. Ring III of the 4,6-disubstituted 2-deoxystreptamines is in a different location and 
forms H-bonds to the Hoogsteen sites of nucleotide G1405 (see Figure 2) [10-12].  

 

 

Figure 3. View of the stacking of ring I on G1491 (pairing to C1409 in thin lines) with 
the two H-bonding contacts between ring I and A1408: O5′ of ring I and N6 of A1408, 
N6′ or O6′ of ring I (depending on the aminoglycoside) and position N1 of A1408. The 
H-bonding contacts between ring I and A1408 are indicated by dark grey broken lines, 
those between 1409 and 1491 by light grey dots. The top drawing shows ring I of 
paromomycin complexed with an A-site rRNA fragment [10], and the bottom drawing 
shows the tobramycin complex [11]. 

 

Mutational studies are required to probe the functional relevance of structural interactions 
suggested by X-ray crystallography [9-12]. Such analyses have revealed that formation of a 
pseudo base-pair between ring I and A1408, and the proper insertion of ring II are critical 
molecular interactions for 2-deoxystreptamine binding to the ribosome [14-16]. It has been 
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suggested that alteration of A1408 to G leads to a repulsive interaction with 2-
deoxystreptamines carrying a 6′-NH3

+-group at ring I while 4,5-disubstituted and 4,6-
disubstituted aminoglycosides with a 6′-OH-group can still interact with the mutated A1408G 
by accepting a hydrogen bond from N1 and N2 of 1408G [10, 16]. Mutations of the conserved 
16 S rRNA U1406·U1495 base-pair result in high-level resistance to 4,6-disubstituted 
aminoglycosides, apparently by excluding appropriate positioning of rings II and III [16, 17]. 
The finding that 4,5-disubstituted aminoglycosides are less affected by alterations of the 
U1406·U1495 base-pair is related to the different orientation of ring III in 4,6-disubstituted 
versus 4,5-disubstituted aminoglycosides (see Figure 2) [16]. 

 

Previous studies in E. coli indicated that disruption of base-pairing between C1409 and 
G1491 may confer aminoglycoside resistance [18, 19]. However, these studies were 
hampered by the use of merodiploid strains, i.e. strains carrying wild-type and mutant rDNA 
alleles. The resulting heterogeneous mixture of mutant and wild-type ribosomes prevented an 
unambiguous determination of drug susceptibility, in particular as susceptibility to 
aminoglycosides is known to be dominant [15, 19]. Here, we set out to reinvestigate the role 
of the C1409-G1491 base-pair in drug–ribosome interaction by determining the susceptibility 
to aminoglycosides in isogenic mutants of Mycobacterium smegmatis mc2155 ∆rrnB. This is 
a single rRNA allelic grampositive microorganism in which genetic manipulations of its 
single rRNA operon result in recombinant strains with homogeneous populations of mutant 
ribosomes. In addition, we wished to determine the relevance of studies that used small 
oligonucleotide models mimicking the A-site [20] to quantitatively define the binding 
characteristics of aminoglycosides with variants of rRNA [21-24]. Construction of 
recombinant mutants with defined alterations in C1409-G1491 combined with in vivo 
measurements of minimal inhibitory concentrations allowed an in-depth analysis of the role of 
the 16 S rRNA base-pair C1409–G1491 in binding of 2-deoxystreptamine aminoglycosides. 
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Results 

 

Generation of mutants 

Spontaneous drug-resistant mutants were obtained by selective plating. In addition, mutations 
were introduced into the ribosomal A-site using RecA-mediated gene conversion [15]. See 
Table 1 for the strains used in this work. 

Growth rates were determined to study whether any of the rRNA mutations introduced was 
detrimental to bacterial fitness (see Table 2). Mutations C1409U and G1491U did not affect 
the growth rate to a significant extent, while mutations C1409G, G1491A and G1491C were 
each associated with a varying degree of growth retardation. The results for the C1409U, 
G1491C and G1491U mutants, in general, are in line with observations made in a merodiploid 
E. coli system (see Table 2 for comparison) [19]. In contrast to E. coli, mutations C1409G and 
G1491A were viable in M. smegmatis. 

 

 

Table 1. Strains used in this work 

Strain Reference

Escherichia coli strain XL-1 blue Stratagene

Mycobacterium smegmatis 

mc2155 SMR5 ∆rrnBa [16] 

mc2155 SMR5 ∆rrnB 1408Gb [16] 

mc2155 SMR5 ∆rrnB 1409Gb This study

mc2155 SMR5 ∆rrnB 1409Ub This study

mc2155 SMR5 ∆rrnB 1491Ab This study

mc2155 SMR5 ∆rrnB 1491Ub This study

mc2155 SMR5 ∆rrnB 1408G/1409Gc This study

mc2155 SMR5 ∆rrnB 1408G/1491Uc This study

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA1409Ud This study

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA1491Ad This study

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA1491Cd This study

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA1491Ud This study

a Parental strain. 
b Spontaneous mutants of M. smegmatis mc2155 SMR5∆rrnB. 
c Spontaneous mutants of M. smegmatis mc2155 SMRS ∆rrnB 1408G. 
d Recombinant mutants of M. smegmatis mc2155 SMR5 ∆rrnB. 

 



CHAPTER 2  45 

Table 2. Growth rate of mutants with alterations in 16 S rRNA position 1409 or 1491 

 

Mutation M. smegmatis (hours) E. coli (minutes) 

wt (C1409, G1491) 3.4±0.2 55±1 

1409 G 4.0±0.5 Lethal 

1409 U 3.3±0.5 82±5 

1491 A 4.7±0.7 Lethal 

1491 C 5.8±0.8 185±33 

1491 U 3.8±0.7 71±1 

Data for E. coli were taken from De Stasio & Dahlberg [19]. 

 

 

Determination of drug susceptibility 
Drug susceptibility of mutant ribosomes was studied by determining minimal inhibitory 
concentrations (MIC). Representatives for each of the two disubstituted 2-deoxystreptamine 
subclasses were included (see Figure 1). Paromomycin and neomycin were chosen as 
representative 4,5-disubstituted 2-deoxystreptamines. The two drugs differ only by the nature 
of the substituent group at the 6′ position of ring I, paromomycin possessing a 6′-OH group 
and neomycin possessing a 6′-NH3

+ group. The 4,6-disubstituted 2-deoxystreptamines show 
some heterogeneity in the substituents of their amino sugar moieties, and are represented by 
tobramycin, gentamicin and geneticin (which has a ring III identical with that of gentamicin). 
Geneticin has an OH group at position 6′ of ring I, gentamicin and tobramycin both carry a 6′-
NH3

+ group. 

 

The results of the drug susceptibility studies are listed in Table 3. Single-point mutations at 
16 S rRNA position 1409 or 1491 affected binding of 2-deoxystreptamines with a 6′-NH3 
group at ring I only moderately, if at all. In contrast, selected mutations of the base-pair 1409–
1491 resulted in significant resistance towards 2-deoxystreptamines with a 6′OH group. 
Transversion of nucleotide G1491 to 1491C/U conferred high-level drug resistance to 
paromomycin and geneticin. Maintaining the pyrimidine–purine structure at 1409–1491, i.e. 
C1409U-G1491, C1409-G1491A, resulted in only little resistance to 6′-OH 2-
deoxystreptamines. 

 

Double mutations A1408G/C1409G and A1408G/G1491U conferred high-level drug 
resistance to all aminoglycosides. This is to be expected for the 2-deoxystreptamines with a 
6′-NH3

+ group, since the mutational alteration A1408G alone is sufficient to cause high-level 
drug resistance [16]. Interestingly, the double mutation A1408G/C1409G conferred high-level 
resistance to 2-deoxystreptamines with a 6′OH group. 
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Table 3. Drug susceptibility of rRNA mutants 

 4,5-Disubstituted 2-DOS 4,6-Disubstituted 2-DOS 

 
Paromomycin 
6′-OH at ring I 

(5+)a

Neomycin 6′-
NH3

+ at ring I 
(6+) 

Geneticin 6′-
OH at ring I 

(4+) 

Gentamicin 6′-
NH3

+ at ring I 
(5+) 

Tobramycin 6′-
NH3

+ at ring I 
(5+) 

Mutation MICb RRc MIC RR MIC RR MIC RR MIC RR 

wt 1 – 1–2 – 16 – 1–2 – 2 – 

1491Ad 32 32 4 2–4 16–32 1–2 2 1–2 4 2 

1491Ce 512–
1024 

512–
1024 32 16 512 32 16–32 16 32 16 

1491Ud 512 512 8–16 4–8 >1024 >64 32 16 32 16 

1409Gf 32 32 4 2 >1024 >64 2–4 2 16 8 

1409Ud 8 8 1 0.5–1 128 4 8–16 8 8 4 

140Gf 64 64 >1024 >512 128 8 >1024 >512 > 1024 >512 

1408G/1491Uf 1024 1024 >1024 >512 >1024 >64 >1024 >512 >1024 >512 

1408G/1409Gf >1024 >1024 >1024 >512 >1024 >64 >1024 >512 >1024 >512 
a Overall net charge of the drug. 
b MIC, minimal inhibitory concentration (μg/ml). 
c RR, relative resistance, calculated by dividing MIC mutant through MIC wt. 
d Recombinant and spontaneous mutant strains. 
e Recombinant mutant strains. 
f Spontaneous mutant strains. 

 

 

Determinants of aminoglycoside-binding specificity: in vivo versus in vitro. Approaches 
using small models of oligonucleotides that mimic the ribosomal A-site [20] have been 
suggested to facilitate quantitative analysis of the binding characteristics of aminoglycosides 
with structural variants of rRNA [21-23]. In particular, mass spectrometry has been used to 
calculate dissociation constants for aminoglycosides with variants of a model A-site 
oligonucleotide in order to identify the determinants of aminoglycoside binding specificity 
[24]. Three mutations previously investigated by mass spectrometry, i.e. A1408G, C1409U, 
G1491U, have been the subject of our studies using whole ribosomes. Table 4 demonstrates 
that there is not much correlation between minimal inhibitory concentrations and dissociation 
constants as calculated on the basis of mass spectrometry. Thus, e.g. A1408G confers high-
level drug resistance to tobramycin, yet has little effect on the dissociation constants 
determined in vitro; conversely, C1409U has little effect on the susceptibility to tobramycin in 
vivo but decreases greatly the calculated dissociation constants. 
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Table 4. Minimal inhibitory concentrations (MIC, μg/ml) versus calculated dissociation constants 
(DC, μM) for aminoglycosides with 16 S rRNA oligonucleotide variants 

 

 

Discussion 

 

Assessment of resistance data using crystal structures 
In the following, we refer to the crystallographic data based on rRNA fragments [10-12] that 
are in agreement with the data on the 30 S subunit [9, 13]. For the discussion, we will assume 
that neither the RNA-binding site nor the drug-binding mode change significantly upon 
binding to mutated ribosomes. 

 

Mutations of C1409 and G1491 discriminated poorly between 4,5-disubstituted and 4,6-
disubstituted 2-deoxystreptamines. This finding was unexpected, as in addition to stacking, 
4,5-disubstituted but not 4,6-disubstituted aminoglycosides have been suggested to interact 
directly with G1491 via H-bonding between 5″ OH and N7 of G1491 (see Figure 2 and 
Figure 3) [9-11]. 

 

Transversion of the purine at position 1491 to a pyrimidine (C or U) results in significant 
resistance to 4,5-disubstituted and 4,6-disubstituted aminoglycosides with a 6′-OH-group at 
ring I. Binding of the 2-deoxystreptamines with a 6′-NH3

+ group is, however, affected little by 
a G1491 to C/U alteration. These mutations lead to the short, and often less stable, 
pyrimidine–pyrimidine oppositions. Based on the MIC determination, we suggest that the 
pseudo base-pair between the 6′-NH3

+ group and A1408 allows to compensate for the loss of 
stacking interactions. In contrast, the interaction of aminoglycosides with a 6′-OH-group with 
A1408 is too weak to allow proper drug binding when mutations at neighboring positions 
occur. Furthermore, although mutations G1491C and G1491U confer resistance to both 
paromomycin and geneticin, the relative resistance rates indicate that the 4,6-disubstituted 
geneticin is affected less. Three reasons may account for this difference. (i) Compared to 
geneticin, the 4,5-disubstituted paromomycin shows a hydrogen-bond interaction of the 5″ 
OH-group (ring III) with N7 of G1491 [10, 12]; upon mutation of G1491 to 1491C/U, this 
interaction is lost. (ii) The methyl group at the 7′ position of ring I of geneticin, which is not 
far from the 1409–1491 pair, adds some hydrophobic stabilization [12]. (iii) Most probably an 
H-bond between N3″ of ring III and N7 of G1405, an interaction that is characteristic of 4,6-
disubstituted aminoglycosides and missing from 4,5-disubstituted aminoglycosides [11], 
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contributes to stabilizing the drug–ribosome complex and compensates for the weaker 
interaction with G1491C/U. 

 

With the exception of paromomycin, the G1491A mutation resulted in very little resistance to 
any of the 2-deoxystreptamines. A G1491A alteration is not expected to change the general 
conformation of the drug-binding site. Indeed, following the G1491A mutation, the resulting 
C1409·G1491A could form a wobble-like base-pair, which would still enable ring I of the 2-
deoxystreptamines to stack upon the purine base. However, a C·A base-pairing requires a 
protonation either of N3 of C1409 or of N1 of 1491A. The N7 of 1491A also is most likely a 
weaker H-bond acceptor than the N7 of G, as methylation experiments provide evidence that 
N7 of G is a better nucleophile than N7 of A [25]; correspondingly, N7 of G should also be a 
better H-bond acceptor. All of these changes will affect hydrogen bonding between position 7 
of the 1491 purine base and the 5″ OH group of paromomycin. 

 

Nucleotide 1409 is not involved directly in drug binding but is responsible for the proper 
placement of nucleotide 1491, as 1409 and 1491 form a Watson–Crick base-pair. Mutation 
C1409G leads to a purine–purine opposition in which the exact nature of interaction is 
difficult to predict. Aminoglycosides with an NH3

+ group at position 6′ of ring I are not 
affected by the mutation C1409G, which may suggest the presence of a non-Watson–Crick 
1409G·G1491 base-pair with one of the purine bases in a syn conformation. The wobble base-
pair 1409U·G1491 would be expected to show conformational characteristics similar to those 
of the wild-type C1409-G1491 base-pair and, consequently, does not confer resistance to any 
of the 2-deoxystreptamines studied. 

 

Alteration of 16 S rRNA position A1408 to G confers a 1000-fold decrease in drug 
susceptibility to 2-deoxystreptamines with an NH3

+-group at the 6′ position of ring I [14-16]. 
Thus, a high-level drug resistance of the double mutations A1408G/C1409G and 
A1408G/G1491U to 2-deoxystreptamines with a 6′-NH3

+ group is to be expected. In contrast 
to 2-deoxystreptamines containing an NH3

+ group at the 6′ position, a 6′-OH group at ring I 
can still accept an H-bond from N1 or N2 of G1408. The low to moderate level of resistance 
conferred by the A1408G alteration probably reflects the close approach between the ring 
oxygen atom (5′-O) of ring I and O6 of guanine [16]. The high-level resistance observed in 
our studies for the A1408G/C1409G alteration indicates that paromomycin, and possibly also 
geneticin, may maintain the pseudo base-pair interaction with A1408G only when proper 
stacking upon G1491 is possible. 

 

 

Conclusion 

 

Using mutational analyses in a single rRNA allelic derivative of the grampositive eubacterium 
M. smegmatis we investigated the role of the 16 S rRNA base-pair C1409-G1491 in drug 
binding. Our data support the crystal structures where available [9-12], and define the 
functional role of drug interaction with C1409-G1491. Together with previous results [9-12, 
16], the present data point to synergistic/additive effects in the binding of aminoglycosides to 
the ribosomal A-site. Indeed, as in any molecular complex, the strength of binding (or 
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dissociation constant) between an antibiotic and an RNA molecule results from the free 
energy of complex formation. The free energy itself is the sum of all the pairwise interactions 
between the molecular groups constituting the binding site. Although, energetically speaking, 
the charge–charge electrostatic interactions are the strongest (and the van der Waals contacts 
the weakest), the interplay between the various interactions are intricate, and this complexity 
renders the parsing of the energetic terms often very difficult (if not altogether meaningless). 
In addition, the 4,5-disubstituted and 4,6-disubstituted 2-deoxystreptamine aminoglycosides 
have different overall net charges (e.g. +4 for geneticin and +6 for neomycin, assuming all 
amino groups are positively charged, given the pKa values) and form different H-bonding or 
van der Waals interactions with the bases of the A-site. The substituent at the 6′ position 
together with O5′ of ring I forms a pseudo base-pair interaction with N1 and N6 of A1408 [9, 
10, 16]. The difference in energy between a neutral H-bond (R6′ = OH) and a charged H-bond 
(R6’ = NH3

+) is at least 3 kcal/mol (1 cal=4.184 J) which should further increase in the non-
polar environment (and lower dielectric constant) created by the intercalation between the 
base pairs. It is therefore not surprising that the effects of mutations at 1409 or 1491 are more 
pronounced for paromomycin than for neomycin. Overall, drug susceptibility should be 
proportional to the sum of all interactions occurring between the rRNA and the amin-
oglycoside (e.g. global charge of the drug, the substituent at the 6′ position, the nature of the 
base at 1408, stacking upon G1491 and the strength of the base-pair 1409–1491, the 
possibility of an H-bond between G1491 and 5″OH for the 4,5-disubstituted aminoglycosides, 
the possibility of an H-bond between G1405 and N3″ for the 4,6-disubstituted amino-
glycosides). The binding strength to the A-site and ribosomal drug susceptibility are, thus, the 
result of all these forces, which act additively/synergistically. 

