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ABSTRACT

Antimicrobial resistance within a wide range of
pathogenic bacteria is an increasingly serious threat
to global public health. Among these pathogenic
bacteria are the highly resistant, versatile and pos-
sibly aggressive bacteria, Staphylococcus aureus.
Lincosamide antibiotics were proved to be effec-
tive against this pathogen. This small, albeit impor-
tant group of antibiotics is mostly active against
Gram-positive bacteria, but also used against se-
lected Gram-negative anaerobes and protozoa. S.
aureus resistance to lincosamides can be acquired
by modifications and/or mutations in the rRNA and
rProteins. Here, we present the crystal structures of
the large ribosomal subunit of S. aureus in complex
with the lincosamides lincomycin and RB02, a novel
semisynthetic derivative and discuss the biochem-
ical aspects of the in vitro potency of various lin-
cosamides. These results allow better understanding
of the drugs selectivity as well as the importance of
the various chemical moieties of the drug for binding
and inhibition.

INTRODUCTION

Antimicrobial resistance of a wide range of pathogenic bac-
teria is increasingly on the rise, thus poses a severe threat to
global public health. A post-antibiotic era, in which com-
mon infections and minor injuries can be fatal, is far from
being an apocalyptic fantasy, as it seems to become a real-
ity (1). Staphylococcus aureus (2,3), especially methicillin-
resistant S. aureus (MRSA) is among the highly resistant,
versatile Gram-positive pathogens, which are a major cause
of nosocomial infections and impose serious economic bur-
den on health organizations worldwide.

The lincosamides are a small, albeit important class
of antibiotics that proved to be effective against this
pathogen (4-6). These compounds are produced by sev-
eral Streptomyces species. Their chemical structure con-
sists of an amino acid moiety (propyl hygric acid) and a
sugar moiety (a-methylthiolincosamine, a-MTL) (Figure 1)
(7). Lincosamides are mostly active against Gram-positive
pathogens and against selected Gram-negative anaerobes
and protozoa (8). All of the semi-synthetic derivatives of
this class originate from the natural product lincomycin
(Figure 1). Of a large number of lincosamide derivatives
reported to date, clindamycin (Figure 1), the chlorinated
analog of lincomycin, is the only semisynthetic lincosamide
that is in clinical use, thus further alleviating the need for
structural information that may lead for the development
of novel lincosamides with superior clinical performance.

S. aureus resistance to lincosamides is usually ac-
quired by 23S rRNA modification. Remarkably, S.
aureus strains that were resistant to lincosamides were
also found to be cross-resistant to macrolides and
streptogramins B antibiotics (9). Resistance to MLSg
(macrolide—lincosamide—streptogramin B) is commonly
caused by rRNA mutations of nucleotide A2058 and by the
activity of a methyltransferase enzyme, ermC. This enzyme
methylates 23S rRNA at the N6 position of adenosine
A2058 (E. coli numbering throughout) (9-11), a pivotal
nucleotide for the binding of MLSg antibiotics (12). An
additional methyltransferase enzyme, cfr, was found to
cause multidrug resistance in S. aureus to chlorampheni-
col, lincosamides, oxazolidinones, pleuromutilins and
streptogramin A (PhLOPSA) (13-15) by methylation of
the C8 position of the 23S rRNA nucleotide A2503 (16).
This gene is mainly found in Gram-positive bacteria and
sporadically in Gram-negative bacteria such as E. coli (17).
In addition to the mechanisms of resistance in bacteria
with multiple rrna operons, such as Staphylococcus species,
several mutations in rRNA and rProteins that cause
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Figure 1. Chemical structures of lincosamides. Lincomycin (natural antibiotic) and its semi-synthetic derivatives clindamycin and RB02. The chemical
structure of Lincomycin’s sugar moiety, a-methylothiolincosamine is also shown.

cross-resistance in S. aureus, were identified; A2058G and
A2058U mutations (mentioned above) in the 23S rRNA
were associated with MLSg resistance (18), similar to those
already reported for other organisms (19). A2059G muta-
tion is associated with macrolide-lincosamide resistance
(18); however the insusceptibility to lincosamides seemed
to be moderate, as previously reported for Helicobacter
pylori and Streptococcus pneumoniae (19,20).

