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Abstract

The structures of ribosomes in complex with inhibitors of translation have not only shed light on 

the interactions of antibiotics with the ribosome but also on the underlying mechanisms by which 

they interfere with the ribosome function. Several recent papers [1–4] have correlated the available 

ribosome structures with the wealth of biochemical data [5]. In this review we shall focus on the 

lessons learned for drug specificity rather than presenting a comprehensive survey of the known 

structures of ribosome complexes with antibiotics.

INTRODUCTION

In order for translational inhibitors to be useful in a clinical setting they must be highly 

effective against eubacterial target, yet not inhibit the eukaryotic ribosome. Since protein 

translation is essential and highly conserved across all kingdoms of life, both demands are 

quite often at odds with each other, giving rise to side effects during treatment [6].

Specificity of antibiotics that bind at the decoding site of the ribosome

One of the most common side effects of aminoglycoside and tuberactinomycin treatment is 

irreversible loss of hearing [7]. The toxicity of these drugs is correlated with their limited 

selectivity between binding to bacterial and mitochondrial ribosomes [8]. After 

administration, aminoglycosides are cleared from the blood stream within days, but persist 

for weeks, even months, in the tissues and fluids of the inner ear [9]. In the hair cells of the 

inner ear the aminoglycosides promote biochemical events that elicit apoptotic response 

leading to irreversible loss of hearing [10].
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The binding of either aminoglycosides or tuberactinomycins to the ribosome increases the 

misincorporation of aminoacids in vitro, due to a mismatching between the tRNA anticodon 

and the mRNA codon in the A-site of the ribosome [11–14]. An amino-acylated tRNA 

progresses through multiple steps before its amino acid is incorporated into a nascent 

polypeptide chain. First, the amino-acylated tRNA is delivered to the ribosome in a ternary 

complex with EF-Tu and GTP (Fig. 1C). Initially, the ternary complex binds to the ribosome 

in a rapid codon-independent and reversible process. After this initial binding, the anticodon 

region of the tRNA pairs with the codon region of the mRNA in the A-site of the small 

ribosomal subunit [15], which consists of parts of the head, shoulder and the top of h44a) 

domains (Fig. 1A, B). The two universally conserved nucleotides, A1492 and A1493b), flip 

out from an internal loop at the top of h44 (Fig. 1B) to monitor the Watson-Crick base-pair 

geometry of the first two codon-anticodon base pairs (Fig. 1B, D–F). Together with 

ribosomal protein S12 and G530, whose base flips from syn to anti conformation (Fig. 1F), 

A1492 and A1493 form a network of interactions across the minor groove of the codon-

anticodon helix that induces the head and the shoulder domains of the small subunit to close 

on each other. This domain closure constrains the anticodon loop of the decoded amino-

acylated tRNA (Fig. 1C) [16,17].

The binding of both tuberactinomycins, such as viomycin or capreomycin, as well as 

amnioglycosides, such as paromomycin, stabilizes the flipped out conformations of A1492 

and A1493, enabling them to make contacts with the minor groove of the codon-anticodon 

helix even if they do not form a perfect Watson-Crick base-pair geometry (Fig. 2D, E).

The binding site for tuberactinomycins lies at the interface between h44 of the small 

ribosomal subunit and H69 of the large ribosomal subunit (Fig. 2A–C). Their binding site is 

formed by nucleotides A1493 and G1494 of h44 and nucleotides A1913 and C1914 at the 

tip of H69 (Fig. 2D). The stacking of the macrocyclic scaffold of the drug against G1491 

and G1494, positions the guanidinium moiety of the capreomycidine side chain close 

enough to the phosphate group of A1493 of the 16S rRNA to form a salt bridge. This salt 

bridge effectively locks the tuberacitnomycins over A1492 and A1493 in their flipped-out 

conformations, preventing their return into the internal loop [18].

Crystal structures of the 30S subunit and the 70S ribosome, in complex with paromomycin, 

show that it binds only in the major groove of h44 [19,20], where it forms hydrogen bonds 

with the bases and the backbone of both rRNA strands of the helix (Fig. 2E). One of its 

cyclic sugar moieties inserts into the internal loop of h44 where it stacks against G1491 and 

forms hydrogen bonds to the base of A1408 and the phosphate of A1493. In this position, 

the cyclic sugar moiety not only displaces A1492 from the internal loop of h44, but also 

stabilizes A1493 in its flipped-out position [19]. In addition to priming A1492 and A1493 to 

make contact within the minor groove of the codon-anticodon helix, paromomycin also 

induces a partial closing movement of protein S12 toward h44, thereby not only stabilizing 

the binding of near-cognate tRNAs but also promoting their accommodation on the ribosome 