 

However, the network of interactions between the aminoglycoside and the rRNA A site does 
contain certain key interactions, like the pseudo base-pair formation between A1408 and 
position 6′, the loss of which cannot be compensated for. In contrast, several other, weaker 
interactions can compensate for each other partially as long as a minimum binding energy is 
maintained. Thus, alterations of the 1409–1491 base-pair distinctly affected 6′OH versus 
6′NH3

+ 2-deoxystreptamines. Resistance conferred by any of the mutations was more marked 
for aminoglycosides with a 6′OH group compared to aminoglycosides with a positively 
charged amino group at the 6′ position; e.g. the G1491U mutation conferred high-level drug 
resistance to paromomycin and geneticin but only minor resistance to neomycin, tobramycin 
and gentamicin. Previous mutagenesis studies in E. coli were unable to note any difference in 
drug susceptibility within the 2-deoxystreptamines as a group. Mutations that disrupted 
Watson–Crick pairing of 1409 and 1491 (C·U or C·C) yielded similar levels of resistance to 
all of the aminoglycosides tested [18, 19]. Most likely, the presence of wild-type ribosomes 
blurred the interpretation of the drug susceptibility studies in the merodiploid E. coli mutants. 

Our data indicate that there is little correlation between drug susceptibility of mutant 
ribosomes and binding affinities as determined in vitro using corresponding variants of model 
A-site oligonucleotides [23, 24]. The effect of a point mutation on the structure of an isolated 
oligonucleotide fragment may differ from that of the same oligonucleotide moiety being part 
of a complete ribosome. These results ask for caution when using in vitro approaches and 
testify for the need to study mutant ribosomes in vivo in order to evaluate the importance of 
the various determinants of aminoglycoside binding. 
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Materials and Methods 

 
DNA techniques. DNA manipulations were performed by standard procedures or according 
to the manufacturer's instructions (Amersham Biosciences, BioRad, Promega, Quiogen, 
Roche Applied Sciences). Nucleic acid sequencing was done by use of fluorescent labelled 
nucleotides and Taq cycle sequencing (Applied Biosystems). 

Bacterial strains, media and antibiotics. Initial cloning and propagation of plasmids was 
done in E. coli strain XL-1 blue (Stratagene). Cultures of E. coli were grown in LB medium 
containing either ampicillin (120 μg ml−1) or hygromycin B (100 μg ml−1). Strains of 
M. smegmatis mc2155 SMR5 ∆rrnB (see Table 1) [16] were cultured in liquid LB-medium 
containing Tween80 (0.05%, v/v), on LB agar plates and on plates supplemented with 
100 μg ml−1 hygromycin B for selection of transformants. Antibiotics paromomycin (P-9297), 
neomycin (N-6386), tobramycin (T-1783), geneticin (G-5013), gentamicin C (a mixture of 
gentamicin C1 (45%), C1a (35%) and C2 (20%); G-3632) were obtained from Sigma. 

Generation of mutants. Spontaneous mutants were obtained by selective plating as described 
[15, 16]. For the introduction of point mutations by RecA-mediated homologous 
recombination [26, 27], approximately 1.0 kb large fragments of the decoding region (16 S 
rRNA position 907 to ITS I position 2367) were generated. Where available, chromosomal 
DNA from spontaneous mutants carrying the indicated mutation was used as template for 
PCR. Mutations 1491C and 1409A were introduced by PCR mutagenesis using primers 
1491Cmut-f/C1491mut-r and 1409Amut-f/1409Amut-r (sequences are provided in the online 
version’s supplementary data). The mutagenized fragments were then subcloned into 
pGEMTeasy-vector (Promega), isolated by NcoI/SpeI digestion, and ligated into the 
HpaI/SpeI site of pMV361-hyg, respectively [28]. The resulting plasmids (a plasmid list is 
provided in the online version’s supplementary data) were then transformed in M. smegmatis 
mc2155 SMR5 ∆rrnB. RecA-mediated homologous recombination was used to introduce the 
point mutations into the single functional rDNA operon of M. smegmatis mc2155 SMR5 
∆rrnB [15, 16]. Nucleic acid sequencing was used to verify that the point mutations had been 
introduced into the single functional rRNA operon by gene conversion. 

Phenotypic characterizations. Growth experiments were done in a microtiter plate in a total 
volume of 150 μl. A pre-culture was grown to an absorbance at 600 nm (A600) of 
approximately 1.0 and then diluted to inoculate the plates with an A600 of 0.025. The 
measurements were done in a PowerWave XS ELISA-plate reader. The A600 was measured 
every ten minutes for 48 hours. 

Single-colony cultures, grown in LB medium supplemented with 0.05% Tween80, were used 
for MIC tests in a microtiter plate format. At least three independent clones were analyzed per 
mutation. To 200 μl starting cultures of bacterial cells with A600 0.025, the antibiotics to be 
tested were added in twofold series of dilutions. The MIC is defined as the drug concentration 
at which the growth of the cultures is completely inhibited after 72 hours incubation at 37 °C, 
corresponding to 24 generations. 
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Abstract 

 
The 4,6-disubstituted 2-deoxystreptamines interfere with protein biosynthesis by 
specifically targeting the ribosomal A-site. These drugs show subtle variations in 
the chemical groups of rings I, II and III. We here used site directed mutagenesis to 
generate mutant strains of the single rRNA allelic M. smegmatis mc2155 SMR5 
∆rrnB. This genetic procedure gives rise to strains carrying homogeneous 
populations of mutant ribosomes and was used to study the contribution of 
individual chemical substituents to the binding of 4,6-disubstituted 
aminoglycosides. X-ray crystal structures of geneticin and tobramycin complexed 
to oligonucleotides containing the minimal bacterial ribosomal A-site, were used 
for interpretation of the minimal inhibitory concentrations determined for a panel 
of 4,6-aminoglycosides, including tobramycin, kanamycin A, kanamycin B, 
amikacin, gentamicin and geneticin. Surprisingly, the considerable differences 
present within ring III did not seem to alter drug interaction with the ribosome as 
determined by site-directed mutagenesis of the A-site. In contrast, subtle variations 
of ring I significantly influenced binding: i) a 4'-hydroxyl-moiety participates in 
proper drug target interaction; ii) a 2'-amino-group contributes an additional 
positive charge to ring I making the drug less susceptible to any kind of sequence 
alteration within the decoding site, most notably to conformational changes 
induced by transversion of U1495 to 1495A. The 4-amino-2-hydroxyl-1-oxobutyl 
extension at position 1 of ring II of amikacin provides an additional anchor and 
renders amikacin less dependent on the structural conformation of nucleotide 
U1406 as compared to the other kanamycins. Overall, the set of interactions 
forming the complex between drug substituents and nucleotides of the A site 
constitutes a network in which the interactions can partly compensate each other 
when disrupted. 
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Introduction 
 

Most aminoglycosides which are used as broad-spectrum antibacterial agents are 
representatives of the 4,6-disubstituted 2-deoxystreptamines, e.g. tobramycin, kanamycin, 
amikacin, gentamicin (3, 5, 10). The two sugars glycosidically linked to the 4 and 6 position 
of the central aminocyclitol ring (2-deoxystreptamine) are responsible for the sequence 
specific binding to the highly conserved decoding centre within the ribosomal A-site (8, 11, 
13, 14). Aminoglycosides promote improper choice of aminoacyl-tRNA and inhibit 
translocation of the tRNA-mRNA complex (2, 9). Drug-induced miscoding is thought to lead 
to the synthesis of non-functional, misfolded proteins and to cell death (4, 6). 

 

The wobble base-pair U1495·U1406, the bases A1408, A1492, A1493 and the base-pair 
C1409–G1491 (E. coli numbering is used throughout the paper) of the 16S rRNA decoding 
site provide a narrow drug pocket able to accommodate a framework of hydrogen bond 
donors and acceptors (see Figure 1). A large and diverse population of about 50 
aminoglycoside-modifying enzymes exists that transfers acetyl-, phosphoryl- and adenyl-
groups in a co-factor dependent manner to virtually every amino- or hydroxyl-position, thus 
conferring resistance (3, 5, 12). The 2'- and 6'-NH3

+-groups of ring I as well as the 3-position 
of ring II become acetylated by acetyl CoA-dependent N-acetyltransferases (AAC) (5). The 
introduction of an acetyl-group at 6’NH3

+ disrupts the hydrogen-bond contact between the 6'-
NH3

+-moiety and A1408 and results in high level drug resistance (20, 21). Modification of the 
2'-NH3

+-group most likely influences the structural conformation of the 4,6-disubstituted 
aminoglycosides by introducing a bulky side-chain interfering with the appropriate 
positioning of rings II and III (20). The amino-group at position 3 of ring II makes hydrogen-
bonded contacts to N7 of G1494 and to the phosphate groups of A1493 or G1494 (20, 21); 
acetylation of 3-NH3

+ would prevent the formation of these interactions. In the case of 
phosphorylation or adenylation of the OH-group at the 2"-position the hydrogen bond to O6 
of G1405 and the neighbouring one between N3” and N7 of G1405 can not form (20, 21). A 
phosphate-moiety at the 4'-position of ring I would prevent the insertion of ring I into the A 
site and the direct H-bonding between O4’ and the phosphate oxygen O2P of A1493 (13). 

 

In response to these resistance mechanisms a large variety of natural and semi-synthetic 
aminoglycoside-derivatives have been synthesized. Most studies on structure-activity 
relationships of 4,6-disubstituted 2-deoxystreptamines have been carried out with wild-type 
ribosomes only or with heterogeneous populations of mutant and wild-type ribosomes (1, 4, 7, 
18). However, this yielded only limited information on the complicated network of hydrogen-
bond interactions, van-der-Waals and electrostatic contacts maintaining the drug-target 
complex. With the introduction of microorganisms carrying homogeneous populations of 
mutated ribosomes the role of different substituents in drug binding can now be characterized 
at a molecular level. In such an in vivo assay system, the drug susceptibility phenotype 
conferred by a specific mutation is likely to reflect the importance of a specific interaction 
(13-16). In this study we have used site-directed mutagenesis of the drug binding site to result 
in recombinant microorganisms carrying homogenous populations of mutant ribosomes. In 
particular, we determined drug susceptibilities of various mutant strains to kanamycin A, 
kanamycin B, and amikacin and compared the results to previously published data to 
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characterise the contribution of subtle variations in the chemical moieties of rings I, II and III 
of 4,6-disubstituted 2-deoxystreptamines to drug binding. 

 

 

 

 

Fig. 1. (A) Two views of the crystal structure of the complex between tobramycin (color) and an 
oligonucleotide (gray) containing the ribosomal A site. Left, view from the shallow or minor groove; 
right, view from the top. The nucleotides studied (G1491, C1409, U1495, and U1406) are indicated in 
boldface. (B) Superimposition of tobramycin (yellow; kanamycin subclass) and geneticin (pink; 
gentamicin subclass) when they are bound to the A site in crystal structures (20, 21). The conserved 
contacts in both aminoglycoside families (dotted lines in red) and the specific contacts (dotted lines in 
black) are shown. The common parts are in gray with the standard atomic coloring (blue, nitrogen; 
red, oxygen). See Fig. 3 and 4 for the chemical differences between the two compounds. 
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Materials and Methods 
 

Bacterial strains 

Strains of M. smegmatis mc2155 SMR5 ΔrrnB (13, 14) listed in Table 1 were cultured on LB 
agar plates. Mutant strains of M. smegmatis mc2155 SMR5 ΔrrnB were obtained by selective 
plating or by introduction of point mutations using RecA-mediated homologous 
recombination as described previously (13, 14, 17). 

 

Table 1. Strains used in this study 

 

 

 

Determination of the minimal inhibitory concentrations (MIC) 
Strains of M. smegmatis mc2155 SMR5 ΔrrnB (13, 14) were cultured on LB agar plates. 
Single-colony cultures, grown in liquid LB medium supplemented with 0.05% Tween 80, 
were used for MIC assays in a microtiter plate format as described previously (13, 14). In 
brief, to 200 μl of starting cultures with an OD600 = 0.025 the antibiotics to be tested were 
added in 2-fold series of dilutions ranging from 0.25 μg/ml to 1024 μg/ml. All antibiotics used 
were obtained from Sigma: tobramycin (T-1783), kanamycin B (B-5264), kanamycin A (K-
4000), amikacin (A-1774), geneticin (G-5013), gentamicin C [a mixture of gentamicin C1 
(45%), C1a (35%) and C2 (20%); G-3632]. The MIC is defined as the drug concentration at 
which the growth of the cultures is completely inhibited after 72h incubation at 37 oC, 
corresponding to 24 generations (for mutants with altered growth rate the incubation time was 
adjusted accordingly); at least three independent clones were analyzed per mutation. 
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Results 
 

Derivatives of M. smegmatis mc2155 SMR5 ΔrrnB with single point mutations in the 16S 
rRNA were obtained by RecA-mediated gene conversion. Double mutations were introduced 
by selective plating starting from strains with a single point mutation (13, 14). A large set of 
strains carrying mutations in key nucleotides of the binding pocket was generated (see Figure 
2 and Table 1). 

 

 

Fig. 2. Secondary structure of the bacterial A site (E. coli numbering). The 
mutations introduced are shown in gray, and the highly conserved A site is boxed. 

 

The 4,6-disubstituted 2-deoxystreptamines share close structural similarities. Two aminosugar 
moieties are connected to a central aminocyclitol ring (2-deoxystreptamine; ring II), one each 
at position 4 and 6, respectively. The members of this antibiotic family can be distinguished 
by subtle variations within rings I, II and III. The chemical groups linked to ring III allow for 
a separation into two subclasses: the kanamycins and the gentamicins. Compared to the 
kanamycins (encompassing tobramycin, kanamycin B, kanamycin A, amikacin) ring III of the 
gentamicins (encompassing gentamicin, geneticin) lacks a methoxygroup at position 5”. 
Instead, ring III of the gentamicin-subclass is substituted with two additional methylgroups at 
position 4” and 3” (see Figures 3 and 4). 
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Kanamycins 
The drug susceptibility measurements given in Table 2 show, that the compounds of the 
kanamycin-subclass exhibit a very similar potency in wild-type M. smegmatis mc2155 SMR5 
ΔrrnB (2-4 μM), irrespective of the differences in chemical structure. In general, mutations 
within the ribosomal A-site affect the relative activity of the compounds similarly. However, 
a close inspection of the MIC data reveals subtle differences as discussed below. 

 

Tobramycin and kanamycin B are chemically identical with the exception that the latter has a 
hydroxyl-group at position 3’ of ring I (see Figure 3). Removal of a hydroxyl group proximal 
to an amino group leads to an increased basicity of the amino group and, thus, a higher 
positive charge at a given pH (19). According to the MIC data both drugs are similarly 
affected by mutations within the A-site. However, compared to tobramycin the activity of 
kanamycin B seems to rely more on the type of nucleotide at 16S rRNA position 1409, i.e. C 
versus G or U (see Table 2). Thus, the presence or absence of a 3’-hydroxyl group seems to 
be relevant mainly for interaction with the base-pair C1409-G1491, which closes the binding 
pocket at the lower stem. In the crystal structures, geneticin (21) presents a direct H-bond 
between the O3’ and O2P of A1492 while, in tobramycin (20), there is an extensive network 
of water molecules linking N2’ and N7 of G1491, O2P of A1492 and O1P of A1493. 

 

Kanamycin A is distinguished from kanamycin B by the replacement of the NH3
+-group at 

position 2’ of ring I with a hydroxyl-group, leading to the loss of a positive charge. As seen in 
Table 2, the exchange of the NH3

+-group by an OH-group makes the drug more susceptible to 
any kind of sequence alteration within the decoding site, in particular transversion of U1495 
to 1495A. 

 

 

Table 2. Drug susceptibilities of rRNA mutants 
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Amikacin is a derivative of kanamycin A which possesses an additional 4-amino-2-hydroxyl-
1-oxobutyl at position 1 of the 2-deoxystreptamine ring extending on the side of U1495. This 
extension allows amikacin to partly compensate the unfavourable geometry provoked by 
mutations 1406A/C (see Table 2). However, introduction of the Watson-Crick base-pair 
1495A-U1406 and of the wobble base-pair 1495A·1406C excludes the drug as efficiently 
from binding to the ribosome as any other member of the kanamycin-subclass. An additional 
characteristic of the 4-amino-2-hydroxyl-1-oxobutyl-group at position 1 is that the drug 
becomes less dependent on stacking interaction with G1491. Thus, any type of alteration of 
G1491 or C1409 conferred significantly less resistance to amikacin compared to kanamycin 
A. 