Structural studies have greatly advanced our understand-
ing of the inhibitory mechanisms of antibiotics. Among
them are some that bind to the peptidyl transferase center
(PTC), including clindamycin. In this study, we aimed to
shed light on the dominant chemical determinants for lin-
cosamides inhibition mechanism on ribosomes from Gram-
positive pathogenic bacteria. The structures of the large
ribosomal subunit of S. aureus in complex with the lin-
cosamides lincomycin and RB02 (Figure 1), a novel semi
synthetic lincomycin derivative, were determined alongside
biochemical assays to assess the in vitro potency of lin-
comycin, clindamycin, RB02 and their common sugar scaf-
fold lincosamine were performed. We discuss the signifi-
cance of the various chemical moieties of the drugs for bind-
ing and inhibition of prokaryotic translation.

MATERIALS AND METHODS
RB02 synthesis

p-Nitrobenzoic acid (233 mg, 1.4 mmol) was dissolved
in dry dimethylformamide (DMF) (13 ml) under ar-
gon and treated with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) (663
mg, 1.75 mmol) and N,N-Diisopropylethylamine (DIPEA)
(0.73 ml, 4.2 mmol) and stirred for 10 min at 0°C. To
the reaction mixture, «-Methylthiolincosamine (200 mg, 0.7
mmol) was then added and the solution was stirred at room
temperature for 24 h («x-Methylthiolincosamine was syn-
thesized according to a previously reported procedure by
Schroeder et al. (21). The reaction was monitored by thin-
layer chromatography (TLC) (dichloromethane/methanol,
2:8). The product was extracted with ethyl acetate and brine.
The organic layers were washed with H,O (3 x 10 ml), dried
over MgSOy4 and concentrated to give the crude product.
The product was isolated by column chromatography on
SiO; using dichloromethane/methanol 15:85 as eluent to
afford the product compound RB02 (168 mg, 60%) as white
powder. HRESI-MS m/z calculated for C;sH,N,OgSNa,

425.0995; found for [M+Na]*,425.0988. 'H NMR (400
MHz, CD;0D) 8 8.32 (d, J = 8.8 Hz, 2H, H-11), 8.01 (d,
J = 8.8 Hz, 2H, H-10), 5.28 (d, / = 5.6 Hz, 1H, H-1), 4.44
(m, 2H, H-5, H-6), 4.10 (m, 3H, H-2, H-4, H-7), 3.60 (dd,
J=10.1, 3.3 Hz, 1H, H-3), 2.10 (s, 3H, H-9), 1.26 (d, J =
6.4 Hz, 1H, H-8). 3C NMR (100 MHz, CD;0D) & 167.21
(C-14), 149.71 (C-13), 140.14 (C-12), 128.31 (C-10), 123.26
(C-11), 88.41 (C-1), 70.60 (C-5), 69.50 (C-3), 68.66 (C-4),
68.10 (C-2), 67.09 (C-7), 56.03 (C-6), 17.92 (C-8), 11.99 (C-
9). See also Supplementary Material and Figures S7-9.

NMR analysis

1H-Nuclear magnetic resonance (NMR) spectra (including
1D-TOCSY) were recorded on Bruker Avance™ 400 spec-
trometers and chemical shifts (reported in ppm) were cali-
brated to CD;0D (d = 3.31) when CD3;OD was the solvent.
I3C-NMR spectra were recorded on Bruker Avance™ 400
spectrometers at 100 MHz. Multiplicities are reported us-
ing the following abbreviations: b = broad, s = singlet, d =
doublet, dd = doublet of doublets, m = multiplet. Coupling
constants (J) are given in Hertz. High-resolution electron
spray ionization (HR-ESI) mass spectra were measured on
a Waters Synapt instrument. Chemical reactions were moni-
tored by TLC (Merck, Silica gel 60 F254). Visualization was
achieved using a Cerium-Molybdate stain (NHy4),Ce(NO3)g
(5 g)), (NHg)sM070,404H,0 (120 g), H,SO4 (80 ml) and
H,O (720 ml)). All chemicals, unless otherwise stated, were
obtained from commercial sources. Compounds were puri-
fied by flash chromatography (SiO,, Merck, Kieselgel 60).

