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THE BACTERIAL RIBOSOME AS
A TARGET FOR ANTIBIOTICS

The ribosome is nature’s largest and most complex
enzyme, consisting, even in the simplest organisms,
of more than fifty different protein and RNA compo-
nents with a total mass of over two million daltons. The
ribosome is also nature’s most ancient enzyme, and car-
ries out the same essential function (the manufacture
of new proteins) in all living cells. This preservation
of function has been coupled with an overall conser-
vation of structure, and ribosomes in organisms as
phylogenetically distinct as bacteria and archaea show
a remarkable degree of resemblance. Furthermore,
present evidence indicates that eukaryotic ribosomes,
including those in human cells, are also similar in
structure to their prokaryotic counterparts. The last
time these organisms shared a common living relative
was about three and a half billion years ago, and during
the intervening period there have been many substitu-
tions in the sequences of the component ribosomal
proteins (r-proteins) and ribosomal RNAs (rRNAs)
and, admittedly, the human cytoplasmic ribosomes
have put on some extra mass (TABLE 1). However,
despite the sequence changes, the overall tertiary folds
of the ribosomal components and the manner in which
they fit together have been retained over the course
of evolution. This conservation of structure is most
evident in the regions of the ribosome that are directly
engaged in the functional steps of protein synthesis
(BOX 1).

Jacob Poehlsgaard and Stephen Douthwaite

Abstract | Many clinically useful antibiotics exert their antimicrobial effects by blocking protein
synthesis on the bacterial ribosome. The structure of the ribosome has recently been
determined by X-ray crystallography, revealing the molecular details of the antibiotic-binding
sites. The crystal data explain many earlier biochemical and genetic observations, including
how drugs exercise their inhibitory effects, how some drugs in combination enhance or
impede each other’s binding, and how alterations to ribosomal components confer resistance.
The crystal structures also provide insight as to how existing drugs might be derivatized

(or novel drugs created) to improve binding and circumvent resistance.

The ribosome is therefore a complex system made
up of interdependent components that require a par-
ticular arrangement to function. As in other complex
systems, loss of function can be brought about in a
multitude of ways by disrupting the optimal arrange-
ment of the component parts (as anyone who has tried
poking a screwdriver into their computer will know).
In a rather more subtle manner, this is what ribosome-
targeting antibiotics do — they lodge between crucial
components, disrupting the manner in which they
operate and thereby interfering with the synthesis of
new proteins. Many chemically diverse antibiotic com-
pounds act in this way and, as can be seen in FIG. 1, they
target the ribosome at surprisingly few locations, which
results in overlap between many of their binding sites. A
clear picture of how many of these antibiotics recognize
their binding sites has become available recently with
the atomic-level structures of the ribosome obtained
by X-ray crystallography. The antibiotic sites tend to be
at the mechanistically active regions on the ribosome
structure, which we describe below before reviewing
the details of antibiotic action.

Elucidating the structure of the ribosome

The discovery of the ribosome’s central role in protein
synthesis in the 1950s was the starting point of inten-
sive research into how this ribonucleoprotein complex
translates genetic information into proteins, and how
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this process is blocked by so many antibiotics'™. As
in other fields of molecular biology, Escherichia coli
became the standard model for ribosome studies, with
useful supplementary information derived from other
bacteria and yeast. An overview of the components in
ribosomes from the different domains of life is given
in TABLE 1.

The overall shape and dimensions of the ribosome
were first visualized by electron microscopy®~, and this
discipline was later refined with cryo-techniques®’ so
that the ribosome could be captured at various stages
of translation'*'2. Considerable contributions were also
made by biochemical and genetic approaches, and these
led to a gradual shift in the perception of the relative
roles of the ribosomal components. Originally, the
RNA components of the ribosome were regarded as
mere scaffolding for the (presumed) catalytically active
r-proteins, and this view has now been superseded by
one in which the rRNAs are the key players in ribosome
function, with the r-proteins acting in supporting roles.
This latter view had long been held by several research-
ers in the field, and many data were tantalizingly
indicative of the rRNA-catalyst model'*'*, while fall-
ing somewhat short of being entirely conclusive. RNA
molecules that were transcribed in vitro were selected
for their ability to catalyse peptide-bond formation',
and this added weight to the argument that protein
synthesis by the ribosome was also catalysed by RNA.
However, the most compelling evidence came at the
end of the twentieth century with the high-resolution
structures obtained from X-ray diffraction analyses of
ribosome crystals. At the site of peptide-bond formation
on the 508 subunit (the peptidyl-transferase centre),
no r-protein is closer than 18 A (REE 16) and, barring
any gross rearrangements of r-proteins in the crystal
structure, this more or less rules out that peptide-bond
formation can be anything other than RNA-directed.

