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ABSTRACT 16 

Streptogramin antibiotics are divided into type A and B streptogramins, which in combination 17 

can act synergistically. We compared the molecular interactions of the streptogramin 18 

combinations Synercid (type A: dalfopristin, type B: quinupristin) and NXL 103 (type A: 19 

flopristin, type B: linopristin) with the Escherichia coli 70S ribosome by x-ray crystallography. 20 

We further analyzed the activity of the streptogramin components individually and in 21 

combination. Streptogramin A and B components in Synercid and NXL 103 exhibit synergistic 22 

antimicrobial activity against certain pathogenic bacteria. However, in transcription-coupled 23 

translation assays, only combinations that include dalfopristin, the streptogramin A component 24 

of Synercid, show synergy. Notably, the diethylaminoethylsulfonyl group in dalfopristin reduces 25 

its activity, but is the basis for synergy in transcription-coupled translation assays before its rapid 26 

hydrolysis from the depsipeptide core. Replacement of the diethylaminoethylsulfonyl group in 27 

dalfopristin by a non-hydrolyzable group may therefore be beneficial for synergy. The absence 28 

of general streptogramin synergy in transcription-coupled translation assays suggests that 29 

synergistic antimicrobial activity of streptogramins can occur independently of streptogramin 30 

effects on translation. 31 

32 
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INTRODUCTION 33 

Bacterial infections caused by antibiotic resistant clinical isolates are an emerging 34 

medical threat. Based on conservative assumptions made by the Center for Disease Control 35 

(CDC), at least two million people acquire life-threatening infections caused by antibiotic 36 

resistant bacterial strains in the U.S. every year, resulting in 23,000 deaths. Despite the constant 37 

need for new antibiotics, the number of new antibiotics approved by the FDA has significantly 38 

decreased over the last decade (1, 2). Antibiotics that target the bacterial ribosome specifically 39 

interfere with key processes of protein synthesis such as mRNA decoding and peptide bond 40 

formation (3). The streptogramin antibiotics produced by some Streptomycetes strains inhibit 41 

protein synthesis by interfering with peptide bond formation and by blocking the peptide exit 42 

tunnel in the large (50S) ribosomal subunit, which prevents extension of the polypeptide chain 43 

(Fig. 1A). Streptogramin antibiotics are depsipeptides consisting of two chemically distinct 44 

types, a smaller type A, and a larger type B. Streptogramin antibiotics have been used as growth 45 

promoters in food-producing animals for over 50 years (4) but only began to be used to treat 46 

human infections with the approval of dalfopristin/quinupristin (Synercid), an injectable pair of 47 

streptogramin antibiotics (5) in 1999. 48 

 49 

To counteract the spread of methicillin resistant Staphylococcus aureus (MRSA) in 50 

hospitals in the 1990s, Synercid was developed as a 70:30 (w/w) mixture of dalfopristin and 51 

quinupristin. Synercid was approved in 1999 for the treatment of life-threatening infections 52 

caused by vancomycin-resistant Enterococcus faecium (VREF) and complicated skin and skin 53 

structure infections (cSSSIs) caused by S. aureus or Streptococcus pyogenes and is currently the 54 

only clinically used streptogramin antibiotic. To overcome venous irritation caused by Synercid 55 

and in order to reduce health care costs, a new and orally available streptogramin combination 56 
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flopristin/linopristin (NXL 103), a 70:30 (w/w) mixture of flopristin and linopristin, has been 57 

developed for use in the outpatient setting. NXL 103 has been shown to be more effective than 58 

Synercid in treating a large number of Gram-positive bacteria and their clinical isolates (6-9), 59 

and also has the potential to become an important drug in the treatment of community-acquired 60 

pneumonia and complex skin and soft tissue infections including MRSA (10). 61 

 62 

Both streptogramin type A (dalfopristin and flopristin) and type B components 63 

(quinupristin and linopristin) differ between Synercid and NXL 103. The streptogramin A 64 

components dalfopristin of Synercid and flopristin of NXL 103 differ by a carbonyl oxygen at 65 

position 15 in dalfopristin which is replaced by a fluorine in flopristin. Furthermore, dalfopristin 66 

is derivatized on its pyrrolidine group with a diethylaminoethylsulfonyl group (Fig. 1B). Rapid 67 

hydrolysis of the dietylaminoethylsulfonyl group at physiological pH converts dalfopristin to 68 

viriginiamycin M (11). In vitro studies have shown that the streptogramin A flopristin in NXL 69 

103 has higher antimicrobial activity than its counterpart dalfopristin in Synercid, suggesting that 70 

NXL 103's increased activity is mainly due to flopristin (6, 7). The streptogramin B component 71 

quinupristin of Synercid carries a quinuclidinylthiomethyl group, compared to a 72 

methylmorpholine group in linopristin of NXL 103 (Fig. 1B). Both quinupristin and linopristin 73 

are derived from virginiamycin S, which is not functionalized at its oxopiperidinyl group. 74 

 75 

Streptogramins A and B must be used in combination, due to the fact that the individual 76 

streptogramin components exert a bacteriostatic effect, whereas their combination is 77 

bacteriocidal (12). Streptogramin A and B antibiotics act synergistically in vitro and in animal 78 

models of infection (13-15). Synergy between two antibiotics may be advantageous by reducing 79 
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the likelihood of bacterial acquired resistance mutations of their binding site. Furthermore, in 80 

order to achieve a given bacteriocidal effect, smaller doses of the individual compounds are 81 

required, reducing potential side effects caused by the toxicity of the components. As opposed to 82 

experiments in vivo and in vitro, synergy has not been studied extensively in transcription-83 

coupled translation assays with natural mRNAs. In cell-free translation assays using poly(U) 84 

directed polyphenylalanine synthesis, streptogramin A compounds showed activity, whereas 85 

streptogramin B compounds were inactive. However, streptogramin B antibiotics were active in 86 

inhibiting translation of poly(A,C) synthetic messages (16-18). In cell-free translation studies 87 

using cell extracts of the Gram-positive bacterium Bacillus subtilis infected with phage 2C, 88 

translation inhibition by a combination of virginiamycin M plus virginiamycin S was higher than 89 

the sum of the inhibitory effects of the individual virginiamycin components (19). Furthermore, 90 

in different studies, the binding affinity of streptogramin B was shown to increase in the presence 91 

of streptogramin A compared to streptogramin B alone (20, 21). However, these measurements 92 

were performed on purified ribosomes, which may not reflect the properties of actively 93 

translating ribosomes in intact cells or in transcription-coupled translation systems. Crystal 94 

structures of virginiamycin antibiotics bound to the large ribosomal subunit of the extreme 95 

halophilic archaeon Haloarcula marismortui and of Synercid to the extremophile Deinococcus 96 

radiodurans (22-24) reveal that nucleotide A2062 in 23S ribosomal RNA (rRNA), present in the 97 

binding pocket of both streptogramins, changes conformation upon streptogramin A binding 98 

only, which may explain the increased affinity for streptogramin B in the presence of 99 

streptogramin A. 100 

 101 
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Here, we report the crystal structures of Synercid and NXL 103 as well as their individual 102 

components bound to the intact Escherichia coli 70S ribosome, which is more closely related to 103 

the ribosomes of pathogenic bacteria. Furthermore, we comprehensively tested the activity of 104 

individual streptogramin components in biochemical and microbiological assays, and for synergy 105 

between streptogramin A and B components. Antimicrobial assays were used to determine the 106 

minimal inhibitory concentration (MIC) of individual streptogramin antibiotics and 107 