S. aureus growth and cell wall disruption

S. aureus strain RN4220 (American Type Culture Collec-
tion 35556) (22) was grown and disrupted as described pre-
viously (22).

Ribosome purification, crystallization and compound soaking
experiments

Ribosomes were purified as described previously (22).
SAS50S was crystallized at 20°C by the hanging-drop va-
por diffusion technique. The crystallization drop contained
0.166% 2-Methyl-2,4-pentanediol (MPD), 0.333% ethanol,
Buffer A (10 mM MgCI2, 60 mM NH4Cl, 15 mM KCI) +
20 mM Hepes (pH range, 6.8-7.8), 5 mM spermidine, 0.5
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Table 1. Crystallographic data and refinement statistics of SA50S in complex with lincomycin (SA50S-linc) and SAS0S in complex with RB02 (SA50S—

RBO02). Values for the highest-resolution shells are in parentheses

SA50S-linc SAS50S-RB02
Crystal information
Space group P6522 P6522
a=DbJ[A] 280.8 279.8
c[A] 873.5 873.3
B,y [7] 90, 90, 120 90, 90, 120
Diffiraction data statistics
X-ray source (ESRF) 1D29, 1ID23-1 1D29, 1ID23-1
Wavelength [A] 0.971 0.971
Number of crystals 30 17

Resolution [A]
Observed reflections

50-3.64 (3.70-3.64)
2230088

50-3.45 (3.51-3.45)
2863682

254888

11.2(3.6)

96.3 (72.8)

Unique reflections 223602
Redundancy 10.0 (4.4)
Completeness [%0] 98.0 (78.1)
<I>/<o()> 9.08 (1.37)
R-merge [%] 23.7(97.2)
Refinement statistics

R-factor [%] 18.74
R-free [%] 234

rmsd bonds [A] 0.009
Rmsd angles [°] 1.438

10.28 (1.36)
18.8 (77.2)

19.00
23.30
0.0086
1.388

mM MnCI2 and 1-1.6 mg/ml SAS50S subunits. The reser-
voir solution contained 15% of 1:2 ethanol-MPD and buffer
A + 110 mM Hepes (pH range, 6.8-7.8) as previously de-
scribed (22). For obtaining SAS0S antibiotic complexes,
SAS50S crystals were soaked in stabilization solutions con-
taining 22 pg/ml RB02 or lincomycin for 6 h before flash-
freezing and data collection.

Data collection and processing

Before data collection, the crystals were immersed in cryo-
protectant solution of 20% MPD, 15% ethanol, buffer A
+ 110 mM Hepes and 0.5 mM MnCl,. Crystallographic
data were collected at the ID23-1 and ID29 beamlines at
the European Synchrotron Radiation Facility in Grenoble,
France. X-ray diffraction data were collected from hexag-
onal crystals at 100 K. Up to 30 crystals were needed to
yield complete datasets of SA50S complexes using 0.1° os-
cillations. Data were processed with HKL.2000 (23) and the
CCP4 package suite (24).

Map calculation, model building and refinement

The native SA50S structure (PDB ID: 4WCE) was used as a
starting model for calculating Fo-Fc and 2 Fo-Fc difference
electron density maps using PHENIX. Once initial phases
were obtained, rigid body and positional refinement were
performed using Phenix.refine (25). For R-free calculations
during refinement cycles, a random 5% of the data were
omitted during refinement cycles. Compounds were posi-
tioned based on the unbiased difference electron density ob-
tained in each experiment using Coot (26,27). Figures were
generated using Chimera (28).

