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A
lmost all antibiotics used in
clinical medicine owe their ori-
gin to natural compounds. Dis-
covery of these compounds has

traditionally been driven by an outward-
looking Saganesque conviction (some-
where, something incredible is waiting to
be known) that broad screening of many
hundreds of species of bacteria and fungi
would unearth novel antimicrobials. In-
disputably, this approach has yielded re-
sults. More than 200 species of free-living
actinomycete bacteria have been shown to
produce antimicrobial compounds. Many
of these compounds have been of medical
value, and their usefulness could be ex-
panded by chemical tweaking to improve
pharmacological properties. The discovery
and development of antimicrobial drugs
has, however, been an arduous and ex-
pensive process. For instance, the macro-
lide antibiotic erythromycin originates in
the actinomycete Saccharopolyspora eryth-
raea and has been derivatized by numerous
pharmaceutical companies over the past
50 y to yield thousands of compounds (1);
a few promising leads were then subjected
to lengthy pharmacokinetics testing, toxi-
cological studies, and clinical trials in pre-
paration for the approval process. After
finally entering the clinic, the lifespan of
an antimicrobial drug might be short and
risks being curtailed at any time by bacte-
rial resistance. Such considerations have
caused major drug companies to opt out of
antimicrobial development (2), leaving
medical science without an adequate flow
of new antibiotics. The drug discovery
process obviously needs streamlining but
not at the expense of drug testing, safety,
and approval. Two studies in PNAS (3, 4)
indicate how the antimicrobial pipeline
might be fed with likely drug candidates
that target the bacterial ribosome.
Ribosomes are essential catalytic struc-

tures in all living cells and carry out the
task of synthesizing new proteins. Key
structural differences between bacterial
and human ribosomes make it possible
to direct therapy against the pathogen, and
consequently, a large proportion of clini-
cally approved antibiotics target the bac-
terial ribosome (5). Antibiotic use over
recent years has exerted a strong selective
pressure on bacteria, and resistance to all
of the ribosome-targeting antibiotics has
arisen in one bacterial pathogen or an-
other (6); some pathogens now have such
a comprehensive collection of resistance
mechanisms that they have become virtu-
ally untreatable with antibiotics. The

present challenge is to design novel com-
pounds that inhibit new targets in bac-
teria or that are capable of side-stepping
resistance mechanisms to reuse the old
targets, and for this, atomic resolution
structures of the drug targets are indis-
pensable tools.
The first atomic models of the ribosome

structure were elucidated by X-ray crys-
tallography about a decade ago (7). Since
then, continual refinements have revealed
the folding of the RNA and protein
components within the two subunits of
the ribosome and how they interact with
each other, as well as with auxiliary factors
and antimicrobials. A noteworthy mile-
stone for this work was the award of the
2009 Nobel Prize in Chemistry (8) to three
of four major researchers in the field. The
history of ribosome research is, in fact,
much older, stretching back to the era of
microscopists, biochemists, and geneticists
who determined the rough ribosome ar-
chitecture, how antibiotics work, where
they bind, and how resistance occurs (9).
The rRNA was shown to be essential
and the probable catalytic moiety in ribo-
somes (10), and antibiotics block protein
synthesis by binding to specific rRNA
nucleotides (11). Many actinomycete bac-
teria, including the erythromycin pro-
ducer, avoid committing suicide during
antibiotic production by protecting their
own ribosomes through rRNA methyla-
tion (12), and this same mechanism has
been picked up by many pathogenic bac-
teria (13). Methylation, or nucleotide

mutation, can confer resistance to chemi-
cally dissimilar compounds, indicating
that there is overlap between antibiotic
sites (10, 12). The subsequent contribution
of the crystallographers was to provide
accurate tertiary structures that revealed
the orientations and molecular contacts
of antibiotics within these ribosomal
binding sites.
Medical considerations would dictate