“checkerboard” assays (25) were used to quantify the synergistic effect between the 108 

streptogramin A and B components. We also measured the activities of the individual 109 

streptogramin components as well as their combinations on protein synthesis in transcription-110 

coupled translation extracts. Finally, we measured the affinity of streptogramin B to purified 111 

intact E. coli ribosomes either alone or in the presence of streptogramin A in order to investigate 112 

the synergistic effect at the molecular level.  113 

 114 

MATERIALS & METHODS 115 

Ribosome purification, ribosome crystallization, and antibiotic binding experiments 116 

Ribosomes were purified from E. coli MRE600 cells as described previously (26). 117 

Crystals were grown from purified ribosomes as described previously (27). For antibiotic 118 

soaking experiments, ribosome crystals were soaked overnight in cryoprotection buffer 119 

supplemented with either pre-mixed Synercid (348 µM dalfopristin + 101 µM quinupristin), 120 

NXL 103 (120 µM flopristin + 70 µM linopristin), or with individual components (dalfopristin, 121 

quinupristin, flopristin, or linopristin) at a concentration of 100 µM. All components were 122 

dissolved in DMSO to a concentration of ~100 mM, except for premixed Synercid, which was 123 

dissolved in DMSO to a concentration of 348 mM dalfopristin and 101 mM quinupristin. DMSO 124 
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stocks were diluted 1000-fold in cryoprotection buffer for soaking experiments, and crystals 125 

were flash frozen in liquid nitrogen for diffraction experiments. Pre-mixed Synercid (30% 126 

quinupristin and 70% dalfopristin, w/w) was a generous gift from Pfizer; flopristin and 127 

linopristin were provided by AstraZeneca; and dalfopristin and quinupristin were purchased from 128 

International Laboratory USA. Virginiamycin M1 was purchased from Sigma-Aldrich. 129 

 130 

X-ray diffraction experiments and model building 131 

X-ray diffraction data were measured at beamlines 8.3.1 and 12.3.1 at the Advanced 132 

Light Source, Lawrence Berkeley National Laboratory, and at beamline 11-1 at the Stanford 133 

Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory, with oscillation 134 

ranges of 0.2-0.3° at 100 K recorded on an ADSC Q315r detector or a Dectris PILATUS 6M 135 

detector. Diffraction data were reduced, scaled, and converted using the XDS Program Package 136 

(28). Difference electron density was calculated using the phenix.refine component of the 137 

PHENIX software suite (29). Antibiotics were modeled in the unbiased difference electron 138 

density obtained from each complex after molecular replacement. Changes to the rRNA structure 139 

were made using Coot (30), followed by individual atomic displacement parameter (ADP) 140 

refinement using phenix.refine. Restraint files for each antibiotic structure were generated using 141 

phenix.elbow of the PHENIX software suite. 142 

 143 

Dalfopristin hydrolysis 144 

DMSO stocks of dalfopristin and virginiamycin M1 at 4 mM were dissolved in 0.01 M 145 

sodium phosphate buffer pH 7.4 or in cation adjusted Mueller Hinton II (CAMH II) media 146 

adjusted to pH 6.0 to yield a final concentration of 200 µM of target compound.  Samples were 147 
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prepared and monitored continuously for up to a 24-hour period at 37 ˚C.  Hydrolysis of the 148 

target compounds was monitored via LC-MS SIM in ESI+ and ESI- mode.  The natural log of 149 

the area responses for dalfopristin and virginiamycin M1 were plotted against time and first order 150 

kinetics were used to derive the half-life (t½) of each compound. 151 

 152 

Prehydrolized dalfopristin for antimicrobial assays and transcription-coupled translation 153 

assays was prepared by dissolving dalfopristin to a concentration of 2.5 mM in 50 mM 154 

ammonium acetate, pH 7.5, containing 30% DMSO. Hydrolysis of dalfopristin was performed 155 

over 24 hours at 4 ˚C. 156 

 157 

Antimicrobial Susceptibility Testing 158 

The minimum inhibitory concentration (MIC) against each isolate was determined by 159 

broth microdilution technique in accordance with Clinical and Laboratory Standards Institute 160 

(CLSI) guidelines of document M07-A9, 2012 (31). Susceptibility breakpoint interpretations for 161 

reference compounds along with QC ranges for reference strains are described in CLSI, 162 

document M100-S23, 2013 (32). Following incubation, MIC values were determined visually 163 

and reported as the lowest concentration of drug that completely inhibited growth of the strain. A 164 

comparison of the streptogramins dalfopristin, quinupristin, flopristin, linopristin, hydrolyzed 165 

dalfopristin, and virginiamycin M was run versus five ATCC reference strains E. coli ATCC 166 

29417 (MRE 600), Enterococcus faecalis ATCC 29212, S. aureus ATCC 29213, Haemophilus 167 

influenzae ATCC 49247, and Streptococcus pneumoniae ATCC 49619. 168 

 169 

"Checkerboard" assay 170 
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A checkerboard assay described by Pillai et al. (33) was used to determine the 171 

microbiological interaction with pairs of agents in a two-dimensional array. The MIC of 172 

streptogramin compounds (dalfopristin and quinupristin) and (flopristin and linopristin) alone or 173 

in combination were determined by the broth microdilution technique in accordance with 174 

Clinical and Laboratory Standards Institute guidelines of document CLSI, M07-A9, 2012 (31) 175 

against four ATCC cultures; E. coli ATCC 29417 (MRE600), E. faecalis ATCC 29212 and S. 176 

aureus ATCC 29213. By comparing the MIC of an agent alone to the MIC combination, a series 177 

of fractional inhibitory concentrations (FICs) can be calculated followed by FIC indices (34). 178 

MIC values were determined for each isolate against combinations of streptogramins. The agent 179 

combinations were measured as fold-reductions in MIC based on the original MIC. The FICs 180 

were calculated dividing the MIC of agent alone by the MIC of the agent when tested in 181 

combination. The FIC index was obtained by adding the FICs. The FIC indices were interpreted 182 

as synergistic when values were ≤ 0.5, additive/indifferent when values were > 0.5 to 4.0, and 183 

antagonistic when values were > 4.0. The following equation was used to calculate the FIC 184 

indices:  FICA+ FICB = (MIC of [A] in Combo / MIC of A alone) + (MIC of [B] in Combo / 185 

MIC of B alone.  A mean FIC index for synergic values was used to determine the possibility of 186 

drug interactions and interpretation of results according to accepted criteria (35). 187 