 

 

 

 

Fig. 3. Resistance profiles of the 4,6-disubstituted 2-deoxystreptamines (kanamycin subclass) 
represented as comparison graphs. Each axis of the comparison graph represents the influence of the 
corresponding mutation introduced (indicated in gray). The relative resistances conferred by each of 
the mutations are plotted on a log scale, with the smallest value in the innermost circle. Points lying on 
the outermost circle indicate that the corresponding mutations result in relative resistance outside the 
measurable range. 
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Gentamicins 
Gentamicin inhibits protein synthesis in wild-type M. smegmatis mc2155 SMR5 ΔrrnB to a 
similar extent as the kanamycins. However, the minimal inhibitory concentrations determined 
for the mutants reveal significant differences between gentamicin and the kanamycins (see 
Table 2). In particular, as revealed by the MIC data of mutant 1406A, gentamicin is much 
more susceptible to alterations of U1406 compared to the kanamycins (see Table 2). 
Interestingly, alteration of U1495 affects both gentamicin and kanamycin similarly. 

 

Except for the 6’-OH-group, ring I of geneticin is identical to that of kanamycin B; rings II 
and III are conserved in the gentamicin-subclass. Of all tested 4,6-disubstituted 2-
deoxystreptamines, geneticin has the lowest activity against wild-type M. smegmatis and the 
greatest dependence on stacking interaction with the base-pair C1409-G1491. This finding 
can be correlated to the unique hydroxyl-group at position 6’ of ring I of geneticin (13, 14). 
Because of the low affinity of geneticin to the A-site of the small ribosomal subunit, a 
quantitative estimation of resistance levels conferred by changes in the wobble base-pair 
U1495·U1406 is at present not possible.  

 

 

Fig. 4. Resistance profile of the 4,6-disubstituted 2-deoxystreptamines (gentamicin subclass) 
represented as comparison graphs. Each axis of the comparison graph represents the influence of the 
corresponding mutation introduced (indicated in gray). The relative resistances conferred by each of 
the mutations are plotted on a log scale, with the smallest value in the innermost circle. Points lying on 
the outermost circle indicate that the corresponding mutations result in relative resistance outside the 
measurable range. Geneticin binds weakly to the wild-type ribosomes; thus, quantitative analysis is 
limited; to reflect this limitation, the values outside the measurable range are depicted by hatched 
areas. 
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Discussion 
 

Point mutations within the decoding site of the small ribosomal subunit influence binding of 
aminoglycosides to various extents. The single rrn allelic strain of M. smegmatis mc2155 
SMR5 ΔrrnB used in this study allows for homogeneous populations of mutated ribosomes, 
thus facilitating the correlation of ribosomal drug susceptibility with distinct chemical 
properties of the antibiotics. 

 

Compared to an in vitro system with isolated ribosomes, in vivo susceptibility testing of 
whole cells can provide only limited information with respect to drug efficiency against wild-
type ribosomes, as the MICs of different drugs are also influenced by drug uptake or export 
across the bacterial cell wall. In our system kanamycin A and gentamicin are equally potent, 
compared to tobramycin and kanamycin B which are 2-4 times less active. In an in vitro 
system of R17 phage RNA-directed polypeptide synthesis kanamycin B, tobramycin and 
gentamicin inhibit the ribosome almost twice as efficiently as kanamycin A (1). However, the 
in vivo model system used here provides valuable information on ribosomal resistance 
conferred by mutational alterations of the decoding site. This is possible because the strains 
used are isogenic and variability in the uptake of any given aminoglycoside is excluded as a 
determinant by calculation of relative resistances. 

 

The wobble base-pair U1495·U1406 closes the upper part of the drug binding pocket. All 4,6-
disubstituted aminoglycosides form a single direct contact to this wobble base-pair via an 
hydrogen-bond between N1 of ring II and O4 of U1495 (see Figure 1) (20). Transversion of 
U1495 to an adenine alters the geometry of the base-pair such that appropriate positioning of 
rings II and III is excluded and the formation of hydrogen-bonds to G1405 prevented (14). 
Transition of U1495 to C mediates little resistance to 4,6-aminoglycosides with the exception 
of amikacin. 

 

Alteration of U1406 to adenine or cytosine affects binding of the 4,6-disubstituted 2-
deoxystreptamines similarly as tranversion of U1495. Most likely, these residues are further 
shifted towards the deep groove as a result of their alteration and are unable to place ring III 
in an appropriate position. The nonisosteric pair 1495A-1406C and the base-pair 1495G-
1406C provoke high resistance presumably due to major changes in the base-pair geometry 
(14). 

 

Our observations suggest that the methylation pattern of ring III characteristic for the 
gentamicin-subclass does not significantly contribute to drug binding; this interpretation is 
supported by structural data which show that the methyl-groups point away from the decoding 
pocket (20, 21). The exceptional steric positioning of the 4”-OH-group of the gentamicins 
allows these aminoglycosides to form an additional hydrogen-bond between ring III and one 
of the phosphate oxygens of U1406. It is thought that the stabilizing effect of the hydrogen 
bond contact with residue 1406 is important for drug-ribosome interaction (see Figure 1) (21); 
this is also reflected in the high-level drug resistance conferred by the 1406A alteration (see 
Table 2). 
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The extent to which a drug is dependent on proper U1495·U1406 conformation may be 
correlated with the chemical groups linked to ring I. Kanamycin B possesses a 3’,4’-
dihydroxy glucopyranosyl, the otherwise identical tobramycin has a 4’-hydroxy ring I. Both 
aminoglycosides are equally dependent on the correct conformation of the U1495·U1406 pair. 
Hence, the possible hydrogen-bond between the 3’-OH-group and the phosphate of A1492, as 
postulated in the crystal structures of paromomycin and geneticin (22, 21), may not contribute 
greatly to the activity of the aminoglycosides. Based on in vitro assays it was suggested, that 
the presence or absence of the 4’hydroxyl-group should not markedly affect the biological 
activity of the 4,6-disubstituted aminoglycosides (1). However, our data revealed that binding 
of the 3’,4’-dideoxy gentamicin is more susceptible to mutational alteration of U1406 
compared to the 4’-hydroxy aminoglycosides tobramycin and kanamycin B. 

 

The exquisite susceptibility of gentamicin to the 1406A alteration thus involves at least two 
possible contacts: 1) lack of hydrogen bonding between the 4’-OH moiety and the phosphate 
group of A1493, 2) hydrogen bonding between the 4”-OH group and the phosphate oxygen of 
U1406. At present it is not possible to define the contribution of each of these interactions to 
the drug resistance conferred by 1406A ribosomes. Apparently, the lack of these hydrogen 
bonding interactions does not allow gentamicin to compensate for the unfavourable 
positioning of rings II and III as a result of mutational alterations of U1406. 

 

The 6'-amino kanamycin A is about 4-fold more sensitive to transversion mutation of U1495 
and U1406 compared to the 2',6'-diamino kanamycin B. Available crystal structures propose 
an involvement of the 2'-amino-group in water-mediated hydrogen-bonds, in both tobramycin 
(20) and geneticin (21), with O5 of ring II and, in tobramycin, with the phosphate group of 
A1492 (see Figure 1). The importance of the 2’-NH3

+-group for aminoglycoside binding as 
observed in our studies is further underlined by the results of an in vitro system which 
compared the activity of enzymatically modified 2',6'-NH3

+-kanamycin B and 2'-OH-, 6'-
NH3

+-kanamycin A against wild-type ribosomes. Kanamycin A is completely inactivated by 
AAC-mediated N-acetylation of the 6'-position, while the identically modified kanamycin B 
still has almost the same activity as the 2'-NH3

+, 6’-OH-kanamycin C (1). 

 

Stacking of ring I on G1491 is required for the correct intercalation of the aminoglycosides 
into the target site. However, 4,6-disubstituted 2-deoxystreptamines seem to be less dependent 
on the correct conformational structure of the base-pair C1409-G1491 compared to 4,5-
disubstituted aminoglycosides (13). This might be due to synergistic effects conferred by 
different properties of the 4,6-disubstituted 2-deoxystreptamines, such as the positioning of 
ring III, the possibility to form an H-bond between G1405 and N3" of ring III, and the lack of 
additional interactions with G1491 (13). 

 

Chemically, amikacin has a ring I identical to that of kanamycin A. In contrast to kanamycin 
A, however, alterations of U1406 do not confer resistance. Apparently, the 4-amino-2-
hydroxyl-1-oxobutyl extension at position 1 of ring II of amikacin provides an additional 
contact. Amikacin is similarly affected by transition of nucleotide U1495 as all other 
kanamycins, making it difficult to predict with which residues the 4-amino-2-hydroxyl-1-
oxobutyl might interact. 
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Our data indicate that the pattern of resistances conferred by mutations within the ribosomal 
A-site show general features but may also in part be dependent on the different chemical 
substitutions of the various 4,6-disubstituted 2-deoxystreptamines. Our data not only validate 
available X-ray crystallography data, but also provide information on the importance of each 
binding contact in drug-ribosome interaction. 
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Abstract 

 

Aminoglycoside antibiotics that bind to the aminoacyl-tRNA site (A-site) of the 
ribosome are composed of a common neamine core in which a glycopyranosyl 
ring is attached to position 4 of a 2 deoxystreptamine moiety. The core is further 
substituted by one (ribostamycin), two (neomycin, paromomycin) or three 
additional sugars (lividomycin A) attached to position 5 of the 2-
deoxystreptamine. To study the role of rings III, IV and V in aminoglycoside 
binding, we used isogenic mutants of Mycobacterium smegmatis ∆rrnB carrying 
homogeneous populations of mutant ribosomes with alterations in the 16S rRNA 
A-site. Minimal inhibitory concentrations were determined to investigate drug-
ribosome interactions and the results compared with that of the previously 
published crystal structure of paromomycin bound to the ribosomal A-site. Our 
analysis demonstrates: i) that the stacking interaction between ring I and G1491 is 
largely sequence independent; ii) that rings III and IV each increase the strength 
of drug binding to the ribosome; iii) that ring IV of the 6’-NH3

+ aminoglycosides 
compensates for loss of interactions between ring II and U1495 and between ring 
III and G1491; iv) that independently of the number of sugar rings attached to the 
neamine core, the aminoglycosides rely on pseudo-basepairing between ring I and 
A1408 for binding; v) that addition of ring V to the 6’-OH 4,5-aminoglycoside 
paromomycin does not alter the mode of binding; vi) that alteration of the 
U1406·U1495 wobble base pair to the Watson-Crick interaction 1406C-1495G 
yields ribosomal drug susceptibilities to 4,5-aminoglycosides comparable to those 
seen with the wild type A-site. 
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Introduction 

 

Aminoglycosides form a large family of water-soluble, polycationic amino sugars which are 
used as broad-spectrum antibacterial agents (14, 15). Common to all aminoglycosides is the 
neamine core. The neamine core is composed of a six-membered cyclitol (2-
deoxystreptamine; ring II) glycosidically linked to a glucopyranosyl (ring I). 
Aminoglycosides target the ribosome by direct interaction with ribosomal RNA and they 
affect protein synthesis by inducing codon misreading and by inhibiting translocation of the 
tRNA-mRNA complex from the A- to the P-site (4, 15, 18, 28). 

 

Helix 44 is located in the 1400-1500 region of 16S rRNA (E. coli numbering is used 
throughout the paper) and has been identified as the site of codon-anticodon interaction (A-
site) by a number of studies (3, 17, 19, 32). Although A-site-bound tRNA and 
aminoglycosides protect the same nucleotides in the decoding region, namely A1408, A1492, 
A1493 and G1494, aminoglycosides do not act by sterically hindering the binding of the 
tRNA to the ribosome. Instead, they interfere with the decoding process by inducing 
conformational alterations of the ribosomal A-site (2, 19). Upon drug binding nucleotides 
A1492 and A1493 flip out from helix 44; this change in conformation is normally only 
observed after formation of a cognate tRNA-mRNA complex (2, 19, 20). Bulging out A1492 
and A1493 is most likely an essential step in aminoglycoside action as it explains the 
miscoding properties of these drugs (4). 

 

The neamine core of the aminoglycosides is essential for drug activity (4, 6). NMR studies 
have revealed that rings I and II of the 4,5-aminoglycosides are sufficient to confer specific 
binding to a model A-site RNA (6). A1408 and basepairs C1409-G1491 and U1406·U1495 
represent important elements of the drug binding pocket (see Figure 1). Ring I forms two 
direct hydrogen bonds to the Watson-Crick side of A1408 and is involved in a stacking 
interaction with G1491.  Ring II participates in a network of hydrogen bond contacts of which 
the interactions between the  1-amino group and O4 of U1495 and between the 3-amino group 
and N7 of G1494 are sequence specific. The neamine core makes additional direct or water-
bridged hydrogen bond contacts to the phosphate backbone of A1492 and A1493 (2, 29, 30). 
Additional sugars (ring III, IV and V) are attached to position 5 of the 2-deoxystreptamine 
moiety. The contacts of ring III are characterized by two direct hydrogen bonds with N7 of 
G1491 and with N4 of C1407 linking the two RNA strands of helix 44 together. Ring IV is 
mainly involved in non-sequence specific electrostatic interactions with the phosphate 
backbone, but the exact positioning of this ring remains to be established (2, 27). Recently, 
the complexes between oligonucleotides containing the A-site and neamine, neomycin, and 
lividomycin A (8) have been solved (Figure 1). 
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Figure 1. A: Superposition of neamine (gray ball and sticks) and ribostamycin (orange) 
molecules docked in the minimal A-site of the ribostamycin crystal structure (orange). B: 
Superposition of the lividomycin A (magenta ball and sticks) and paromomycin (cyan 
ball and sticks) molecules docked in the minimal A-site of the paromomycin crystal 
structure (cyan). C: Superposition of the neomycin (yellow ball and sticks) and 
paromomycin (cyan ball and sticks) molecules docked in the minimal A-site of the 
paromomycin crystal structure (cyan). Crystal structures are from references (8, 29). 

 

RNA sequence determinants for aminoglycoside binding to the ribosomal A-site have mostly 
been defined using RNA model oligonucleotides (6, 7, 9, 13, 16, 26). Data on in vivo 
mutagenesis of the ribosomal A-site are scarce and compromised by limitations in 
Escherichia coli, which is frequently used as model in ribosomal genetics. In particular, 
several rRNA nucleotides involved in forming the drug binding site could not be subjected to 
in vivo mutagenesis due to nonviability of the mutations in E. coli, e.g. U1495A, U1495C, 
G1491A, C1409G (5, 25). These limitations were overcome with the development of the 
Mycobacterium smegmatis ∆rrnB system (21-24, 27). To analyze the contributions of rings 
III, IV and V to the binding of 4,5-aminoglycosides, we extended our experiments using M. 
smegmatis ∆rrnB strains carrying a large set of mutations within the decoding site. 
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Materials and Methods 

 

Bacterial strains and DNA techniques 

The conditions for selective plating and RecA-mediated homologous recombination to obtain 
mutant strains of M. smegmatis ∆rrnB (for a list of mutants see Table 1 and Figure 2) were 
described previously (23). After mutant selection the strains were cultured on LB agar plates. 
Nucleic acid sequencing was used to verify that the point mutations had been introduced into 
the single functional rRNA operon of M. smegmatis ∆rrnB. Taq cycle sequencing was done 
with fluorescent-labelled nucleotides according to the manufacturer’s instructions (Applied 
Biosystems).  

 

Table 1a. Strains used in this study. 

Strain Reference 

mc2155 SMR5 ∆rrnBb (22) 

mc2155 SMR5 ∆rrnB A1408Gc (22) 

mc2155 SMR5 ∆rrnB U1406C/U1495Ae (22) 

mc2155 SMR5 ∆rrnB U1406C/U1495Ge (12) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA U1406Ad (22) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA U1406Cd (22) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA U1495Ad (22) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA U1495Cd (22) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA C1409Gd (21) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA C1409Ud (21) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA G1491Ad (21) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA G1491Cd (21) 

mc2155 SMR5 ∆rrnB pMV361-hyg-rRNA G1491Ud (21) 
a Reprinted from (12) with permission from ASM 
b Parental strain with wild-type 16S rRNA 
c Spontaneous mutant of M. smegmatis mc2155 SMR5 ∆rrnB 
d Recombinant mutants of M. smegmatis mc2155 SMR5 ∆rrnB 
e) Spontaneous mutants of M. smegmatis mc2155 SMR5 ∆rrnB 1406C 

generated by selection on gentamicin and amikacin, respectively. 
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Figure 2. Secondary structure of the bacterial A-site (E. coli numbering). 
The mutations introduced are indicated by the arrows, the highly conserved 
A-site is boxed. Reprinted from (12) with permission from ASM. 