Table 1 | Ribosome components from the three domains of life

Characteristics Bacteria Archaea Mitochondria Eukarya
Ribosome size 708 708 568 80S
Small subunit

Size 308 308 288 408
Mass (MDa) 0.8 0.8 1.2 1.4
rRNAs 16S 16S 128 18S
Number of r-proteins 20 28 86 32
Large subunit

Size 508 508 39S 60S
Mass (MDa) 1.6 1.6 2.4 2.6
rRNAs 23S, 5S 23S, 5S 16S 28S, 5.8S, 5S
Number of r-proteins 34 40 52 46

Ribosomes from all domains of life function in essentially the same manner. Bacterial and
archaeal ribosomes are approximately the same size, whereas the ribosomes in Eukarya are
much larger. Differences in rRNA and r-protein components allow antibiotics and cytotoxins to
exhibit specificity for the ribosomes of one domain. Chloroplast ribosomes (not shown) are
structurally closest to the bacterial domain. Mitochondrial ribosomes (based on the rat genome
sequence) have evolved away from the other structures, including their cytoplasmic
counterparts, and contain a larger complement of r-proteins relative to the rRNA.

The present evidence indicates that the rRNA aligns the
aminoacyl and peptidyl moieties on the aminoacyl site
(A site) and peptidyl site (P site) transfer RNAs (tRNAs)
in an optimal configuration for peptide-bond forma-
tion'”"°. The exact mechanism of this process is still
under debate, but undoubtedly involves the universally
conserved nucleotide A2451 (REFS 16,20,21).

Crystallization of the ribosome. Crystals of ribosomes
suitable for structural studies were first reported two
decades ago®* and since then, collection and inter-
pretation of highly resolved X-ray diffraction pat-
terns has occurred together with advances on several
technological fronts. Notably, these included the use
of cryo-techniques to stabilize crystals in the powerful
synchrotron beams, the development of high-speed
detectors, the means of determining phase angles, and
the rapidly expanding capacity of computers'®*.

All ribosomes have a large asymmetric structure,
and the organism from which they are isolated is an
important consideration for obtaining suitable crystals.
Ribosomes from Thermus thermophilus, a bacterium
that grows optimally at about 70°C, form particularly
good crystals, and these have been used by laboratories
in Salt Lake City, USA and Cambridge, England”” and
in Hamburg, Germany and Rehovot, Israel® to deter-
mine the structure of the small ribosomal subunit at a
resolution of around 3 A. The structure of the entire
ribosome of T. thermophilus was also solved in Santa
Cruz, California®, and although the resolution is lower,
these crystals provide valuable additional information
about how the two subunits associate to accommodate
the messenger RNA (mRNA) together with the tRNAs®
(BOX 1). The best resolution so far (at 2.4 A) has been
obtained using crystals of the large ribosomal subunit
from Haloarcula marismortui, an archaeon from the
Dead Sea in Israel that grows optimally in saturated salt
solutions®'. The bacterium Deinococcus radiodurans,
notorious for its resilience to radiation sterilization in
the food-canning process, has also proven a source of
stable ribosomes that yield highly resolved diffraction
patterns®.

All the above organisms live under arduous condi-
tions, and this is reflected in the natural robustness of
their ribosomes, which can withstand crystallographic
analysis. However, these organisms are evolutionarily
far removed from the bacterial strains normally used
in the laboratory or those causing disease. Although
the phylogenetic conservation of the ribosome’s shape
and function to a great extent allays doubt about the
general applicability of these structures, it is neverthe-
less comforting that 70S ribosomes from the faithful
workhorse E. coli have now been crystallized®. The
published resolution of the structure is presently rela-
tively low at around 10 A but, as far as can be gleaned
from these data, the ribosomes in Escherichia are reas-
suringly similar to those in Deinococcus, Haloarcula
and Thermus. Higher-resolution data on the E. coli
ribosome are anticipated soon and will provide an
important link with the comprehensive biochemical
and genetic studies on this bacterium.
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Box 1 | Protein synthesis by the ribosome

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 many
proteins (r-proteins). In the upper panel of the figure, 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 from
the thermophilic bacterium Thermus thermophilus. The small subunit contains the decoding site where the mRNA
sequence (magenta) 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 (see figure, lower panel). 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

(green) charged with the amino acid methionine. The interfaces of the small and large subunits then come into

contact as shown in the vertical section through the

P site (see figure, lower panel). Then, the second
mRNA codon, in the 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 centre, 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 centre
through the tunnel in the large subunit to emerge at the
back of the ribosome (red arrow). Eventually the
ribosome reaches a stop codon on the mRNA,
signalling 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).

The ribosome’s anatomy. The 30S ribosomal subunit is
made up of around 50,000 atoms larger than hydrogen,
and the 50S subunit has about twice this number of
atoms. Now that the enormous task of solving these
structures has been accomplished, viewing the data
is fairly straightforward if a systematic approach is
taken. The ribosome is much larger than other struc-
tures solved by nuclear magnetic resonance (NMR)
and X-ray crystallography, so not all software pack-
ages can handle the quantity of data. For a selection of
suitable programs together with hints on their use, see
Supplementary information S1 (box).