[21].

a)Helices of the 23S and 16S rRNA are indicated with upper-case H and lower-case h, respectively
b)E. coli numbering for nucleotides of ribosomal RNA is used throughout the text
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Currently, the risk of drug-induced hearing loss can be minimized by proper dosage with 

constant monitoring of the drug levels in the blood [22]. Despite these measures, 

aminoglycosides can still induce hearing loss in some patients. Among those predisposed to 

hearing loss are patients carrying A1490G [23] or C1410U [24] mutations in the decoding 

center of the mitochondrial ribosome. The equivalent positions C1490 and G1410 in 

eubacterial 16S rRNA form a perfect Watson-Crick base-pair (Fig. 2E), which is disrupted in 

wild type mitochondrial ribosomes by an A•C mismatch. Either of the aforementioned 

mutations restores the eubacterial type of base-pairing which increases the binding affinity 

for aminoglycosides and, thereby, the sensitivity of these patients to aminoglycoside 

antibiotics [25].

Cytosolic ribosomes have perfect base-pairing between 1490- and 1410-equivalent positions, 

but nevertheless are resistant to aminoglycosides. However, an adenine to guanine transition 

in position 1408 from eubacterial/mitochondrial to eukaryotic ribosomes bestows the innate 

resistance upon eukaryotic ribosomes. Interestingly, A1408G is the dominant drug-resistant 

mutation in clinical strains of eubacteria [8].

However, the innate resistance of mitochondrial and cytoplasmic ribosomes to 

tuberactinomycins results from a mismatch between G1491 and C1409, which form a base-

pair in eubacteria (Fig. 2D). Any disruption of this eubacteria-specific base-pair confers 

resistance to tuberactinomycins [14]. The same base-pair can explain the specificity of 

thermorubin for eubacterial ribosomes [26]. The tetracyclic moiety of thermorubin stacks 

against the bases of G1491and C1409 (Fig. 2F), allowing A1913 of the 23S rRNA to extend 

along the conjugated aromatic tetracyclic moiety. This ties h44 of the 16S rRNA and H69 of 

the 23S rRNA together, preventing the motion of these helices relative to each other, that is 

essential for the translocation during protein synthesis. The correlation between the low 

inhibitory effect of the drug and the absence of the equivalent G1491:C1409 base-pair in 

mitochondrial and eukaryotic ribosomes suggests that the observed extensive stacking of 

thermorubin is crucial for its ribosome selectivity.

Specificity of antibiotics that bind in the ribosome exit tunnel

While eubacterial ribosomes are sensitive to aminoglycosides, macrolides and lincosamides 

[27], mammalian mitochondrial ribosomes are only sensitive to aminoglycosides but not to 

macrolides or lincosamides [24,28,29]. Also, cytoplasmic ribosomes are not sensitive to any 

of these classes of antibiotics [27].

Both macrolides and lincosamides bind downstream of the peptidyl transferase center (PTC) 

in the peptide exit channel, through which nascent polypeptide exits the large ribosomal 

subunit during protein synthesis (Fig. 3A, B). When macrolides are bound to the ribosomes, 

the hydrophobic side of their lactone ring rests on the surface that is formed by the bases of 

U2611, A2058, and A2059 (Fig. 3D) [30–34]. Since they obstruct the exit tunnel, 

macrolides allow the synthesis of only short oligopeptides [35].

Lincosamides bind in the same pocket as macrolides, forming extensive hydrogen bonds 

with A2058, A2059, A2503, and G2505 in E. coli (Fig. 3E) [31]. At the same time, they 
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extend from this binding pocket into the PTC, where they interfere with the accommodation 

of the incoming aminoacyl-tRNA into the A-site [31,33].

Adenine in position 2058 is well conserved throughout all eubacteria [8], while eukaryotes, 

archaea and mitochondria have guanine in this position, which correlates with their observed 

insensitivity to macrolides and lincosamides (Fig. 3C, Fig. 4). In general, organisms with 

guanine in position 2058 are much more resistant to macrolides or lincosamides compared to 

those with adenine in this position [36]. The presence of guanine in position 2058 not only 

prevents essential hydrogen bonding between macrolides/lincosamides and the 23S rRNA, 

but its solvated amino-group hinders the stacking between the hydrophobic surface of the 

lactone ring of the antibiotic and the base of 2058. The G2058A mutation in the large 

ribosomal subunit of the halophilic archaeon Haloarcula marismortui increases the affinity 

for these antibiotics by four orders of magnitude [33].

