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1. Introduction

The process of protein translation and, in particu-
lar, the macromolecular ribozyme that is the ribo-
some were among the first recognized molecular
targets for antibiotics. A great number of these
antibiotics have since found clinical use or therapeu-
tic promise over the past 50 years (Table 1). Transla-
tion and the ribosome remain outstanding drug
targets with numerous efforts directed toward further
mining the potential of this ribozyme and associated
activities in drug design. The recently available high-
resolution structures of virtually all components of
translation and the intact ribosome now make struc-
ture-based drug design across the components of the
whole process a reality.! * The chemical diversity of
compounds that can productively interfere with ri-
bosome action is astonishing and includes cationic
aminoglycosides and neutral carbohydrates, mac-
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rolides, peptides, and diverse small molecules (Figure
1). These act by exploiting numerous binding sites
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Table 1. Antibiotics that Target Bacterial Translation

binding site,

antibiotic molecular target subunit
aminoglycosides 16S rRNA A, 30S
tetracyclines 16S rRNA A, 30S
macrolides 23S rRNA P, 50S
streptogramins 23S rRNA P, 50S
oxazolidinones 23 RNA P, 50S
lincosamides 23S rRNA P, 50S
chloramphenicol 23S rRNA P, 50S
edeine 16S rRNA P/E, 30S
thiostrepton 23S rRNA P, 50S
everninomycins 23S rRNA P, 50S
pleuromutilins 23S rRNA P, 50S
fusidic acid EF-G
mupirocin Ile t-RNA synthetase

on the ribosome and ancillary proteins necessary for
translation fidelity.

The availability of 3D structures of the various
protein and rRNA components required for transla-
tion represents the beginning of a new era in anti-
biotic biochemistry.? Co-structures of ribosome-
targeted antibiotics with the intact ribosomal subunits

HaN
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are now available for a growing number of antibiotics,
permitting for the first time examination of structure—
function analysis of this complex structure.! Already
this work has resulted in a new understanding of
antibiotic—ribosome interaction that has served to
rationalize decades of painstaking biochemical re-
search on antibiotic mode of action and resistance.
Furthermore, the availability of these remarkable
structures, even at the relatively low resolution
presently on hand, has permitted the first forays into
structure-based drug design that no doubt will launch
a new generation of ribosome-directed antibiotics.

The importance of the ribosome as a drug target
can readily be seen in other reviews in this special
issue of Chemical Reviews. This review will address
the structure, mode of action, and resistance to the
streptogramin and oxazolidinone antibiotics, two
distinct classes of antibiotics that have recently been
brought to market for treatment of bacterial infec-
tions. In addition, a brief discussion of some new and
old classes of antibiotics that block translation will
be presented.
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Figure 1. Structural diversity in inhibitors of bacterial translation.
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2. Molecular Basis of Protein Translation

Bacterial protein synthesis is an iterative process
consisting of initiation, peptide elongation, and ter-
mination events (Figure 2). This process is carried
out by a number of cytoplasmic factors associated
with ribosomes, which are large ribonucleoprotein
assemblies made up of two unequal subunits (30S
and 50S) that associate at the onset of translation
initiation events. The ribosomal architecture is best
viewed in context of the three tRNA binding sites
that span both subunits: the amino—acyl tRNA
binding/decoding A site, the peptidyl—tRNA binding
P site, and the E site, where the uncharged tRNA
exits. The active site of the ribosome, the peptidyl-
transferase complex (PTC), lies at the interface of the
A and P sites on the 50S subunit, and the growing
peptides exit the ribosome via a 100 A hydrophobic
tunnel that opens at the back of the PTC.b

Initiation of translation begins with the formation
of a ternary complex consisting of the 30S subunit,
mRNA, and the initiating tRNA charged with formyl
methionine (fMet).” The fMet-tRNA binds to the P
site and is the only tRNA to do so as all subsequent
amino acyl-tRNAs (aa-tRNAs) must enter through
the decoding A site (Figure 2, Step 1). The initiation
step is dependent on three initiation factors: IF-1,
IF-2, and IF-3. IF-1 is approximately 70 amino acids
in length, possessing a large S1 RNA binding domain,
and binds in the A site.? IF-2 promotes GTP-depend-

6. IF1, -2, IF-3 GTP
RF1, RE-2, * Prestin I A
e~

FFLRRF s

1 -

GOP P, EF-T

F1,IFZ I3

4.

TR EF.G

Figure 2. Overview of bacterial translation. Step 1.
Initiation. Association of initiation factors (IF-1, IF-2, TF-
3), mRNA, and fMet tRNA (GTP-dependent binding to P
site) with 30S ribosomal subunit. Step 2. Association of
508 ribosomal subunit to the ternary complex, completing
initiation complex. Step 3. Elongation. Ef-Tu-GTP deliv-
ers aa-tRNA into the A site followed by GTP hydrolysis
and accommodation into the A site. Step 4. Peptidyl
transfer occurs, transferring the amino acid from the tRNA
in the P site to the aa-tRNA in the A site. EF-G and GTP
aid in the translocation of the tRNA from the A and P sites
to the P and E sites. Step 5. The free tRNA in the E site
exits the ribosome along with the release of GDP+Pi and
EF-G. This is an iterative process in which the A site is
now unoccupied and prepared to receive an incoming aa-
tRNA. Step 6. Termination. Termination occurs upon
encountering a stop codon. Release factors (RF-1, RF-2, RF-
3, RRF) dissociate the complex, releasing the polypeptide,
mRNA, and ribosomal subunits, preparing them for recy-
cling.
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ent binding of the fMet-tRNA to the 30S subunit,
whereas IF-3 is believed to act as a fidelity factor
during the assembly of this ternary initiation com-
plex and as a means of preventing association of the
two subunits prior to initiation.? Upon formation of
the ternary initiator complex the 50S subunit associ-
ates with the 30S subunit followed by release of the
initiation factors (Figure 2, Step 2).