a preference for structures of ribosomes
from bacteria linked with diseases such
as meningitis, septicemia, or tuberculosis;
however, technical practicality led to
the use of ribosomes that produce the
best diffracting crystals. As a result, ribo-
somes were recruited from Deinococcus
radiodurans (14), a radiation-resistant
bacterium; Thermus thermophilus (15),
a thermophilic bacterium that requires
temperatures around 70 °C to grow opti-
mally; and Haloarcula marismortui (16), an
archaeon that is evolutionarily distant
from bacteria as it is from humans. De-
spite the varied and nonpathogenic origins
of these ribosomes, most of the antibiotic
binding data have proved remarkably
relevant and robust.
On delving deeper into the atomic

details, however, there was a lack of con-
sensus. The Deinococcus and Haloarcula
structures proposed different confor-
mations for the lactone ring of erythro-
mycin and related macrolides (14, 16); the
orientation of part of clindamycin (a lin-
cosamide) was flipped by 180°, as was the
entire chloramphenicol molecule, com-
pared with an analogous inhibitor aniso-
mycin. Furthermore, the crystallographic
models disagreed, not only with each other
but also with genetic and biochemical data
(17), over the position of a pair of het-
erocyclic (imidazolo-pyridyl) substituents
that had been added to erythromycin to
form its latest clinically approved de-
rivative, telithromycin (18). The question
on all ribosomologists’ lips was as follows:
were these discrepancies caused by fun-
damental species differences in the ribo-
somes or problems with the resolution and
interpretation of the data? The answer
seems to be that it was a bit of the former
(4) but mainly the latter (3, 4).
Several classes of antibiotics interact

with key nucleotides at the bacterial

Fig. 1. Secondary structure of the peptidyl trans-
ferase center in E. coli 23S rRNA. The site of
erythromycin resistance methylation at A2058 is
shown in red. Key nucleotide interactions (blue)
that support antibiotic binding are the same in
T. thermophilus but different inH. halobium rRNA.
D. radiodurans rRNA has C752 (21) and thus lacks
the 752–2609 bp onto which the telithromycin
heterocycles would stack.
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peptidyl transferase center (the catalytic
site of peptide bond formation) in the
large subunit 23S rRNA. The most notable
contact is at nucleotide 2058, which is
conserved as an adenosine in all bacteria
(Fig. 1). Methylation of A2058, or its
substitution for a guanosine, sterically in-
terferes with the binding of macrolide,
lincosamide, and streptogramin B (MLSB)
compounds, conferring collective re-
sistance to these drugs. Eukaryotes, from
yeast to humans, and archaea, to which
Haloarcula belongs, all have a guanosine
at 2058 and thus are naturally resistant to
MLSB drugs. Remarkably, some of the
larger macrolides, such as tylosin and
carbomycin, at high concentration could
be bound to Haloarcula ribosomes, giving
clear changes in the electron density (16).
Substituting an adenosine at 2058 in the
Haloarcula rRNA greatly improved bind-
ing and enabled study of the smaller

macrolide erythromycin (19). However,
a single mutation does not a bacterial ri-
bosome make; this was underlined by yeast
ribosomes, which still do not bind eryth-
romycin after changing their G2058 to an
A (20). Therefore, despite the high quality
of the Haloarcula structures, reservations
remained about whether the results re-
flected the true state of affairs on the
bacterial ribosome.
These antibiotic interactions have now

been revisited on ribosomes from Thermus
(3) and Escherichia coli (4), the latter or-
ganism being a bona fide pathogen. These
two independent studies are in excellent
agreement with each other and vindicate
the earlier Haloarcula data concerning
the conformation of the macrolide lactone
ring and the orientations of chloram-
phenicol/anisomycin and clindamycin in
their binding sites. This is not the same as
saying that Haloarcula is an optimal model

for antibiotic binding—the rRNA se-
quence variations (Fig. 1) make a differ-
ence in clindamycin’s nucleotide contacts,
displace chloramphenicol from its au-
thentic site, and determine where the te-
lithromycin heterocycles come to rest.
These are, of course, minor details.

However, it is precisely the minor details
that need to be understood when de-
signing compounds that slot specifically
and with high affinity into niches that
are unique to the bacterial ribosome.
These latest datasets now invite an inward-
directed search for new compounds to
block ribosomal sites and discover that,
right there, something interposable is
waiting to be conceived.
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