 188 

Transcription-coupled translation assay 189 

Plasmid pKK3535 containing the rrnB operon encoding for ribosomal RNA and a 190 

chloramphenicol resistance cassette was used for mutagenesis. U1782 and U2586 were 191 

mutagenized using the QuikChange kit from Agilent and the sequence of the entire operon was 192 

verified by sequencing. SCB 53 cells, in which all endogenous rRNA genes were deleted and 193 
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replaced by a pKK3535 plasmid with an ampicillin resistance cassette (36), were transformed 194 

with the mutagenized pKK3535 plasmid. Cells were first grown in liquid culture supplemented 195 

with chloramphenicol and then plated on LB agar plates containing chloramphenicol. Successful 196 

plasmid shuffling was confirmed by the absence of growth on a LB agar plate containing 197 

ampicillin for single colonies picked from a LB agar plate supplemented with chloramphenicol. 198 

  199 

Transcription-coupled translation assays were performed essentially according to 200 

Buurman et al. (37). E. coli MRE600 cells were used to prepare wild type S30 cell extract as 201 

described previously (37). Mutant E. coli S30 cell extract was prepared as wild type extract but 202 

using an E. coli strain bearing a U1782C/U2586C double mutant. For the transcription-coupled 203 

translation assay the following reagents were used. Reagent 1 consisted of 0.5 mM (each) ATP, 204 

CTP, UTP, and GTP (Chem-Impex International, Wood Dale, IL), 20 mM phosphoenolpyruvate 205 

(Chem-Impex International), 100 μg/ml E. coli tRNA (Roche Diagnostics Corp., Indianapolis, 206 

IN), 20 μg/ml folinic acid, 1 mM cyclic AMP (cAMP), 0.8 mM isopropyl-β-d-207 

thiogalactopyranoside (IPTG), 0.2 mM DTT, 30 mg/ml polyethylene glycol 8000, 0.5 mM 208 

(each) all 20 of the translated amino acids, 2 U/ml pyruvate kinase, and 40 μg/ml pLH1824 209 

reporter plasmid DNA. Reagent 2 contained S30 extract prepared from either E.coli MRE600 210 

strain (Paragon Bioservices, Baltimore, MD) or from a mutant E. coli strain as described above. 211 

The S30 extract was diluted to 2 mg/ml in S30 buffer consisting of 10 mM Tris-acetate (pH 7.4), 212 

60 mM potassium acetate, and 14 mM magnesium acetate. Both reagents were allowed to 213 

preincubate at room temperature for 1 hour. 214 

 215 
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To determine IC50 values of the streptogramins, the compounds were dissolved in 216 

DMSO to 2.5 mM and 2-fold serially diluted in DMSO. Hydrolyzed dalfopristin was dissolved 217 

in hydrolyzing buffer (see dalfopristin hydrolysis section) and serially diluted in DMSO. Diluted 218 

compound (0.3 μL) was added to 384-well white polystyrene assay plates (Corning, Inc., Lowell, 219 

MA) using the Bravo Automated Liquid Handling Platform (Agilent Technologies, Santa Clara, 220 

CA). To determine additive/synergistic effects between class A and B streptogramins, two 221 

experiments were carried out. In the first experiment, the effect of streptogramin B on the 222 

activity of streptogramin A was determined. Class A streptogramins were serially diluted and 223 

added to the assay plate using the Bravo Platform as described above. Subsequently, class B 224 

streptogramins, dissolved in DMSO, were added to the assay plate using the Echo Liquid 225 

Handler (Labcyte Inc. Sunnyvale, CA) to yield a final concentration in the reaction equal to their 226 

respective IC50 values. In a second experiment, the effect of streptogramin A on the activity of 227 

streptogramin B was determined. Class A compounds were added to the assay plates using the 228 

Bravo Platform to yield a concentration of their respective IC50 values in the final reaction. In a 229 

second step, serially diluted class B compounds (0.3 µL) were added to the assay plate using the 230 

Echo Liquid handler. Therefore, in the first experiment the Bravo Platform was used to deliver a 231 

serial dilution of the streptogramin A compound whereas in the second experiment the same 232 

platform was used to deliver the streptogramin A compound fixed at its IC50. For percent 233 

inhibition calculations, luminescence intensity from the samples receiving maximum dose of 234 

compounds were referenced as 100% inhibition, and the samples with minimum dose of 235 

compounds were referenced as 0% inhibition. Mean IC50 values from a representative 236 

experiment performed in triplicate are shown with standard deviation. 237 

 238 
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After streptogramin compounds were added to the assay plate reagent 1 (15 μL) was 239 

added, followed by 15 μL of reagent 2. The plate was then briefly shaken in an Eppendorf 240 

Mixmate plate shaker. The plates were sealed with foil and incubated at room temperature for 30 241 

minutes, avoiding temperature fluctuation. Subsequently, 15 μL of luciferin developer consisting 242 

of 0.4 μM lithium salt of coenzyme A (Sigma), 0.7 μM D-luciferin (Gold Biotechnology, St. 243 

Louis MO), 0.8 μM ATP, 20 mM Tricine (pH 7.8), 1 mM magnesium carbonate, 0.1 mM EDTA, 244 

2.3 mM magnesium sulfate, and 33 mM DTT was added, and light production was measured 245 

immediately using a Pherastar plate reader (BMG Labtech, Ortenberg, Germany). 246 

 247 

Isothermal titration calorimetry 248 

Isothermal titration calorimetry was performed in a MicroCal Auto-iTC200 System (GE 249 

Healthcare). Purified E. coli 70S ribosomes were dialyzed against 20 mM Tris HCl pH 7.5, 60 250 

mM NH4Cl, 6 mM MgCl2, 0.5 mM EDTA, and 2 mM TCEP at 4 ˚C either without or in the 251 

presence of 1.5 equivalent dalfopristin or flopristin in the dialysis buffer. Quinupristin or 252 

linopristin (39 µM) dissolved in dialysis buffer was titrated into the cell containing 2.2 - 3.9 µM 253 

70S ribosome either alone or in the presence of either dalfopristin or flopristin with a first 254 

injection of 0.5 µl volume followed by 12 injections of 3.1 µL volume at 4 ˚C.  255 

 256 

RESULTS 257 

NXL 103 has been shown to be more potent compared to Synercid against a variety of 258 

Gram-positive pathogens and against H. influenzae (8, 38). In order to shed light on the increased 259 

activity of NXL 103 versus Synercid we solved crystal structures of the 70S E. coli ribosome in 260 

complex with either Synercid or NXL 103 or their individual components at 2.8 - 3.0 Å 261 
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resolution (Table S1). Positive difference electron density was observed in an unbiased Fobs–Fcalc 262 

map for both streptogramin A and B components. The chemical structures of streptogramin A 263 

and B were modeled into the electron density, thereby unambiguously identifying their location, 264 

orientation, and conformation (Fig. 1C,D, Fig. S1).  265 

 266 

Binding mode of Synercid 267 

Dalfopristin binds to the large ribosomal subunit at the entrance of the exit tunnel to a 268 

hydrophobic pocket (Fig. 1A). The macro lactone ring stacks under the bases of G2061 and 269 

A2451, thereby forming favorable hydrophobic interactions between its aliphatic stretch (C9 to 270 