The next step in protein synthesis is elongation.
This consists of a series of codon—anticodon decoding,
peptide synthesis, and translocation events that have
been the focus of intense research over the past
decade. An elongation factor, EF-Tu bound with GTP,
is responsible for delivering the aa-tRNA to the A site
of the ribosome, where the decoding takes place
(Figure 2, Step 3). Decoding is an elegant molecular
process in which the ribosome ensures the accuracy
of the incoming aa-tRNA into the A site.!® Although
the aa-tRNA contains the anticodon for the respective
codon on the mRNA, this does not solely account for
the fidelity of protein synthesis. In fact, it has been
demonstrated that the energy difference between a
cognate codon—anticodon interaction and a near
cognate interaction is not large enough to account for
the high accuracy with which the ribosomes carry out
their function.'? The additional accuracy is con-
tributed by a process of dynamic conformational
changes in the ribosome decoding center that detect
orientation and geometry, resulting in incorporation
of correct amino acids onto the nascent chain.!314

The decoding process consists of a series of molec-
ular checkpoints that ensure the correct incorpora-
tion of amino acids.'® Ensuring that the correct amino
acid is incorporated occurs in two stages: prior to
GTP hydrolysis and after GTP hydrolysis. Decoding
begins with the reversible binding of the anticodon
of an EF-Tu-aa-tRNA complex to the codon at the A
site of the ribosome. If the interaction is noncognate
in nature, the complex will be released without
hydrolysis of GTP.'®> Although the dissociation con-
stants for cognate and near cognate codon—anticodon
interactions do differ, the initial selection process
does not readily distinguish between the two on the
basis of this difference. In principle, any EF-Tu-aa-
tRNA complex resulting in near-cognate interactions
can bind the A site. Discrimination between cognate
and near-cognate codon—anticodon pairing then oc-
curs at the second stage of proofreading, in which
geometry and overall fit of the aa-tRNA plays a
significant role in its stability and ultimately the rate
at which it is accommodated into the A site.!%16
Accommodation thus becomes a necessary factor for
a specific amino acid to be incorporated in the
growing peptide. Upon accommodation into the A
site, conformational changes in EF-Tu and the ribo-
some induce GTP hydrolysis, and EF-Tu release!$17
and peptidyl transferase reaction between the pep-
tidyl-tRNA and aa-tRNA can take place (Figure 2,
Step 4).

A fundamental process in the elongation step is
translocation. Translocation is the ratchet-like move-
ment of the ribosome along the mRNA by one codon,
resulting in the tRNA shifting from the A site to the
P site to the E site. The rate of this particular step
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is greatly increased by EF-G, which aids in translo-
cation in a GTP-dependent manner. The use of tRNA
mimics has recently shown this process to be a
complex series of interactions and events in which
the 3' end of the aa-tRNA in the A site undergoes a
180° rotation around a local 2-fold rotation axis in
the PTC, and shift of the rest of the tRNA molecule,
to enter the P site. This event occurs concurrently
with peptidyl transfer.!® Various residues within the
PTC cavity have also been suggested to guide and
rotate the tRNA as it passes from A site to P site
and subsequently guide the nascent peptide through
the exit tunnel.!8

Peptidyl transfer occurs in the PTC, which is
comprised only of RNA, and thus the ribosome is
clearly a ribozyme. The details of the chemical
mechanism of acyl transfer remain controversial, and
in particular, the contributions of acid—base catalysis
vs substrate proximity have been reviewed.51?

The final step of protein synthesis, termination,
occurs when the ribosome encounters a stop codon
in the mRNA at the A site (Figure 2, Step 6). Various
cytoplasmic factors, known as release factors, release
the polypeptide and prepare the ribosome for recy-
cling (RF1, RF2, RF3). RRF in conjunction with EF-G
is responsible for separating the subunits and the
associated components.

3. Streptogramin Antibiotics

3.1. Structures and Biosynthesis

Streptogramin antibiotics are natural products
produced by various members of the Streptomyces
genus. This family of antibiotics consists of two
subgroups, type A and type B, which are simulta-
neously produced by the same bacterial species in a
ratio of roughly 70:30.2921 Group A streptogramins
are cyclic polyunsaturated macrolactones that are
comprised of a hybrid peptide/polyketide structure
and are cyclized through an internal ester bond
between the carboxyl of the C-terminal amino acid
(generally Pro) and an internal hydroxyl group
(Figure 3). Structural variations in type A strepto-
gramins can arise from desaturation of the Pro
residue and by its substitution for Ala or Cys.??
Examples of group A streptogramins are pristina-

Antibiotic R1 R2 R4 X2 X
Pristinamycin ITx isopropyl | methyl | methyl (6] [9] Y, CH
(Virginiamycin M;) ‘L‘L N/

|
Madumycin II isopropyl | methyl | methyl OH | Alanine CH
Griseoviridin methyl H H OH | Cysteine (SH C
group linked to X)
Dalfopristin isopropyl | methyl | methyl (0] 0 CH

;\-u,.,
%N
O:

S
o

(CoHs)N

Figure 3. Structures of type A streptogramin antibiotics.
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Figure 4. Biosynthetic origins of various components of
group A streptogramin antibiotics.

mycin II5 (same as virginiamycin M;), madumycin
II, and the semisynthetic derivative dalfopristin
(Figure 3).

