
Chemistry 259

Medicinal Chemistry of Modern Antibiotics
Spring 2008

Lecture 10: Antibiotics Classes & TargetsLecture 10:  Antibiotics Classes & Targets

Part IV:  Drugs Targeting Protein Biosynthesis

50S Subunit and Other Targets

Thomas HermannThomas Hermann

Department of Chemistry & Biochemistry

University of California San DiegoUniversity of California, San Diego 

Bacterial Protein Synthesis:  Ribosome Composition

20 Proteins20 Proteins

34
Proteins



Bacterial Protein Synthesis:  23S & 5S Ribosomal RNA

Bacterial Protein Synthesis:  The Ribosome is an RNA Enzyme (Ribozyme)



Bacterial Protein Synthesis:  The Ribosome is an RNA Enzyme (Ribozyme)

Bacterial Protein Synthesis:  The Ribosome is an RNA Enzyme (Ribozyme)



Bacterial Protein Synthesis:  50S Subunit as a Target

Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

I l t d fi t i 1949 f St t th ( th i )• Isolated first in 1949 from Streptomyces erythreus (erythromycin)

• Obtained by fermentation & semi-synthesis starting from natural products

• Naturally occuring macrolides (erythromycin) are acid-labile, have short  t1/2 (1.5h) and narrow spectrum 
(Gram-positives, Staphylococci, Streptococci, Bacilli)

• Semi-synthetic derivatives (clarithromycin, t1/2=3-7h), azalides (azithromycin, t1/2>35h!), have improved 
stability, PK properties and spectrum (Gram-negatives, Haemophilus influenzae, atypical bacteria: Legionella, 
Chlamydia, Mycoplasma)

• Bind to the peptidyl transferase center at the peptide exit tunnel and block egress of the nascent peptide

B t i t ti ( b b t i id l t hi h t ti )• Bacteriostatic (may be bactericidal at high concentrations)

• Used orally

• Reasonable bioavailability: erythromycin: 15-45% (acid lability!), clarithromycin: 55%, azithromycin: 38%

• Extensive tissue and cellular distribution

• Resistance by active efflux (~80% of resistant isolates in US), altered target sites (primary mechanism in 
Europe)

• Cross-resistance by target modification (ermA/ermC) occurs between all macrolides, and against 
clindamycin (lincosamides) and synercid (streptogramins)



Bacterial Protein Synthesis:  50S Subunit as a Target: Azalides

reduction

Azalides: synthesis from oximes by Beckmann rearrangement
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CDI=N,N'-Carbonyldiimidazole 

Telithromycin



Bacterial Protein Synthesis:  50S Subunit as a Target: Bridged Ketolides

• substituents at 6- and 11-positionsubstituents at 6 and 11 position 
force macrolide ring  into a favorable 
conformation for rRNA binding

• O-bridge is "atom efficient" 
(compare to 6,11-disubstituted 
ketolides Telithromycin and 
Cethromycin)

6,11-O-bridged ketolides 6,11-O-bridged macrolides 

(Wang et al., Org. Lett. 2004, 6, 4455)
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Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

**

** (qd = quoque die, once daily; bid = bis in diem, twice a day) 

Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

50S

(Schlunzen et al., Nature 2001, 413, 814)



Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

(Schlunzen et al., Nature 2001, 413, 814; Hansen et al., Mol. Cell. 2002, 10, 117; Schlunzen et al., Structure 2003, 11, 329; Tu et al., Cell 2005, 121, 257)
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Erythromycin

Clarithromycin

Roxithromycin



Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

Erythromycin

Clarithromycin

• lactone ring adapts a folded-out conformation that projects most

Roxithromycin

lactone ring adapts a folded out conformation that projects most 
polar groups towards one face of the molecule

• opposite side of the macrocycle is quite hydrophobic, facing toward 
the hydrophobic wall of the peptide exit tunnel

Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

Erythromycin

Clarithromycin

PTC

Roxithromycin



Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

Carbomycin: isobutyric acid ester

• Carbomycin: reaches to PTC and 
occupies A-site amino acid binding 
pocket -> any peptide bondpocket  any peptide bond 
formation blocked

• Tylosin: 2 sugar extensions at 5-
position -> allows dipeptide 
formation

• Erythromycin: 1 sugar extension at• Erythromycin: 1 sugar extension at 
5-position -> allows tetrapeptide 
formation

(Tu et al., Cell 2005, 121, 257)

Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides

(Schlunzen et al., Nature 2001, 413, 814)
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Bacterial Protein Synthesis:  50S Subunit as a Target: Macrolides - Ketolides

