
The field of study of antibiotics whose bioactivity is

mediated by interaction with bacterial ribosomes expands

in terms of both research and development of new com-

pounds, including those capable of suppressing resistant

bacterial strains, and investigation of ribosome functions

and regulation mechanisms using known antibiotics and

their analogs [1-3]. One of the first steps in applied and

fundamental research is to determine the ribosome bind-

ing ability of a potential antibiotic (ligand).

Various experimental techniques are employed for

studying ribosome interactions with small ligands, in par-

ticular antibiotics. Such methods as equilibrium dialysis

[4-7], gel-exclusion chromatography [8, 9], filter-binding

assay [4, 7, 10], and sedimentation [7] are generally based

on the use of radiolabeled compounds. Other methods

like footprinting [11-13], cross-linking [14-17], peptidyl

transferase activity inhibition, and puromycin reaction

[18-20] are highly informative but laborious, requiring

considerable time, frequently including radiolabeled

compounds, and not applicable for screening.

A separate group comprises techniques using fluores-

cent ligands. Initially, the binding of antibiotics to ribo-

somes was determined by a change in fluorescence inten-

sity that could be enhanced or quenched upon complexing

with a fluorescent ligand and return when the ligand was

displaced by antibiotics [21-24]. Recently, an original

method was suggested to study binding of potential antibi-

otics and other ligands to ribosomes based on the inclu-

sion of a site-specific fluorescent label directly into the

ribosome protein structure near the intended ligand-bind-

ing site [25]. With the development of the measurement

technique for quantitative evaluation of antibiotic–ribo-

some complexes, a method using fluorescence polariza-

tion (anisotropy) has been proposed, which is widely

applied for determination of the binding constants and

studying the kinetics of reactions accompanied by the
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change in molecule rotation rate when fluorescently

labeled compounds react with macromolecules [26]. The

approach is based on the fact that the measured fluores-

cence anisotropy level is proportional to the share of the

fluorescent derivative bound to a macromolecule. Since

the bacterial ribosome has a huge molecular mass

(2.5 MDa), its binding to a small fluorescently labeled

compound results in a significant change in fluorescence

anisotropy values, thus defining the high sensitivity of the

method. Moreover, binding or displacement curves can be

obtained without separation of bound and free fluorescent

ligand. In addition, since fluorescence anisotropy despite

its intensity is a ratiometric measurement, it is less sensi-

tive to such interference factors as light scattering, fluores-

cence quenching, excitation light shielding by other mol-

ecules, energy migration, etc. This assay was applied for

screening in the search of compounds capable of displac-

ing a fluorescently labeled antibiotic from its complexes

with 70S E. coli ribosomes [27]. Later, erythromycin-

based fluorescent compounds bearing a BODIPY FL flu-

orescent label in different positions of the macrolide were

synthesized [28, 29]. One of these substances, BODIPY-

9-aminoerythromycin, has been applied for the detection

of macrolide and chloramphenicol derivatives binding

with E. coli ribosomes by displacement of the fluorescent

erythromycin from its ribosomal complexes [28-32].

In the present work, new fluorescent derivatives

based on tylosin and related 16-membered macrolides

were proposed and synthesized; the dissociation con-

stants of complexes of these compounds with E. coli ribo-

somes were measured using fluorescence polarization

assay; the binding constants of known ribosomal antibi-

otics and previously synthesized macrolide analogs with

bacterial ribosomes were determined with the new fluo-

rescent compounds.

Rhodamine, fluorescein, Alexa Fluor 488, BODIPY

FL, and nitrobenzoxadiazole (NBD) were chosen as flu-

orescent labels (Fig. 1), these varying in structure, fluo-

rescent properties (excitation and emission wavelengths,

fluorescence intensity, quantum yield), and size.

MATERIALS AND METHODS

Chemicals used in this work were as follows: (Boc-

aminooxy)acetic acid and NBD-Cl from Aldrich

(Germany), rhodamine B from Sigma (USA), fluorescein

thiosemicarbazide from Fluka (Switzerland), Alexa Fluor

488 hydrazide from Molecular Probes (USA), BODIPY-

OSu from Invitrogen (USA), and tylosin from

Mosagrogen (Russia). Desmycosin [33] and erythromy-

cin fluorescent derivative BODIPY-Ery [30] were synthe-

sized earlier. The 50S ribosome subunits were isolated

from E. coli strain BW25113 in accordance with a stan-

dard procedure [34]; 70S ribosomes from E. coli strain

MRE-600 were prepared as previously described [35].