The biosynthetic origins of the components of the
group A streptogramin virginiamycin M; have been
investigated through traditional precursor fermenta-
tion experiments (Figure 4).22 The C-terminal dehy-
droproline predictably arises from Pro.22 A two-
enzyme system comprised of an FMN-dependent
monooxygenase and an FMN reductase that cata-
lyzes Pro oxidation has been purified and character-
ized from the pristinamycin 115 producer Streptomy-
ces pristinaespiralis.?*?® The oxazole ring is derived
from Ser,2326 which cyclizes in a fashion reminiscent
of other natural product antibiotics such as microcin
(reviewed in ref 27). The rest of the molecule is
largely comprised of acetate units derived from a
polyketide synthesis scaffold with the exception of
positions 9 and 10 (and likely the amide nitrogen),
which are derived from Gly, and the isopropyl group
that originates in Val (via crotonyl CoA). Methyl
groups 32 and 33 (Figure 4) originate from different
sources, respectively, Met and the methyl group of
acetate, derived from an uncharacterized decarboxy-
lation mechanism.?3

Group B streptogramins are cyclic hepta- or hexa-
depsipeptides, e.g., pristinamycin IA, virginiamycin
S, the semisynthetic quinupristin (Figure 5). The
nomenclature in this field is highly redundant with
several molecules reported in the literature having
an identical structure but different names; for ex-
ample, pristinamycin IA = streptogramin B = ver-
namycin Ba = mikamycin IA = ostreogrycin B =
PA114B1.28 The general composition of group B
streptogramins is 3-hydroxypicolinic acid-L-Thr-D-
aminobutyric acid (or D-Ala)-L-Pro-L-Phe (or 4-N,N-
(dimethylamino)-L-Phe)-X—L-phenylglycine. Residue
X is most commonly L-4-oxo or 4-hydroxypipecolic
acid but can also be Asp or Pro. The invariant
N-terminal Thr residue is N-acetylated with 3-hy-
droxypicolinic acid and forms a cyclizing ester linkage
with the C-terminal carboxyl group of the peptide via
its secondary hydroxyl group.

The biosynthesis of the unusual amino acids that
comprise type B streptogramins has not been exten-
sively studied. Labeled precursor feeding experi-
ments have shown that phenylalanine is the source
of phenylglycine?®3° and both 4-oxopipecolic acid and
3-hydroxypicolinic acid are derived from Lys305!
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Rs
Antibiotic R1 R2 R3 X
Pristinamycin 1A CH,CH; CH; N(CH;), 4 — Oxopipecolic Acid
Virginiamycin S1 CH,CH; CH; N(CH;), 4 — Oxopipecolic Acid
Virginiamycin S2 | CH,CH,3 H H 4 — Hydroxypipecolic Acid
Vernamycin B 8 CH; CH; NHCH; 4 — Oxopipecolic Acid
Vernamycin C CH,CHjs CH; N(CH;), Aspartic Acid
Patricin A CH,CH; CH; H Proline
Patricin B CH,CHj5 CH; H Pipecolic Acid
Ostreogrycin B3 CH,CHj3 CH; N(CH3), 3-hydroxy-4 — Oxopipecolic Acid
Quinupristin CH,CH; CH; N(CH;), L o
N
m
o]
S
©
N

Figure 5. Structures of type B streptogramin antibiotics.
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during the biosynthesis of virginiamycin S; by Strep-
tomyces virginiae. A four-gene system for the produc-
tion of 4-N,N-(dimethylamino)-L-Phe has been cloned
and partially characterized from the pristinamycin
producer Streptomyces pristinaespiralis.3? Three of
the genes are reminiscent of bacterial p-aminobenzoic
acid formation with papA acting as a chorismate
aminotransferase, papB as a mutase, and papC as a
predicted dehydrogenase that catalyzes formation of
4-aminphenylpyruvic acid (Figure 6). An unidentified
transaminase then converts the ketone to 4-ami-
noPhe. The final steps in the biosynthesis of 4-V,N-
(dimethylamino)-L-Phe are two successive methyl-
ations of the 4-amino group catalyzed by the enzyme
PapM, which has been partially characterized and
confirmed to be S-adenosylmethionine (SAM) de-
pendent (Figure 6).32

The other components of type B streptogramins for
which some biochemical information is known are the
Lys-derived 3-hydroxypicolinic acid and 4-oxopipe-

colic acid. Sequencing of DNA downstream from
known regulatory genes of virginiamycin S biosyn-
thesis in S. virginiae identified four genes, visA—D,
predicted to be involved in amino acid biosynthesis.?3
Both visA and visC are predicted to encode enzymes
that generate 1-piperidine 2-carboxylic acid. VisA has
been purified and shown to be a pyridoxal—phosphate-
dependent Lys 2-aminotransferase capable of gener-
ating 1-piperidine 2-carboxylate.?? Inactivation of the
visA gene in S. virginiae completely blocked biosyn-
thesis of virginiamycin S;, and addition of 3-hydroxy-
picolinic acid but not pipecolic acid to the culture
medium rescued this null phenotype, suggesting that
VisA is required for formation of the former (Figure
7).33 Paradoxically, the intracellular levels of 1-pip-
eridine 2-carboxylic acid in the visA null mutant were
comparable to the wild-type organism. The visC and
visD genes show homology to 1-piperidine 2-carboxy-
lic acid, generating Lys cyclodeaminase and P-450
oxidase, respectively. These genes and their products
have not been well studied, but they are predicted
to be involved in the synthesis of 4-oxopipecolic acid
(Figure 7).34