One feature that is immediately apparent is the
scarcity of r-proteins in the ‘business’ regions of the
ribosome at the interfaces of the two subunits (BOX 1).
The different crystal models are consistent in showing
the same rRNA-rich distribution at the subunit inter-
faces, strongly indicating that this represents a true
picture of all ribosomes. The conspicuous lack of pro-
tein in the functional regions begs the question as to
what the r-proteins are doing. Many of the r-proteins

have globular domains that emerge on the sides and
back of the subunits, and some of these r-proteins have
elongated subdomains that extend into the body of
the subunit to interact with the rRNAs. The r-protein
interactions influence the structure of the rRNA, ena-
bling it to adopt conformations that are required for
its rapid and efficient function®*. Many of these RNA
conformations are thermodynamically unfavourable,
and might be difficult, if not impossible, for the rRNAs
to attain without the help of the r-proteins. Further
functions of the r-proteins include helicase activity to
gain access to the information in tightly structured
mRNAs as they enter the ribosome?, gating functions
in the peptide tunnel (discussed below)***?, and dock-
ing sites for chaperones at the tunnel exit site on the
back of the ribosome*. Therefore, despite the ability of
the rRNA components to direct and catalyse peptide-
bond formation, the functional repertoire of a ribo-
some made entirely of RNA would be insufficient to
meet the rapid and constantly changing requirements
for protein synthesis in a living cell.
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Spectinomycin
Tetracycline 1
Pactamycin
Hygromycin B
Streptomycin
Paromomycin,

geneticin
Tetracycline 2

Thiostrepton
Avilamycin
Streptogramin A,
chloramphenicol,
puromycin

Pleuromutilins

Streptogramin B,
lincosamides

Macrolides

Figure 1 | Binding sites of antibiotics on the bacterial ribosome. The 30S ribosomal subunit is shown on the left and the 50S
ribosomal subunit is shown on the right. The antibiotic-binding sites were initially determined by biochemical and genetic techniques;
subsequently, many sites were revealed in greater detail by X-ray crystallography. At the overlapping sites, antibiotic binding is
usually mutually exclusive (for example, for macrolide, lincosamide and streptogramin B compounds), however, streptogramin A
and B compounds bind synergistically at adjacent sites. Subunit models are based on the Thermus thermophilus 70S ribosome
structure®. In this figure, for clarity, part of the r-protein L9 has been omitted. Ribosomal RNAs are shown in yellow and grey and

r-proteins in bronze and blue.

Antibiotic-binding sites on the ribosome

Given the fundamental importance of the rRNA, it is
not surprising that most ribosome inhibitors target the
rRNA-rich surfaces on the 30S and 50S subunits (FIG. 1).
The crystal structures of many ribosome-targeting anti-
biotics have been solved in complex with their ribosomal
subunit. The 30S subunit is targeted by drugs that include
tetracycline, pactamycin and the aminoglycosides

Table 2 | Antibiotics that target the 30S ribosomal subunit

Drug
Aminoglycosides*
Streptomycin
Paromomycin
Hygromycin B
Paromomycin
Paromomycin
Tobramycin
Geneticin
Apramycin
Tetracyclines*
Tetracycline
Tetracycline
Cyclic peptides*
Viomycin
Capreomycin
Other 30S drugs$
Edeine
Spectinomycin

Pactamycin

PDB Resolution (A) System Ref.
1FJG 3.0 Thermus 46
1FJG 3.0 Thermus 46
THNZ 8.8 Thermus 119
11BK 3.3 Thermus 66
1J7T 2.5 RNA fragment 47
1LC4 2.5 RNA fragment 120
TMWL 2.4 RNA fragment 48
1YRJ 2.7 RNA fragment 121
THNW 3.4 Thermus 119
1197 4.5 Thermus 122
- - nd -
- - nd -
1195 4.5 Thermus 122
1FJG 3.0 Thermus 46
THNX 3.4 Thermus 119

*Bind to aminoacyl or peptidyl sites and induce errors in translation. *Block binding of transfer RNA
to aminoacyl site. $Various effects, including inhibition of translocation. The Thermus system refers
to 30S subunits from the bacterium Thermus thermophilus; RNA fragment contains the decoding
region of 16S rRNA. nd, crystal structure not determined; PDB, Protein Data Bank ID.

(see TABLE 2), which hinder the subunit in carrying out its
principle function of deciphering the genetic informa-
tion encoded in the mRNA (80X 1). Binding of amino-
glycosides such as geneticin, paromomycin (FIG. 2) and
apramycin at the decoding site of the 30S subunit have
been well studied by NMR** and crystallography*¢-.

The 508 subunit is targeted by a wide range of drugs
that bind within three main regions (FIG. 1) to inter-
fere with the subunit’s main functions in controlling
GTP hydrolysis, the formation of peptide bonds, and
channelling the peptide through the subunit tunnel
(80X 1). Binding of the thiopeptide antibiotics such
as thiostrepton inhibit GTP-associated processes™*?,
whereas the oligosaccharide antibiotics avilamycin and
evernimicin interrupt a subset of these processes by
binding to their own distinct site®*. So far, there are
no crystallographic data on the thiopeptide or oligo-
saccharide compounds bound to their sites on the
50S subunit. Interactions of drugs at the third bind-
ing region on the 50S subunit (FIG. 1) have, however,
been subject to rigorous crystallographic study. This
latter region is extensive, covering the upper part of the
tunnel together with the peptidyl-transferase centre,
and accommodates a diverse range of drugs, including
the MLS, (macrolide, lincosamide, streptogramin B)
compounds™**>¥-%, chloramphenicol*”*, puromycin'¢,
pleuromutilins®*®* and oxazolidinones®>**.