TLC was performed on Kieselgel 60 F254 plates from

Merck (Germany), and column chromatography on

Silica gel 60 (0.063-0.200 and 0.040-0.063 mm) from

Merck. The compounds containing UV-absorbing groups

were visualized on a UV cabinet Camag (England); the

substances with free or Boc-protected amino groups were

visualized by ninhydrin reagent; aldehyde groups were

detected by 2,4-dinitrophenylhydrazine.

UV absorption spectra were registered using a Varian

Cary 50 Bio spectrophotometer (Australia).

Analytical and preparative reverse phase HPLC was

performed on a Knauer semipreparative chromatograph

(Germany) with a Beckman Coulter Ultrasphere ODS

(10 × 250 mm, 5 µm) column in a gradient of MeCN in

aqueous solution of TFA (0.01%) with elution rate

5 ml/min.

MALDI-TOF mass spectra were recorded on an

UltrafleXtreme MALDI-time-of-flight mass spectrome-

ter (Bruker Daltonics, Germany) equipped with a UV

laser (Nd) in the positive ion mode with a reflectron.

LC-MS (chromato-mass-spectrometry) was carried

out with a UPLC/MS/MS system containing an Acquity

UPLC System chromatograph (Waters, USA), Acquity

BEH C18 (2.1 × 50 mm, 1.7 µm) column (3.55 ml/min,

gradient 0-95% MeCN for 3 min), and TQD quadrupole

mass spectrometer (Waters) (ESI ionization mode).
1H and 13C NMR spectra were registered on Bruker

AM-300, Bruker DRX-500, and Bruker AV-600 NMR

spectrometers (Bruker, USA) with 300, 500, and

600 MHz operating frequencies for 1H nuclei, corre-

spondingly. The signal multiplicity in 13C spectra was

determined with INEPT experiments. Coupled COSY

NMR spectra were recorded in magnitude mode; coupled

HSQC and HMBC NMR spectra were generated in

phase-sensitive mode. The J-filter, optimal for 13C-1H

correlation over one bond (about 135 Hz), was used for

HSQC spectra registration. The low pass J-filter for long-

range 13C-1H coupling constants (about 7 Hz) and refo-

cusing 13C-1H constants over one bond were applied for

HMBC experiments. For signal assignments, the follow-

ing data were used: 13C NMR and coupled experiments

COSY, HSQC, HMBC.

Fluorescence polarization was measured with a

Varian Cary Eclipse fluorescence spectrophotometer

(Australia) and VICTOR™ X5 Multilabel Plate Reader

from Perkin Elmer (USA). The wavelengths were as fol-

lows: for BODIPY-Tyl and NBD-Tyl: λex = 485 nm,

λem = 535 nm; for Flu-Tyl: λex = 492 nm, λem = 516 nm;

for Alexa-Tyl: λex = 488 nm, λem = 512 nm; for Rho-Tyl

and Rho-Des: λex = 535 nm, λem = 580 nm. The correct-

ing G-factor was measured relative to fluorescein stan-

dard.

Synthesis of tylosin and desmycosin fluorescent deriv-

atives. For synthesis of Rho-Tyl (I), Rho-Des (II), Flu-

Tyl (III), BODIPY-Tyl (IV), NBD-Tyl (V), Alexa-Tyl

(VI), as well as rhodamine B hydrazide [36], N-(7-nitro-
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2,1,3-benzoxadiazol-4-yl)ethane-1,2-diamine (Va) [37],

tert-butyloxycarbonyl-2-(aminooxy)-N-{2-[(7-nitro-

2,1,3-benzoxadiazol-4-yl)amino]ethyl}acetamide (Vb),

and 2-(aminooxy)-N-{2-[(7-nitro-2,1,3- benzoxadiazol-

4-yl)amino]ethyl}acetamide trifluoroacetate (Vc), see the

Supplement to this paper on the site of the journal

(http://protein.bio.msu.ru/biokhimiya) and Springer site

(Link.springer.com).