The presence of nonprotein amino acids in type B
streptogramins predicts the requirement of nonribo-
somal peptide synthetases (NRPSs) for antibiotic
assembly (see review by Sieber and Marahiel in this
issue). The NRPS-encoding genes responsible for
biosynthesis of pristinamycin I from S. prinstinaes-
piralis have been purified®® and cloned.?%3” Three
NRPS genes, snbA, snbC, and snbDE, are organized
in a 1,2, and 3 module arrangement (Figure 8). The
first gene encodes SnbA, which activates 3-hydroxy-
picolinic acid;*® this gene has been cloned and des-
ignated visB in S. virginiae.?* An epimerization
domain in the aminobutyric acid module of snbC is
consistent with the D-stereochemistry of this amino
acid in the final product. Similarly, the presence of
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Figure 8. Organization of the nonribosomal assembly line for the biosynthesis of pristinamycin I.

a methyltransferase domain flanking the 4-N,N-
(dimethylamino)-L-Phe activation domain of SnbDE
is consistent with N-methylation of the amide bond
(Figure 8).

The biosynthesis of streptogramins is highly regu-
lated by y-butyrolactone autoregulators that affect
gene expression at nanomolar levels.?® These diffus-
ible small molecules bind to highly specific transcrip-
tion factors, e.g., BarX of S. virginiae.?® These quorum-
dependent autoregulators, analogous to the homo-
serine lactones of some Gram-negative bacteria,*°
have been implicated in regulation of secondary
metabolism and cellular differentiation in a number
of actinomycetes.*142

3.2. Synergy and Mode of Action

Both the A and B streptogramins bind the P site
of the 50S ribosome, a property that is shared with
such structurally diverse antibiotics as the mac-
rolides, lincosamides, and thiopeptides (Table 1).
Streptogramins are unique in that the two compo-

nents (A and B) are separately bacteriostatic, yet
when working in combination, they act synergisti-
cally on inhibition of bacterial growth and can become
bactericidal.*®> Group A streptogramins bind to the
PTC only in the absence of aminoacyl-tRNAs and
block substrate attachment to the donor and acceptor
sites, preventing the early events in elongation. In
addition, the binding of type A streptogramins causes
a conformational change in the 50S ribosome that
increases the activity of the type B streptogramins
by 100-fold.*®* Type B streptogramins, on the other
hand, prevent the extension of protein chains, cause
the release of incomplete peptides, and can bind to
the ribosomes at any step of protein synthesis.*3

The structure of virginiamycin M bound to the
Haloarcula marismortui 50S subunit supports the
inhibition of the PTC activity as the antibiotic bridges
both the A and P sites.** The structure of the 50S
ribosomal subunit from Deinococcus radiodurans in
complex with both dalfopristin and quinupristin has
also been reported (Figure 9).45 The structure con-
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Dalfopristin ]
Quinupristin

Figure 9. Structure of dalfopristin and quinupristin bound to the large subunit of the bacterial ribosome. (A) Electron
density of the dalfopristin and quinupristin bound to the ribosome. (B) Space-filling model showing the positioning of
dalfopristin, quinupristin, and the peptidyl t-RNA. The peptide exit tunnel is shown to demonstrate the impact of
quinupristin binding. (Reprinted with permission from ref 45. Copyright 2004 BioMed Central.)

firmed many of the biochemical studies performed
with streptogramins and the ribosome and also sheds
new light on the basis of synergy for these antibiotics.
The structure demonstrated that quinupristin binds
at the entrance to the exit tunnel through which the
nascent peptide travels. The antibiotic—ribosome
interaction appears to be dominated by hydrophobic
interactions and also via hydrogen bonds to residues
A2062 and C2586 (Figure 5). Interestingly, the qui-
nuclidinylthio moiety that imparts good solubility
and pharmacological properties to quinupristin oc-
cupies an empty space in the subunit. This is
consistent with the fact that various modifications
in this position do not interfere with antibiotic
binding.

Like virginiamycin M, dalfopristin is positioned in
a pocket in the PTC.# It also appears to be bound by
a network of hydrophobic interactions in addition to
hydrogen bonds with residues G2505 and G2061.
These studies indicate that dalfopristin interferes
with the correct positioning of the substrates for the
A and P sites. Therefore, once the P site is occupied
by the substrate, then binding of dalfopristin can be
hindered. This is consistent with studies demonstrat-
ing that translating ribosomes are not susceptible to
dalfopristin.4647

The synergistic nature of these antibiotics is as-
sisted by hydrophobic interactions between the strep-
togramins. The structure indicates that both antibi-
otics contact A2062 through both hydrophobic inter-
actions and hydrogen bonds. This is also consistent
with biochemical data, suggesting that A2062 un-
dergoes conformational changes upon binding of
streptogramins.®° Perhaps the most interesting
suggestion of this study was the description of
conformational changes in the PTC upon dalfopristin
binding. These changes are shown to be in residue
U2585. This residue appears to be rotated by 180°
in the streptogramin-bound state as compared to the
native, making hydrogen bonds with residues C2606
and G2588. Harms et al. performed simulations that
indicated that if there are no long-range conforma-
tional changes upon binding of dalfopristin, then

U2585 in the native and rotated conformations have
nearly identical energy states. The binding of dalfo-
pristin therefore provides sufficient energy to move
the residue through the energy barrier to the rotated
conformation, thereby making new contacts via hy-
drogen bonds. The spontaneous reversal is predicted
to be slow even after removal of dalfopristin due to
similarity in energy state to the native form. This
observation is consistent with studies on the post-
antibiotic effect of the drug (retention of antibiotic
activity even after circulating levels of antibiotic have
dropped below the minimal inhibitory concentration).