C12) and the base of G2061, and between its oxazole group and the base of A2451. Upon 271 

binding of the streptogramin pair, the base of A2062 moves towards the streptogramin A 272 

molecule to form stacking interactions with both streptogramin A and B (Fig. 1C). As a result, 273 

the amide bond of dalfopristin stacks on the base of A2062. The streptogramin-induced 274 

movement of A2062 positions the 2’-OH group of A2062 to form a hydrogen bond with the 275 

amide oxygen of dalfopristin (Fig. 1C). Furthermore, the carbonyl oxygen of C6 and C26 each 276 

form a hydrogen bond with the exocyclic amino group of G2061, and the only hydroxyl group of 277 

dalfopristin forms a hydrogen bond with the non-bridging phosphate oxygen of G2505. The 278 

structure reveals that acetylation of the C13 hydroxyl group, a known resistance mechanism (39) 279 

would interfere with dalfopristin binding by steric hindrance.  280 

 281 

Quinupristin, the streptogramin B component of Synercid, binds to the large ribosomal 282 

subunit at the entrance of the exit tunnel adjacent to dalfopristin (Fig. 1A,C). The 283 

hydroxypicoline group of quinupristin stacks on the opposite face of the base of A2062 284 
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compared to dalfopristin. This positions the base of A2062 to form two hydrogen bonds with 285 

quinupristin, between the N1 and N6 of A2062 and the N16 amide nitrogen and the C14 286 

carbonyl oxygen of quinupristin, respectively (Fig. 1C). These contacts and favorable stacking 287 

interactions are likely disrupted by an A2062C mutation found in S. pneumoniae, which confers 288 

resistance to streptogramins and macrolides (40). Quinupristin stacks with its aliphatic stretch 289 

comprising atoms C17 to C19 including its C19 methyl group on the base of U2586 and also 290 

with its phenyl group under the ribose of U2609. The dimethylaminophenyl group of 291 

quinupristin stacks on the edge of A2058. This hydrophobic interaction is likely crucial for 292 

streptogramin B binding since A2058 N6 methylation by erm methyltransferases and mutation of 293 

A2058 to either G, U, or C leads to streptogramin B resistant phenotypes in Helicobacter pylori 294 

(41) and E. coli (42). 295 

 296 

Binding of Synercid to the large ribosomal subunit causes dramatic structural 297 

rearrangements in the peptidyl transferase center (PTC). In the vacant E. coli ribosome, the base 298 

of U2585 reaches into the entrance of the exit tunnel to a position that is occupied by the lactone 299 

group of dalfopristin when Synercid is bound. Binding of Synercid causes nucleotide U2585 to 300 

flip by 160º away from the peptidyl transferase center. In this alternate conformation, the O4 of 301 

U2585 coordinates a magnesium ion, which in turn coordinates one non-bridging phosphate 302 

oxygen of each of the two proceeding residues, U2584 and G2583 (Fig. 1E). This magnesium 303 

ion, not present in the vacant ribosome structure, and the base flip of U2585 force the 304 

G2583:U2506 wobble base pair to break and nucleotide U2506 to move out of the plane of the 305 

G:U base pair. Although the archaeal H. marismortui 50S ribosomal subunit and E. coli 70S 306 

ribosome structures differ in the positioning of A2503 in the exit tunnel, when either 307 
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virginiamycin M or both virginiamycin M and virginiamycin S are bound, A2503 and A2062 308 

assume identical positions in the H. marismortui 50S subunit (22, 24), compared to their 309 

positions observed in the E. coli ribosome bound to Synercid. 310 

 311 

Binding mode of NXL 103 312 

Flopristin binds to the same site as dalfopristin and adopts similar hydrophobic 313 

interactions and hydrogen-bonding patterns with the ribosome. Flopristin differs from 314 

dalfopristin by a fluorine atom bonded to an sp3 hybridized C15 carbon, which is a carbonyl 315 

group in dalfopristin. Neither the carbonyl of dalfopristin nor the fluorine of flopristin are within 316 

hydrogen-bonding distance of ribosomal components. Despite the highly similar binding modes 317 

of dalfopristin and flopristin, the absence of the diethylaminoethylsulfonyl group in flopristin 318 

(Fig. 1B) has a dramatic effect on the conformation of the peptidyltransferase center (PTC). 319 

Unlike the binding of Synercid, NXL 103 causes nucleotide U2585 to flip only by about 45° and 320 

its base to rotate by ~90° compared to the vacant 70S ribosome structure (Fig. 1E).  This 321 

conformational change causes the G2583:U2506 wobble base pair to break. U2506 flips out of 322 

the plane of the G:U wobble base pair and clamps together U2583-G2585 by an intricate 323 

network of hydrogen bonds, thereby stabilizing this alternate conformation of the PTC (Fig. 1F). 324 

Interestingly, if the complex of dalfopristin bound to the E. coli 70S is crystallized under 325 

conditions that favor hydrolysis of the diethylaminoethylsulfonyl group, U2585, U2584, and 326 

G2583 together with their base pairing partners assume a conformation identical to that seen in 327 

the complex with flopristin (Fig. 1E).  328 

 329 
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Linopristin, the streptogramin B component of NXL 103, binds to the same site as its 330 

counterpart quinupristin of Synercid and maintains all of the hydrophobic interactions and 331 

hydrogen bonding interactions with A2062. Linopristin differs from quinupristin by the 332 

replacement of the quinuclidinylthiomethyl group in quinupristin with a methylmorpholine group 333 

in linopristin (Fig. 1B). The morpholine of linopristin does not penetrate the exit tunnel as far as 334 

the qinuclidinyl group of dalfopristin, and forms a hydrogen bond to the ε-amino group of lysine 335 

90 in ribosomal protein L22, which in turn forms an additional hydrogen bond with a non-336 

bridging phosphate oxygen of U747. In the vacant ribosome structure, K90 forms a salt bridge 337 

with a non-bridging phosphate oxygen of U747 and in the quinupristin structure, the 338 

quinuclidinyl group displaces the side chain of K90 thereby disrupts its interaction with U747 339 

(Fig. 1G). Interestingly, when linopristin alone is bound to the ribosome the morpholine group 340 

no longer forms a hydrogen bond to K90 and furthermore A2058 and A2059 move apart by 1Å. 341 

Linopristin's dimethylaminophenyl group moves over the newly formed gap and no longer stacks 342 

on the edge of A2058 (Fig. S2). This suggests that linopristin’s binding mode shifts due to the 343 

presence of the streptogramin A component.  344 

 345 

The structures of Synercid and NXL 103 and their individual components (except for 346 

linopristin alone) reported here superimpose within the limits of coordinate error with 347 

viginiamycin M + S bound to the H. marismortui 50S ribosomal subunit (22, 24), whereas the 348 

present structures differ from those reported for Synercid bound to the D. radiodurans 50S 349 

ribosomal subunit (23). For example, the macrolactone rings of both the streptogramin A and B 350 

components in the D. radiodurans 50S subunit are shifted to different extents with respect to 351 

their counterparts in the structures reported here and in the H. marismortui 50S subunit 352 
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structures. In the D. radiodurans 50S subunit, both the pyrrolidine as well as the oxazole group 353 

of the streptogramin A component are displaced compared to their counterparts in the E. coli and 354 