Study of ligand binding to bacterial E. coli ribosomes

[28]. Ribosome concentration was determined by optical

density at 260 nm (A260 = 1 a.u. at C(Rs) = 24 nM for 70S

ribosomes and C(Rs) = 36 nM for 50S subunits). The 50S

subunits and 70S ribosomes were thawed at 0°C, followed

by incubation for 15 min at 37°C and dilution in BIND

buffer with the following composition: 20 mM HEPES,

pH 7.5, 50 mM NH4Cl, 10 mM MgCl2, 4 mM β-ME,

0.05% Tween 20. To obtain the binding curves, the fluores-

cently labeled compound (2.5-32 nM) was mixed with the

ribosomes at different concentrations from 1 to 2000 nM

and incubated at 25°C for 30 min to reach equilibrium. In

ligand displacement experiments, the fluorescently labeled

tylosin solutions (4-16 nM) were mixed with the ribosome

solution (15-30 nM) in a 384-well plate and incubated at

25°C for 30 min. The solution of rival ligand at concentra-

tions from 1 nM to 1 mM was added to the formed riboso-

mal complex and incubated for 3 h. Then the values of flu-

orescence polarization were measured and converted to

anisotropy according to the formula [38]:

A=2P/(3 − P),                             (1)

where A – fluorescence anisotropy, P – fluorescence

polarization.

Data analysis. The binding assay data of fluorescent

derivatives with ribosomes were approximated by the

quadratic equation describing equilibrium binding of

labeled ligand [39]:

(2)

where A – measured anisotropy, A0 – anisotropy level

with non-bound ligand, Amax – anisotropy corresponding

][

Fig. 1. Scheme of synthesis of fluorescent derivatives of macrolide antibiotics. Rho-Tyl (I) a – rhodamine B hydrazide, 0.4 M acetate buffer

(pH 4.7), DMSO, 25°C, 12 h; Rho-Des (II) a – rhodamine B hydrazide, 0.4 M acetate buffer (pH 4.7), DMSO, 25°C, 12 h; Flu-Tyl (III) a –

fluorescein-5-thiosemicarbazide, 0.4 M acetate buffer (pH 4.7), DMSO, 50°C, 12 h; BODIPY-Tyl (IV) a – BODIPY FL C5 hydrazide, 0.4 M

acetate buffer (pH 5.7), DMF, 25°C, 0.5 h; NBD-Tyl (V) a – Vc, 0.4 M acetate buffer (pH 5.7), DMSO, 40°C, 17 h; Alexa-Tyl (VI) a – Alexa

Fluor 488, 0.4 M acetate buffer (pH 4.7), 50°C, 24 h.
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to total binding, [R]0 – ribosome concentration, [B]0 –

labeled ligand concentration, KD
RB – the dissociation con-

stant of the fluorescent derivative.

In the experiments of labeled compound displace-

ment, the data were approximated by a function that is

the solution of the cubic equation corresponding to the

equilibrium competitive binding of two ligands in one

binding site [40]:

(3)

,

,

,

,

where [C]0 – non-labeled compound concentration,

KD
RC – the dissociation constant of its complex with the

ribosome, [RB] – the concentration of complex of

labeled compound with the ribosome. The data were

processed using GraphPad Prizm 6 software.

RESULTS

Synthesis. The C20 aldehyde group was chosen for

introduction of fluorescent labels into the tylosin-related

antibiotics (Fig. 1 and Fig. S1 in Supplement), since it

can be modified in one step under mild conditions with

good yield without any preliminary protection of func-

tional groups of the antibiotic [33, 41]. The fluorescent

dyes were modified by appropriate reagents so that they

could interact with the tylosin or desmycosin aldehyde

group, giving hydrazones, oximes, or thiosemicar-

bazones. Thus, Rho-tylosin (I) and Rho-desmycosin (II)