3.3. Clinical Utility

Despite the fact that the streptogramins were first
discovered in the 1950s, these antibiotics only found
marginal use in Europe in the following decades as
antibacterial agents in the clinic. They did however,
and still do, find use as feed additives in agriculture.
The rise in antibiotic resistance in the 1980s and
1990s, largely as a result of the emergence of van-
comycin-resistant enterococci (VRE), spurred re-
newed interest in antibiotic discovery in pharmaceu-
tical companies. Medicinal chemists at Rhone-
Poulenc worked to improve the drug-like properties
of pristinamycin, resulting in the synthesis and
characterization of the semisynthetic streptogramins
dalfopristin (type A) and quinupristin (type B). Their
combination in a 7:3 ratio resulted in the antibiotic
Synercid, which received FDA approval in 1999 for
the treatment of bacteremia caused by vancomycin-
resistant Enterococcus faecium and skin and skin
structure infections caused by Staphylococcus aureus
and Streptococcus pyogenes.

A number of studies have been performed that
examine the in-vitro and in-vivo antibacterial activity
of quinupristin and dalfopristin. Bouanchaud re-
viewed the susceptibility of the quinupristin/dalfo-
pristin combination, illustrating its effectiveness
against a wide range of organisms.’® Synercid’s
spectrum of activity includes most Gram-positive
pathogens such as species of Staphylococci, Strepto-
cocci, and Enterococci, including multi-antibiotic-
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resistant strains. Enterococcus faecalis, however, is
intrinsically resistant to the effects of Synercid, likely
due to the presence of Lsa, a predicted dalfopristin—
clindamycin efflux pump.5! Furthermore, important
aerobic Gram negatives including Moraxella ca-
tarrhalis, Legionella spp., Mycoplasma spp., Neisseria
Spp., and to a lesser degree Haemophilus influenzae
are also susceptible to Synercid. Its antibacterial
activity has also been confirmed against a number
of anaerobic organisms such as Bacteroides spp.,
Lactobacillus spp., Clostridium perfringens, and
Clostridium difficile. The wide spectrum of antibac-
terial activity for quinupristin/dalfopristin therefore
provides a therapeutic alternative for life-threatening
bacterial infections.

3.4. Streptogramin Resistance

Despite the relatively recent development and
clinical entry of Synercid, multiple mechanisms of
resistance to streptogramins are known. This may
be a reflection of the significant agricultural use of
this class of antibiotic over several decades. There
are three major acquired streptogramin-resistance
mechanisms: active efflux, target modification, and
antibiotic inactivation.

Efflux of type B streptogramin antibiotics has been
found to be associated with ATP-binding transport
pumps that are specific for the 14- and 15-membered
macrolide antibiotics as well as streptogramin B, for
example, MsrA, from S. aureus RN4220.52 Efflux of
type A streptogramins has also been associated with
several proteins including Lsa, which is intrinsic to
E. faecalis,’ and Vga®® and VgaB,?* which have been
found on plasmids in S. aureus.

Another mechanism of streptogramin resistance is
target modification. Covalent modification of the 23S
rRNA by an rRNA methylase encoded by the erm
gene is a highly prevalent mechanism of strepto-
gramin B resistance. Erm-mediated ribosomal mono-
and dimethylation of the N® of A2058 (E. coli num-
bering) of the 23S RNA confers resistance not only
to type B streptogramins but also to macrolides such
as erythromycin and to lincosamides such as clinda-
mycin.?> This gives rise to the so-called MLSg-
resistance phenotype (M = macrolide, L. = lin-
cosamide, Sp = type B streptogramin) that is pre-
dominantly found in Gram-positive bacteria. There
are a number of different erm genes that have been
identified in a variety of organisms, and resistance
is likely a result of a conformational change occurring
in the ribosome.%¢ The type A streptogramins are not
affected by Erm-mediated resistance, and as a result,
synergy between the two types of streptogramins is
maintained.

An important aspect of this type of resistance is
the regulation of the respective erm genes. Expres-
sion of the MLS resistance in staphylococci may be
inducible or constitutive. The inducible nature of the
resistance determinant depends on regions adjacent
to the gene itself. Specifically, inducible erm gene
transcripts contain an upstream regulatory element
that contain four inverted repeats.?® These give rise
to two stem loop structures that in the absence of
erythromycin sequester both the ribosome binding
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/~ N)
Figure 10. VatD as a representative inactivator of type
A streptogramin antibiotics. (A) 3D structure of VatD

cocrystallized with Virginiamycin M; and CoA.%® (B) Pre-
dicted molecular mechanism of acetyltransfer of VatD.

site and initiation codon for the erm gene. When
erythromycin is present, the antibiotic binds the
ribosome, resulting in stalling of translation. This
stalling event likely kinetically displaces the stem
loop structures and allows translation of the meth-
ylase. Therefore, gene regulation is maintained by a
feedback mechanism; when all the ribosomes are
methylated, erythromycin cannot bind, in turn stall-
ing does not occur, and the mRNA adopt the stem
loop structures again.?®

Recently, Tait-kamradt et al. reported clinical
isolates of S. pneumoniae conferring the MSg
phenotype that did not harbor ermB or mutations in
the 23S rRNA.?" These isolates were found to have
modified L4 ribosomal proteins with either a three
amino acid substitution (G69TG to T69PS) or in one
case a six amino acid insertion in this region.