H. marismortui structures. Further, A2062 assumes a different conformation in the D. 355 

radiodurans context and therefore fails to stack on the amide group of streptogramin A and the 356 

hydroxypicoline group of streptogramin B. Finally, the dalfopristin specific 357 

diethylaminoethylsulonyl group and U2585 in the D. radiodurans structure assume different 358 

conformations compared to the structure of Synercid bound to the E. coli 70S ribosome. The 359 

observed differences between the Synercid structures of E. coli and D. radiodurans could be due 360 

to the fact that the ribosomes are from divergent bacterial species or due to the low resolution of 361 

the D. radiodurans structure (3.4 Å) compared to the present structures (Table S1). Given the 362 

similarity of the present E. coli structures with those with the H. marismortui 50S subunit, the 363 

binding mode of Synercid and the associated conformational changes in the ribosome observed 364 

here probably reflect the relevant structures for understanding streptogramin interactions with 365 

ribosomes in pathogenic bacteria. 366 

 367 

Dalfopristin hydrolysis 368 

Dalfopristin has been reported to hydrolyze rapidly to virginiamycin M under 369 

physiological conditions (11). In order to estimate the effects of dalfopristin hydrolysis on its 370 

potency, we first determined the hydrolysis rate of dalfopristin at pH 7.4 and pH 6.0 using mass 371 

spectrometry (Fig. S4).  Dalfopristin hydrolyzes to virginiamycin M with a half-life (t1/2) of 372 

about 11 min at pH 7.4 and 77 min at pH 6.0. The hydrolysis product virginiamycin M is very 373 

stable at pH 7.4 with a half-life of about 45 hr. The antimicrobial assays performed in this study 374 

ran over the course of 16-24 hr, thus the effect of dalfopristin in these experiments can be 375 
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attributed to its hydrolysis product virginiamycin M. Transcription-coupled translation assays 376 

lasted 30 min at pH 7.5 and therefore substantial hydrolysis of dalfopristin will have occurred. 377 

However, due to the shorter time frame of the transcription-coupled translation assays the 378 

activity of dalfopristin can in part be attributed to its unhydrolyzed form.  379 

 380 

Antimicrobial activities of streptogramin antibiotics 381 

In order to determine the antimicrobial activities of streptogramin antibiotics on living 382 

cells, minimal inhibitory concentrations (MIC) were determined by growing different Gram-383 

positive and Gram-negative pathogens in the presence of different concentrations of 384 

streptogramin antibiotics. MICs for streptogramin antibiotics were generally in the low µg/mL 385 

range, with the exception of streptogramin B in Gram-negative species and streptogramin A in E. 386 

faecalis. The streptogramin B antibiotics quinupristin and linopristin had very little to no effect 387 

on growth of the Gram-negative pathogens E. coli and H. influenzae which is likely due to the 388 

inability of these antibiotics to permeate the outer cell membrane and is in agreement with 389 

previous results (43). E. faecalis showed MICs of 64 µg/mL towards streptogramin A antibiotics, 390 

likely due to its lsa gene, which encodes for a putative ABC transporter leading to streptogramin 391 

A efflux (44). In all other bacterial strains tested, flopristin showed higher activity compared to 392 

dalfopristin, and linopristin showed equal or lower activity than quinupristin (Table 1). For all 393 

strains, MIC values for dalfopristin administered in its prehydrolyzed form were within two-fold 394 

of MIC values of virginiamycin M, which is chemically identical to dalfopristin's hydrolysis 395 

product. 396 

 397 
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We also used a “checkerboard” assay to evaluate synergy of Synercid and NXL 103 in E. 398 

coli, E. faecalis, and S. aureus. The streptogramin components of Synercid and NXL 103 did not 399 

show a synergistic mode of action in E. coli. This finding is expected since individually 400 

quinupristin and linopristin did not affect bacterial growth even at the highest concentrations 401 

tested (Table 1). A synergistic mode of action was observed for Synercid and NXL 103 in E. 402 

faecalis with a lower mean fractional inhibitory concentration (FIC) index for NXL 103 403 

compared to Synercid (Table 2). For Synercid synergy was observed at three different 404 

concentration pairs whereas for NXL 103 synergy was observed for six different concentration 405 

pairs (Table 2). In S. aureus greater synergy was observed for both Synercid and NXL 103 406 

compared to E. faecalis as judged by their lower mean FIC index for all combinations that led to 407 

synergy. Furthermore, in S. aureus, synergy occurred at lower streptogramin concentrations 408 

compared to E. faecalis for both Synercid and NXL 103 (Table 2). Taken together these results 409 

show that NXL 103 generally exhibits a higher degree of synergy than Synercid in the context of 410 

a given bacterial strain. 411 

 412 

Effects of streptogramin antibiotics in transcription-coupled translation assays 413 

We used an E. coli based transcription-coupled translation assay to determine the 414 

inhibitory effects of streptogramin antibiotics on actively translating ribosomes. Although the 415 

translation assay employed cell extracts from the Gram-negative E. coli and Synercid is indicated 416 

for the Gram-positive pathogens S. aureus and S. pyogenes, only one major sequence difference 417 

occurs for residues within a radius of 10 Å of the ribosomal binding sites of both streptogramins 418 

in a range of Gram-negative and Gram-positive pathogens (Fig. 2A, Fig. S5). In many Gram-419 

negative pathogenic bacteria, including E. coli, the streptogramin B binding pocket includes a U-420 
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U base pair at position 1782-2586 whereas this base pair is a C-C base pair in many Gram-421 

positive pathogenic bacteria including S. aureus and S. pyogenes (Fig. 2A). Apart from this 422 

difference, changes further away from the binding pockets include unpaired U1781, which is 423 

found to be a G in B. subtilis, Bacillus anthracis, and Listeria monocytogenes and a C in 424 

Clostridium difficile and Propionibacterium avidum, and three canonical W-C base pairs (744-425 

753, 2070-2441, 2067-2443) that are different canonical WC base pairs in different pathogens 426 

(Fig. S5). However, all these changes are located in the second or third shell of the binding site 427 

and do not immediately constitute the streptogramin binding pocket. Notably, the crystal 428 

structure of the H. marismortui 50S reveals that a G at position 1781 does not change the 429 

geometry of the U1782-U2586 base pair (45). From this alignment we conclude that the only 430 

difference between Gram-negative and Gram-positive pathogens and more specifically between 431 

E. coli and S. aureus / S. pyogenes that could impact streptogramin activity is the 432 

U1782C/U2586C double mutation in the streptogramin B binding site (Fig. S6). In order to 433 

account for the rRNA sequence differences between Gram-positive and Gram-negative 434 

pathogens, a mutant E. coli strain was constructed containing a C1782-C2586 base pair instead 435 

of a U-U base pair in the streptogramin B binding pocket to prepare a transcription-coupled 436 

translation extract. 437 

 438 

We measured the concentration of the individual streptogramin A and B components that 439 

cause 50% inhibition of translation (IC50) in transcription-coupled translation assays in the 440 

context of wild type (U-U) and the mutant (C-C) streptogramin binding pockets. Wild type and 441 

mutant E. coli TT assays were performed with the streptogramin B compounds linopristin and 442 

quinupristin, and the streptogramin A compounds flopristin, unhydrolyzed dalfopristin, 443 
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virginiamycin M, and prehydrolyzed dalfopristin. Flopristin has an IC50 value of 130 nM and is 444 

the compound with the highest activity in wild type TT assays (Fig. 2B, Table S2). Notably, 445 

dalfopristin preincubated in buffer at pH 7.5 and therefore hydrolyzed to virginiamycin M has an 446 