 

 

Determination of the minimal inhibitory concentrations (MIC) 

Strains of M. smegmatis ∆rrnB were cultured on LB agar plates. Single-colony cultures, 
grown in LB medium supplemented with 0.05% Tween 80, were used for MIC tests in a 
microtiter plate format; at least three independent clones were analyzed per mutation. To 200 
μl of starting cultures with an OD600 = 0.025, the antibiotics to be tested were added in 2-fold 
series of dilutions ranging from 0.25 µg/ml to 1024 µg/ml. Antibiotic compounds were 
obtained from Sigma: paromomycin (P-9297), lividomycin (L-4518), neomycin (N-6386), 
ribostamycin (R-2255), and from ICN Biomedicals: neamine (158966). The MIC is defined as 
the drug concentration at which the growth of the cultures is completely inhibited after 
incubation at 37oC. Cells were incubated for a time period corresponding to 24 generations; 
the wild type has a generation time of 3 hours, the generation time of the mutants investigated 
was in the range of 3 to 6 hours (U1495A: 8 hours). 
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Results 

 

Experimental system 

The 4,5-disubstituted 2-deoxystreptamines investigated share close structural similarities. The 
common core of the 4,5-aminoglycosides is composed of a 2-deoxystreptamine and a 
glycopyranosyl ring. The chemical group linked to the 6'-position of ring I separates the 4,5-
aminoglycosides into two subclasses: the 6'-amino-subclass (neamine, ribostamycin, 
neomycin) and the 6'-hydroxy-subclass (paromomycin, lividomycin). The diversity within 
these two subclasses is based on the number of sugar moieties attached to position 5 of ring 
II: ribostamycin consists of neamine with one additional sugar attached to ring II; addition of 
a fourth ring to ring III of ribostamycin gives rise to neomycin. Except for the 6'-position, 
paromomycin is identical to neomycin; an additional fifth ring attached to paromomycin gives 
rise to lividomycin (for a list of drug structures see Figures 3 and 4). The number of charges 
and the nature of the substituent at position 6’ are identical for neamine/ribostamycin and for 
paromomycin/lividomycin; in both cases, however, the number of rings varies. 

Mutagenesis in M. smegmatis ∆rrnB results in isogenic strains carrying homogeneous 
populations of mutant ribosomes (for a list of mutant strains see Table 1 and Figure 2). 
Minimal inhibitory antibiotic concentrations (MICs) were determined to investigate ribosomal 
drug susceptibility. Data interpretation for neamine, ribostamycin, neomycin, paromomycin 
and lividomycin was based on available X-ray structural information (2, 8, 29). 

The drug susceptibility measurements given in Table 2 (see also comparison graphs Figures 3 
and 4) reveal that in wild-type M. smegmatis ∆rrnB the activity of the 4,5-aminoglycosides 
correlates with the number of sugar rings attached to the neamine core. Addition of a third or 
fourth ring increases the activity of the corresponding drug by approximately 8-fold each. 
However, the presence of an additional fifth ring, as in lividomycin, does not markedly 
increase drug activity. 

The pseudo-base pair between ring I and A1408 was recently defined as a critical interaction 
for aminoglycoside binding (22, 29, 31). Independent of the number of rings attached to the 
neamine core, disruption of the pseudo-base pair by the A1408G alteration prevents the 
binding of all 4,5-aminoglycosides with a 6'-NH3

+ group (see Table 2). In contrast, for the 6’-
OH aminoglycosides (paromomycin and lividomycin) the hydroxyl group at position 6 of ring 
I is likely to become an H-bond acceptor for N1 or N2 of A1408G, as discussed previously 
(22, 29, 31). Thus, these drugs can bind to the target site in presence of A1408G (see Table 2). 

 

Interactions with base pair C1409-G1491 

The Watson-Crick base pair C1409–G1491 produces a seat in the pocket at the lower end of 
the drug binding site, enabling ring I to stack on G1491. In addition, the N7 of G1491 forms a 
hydrogen bond with the O5” of ring III (2, 29, 31). The MIC data and the calculation of 
relative resistances given in Table 2 demonstrate that, within the 6’-NH3

+ subclass, 
ribostamycin is always affected the most by alterations of C1409–G1491. While ribosomal 
susceptibility to neamine and neomycin decreased only moderately upon mutation of the 
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C1409-G1491 base pair (relative resistances between 1 and 16), significant resistance is 
conferred to ribostamycin (relative resistances between 8 and 128). In particular, transversion 
mutations (G1491 to C or U, C1409 to G) have a profound effect on ribostamycin 
susceptibility. Compared to neomycin and as reported previously (21), the 6’-OH 
paromomycin is much more dependent on proper interaction with the C1409–G1491 base 
pair. The importance of this interaction is not alleviated by addition of a further aminosugar as 
in lividomycin (see Table 2). 

 

The double mutations A1408G/C1409G and A1408G/G1491U confer high-level drug 
resistance to all 4,5-aminoglycosides tested. This is to be expected for the 6’-NH3

+ subclass, 
due to disruption of the pseudo base-pair interaction of ring I with A1408 (21, 22). For the 6’-
OH subclass this finding indicates that the effects of different mutations are more than 
additive, in particular for the combined A1408G/C1409G alteration, since the relative 
resistance of the combined A1408G/C1409G alteration is significantly higher than that of 
each single mutation A1408G and C1409G alone (Table 2). 

 

Table 2. Drug susceptibilities of rRNA mutants 

Mutation MIC b) RR c) MIC RR MIC RR MIC RR MIC RR

wt 64 -- 8 -- 1 d) -- 1 d) -- 2 --

A1408G > 1024 > 16 > 1024 > 128 512-1024 d) 512-1024 32-64 d) 32-64 64 32

G1491A 64-128 1-2 128 16 4 d) 4 32-64 d) 32-64 256-512 128-256

G1491C 512-1024 8-16 1024 128 16-32 d) 16-32 512 d) 512 > 1024 > 512

G1491U 1024 16 1024 128 8-16 d) 8-16 512 d) 512 > 1024 > 512

C1409G 128 2 512 64 4 d) 4 16-32 d) 16-32 64-128 32-64

C1409U 256 4 32-64 4-8 1 d) 1 8 d) 8 8-16 4-8

A1408G / C1409G > 1024 > 16 > 1024 > 128 1024 d) 1024 1024 d) 1024 > 1024 > 512

A1408G / G1491U > 1024 > 16 > 1024 > 128 > 1024 d) > 1024 1024 d) 1024 > 1024 > 512

U1406A 64 1 8 1 1-2 d) 1-2 1 d) 1 1 0.5

U1406C 256-512 4-8 32-64 4-8 2-4 d) 2-4 16 d) 16 8-16 4-8

U1495A > 1024 > 16 > 1024 > 128 16 d) 16 256-512 d) 256-512 > 1024 > 512

U1495C 256-512 4-8 128 16 8 d) 8 128 d) 128 64-128 32-64

A1408G / U1406C > 1024 > 16 > 1024 > 128 > 1024 d) > 1024 > 1024 d) > 1024 > 1024 > 512

U1406C / U1495A > 1024 > 16 > 1024 > 128 64 d) 64 > 1024 d) > 1024 > 1024 > 512

U1406C / U1495G 256 4 32 4 0.5 0.5 2-4 2-4 8-16 4-8

(5+) a)(4+) a) (4+) a) (6+) a) (5+) a)

Ring I; 6'-OH
Neomycin-subclass Paromomycin-subclass

Ring I; 6'-NH3
+

Rings I, II Rings I, II, III, IV
Paromomycin

Rings I, II, III, IV, VRings I, II, III Rings I, II, III, IV
LividomycinNeamine Ribostamycin Neomycin

 
a Overall net charge of the drug 
b MIC, minimal inhibitory concentration (μg/ml) 
c RR, relative resistance; calculated by dividing MIC mutant through MIC wild-type 
d These MIC data have been published previously (21, 22) and are included here for comparison 
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Figure 3. Resistance profile of 4,5-disubstituted 2-deoxystreptamines with a 6’-NH3
+ group 

(neomycin-subclass) represented as comparison graphs. Each axis of the comparison graph represents 
the influence of the corresponding mutation introduced (highlighted in bold). The relative resistances 
conferred by each of the mutations are plotted in log scale with the smallest value in the innermost 
circle. Points lying on the outermost circle indicate that the corresponding mutations result in a relative 
resistance outside the measurable range. Neamine and ribostamycin bind weakly to the wild-type 
ribosomes, thus, quantitative analysis is limited. To reflect this limitation the values outside the 
measurable range are depicted by a hatched area. 
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Figure 4. Resistance profile of 4,5-disubstituted 2-deoxystreptamines with a 6’-OH 
group (paromomycin-subclass) represented as comparison graphs. Each axis of the 
comparison graph represents the influence of the corresponding mutation introduced 
(highlighted in bold). The relative resistances conferred by each of the mutations are 
plotted in log scale with the smallest value in the innermost circle. Points lying on the 
outermost circle indicate that the corresponding mutations result in a relative 
resistance outside the measurable range. 

 

Interactions with base pair U1406·U1495 

The wobble base-pair U1406·U1495 forms the binding pocket at the upper stem. One water 
mediated contact between O6 of ring II and O4 of U1406 is observed in the 4,5-disubstituted 
2-deoxystreptamines (8, 29). Mutation of U1406 to adenine does not affect drug 
susceptibility; alteration of U1406 to cytosine marginally influences drug susceptibility 
(relative resistances of 4 to 16). The U1406C/ A1408G double mutation results in high-level 
resistance to all 4,5-aminoglycosides studied, indicating that for the 6’-OH subclass the 
effects of the individual mutations are more than additive. 
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Figure 5. Manual superposition of a 1495G–1406C interaction on a 
U1495·U1406 base pair in the crystal structure of paromomycin (29). 
The N1 and O6 atoms of ring II which contact positions 1495 and 1406 
are indicated, as well as the N7, O6 of G1495 and N4 of C1406. Shown 
in grey is U1495·U1406 with the water molecules bound. 

 

 

N1 of ring II makes an additional direct hydrogen bond contact with O4 of U1495. The 
transition mutation U1495C exchanges the O4 with an ammonium-group rendering the 
interaction of cytosine with N1 of the 4,5-aminoglycosides unfavorable (electrostatic 
repulsion). However, the correct insertion of ring I into the binding pocket and the pseudo-
base pair interaction between O5' and N6' of ring I with A1408 still allow binding of the 6’-
NH3

+ subclass to the ribosome. In contrast, the 6’-OH-aminoglycosides are more affected by 
the U1495C alteration. The U1495A alteration is expected to prevent contacts between N1 of 
ring II and nucleotide 1495 even more than a U to C mutation owing to the size of the adenine 
ring. With the exception of neomycin, the U1495A alteration as well as the double mutation 
U1406C·U1495A confer high-level drug resistance to all 4,5-aminoglycosides tested, 
including neamine, ribostamycin, paromomycin, lividomycin. Apparently, both the 
interaction of 6’ NH3

+ ring I with A1408 and ring IV are required to partly compensate for 
this major conformational change in the ribosomal A-site. Unexpectedly, introducing the 
U1495G alteration into the U1406C mutant, thus replacing the U·U wobble base pair by a 
1406C–1495G Watson Crick interaction, nearly completely restores ribosomal susceptibility 
to the 4,5-aminoglycoside antibiotics. 
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Discussion 

 

Using a well defined in vivo system, we investigated the role of rings III, IV and V in the 
binding of 4,5-aminoglycosides to their ribosomal target. Site-directed mutagenesis of the 
ribosomal A-site in a genetic model where manipulation of rRNA results in cells carrying 
homogeneous populations of mutant ribosomes (21-24) allowed for a detailed investigation of 
drug-target interactions. The critical role of the 6’ group of ring I in aminoglycoside-ribosome 
interaction has previously been investigated by mutagenesis studies and will not be addressed 
here (22). In this study we focused on the role of rings III, IV and V in drug binding. 

 

In line with previous measurements of dissociation constants (7) ring III increases drug 
potency by a factor of 8, as determined by MIC measurements (see Table 2). Ring III makes 
sequence specific contacts with RNA, i.e. hydrogen bonding between 5”-OH and N7 of 
G1491 and between 2”-OH and N4 of C1407 (2, 29). Addition of ring IV increases the 
positive net charge and it contacts the ribosomal A-site at the backbone of helix 44 (2, 29). 
The strength of these electrostatic contacts raises drug activity 8-fold as determined by MIC 
measurements of neomycin and ribostamycin. Overall, in our in vivo system neomycin is 64-
fold more active than neamine. This finding is in good agreement with the dissociation 
constants Kd reported for neomycin and neamine (0.5 μM versus 100 μM) (7). Addition of 
ring V affects antibacterial activity and susceptibility of mutant ribosomes little, if at all 
(compare lividomycin to paromomycin), indicating that ring V only makes weak contacts 
with the A-site in a non-sequence specific manner − most likely with the RNA backbone, as 
seen in the crystal structure (8). 

 

For each couple of aminoglycosides with similar properties concerning overall charge and 
substituent at 6', one can divide the effect of mutations into two categories: (1) those 
mutations for which the ratio of relative resistance is identical; (2) those for which this ratio is 
different. In the neamine/ribostamycin couple, for instance, the C1409G mutation (and to a 
lesser extent, G1491A or G1491C) confers a higher relative resistance towards ribostamycin 
than to neamine. 

 

To investigate the ring I-G1491 interaction isolated from other interactions by additional 
rings, e.g. between 5''-OH of ring III and N7 of G1491, we chose a reductionist approach, i.e. 
we determined minimal inhibitory concentrations to neamine in a series of mutants with 
alterations in the C1409–G1491 base pair. These studies revealed that transitions affect drug 
binding weakly; transversions have a small, albeit significant effect. We interpret these 
findings as evidence that the ring I-G1491 stacking interaction is largely sequence 
independent. Within the 6'-NH3

+ subclass ribostamycin is most affected by alterations of the 
C1409–G1491 base pair. This finding is rationalized by the X-ray structural data available for 
paromomycin (2, 27). In contrast to ribostamycin with its ring III-G1491 interaction, neamine 
interacts with G1491 merely by non-sequence specific stacking interaction of its ring I. 
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Compared to ribostamycin, ring IV of neomycin apparently is able to compensate for the loss 
of sequence-specific interaction between ring III and G1491 and/or introduction of steric 
clashes as mediated by mutagenesis of C1409–G1491. 

 

A thorough interpretation of the MIC measurements obtained upon mutagenesis of the 
U1406·U1495 wobble base pair is in part limited by the low susceptibility of wild-type 
ribosomes to neamine. Most of the mutations, i.e. U1406C, U1406A, U1495C only 
moderately affect ribosomal susceptibility to the 6’-NH3

+ aminoglycosides, if at all. The 
U1495A alteration confers significant resistance to ribostamycin (relative resistance >128) but 
only moderately affects susceptibility to neomycin (relative resistance 16). The loss of 
ribosomal susceptibility to neamine and ribostamycin in the U1495A mutant can be 
rationalized by the loss of interaction between the 1-amino group of ring II and the O4 of 
U1495 in the U1495A mutant and by less favorable binding of ring II. Apparently, ring IV of 
neomycin is able to partly compensate for this interaction. The U1406C·U1495A alteration 
confers high-level drug resistance to all 4,5-aminoglycosides except for neomycin, which is 
only moderately affected. As discussed previously (22), the U1406C·U1495A alteration will 
result in a major change in base pair geometry precluding an appropriate positioning of ring II 
near the 1406-1495 pair and consequently poor insertion of ring I in the drug binding pocket. 

 

Alteration of U1495A to G in the U1406C·U1495A double mutant replaces the natural 
U1406·U1495 wobble base pair by a U1406C–U1495G Watson Crick base pair and restores 
ribosomal susceptibility to all 4,5-aminoglycosides of the 6’-NH3

+ and the 6’-OH subclass 
investigated. This observation contrasts with the U1406–U1495A alteration, which confers 
significant resistance to most 4,5-aminoglycosides. Presumably, the U1406C–U1495G 
alteration has a conformation and geometry similar to that of the U1406–U1495A alteration. 
How then to explain this difference in drug susceptibility? One rationale would refer to the 
different net charge provided by the functional group at position C6 of U1495A (amino-
group, positive charge) and U1495G (keto-group, negative charge). The keto-group at C6 of 
1495G, together with the N7 of 1495G, could possibly interact with the ring II N1 ammonium 
group in a fashion similar to that of O4 of the pyrimidine U1495 or, more generally, be 
involved in a network of electrostatic interactions between the positively charged 
aminoglycosides and their target RNAs (10, 11). The Hoogsteen sites of guanines are often 
involved in binding positive ions like potassium ions (1). Figure 5 shows the superposition of 
a 1406C–1495G base pair on the U1406·U1495 pair. The distances between a typical 
aminoglycoside (N1 and O6 of ring II) and the Hoogsteen sites of 1495G are between 3.0 Å 
(O6) and 4.2 Å (N7), respectively. It can also be seen how the amino group N4 of 1406C may 
replace the observed water molecule between U1406 and the aminoglycoside such that a 
contact between N4 of 1406C and O6 of ring II can be made. Interestingly, mutants in which 
a single uracil is replaced by an adenine display disparate effects. Thus, the U1406–U1495A 
mutation leads to resistance to aminoglycosides, while the U1406A–U1495 mutant shows 
susceptibility to the neomycin class of aminoglycosides but less so to the kanamycin class 
(20). 