The final type of acquired resistance to strepto-
gramins include a cadre of antibiotic inactivation
enzymes. These consist of acetyltransferases, which
modify type A streptogramins, and lyases, which
inactivate type B streptogramins. The acetyltrans-
ferases transfer an acetyl group from acetyl—CoA on
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Figure 11. Predicted molecular mechanism of Vgb-catalyzed inactivation of type B streptogramin antibiotics.

to the secondary hydroxyl of the type A strepto-
gramin. This hydroxyl makes multiple contacts with
G2505 (E. coli numbering) of the 23S rRNA in the
PTC as evidenced by the 3D structure of the antibi-
otic bound to the ribosome,* and therefore, acetyla-
tion of this hydroxyl results in a steric block of drug—
target interaction. On the other hand, the lyases
cause the cleavage of the ester linkage on type B
streptogramins, resulting in linearization of the
peptide and loss of the bioactive conformation neces-
sary for ribosome binding.

A number of streptogramin A acetyltransferases
have been identified in many pathogenic organisms.
The crystal structure for VatD, an acetyltransferase
from E. faecium, has been solved in the apo form,585°
bound to substrate acetyl—CoA,?35° product CoA,58
and the streptogramins virginiamycin M;°® and dal-
fopristin® (Figure 10A). The enzyme is a homotrimer
with each subunit folded into three domains. These
domains consist of a large coiled LfH, an extended
loop domain, and C-terminal domain. Recent mu-
tagenesis studies have supported a predicted mech-
anism where His82 acts as the general base and is a
major determinant of catalytic rate enhancement by
VatD (Figure 10B).%

The other streptogramin inactivation mechanism
associated with pathogenic bacteria is conferred by
Vgb lyase, which inactivates type B antibiotics. Early
studies on type B streptogramin-inactivating en-
zymes suggested that this enzyme was a lactonase
in which hydrolysis was responsible for linearizing
the cyclic peptide.®°~63 However, in 1996 Bateman et
al. reported type B streptogramin-inactivating activ-
ity in crude cell-free extracts of Streptomyces lividans.
The extract inactivated the antibiotic etamycin
through an elimination mechanism as opposed to
hydrolysis.? Recent studies on Vgb lyase, using
purified recombinant enzyme from S. aureus, and

orthologues encoded on the chromosomes of Borde-
tella pertussis and Streptomyces coelicolor have dem-
onstrated that this enzyme also inactivates type B
streptogramins through an elimination mechanism
as opposed to hydrolysis (Figure 11).

In 1998, Suzuki et al. reported an enzyme from the
streptogramin-producing organism S. virginiae that
was capable of inactivating type A streptogramins by
a previously unidentified mechanism.% This inacti-
vation occurred through reduction of the 16-carbonyl
group of virginiamycin M, resulting in 16R-dihy-
droVM. Although this inactivation mechanism has
not yet been reported in the clinics, the possibility
for its appearance is an event that both researchers
and health practitioners should be aware of.

3.5. New Streptogramins

Synerecid is not orally available and is administered
by intravenous routes. Efforts have therefore been
made to generate new orally active streptogramins.
For example, RPR 106972 is a 2:1 (molar) mixture
of pristinamycin Iz (RPR 112808) and pristinamycin
Iz (RPR 106950) (Figure 12).%5 Pristinamycin Ip
differs from a closely related molecule pristinamycin
14 at the N-methyl-4-(dimethylamino)phenylalanine
residue. In this particular case pristinamycin Ig
contains a N-methyl-4-(methylamino)phenylalanine
at this position. In addition, pristinamycin 115 differs
from pristinamycin I14 in the dehydroproline residue
in which it is replaced with proline.

Rhone Poulenc Rorer (subsequently Aventis Phar-
ma) also developed additional type B streptogramins
through chemical modification of the 4-oxopipecolic
acid moiety and type A streptogramins through
modification of the dehydroproline residue. In par-
ticular, a new oral streptogramin designated XRP
2868, a combination of RPR132552A and RPR 202868
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Figure 12. New semisynthetic streptogramin anti-
biotics: (A) type A streptogramins; (B) type B strepto-
gramins.

(Figure 12), has been shown to be very effective
against a number of Gram-positive and Gram-nega-
tive organisms and particularly effective against
pneumococcal and Haemophilus strains.’¢ A number
of patents have been issued to Aventis Pharma for
the development of novel streptogramin derivatives
which have shown to have activity against Gram-
positive organisms, particularly streptococci, entero-
cocci, and staphylococei.’” Some examples of these
structures have been summarized in Figure 12.
The growing problem of streptogramin resistance
as well as a desire to improve pharmacological
properties will drive the development of new agents
in the future. The availability of 3D strucutres of the
ribosome with bound antibiotics and of resistance
enzymes will greatly facilitate these efforts.

4. Oxazolidinone Antibiotics

4.1. Discovery and Structure —Activity
Relationships

The oxazolidinones are the only new chemical class
of antibiotic that have been discovered and success-

N)ko
Ty
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Figure 13. Structures of oxazolidinone antibiotics.

Core structure of oxazolidinone antibiotics
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fully implemented in the clinic over the past 40 years.
These bacteriostatic molecules find no congeners in
natural product compounds and were first synthe-
sized by chemists at E.I. du Pont de Nemours & Co.
in the mid-1980s (e.g., DuP-721, Figure 13).586° While
these compounds showed good antibacterial activity
against Gram-positive bacteria such as Staphylococci,
Streptococci, and Enterococci,®® the compound class
was not pursued as a result of toxicity issues in
animals studies.”® Scientists at Pharmacia subse-
quently found that a structure—toxicity relationship
could be established for the oxazolidinones and
initiated a campaign to develop these compounds as
novel antibacterial agents (historically reviewed in
ref 70).