Despite the appeal of this explanation, variations in the structures of different macrolides as 

well as phylogenetic differences outside nucleotide 2058 can influence the specificity of 

each drug idiosyncratically. Although wild type H. marismortui has a guanine in position 

2058 of 23S rRNA, it is still sensitive to some macrolides such as carbomycin and tylosin 

[37]. Ribosomes from Saccharomyces cerevisiae that carry a G2058A mutation are 

nevertheless resistant to the macrolide erythromycin [38], confirming that nucleotides 

outside the antibiotic-binding pocket can modulate ribosome’s response to a particular drug.

A comparison of the known structures of the lincosamide clindamycin bound to the 

eubacterial and archaeal ribosomes reveals that the positions of nucleotides 2504–2507 vary 

depending on the system studied (Fig. 3E) [31,33,39]. All the observed differences emanate 

from U2504 and its interactions with the nucleotide in position 2055. In the G2058A mutant 

of H. marismortui, the flexibility of U2504 is limited by its stacking onto A2055. In E. coli, 
a cytosine in position 2055 allows U2504, along with G2505, U2506, and C2507 to adopt a 

conformation that not only allows an additional hydrogen bond between G2505 and the 

antibiotic, but also increases the van der Waals contacts between the drug and the ribosome. 

Thus, the phylogenetic differences in position 2055 lead to conformational changes of the 

conserved nucleotides U2504, G2505, U2506, and C2507. A C2055A mutation in eubacteria 

not only increases the resistance to clindamycin, as expected, but also to chloramphenicol 

[40].

Specificity of antibiotics binding to the A-site crevice

Chloramphenicol inhibits protein synthesis by both bacterial and mitochondrial, but not 

cytoplasmic ribosomes [41]. Inhibition of mitochondrial protein synthesis during 

chloramphenicol treatment is generally accepted to be the underlying mechanism of dose-

dependent reversible bone marrow suppression [42]. Currently, chloramphenicol is rarely 

used, due to its severe side effects and the availability of newer antibiotics with safer clinical 

profiles [22].

Chloramphenicol binds in the so-called A-site crevice that is formed by the bases of A2451 

and C2452 of the 23S rRNA and prevents the amino-acid side chain of an incoming 

aminoacylated tRNA from binding (Fig. 3F). Chloramphenicol’s nitrobenzyl ring stacks 
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onto the base of C2452 of the 23S rRNA, and its methylene-hydroxyl group interacts with 

an adjacent potassium ion that is coordinated by G2061, G2447, and C2501 [30].

The binding of chloramphenicol mirrors the binding of another drug, anisomycin, which is 

specific for archaeal and eukaryotic, but not eubacterial ribosomes (Fig. 3F). Both 

antibiotics are coordinated by an adjacent potassium ion, and both of their aromatic rings 

stack on the C2452 base. However, the different positions of U2504 in eubacteria vs. both 

archaea and eukaryotes, determine the specificity of chloramphenicol for eubacteria, and of 

anisomycin for archaea/eukaryotes [30].

The nucleotide in position 2055, which is either a cytosine in eubacteria or adenine in 

archaea and eukaryotes (Fig. 3C, Fig. 4) [43], determines the specificity not only for 

chloramphenicol and anisomycin but also for a whole spectrum of A-site inhibitors [44,45], 

including linezolid [46,47]. Similar to chloramphenicol, linezolid causes bone marrow 

suppression and lactic acidosis, which is directly linked to the inhibition of mitochondrial 

protein synthesis [48].

Phylogenetic variations in the rRNA nucleotide sequences must have similar effects on drug 

affinity and specificity as spontaneous resistance mutations. For instance, structural studies 

of anisomycin-resistant mutant ribosomes from H. marismortui elucidated that the most 

common mutations conferring resistance either destabilize the antibiotic bound state or 

sterically block the antibiotic binding pocket. A less common trend in acquiring drug 

resistance is the increase of the energetic barrier for antibiotic binding, that can be achieved 

either by stabilization of the unbound state or by introducing an additional state with a lower 

energy than the unbound state. At the same time, all the mutations leading to antibiotic 

resistance cannot exceed the energetic barriers that would prevent the substrate from binding 

[49].

The affinity and selectivity of antibiotics can be determined not only by the phylogenetic 

variations in ribosomal RNA, but also by variations in ribosomal proteins, as observed in the 

case of E-site specific antibiotics.