Inhibition assays

The inhibition effect RB02 and lincomycin on E. coli
and S. aureus ribosomes was tested in a bacterial cou-

pled transcription/translation assay system, where the ex-
pression of the luciferase gene was measured (29). The lu-
ciferase gene was inserted into a plasmid with T7 RNA
polymerase promoter. The reaction mixture contained: 160
mM Hepes-KOH (pH 7.5), 6.5% polyethylene glycol (PEG)
8 K, 0.074 mg/ml tyrosine, 1.3 mM adenosine triphosphate
(ATP), 0.86 mM cytidine triphosphate (CTP), guanosine
triphosphate (GTP) and uridine triphosphate (UTP), 208
mM potassium glutamate, 83 mM creatine phosphate, 28
mM NH4OAc, 0.663 mM cyclic adenosine monophosphate
(cAMP), 1.8 mM dithiothreitol (DTT), 0.036 mg/ml folinic
acid, 0.174 mg/ml E. coli tRNA mix, ] mM amino acid, 0.25
mg/ml creatine kinase, 0.027 mg/ml T7 RNA polymerase,
E. coli cell-free extract, 0.003 g/l luciferase plasmid and
serial dilutions of lincosamides ranging from 2.3 mg/ml to
0.05 ng/ml. When the effect of these compounds was tested
against S. aureus ribosomes, the E. coli cell-free extract was
replaced with ribosome-free E. coli cell-free extract and S.
aureus ribosomes were added at a final concentration of 300
nM. The reaction mixture was incubated at 37°C for 1 h
and terminated by the addition of erythromycin at a final
concentration of 8 wM. To quantify the reaction products,
luciferin assay reagent (LAR, Promega) at 5:3 (luciferase:
reaction mix) volume ratio was added to the mixture and
luminescence was measured. The results were plotted and
IC50 values were calculated with the program GraFit 7 (30).

RESULTS

The crystal structures of the large ribosomal subunit of S.
aureus (SAS0S) in complex with lincomycin (SA50S-linc)
and with RB02 (SA50S-RB02) were determined (Table 1).
The calculated electron density maps allowed for the unam-
biguous assignment of these compounds within the SA50S
structure (Supplementary Figure S1).
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Figure 2. Lincosamides interaction with their binding site within the SA50S complex. (A and B) Lincomycin (orange) and the network of hydrogen bonds
(black dashes): it forms with the 23S rRNA (green) and spermidine (yellow). (C and D) RB02 (magenta) and the network of hydrogen bonds (black dashes)
and electrostatic interactions (black dots): it forms with the 23S rRNA (blue). The two conformations of A2062 are designated as A’ and B’ with an arrow

suggestion the movement between conformations.

Structure of the SA50S—lincomycin complex

The SAS50S-lincomycin (SA50S-linc) structure shows that
the propyl hygric acid group of the drug is positioned at
the PTC and interferes with the accommodation of the A-
site tRNA 3’ end, whereas its a-MTL moiety points toward
the exit tunnel. The a-MTL possesses three hydroxyl groups
that form hydrogen bonds with the 23S rRNA (Figure 2 A
and B). Specifically, the O2 group forms hydrogen bonds
with N4 of C2611 and N1 of A2058, the O3 group inter-
acts with N6 of A2058 and with the phosphate’s oxygens
of G2505 and the O4 group forms a hydrogen bond with
N6 of A2059 and the O2 of G2503’s sugar. In addition to
the a-MTL-mediated interactions, the bridging amide NH
forms a hydrogen bond with O4" of G2505. All other lin-
comycin interactions with the rRNA nucleotides G2061,
A2451, C2452, U2504 and U2506 are van der Waals con-
tacts (Supplementary Figure S3 A).