Initial structure—activity relationship studies re-
vealed a core structure requirement for the 5-S
configuration at position 5 of the oxizolidinone ring,
an acylaminomethyl group linked to C5 and N-aryl
ring substitution (Figure 13). This work was ex-
panded to explore functionalization of the aryl ring
that resulted in improved activity or expanded an-
tibacterial spectrum. For example, substitution with
azole groups added increased activity toward the
Gram-negative pathogens H. influenzae and Mo-
raxella catarrhalis,” and compounds incorporating
thiomorpholine resulted in activity against mycobac-
teria.” Substitution by piperazine,” morpholine,™ as
well as fluorination” was also explored. The details
of this SAR program have recently been reviewed.”™

The outcome of this drug discovery program is the
antibiotic linezolid (Figure 13), which received FDA
approval in 2000 and is marketed under the trade
name Zyvox.”® Linezolid is active both in oral and
injectable forms and is indicated for the treatment
of a variety of infections caused by Gram-positive
bacteria.

4.2. Mode of Action

Oxazolidinones bind to the P site of the 50S subunit
with micromolar affinity’”’® and inhibit bacterial
translation.” NMR studies indicate that the solution
structures and the ribosome-bound structures of the
antibiotics are very similar.”® Despite binding to the
P region of the ribosome in a region that overlaps
with chloramphenicol and lincosamide binding sites,
oxazolidinones have no effect on the PTC activity.””
Instead, inhibition of translation appears to be at the
level of translation initiation.®° In particular, binding
of oxazolidinones at the P site interferes with binding
of the initiator fMet-tRNA to this site during the
formation of the initiating complex (Figure 2).81 A
recent study indicated that oxazolidinones also pro-
mote frame shifting and stop codon read through in
an E. coli system.%?

o™
el

\_K/HY

Linezolid (Zyvox)
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Mapping of 23 rRNA mutations that result in
oxazolidinone resistance (see below) have further
localized the binding site to the P site, and kinetic
studies of a number of inhibitors of translation with
oxazolidinone-resistance ribosomes reveal some cross-
resistance with chloramphenicol but not the A-site-
specific antibiotic sparsomycin.®3 Careful work by
Pompliano’s group at Bristol-Myers Squibb suggests
that oxazolidinones induce a conformational shift in
the peptidyl transferase region that is specific to the
structure of the individual antibiotic.3? Therefore, one
could imagine a suite of similar compounds with
different resistance patterns; high-resolution crystal
structures of various oxazolidinones in complex with
the ribosome will greatly facilitate interpretation of
the available data and its use in structure-guided
drug design.

Taken together, the available research points to a
mechanism of action where oxazolidinones bind to the
P site of the 50S subunit, in particular adjacent to
the 23S rRNA, preventing fMet-tRNA from binding
in a fashion that permits the formation of the first
peptide bond that begins mRNA translation. Ad-
ditional effects on fidelity (e.g., frame shifting) may
also contribute to the mechanism of action.

4.3. Resistance to Oxazolidinones

Widespread resistance to linezolid in the clinic is
thus far rare. In a survey of over 40 000 isolates of
Gram-positive cocci between 1998 and 2000, only
eight strains were resistant (MIC = 8 ug/mL). These
included species of the genera Enterococcus, Staphy-
lococcus, and Streptococcus and two strains of van-
comycin-resistant enterococci. Prolonged use in pa-
tients has selected for resistance in methicillin-
resistant Staphylococcus aureus+% and enterococci®®
and has been shown to emerge in enterococci®” and
others during in-vitro serial dilution or mutagenesis
studies.®88° Importantly, resistant bacteria in
patients who have not had prior treatment with
linezolid has been reported as well.99-91

Resistance occurs by site mutations in the domain
V region of the 23S rRNA, consistent with the mode
of action (see above). Until recently, all clinically
derived linezolid resistance was associated with a G
— U mutation at position 2576 of the 23S rRNA.
These strains retain resistance to linezolid even in
the presence of the ribosomal methylation enzyme
Erm(C).”2 However, Meka et al. recently reported a
T2500A mutation in S. aureus in addition to loss of
a copy of the 23 RRNA gene in some isolates.?> Most
bacterial species carry multiple copies of the rDNA
genes, and in S. aureus there are 5—6 23S rDNA
genes. Heterozygous mutations in these genes result
in a gradient of linezolid susceptibility. For example,
strains with two of six possible G2576T mutations
gave linezolid MIC of 8 ug/mL, while mutation of five
of six gave MIC of 32 ug/mL compared to the wild-
type, linezolid-susceptible, bacterium with MIC of 2
ug/mL.% Reversion of this mechanism has been
reported in a strain of S. aureus with four of five
copies bearing the G2576T mutation following re-
peated serial passage in antibiotic-free medium.%
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Other ribosomal mutations have been reported
during in vitro selection experiments,’28778 and the
addition of mutations in DNA repair mechanisms
increases the frequency of linezolid-resistant muta-
tions® Sander et al. used Mycobacterium smegmatis,
which only carries one copy of the 23S rDNA, to
explore the mechanisms of linezolid resistance iden-
tifiable after serial passage experiments. As expected,
23S rRNA mutations were identified but also some
nonribosomal mutants emerged in the screen, pos-
sibly the result of altered uptake or efflux.?® Resis-
tance to all antimicrobial agents is predictable;
however, thus far widespread resistance remains rare
for the oxazolidinones likely for two reasons. First,
the fact that these agents are not natural products,
and therefore, the microbial community has not ‘seen’
this chemical scaffold in the past. Second, ribosomal
mutations must be hardwired into the chromosome
and the presence of multiple 23S rDNA genes makes
homozygocity, which is associated with high-level
resistance, rare. This argues well for the longevity
of this class of agent and presents an opportunity to
initiate program development in new members of the
class to be ready if (or rather when) resistance
becomes more of an issue.