Schiff base formation

(Hansen et al., Mol. Cell. 2002, 10, 117)



Bacterial Protein Synthesis:  50S Subunit as a Target: Streptogramins

• Isolated in 1950s from Streptomyces pristina spiralisIsolated in 1950s from Streptomyces pristina spiralis

• Obtained by fermentation and semi-synthesis

• Co-synthesized in the same organism (pristinamycin 
IA/IIA = 7:3 ratio)

• Individual compounds are bacteriostatic• Individual compounds are bacteriostatic, 
combination acts synergistically and is bactericidal

• Natural products (pristinamycins) have limited water 
solubility

• Semi-synthetic compounds (dalfopristinSemi-synthetic compounds (dalfopristin, 
quinupristin) have improved solubility

• 7:3 mixture of quinupristin/dalfopristin (Synercid) 
approved 1999 in the US (earlier in Europe)

• Active against resistant Gram-positivesActive against resistant Gram positives, 
Staphylococci (inc. MRSA, VISA), Streptococci, 
Enterococci (inc. VRE)

• Used by injection

• Resistance by compound and target siteResistance by compound and target site 
modification (same as for macrolides)

• Bind to the peptidyl transferase center at the peptide exit tunnel and block egress of the nascent peptide

• Presence of streptogramin A stimulates binding of streptogramin B component

• Hydrophobic interaction between A and B components (blue fragments)

• Streptogramin B binding site coincides with macrolide binding site at the entrance of the peptide exit tunnel

Bacterial Protein Synthesis:  50S Subunit as a Target: Streptogramins

Dalfopristin
peptide exit tunnel

Quinupristin

(Harms et al., BMC Biology 2004, 2)
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• Presence of streptogramin A stimulates binding of streptogramin B component

• Hydrophobic interaction between A and B components (blue fragments)

• Streptogramin B binding site coincides with macrolide binding site at the entrance of the peptide exit tunnel
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50S50S

tid it t l

• Bind to the peptidyl transferase center at the peptide exit tunnel and block egress of the nascent peptide

peptide exit tunnel

(Harms et al., BMC Biology 2004, 2)

• Presence of streptogramin A stimulates binding of streptogramin B component

• Hydrophobic interaction between A and B components (blue fragments)

• Streptogramin B binding site coincides with macrolide binding site at the entrance of the peptide exit tunnel

Bacterial Protein Synthesis:  50S Subunit as a Target: Streptogramins

• Hydrophobic interaction between A and B components 
(blue fragments)(blue fragments)

• Streptogramin B binding site coincides with macrolide 
binding site at the entrance of the peptide exit tunnel



Bacterial Protein Synthesis:  50S Subunit as a Target: Streptogramins

(Harms et al., BMC Biology 2004, 2)

Bacterial Protein Synthesis:  50S Subunit as a Target: Streptogramins

• Conformational change of U2585 induced by binding of streptogramin Ag y g p g

• In the ligand-free state, U2585 points towards the drug-binding site (green)

• In complex with dalfopristin, U2582 is flipped towards the G2588-C2606 base pair (orange) 
and forms hydrogen bonds

• Might lock the PTC in a pseudo-stable conformation that returns to the native state only g t oc t e C a pseudo stab e co o at o t at etu s to t e at e state o y
slowly after removal of the drug

• Hysteresis of an RNA conformational switch

• Time-delayed return of the ribosomal machinery to a productive state?
(Harms et al., BMC Biology 2004, 2)



Bacterial Protein Synthesis:  50S Subunit as a Target: Lincosamides

• Isolated in 1962 from Streptomyces lincolnesis (lincomycin)Isolated in 1962 from Streptomyces lincolnesis (lincomycin)

• Obtained by fermentation and semi-synthesis

• Clindamycin (semi-synth.) is absorbed better and has broader spectrum

• Bacteriostatic; may be bactericidal at high concentrations

A ti i t i t t G iti St h l i ( MRSA)Lincomycin • Active against resistant Gram-positives, Staphylococci (some MRSA), 
Streptococci (pneumoniae, etc.)