Below, we concentrate on drug targets at the two
main and best-characterized reaction centres in the
ribosome — the aminoglycoside target at the decod-
ing site on the 30S subunit, and the target for MLS,
compounds adjacent to the peptidyl-transferase centre
in the 50S subunit.

The decoding site on the 30S subunit

The decoding site is part of the ribosomal A site and
is situated at the end of the 16S rRNA helix 44 on
the 30S subunit interface (80X 1). The function of the
decoding site is to monitor codon-anticodon pairing
after the aminoacylated tRNA has been placed in the
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Figure 2 | Chemical structures of a selection of ribosome-targeting drugs. a | Geneticin and paromomycin are
aminoglycosides, and their common neamine structure (rings | and Il) is highlighted. Clindamycin is a derivative of the
lincosamide antibiotic lincomycin. b | Dalfopristin and quinupristin are streptogramin A and B compounds, respectively.

c | Erythromycin and tylosin are naturally occurring macrolides, with 14- and 16-membered macrolactone rings, respectively
(highlighted) and different sugar residues. Telithromycin is a ketolide antibiotic (so-called because the cladinose sugar at the
3-position has been substituted by a keto-group), and is one of the latest semi-synthetic derivatives of erythromycin.

A site by elongation factor Tu complexed with GTP.
Within the decoding site, two universally conserved
nucleotides, A1492 and A1493, are essential for the
monitoring process, particularly at the first two bases
of the codon®>*. When there is a cognate fit between
the mRNA codon and the tRNA anticodon, their

ribose—phosphate backbone adopts a geometry that
favours hydrogen bonding with the bases of nucleo-
tides A1492 and A1493. To engage in this interaction,
A1492 and A1493 must first flip out of helix 44 into
the conformation illustrated in FIG. 3. Binding of tRNA
to the A site is also accompanied by other changes in
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Figure 3 | The decoding site at the interface of the 30S ribosomal subunit. Nucleotides A1492 and A1493 are shown in
the conformation that they adopt after having flipped out of the 16S rRNA helix 44 to interact with an mRNA codon (magenta)
and its cognate tRNA anticodon (green) at the ribosomal aminoacyl site®®. The conformational changes induced at these
nucleotides and at G530 are indicated by the arrows. The aminoglycoside antibiotics paromomycin (red) and geneticin (blue)
bind within helix 44 as shown*®, and induce a similar, but not identical, conformational shift in A1492 and A1493 (not shown).
Nucleotides G1405 and A1408, methylation of which confers aminoglycoside resistance, are indicated. Escherichia coli rRNA

nucleotide numbering is used throughout.

the 16S rRNA, including rotation (from ‘syn’ to ‘anti’)
of the nucleotide G530 base, which in turn provides
additional hydrogen-bond support for the flipped-out
conformation of A1492 and A1493.

These conformational changes in the 16S rRNA
initiate more extensive rearrangements that involve
several r-proteins, and result in the movement of the
head of the small subunit towards the large subunit®.
Information from the decoding site is also transmitted
directly through the tRNA to the large ribosomal
subunit®®*®. The large subunit and elongation factor Tu
respond in concert to this set of signals by triggering
hydrolysis of the GTP molecule. The amino acid at the
3’ end of the A-site tRNA is then accommodated into
the peptidyl-transferase centre and becomes optimally
aligned for addition to the peptide chain (BoX 1). By
contrast, no peptide bond will be formed when an
A-site tRNA has a mismatched codon-anticodon pair.
The irregular backbone of a tRNA-mRNA mismatch
will offer insufficient interaction potential for A1492
and A1493 to flip out unaided from helix 44, and
therefore no signal for peptide-bond formation will
be initiated.

Geneticin and paromomycin are two classes of
aminoglycoside drugs that bind within helix 44 adja-
cent to nucleotides A1492 and A1493 (REFS 47,48,70).
Both aminoglycosides are based on a common
neamine structure consisting of two amino-sugar rings

(I'and II), although they differ in the manner in which
ring II is substituted with additional sugar residues
(FIG. 2). Rings I and II make specific interactions within
the distorted major groove of helix 44 at the amino-
glycoside-binding site***. On binding, the drugs
coerce A1492 and A1493 to flip out****® and adopt
a conformation similar to the one described above,
but without the participation of G530 (REFS 66,67).
Because the aminoglycosides switch the conforma-
tion of A1492 and A1493 irrespective of whether
there is a cognate codon-anticodon match, they
greatly increase the risk that erroneous signals will
be conveyed to the large subunit and lead to the
addition of incorrect amino acids to the nascent
peptide chain.

Mutations”"”? and methylations’~”> confer resis-
tance to aminoglycosides by altering their contact
surfaces within helix 44. For instance, methylation
at the N1 position of nucleotide A1408 by the KamA
methyltransferase interferes with the placement of ring
I into the aminoglycoside-binding site, and results in
resistance to neamine’. Methylation of the N7 posi-
tion of G1405 by the Grm methyltransferase confers
resistance to geneticin-class aminoglycosides, but not
to paromomycin”. This difference between geneticin
and paromomycin is due to the relative positions of
their ring IT substituents, which only in geneticin clash
with the methyl group on G1405 (FIG. 3).
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HAIRPIN

A structural element that makes
a180° turn and doubles back on
itself; in proteins, normally
formed from a 3-strand.