Interestingly, in SA50S-linc electron density map an ad-
ditional density was observed between lincomycin and nu-
cleotide A2062 that can accommodate a molecule of sper-
midine (an additive to the crystallization solution) (Fig-

ure 2 B, Supplementary Figure S1 A). This spermidine in-
teracts with the 7-hydroxy group of lincomycin and with
A2062 thus stabilizing A2062 such that it is slightly differ-
ent from the apo SA50S structure (Supplementary Figure
S2). Based on chemical footprinting and spectroscopy ex-
periments it has been suggested that clindamycin interacts
with ribosomes in a biphasic fashion; in the first phase, clin-
damycin binds to the ribosome and blocks the A-site. Fol-
lowing this step clindamycin slowly shifts toward the P-site
(31-33). Substantial protection of nucleotides A2058 and
A2059 in both phases suggests that the orientation of the -
MTL moiety remains the same and the propyl hygric group
rotates from the A- to P-site . The same study also suggested
that polyamines such as spermine and spermidine may bind
at the of vicinity clindamycin binding pocket, which nega-
tively affects the drug’s binding to the P-site, thus favoring
the first phase orientation. In the SAS0S-linc structure pre-
sented here, lincomycin’s binding configuration coincides
with the first step of the lincosamides biphasic interaction
hypothesis (31) and the presence of spermidine in the bind-
ing pocket is rationalized. Our structural study offers the



10288 Nucleic Acids Research, 2017, Vol. 45, No. 17

first evidence for the possible presence of the polyamine,
spermidine, in the lincosamides binding pocket.

Structure of the SAS0S—-RB02 complex

As the crystallographic data suggest, the propyl hygric acid
of clindamycin and of lincomycin only interacts with the
rRNA of their binding site via van der Waals contacts, we
designed RB02, a semi-synthetic derivative of lincomycin,
in which the propyl hygric acid of the parent lincomycin
was replaced by the hydrophobic and less sterically hin-
dered para nitrobenzamide group. The SAS0S-RBO02 crys-
tal structure, similar to the SA50S-linc structure, clearly
shows that RB02 is bound at the PTC, blocking the binding
site of the 3’ end of the A-site tRNA. The network of hydro-
gen bonds between the RB02 and the S. aureus ribosome is
also similar to the SA50S-linc structure, where the three hy-
droxyl groups of RB02 a-MTL form hydrogen bonds with
the 23S rRNA (Figure 2 C and D); the O2 group forms
hydrogen bonds with N4 of C2611 and N1 of A2058. The
O3 group interacts with N6 of A2058 and with the phos-
phate oxygens of G2505 and the O4 group forms a hydro-
gen bond with N6 of A2059 and the O2 of G2503’s ribofura-
nose. All other interactions of RB02 with the 23S rRNA nu-
cleotides G2061, A2451, C2452, U2506 and C2611 are van
der Waals-based contacts (Supplementary Figure S3 B).

In addition to the sugar-mediated interactions, O7 of
RBO02 interacts with N6 of A2062 and the bridging amide
NH forms a hydrogen bond with O4’ of G2505. Notably,
the purine base of A2062 displays an additional confor-
mation that does not lead to interactions of this ribonu-
cleotide with RB02. Even though the geometry of the RB02
OH7 group and the bound A2062 (A2062A’) favors hydro-
gen bond formation, the co-existence of an alternative con-
formation (A2062B’) may suggest that RB02 interact with
A2062A’ via electrostatic interactions. The para nitrobenza-
mide of RBO02 is engaged only in weak van der Waals con-
tacts with the 23S rRNA; in the SA50S-R B02 structure, this
segment can rotate freely around its axis as supported by the
low occupancy of this group.

Structural comparison of ribosomal complexes with different
lincosamides

Comparison between the SAS50S-linc and SA50S-RB02
structures and other available crystal structures of ribo-
somal particles in complex with clindamycin: G2058A
Haloarcula marismortui (H50S-CLY) (34), Deinococcus ra-
diodurans 50S (D50S-CLY) (35) and E. coli 70S (E70S-CLY)
(36) indicates that all lincosamides bind to the large riboso-
mal subunit at the same pocket in a rather similar conforma-
tion. However, in D50S-CLY the lincosamide is positioned
somewhat different, so that its propyl hygric acid moiety is
pointing 102° away from its position in the other available
structures (Figure 3). Moreover, the para nitrobenzamide
of RB02 overlaps with the position that is occupied by the
propyl hygric acid of lincomycin in the SA50S-linc as well
as clindamycin in the H50S-CLY and E70S-CLY structures.