IC50 of 192 nM, nearly identical to authentic virginiamycin M (IC50 of 182 nM), as expected. 447 

By contrast, unhydrolyzed dalfopristin is about 2.6-fold less active than hydrolyzed dalfopristin 448 

(Fig. 2B, Table S2). This indicates that the diethylaminoethylsulfonyl group in dalfopristin is 449 

detrimental for activity. The activity of all streptogramin A antibiotics were also tested in the 450 

context of the Gram-positive streptogramin-binding site using the mutant (C-C) cell extract. The 451 

mutant extract yielded comparable activities to wild type E. coli extract indicating that the 452 

U1782C/U2586C double mutation does not affect streptogramin A activity. By contrast, the 453 

activity of linopristin increased 1.9-fold in the mutant (C-C) extract compared to the wild type 454 

(U-U) extract and quinupristin's activity increased 1.5-fold. Interestingly, linopristin and 455 

quinopristin have more similar activities to each other in the C-C extract compared to the U-U 456 

extract (Fig. 2B, Table S2).  457 

 458 

To test whether streptogramin antibiotics have synergistic activity on ribosomes 459 

translating a natural mRNA in a transcription-coupled translation assay, we determined the IC50 460 

values of the streptogramin A antibiotics in the presence of a streptogramin B antibiotic at its 461 

IC50 and vice versa, using a luciferase reporter mRNA. The IC50 of flopristin and 462 

viriginiamycin M in the presence of either quinupristin or linopristin at their respective IC50 463 

values decrease only marginally in the wild type (U-U) extract. By contrast, the IC50 of non-464 

hydrolyzed dalfopristin decreases substantially in the presence of quinupristin or linopristin at 465 

their IC50 values (Fig. 2C, Table S3), representing an increase in dalfopristin activity up to 3.7-466 
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fold in the presence of linopristin. In the context of the Gram-positive (C-C) streptogramin-467 

binding site, the activity change of either flopristin or virginiamycin M in the presence of either 468 

of the streptogramin B compounds is negligible (Fig. 2D, Table S3). Furthermore, in the context 469 

of the Gram-positive streptogramin-binding site, dalfopristin potency increases only 1.6-fold in 470 

the presence of linopristin and only 1.2-fold in the presence of quinupristin at their respective 471 

IC50 values, a substantially less pronounced effect than in the Gram-negative system (Fig. 2C,D, 472 

Table S3). 473 

 474 

In the converse experiments, we held the streptogramin A component at its IC50 475 

concentration and varied the concentration of the streptogramin B component. In the context of 476 

the U-U streptogramin B binding site the IC50 of either linopristin or quinupristin in the 477 

presence of flopristin or virginianycin M remains unchanged compared to the IC50 of the 478 

respective streptogramin B antibiotic alone (Fig. 2E,F, Table S4). By contrast, the IC50 of 479 

linopristin decreased 4.5-fold in the presence of unhydrolyzed dalfopristin at its IC50 (Fig. 2E, 480 

Table S4). Furthermore, the IC50 of the other streptogramin B, quinupristin, decreased only 2.1-481 

fold in the presence of unhydrolyzed dalfopristin at its IC50 (Fig. 2F, Table S4). In the context of 482 

the C-C streptogramin-binding site, the IC50 values of linopristin (Fig. 2G, Table S4) and 483 

quinupristin (Fig. 2H, Table S4) alone remained unchanged compared to their IC50 values in the 484 

presence of either flopristin or viriginiamycin M. The IC50 of both linopristin and quinupristin 485 

decreased in the presence of unhydrolyzed dalfopristin at its IC50 in the context of the C-C 486 

streptogramin binding site, but the decreases were less pronounced compared to those observed 487 

with the U-U streptogramin binding site (Fig. 2G,H versus 2E,F, Table S4). We also analyzed 488 

the effects of prehydrolyzed dalfopristin alone, which is chemically equivalent to virginiamycin 489 
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M and in combination with either of the two streptogramin B components, quinupristin and 490 

linopristin. The results show that prehydrolyzed dalfopristin behaves similarly to virginiamycin 491 

M, with slight differences likely due to differences in the antibiotic stock solution compositions 492 

(see Methods). 493 

 494 

Taken together, these results reveal that neither streptogramin A compounds flopristin 495 

and virginiamycin M nor the streptogramin B compounds quinupristin and linopristin influence 496 

their respective IC50 values in either the Gram-negative or Gram-positive streptogramin-binding 497 

site contexts. However, the IC50 of dalfopristin is significantly lower in the presence of either 498 

linopristin or quinupristin than by itself, especially in the context of the Gram-negative (U-U) 499 

streptogramin binding site (Fig. 2C,D, Table S3). The IC50 values of linopristin and quinupristin 500 

also drop in the presence of dalfopristin (Fig. 2E,F, Table S4). The effects in the context of the 501 

Gram-positive (C-C) streptogramin-binding site are not as strong but are still observed (Fig. 502 

2G,H, Table S4). Dalfopristin and virginiamycin M are chemically identical except for the 503 

presence of the additional sulfonyl group in dalfopristin. The results shown here indicate that this 504 

bulky sulfonyl group in dalfopristin is detrimental to dalfopristin activity as evident by the 505 

reduced activity of dalfopristin compared to virginiamycin M. However, the sulfonyl group leads 506 

to some degree of synergy between dalfopristin in the presence of a streptogramin B component 507 

on actively translating ribosomes.  508 

 509 

Binding affinities of streptogramin antibiotics to vacant 70S ribosomes 510 

We also investigated whether the dissociation constant of streptogramin B to the isolated 511 

E. coli vacant 70S ribosome is affected in the presence of saturating concentrations of 512 
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streptogramin A. We determined the dissociation constant of either quinupristin or linopristin 513 

alone or in the presence of dalfopristin or flopristin, respectively, using isothermal titration 514 

calorimetry (ITC). Quinupristin alone binds to the 70S ribosome with a Kd of 44 ± 21 nM, and its 515 

affinity for the ribosome increases about six-fold in the presence of dalfopristin (Table 3, Fig. S7 516 

and Table S5). In these experiments, performed at pH 7.5, dalfopristin was present in its 517 

hydrolyzed form. Similarly, the affinity of linopristin for the ribosome increases over three-fold 518 

when the ribosome was preincubated with flopristin (Table 3, Fig. S7 and Table S5). These 519 

results show that the affinity of the streptogramin B component increases in the presence of the 520 

streptogramin A component, as observed previously (20, 21). Crystallographic structures of the 521 

complexes of either dalfopristin or flopristin alone bound to the E. coli ribosome reveal that the 522 

base of A2062 has already moved by 2Å to stack on the amide of the streptogramin A 523 

component and that subsequent binding of streptogramin B only results in a small shift of A2062 524 

in the plane of its nucleobase to maximize stacking interactions (Fig. S3). Since large areas of the 525 

streptogramin B component do not interact with the ribosome directly, pre-positioning of A2062 526 

due to streptogramin A binding likely leads to a better defined and more rigid binding pocket for 527 

subsequent streptogramin B binding (22, 24).  528 

 529 

DISCUSSION 530 

Here, we assessed the activities of streptogramin combinations as well as their individual 531 

components in a transcription-coupled translation assay and determined the binding mode of 532 

both streptogramin combinations in a common system, the Gram-negative E. coli ribosome. 533 