4.4. Second-Generation Agents

Since the launch of linezolid there has been great
interest in additional SAR studies directed at the
oxazolidinone class of antibiotics to identify new
agents with improved properties such as bacterial
spectrum and to counter emerging resistance. For
example, combinatorial synthesis of S-oxide, fluoro-
acetamido analogues of linezolid, such as compounds
1 and 2 in Figure 14, provide increased activity
against H. influenzae and M. catarrhalis.®” Similarly,
indolinyl derivatives such as compounds of general
structure 3 also showed improved activity against
these Gram-negative pathogens. A series of pyrrol
derivatives (4) was shown to have activity against
various mycobacterial species including multidrug-
resistant strains.”

In a creative approach two groups recently reported
a series of compounds linking oxazolidinone and
fluoroquinolone (ciprofloxacin) moieties, e.g., com-
pound 7 (Figure 14).997191 The best of these analogues
exhibited a broad spectrum of antibacterial activity,
e.g., including bacterial targets not covered by lin-
ezolid such as E. coli, and activity against linezolid-
and fluoroquinolone-resistant bacteria. This clever
combination approach has the potential to be further
optimized to achieve improved drug-like properties.

5. Other Antibacterial Inhibitors of Bacterial
Translation

The structural diversity of compounds shown in
Figure 1 and Table 1 graphically demonstrate that
inhibitors of bacterial translation encompass a very
broad chemical space that has great potential to be
exploited in the development of new antimicrobial
agents. Furthermore, as the lesson of the clinical
development of the streptogramins demonstrates,
reexamination of ‘old’ agents also has great potential



540 Chemical Reviews, 2005, Vol. 105, No. 2

Osg
hi§
i
1 X= CHyF
2 X= CHF,

DS .
Ny
o

4

(o}

Mukhtar and Wright

(0]

F
(0]
N LinkerAQN%)o_‘H/N‘é)
A ) ;
5

Figure 14. Sample of some newer oxazolidinone antibiot504ics.

in the development of clinically important drugs. In
this section a brief discussion of some old and new
inhibitors of translation will be presented.

5.1. Chloramphenicol

The antibiotic chloramphenicol (Figure 1) was
discovered in 1947 from extracts of Streptomyces
venezuelae.'%? It has excellent broad-spectrum anti-
bacterial activity against Gram-positive and Gram-
negative bacteria and was widely used clinically
following its discovery. This antibiotic however is no
longer in significant use as a result of potential fatal,
irreversible aplastic anemia which has been associ-
ated with it.1% The basis for this rare side effect is
unknown but is likely genetic. Therefore, a sensitive
screen of genotype could reinvigorate the use of this
agent in a safe fashion.

Chloramphenicol binds to the P site of the ribosome
in an area of the PTC that largely overlaps with
dalfopristin.*>1%4 A second binding site at the en-
trance of the peptide exit tunnel has also been
suggested.*1% The crystal structure of chloram-
phenicol bound to the ribosome reveals the impor-
tance of intermediary Mg?" ions in antibiotic binding
to the PTC,1%¢ a fact that has the potential to be
exploited in the development of new analogues. One
of the key interactions is between the primary alcohol
at C3 and a Mg?" ion. The most prevalent mechanism
of resistance to chloramphenicol is via a series of
acetyltransferases (many of which are structurally
similar to the Vat proteins described above) that
modify this important OH group.1%¢

5.2. Lincosamides

The lincosamide antibiotics also bind the ribosome
P site in a region that partially overlaps the chloram-
phenicol/dalfopristin and erythromycin binding sites.1%*
The first member of the class, lincomycin, was
discovered as a product of Streptomyces lincolnensis
in 1962,1°7 and the semisynthetic derivative, clinda-
mycin (Figure 1), continues to find some clinical use,
especially in the treatment of infections caused by
anaerobic bacteria.l%® Resistance to clindamycin oc-
curs primarily via the Erm-mediated methylation of
the 23S rRNA as described above as part of the MLSSg
phentotype (L = lincosamide).

5.3. Pleuromutilins

The pleuromutilins (Figure 1) are fungal natural
products discovered over 50 years ago.!%° They have
found use in agriculture and veterinary medicine but
as a result of poor pharmacological properties have
not been used to treat infections in humans (see
references in ref 110). The pleuromutilins bind to the
PTC as assessed by chemical footprinting studies.!!!
While at present these antibiotics are unsuitable for
clinical use, recent medicinal chemistry efforts to
improve stability to human cytochrome P-450s, which
results in rapid degradation of the compounds, has
been reported.!?

6. Conclusions

Bacterial translation is reemerging as a front-line
target for the modern discovery of antibiotics as
evidenced by the fact that of the very few new
antibacterial agents to receive regulatory approval
in the past 5 years, three of these are translation
inhibitors: Synercid, linezolid, and the ketolide,
telithromycin. Furthermore, the availability of high-
resolution crystal structures of the bacterial ribosome
and the ability to solve co-structures with inhibitors
of translation now provides the opportunity to launch
structure-based initiatives to develop new agents that
block translation. At the same time, highly important
biochemical and molecular biological tools such as a
strain of E. coli with all of the rRNA genes inacti-
vated? will greatly facilitate characterization of
mode of action, dose dependency, and resistance. The
potential of using the ribosome as a platform for new
drug discovery is in fact being pursued by a number
of drug discovery companies. Investigation of the
biochemistry, structure, and clinical application of
inhibitors of bacterial translation is therefore poised
to enter a new ‘golden era’, mirroring the discovery
phase during the 1950s. The challenge of resistance
however will remain significant in these efforts.
Overcoming existing and eventual resistance will
require the ongoing and concerted efforts of medicinal
chemists working together with microbiologists, phar-
macologists, structural biologists, and biochemists to
generate the next generation of translation inhibi-
tors.
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