Specificity of E-site specific antibiotics

Haloarcula marismortui ribosomal protein L44e (homologous to L36A in Tetrahymena 
thermophila and to RPL41 in Saccharomyces cerevisiae) significantly contributes to the 

binding of the deacylated tRNA into the E-site, however, it is only present in archaea and 

eukaryotes and has no counterpart in eubacteria. This protein provides the binding platform 

for 13-deoxytedanolide to the E-site enabling it to compete with the 3′-terminal adenine of 

the deacylated tRNA (Fig. 5A, B) [50,51]. In eubacteria, L44e is replaced by the structurally 

unrelated ribosomal protein L28, which partially occupies the space required for the binding 

of 13-deoxytedanolide (Fig. 5B), therefore conferring natural resistance to eubacterial 

ribosomes against this antibiotic. In yeast, a single amino acid substitution in the 

unstructured loop of RPL41 (L44e homolog) that is necessary for 13-deoxytedanolide 

binding confers resistance to eukaryotic-specific cycloheximide [52]. A recent X-ray crystal 

structure of the Tetrahymena thermophila 60S ribosomal subunit confirmed the 

cycloheximide binding pocket in the E-site of the large ribosomal subunit (Fig. 5C, D). 
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However, the detailed interactions of cycloheximide with the ribosome are still elusive, as 

the resolution of the electron density map was not sufficient to place the drug 

unambiguously [53].

CONCLUSION

At the beginning of the last century Paul Ehrlich recognized the problem of drug specificity 

and proposed the concept of “selective toxicity” [54]. Today, the development of new drugs 

with minimal toxicity is still a challenge [6]. Numerous side effects of antimicrobial 

inhibitors targeting the ribosomes are linked to inadvertent inhibition of protein synthesis in 

mitochondria [55]. Despite similar responses to many antibiotics by eubacterial and 

mitochondrial ribosomes, the ribosomes are distinctively different from each other. 

Ribosomes isolated from mitochondria of different species range in size from 55S to 80S. 

Mammalian mitochondrial ribosomes are close in size and weight to E. coli ribosomes. 

However, they contain less than half of the rRNA, even missing a 5S rRNA homolog, and 

nearly twice the number of ribosomal proteins compared to E. coli ribosomes [56]. Despite 

all the insights gained from the comparison of the structures of ribosomes isolated from 

organisms belonging to different kingdoms of life, inadvertent inhibition of mitochondrial 

protein synthesis remains unpredictable. Presumably, an atomic structure of mitochondrial 

ribosome could significantly facilitate rational design of ribosome targeting antibiotics with 

improved clinical profiles, effective against pathogenic bacteria yet with minimal side 

effects.
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HIGHLIGHTS

➢ Correlation between antibiotic specificity and observed structural differences

➢ Mitochondrial and eubacterial ribosomes respond differently to the same 

antibiotics

➢ Selectively targeting eubacterial over mitochondrial ribosomes can minimize 

drug side effects
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Figure 1. Decoding center of eubacterial 70S ribosome
(A) The structure of 70S ribosome from eubacteria Thermus thermophilus with bound 

tRNAs and mRNA [57]. The 30S subunit is shown in light yellow with h44 of the 16S rRNA 

in light orange. The 50S subunit is in light blue with H69 of the 23S rRNA in marine. The 

tRNA bound in the A-site is in green. (B) Close up view of the decoding center of the 70S 

ribosome in the unliganded [58] and tRNA bound states [57]. The subunits and A-site bound 

tRNA are colored as in (A), the mRNA is in magenta. The conformational change of each 

nucleotide upon tRNA binding is indicated with black dashed arrows. Nucleotides involved 

in the codon-anticodon interactions (hydrogen bonds in blue dashed lines) are represented as 

sticks with their nitrogen and oxygen atoms in dark blue and red, respectively. (C) 
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Comparison of the tRNA in the A/T state (purple) [59] with the accommodated A/A state 

(green) [57]. EF-Tu is shown in red, GTP in yellow, the 30S subunit in light yellow, 50S 

subunit in light blue, the P-site bound tRNA in dark blue, and the mRNA in magenta. (D) 

Schematic diagram of codon-anticodon interactions between mRNA (magenta) and cognate 

tRNA (green). (E, F, G) Codon-anticodon recognition by nucleotides of the 16S rRNA [60]. 

Cognate A-site bound tRNA is displayed in green, mRNA in magenta, nucleotides of 16S 

rRNA and portion of protein S12 are in light orange. Nitrogen, oxygen, and magnesium 

atoms are colored in blue, red, and yellow, respectively.
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Figure 2. Antibiotics bound to the decoding center of the eubacterial 70S ribosome
(A, B, C) Overview of the superimposed binding sites of viomycin (purple) [18], 

paromomycin (red) [57], and thermorubin (yellow) [26] on the Thermus thermophilus 70S 

ribosome viewed from three different perspectives. Shown in light yellow is the 30S subunit 

with h44 in light orange and in light blue is the 50S subunit with H69 in marine. The tRNAs 

are displayed in green for the A-site, in dark blue for the P-site, and in orange for the E-site 

bound tRNA. The mRNA is shown in magenta. In (A), the 30S subunit is viewed from the 

50S subunit, as indicated by the inset. The view in (B) is from the cytoplasm onto the A-site. 