Prior studies demonstrated that NXL 103 displays higher antimicrobial activity compared to 534 

Synercid and further showed that flopristin, the individual streptogramin A component of NXL 535 
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103, showed higher activity than the corresponding streptogramin A in Synercid – dalfopristin.  536 

By contrast, the activity of linopristin, the streptogramin B component of NXL 103, showed 537 

varying activities compared to quinupristin, the corresponding streptogramin B in Synercid. 538 

From these studies it was concluded that higher activity of NXL 103 versus Synercid is based on 539 

its streptogramin A component flopristin (6-9, 38). Our antimicrobial and biochemical 540 

investigations confirm that flopristin is consistently more active than virginiamycin M or pre-541 

hydrolyzed dalfopristin whereas linopristin either displays similar or reduced activity compared 542 

to quinupristin.  543 

 544 

The rapid hydrolysis of the diethylaminoethylsulfonyl group in dalfopristin to 545 

virginiamycin M at physiological pH, with a half-life of 11 min, indicates that this group is not 546 

the basis for dalfopristin's decreased antimicrobial activity compared to flopristin, due to the 547 

duration of the experiment. However, our studies reveal that hydrolyzed dalfopristin or 548 

virginiamycin M bound to the ribosome is structurally essentially identical to flopristin and that 549 

neither the fluorine in flopristin nor the carbonyl group present in hydrolyzed dalfopristin are 550 

positioned in a way to interact with the ribosome. Thus, differences in biochemical and 551 

antimicrobial activity of flopristin (Fig. 2, Tables 1 and S1) compared to virginiamycin M are not 552 

structurally observable, but likely depend on energetic and kinetic parameters of translation. 553 

 554 

Since Synercid is used to treat infections caused by Gram-positive species, we 555 

investigated differences in the constitution of both streptogramin A and B binding pockets of the 556 

Gram-negative E. coli compared to those of pathogens treated by Synercid as well as B. subtilis. 557 

The sequence alignment of all 23S rRNA residues within 10Å of the bound streptogramin 558 



 
 

Noeske et al. 

 

26

components reveals one major difference: in Gram-negative pathogens a U-U base pair is found 559 

at position 1782-2586 whereas it is a C-C base pair in most Gram-positive pathogens. This 560 

indicates that a U1782C/U2586C double mutation in the E. coli system would mimic a Gram-561 

positive-like system in terms of its streptogramin binding site. While the activities of 562 

streptogramin A components are identical in wild type compared to mutant translation extracts, 563 

the activities of linopristin and quinupristin increased in the context of the Gram-positive versus 564 

the Gram-negative binding site. The increased activity of streptogramin B components seems 565 

surprising at first since the base pairing geometry and the hydrogen bonding pattern in a C-C 566 

base pair is retained with respect to a U-U base pair (Fig. S8). However, more favorable dipole-567 

dipole interactions between the streptogramin B component and the C-C base pair compared to a 568 

U-U base pair may rationalize the observed increased activity of streptogramin B components to 569 

ribosomes with a C-C pair at position 1782-2586 (46). The streptogramin B component positions 570 

its amide group at position 17 directly under the nucleobase of nucleotide 2586. This amide 571 

group has a dipole moment that is positioned at about 50˚ with respect to the dipole moment of 572 

the uracil base of 2586. However, a cytosine base at position 2586 results in dipole moment at 573 

about 130˚ with respect to the dipole moment of the streptogramin B amide group. Further, 574 

cytosine bases have a larger dipole moment compared to uracil bases (Fig. S8) (46), which 575 

further favors positive attractions between the streptogramin B component and a cytidine at 576 

2586. These findings may explain the increased activity of streptogramin B components 577 

observed in transcription-coupled translation assays utilizing cell extract from an E. coli strain 578 

bearing a C-C base pair at position 1782-2586 that mimics the streptogramin-binding site in 579 

Gram-positive pathogens.  580 

 581 



 
 

Noeske et al. 

 

27

Streptogramin antibiotics are known for their synergistic mode of action, as in vitro and 582 

in vivo studies revealed that the activity of the streptogramin combination exceeds the sum of the 583 

activities of the individual components (13-15). Our in vitro studies showed the synergistic effect 584 

of NXL 103 and Synercid in Gram-positive pathogens (Table 1), with a higher degree of synergy 585 

for NXL 103 versus Synercid in S. aureus and E. faecalis, as judged by their mean FIC indices 586 

(Table 2). Increased binding affinities of streptogramin B in the presence of streptogramin A 587 

compared to streptogramin B alone was previously suggested to confer the synergistic effect on a 588 

molecular level (20, 21). However, these studies used purified empty ribosomes, which may not 589 

reflect actively translating ribosomes. Furthermore, the binding affinity of antibiotics to their 590 

target may not be directly correlated to their activity.  591 

 592 

Only one study has been published that demonstrated some degree of synergy for the 593 

combination of virginiamycin M and virginiamycin S using a translation system derived from B. 594 

subtilis (19). Using transcription-coupled translation assays with cell extract from either a wild 595 

type E. coli strain or an E. coli mutant strain bearing the U1782C/U2586C double mutant, we 596 

found that no synergy occurs for any streptogramin combination in either extract with the 597 

exception of combinations that include dalfopristin. Therefore, since no general synergistic 598 

effects could be observed in either U-U or C-C based transcription-coupled translation systems, 599 

but could be observed in antimicrobial  assays, the synergistic effect of streptogramin 600 

components likely occurs independent of protein synthesis. Future experiments will be required 601 

to dissect the basis for streptogramin synergy in cells.  602 

  603 
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In translation extracts, the only synergy that we were able to observe occurred with 604 

streptogramin combinations in which one of the components is dalfopristin containing its 605 

diethylaminoethylsulfonyl group. However, the diethylaminoethylsulfonyl group reduces 606 

dalfopristin's activity by at least 2.8 fold compared to virginiamycin M, dalfopristin's hydrolysis 607 

product. As the transcription-coupled translation assay is run at pH 7.4 for 30 min, during which 608 

time extensive hydrolysis of dalfopristin will have occurred, it is likely that the activity for 609 

completely unhydrolyzed dalfopristin is even lower. Thus, while the detrimental effect of the 610 

diethylaminoethylsulfonyl group of dalfopristin can be overcome in the presence of a 611 

streptogramin B compound by synergy, it will likely be necessary to employ an analogue of 612 

dalfopristin with a non-hydrolyzable group instead of the diethylaminoethylsulfonyl group, so 613 

long as the size of this added group does not severely impact dalfopristin activity.  614 