 

Our data indicate that binding of 4,5-disubstituted aminoglycosides to the ribosomal A site 
depends on proper interaction of ring I with nucleotides A1408 and G1491, and is further 
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stabilized by additional contacts, e.g. with U1495. Taken together, these data on site-directed 
mutagenesis of the drug target site provide a detailed analysis of the importance of the 
different binding contacts in drug-ribosome interaction. 
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at the Ribosomal Decoding Site 
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Abstract 
 

Recent advances in X-ray crystallography have greatly contributed to understand 
the structural interactions between aminoglycosides and the ribosomal decoding 
site. Efforts to genetically probe the functional relevance of proposed drug-
nucleotide contacts have in part been hampered by the presence of multiple rRNA 
operons in most bacteria. A derivative of the gram-positive Mycobacterium 
smegmatis was rendered single rRNA operon allelic by means of gene 
inactivation techniques. In this system, genetic manipulation of the single 
chromosomal rRNA operon results in cells carrying homogeneous populations of 
mutant ribosomes. An exhaustive mutagenesis study of the ribosomal A site has 
been performed to define the importance of individual drug-nucleotide contacts. 
Mutational alterations in the M. smegmatis decoding site are discussed here, 
comparing the results with those obtained in other organisms. Implications for the 
selectivity of antimicrobial agents and for the fitness cost of resistance mutations 
are addressed. 
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1. Introduction 
 

Aminoglycosides form a large family of water-soluble, polycationic amino sugars which are 
used as broad spectrum antibacterial agents [1, 2]. Common to all aminoglycosides is the 
neamine core. The neamine core is composed of a six-membered cyclitol (2-deoxy-
streptamine; ring II) glycosidically linked to a glucopyranosyl (ring I). Additional sugars are 
attached to position 5 or 6 of the 2-deoxystreptamine moiety to give rise to a variety of 
compounds categorized as 4,5- or 4,6- aminoglycosides (Fig. 1). Aminoglycosides target the 
ribosome by direct interaction with ribosomal RNA and they affect protein synthesis by 
inducing codon misreading and by inhibiting translocation of the tRNA-mRNA complex [2-
5]. 

The structure of many of the aminoglycosides complexed to their rRNA target has recently 
been determined by X-ray crystallography, thus revealing the molecular details of drug-target 
interaction at atomic resolution (reviewed in [6, 7]). Conceptually, the functional relevance of 
individual drug-target contacts can be probed by genetic mutagenesis studies. However, until 
recently the presence of multiple rRNA operons in eubacteria has hampered a mutational 
analysis of the ribosomal decoding site. 
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Fig. 1. Chemical structures of the neamine core (boxed), (A) 4,5-, and (B) 4,6-disubstituted 
deoxystreptamines. 
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In this review we describe a genetic model to produce eubacterial cells with homogenous 
populations of mutant ribosomes and compare it to the E. coli model as well as to approaches 
to purify mutant ribosomes from mixed ribosome populations in vitro. Mutational 
investigations of the ribosomal decoding site are summarized and structural and biochemical 
interactions with aminoglycoside antibiotics are discussed. Finally, we give some 
considerations to the biological aspects of resistance mutations and rRNA sequence 
polymorphism. 

 

 

 

 

 

2. Generation of mutant ribosomes 
 

 

2.1. Single rRNA allelic Mycobacterium smegmatis 
 

For many of the antibiotics targeting the ribosome, susceptibility is dominant over resistance 
[8-11]. Thus, a merodiploid strain with a mutant resistant allele and a wild-type susceptible 
allele exhibits a drug susceptible phenotype. The majority of eubacteria are characterized by 
the presence of multiple rRNA operons (rrn) [12], explaining why resistance-conferring 
alterations in rrn have rarely been described in clinical pathogens. In contrast, the genus 
Mycobacterium includes several species that contain a single chromosomal copy of rrn [13]. 
The presence of a single rrn implies that mutations within the ribosomal rRNA operon lead to 
the production of homogenous populations of mutant ribosomes. Under these circumstances 
mutations in rrn can confer phenotypic drug resistance regardless of the recessive nature of 
the resistance mutation [14, 15]. In retrospect, it is thus not surprising that drug-resistance 
conferring rrn mutations have first been described in clinical isolates of pathogenic 
Mycobacterium spp. [16-22]. 

 

Mycobacterium smegmatis is a non-pathogenic microorganism, which is amenable to genetic 
manipulation. However, M. smegmatis carries two rRNA operons, rrnA and rrnB. To allow 
for mutagenesis of its ribosomal nucleic acids, one of the two chromosomal rrn operons was 
inactivated by insertion-deletion mutagenesis to create the single rRNA allelic M. smegmatis 
SMR5 ∆rrn::aph [18]. This genetic system was the first eubacterial model to allow for site-
directed mutagenesis of ribosomal nucleic acids in a single rRNA allelic microorganism, 
resulting in cells carrying homogenous populations of mutant ribosomes. This model has 
provided an important tool to investigate drug-target interactions of ribosomal inhibitors, as 
discussed in detail below. 
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The original M. smegmatis SMR5 ∆rrn::aph strain was characterized by two limitations. First, 
only part of the rrn operon was deleted. Second, gene inactivation was achieved by insertion 
mutagenesis, i.e. introduction of the aph resistance cassette. The presence of aph has 
prevented studies on aminoglycosides that are modified by the aph-encoded aminoglycoside 
phosphotransferase, e.g. neomycin, paromomycin, and geneticin (G418). We have now 
refined the single-rRNA allelic M. smegmatis by unmarked deletion mutagenesis of the entire 
rrnB operon (to be published elsewhere). In the resulting strain M. smegmatis SMR5 ∆rrnB, 
the rrnB deletion spans a region of approximately 5 kb across the entire 16S, 23S, and 5S 
rRNA genes; the only source of rRNA is the remaining rrnA operon. 

 

 

 

 



CHAPTER 5  86 

 

2.2. Single rRNA allelic Escherichia coli 
 

The second single rRNA allelic eubacterial system that became available for genetic 
modification of its ribosomal nucleic acids was a derivative of E. coli, in which all seven 
rRNA operons were inactivated by partial deletion of its 16S and 23S rRNA genes [23]. In 
this E. coli ∆7 prrn system, functional rRNA is provided by transcription of a multicopy 
plasmid encoding the rrnC operon. The system has been successfully employed for 
introduction of mutations into the ribosomal decoding site (Table 1) [24, 25]. 

 

Table 1. 16S rRNA decoding region mutations introduced to single 
rRNA allelic M. smegmatis and E. coli 

Organism 16S rRNA References 

M. smegmatis SMR5 ∆rrn WT [18] 

 U1406C/A [26-29] 

 A1408G [18, 27-30]

 C1409Ga/U [28-30] 

 G1491Aa/C/U [28-30] 

 U1495Ca/Aa [27-29] 

 C1496U [26, 27] 

 U1498C [26, 27] 

 A1408G/C1409G [30] 

 A1408G/G1491C [30] 

 U1406C/U1495A [28, 29] 

 U1406C/U1495G [28, 29] 

   

E. coli ∆7 WT [23] 

 U1406A [24] 

 A1408G [25] 

a Mutations reported to be lethal in E. coli [31, 32] 

 

E. coli has been the workhorse in ribosome research during the past decades; much of what is 
known about ribosome function is based on studies in E. coli. More recent studies, however, 
indicate that important differences in ribosome function exist between bacterial microorgan-
isms [11, 33, 34]. This aside, the E. coli ∆7 prrn strain is compromised by three main 
limitations. First, E. coli ∆7 prrn shows significant growth defects compared to the wild type 
[23]. Second, genetic manipulation of E. coli ∆7 prrn is rather complicated. Third, the outer 
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membrane of the Gram-negative E. coli acts as a barrier to many antibiotics, requiring e.g. the 
use of permeant E. coli derivatives such as AS19 [35]. It has not yet been possible to combine 
the virtues of strain AS19 and E. coli ∆7 prrn into a single strain [36]. M. smegmatis ∆rrnB is 
not compromised by any of these disadvantages. The single- rRNA allelic derivatives of 
M. smegmatis show the same generation time as the parental wild-type [18]; genetic 
manipulation is simple [9]; and as a gram-positive microorganism, M. smegmatis lacks an 
outer membrane and is permeable to most ribosomal antibiotics. 

 

 

2.3. In vitro purification of mutant ribosomes 
 

More recently, in-vitro procedures have been developed to enrich for mutant ribosomes from 
a mixture of mutant and wild-type ribosomes. While these approaches do not allow for in-vivo 
analyses, they facilitate the production of ribosomes that confer lethal phenotypes. Indeed, a 
number of rRNA mutations are likely to be deleterious to ribosome function and can only be 
expressed if wild type ribosomes are co-expressed to support translation [37-40]. Following 
incorporation of a streptavidin binding tag into functionally neutral sites of the 23S rRNA, 
affinity purification has been used to obtain ribosomes carrying mutant 23S rRNA [39]. 
Another approach for isolation of mutant ribosomes carrying antibiotic resistance mutations is 
based on expression of a variant ribosome population within the background of a wild-type 
ribosome pool. Using an in-vitro translation reaction, active ribosomes can be distinguished 
from inactive ribosomes by biotin-labeled peptides protruding from the exit channel of active 
ribosomes [40]. Binding to a streptavidin affinity support allows for the isolation of 
functionally active ribosomes as peptide-ribosome complexes. Following addition of 
translation inhibitors to the translation reaction, only resistant ribosomes will be active and 
thus isolated. 

 

 

3. Drug-target interactions at the ribosomal decoding site 

 

3.1. Mutagenesis of the A site 
 

The single rRNA allelic M. smegmatis has been used to introduce a number of rRNA 
mutations at various sites in 16S or 23S rRNA [9, 18, 26-30, 33, 41-43]. In particular, the 
ribosomal decoding A site has been the subject of exhaustive mutagenesis resulting in a 
comprehensive array of isogenic mutant strains which carry single or multiple base 
substitutions (see Table 1 and Fig. 3) [9, 18, 26-30]. Only some of these mutations have been 
described in other organisms, namely in yeast mitochondria [44], in the protozoan 
Tetrahymena thermophila [45], or in E. coli [24, 31, 46]. With the exception of the U1406A 
and A1408G alterations [24, 25], functional analyses of corresponding mutations in E. coli 
have been based on mixed populations of mutant and wild-type ribosomes, in which plasmid-
encoded mutant rRNA comprised 40-60% of total cell rRNA [31, 46]. Here, phenotypic 
effects of mutant ribosomes have been masked by the presence of a significant proportion of 
wild-type ribosomes. This has prevented an unambiguous determination of drug 
susceptibilities, in particular as susceptibility to aminoglycosides is known to be dominant [8-
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10]. In addition, some of the mutations successfully introduced into M. smegmatis ribosomes 
(Table 1) have been reported to be lethal in E. coli [31, 46]. 
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Fig. 2. Scheme of the 16S rRNA secondary 
structure of the ribosomal A site (E. coli 
numbering). Nucleotides subjected to 
sequence alteration are indicated in gray. 

 

 

3.2. Probing structural drug-target interactions 
 

In recent years, NMR and crystallography studies have provided important structural insights 
into drug-target interactions (for review, see [6, 7]). Crystal structures of paromomycin and 
hygromycin B bound to the 30S subunit of the thermophilic eubacterium Thermus 
thermophilus have been resolved [47-49]. A straightforward approach for co-crystallization of 
aminoglycoside-RNA complexes has taken advantage of the fact that a small oligoribonucleo-
tide analogue of the decoding region interacts with antibiotics in a manner similar to that of 
the complete small ribosomal subunit [50]. Co-crystals of such oligonucleotides containing 
the minimal A site and paromomycin, tobramycin, or geneticin (G418) have been resolved 
[51-53]. More recently, crystal structures of lividomycin A, neomycin, ribostamycin, 
neamine, gentamicin, and kanamycin A complexed to a model A site oligonucleotide have 
been obtained [54]. 

 

High resolution crystal structures have revealed the positioning of the aminoglycoside 
molecule within its binding pocket and have defined a number of drug-nucleotide contacts 
(Fig. 4). The individual contribution of each contact to the strength of drug binding has been 
hypothesized based on the atomic distance and the chemical nature of the contact. Oligo-
nucleotide models have been used to quantitatively define the binding characteristics of 
aminoglycosides with structural variants of rRNA [50, 55-63]. Although quantitative, in-vitro 
measurements of binding constants are plagued by numerous difficulties, such as a 
multiplicity of binding sites (discussed in [54]). 
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The presence of homogenous populations of mutant ribosomes in the single rRNA allelic 
M. smegmatis allows to determine the functional relevance of individual drug-nucleotide 
contacts by whole cell in-vivo measurements of drug susceptibility. Our data indicate that 
there is little correlation between drug susceptibility of mutant ribosomes and binding 
affinities as determined in vitro using corresponding variants of model A-site oligonucleotides 
[30]. The effect of a point mutation in an isolated oligonucleotide fragment may differ from 
that of the same oligonucleotide moiety being part of a complete ribosome. These results ask 
for caution when using reductionistic in-vitro approaches, and testify for the need to study 
mutant ribosomes in vivo in order to evaluate the determinants of aminoglycoside binding. 

 

 

BA

Fig. 3. Crystal structures of (A) tobramycin [53] and (B) paromomycin [52] complexed 
to a model oligonucleotide containing the ribosomal decoding site. Top, view from the 
shallow or minor groove showing the orientation of the aminoglycosides (in color) 
within the oligonucleotide (gray). Bottom, description of contacts between the two 
drugs and specific rRNA nucleotides. Ring numbers (I–IV) and atom names are 
specified; ‘W’ stands for water molecule. Hydrogen bonds are shown as dashed lines. 
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3.3. A1408 
 

Among all A-site mutations that confer aminoglycoside resistance, the 1408 adenine to 
guanine mutation turned out to be the most significant [18, 27-29, 32, 64, 65]. Growth rates of 
mutant strains are virtually identical to that of the parental wild type, indicating that this 
mutation does not significantly impair ribosomal function. Chemical footprinting analysis 
demonstrated that ribosomes with a A1408G mutation have a reduced affinity for 
aminoglycosides [32, 64]. 

 

In mutant strains of M. smegmatis [27-29], E. coli [64], and T. thermophilus [65], the A1408G 
mutation confers high-level resistance to all 2-deoxystreptamine aminoglycosides which carry 
an amino group at the 6’ position of ring I. In contrast, resistance to aminoglycosides with a 
6’ hydroxyl group is only moderate. Fig. 4 depicts the susceptibility of the M. smegmatis 
SMR ∆rrnB A1408G mutant to a panel of aminoglycoside antibiotics. 

 

Despite the variations in chemical composition of aminoglycosides (Fig. 1), ring I binds 
always in the same orientation and forms a pseudo base-pair interaction with the Watson-
Crick edge of adenine 1408 (Fig. 4). The ring oxygen of ring I accepts a hydrogen bond from 
the N6 of adenine, and the amino- or hydroxyl group at position 6’ donates a hydrogen bond 
to the N1 of adenine, accounting for two direct hydrogen bonds between ring I and A1408 
[54, 66]. In case of a guanine, the 6’ amino group of ring I can no longer form an H bond with 
the Watson-Crick edge of residue 1408. Additionally, the positive charge of the 6’ amino 
group creates repulsion against the N1 and N2 amino groups of guanine. As a consequence, 
the A to G mutation prevents aminoglycoside binding by precluding the proper insertion of 
ring I into the binding site. In contrast, a 6’-hydroxyl group, as in paromomycin, lividomycin, 
and geneticin, could still become an acceptor of an H bond from N1 or N2 of the guanine, 
although the resulting pseudo pair does not appear to promote optimal insertion of ring I [27], 
as indicated by decreased ribosomal drug susceptibility (see Fig. 4). 
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Fig. 4. Relative resistances (plotted in log scale) conferred by single base 
substitutions at residues 1408, 1491, or 1409 in the ribosomal decoding site. 
Neamine, ribostamycin, and geneticin bind weakly to wild-type ribosomes - thus, 
quantitative analysis of resistance is limited; to reflect this limitation, values outside 
the measurable range are depicted by hatched areas. Nea, neamine; Rib, 
ribostamycin; Neo, neomycin; Pm, paromomycin; Liv, lividomycin A; Gen, 
geneticin; Gm, gentamicin; KmA, kanamycin A; KmB, kanamycin B; Tm, 
tobramycin; Amk, amikacin. 

 

 

3.4. U1406·U1495 
 

The U1406·U1495 wobble base pair is universally conserved across the three domains of life 
and has therefore been expected to be of fundamental importance in ribosome function. 
However, it has been observed in several organisms that alterations of either residue are 
tolerated. One of the first aminoglycoside resistance mutations to be described was a U1495C 
alteration in a mutant of Tetrahymena thermophila resistant to hygromycin B [45]. The 
structural interaction of hygromycin with base pair U1406·U1495 has been revealed by 
crystals of hygromycin bound to the 30S subunit of T. thermophilus [47], and further 
rationalized by mutational analyses in M. smegmatis [26]. 
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Base pair U1406·U1495 is involved in binding of disubstituted 2-deoxystreptamines, although 
the binding site is significantly different from that of hygromycin. The crystal structures show 
that U1495 makes a single direct contact to the 4,5- and 4,6-disubstituted 2-deoxy-
streptamines via a hydrogen bond between N1 of ring II and O4 of U1495 [51-54]. An 
additional amino sugar (ring III) attached to position 6 of ring II, as in the 4,6-amino-
glycosides, reaches further up the helix to form direct hydrogen bonds to residue G1405. In 
contrast, ring III of the 4,5-aminoglycosides does not reach towards G1405 but is oriented 
down the helix to allow hydrogen bonding between ring III and G1491 (Fig. 4). 