A2062 is a known flexible nucleotide (37) that adopts dif-
ferent orientation in different ribosome structures. This nu-
cleotide was previously identified as nascent-peptide sen-

Figure 3. Overlay of the structures of various ribosome-lincosamides com-
plexes. SA50S-linc (orange; this study), SA50S-RB02 (magenta; this
study), H50S-CLY (PDB ID: 1YJN) (green), D50S-CLY (gray) (PDB ID:
1JZX) and E70SCLY (sky blue) (PDB ID: 30FZ). The color coding of the
rRNA components of the various lincosamide-binding pockets is the same
as that of the corresponding licosamides molecules.

sor in the ribosome exit tunnel to relay the stalling sig-
nal to the PTC (38). In the complex of H50S with virgini-
amycin M (Sp), A2062 appears to have undergone a confor-
mational change, namely rotation of ~90° compared with
the prevalent orientation found in the native structure of
HS50S, which seems to contribute to the inhibitory effect
of the drug (39). Furthermore, in the structure of E. coli
70S in complex with streptogramin A alone and in complex
with synercid® (streptogramin A and B) A2062 undergoes
a conformational change upon drug binding (40). A simi-
lar movement was observed in the structure of D. radiodu-
rans complex with synercid® (41). The enhanced synergis-
tic inhibition, compared to the individual contributions of
each of the components, appears to be a direct consequence
of interactions between the two streptogramin components,
which includes the fixation of A2062 in an orientation per-
mitting simultaneous binding of both compounds that con-
tributes significantly to the synergistic activity. Similarly, in
the current SA50S structures, the position of this nucleotide
is restricted by its bond with the mentioned above spermi-
dine (in the SA50S—linc structure) or with RB02. Moreover,
in the SA50S-RBO02 structure, the orientation of A2062A’
(that interacts with RB02) is similar that observed in the
synercid® bound structures of E. coli 708 and D. radoidu-
rans 508. This type of interaction was not observed in the ri-
bosome complexes with clindamycin since this lincosamide
comprised of a chlorine atom instead of the hydroxyl group,
which points to opposite direction due to the inverted C7
stereochemistry in clindamycin versus lincomycin.

Lincosamides show stronger inhibition of in-vitro translation
in S. aureus compared to E. coli

Lincosamides are effective mainly against Gram-positive
bacteria (9). The results of the cell-free in vitro inhibition
assay of various lincosamides using both E. coli and S. au-
reus ribosomes (Figure 4), presented here, support previ-
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sent the standard deviations from the mean for triplicate experiments and
the luminescence is normalized relative to that measured in the absence of
any inhibitor, which was assigned as 100%.
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ously described minimum inhibitory concentration (MIC)
results (42,43); lincomycin inhibit protein synthesis with an
I1Csp 0f 0.03 £ 0.002 pg/ml in an S. aureus in vitro transla-
tion system (SATS), whereas in the E. coli system (ECTS)
lincomycin has an ICsy of 1.7 £ 0.2 pg/ml i.e. lincomycin
is ~50x more potent against S. aureus than against E. coli
(Figure 4A). A similar trend was observed for clindamycin
as the ICsg value in SATS was 0.07 £ 0.002 wg/ml and 0.6
+ 0.06 pg/ml for ECTS (Figure 4B). The cell-free in vitro
inhibitory effect of lincomycin and clindamycin is rather
similar, however, clinically clindamycin exhibits higher po-
tency against Gram-positive bacteria (8). This suggests that
the substitution of the OH group at C7 with chlorine, with
inverted stereochemistry of C7, increases clindamycin po-
tency due to non-ribosomal factors such as cell permeabil-
ity. Interestingly, when examining the activity of the com-
pound RB02 on both systems, the SATS ICsy value of RB02
was 19.2 &+ 1.05 pg/ml; however in the ECTS the ICs
value could not have been accurately calculated as it ex-
hibited very low inhibitory properties (Figure 4C). Further-
more, at the highest RB02 concentration, this compound
was ~100x less effective on ECTS than on the SATS (Sup-
plementary Figure S4 C).