The view in (C) is from the top after removing the head of the 30S subunit and 

protuberances of the 50S subunit, as indicated by the inset. Close up views of the binding 

sites of viomycin (VIO, purple), paromomycin (PAR, red), and thermorubin (TER, yellow) 

are shown in panels (D), (E), and (F), respectively.
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Figure 3. Antibiotics bound in the exit tunnel and the peptidyl transferase center of eubacterial 
70S ribosome
(A, B) Overview of the superimposed binding sites of erythromycin (ERY, orange), 

clindamycin (CLI, pink), and chloramphenicol (CAM, purple) bound to the Thermus 
thermophilus 70S ribosome viewed from two different perspectives. (A) 70S ribosome is cut 

open along the exit tunnel. Shown in light yellow is the 30S subunit with h44 in light orange 

and in light blue is the 50S subunit with H69 in marine. The mRNA is shown in magenta. 

Bound to the A-site is an amino-acylated tRNAPhe shown in green with its 3′-terminal 

phenylalanine residue in yellow. (B) The 50S subunit viewed from the 30S subunit as 

indicated by the inset and with the same color-coding as in (A). (C) A close up view of the 

superimposed antibiotic binding sites in ribosomes from the three different kingdoms of life. 

The drugs are omitted for clarity. As an example of the eubacterial binding site (B) the 23S 

rRNA from Thermus thermophilus (blue) is shown, for arecheal (A) the 23S rRNA from 

Haloarcula marismortui (green), and for eukaryotic (E) the 28S rRNA from Tetrahymena 
thermophila (yellow). (D, E, F) Close up views of the comparisons between eubacterial 

(blue) and archaeal (green) antibiotic binding sites. (D) Comparison of the structures of 

erythromycin (ERY) bound to Thermus thermophilus 70S ribosome (orange) and bound to 

Haloarcula marismortui 50S subunit carrying a G2099A mutation (yellow). (E) Clindamycin 

bound to Escherichia coli 70S ribosome is displayed in dark pink and in light pink when 

bound to Haloarcula marismortui 50S subunit carrying a G2099A mutation. (F) 

Blaha et al. Page 14

Curr Opin Struct Biol. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chloramphenicol bound to Thermus thermophilus 70S ribosome is displayed in purple and 

in light blue is anisomycin when bound to Haloarcula marismortui 50S subunit. Potassium 

ion is shown in red.
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Figure 4. Secondary structure and phylogenetic variations of the eubacterial 23S rRNA that 
forms the peptidyl transferase ring
Nucleotides of the peptidyl transferase ring of the eubacteria Thermus thermophilus are 

shown in blue. The phylogenetic variations of the nucleotides discussed in the text are 

shown in green for archeon Haloarcula marismortui, and yellow for eukaryote Tetrahymena 
thermophila.
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Figure 5. Antibiotics that compete with the binding of the deacylated tRNA to the E-site
(A) Overview of the binding sites of 13-deoxytedanolide (DTL, red) on the large ribosomal 

subunit from archaeon Haloarcula marismortui as viewed from the 30S subunit [50]. Black 

contour outlines L44e protein, which surrounds the E-site and whose visible portion is 

highlighted in yellow. (B) A close up view of the 13-deoxytedanolide binding site. The 23S 

rRNA is colored in blue and L44e is in yellow with its Ile36, Arg40, and Pro56 side-chains 

in green. A model of the L28 ribosomal protein from Thermus thermophilus is shown in 

pink. Note, that L28 partially occupies the space required for 13-deoxytedanolide binding to 
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ribosome. (C) Overview of the cycloheximide binding site on the 60S ribosomal subunit 

from eukaryote Tetrahymena thermophila [53]. The 60S subunit (light blue) is viewed from 

the 40S ribosomal subunit. Colored in yellow is the visible portion of RPL36A, which 

encircles the E-site. The electron density map for cycloheximide (CXM) contoured at 3σ is 

represented as a blue mesh. (D) A close up view of the cycloheximide binding site. The 26S 

rRNA is colored in blue and RPL36A is in yellow with the Pro54 and Phe56 side-chains in 

green. The electron density map for cycloheximide (CXM) is represented as a blue mesh.
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