 

Transition of U1495 to C is specifically associated with significant resistance to 4,5-
disubstituted deoxystreptamines that carry an hydroxyl group at position 6’, i.e. paromomycin 
and lividomycin (see Fig. 6). Replacing 1495 uracil with a cytosine is expected to disrupt the 
hydrogen bond interaction between O4 of U1495 and N1 of ring II [27]. This loss of 
interaction is detrimental to the binding of 4,5-disubstituted 6’-hydroxyl aminoglycosides. In 
contrast, 4,5-aminoglycosides with a 6’ amino group can compensate for loss of contacts to 
U1495. This is presumably due to the difference in energy between a charged H-bond (R6’ = 
NH3

+) and a neutral H-bond (R6’ = OH), which contributes to ring I-A1408 interaction [30]. 

 

Transversion of U1495 to an adenine results in significant resistance to all aminoglycosides 
irrespective of the mode of substitution (Fig. 6). Apparently, this mutation not only disrupts 
hydrogen bond interaction between U1495 and N1 of ring II but also alters the geometry of 
the U1495·U1406 interaction such that appropriate positioning of ring II is prevented. 
Consequently, for the 4,6-aminoglycosides this would make ring III unable to contact G1405 
[27]. Resistance of the U1495A mutants to kanamycin B and tobramycin is less pronounced 
than to the structurally related kanamycin A, which bears a hydroxyl group instead of a 
positively charged amino group at position 2’, suggesting that an additional positive charge at 
ring I may in part compensate for structural alterations induced by U1495A. 

 

For all 1495 mutants, neomycin consistently is the least affected 4,5-aminoglycoside. Two 
structural features of neomycin account for this finding. First, a 6’ amino group, as opposed to 
a 6’ hydroxyl group in paromomycin. Second, the presence of a ring IV with two additional 
positive charges (NH3

+), as opposed to ribostamycin with three rings. Apparently, together 
these two structural characteristics render neomycin the drug least susceptible to any of the 
U1495 alterations. 

 

Alteration of the uracil at residue 1406 in M. smegmatis or E. coli confers resistance 
specifically to 4,6-disubstituted aminoglycosides [24, 27-29]. This corresponds to the crystal 
structures, which show that ring III of 4,6-aminoglycosides is oriented towards the upper part 
of the binding site (Fig. 4). Since the 4,6-aminoglycosides do not form direct contacts to the 
uracil base at 1406, the resistance phenotype observed in U1406 mutants (Fig. 6) must be due 
to indirect effects. Most likely, an altered nucleotide at position 1406 cannot accommodate 
ring III of the 4,6-aminoglycosides, which then becomes unable to contact G1405. 
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The least active aminoglycosides against U1406 mutants are gentamicin and geneticin. These 
two 4,6-compounds differ from the kanamycin subclass in their chemical composition of ring 
III (Fig. 1). Ring III of the gentamicin subclass lacks the 5’’ methoxy group but carries two 
methyl substitutions at 4’’ and N3’’. This allows gentamicin and geneticin to form two direct 
hydrogen bonds between ring III and the phosphate oxygens of both G1405 and U1406 [51, 
54]. Presumably, these two additional contacts account for the exquisite susceptibility of 
gentamicin and geneticin to alterations of U1406. 

 

The 4,6-aminoglycoside least susceptible to alterations of U1406 is amikacin, which 
possesses a 4-amino-2-hydroxyl-1-oxobutyl extension at position 1 of the 2-deoxystreptamine 
ring (Fig. 1). This extension compensates for the unfavorable geometry provoked by 
mutations U1406A and U1406C (Fig. 6). 
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Fig. 5. Relative resistances (plotted in log scale) conferred by single and double 
base substitutions at residues U1406·U1495. Neamine, ribostamycin, and geneticin 
bind weakly to wild-type ribosomes - thus, quantitative analysis of resistance is 
limited; to reflect this limitation, values outside the measurable range are depicted 
by hatched areas. Nea, neamine; Rib, ribostamycin; Neo, neomycin; Pm, 
paromomycin; Liv, lividomycin A; Gen, geneticin; Gm, gentamicin; KmA, 
kanamycin A; KmB, kanamycin B; Tm, tobramycin; Amk, amikacin. 
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Screening the U1406C mutant for spontaneous high-level resistance to amikacin resulted in 
the isolation of mutants with a Watson-Crick 1406C–1495G pair [29]. Aside from the 
profound change in amikacin susceptibility, the 1406C–1495G mutant mediates a resistance 
profile that resembles that of the U1406C mutation (Fig. 6). Apparently, introduction of a 
Watson-Crick base pair at the U1406-U1495 interaction has no implications on drug 
susceptibility per se, as the resistance phenotypes for the three Watson-Crick mutants 1406A–
U1495, U1406–1495A, and 1406C–1495G are quite different. 

 

The nonisosteric base pair 1406C-1495A provokes the highest levels of resistance to all 
aminoglycosides (Fig. 6). This presumably is due to major changes in the base pair geometry, 
as revealed by structural modeling [27] and chemical probing of isolated 30S subunits bearing 
corresponding mutations [32]. 

 

 

 

3.5. C1409–G1491 
 

The Watson-Crick base pair C1409–G1491 forms the base of the drug binding pocket. In the 
crystal structures, guanine 1491 provides a stacking interaction with ring I of the 
aminoglycosides, thereby stabilizing the pseudo base-pair interaction of ring I with A1408 
(Fig. 4). Based on the finding that M. smegmatis G1491 mutants retain susceptibility to 
neamine, it has been inferred that this stacking interaction is largely sequence independent 
[29]. While stacking with G1491 appears to be the only direct contact between 4,6-
aminoglycosides and base pair C1409–G1491, binding of 4,5-aminoglycosides is 
characterized by an additional hydrogen bond between the 5″-hydroxyl group and N7 of 
G1491 [48, 52, 53]. This is related to the different orientation of ring III of the 4,5-
aminoglycosides which is directed toward G1491. 

 

Among all mutations investigated in the base pair interaction C1409–G1491, the transversion 
mutations 1491U and 1491C confer the highest levels of resistance (Fig. 5). Transversion 
mutations of residue G1491 result in a pyrimidine–pyrimidine opposition, which presumably 
adopts a conformation that forms a steric hindrance for the correct positioning of ring I. In 
contrast, a pyrimidine-purine opposition is retained following transition of G1491 to A 
resulting in C1409·1491A, which apparently interferes less with drug binding [30]. 

 

The C1409U mutant shows little resistance to aminoglycosides (Fig. 5). Nucleotide C1409 is 
not involved directly in drug binding but is responsible for the proper placement of nucleotide 
1491, as 1409 and 1491 form a Watson–Crick base pair. The mutant wobble-base pair 
interaction 1409U·G1491 is likely to show conformational characteristics resembling those of 
the wild type C–G. Mutation C1409G leads to a purine–purine opposition in which the exact 
nature of interaction is difficult to predict. Surprisingly, the resistance levels conferred by this 
mutation are only low to moderate [30]. 
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Sequence alterations in base pair C1409–G1491 discriminate poorly between 4,5- and 4,6-
aminoglycosides (Fig. 5), which is in agreement with the structural observation that ring I 
always binds in the same orientation irrespective of the substituents at the 2-deoxystreptamine 
ring. In addition, these findings indicate that the additional hydrogen bonding of 4,5-
aminoglycosides with G1491 is of minor relevance for drug binding. In general, 
aminoglycosides carrying a hydroxyl group at position 6’ of ring I are more susceptible to 
base substitutions of C1409–G1491 compared to aminoglycosides with a 6’-amino group 
(Fig. 5). The effect of mutations C1409G and G1491U on ribosomal drug susceptibility is 
more pronounced for the 6’-hydroxy compounds paromomycin, lividomycin, and geneticin, 
as compared to the 6’-amino compounds. Within the 6’ hydroxy compounds, the G1491A and 
G1491C alterations confer high-level resistance to the 4,5-substituted paromomycin and 
lividomycin, but not to the 4,6-substituted geneticin, indicating that binding of geneticin is 
less affected by these mutations. Presumably, this is due to the 4,6-specific contact to G1405 
[28-30]. 

 

Of all the aminoglycosides bearing a 6’-amino group, kanamycin A is most affected by 
alterations of 1409 or 1491 (Fig. 5). Kanamycin B is identical to kanamycin A except for its 
2’ amino group that provides an additional positive charge (Fig. 1). This single positive 
charge renders kanamycin B less susceptible to mutations within the A site. Tobramycin lacks 
a 3’-hydroxyl group but is otherwise identical to kanamycin B. Removal of the 3’ hydroxyl 
group proximal to the 2’ amino group leads to an increased basicity of the amino group and, 
thus, a higher positive charge at a given pH [67]. This further increase in positive charge of its 
2’ amino group renders tobramycin more active than kanamycin B against 1409–1491 mutant 
ribosomes. It appears that the charge differences in ring I of kanamycin A, kanamycin B, and 
tobramycin determine the strength of electrostatic interactions and thus the susceptibility of 
these compounds to sequence alterations of C1409–G1491. 

 

Ring I of ribostamycin and neomycin is chemically identical to ring I of kanamycin B (Fig. 1). 
However, ring III of the 4,5-substituted ribostamycin and neomycin forms an additional 
hydrogen bond to G1491. As discussed above, this hydrogen bond appears to be of minor 
relevance for drug binding. Consequently, ribostamycin is only slightly more affected by 
mutations of C1409–G1491 compared to the 4,6-substituted kanamycin B. Neomycin is less 
affected by mutations of 1409 or 1491 due to neomycin’s ring IV. Ring IV contributes two 
additional positive charges that increase the electrostatic interactions with the A-site rRNA 
and provide an additional hydrogen bond to the phosphate oxygen of residue 1405 [30]. 

 

The G1491A alteration is associated with decreased susceptibility specifically to 4,5-
aminoglycosides with a 6’ hydroxyl group. Most likely this is due to the fact that the N7 of an 
adenine is less nucleophilic than the N7 of a guanine, resulting in a weakened hydrogen bond 
interaction between the N7 of nucleotide 1491 and the 5’’ hydroxyl group of 4,5-
aminoglycosides [28-30]. 

 

Selected alterations of the 1409-1491 interaction have also been studied in other organisms. 
Paromomycin resistance has been attributed to a C1409G mutation in yeast mitochondria [44, 
68], and to a G1491A alteration in Tetrahymena thermophila [45]. Site-directed mutagenesis 
of base pair C1409–G1491 in E. coli resulted in a mixture of wild-type and mutant ribosomes, 
allowing for a semi-quantitative analysis of phenotypic resistance [31, 46]. Mutagenesis 
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studies in E. coli were unable to note any differences in drug susceptibility within the 2-
deoxystreptamines. Mutations that disrupted Watson-Crick pairing of 1409 and 1491 
(C1409·1491U and C1409·1491C, respectively) yielded similar levels of resistance to all of 
the aminoglycosides tested. Most likely, the presence of wild-type ribosomes blurred the 
interpretation of the drug susceptibility studies in the merodiploid E. coli mutants. The 
specificity of C1409–G1491 mutations for the 6’ position of the 2-deoxystreptamines as 
observed in M. smegmatis mutants has recently found support from mutational analyses in 
T. thermophilus [65]. 

 

 

4. Biology of resistance mutations 
 

4.1. Clinical isolates and selection of mutants 
 

The major cause of clinical resistance to aminoglycosides is enzymatic modification of the 
drug (reviewed in [69]). More recently, plasmid-mediated 16S rRNA methylation has been 
recognized to confer drug resistance in clinical pathogens [70-72]. Both of these 
modifications result in a decrease in affinity of the drug for its target [69, 73]. 

 

The first clinical isolates in which aminoglycoside resistance has been associated with 
mutational alterations in the small subunit rRNA were streptomycin resistant Mycobacterium 
tuberculosis [16, 17]. Subsequently, mutations in the ribosomal decoding site were identified 
in clinical isolates of M. tuberculosis and M. abscessus resistant to the classical 2-
deoxystreptamine compounds [18-22]. The most frequent alteration found was the A1408G 
mutation, although the C1409U alteration and the double mutation C1409A/G1491U have 
also been observed [22]. 

 

rRNA mutations conferring resistance to aminoglycosides are characterized by a recessive 
phenotype [8-10, 31]. Consequently, selective plating of eubacteria carrying multiple rRNA 
operons failed to result in isolation of mutants with drug-resistance conferring alterations in 
rRNA. In contrast, the single-rRNA allelic M. smegmatis has frequently been used to retrieve 
drug resistance mutations by simple plating on selective media [11, 18, 26, 27, 30, 41, 42, 74]. 
This possibility has been extremely valuable for characterizing the spectrum of resistance-
conferring mutations in a non-hypothesis driven approach. 

 

4.2. Resistance and fitness 
 

Resistance to antibiotics frequently reduces the fitness of bacteria in the absence of 
antibiotics; this is referred to as the “cost” of resistance [75]. In mathematical models, the 
fitness cost is the primary parameter that determines both the frequency of resistance at any 
given level of antibiotic use and the rate at which that frequency will change with changes in 
antibiotic use patterns [76-78]. Chromosomal drug resistance-conferring mutations are 
commonly assumed to carry a fitness cost [43, 75, 79]. Thus, restricted use of antibiotics is 
advocated not only to contain the dissemination of resistance but also to favor the non-
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expansion and, finally, the disappearance of the resistant bacteria already present in human 
and environmental reservoirs [75]. 

 

A number of mutational alterations within the decoding site may result in ribosomal 
resistance to aminoglycosides (see Figures 5 and 6; for resistant clinical isolates, e.g. 
A1408G, C1409U, and G1491U mutants, see also references [18, 20-22]). Amongst all 
mutational alterations that are associated with resistance to antibiotics targeting the A site, the 
A1408G mutation was found not only to confer the highest levels of resistance, but also to 
carry the lowest fitness cost, as determined by competitive in-vitro growth assays [74]. This 
provides a rationale for the observation that the A1408G alteration is the most frequent 
aminoglycoside resistant mutation found in clinical drug resistant isolates. Apparently, 
amongst all possible drug resistance mutations isolated by in-vitro selection of resistant 
mutants, a high selection for low- or no-cost resistance mutations seems to take place in vivo 
[74, 79]. The finding that low- or no-cost resistance mutations are selected for in clinical 
isolates indicates that drug resistance per se can not be expected to restrict transmission. 
These results also argue against the widely held belief that decreased levels of antibiotic 
consumption will inevitably result in a decline in the level of existing drug resistance. 

 

4.3. Mechanisms determining selectivity and toxicity 
 

Ribosomal antibiotics must discriminate between bacterial and eukaryotic ribosomes. In spite 
of decades of use of ribosomal drugs we still do not fully understand the principles governing 
selectivity and toxicity of these agents. Most antibiotics that bind to the ribosome have been 
shown to interact directly with rRNA [4, 6, 7]. The high cross-species conservation of 
functional sites within ribosomal RNA, targeted by ribosomal drugs, implies limitations with 
respect to selectivity and toxicity. 

 

Most residues within the ribosomal A site are universally conserved across the three domains 
of life. However, a major difference between bacterial and eukaryotic ribosomes is the 
identity of the nucleotide at position 1408. 1408 is an adenine in bacterial and mitochondrial 
ribosomes versus a guanine in eukaryotic cytoplasmic ribosomes [80]. Bacteria and 
mitochondria are susceptible to the 2-deoxystreptamine antibiotics, while eukaryotic 
cytoplasmic ribosomes, are insensitive to these drugs [81-83]. Therapeutic use of the 2-
deoxystreptamines is compromised by their significant toxicity (reviewed by [84, 85]), which 
has in part been linked to the susceptibility of the human mitochondrial ribosome [86]. 

 

In more general terms it has been suggested that analysis of drug resistance mutations in 
bacteria allows understanding the basis for the specificity of drugs targeting the ribosome. 
Central to this hypothesis is the concept of “informative sequence positions” – the 
identification of polymorphic nucleotides as determinants of ribosomal resistance. The 
identification of a polymorphic residue as determinant of ribosomal resistance would allow to 
understand the selectivity of a ribosomal antibiotic, e.g. why a drug affects the prokaryotic as 
opposed to the eukaryotic ribosome. The basis for this hypothesis was established by 
characterizing bacterial alterations within the ribosome mediating resistance to 
aminoglycosides and macrolides. It was found that the selectivity of these agents is largely 
due to single nucleotide positions within the rRNA, i.e. the identity of the base at 16S rRNA 
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position 1408 (aminoglycosides) and 23S rRNA position 2058 (macrolides), respectively 
[86]. In an effort to challenge this concept, the single rRNA allelic M. smegmatis was selected 
for spontaneous resistance to hygromycin B, an universal inhibitor of translation. The 
identification of a polymorphic rRNA residue as resistance determinant would have 
effectively falsified the concept. However, analysis of drug-resistance conferring rRNA 
mutations revealed that these were restricted to universally conserved nucleotides [26]. This 
finding is in accord with the toxicity for hygromycin B for almost all organisms and 
corroborates the concept. 

 

Together with structural data from X-ray crystallography, the possibility of predicting the 
specificity of ribosomal drugs by mapping and analyzing bacterial resistance mutations 
provides important information for future drug development. 

 

 



CHAPTER 5  99 

 

5. Acknowledgements 
 

The authors thank Tanja Janušić for expert technical assistance and Boris François for kindly 
providing parts of Figure 3. Work in the authors’ laboratory has been funded by the Swiss 
National Science Foundation, the European Commission, and the Deutsche 
Forschungsgemeinschaft. Figure 3 is in part reprinted from [30], with permission from the 
publisher. 