were obtained by a reaction of previously synthesized

rhodamine hydrazide [36] with the corresponding antibi-

otic. Fluorescein thiosemicarbazide was taken as a start-

ing reagent for Flu-Tyl (III) synthesis. BODIPY FL C5

hydrazide was obtained from commercial BODIPY FL

C5 succinimide ester for the synthesis of BODIPY-Tyl

(IV). For tylosin modification resulting in NBD-Tyl (V),

the NBD-derivative of (aminooxy)acetic acid (Vc) was

used. Its structure was chosen so that compound V should

be similar in spatial structure to the phenylalanine deriv-

ative of tylosin Phe-Tyl (VII; Fig. 2), which exhibited

excellent inhibitory activity and good binding to bacterial

ribosomes as we have shown previously [10]. Compound

Vc was obtained via three stages from NBD-Cl and ethyl-

enediamine with conjugation of the resulting NBD-eth-

ylenediamine (Va) with (Boc-aminooxy)acetic acid giv-

ing Vb and subsequent amino group deblocking. The

tylosin derivative bearing Alexa Fluor 488 residue (com-

pound VI) was obtained as the substituted hydrazone. All

reactions giving fluorescent macrolide derivatives were

accomplished in acetate buffer at 25°C or heating to 50°C.

Because of the low solubility in buffer of the starting flu-

orescent compounds, such solvents as DMSO, DMF, and

THF were added to the reaction mixture if needed.

Fluorescent derivatives of macrolide antibiotics were

purified by column chromatography and characterized by

fluorescence and UV-spectrometry, LC-MS, and NMR

spectroscopy. The stability of the compounds in the buffer

used for ribosome binding assay was confirmed by HPLC

analysis. The substances were stable at least for a day at 25°C.

The proof of the introduction of the fluorescent

residue at the C20 position was based on structural analy-

sis of compounds I, IV, V (1H and 13C NMR, COSY,

HSQC, HMBC): in proton spectra the absence of a sig-

nal characteristic for the aldehyde proton in the 9.6-

9.7 ppm region was observed, and the appearance of a

broadened multiplet signal in 7.4-8.2 ppm characteristic

for imine compounds –CH=N– appeared. As well as for

other C20-derivatives of tylosin related antibiotics [33],

one set of signals was observed in NMR spectra, and we

therefore concluded that only one of the possible isomers

of the –CH=N-bond (anti-isomer [33]) was synthesized.

Binding assay of fluorescent derivatives of tylosin and

desmycosin with E. coli ribosomes. Primarily for quantita-

tive characterization of the binding of the synthesized flu-

orescent macrolide derivatives with E. coli ribosomes, the

time required to reach equilibrium of complexes was deter-

mined. For this purpose, during one hour the fluorescence

polarization level of a mixture containing ribosomes and

fluorescently labeled antibiotics at concentrations equiva-

lent about to 50% ligand binding was measured. It was

found that equilibrium was established in 5-10 min and

that the resulting complex was stable for several hours.

For obtaining binding isotherms, the solutions of flu-

orescent derivatives were titrated by 50S ribosome sub-

units (for Rho-Tyl (I), Rho-Des (II), Flu-Tyl (III),

NBD-Tyl (V), and Alexa-Tyl (VI)) or 70S ribosomes (for

BODIPY-Tyl (IV) and NBD-Tyl (V)) in the concentra-

tion range from 1 to 2000 nM. The mixture was incubat-

ed for 30 min at 25°C to reach equilibrium, and the values

of fluorescence polarization were measured and convert-

ed to anisotropy. The binding isotherms were approximat-

ed by quadratic Eq. (2) corresponding to equilibrium

binding of labeled ligand to the receptor without any

assumptions (Fig. 3). This model was chosen because the

concentrations of fluorescent compounds used were close

to the putative KD values of their complexes with ribo-

somes. Fluorescent derivative Alexa-Tyl (VI) did not
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show any affinity to the bacterial ribosomes. The affinity

of Rho-Tyl (I), Rho-Des (II), and Flu-Tyl (III) to 50S

ribosomal subunits appeared to be quite low, the KD val-

ues of their complexes being in the micromolar range:

1.3 ± 0.5, 0.8 ± 0.3, and 1.5 ± 0.3 µM, correspondingly –

three orders of magnitude greater than the KD of the com-

plex of tylosin with ribosomes [10]. For the compounds

that revealed the highest affinity, BODIPY-Tyl (IV) and

NBD-Tyl (V), binding isotherms were measured at vari-

ous concentrations of fluorescent derivatives in the ranges

2.5-20 and 4-32 nM, correspondingly. The resulting KD

values turned to be similar, so their average values were

taken: 3.1 ± 0.9 nM for BODIPY-Tyl (IV) and 6 ± 3 nM

for NBD-Tyl (V). The affinity of these fluorescent com-

pounds to ribosomes appeared to be close to that of

tylosin, allowing their use in further experiments on the

competitive displacement of macrolides. It is worth men-

tioning that unlike BODIPY-Tyl (IV), while NBD-Tyl

(V) binding to ribosomes we observed an increase in the

fluorescence level. For the used concentrations of NBD-

Tyl (V), the enhancement comprised 20-25% (data not

shown), which can be attributed to a change in fluo-

rophore environment and its interaction with the

nucleotide residues of the ribosomal tunnel.