As seen in the ribosome structures in complexes with
various lincosamides, the majority of the interactions are
formed through the sugar moiety of the compound. In or-
der to better decipher the factors dominating lincosamides
inhibition, the impact of «-MTL on the drugs activity was
tested by preforming cell-free inhibition assay of this moi-
ety (obtained by the cleavage of the propyl hygric acid of
lincomycin), on both SATS and ECTS. In both systems,
the sugar possesses a limited inhibitory capability (Figure
4D), hence it is more likely to serve as the anchor for the
rest of the antibiotic. Once the sugar moiety of the lin-
cosamides binds to the tunnel entrance, it may not preclude
polypeptide chain elongation mainly owing to its limited di-
mensions, as can be observed by superposition of the ery-
thromycin bound D50S crystal structure on that of SA50S—
linc (Figure 5B). These results suggest that the propyl hygric
acid of clindamycin and lincomycin that merely form rela-
tively week van der Waals contacts at its binding site plays a
key role in sterically blocking the tunnel entrance. This hy-
pothesis is further supported by the fact that RB02 with the
less hindered para benzamide group is a significantly less
potent inhibitor of in vitro translation as compared to the
parent natural lincosamide lincomycin.

DISCUSSION

All lincosamides studied so far bind to the same binding
pocket in the bacterial large ribosomal subunit. The main
determinant for lincosamides targeting to the ribosome is
their a-MTL segment as they interact with 23S nucleotides
mainly via this moiety.

In all studied ribosomal crystal structures, the sugar part
of the drug is positioned at the exit tunnel entrance over-
lapping with the site occupied by the desosamine sugar of
macrolides (Figure 5A). Thus, the cross-resistance between
them and the macrolides can be rationalized. Furthermore,
the comparison with the macrolide bound ribosome struc-
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exit tunnel

Figure 5. Binding sites for antibiotics in the PTC and peptide exit tunnel.
(A) Erythromycin (PDB ID: 1JZY) (blue), lincomycin (orange) and RB02
(pink) are shown as stick models. Ribbons denote the sugar phosphate
backbone of 23S rRNA (gray), the acceptor ends of A-site tRNA (blue)
and P-site tRNA (green). Lincomycin and RB02 are bound at the PTC
and interferes with A-site tRNA positioning and erythromycin is bound
at the entrance of the exit tunnel. Superimposing these structures shows
that the sugar moiety of the lincosamides overlaps the desosamine sugar
of erythromycin elucidating the MLSg cross-resistance. (B) Surface rep-
resentation of erythromycin (PDB ID: 1JZY) (blue) superimposed on a-
methylothiolincosamine (pink) in their binding pockets. The sugar phos-
phate backbone of 23S rRNA is denoted as ribbons (colored in gray).

ture offers an explanation to the lack of inhibition by the
lincosamine sugar moiety alone (Figure 5B).

In both SA50S-linc and SA50S-RB02, the nucleotide
A2062 is interacting with the lincosamides, either directly
or indirectly. Such interaction could not be established with
clindamycin as its chlorine substitution on C7 and its stere-
ochemistry could not facilitate hydrogen bond formation.
However, in the cell-free in vitro inhibition assay presented
here, lincomycin and clindamycin exhibit similar inhibitory

effect thus the addition interaction of lincomycin to the ri-
bosome via nucleotide A2062 may not be a pivotal deter-
minant for the drugs potency. Furthermore, clindamycin is
clinically more potent against Gram-positive infection than
lincomycin which leads us to conclude that the chlorine sub-
stitution on C7 improves clindamycin’s pharmacokinetics
properties rather than add beneficial interaction with the ri-
bosome binding site.