 

 

6. References 

[1] Kotra, L.P., Haddad, J. and Mobashery, S. (2000) Aminoglycosides: perspectives on 
mechanisms of action and resistance and strategies to counter resistance. Antimicrob. Agents 
Chemother. 44, 3249-3256. 

[2] Mingeot-Leclercq, M.P., Glupczynski, Y. and Tulkens, P.M. (1999) Aminoglycosides: 
activity and resistance. Antimicrob. Agents Chemother. 43, 727-737. 

[3] Davies, J., Gorini, L. and Davis, B.D. (1965) Misreading of RNA codewords induced by 
aminoglycoside antibiotics. Mol. Pharmacol. 1, 93-106. 

[4] Noller, H.F. (1991) Ribosomal RNA and translation. Annu. Rev. Biochem. 60, 191-227. 

[5] Spahn, C.M. and Prescott, C.D. (1996) Throwing a spanner in the works: antibiotics and 
the translation apparatus. J. Mol. Med. 74, 423-439. 

[6] Poehlsgaard, J. and Douthwaite, S. (2005) The bacterial ribosome as a target for 
antibiotics. Nat. Rev. Microbiol. 3, 870-881. 

[7] Hermann, T. (2005) Drugs targeting the ribosome. Curr. Opin. Struct. Biol. 15, 355-366. 

[8] Lederberg, J. (1951) Streptomycin resistance; a genetically recessive mutation. J. 
Bacteriol. 61, 549-550. 

[9] Prammananan, T., Sander, P., Springer, B. and Bottger, E.C. (1999) RecA-mediated gene 
conversion and aminoglycoside resistance in strains heterozygous for rRNA. Antimicrob. 
Agents Chemother. 43, 447-453. 

[10] Apirion, D. and Schlessinger, D. (1968) Coresistance to neomycin and kanamycin by 
mutations in an Escherichia coli locus that affects ribosomes. J. Bacteriol. 96, 768-776. 

[11] Sander, P., Belova, L., Kidan, Y.G., Pfister, P., Mankin, A.S. and Bottger, E.C. (2002) 
Ribosomal and non-ribosomal resistance to oxazolidinones: species-specific idiosyncrasy of 
ribosomal alterations. Mol. Microbiol. 46, 1295-1304. 

[12] Klappenbach, J.A., Saxman, P.R., Cole, J.R. and Schmidt, T.M. (2001) rrndb: the 
Ribosomal RNA Operon Copy Number Database. Nucleic Acids Res 29, 181-184. 



CHAPTER 5  100 

[13] Bercovier, H., Kafri, O. and Sela, S. (1986) Mycobacteria possess a surprisingly small 
number of ribosomal RNA genes in relation to the size of their genome. Biochem Biophys 
Res Commun 136, 1136-1141. 

[14] Sander, P., Meier, A. and Bottger, E.C. (1996) Ribosomal drug resistance in 
mycobacteria. Res. Microbiol. 147, 59-67. 

[15] Bottger, E.C. (1994) Resistance to drugs targeting protein synthesis in mycobacteria. 
Trends Microbiol. 2, 416-421. 

[16] Finken, M., Kirschner, P., Meier, A., Wrede, A. and Bottger, E.C. (1993) Molecular 
basis of streptomycin resistance in Mycobacterium tuberculosis: alterations of the ribosomal 
protein S12 gene and point mutations within a functional 16S ribosomal RNA pseudoknot. 
Mol. Microbiol. 9, 1239-1246. 

[17] Meier, A., Kirschner, P., Bange, F.C., Vogel, U. and Bottger, E.C. (1994) Genetic 
alterations in streptomycin-resistant Mycobacterium tuberculosis: mapping of mutations 
conferring resistance. Antimicrob. Agents Chemother. 38, 228-233. 

[18] Sander, P., Prammananan, T. and Böttger, E.C. (1996) Introducing mutations into a 
chromosomal rRNA gene using a genetically modified eubacterial host with a single rRNA 
operon. Mol. Microbiol. 22, 841-848. 

[19] Taniguchi, H., Chang, B., Abe, C., Nikaido, Y., Mizuguchi, Y. and Yoshida, S.I. (1997) 
Molecular analysis of kanamycin and viomycin resistance in Mycobacterium smegmatis by 
use of the conjugation system. J. Bacteriol. 179, 4795-4801. 

[20] Prammananan, T., Sander, P., Brown, B.A., Frischkorn, K., Onyi, G.O., Zhang, Y., 
Bottger, E.C. and Wallace, R.J., Jr. (1998) A single 16S ribosomal RNA substitution is 
responsible for resistance to amikacin and other 2-deoxystreptamine aminoglycosides in 
Mycobacterium abscessus and Mycobacterium chelonae. J. Infect. Dis. 177, 1573-1581. 

[21] Alangaden, G.J., Kreiswirth, B.N., Aouad, A., Khetarpal, M., Igno, F.R., Moghazeh, 
S.L., Manavathu, E.K. and Lerner, S.A. (1998) Mechanism of resistance to amikacin and 
kanamycin in Mycobacterium tuberculosis. Antimicrob Agents Chemother 42, 1295-1297. 

[22] Suzuki, Y., Katsukawa, C., Tamaru, A., Abe, C., Makino, M., Mizuguchi, Y. and 
Taniguchi, H. (1998) Detection of kanamycin-resistant Mycobacterium tuberculosis by 
identifying mutations in the 16S rRNA gene. J. Clin. Microbiol. 36, 1220-1225. 

[23] Asai, T., Condon, C., Voulgaris, J., Zaporojets, D., Shen, B., Al-Omar, M., Squires, C. 
and Squires, C.L. (1999) Construction and initial characterization of Escherichia coli strains 
with few or no intact chromosomal rRNA operons. J. Bacteriol. 181, 3803-3809. 

[24] Recht, M.I. and Puglisi, J.D. (2001) Aminoglycoside resistance with homogeneous and 
heterogeneous populations of antibiotic-resistant ribosomes. Antimicrob. Agents Chemother. 
45, 2414-2419. 

[25] Takahashi, T., Konno, T., Muto, A. and Himeno, H. (2003) Various effects of 
paromomycin on tmRNA-directed trans-translation. J. Biol. Chem. 278, 27672-27680. 



CHAPTER 5  101 

[26] Pfister, P., Risch, M., Brodersen, D.E. and Böttger, E.C. (2003) Role of 16S rRNA helix 
44 in ribosomal resistance to hygromycin B. Antimicrob. Agents Chemother. 47, 1496-1502. 

[27] Pfister, P., Hobbie, S., Vicens, Q., Böttger, E.C. and Westhof, E. (2003) The molecular 
basis for A-Site mutations conferring aminoglycoside resistance: relationship between 
ribosomal susceptibility and X-ray crystal structures. ChemBioChem 4, 1078-1088. 

[28] Hobbie, S.N., Pfister, P., Brull, C., Westhof, E. and Böttger, E.C. (2005) Analysis of the 
contribution of individual substituents in 4,6-aminoglycoside-ribosome interaction. 
Antimicrob. Agents Chemother. 49, 5112-5118. 

[29] Hobbie, S.N., Pfister, P., Bruell, C., Sander, P., Francois, B., Westhof, E. and Böttger, 
E.C. (2006) Binding of neomycin-class aminoglycoside antibiotics to mutant ribosomes with 
alterations in the A-site of 16S rRNA. Antimicrob. Agents Chemother. 50, 1489-1496. 

[30] Pfister, P., Hobbie, S., Brull, C., Corti, N., Vasella, A., Westhof, E. and Böttger, E.C. 
(2005) Mutagenesis of 16S rRNA C1409-G1491 base-pair differentiates between 6'OH and 
6'NH3

+ aminoglycosides. J. Mol. Biol. 346, 467-475. 

[31] De Stasio, E.A. and Dahlberg, A.E. (1990) Effects of mutagenesis of a conserved base-
paired site near the decoding region of Escherichia coli 16 S ribosomal RNA. J. Mol. Biol. 
212, 127-133. 

[32] Recht, M.I., Douthwaite, S., Dahlquist, K.D. and Puglisi, J.D. (1999) Effect of mutations 
in the A site of 16 S rRNA on aminoglycoside antibiotic-ribosome interaction. J. Mol. Biol. 
286, 33-43. 

[33] Beringer, M., Bruell, C., Xiong, L., Pfister, P., Bieling, P., Katunin, V.I., Mankin, A.S., 
Bottger, E.C. and Rodnina, M.V. (2005) Essential mechanisms in the catalysis of peptide 
bond formation on the ribosome. J. Biol. Chem. 280, 36065-36072. 

[34] Xiong, L., Polacek, N., Sander, P., Bottger, E.C. and Mankin, A. (2001) pKa of adenine 
2451 in the ribosomal peptidyl transferase center remains elusive. RNA 7, 1365-1369. 

[35] Liu, M. and Douthwaite, S. (2002) Resistance to the macrolide antibiotic tylosin is 
conferred by single methylations at 23S rRNA nucleotides G748 and A2058 acting in 
synergy. Proc. Natl. Acad. Sci. USA 99, 14658-14563. 

[36] Novotny, G.W., Jakobsen, L., Andersen, N.M., Poehlsgaard, J. and Douthwaite, S. 
(2004) Ketolide antimicrobial activity persists after disruption of interactions with domain II 
of 23S rRNA. Antimicrob. Agents Chemother. 48, 3677-3683. 

[37] O'Connor, M., Lee, W.M., Mankad, A., Squires, C.L. and Dahlberg, A.E. (2001) 
Mutagenesis of the peptidyltransferase center of 23S rRNA: the invariant U2449 is 
dispensable. Nucleic Acids Res. 29, 710-715. 

[38] Thompson, J., Kim, D.F., O'Connor, M., Lieberman, K.R., Bayfield, M.A., Gregory, 
S.T., Green, R., Noller, H.F. and Dahlberg, A.E. (2001) Analysis of mutations at residues 
A2451 and G2447 of 23S rRNA in the peptidyltransferase active site of the 50S ribosomal 
subunit. Proc. Natl. Acad. Sci. USA 98, 9002-9007. 



CHAPTER 5  102 

[39] Leonov, A.A., Sergiev, P.V., Bogdanov, A.A., Brimacombe, R. and Dontsova, O.A. 
(2003) Affinity purification of ribosomes with a lethal G2655C mutation in 23S rRNA that 
affects the translocation. J. Biol. Chem. 278, 25664-25670. 

[40] Cochella, L. and Green, R. (2004) Isolation of antibiotic resistance mutations in the 
rRNA by using an in vitro selection system. Proc. Natl. Acad. Sci. USA 101, 3786-3791. 

[41] Springer, B., Kidan, Y.G., Prammananan, T., Ellrott, K., Bottger, E.C. and Sander, P. 
(2001) Mechanisms of streptomycin resistance: selection of mutations in the 16S rRNA gene 
conferring resistance. Antimicrob. Agents Chemother. 45, 2877-2884. 

[42] Pfister, P., Jenni, S., Poehlsgaard, J., Thomas, A., Douthwaite, S., Ban, N. and Böttger, 
E.C. (2004) The structural basis of macrolide-ribosome binding assessed using mutagenesis 
of 23S rRNA positions 2058 and 2059. J. Mol. Biol. 342, 1569-1581. 

[43] Pfister, P., Corti, N., Hobbie, S., Bruell, C., Zarivach, R., Yonath, A. and Böttger, E.C. 
(2005) 23S rRNA base pair 2057-2611 determines ketolide susceptibility and fitness cost of 
the macrolide resistance mutation 2058A->G. Proc. Natl. Acad. Sci. USA 102, 5180-5185. 

[44] Li, M., Tzagoloff, A., Underbrink-Lyon, K. and Martin, N.C. (1982) Identification of the 
paromomycin-resistance mutation in the 15 S rRNA gene of yeast mitochondria. J. Biol. 
Chem. 257, 5921-5928. 

[45] Spangler, E.A. and Blackburn, E.H. (1985) The nucleotide sequence of the 17S 
ribosomal RNA gene of Tetrahymena thermophila and the identification of point mutations 
resulting in resistance to the antibiotics paromomycin and hygromycin. J. Biol. Chem. 260, 
6334-6340. 

[46] De Stasio, E.A., Moazed, D., Noller, H.F. and Dahlberg, A.E. (1989) Mutations in 16S 
ribosomal RNA disrupt antibiotic--RNA interactions. EMBO J. 8, 1213-1216. 

[47] Brodersen, D.E., Clemons, W.M., Jr., Carter, A.P., Morgan-Warren, R.J., Wimberly, 
B.T. and Ramakrishnan, V. (2000) The structural basis for the action of the antibiotics 
tetracycline, pactamycin, and hygromycin B on the 30S ribosomal subunit. Cell 103, 1143-
1154. 

[48] Carter, A.P., Clemons, W.M., Brodersen, D.E., Morgan-Warren, R.J., Wimberly, B.T. 
and Ramakrishnan, V. (2000) Functional insights from the structure of the 30S ribosomal 
subunit and its interactions with antibiotics. Nature 407, 340-348. 

[49] Ogle, J.M., Brodersen, D.E., Clemons, W.M., Jr., Tarry, M.J., Carter, A.P. and 
Ramakrishnan, V. (2001) Recognition of cognate transfer RNA by the 30S ribosomal subunit. 
Science 292, 897-902. 

[50] Purohit, P. and Stern, S. (1994) Interactions of a small RNA with antibiotic and RNA 
ligands of the 30S subunit. Nature 370, 659-662. 

[51] Vicens, Q. and Westhof, E. (2003) Crystal structure of geneticin bound to a bacterial 16S 
ribosomal RNA A-site oligonucleotide. J. Mol. Biol. 326, 1175-1188. 

[52] Vicens, Q. and Westhof, E. (2001) Crystal structure of paromomycin docked into the 
eubacterial ribosomal decoding A site. Structure (Camb) 9, 647-658. 



CHAPTER 5  103 

[53] Vicens, Q. and Westhof, E. (2002) Crystal structure of a complex between the 
aminoglycoside tobramycin and an oligonucleotide containing the ribosomal decoding A-site. 
Chem. Biol. 9, 747-755. 

[54] Francois, B., Russell, R.J., Murray, J.B., Aboul-ela, F., Masquida, B., Vicens, Q. and 
Westhof, E. (2005) Crystal structures of complexes between aminoglycosides and decoding A 
site oligonucleotides: role of the number of rings and positive charges in the specific binding 
leading to miscoding. Nucleic Acids Res. 33, 5677-5690. 

[55] Fourmy, D., Recht, M.I., Blanchard, S.C. and Puglisi, J.D. (1996) Structure of the A site 
of Escherichia coli 16S ribosomal RNA complexed with an aminoglycoside antibiotic. 
Science 274, 1367-1371. 

[56] Recht, M.I., Fourmy, D., Blanchard, S.C., Dahlquist, K.D. and Puglisi, J.D. (1996) RNA 
sequence determinants for aminoglycoside binding to an A-site rRNA model oligonucleotide. 
J. Mol. Biol. 262, 421-436. 

[57] Miyaguchi, H., Narita, H., Sakamoto, K. and Yokoyama, S. (1996) An antibiotic-binding 
motif of an RNA fragment derived from the A-site-related region of Escherichia coli 16S 
rRNA. Nucleic Acids Res. 24, 3700-3706. 

[58] Fourmy, D., Recht, M.I. and Puglisi, J.D. (1998) Binding of neomycin-class 
aminoglycoside antibiotics to the A-site of 16 S rRNA. J. Mol. Biol. 277, 347-362. 

[59] Blanchard, S.C., Fourmy, D., Eason, R.G. and Puglisi, J.D. (1998) rRNA chemical 
groups required for aminoglycoside binding. Biochemistry 37, 7716-7724. 

[60] Wong, C.H., Hendrix, M., Priestley, E.S. and Greenberg, W.A. (1998) Specificity of 
aminoglycoside antibiotics for the A-site of the decoding region of ribosomal RNA. Chem. 
Biol. 5, 397-406. 

[61] Griffey, R.H., Hofstadler, S.A., Sannes-Lowery, K.A., Ecker, D.J. and Crooke, S.T. 
(1999) Determinants of aminoglycoside-binding specificity for rRNA by using mass 
spectrometry. Proc. Natl. Acad. Sci. USA 96, 10129-10133. 

[62] Ryu, D.H. and Rando, R.R. (2001) Aminoglycoside binding to human and bacterial A-
Site rRNA decoding region constructs. Bioorg. Med. Chem. 9, 2601-2608. 

[63] Kaul, M., Barbieri, C.M. and Pilch, D.S. (2005) Defining the basis for the specificity of 
aminoglycoside-rRNA recognition: a comparative study of drug binding to the A sites of 
Escherichia coli and human rRNA. J. Mol. Biol. 346, 119-134. 

[64] Recht, M.I., Douthwaite, S. and Puglisi, J.D. (1999) Basis for prokaryotic specificity of 
action of aminoglycoside antibiotics. EMBO J. 18, 3133-3138. 

[65] Gregory, S.T., Carr, J.F., Rodriguez-Correa, D. and Dahlberg, A.E. (2005) Mutational 
analysis of 16S and 23S rRNA genes of Thermus thermophilus. J. Bacteriol. 187, 4804-4812. 