POLYKETIDES

Secondary metabolites that are
biosynthesized in a stepwise
manner from simple 2-, 3- and
4-carbon building blocks; can
have antimicrobial, antifungal,
antiparasitic, antitumour or
agrochemical properties.

MACROLACTONE RING
The cyclic ester ring at the core
of macrolide antibiotics.

Figure 4 | Binding sites of macrolide, lincosamide, streptogramin B (MLS,) antibiotics within the 50S subunit tunnel.
a | Subunit cross-section showing the upper portion of the tunnel from the peptidyl-transferase centre (at A2451) to the narrow
bend at r-protein .22. The subunit structure is drawn from the coordinates of Tu et al.*?; r-proteins are in blue and rRNA is in
grey. The relative positions of the binding sites for the macrolide tylosin (red)*, the streptogramin A compound dalfopristin
(vellow), the streptogramin B compound quinupristin (magenta) and the lincosamide clindamycin (green)*? are shown. Key
nucleotides involved in drug contact and resistance are indicated; some of the nucleotides shown (748, 2058 and 2609) are
above the plane of the cross section. Methylation or mutation at nucleotide A2058 disrupts contact and confers resistance to all
MLS, compounds, whereas methylation at G748 affects only tylosin®®. b | The same tunnel section showing the conformations

of telithromycin seen in Haloarcula 2058A-subunits (red)*? and in Deinococcus subunits (yellow)

192 The structure in green is a

model of telithromycin binding derived from chemical protection on Escherichia coli ribosomes!'®.

The ribosomal tunnel in the 508 subunit

The newly synthesized peptide chain passes through
the 50S subunit tunnel (BOX 1), which is approxi-
mately 100 A in length and runs from the peptidyl-
transferase centre at the interface cavity for the P-site
tRNA to emerge on the back of the ribosome. The
inside wall of the tunnel is highly irregular in shape
and in the upper portion closest to the interface it is
lined mainly by rRNA (FIG. 4). The narrowest portion
of the tunnel is about one-third of the way down, ata
bend where the B-nareiN elongations from r-proteins
L4 and L22 merge with the rRNA structures. This
region of the tunnel has been shown to act as a sensor
and control point where the synthesis of certain pep-
tides can be paused (or ‘gated’), subject to metabolic
requirements**”¢, Perhaps not coincidentally, this
is also the region where the MLS, antibiotics bind
(FIG. 4a).

The interaction sites of the MLS, drugs overlap,
and this was first demonstrated by biochemical and
genetic studies showing that the drugs bind in a mutu-
ally exclusive manner’? and that ribosomes resistant to
one MLS, drug were usually co-resistant to the others”.
The crystal structures of the MLS, drugs on the 50S
subunit set these earlier data wonderfully in perspective.

Superposition of the drugs in the tunnel shows that the
structures clearly overlap and make several common
contacts around 23S rRNA nucleotide A2058 (FIG. 4a).
Nucleotide A2058 has for a long time been recognized
as the key player in MLS, interaction and resistance™,
and the crystal data reveal that each class of drugs forms
its own unique set of interactions with additional nucleo-
tides. For instance, streptogramin A and B compounds
bind synergistically to adjacent sites***, and in one of
the structures, the synergy is suggested to be mediated
by a conformational shift in nucleotide A2062 (REE 42)
(FIG. 4a). Lincosamides are smaller molecules and
occupy the region between A2058 and the peptidyl-
transferase centre, overlapping with the streptogramin
A site*>””. The macrolides also interact at A2058 but
reach further down the tunnel, making contact outside
the lincosamide and streptogramin sites.

The site of macrolide antibiotic interaction

Macrolides are naturally occurring poLYKETIDE com-
pounds that are synthesized by actinomycete bacteria.
Effective antimicrobials consist of a MACROLACTONE RING
of between 14 atoms (in the case of erythromycin) and
16 atoms (tylosin, spiramycin and carbomycin) with
many substituents, including up to three neutral and
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MACROLIDE 5-AMINO SUGAR
The nitrogen-containing sugar
directly attached to the
5-carbon of the macrolactone
ring (desosamine in
erythromycin and mycaminose
in tylosin).

ELECTROSTATIC
INTERACTIONS

Interactions between charged
molecules or atoms.

HYDROPHOBIC INTERACTIONS
Interactions that rely on the
tendency of non-polar groups
to aggregate to avoid contact
with a polar solvent.

amino sugars”®. The sugars make up the main spe-
cific contacts with the tunnel wall. Macrolides assert
their inhibitory effects by aborting the growth of the
nascent peptide chain. Bulky macrolides tend to block
peptides as short as two amino acids in length, whereas
smaller macrolides allow the chain to reach six to eight
residues®. Also, the sequence of the peptide can influ-
ence its encounter with the drug®*. Furthermore,
the 5-disaccharide on the larger macrolides such as
tylosin (FIG. 2) reaches back up the tunnel to the pep-
tidyl-transferase centre (FIG. 42) and directly interferes
with peptide-bond formation"**. Macrolides have yet
another inhibitory effect in their repertoire and block
the manufacture of new 50S ribosomal subunits by
binding to precursor particles as they are assembled
from their r-protein and rRNA components®.