• Used by injection or orally; for surgical prophylaxis, neck infections

• Rapid absorption (90% bioavailability); good distribution and tissue 
penetration

Lincomycin

penetration

• Binds competitively at the macrolide binding site of 23S rRNA

• Resistance by target site modification (same as for macrolides and 
streptogramins -> MLS antibiotics = macrolide, lincosamide, 
streptogramin)streptogramin)

• Resistance by increased macrolide efflux does not affect clindamycin

(Schlunzen et al., Nature 2001, 413, 814)

Bacterial Protein Synthesis:  50S Subunit as a Target: Pleuromutilins

• Tricyclic diterpenoid metabolite isolated in 1951 from Pleurotus mutilusTricyclic diterpenoid metabolite isolated in 1951 from Pleurotus mutilus 
(pleuromutilin); semi-synthetic tiamulin introduced in 1970s

• Obtained by fermentation and semi-synthesis (tiamulin, valnemulin)

• Water soluble and readily absorbed but poor PK

• Rapid metabolism; short t ; CYP450 mediated hydroxylation at C 2• Rapid metabolism; short t1/2; CYP450-mediated hydroxylation at C-2 
and C-8

• Active against resistant Gram-positives

• Used orally or by IP injection; exclusively in animals so far (pigs)

Binds at the PTC of 23S rRNA almost e actl at the same site as• Binds at the PTC of 23S rRNA, almost exactly at the same site as 
streptogramin A (dalfopristin); overlaps with the binding site of the A-site 
substrate and thereby blocks peptide synthesis

• Resistance develops slowly; several mutations in ribosomal L3 protein 
and 23S rRNA required for full resistanceand 23S rRNA required for full resistance

Dalfopristin

Tiamulin

(in Phase III testing; SKB)



Bacterial Protein Synthesis:  50S Subunit as a Target: Pleuromutilins

(Schlunzen et al., Mol. Microbiol 2004, 54, 1287)

Bacterial Protein Synthesis:  50S Subunit as a Target: Chloramphenicol

• Isolated in 1947 from Streptomyces venezuleaeIsolated in 1947 from Streptomyces venezuleae 

• Obtained by fermentation

• Broad activity against Gram+/- bacteria; for serious infections: typhoid fever, 
meningitis, brucellosis, anaerobes

• Bacteriostatic• Bacteriostatic

• Used orally, by injection or topically

• Good distribution and bioavailability (t1/2=4h); readily penetrates bacterial and 
human cells

E kar otic mitochondrial (b t not c toplasmic) ribosomes are s sceptible• Eukaryotic mitochondrial (but not cytoplasmic) ribosomes are susceptible; 
erythropoietic cells are particularly sensitive

• High toxicity in newborns due to slow metabolism of neonate liver ("gray baby 
syndrome" when chloramphenicol was widely used in newborns)

• Now rarely used in humans due to serious side effects caused by

Thiamphenicol

• Now rarely used in humans due to serious side-effects caused by 
mitochondrial toxicity (aplastic anemia, leukopenia, bone marrow damage)

• Thiamphenicol has not been found to cause aplastic anemia and is used in 
Europe (not approved in the US)

• Binds at the PTC of 23S rRNA probably at two sites; one of the sitesChloramphenicol • Binds at the PTC of 23S rRNA, probably at two sites; one of the sites 
overlaps with pleuromutilin and other PTC-binding antibiotics

• Interaction with 23S rRNA involves Mg++ ion

• Blocks peptide synthesis by sterical interference with the aminoacyl moiety in 
the A site and prevention of the transition state

Chloramphenicol

the A site and prevention of the transition state

• Resistance develops by compound modification (acetylation)
Tiamulin



Bacterial Protein Synthesis:  50S Subunit as a Target: Chloramphenicol

(Schlunzen et al., Nature 2001, 413, 814; Hansen et al., JMB 2003, 330, 1061)

Bacterial Protein Synthesis:  50S Subunit as a Target: Oxazolidinones

• Fully synthetic compounds; discovered at DuPont in anFully synthetic compounds; discovered at DuPont in an 
effort to develop oxazolidinones to treat plant diseases; 
first disclosed 1987 (DuP-105, DuP-721)

• Stopped at DuPont due to toxicity concerns; continued 
at Upjohn (~1987) -> bought by Pharmacia (1995; 
approved as Zyvox=linezolid in 2000) -> bought by 
Pfizer (2003) 

• Excellent activity against resistant Gram+  bacteria (S. 
aureus, MRSA, methicillin and vancomycin-resistant S. 
a re s Streptococci Enterococci VRE Bacilli) inacti eaureus, Streptococci, Enterococci, VRE, Bacilli); inactive 
against G-

• Bacteriostatic for Staphylococci, Enterococci; 
bactericidal for Streptococci

• Used orally and IV as "antibiotic of last resort" for• Used orally and IV as antibiotic of last resort  for 
serious G+ infections (in the hospital); superior to 
vancomycin in MRSA

• Good distribution and extreme bioavailability (100%, 
t1/2=5h)t1/2 5h)