This study offers the first evidence for the presence of
polyamines in the lincosamides binding pocket as was sug-
gested by Kouvela ez al. (32). Their studies were performed
mainly on clindamycin; however, spermidine was not found
in none of the available ribosome structure in complex with
clindamycin, even though it was also an additive to all crys-
tallization drops. Since clindamycin’s C7 stereochemistry is
inverse compared to that of lincomycin C7, the interactions
of the C7 moiety with its environment is diverse among
the two lincosamides. It is plausible that spermidine inter-
act with clindamycin by transient electrostatic interaction
through its C7 methyl group in a manner that supports the
binding of clindamycin to the ribosome but may be hard to
observe in a crystal structure that represents a stable bound
state. As for RB02, although spermidine was present in
the crystallization drop, electron density for it could not be
identified in the SA50S-RBO02 electron density map. Since
lincomycin and RB02 are involved in a somewhat different
network of van der Waals contacts with the surrounding
rRNA nucleotides (Supplementary Figure S3), resulting in
a slightly different orientation of the C7 which may favor in-
teraction with A2062 and consequently interfere with sper-
midine binding.

The SA50S-linc complexes reported in this study and
previous ribosome structures in complex with clindamycin
demonstrate that the interactions of the propyl hygric acid
segment of lincosamides with the 23S nucleotides are solely
based on van der Waals forces and that this appendage may
be responsible for the proper steric blockage of the tunnel
entrance. Indeed, substitution of this segment which occu-
pies a volume of 290 A3 with the less bulk para nitrobenza-
mide group (with a smaller volume of 201 A3calculated by
3V: volume assessor (44)) drastically decreased the in vitro
potency of the compound.

The binding pocket of lincosamides and its surroundings
shells in S. aureus and E. coli are highly conserved in terms
of sequence (Supplementary Figure S5) and structure, with
the exception of A2062. This nucleotide exhibits differ-
ent orientations in lincosamide-bound ribosome structures;
however, these differences seems to be induced by the com-
pounds C7 substituent. Yet, significant differences in 1Cs
values were observed between the SATS and ECTS. Since
their inhibition was examined in vitro, effects of cell perme-
ability and efflux mechanisms could not offer an explana-
tion to this. Both S. aureus and E. coli can acquire resis-
tance to lincosamides by nucleotidyltransferases, which de-
activates the drug although each of these bacteria acquires
its own unique genes of these nucleotidyltransferases (9,45—
48). However, the difference in activity of lincosamides
among S. aureus and E. coli cannot be attributed to these
drug modification mechanisms as both the in vitro transla-
tion systems include E. coli extract in the reaction mixture



(the E. coli ribosomes were removed from the extract when
inhibition was tested against S. aureus).

Offering a structural explanation to these observations is
not straightforward due to the high structural similarities
of the lincosamides binding pocket among S. aureus and
E. coli. Nevertheless, the rRNA modification pattern is not
conserved among different bacterial species. In E. coli, these
rRNA modifications are well studied; however only limited
data on the modification pattern of S. aureus ribosome are
available. Both E. coli and S. aureus nucleotide A2503 is
post-transcriptionally modified to m>A by an indigenous
methytransferase (49,50) which by itself cause minimal an-
tibiotic resistance (16). However, additional methylations
on A2503 C8 by cfr confer resistance to PhLOPSA antibi-
otics. U2504 that is also part of the lincosamides binding
pocket is pseudouridinilated in E. coli but whether or not
this nucleotide is modified in S. aureus is unknown. The cur-
rent complex structures are reaching 3.45-3.6 A resolution
therefore modifications could not be observed in the elec-
tron density maps thus it remains to be investigated if the
difference in in vitro activity against ribosome from both
species is due to differences in the modification pattern.

An additional explanation to the different in vitro inhi-
bition levels between E. coli and S. aureus may lay further
away from the binding pocket. Several rRNA nucleotide
that are located 17-35 A away from the lincosamides bind-
ing pocket, differ in both sequence identity and conforma-
tion between the two ribosomes, can be observed (Supple-
mentary Figure S6). Thus, a cascade of interactions may
account for the diverse inhibition of lincosamides against
different species. It is unclear if these differences are mean-
ingful in regard to lincosamides potency however, previ-
ous studies suggested that resistance to ribosomal antibi-
otics can be conferred by mutations at nucleotide that are
distal to the binding pocket through remote interactions
(22,51,52).

Whether or not these distal structural differences affect
the drugs ability to inhibit the ribosome, it seems that there
might be more to species-specificity than the binding pocket
itself and its immediate vicinity.
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