The structures of naturally occurring macrolides
have been manipulated in countless ways to obtain
compounds with improved pharmacological proper-
ties” 886, Most new macrolide compounds are semi-
synthetic derivatives of erythromycin (FIG.2) and
include azithromycin with its 15-membered ring®,
and the latest generation of derivatives, the ketolides.
Telithromycin is the first clinically prescribed ketolide
and has shown improved activity against Gram-positive
pathogens, including macrolide-resistant strains®” %,
Macrolide structures have also been altered by genetic
manipulation of the polyketide-synthesis operons
in the actinomycete producers®, and this approach
holds considerable promise for the production of new
compounds with novel pharmacological properties.

Macrolide crystal structures

Crystallographic data on the binding of macrolides
to their ribosomal site are presently available for the
Haloarcula and Deinococcus 50S subunits (TABLE 3).
Each system has its own strengths: the data from the
archaeon Haloarcula are better resolved, whereas
the bacterial Deinococcus system is more closely
related to the ribosomes of pathogens. Despite the
phylogenetic distinction, the consistency between
the two species of ribosome is remarkably good.
Both systems show that macrolides bind to the same
position of the ribosomal tunnel, with the macroLiDE
5-AMINO SUGAR, which is essential for drug activity,
oriented to form ELEcTROSTATIC INTERACTIONS With the
polar groups on the 23S rRNA nucleotides 2058 and
2059 (REFS 42,57,58,89) (FIG. 4).

In the Deinococcus structure, the 4,5,6-positions
of the macrolactone ring fit snugly against the tun-
nel wall, forming HyprOPHOBIC INTERACTIONS With the
minor groove edges of nucleotides A2058 and A2059
(REE 57). A corresponding fit is hindered in the wild-
type Haloarcula subunits, in which nucleotide 2058
is a guanosine and has a polar amino group on the
minor groove edge that displaces the macrolactone
ring towards the lumen of the tunnel®. In wild-type
bacteria, nucleotide 2058 is an adenosine, and sub-
stitution of guanosine causes a 10*-fold drop in the
binding affinity of the macrolide erythromycin®.
Consistent with this, Haloarcula is naturally resistant

to macrolides. Binding to wild-type Haloarcula sub-
units was achieved by the use of drug concentrations
that were several orders of magnitude above physi-
ological levels®®. Despite the use of these high drug
concentrations (that were comparably high in some
of the earlier Deinococcus studies™), the crystal struc-
tures generally fit well with biochemical and genetic
data. It is, however, a welcome refinement that G2058
in the Haloarcula 23S rRNA has recently been substi-
tuted for an adenosine (2058 A-subunits)*, a change
which gratifyingly increases the macrolide-binding
affinity by 10*-fold. Intriguingly, this improvement in
binding is not accompanied by a change in either the
orientation or the conformation of the drugs within
the MLS, site. In the case of azithromycin, binding
data are available for wild-type Haloarcula subunits™
and also for 2058A-subunits*>. The only structural
difference seems to be that, in the latter case, azithro-
mycin is shifted about 1 A closer to A2058 on the
tunnel wall.

Some differences in the findings from the
Deinococcus and Haloarcula crystallographic systems
remain to be resolved. The conformations of the macro-
lactone rings are different in the two systems, and
forceful cases have been made for the validity of each
structure. Salinity differences between Haloarcula and
bacterial ribosomes could conceivably cause an alter-
native macrolactone conformation®, as could sequence
differences including 23S rRNA nucleotide 2058 and
the neighbouring base pair 2057-2611 (REFS 91,92).
These arguments are partly deflected by the recent
structures of Haloarcula ribosomal subunits with
A2058, in which macrolides are bound as tightly as to
bacterial subunits*2. Furthermore, the macrolactone
conformation seen in Haloarcula ribosomes matches
that from an independent NMR study®?, showing that
this drug conformation has the lowest free energy in
aqueous solution, and would therefore be expected to
be more probable from thermodynamic considera-
tions. Whether this reasoning can be extrapolated to
the interior of the ribosome where, as discussed above,
ribosomal components can take on conformations that
would be thermodynamically unfavourable in free
solution, is still a matter of contention.

While these differences in the antibiotic confor-
mations are subtle, they are far from trivial, as they
influence our perception of drug-binding and resist-
ance mechanisms. We consider two cases below: that
of tylosin, in which the crystallographic data match
well with the biochemical and genetic data; and that
of telithromycin, in which, despite overall agreement
on the binding site, the Deinococcus and Haloarcula
crystals and the biochemical and genetic data all point
towards different drug conformations.