Displacement of BODIPY-Tyl and NBD-Tyl from

their complexes with ribosomes by known antibiotics.

Initially, the applicability of BODIPY-Tyl (IV) and

NBD-Tyl (V) for ribosome binding assay was checked by

competitive displacement of fluorescent ligands from

their complexes with ribosomes. With this goal, the men-

tioned macrolide derivatives were used for determination

of KD values of complexes of some well-known antibiotics,

shown in Table 1, with E. coli ribosomes. Since tylosin,

which serves a base for compounds IV and V, interacts

Fig. 2. Structures of amino acid derivatives of tylosin [10, 33] and 5-O-mycaminosyltylonolide (OMT) [30].

Fig. 3. Binding curves of fluorescently labeled macrolides with E. coli ribosomes. a: 1) Rho-Tyl (I); 2) Rho-Des (II); 3) Flu-Tyl (III); [B]0 =

10 nM. b: 4) BODIPY-Tyl (IV); [B]0 = 4 nM; 5) NBD-Tyl (V); [B]0 = 16 nM. For each point, the mean value with standard deviation is shown.
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with a rather vast ribosomal tunnel (RT) area, for this pur-

pose we selected both macrolides (tylosin, erythromycin,

clarithromycin, azithromycin, desmycosin and OMT)

binding in the RT, and antibiotics (chloramphenicol,

puromycin, and lincomycin) binding in the A site of the

peptidyl transferase center. The time needed to reach

equilibrium in the mixture of fluorescently labeled deriva-

tives of tylosin, ribosomes and non-labeled antibiotic was

in the range of 1 to 2 h. Thereafter, the fluorescence polar-

ization values stay constant for at least 6 h. In displace-

ment experiments, the concentration of macrolides was

varied from 1 nM to 1 µM (Fig. 4 (a and b) and Fig. S2a in

Supplement), whereas the concentration of poorly bind-

ing antibiotics, such as chloramphenicol, puromycin, and

lincomycin were in the range 1-1000 µM (Fig. 4c and Fig.

S2b in Supplement). Because the KD values of the chosen

antibiotics and their concentrations in the experiments

were close, the function corresponding to the exact solu-

tion (3) of the cubic equation, describing equilibrium

binding of two ligands in a single site, was applied for data

approximation. The calculated KD values are presented in

Table 1. In the case of puromycin, partial displacement of

fluorescent derivative was observed (Fig. S2b in

Supplement), which may be due to the weak overlap of

binding sites of puromycin and tylosin (KD value not

determined). The KD values for tylosin, as well as for

erythromycin, that were obtained using compounds IV

and V, proved quite close. For comparison, Table 1 shows

the literature binding data for antibiotics with bacterial

ribosomes. For almost all antibiotics except azithromycin

and desmycosin, the constants are in the value ranges

given for respective constants in the literature.

Study of binding of macrolide derivatives with ribo-

somes by displacement of fluorescently labeled tylosin.

BODIPY-Tyl (IV) and NBD-Tyl (V) were used for deter-

mination of the quantitative characteristics of the binding

with ribosome of previously synthesized tylosin-related

macrolide derivatives (Fig. 2) [30, 33]. Binding with 70S

D. radiodurans ribosomes of amino acid derivatives of

tylosin, Phe-Tyl (VII), and Car-Tyl (VIII), bearing at C20

Fig. 4. Displacement curves of BODIPY-Tyl (IV) and NBD-Tyl (V) from 70S ribosomes by different antibiotics. a) Displacement of BOD-

IPY-Tyl: 1) OMT; 2) erythromycin; 3) tylosin. b) Displacement of NBD-Tyl: 4) erythromycin; 5) tylosin. c) Displacement of NBD-Tyl: 6)

lincomycin; 7) chloramphenicol.
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phenylalanine and carnitine residues, correspondingly,

was earlier characterized by 14C-labeled erythromycin

displacement assay [10]. The affinity of OMT derivatives,

modified by Boc-protected amino acids at the C23

hydroxy group (compounds IX-XI), also was previously

determined by BODIPY-erythromycin displacement

from its complex with E. coli ribosomes [30].