• Binds at the PTC of 23S rRNA and prevents formation 
of the initiation complex by interfering with association of 
the initiator fMet-tRNA at the P site (unique mechanism)

• Resistance develops by target modification of 23S p y g
rRNA (G2576->U mutation; very rare: in 1998-2000, only 
8 out of 40,000 tested clinical pathogen strains had MIC 
>=8μg/ml); no cross-resistance to any other antibiotic



Bacterial Protein Synthesis:  50S Subunit as a Target: Oxazolidinones

(Barbachyn & Ford, Angew. Chem. Int. Ed. 2003, 42, 2010)
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(Barbachyn & Ford, Angew. Chem. Int. Ed. 2003, 42, 2010)



Bacterial Protein Synthesis:  50S Subunit as a Target: Oxazolidinones

(Franceschi & Duffy, Biochem. Pharmacol. 2006, 71, 1016)

Bacterial Protein Synthesis:  50S Subunit as a Target: Other PTC-Binders

• Sparsomycin binds to the PTC in the presence of peptidyl–tRNA in the P site, which in turn is stabilized 

(Hansen et al., JMB 2003, 330, 1061)

by the bound antibiotic and prevented from proceeding into the peptidyl-transfer step

• Anisomycin inhibits peptide bond formation by sterical interference with the aminoacyl–tRNA 3' acceptor

• All lack specificity for the bacterial ribosome -> not used as antibiotics



Bacterial Protein Synthesis:  50S Subunit as a Target: Thiopeptides

• First thiazole-peptide antibiotic isolated in 1948 fromFirst thiazole peptide antibiotic isolated in 1948 from 
Streptomyces (micrococcin), followed 1954 by thiostrepton; 
today, ~ 29 families of antibacterial thiopeptides known

• Obtained by fermentation and semi-synthesis

• Very low water solubility and bioavailabilityVery low water solubility and bioavailability

• Inactive against Gram- (no membrane permeability); active 
against resistant Gram-positives, Staphylococci (inc. MRSA) 

• Binds at the L11 protein-binding domain of 23S rRNA, which is 
involved in stimulating GTPase action of elongation factorsg g

• Binds at the interface of rRNA and L11 protein and prevents a 
conformational transition required for GTPase activation

• Resistance develops by complete loss of ribosomal protein L11 
(cells still viable)( )

L11

(Lentzen et al., Chem.Biol. 2003, 10, 769)

Bacterial Protein Synthesis:  50S Subunit as a Target: Orthosomycins

Oligosaccharide antibiotics; first isolated 1964 from• Oligosaccharide antibiotics; first isolated 1964 from 
Micromonospora carbonaceae (everni(no)micin)

• Obtained by fermentation and semi-synthetic modification 
(SCH-27899 = Ziracin, Schering-Plough)

• Development of SCH 27899 voluntarily discontinued after• Development of SCH-27899 voluntarily discontinued after 
Phase III (in 2000; toxicity? economic reasons?)

• Used by IV only

• High protein binding (96-99%); t1/2=8-18h

B dl ti i t i t t G iti• Broadly active against resistant Gram-positives, 
Staphylococci (inc. MRSA), Enterococci (inc. VRE), and 
Streptococci; better potency than vancomycin

• Binds at two hairpins (H89 & H91) of 23S rRNA and L16 
protein thereby prevents binding of initiation factor 2 (IF2)protein, thereby  prevents binding of initiation factor 2 (IF2)

• Resistance develops very slowly by mutation of ribosomal 
protein L16; no cross-resistance to any other antibiotic

(Belova et al., PNAS 2001, 98, 3726)



Bacterial Protein Synthesis:  Peptide Deformylation: PDF Inhibitors

• In bacteria translation initiation begins with formyl methionine tRNA O• In bacteria, translation initiation begins with formyl-methionine-tRNA

• Formyl group is removed co-translationally by ribosome-associated 
peptide deformylase (PDF)

• PDF is an iron-containing metallo hydrolase

PDF is essential for bacteria

tRNAfMet

O

O
H
N

S
H C

H

O

• PDF is essential for bacteria

• Hydroxamates inhibit function of PDF by chelating the active-site Fe(II)

• Actinonin, isolated in 1960 from Streptomyces, is a natural PDF inhibitor 
(identified in 1999)

Si 1999 tt t t fi d i d i hibit

H3C

• Since 1999, numerous attempts to find improved inhibitors

• Enzyme is instable and difficult to handle

Bacterial Protein Synthesis:  Peptide Deformylation: PDF Inhibitors
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