Tylosin and telithromycin. Tylosin has a 16-membered
macrolactone ring with a disaccharide (mycaminose-
mycarose) on the 5-position and a mycinose sugar
extending from the 14-position (FIG. 2). The crystal
structure of wild-type Haloarcula 50S subunits®®
shows how the mycaminose amino sugar interacts
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Table 3 | Antibiotics that target the 50S ribosomal subunit with nucleotide 2058, while the mycarose extends
. further up the tunnel towards the peptidyl-transferase
2l L Resolution (A) ~ System ek centre. The mycinose sugar attaches the drug to the
Macrolides and ketolides* opposite side of the tunnel by contacting the rRNA
Carbomycin 1K8A 3.0 Haloarcula 58 at nucleotide 748 (FIG. 4a). This orientation of tylosin
Spiramycin KD 20 Haloarcula =8 in its binding site fits with the chemical-protection
data®, and is also consistent with the genetic data on

Tylosin 1KOM 3.0 Haloarcula 58 tylosin resistance®*’ (discussed below).
Azithromycin 1MAK 3.2 Haloarcula 58 Telithromycin binds more strongly to ribosomes
T — INWY 33 Deinococeus 89 than the parent macrolide e.rythromycm., largely
because of the alkyl-aryl substituent extending from
Azithromyain 1YHQ 24 Haloarc-2056A 42 the macrolactone-ring positions 11 and 12 (REFS 98,99)
Erythromycin 1JzY 35 Deinococcus 57 (FIG.2). In Haloarcula 2058 A-subunits, the aryl moi-
Erythromycin 1v12 57 Haloarc-2058A 40 ety contributes to telithromycins binding by stacking
) . . onto the base of nucleotide 2609 (FIG. 4b). This fits well
CE T s 59 CEROTEOES o with some of the data from chemical-protection and
Roxithromycin 12z 3.8 Deinococcus 57 genetic studies on E. coli ribosomes'®!*!, but less well
Troleandomycin 10OND 3.4 Deinococcus 40 with other data showing protection at nucleotide A752
ABT 773 TNWX 35 Deinococeus 89 (REF§ 98,9.9). In Deinococcus SQS crystals'®, telithro-
mycin binds to the same region of the tunnel, but
Telithromycin 1POX 3.4 Deinococcus 102 its macrolactone ring has a stretched conformation
Telithromycin 1Y1J 26 Haloarc-2058A 42 compared with the structure in Haloarcula 50S, and
STepIogIamInA- this orients the alkyl-aryl substituent further down the

tunnel (FIG. 4b).

Virginiamycin M N8R 3.0 Haloarcula 59 So far, the reasons for these discrepancies are not
Virginiamycin M 1YIT 2.8 Haloarc-2058A 42 clear. Biochemical and genetic data have repeatedly
Dalfopristin 1SM1 3.4 Deinococcus 60 proven their worth in identifying drug-binding sites,

but extrapolating these data to form structural models

St ALE el is fraught with difficulty. Crystallography is by far the

Quinupristin 1SM1 3.4 Deinococcus 60 most accurate structural approach, although compari-
Quinupristin 1YJW 2.9 Haloarc-2058A 42 son of data is complicated by differences in the systems
. . discussed above. On the basis of available data, it is fea-
Lincosamides* . . . L
sible that the conformation of telithromycin might be
Clindamycin 142X 3.1 Deinococcus 57 different when bound to ribosomes from Escherichia,
Clindamycin 1YJN 3.0 Haloarc-2058A 42 Deinococcus and Haloarcula.
Nucleoside based' ) .
. . Resistance to macrolides
Chloramphenicol KOt 35 Deinococcus 57 Mutations at nucleotide 2058 and its neighbours alter
Chloramphenicol 1NJI 3.0 Haloarcula 59 the main anchoring point for macrolides and tend
Anisomycin 1K73 3.0 Haloarcula 59 to confer strong resistance to most of these drugs'®,
s . pp— . iy 7 =5 presumably by disturbing the drug fit in its binding
parsomyain : aloarcuia site?®4291191 More modest resistance effects limited
Blasticidin S 1KC8 3.0 Haloarcula 59 to certain macrolide subgroups are brought about by
Puromycin derivative ~ 1FFZ 3.2 Haloarcula 16 mutations around nucleotide 752 (REFS 97,98) and by
- mutations in r-proteins L4 and L22 (REFS 105-109). The
Pleuromutilins* . - . .

—— . r-protein mutations are invariably at the ends of the L4
Tiamulin 1XBP 35 Deinococcus 62 and 122 hairpin structures situated close to the MLS,
Valnemulin - - nd - site, and can be seen from cryo-electron microscopy™

i 3 10cll0
Oxazolidinones’ and biochemical s.tu.d'les to affect the tl}nnel shape

. . and rRNA accessibility. The L22 mutations confer
Linezolid - - np - resistance without reducing binding affinity for erythro-
XA043 - - nd = mycin'®'%, and this is explained by a local change in
*Bind in peptide exit tunnel and interfere with the elongation of the nascent peptide. Some the 122 hairpin'!' that increases the tunnel width at
16-membered macrolides (tylosin, carbomycin and spiramycin) also inhibit peptide-bond the MLSB site to allow passage of the nascent peptide

formation. *Block peptide-bond formation. SPrevent elongation of nascent peptide. Iarious
effects. IDecrease translational fidelity. Thiopeptide compounds, such as thiostrepton and
micrococcin, interfere with guanosine-nucleotide-triphosphate hydrolysis, whereas

despite erythromycin binding*.
In many pathogenic and macrolide-producing bac-

orthosomycins, such as avilamycin and evernimycin, interfere with binding of transfer RNA and teria, resistance is caused by methylation of the rRNA”
possibly initiation factor-2. Crystal structures have not been determined for these antibiotics. rather than by mutation. Specific methylation of the
Thg De/nococcug and Haloarcula systems refer to 50S subu'mts from the bacltenulm N6 position of nucleotide A2058 in the 23S rRNA is
Deinococcus radiodurans and the archaeon Haloarcula marismortui, respectively; Haloarc- i