The displacement curves of BODIPY-Tyl (IV) and

NBD-Tyl (V) from their complexes with E. coli ribosomes

by macrolide derivatives VII-XI are presented in Fig. S3

in Supplement, and the calculated dissociation

constants are given in Table 2. According to the data, the

binding with ribosome of compounds VII and VIII is infe-

rior to tylosin binding. In contrast, the affinity to ribo-

somes of compounds IX-XI was shown to be greater than

that of the starting antibiotic OMT, and compound IX

possesses the highest affinity, which is consistent with

previously reported data [30].

Antibiotic

Tylosin

Erythromycin

Clarithromycin

Azithromycin

Desmycosin

OMT

Chloramphenicol

Lincomycin

Table 1. KD values of complexes of well-known antibiotics with E. coli ribosomes determined by NBD-Tyl (V) and

BODIPY-Tyl (IV) displacement. The average KD values are presented with confidence interval (α = 0.05). The liter-

ature data obtained by 14C- and BODIPY-labeled erythromycin displacement from their complexes with bacterial

ribosomes or by other methods are shown for comparison

displacement of 14C-labeled Ery,
BODIPY-Ery (*), or other methods (**, ***)

0.65 (D. radiodurans) [10]

3.9-6.2 (E. coli) [28]*

2.8 ± 0.5 (E. coli) [13]**

5.0 ± 0.4 (E. coli) [20]**

2.2 (E. coli) [42]

7.6-7.8 (E. coli) [28]*

10 (E. coli) [4]

10 ± 2 (E. coli) [13]**

14 ± 2 (E. coli) [43]

36 ± 2 (E. coli) [20]**

0.2-0.4 (H. pylori) [42]

15 (D. radiodurans) [10]

10 ± 2 (E. coli) [43]

6.2-6.3 (E. coli) [28]*

8.0 ± 0.5 (E. coli) [20]**

0.2-0.5 (H. pylori) [42]

2.0-5.6 [28]*

7.1 ± 0.4 (E. coli) [20]** 

0.3 (D. radiodurans) [10]

4.2 ± 0.6 (E. coli) [44]

3.0 (D. radiodurans) [10]

1700 (E. coli) [45]

3100 ± 300 (E. coli) [19]**

3000 (E. coli) [46]

6200 (E. coli) [46]***

displacement
of BODIPY-Tyl

1.0 ± 0.4

2 ± 1

–

–

–

6 ± 2

–

–

displacement
of NBD-Tyl

0.9 ± 0.6

3.2 ± 1.2

3.4 ± 3.2

0.4 ± 0.8

3.5 ± 3.3

–

3100 ± 1200

9400 ± 6000

KD, nM

* Data from BODIPY-erythromycin displacement.

** Data from the puromycin reaction.

*** Data from [N-methyl-14C]lincomycin displacement.
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DISCUSSION

Macrolides interact with bacterial ribosomes in the

specific area of the ribosomal tunnel [47-49]. The binding

sites of macrolides are not identical, but they are greatly

overlapping [11, 47, 49]. When tylosin-related antibiotics

bind to the ribosome, the substituent in the C5 position of

the lactone ring (mycaminose or mycaminosylmycarose

residue) is oriented towards the peptidyl transferase cen-

ter, and the mycinose residue at C14 position of the lac-

tone ring extends along the RT walls in the opposite

direction [3, 47]. When tylosin-related antibiotics bind to

ribosomes, the substituent at C20 position (or C6 position

of the macrolide ring) orients into the cavity in the RT

formed by nucleotide residue A2062 reorientation during

the process of binding with the antibiotic, and it can

interact with elements of 23S rRNA in this cavity [3, 10].