 615 

PDB ACCESSION CODES 616 

Coordinates and structure factors for 70S ribosomes bound to streptogramin antibiotics 617 

were deposited in the Protein Data Bank. There are four entries for each complex. The electron 618 

density maps of the first ribosomes are better than of the second ribosome in the asymmetric 619 

unit. Therefore, entries for the subunits of the first ribosome are of better quality than those of 620 

the second ribosome. Dalfopristin and quinupristin (Synercid) (4TP8, 4TP9, 4TPA, 4TPB), 621 

flopristin and linopristin (NXL 103) (4TPC, 4TPD, 4TPE, 4TPF), flopristin (4TOU, 4TOV, 622 

4TOW, 4TOX), linopristin (4TOL, 4TOM, 4TON, 4TOO), dalfopristin (4TP0, 4TP1, 4TP2, 623 

4TP3), quinupristin (4PE9, 4PEB, 4PEA, 4PEC), dalfopristin under hydrolyzing conditions, 624 

which is chemically equivalent to virginiamycin M (4TP4, 4TP5, 4TP6, 4TP7).  625 

 626 
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 769 

FIGURE LEGENDS 770 

 771 

FIG 1. Structures of streptogramins bound to the E. coli 70S ribosome. A) Cross section through 772 

the bacterial 50S subunit with the peptidyl-transferase center (PTC) and the exit tunnel labeled. 773 
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Streptogramin A (yellow) and streptogramin B (green) are shown. B) Chemical structure of 774 

streptogramin antibiotics with differences indicated in red. C) and D) Unbiased Fobs-Fcalc 775 

difference density shown as mesh with chemical structure of Synercid and NXL 103, 776 

respectively. Residue A2062 in the vacant 70S ribosome is shown in transparent green. E) 777 

U2585 assumes different positions in the vacant 70S ribosome (green), and the 70S ribosome in 778 

complex with either NXL 103 (cyan), and Synercid (salmon). Adjacent nucleotides, the 779 

flopristin, and the dalfopristin component are shown by lines. The asterisk indicates the position 780 

of U2585 when bound to dalfopristin under hydrolytic conditions. F) Conformational changes 781 

between the vacant ribosome (green) and the NXL 103 bound ribosome (cyan) are shown. 782 

Identical changes are observed in the structure of dalfopristin under hydrolyzing conditions. G) 783 

Interaction of linopristin (cyan) and quinupristin (salmon) with K90 of ribosomal protein L22. C) 784 

- G) Hydrogen bonds are indicated by red dashed lines. Hydrogen bonds in the vacant ribosome 785 

in F) are shown by green dashed lines. 786 

 787 

FIG 2. Activity of different streptogramin combinations, for wild type and mutant 70S 788 

ribosomes. A) Sequence alignment of 23S rRNA from various Gram-positive and Gram-negative 789 

pathogens. Nucleotides 1782 and 2586 (shaded in red) form a base pair (Fig. S5,6). B-H) IC50 790 

values in µM for different streptogramin antibiotics determined in transcription-coupled 791 

translation assays from E. coli bearing either its intrinsic U-U base pair (B, C, E, and F) at 792 

position 1782-2586 or a C-C base pair (B, D, G, and H). C and D) Comparison of IC50 values of 793 

streptogramin A components in transcription-coupled translation assays either alone or in the 794 

presence of streptogramin B at its IC50. E-H) Comparison of IC50 values of streptogramin B 795 

components in transcription-coupled translation assays either alone or in the presence of various 796 
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streptogramin A components at their IC50 value. The standard deviation of the IC50 values, 797 

measured in triplicate, is indicated by the error bars. 798 

 799 
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Table 1. Antimicrobial activity of different streptogramin antibioticsa 802 

 803 

aMinimal Inihibitory Concentrations (MIC) were determined by the broth microdilution 804 

technique and are given in µg/mL. 805 

bStreptogramin type A or B or combination of A+B. Note that the A+B combinations are 806 

formulated in a ratio of A:B of 70:30 (w/w). 807 

cE. coli ATCC 29417 (MRE600), dH. influenzae ATCC 49247, eE. faecalis ATCC 29212, fS. 808 

aureus ATCC 29213, gS. pneumoniae ATCC 49619 809 

810 

streptogramin typeb E. colic H. 
influenzaed E. faecalise S. aureusf S. pneumoniaeg 

dalfopristin A 4 1 64 4 4 

quinupristin B >64 32 8 4 1 

flopristin A 1 0.25 64 1 2 

linopristin B >64 >64 8 32 4 

hydrolyzed 
dalfopristin 

A 4 2 32 4 4 

virginiamycin 
M 

A 4 4 >64 8 8 

Synercid A+B 8 8 4 0.25 0.25 

NXL 103 A+B 2 0.5 1 0.125 0.125 
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Table 2. "Checkerboard" analysis to detect synergy 811 

 E. faecalisa S. aureusb

streptogramin 

dalfopristin / 

quinupristin 

(Synercid) 

flopristin / 
linopristin 

(NXL 103) 

dalfopristin / 

quinupristin 

(Synercid) 

flopristin / 
linopristin 

(NXL 103) 

FIC index 
range 

0.25 to 4.0 0.05 to 4.0 0.05 to 4.0 0.03 to 1.0 

Ø FIC indexc 0.99 0.81 0.82 0.22 

Ø FIC indexd 0.3 0.1 0.12 0.08 

synergistic 
combinations  

A / Be 

16 / 0.5 

8 / 1 

4 / 2 

4 / 0.06 

2 / 0.125 

1 / 0.25 

0.5 / 0.5 

0.25 / 1 

0.125 / 2 

0.5 / 0.06 

0.125 / 0.125 

0.125 / 0.25 

0.06 / 0.5 

0.06 / 1 

0.06 / 2 

0.06 / 0.06 

0.06 / 0.125 

0.06 / 0.25 

0.03 / 0.5 

0.03 / 1 

0.015 / 2 

0.015 / 4 

0.015 / 8 

 812 

aE. faecalis ATCC 29212 and bS. aureus ATCC 29213 813 

cØ FIC index = mean Fractional Inhibitory Concentration index for all combinations. 814 

dØ FIC index = mean Fractional Inhibitory Concentration index for all combinations that lead to 815 

synergy. 816 

eConcentration of streptogramin A and streptogramin B in µg/mL that lead to synergy. 817 
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Table 3. Determination of streptogramin affinity for 70S ribosomes by isothermal titration 818 

calorimetry (ITC) 819 

cell content injectant 
dissociation constant 
(Kd)

a 

70S quinupristin 44 ± 21 

70S + dalfopristinb quinupristin 7 ± 5 

70S linopristin 40 ± 6 

70S + flopristinc linopristin 12 ± 8 

 820 

aValues are given in nM and are the average of three independent experiments with their 821 

standard deviations indicated. 822 

70S ribosomes were either pre-bound to dalfopristinb or flopristinc. 823 