[66] Vicens, Q. and Westhof, E. (2003) Molecular recognition of aminoglycoside antibiotics 
by ribosomal RNA and resistance enzymes: an analysis of x-ray crystal structures. 
Biopolymers 70, 42-57. 



CHAPTER 5  104 

[67] Tor, Y., Hermann, T. and Westhof, E. (1998) Deciphering RNA recognition: 
aminoglycoside binding to the hammerhead ribozyme. Chem Biol 5, R277-283. 

[68] Kutzleb, R., Schweyen, R.J. and Kaudewitz, F. (1973) Extrachromosomal inheritance of 
paromomycin resistance in Saccharomyces cerevisiae. Genetic and biochemical 
characterization of mutants. Mol. Gen. Genet. 125, 91-98. 

[69] Magnet, S. and Blanchard, J.S. (2005) Molecular insights into aminoglycoside action and 
resistance. Chem. Rev. 105, 477-498. 

[70] Galimand, M., Courvalin, P. and Lambert, T. (2003) Plasmid-mediated high-level 
resistance to aminoglycosides in Enterobacteriaceae due to 16S rRNA methylation. 
Antimicrob. Agents Chemother. 47, 2565-2571. 

[71] Doi, Y., Yokoyama, K., Yamane, K., Wachino, J., Shibata, N., Yagi, T., Shibayama, K., 
Kato, H. and Arakawa, Y. (2004) Plasmid-mediated 16S rRNA methylase in Serratia 
marcescens conferring high-level resistance to aminoglycosides. Antimicrob. Agents 
Chemother. 48, 491-496. 

[72] Yokoyama, K., Doi, Y., Yamane, K., Kurokawa, H., Shibata, N., Shibayama, K., Yagi, 
T., Kato, H. and Arakawa, Y. (2003) Acquisition of 16S rRNA methylase gene in 
Pseudomonas aeruginosa. Lancet 362, 1888-1893. 

[73] Cundliffe, E. (1989) How antibiotic-producing organisms avoid suicide. Annu. Rev. 
Microbiol. 43, 207-233. 

[74] Sander, P., Springer, B., Prammananan, T., Sturmfels, A., Kappler, M., Pletschette, M. 
and Böttger, E.C. (2002) Fitness cost of chromosomal drug resistance-conferring mutations. 
Antimicrob. Agents Chemother. 46, 1204-1211. 

[75] Spratt, B.G. (1996) Antibiotic resistance: counting the cost. Curr. Biol. 6, 1219-1221. 

[76] Lipsitch, M. and Levin, B.R. (1997) The population dynamics of antimicrobial 
chemotherapy. Antimicrob. Agents Chemother. 41, 363-373. 

[77] Levin, B.R., Lipsitch, M., Perrot, V., Schrag, S., Antia, R., Simonsen, L., Walker, N.M. 
and Stewart, F.M. (1997) The population genetics of antibiotic resistance. Clin Infect Dis 24 
Suppl 1, S9-16. 

[78] Austin, D.J., Kristinsson, K.G. and Anderson, R.M. (1999) The relationship between the 
volume of antimicrobial consumption in human communities and the frequency of resistance. 
Proc. Natl. Acad. Sci. U S A 96, 1152-1156. 

[79] Böttger, E.C., Springer, B., Pletschette, M. and Sander, P. (1998) Fitness of antibiotic-
resistant microorganisms and compensatory mutations. Nat. Med. 4, 1343-1344. 

[80] Gutell, R.R. (1994) Collection of small subunit (16S- and 16S-like) ribosomal RNA 
structures: 1994. Nucleic Acids Res. 22, 3502-3507. 

[81] Kurtz, D.I. (1974) Fidelity of protein synthesis with chicken embryo mitochondrial and 
cytoplasmic ribosomes. Biochemistry 13, 572-577. 



CHAPTER 5  105 

[82] Wilhelm, J.M., Pettitt, S.E. and Jessop, J.J. (1978) Aminoglycoside antibiotics and 
eukaryotic protein synthesis: structure--function relationships in the stimulation of misreading 
with a wheat embryo system. Biochemistry 17, 1143-1149. 

[83] Gale, E.F., Cundliffe, E., Reynolds, P.E., Richmond, M.H. and Waring, J.M. (1981) The 
molecular basis of antibiotic action, pp. John Wiley & Sons, Inc., London. 

[84] Mingeot-Leclercq, M.P. and Tulkens, P.M. (1999) Aminoglycosides: nephrotoxicity. 
Antimicrob. Agents Chemother. 43, 1003-1012. 

[85] Fischel-Ghodsian, N. (2005) Genetic factors in aminoglycoside toxicity. 
Pharmacogenomics 6, 27-36. 

[86] Böttger, E.C., Springer, B., Prammananan, T., Kidan, Y. and Sander, P. (2001) Structural 
basis for selectivity and toxicity of ribosomal antibiotics. EMBO Rep. 2, 318-323. 

 



  106 

 



PUBLICATIONS  107 

 

List of Publications 

 

2006 Hobbie, S. N., Brüll, C., Kalapala, S. K., Akshay, S., Schmidt, S., Pfister, P. & 
Böttger, E. C. (2006). A genetic model to investigate structural drug-target 
interactions at the ribosomal decoding site. Biochimie, in press. 

 Hobbie, S. N., Pfister, P., Brüll, C., Sander, P., Francois, B., Westhof, E. & Böttger, 
E. C. (2006). Binding of neomycin-class aminoglycoside antibiotics to mutant 
ribosomes with alterations in the A-site of 16S rRNA. Antimicrob. Agents 
Chemother. 50, 1489-1496. 

2005 Hobbie, S. N., Pfister, P., Brüll, C., Westhof, E. & Böttger, E. C. (2005). Analysis 
of the contribution of individual substituents in 4,6-aminoglycoside-ribosome 
interaction. Antimicrob. Agents Chemother. 49, 5112-5118. 

 Pfister, P., Corti, N., Hobbie, S., Bruell, C., Zarivach, R., Yonath, A. & Böttger, E. 
C. (2005). 23S rRNA base pair 2057-2611 determines ketolide susceptibility and 
fitness cost of the macrolide resistance mutation 2058A->G. Proc. Natl. Acad. Sci. 
USA 102, 5180-5185. 

 Pfister, P.*, Hobbie, S.*, Brull, C., Corti, N., Vasella, A., Westhof, E. & Böttger, E. 
C. (2005). Mutagenesis of 16S rRNA C1409-G1491 base-pair differentiates between 
6'OH and 6'NH3

+ aminoglycosides. J. Mol. Biol. 346, 467-475. 
* Peter Pfister and Sven N. Hobbie contributed equally to this work 

2003 Pfister, P., Hobbie, S., Vicens, Q., Böttger, E. C. & Westhof, E. (2003). The 
molecular basis for A-Site mutations conferring aminoglycoside resistance: 
relationship between ribosomal susceptibility and X-ray crystal structures. 
ChemBioChem 4, 1078-1088. 

  

 

 

 

 



ORAL AND POSTER PRESENTATIONS  108 

 

Oral and Poster Presentations 

 

Short Lectures 
 
2006 65th Annual Assembly of the Swiss Society for Microbiology (SGM), Lausanne, 

Switzerland 
Mutational analysis of 4,5-aminoglycoside binding to the ribosomal A site 
S. N. Hobbie*, P. Pfister, B. François, E. Westhof, and E. C. Böttger 

  
2005 45th Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC), 

Washington DC, USA 
The role of rings III and IV in binding of 4,5-aminoglycosides to the decoding site 
S. N. Hobbie, C. Brüll, P. Pfister, and E. C. Böttger* 
The Role of Individual Substituents for Binding of 4,6-Aminoglycosides to the Decoding 
Site 
S. N. Hobbie, P. Pfister, B. François, C. Brüll, E. Westhof, and E. C. Böttger* 
 

 Annual Meeting of the Swiss National Science Foundation (SNF) NRP49, Magglingen, 
Switzerland 

The ribosome as a drug target: Probing of drug-target interaction by site-directed 
mutagenesis of the ribosomal decoding site 
S. N. Hobbie*, C. Brüll, P. Pfister, and E. C. Böttger 
 

 Annual Meeting of the Vereinigung für Allgemeine und Angewandte Mikrobiologie 
(VAAM) and 57th Annual Meeting of the Deutsche Gesellschaft für Hygiene und 
Mikrobiologie (DGHM), Göttingen, Germany 

Probing of drug-target interaction by site-directed mutagenesis of the ribosomal 
decoding site 
S. N. Hobbie*, P. Pfister, B. François, E. Westhof, and E. C. Böttger 
 

 EMBO Conference on Protein Synthesis and Translational Control, Heidelberg, Germany 
The role of 23S rRNA base pair 2057–2611 in ketolide susceptibility 
P. Pfister, N. Corti, S. N. Hobbie*, C. Brüll, R. Zarivach, A. Yonath, and E. C. Böttger 

  
2004 44th Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC), 

Washington DC, USA 
Mutational analysis of the role of 23S rRNA positions A2058 and A2059 in macrolide 
binding 
P. Pfister, S. Jenni, J. Poehlsgaard, S. N. Hobbie*, A. Thomas, S. Douthwaite, N. Ban, 
and E. C. Böttger 
 

 Annual Meeting of the Swiss National Science Foundation (SNF) NRP49, Nottwil, 
Switzerland 

The ribosome as a drug target: Genetic approaches to investigate structural interactions 
at a functional level 
S. N. Hobbie*, C. Brüll, P. Pfister, and E. C. Böttger 

  
2003 Annual Meeting of the Vereinigung für Allgemeine und Angewandte Mikrobiologie 

(VAAM), Berlin, Germany 
Single point mutations in the decoding region of 16S rRNA confer resistance to the 
aminoglycosidic antibiotic hygromycin B 
S. N. Hobbie*, Ivo Fähnle, Ashley Thomas, E. C. Böttger, and P. Pfister 

* Presenting author 



ORAL AND POSTER PRESENTATIONS  109 

  
2002 Annual Meeting of the Vereinigung für Allgemeine und Angewandte Mikrobiologie 

(VAAM), Göttingen, Germany 
Isolation and characterization of iron-reducing Bacillus strains from the alkaline midgut 
of humivorous Pachnoda ephippiata larvae 
S. N. Hobbie*, X. Li, and A. Brune 

  

 

 

 
Poster Presentations 
 
2006 2nd FEMS Congress of European Microbiologists, Madrid, Spain 

Genetic analysis of aminoglycoside binding to the ribosomal decoding site 
S. N. Hobbie*, S. Kalapala, A. Subramanian, B. François, E. Westhof, and E. C. Böttger 
In-vitro translation on 70S ribosomes from Mycobacterium smegmatis 
C. Bruell, M. Beringer, S. N. Hobbie, M. V. Rodnina, and E. C. Böttger* 
 

 65th Annual Assembly of the Swiss Society for Microbiology (SGM), Lausanne, 
Switzerland 

The polymorphic 23S rRNA base pair 2057–2611 determines ketolide susceptibility and 
fitness cost of the macrolide resistance mutation A2058G 
S. N. Hobbie*, P. Pfister, N. Corti, R. Zarivach, A. Yonath, and E. C. Böttger 
Interaction of 4,6-aminoglycosides with their rRNA target assessed by genetic analyses 
S. N. Hobbie*, P. Pfister, B. François, E. Westhof, and E. C. Böttger 
Deletion in ribosomal protein L22 affects ketolide susceptibility of the A2058G mutation 
S. Jost*, R. Berisio, N. Corti, S. N. Hobbie, P. Pfister, A. Yonath, and E. C. Böttger 

  
2005 45th Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC), 

Washington DC, USA 
23S rRNA alteration A2058G combined with deletion in protein L22 mediates high-level 
ketolide resistance 
R. Berisio, N. Corti, P. Pfister, S. N. Hobbie, A. Yonath, and E. C. Böttger* 
 

 Annual Meeting of the Vereinigung für Allgemeine und Angewandte Mikrobiologie 
(VAAM) and 57th Annual Meeting of the Deutsche Gesellschaft für Hygiene und 
Mikrobiologie (DGHM), Göttingen, Germany 

The role of 23S rRNA base pair 2057–2611 in ketolide susceptibility 
P. Pfister, N. Corti, S. N. Hobbie*, C. Brüll, R. Zarivach, A. Yonath, and E. C. Böttger 
 

 EMBO Conference on Protein Synthesis and Translational Control, Heidelberg, Germany 
Probing of drug-target interaction by site-directed mutagenesis of the ribosomal 
decoding site 
S. N. Hobbie*, P. Pfister, B. François, E. Westhof, and E. C. Böttger 
 
 
 
 
 

* Presenting author 



ORAL AND POSTER PRESENTATIONS  110 

2005 Joint Meeting of the 3 Divisions of the International Union of Microbiological Societies 
(IUMS), San Francisco, CA, USA 

Polymorphic nucleotides in domain V of 23S rRNA determine the phenotype of the 
A2058G alteration 
P. Pfister, N. Corti, S. N. Hobbie, C. Brüll, A. Yonath, and E. C. Böttger* 
 

 Swiss Molecular Microbiology (SWIMM) Meeting, Zürich, Switzerland 
The role of 16S rRNA base pair 1409–1491 in aminoglycoside binding 
S. N. Hobbie*, P. Pfister, B. François, A. Vasella, E. Westhof, and E. C. Böttger 
 

 64th Annual Assembly of the Swiss Society for Microbiology (SGM), Geneva, Switzerland 
6’OH and 6’NH3

+ 2-deoxystreptamines differ in their requirements for interaction with 
16S rRNA base pair 1409-1491 
P. Pfister*, S. N. Hobbie, B. François, A. Vasella, E. Westhof, and E. C. Böttger 
 

  
2004 44th Interscience Conference on Antimicrobial Agents and Chemotherapy (ICAAC), 

Washington DC, USA 
Mutagenesis of the 16S rRNA base pair G1491–C1409 and aminoglycoside resistance 
S. N. Hobbie*, P. Pfister, B. François, E. Westhof, and E. C. Böttger 
 

 9th Annual Meeting of the RNA Society, Madison, WI, USA 
Mutations in the conserved base-paired site 1409C-1491G of 16S rRNA and 
susceptibility to aminoglycosides 
P. Pfister*, S. N. Hobbie, N. Corti, B. François, E. Westhof, and E. C. Böttger 
 

 Annual Meeting of the Vereinigung für Allgemeine und Angewandte Mikrobiologie 
(VAAM), Braunschweig, Germany 

Analysis of aminoglycoside binding to the ribosomal A site by comparing resistance 
phenotypes of A-site mutations with X-ray crystal structures 
S. N. Hobbie*, P. Pfister, Q. Vicens, E. Westhof, and E. C. Böttger 
Humic substances mediate iron(III) reduction by a Bacillus species isolated from the gut 
of a humivorous beetle larva 
S. N. Hobbie*, M. Basen, U. Stingl, and A. Brune 
 

 63rd Annual Assembly of the Swiss Society for Microbiology (SGM), Lugano, Switzerland 
Binding of aminoglycosides to the ribosomal A site: Analysis of rRNA mutations allows 
determining the functional importance of structural interactions as defined by X-ray 
structural data 
P. Pfister, S. N. Hobbie*, C. Brüll, Q. Vicens, E. Westhof, and E. C. Böttger 

  
2003 8th Annual Meeting of the RNA Society, Vienna, Austria 

A molecular basis for A-site mutations on aminoglycoside binding: in vivo drug 
susceptibility versus X-ray crystal structures 
P. Pfister*, S. N. Hobbie, C. Brüll, Q. Vicens, E. Westhof, and E. C. Böttger 
 

  
 

* Presenting author 



CURRICULUM VITAE  111 

Curriculum Vitae 
 

Full Name:  Sven Nikolas Hobbie 

Date of birth: 30.04.1974 

Birth place: Heidenheim, Germany 

Nationality: German 
 

Education & Research Activities 
 

2006 – Present: 

Post-graduate research assistant at the Institute of Medical Microbiology, University of Zurich, 
Switzerland. 

Genetics and biochemistry of ribosome function and antibiotic action. 

 

2002 – 2006: 

Doctoral studies under supervision of Prof. Dr. Andrea Vasella, Swiss Federal Institute of 
Technology (ETH) Zurich, and Prof. Dr. Erik C. Böttger, University of Zurich, at the Institute of 
Medical Microbiology, University of Zurich, Switzerland. 

Analysis of drug-target interaction of antibiotic compounds targeting the ribosomal decoding site. 

 

2001 – 2002: 

Diploma thesis and teaching assistant under supervision of Prof. Dr. Bernhard Schink and PD Dr. 
Andreas Brune, Department of Biology, University of Konstanz, Germany. 

Characterization of iron- and humic acid- reducing bacteria and their role in the digestive tracts of 
soil feeding invertebrates. 

 

1999 – 2000: 

Academic year at Michigan State University, USA. Research assistant under supervision of Prof. Dr. 
James M. Tiedje and Dr. John Davis, NSF Center for Microbial Ecology, Michigan State University, 
USA. 

Genetic analysis of reductive dechlorination of aromatic compounds by Desulfitobacterium 
chlororespirans. 

 

1993 – 2002: 

Undergraduate and graduate studies and teaching assistant at the Faculty of Biology, University of 
Freiburg, Germany. 

 

1984 – 1993: 

Secondary school education at Ernst-Abbe-Gymnasium, Oberkochen, Germany. 

 