From the analysis of binding assay data of synthesized flu-

orescent derivatives of antibiotics I-VI (Table 1 and

Fig. 1), it can be assumed that the low affinity of com-

pounds I-III and VI is caused by significant volume of

xanthene substituents (rhodamine, fluorescein, and Alexa

Fluor 488 residues) in C20 position of desmycosin and

tylosin, which apparently cannot occupy the cavity,

thereby preventing the arrangement of the entire mole-

cule in the macrolide binding site. In the case of com-

pound VI, an additional factor destabilizing the complex

with ribosomes may be the presence of negative charge at

the fluorescent label, which may result in an electrostatic

repulsion between the Alexa Fluor 488 residue and phos-

phate groups of the rRNA nucleotide backbone.

Conversely, the smaller neutral substituents (BODIPY

and NBD) in compounds IV and V insignificantly affect

binding of the macrolide in the RT.

Moreover, compounds IV and V can be displaced

under equilibrium conditions from their complexes with

ribosomes by antibiotics or their analogs. And the disso-

ciation constants calculated from curves of BODIPY-

and NBD-derivatives of tylosin are very similar, as well as

comparable with constants obtained by different methods

for corresponding antibiotics and given in the literature or

defined previously (Fig. 2 and Tables 1 and 2). However,

it should be noted that the dissociation constant values of

complexes of the same antibiotics with bacterial ribo-

somes often vary considerably depending on the experi-

mental conditions, the method for binding determina-

tion, and the bacterial type and strain. For example, for

such a well-established antibiotic like erythromycin,

according to literature sources, the KD values of its com-

plexes with E. coli ribosomes are from 2 to 36 nM [4, 42,

43] and with H. pylori bacteria the values are an order of

magnitude lower, as in the case of clarithromycin [42].

Apparently, these same factors can be attributed to a slight

difference between the values of constants defined by us

for azithromycin and desmycosin from previously meas-

ured ones [10, 20].

It is worth mentioning that as fluorescent derivatives

are based on tylosin, which while binding occupies a sig-

nificant part of the RT [3, 47], they may be used to deter-

mine the binding of a broader range of compounds

Antibiotic

Tylosin

Phe-Tyl (VII)

Car-Tyl (VIII)

OMT

Boc-Gly-OMT (IX)

Boc-βAla-OMT (X)

Boc-γAbu-OMT (XI)

Table 2. KD values of complexes of macrolide derivatives with ribosomes determined by displacement of NBD-Tyl (V)

and BODIPY-Tyl (IV). The literature data obtained by displacement of 14C- or BODIPY-labeled erythromycin from

their complexes with bacterial ribosomes are shown for comparison. The average KD values are presented with confi-

dence interval (α = 0.05)

displacement of [14C]Ery (*)
or BODIPY-Ery (**)

0.7 [10]*
0.9 ± 0.8**

3.6 [10]*

0.6 [10]*

3 [10]*
1.9 ± 0.7 [30]**

0.2 ± 0.3 [30]**

1.1 ± 0.3**

1.6 ± 0.4**

displacement
of NBD-Tyl

0.9 ± 0.6

14 ± 10

3.4 ± 2.4

–

–

4.7 ± 3.5

–

displacement
of BODIPY-Tyl

1.0 ± 0.4 

6 ± 2

2.7 ± 0.9

6 ± 2

1.0 ± 0.4

3.5 ± 0.7

1.8 ± 0.6

KD, nM

* Data for D. radiodurans ribosomes.

** Data for E. coli ribosomes.
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depending on their binding site than hitherto described

macrolide analogs. Furthermore, as is known, there are

some limitations of the fluorescence polarization method

relating to the determination of binding constants of lig-

ands with significantly higher affinity than the fluores-

cently labeled compound [50]. The dissociation constants

of complexes of E. coli ribosomes with novel fluorescent

tylosin derivatives IV and V are in the nanomolar range,

which is an essential factor for more precise determina-

tion of binding constants of new substances with higher

affinity to bacterial ribosomes.

Thus, it was shown that the synthesized fluorescent

tylosin derivatives containing BODIPY FL and NBD

groups at C20 position of the macrolide ring can be rela-

tively easily obtained by modification of the aldehyde

function of the original antibiotic and applied for deter-

mination of dissociation constants of complexes of bacte-

rial ribosomes with ligands whose binding sites overlap

with the characteristic for macrolides RT area, as well as

for screening of the affinity of novel antibiotic derivatives

and other ligands to bacterial ribosomes in the macrolide-

binding site.
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