2058 are Haloarcula 50S subunits containing a G2058 to A2058 substitution in the 23S rRNA. catalysed by members of the Erm family of methyl-
nd, crystal structure not determined; np, not published; PDB, Protein Data Bank ID. transferases''?. Erm methyltransferases differ according

878 | NOVEMBER 2005 | VOLUME 3 www.nature.com/reviews/micro
© 2005 Nature Publishing Group



REVIEWS

to whether they add one or two methyl groups to this
nucleotide position’”'*. Monomethylation confers
the so-called MLS,, type I phenotype, with high resist-
ance to lincosamides, low-to-moderate resistance to
macrolide and streptogramin B antibiotics”**, but no
resistance to ketolides such as telithromycin'"*. Erm
dimethyltransferases confer the MLS, type II pheno-
type, with high resistance to all MLS, antibiotics’'"*
and to telithromycin'", and this is the more common
resistance mechanism in bacterial pathogens.

Dimethylation at the N6 of A2058 occludes the
main contact site for all the MLS, drugs and consti-
tutes the most effective form of resistance against these
drugs. It is surprising therefore that, in addition to an
Erm dimethyltransferase, some bacteria have their own
idiosyncratic resistance mechanisms. For instance, the
tylosin-producing actinomycete Streptomyces fradiae
has a combination of Erm mono- and dimethyltrans-
ferases®®* in addition to a third methyltransferase
(RImA™") that is specific for the N1 of nucleotide
G748 (REE. 116). The Erm dimethyltransferase is first
expressed when tylosin levels are relatively high. Up
to this point, tylosin resistance is conferred by the syn-
ergistic action of the Erm monomethyltransferase and
RImA", with neither methylation on its own causing
any appreciable reduction in tylosin binding®. The N1
of G748 points into the lumen of the 50S ribosomal-
subunit tunnel facing nucleotide A2058 approxi-
mately 15 A away®>*2, and the resistance mechanism
is explained by the position of tylosin in its binding
site® (FIG. 4a). It is not clear why S. fradiae has retained
this array of rRNA methyltransferases, and the meth-
ylations could possibly have other functions, such as
facilitating the passage of the nascent peptide through
the tunnel.

Where to from here?

The high-resolution crystal structures of the antibiotic-
binding sites make interpretation of much of the bio-
chemical and genetic data more or less straightforward.
From the crystal structures, we can now perceive how
drugs exercise their inhibitory effects, how drugs with
overlapping sites can mutually exclude each other’s
binding, as well as how mutations and methylations
confer resistance to specific or multiple drug classes.
Also, the crystal structures help us to speculate about

how existing drugs might be improved, or novel drugs
created, to circumvent resistance.

Derivatizing existing drugs to improve interaction
at their binding site is an approach that has received
considerable attention in the pharmaceutical industry,
and is illustrated by the macrolide drugs’**%* and
the most recent ketolide derivatives'"'"”. Rational
approaches based on crystallographic data have been
applied to the design of new aminoglycosides* and to
the development of hybrid drugs, such as chimaeric
oxazolidinone-macrolide compounds based on lin-
ezolid and azithromycin'*. Presumably, these novel
drugs target the same sites as the parent compounds,
but do so with greater affinity.

A considerably greater challenge is how to identify
and target unexploited sites with novel drugs. A large
variety of natural compounds inhibit the ribosome by
binding to relatively few sites (FIG. 1). So far, we do not
know whether these are the only sites that are effective
points of inhibition, or whether there are other possible
sites that remain undiscovered — either owing to our
lack of observational skill or because three and a half
billion years of evolution has been too short a time to
try them out. The ribosomal tunnel offers a plethora of
nooks and crannies that could potentially act as target
sites. For instance, a putative second azithromycin site
further down the tunnel®, although as yet uncorrobo-
rated, could indicate a potential site against which to
design a novel drug.

In conclusion, we find ourselves in an exciting new
era of ribosome and antibiotic research, although the
work cited here is by no means the final chapter con-
cerning what we need to know about the ribosome.
The ribosome is a complex, dynamic machine that
directs the multi-stage process of translation. Snapshots
of several of these stages have been captured by cryo-
electron microscopy, whereas fewer, but more highly
resolved, shots have been caught by crystallography.
Although these still-frame pictures are impressive
and informative, we are still looking forward to seeing
the entire ‘movie’ of protein synthesis at high resolu-
tion. The present crystal structures form a basis for
understanding and improving antimicrobials and,
together with additional and better-resolved data, will
undoubtedly lead to the rational design of effective
novel compounds.
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