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a b s t r a c t

Macrolide antibiotics bind to the exit tunnel of the ribosome and inhibit protein synthesis blocking its
translocation. Thus, antibiotics including the known macrolide Erythromycin (ERY) are active against
bacteria. However, at present, some bacteria show resistance to drugs, which requires the development
of new powerful antibacterial agents. One possible way is to use the ERY structure, but change its side
chains, while the size of the lactone ring can remain unchanged or change. In this work we consider
Cethromycin (CET) and Solithromycin (SOL), which are ketolides with quinolylallyl group at C6 and
aminophenyl at C11, respectively (both of them have the same lactone ring as ERY). Experiments have
shown that these ketolides have improved efficacy against pathogens, but their binding affinity to the
E. coli's ribosome is almost identical. To clarify this issue, we have studied in detail the binding mech-
anisms of ERY, CET and SOL using the docking and molecular dynamic simulations. In agreement with the
experiments, we showed that these compounds have similar binding affinities. Desosamine and lactone
ring groups play a critical role in the binding of ERY to the ribosome. In CET and SOL, the contribution of
keto and alkylaryl groups is balanced by cyclic carbamate. We have demonstrated that increased fluc-
tuations in the ribosomal residues at the binding site led to an increase in the entropic term in the free
binding energy of ERY compared to SOL and CET. The alkyl-aryl arm of both ketolides strongly interacts
with A752 and U2609. In addition, the presence of macrolides in the exit tunnel can alter the confor-
mation of U2585, which is located in the peptidyl transferase center, through non-bonded interaction.
Therefore, the side chain of ketolides affects not only the binding site but also other residues possibly
leading to a strong effect on the protein synthesis process. We predict that to combat bacterial mutations,
it is necessary either to design a bulk and charged group as a cladinose, or to use several groups with
different signs of charges. This prediction can be used for the development of new efficient antibiotics.

© 2019 Published by Elsevier Inc.
1. Introduction

Macrolides are a class of antibiotics that include a 14e16
membered macrocyclic lactone ring to which one or more sugar
groups (usually cladinose and desosamine) can be attached [1].
Macrolides bind to the exit tunnel of the ribosome and might
inhibit the synthesis of proteins by blocking its translocation [2].
sh Academy of Sciences, Al.
The first antibiotic of this class, Erythromycin (ERY), exhibits strong
activity against a broad range of gram-positive pathogens [3]. ERY is
a 14-membered lactone ring macrolide with desosamine and cla-
dinose at C5 and C3 positions of the ring, respectively (Fig. 1). Ex-
periments have shown that the cladinose moiety of ERY plays an
important role in ribosome stalling [4]. When bound to the ribo-
some, the drug contacts with the ribosomal base A2058 through a
hydrogen bond between the N1 atom of A2058 and the desosamine
hydroxyl [5,6].

Nowadays, some bacteria show resistance to antibiotics, moti-
vating the development of new potent antibacterial agents. One of
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Fig. 1. The chemical structure of Erythromycin, Solithromycin and Cethromycin. Lactone ring and desosamine are common for three compounds. The names of other groups are
shown.
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the possible strategies is to use the structure of ERY (Fig. 1), but
modifying the side chain attached to the lactone ring. This leads to a
new generation of macrolides, known as ketolides, which are more
effective in antibiotic activity [7,8]. Here the cladinose moiety of
macrolides is replaced by keto, and cyclic carbamate and alkyl-aryl
group are also present [9] (Fig. 1). Similar to macrolides, ketolides
bind to the 50S subunit of the ribosome near A2058 in the exit
tunnel inhibiting the elongation of the nascent peptide [6,10]. Ex-
periments revealed that the alkyl chain attached to the carbamate
group at position C11-12 interacts with the ribosomal RNA bases
A752 and U2609, leading to an increase in the binding affinity of
ketolides compared to macrolides [5,11]. Cethromycin (CET) is a
ketolide obtained from ERY with a keto group at C3 of the lactone
ring and quinolylallyl at position C6, but not at C11 as in the first
ketolide Telithromycin. CET exhibits a slightly increased affinity for
binding to ribosomes as compared to ERY [12] as well as improved
activity against macrolide-resistant pathogens compared to Teli-
thromycin [12]. Due to the specific position of quinolylallyl, the
binding mechanism of CET to the ribosome may be different from
other ketolides, such as Telithromycin, but this issue has not been
solved.

Another new ketolide is Solithromycin (SOL), which is formed
by replacing of an alkyl-aryl side chainwith 11,12-carbamate-butyl-
[1e3]-triazolyl-aminophenyl and a fluorine atom that binds to C2
of the lactone ring (Fig. 1). SOL exhibits a broad spectrum and
powerful activity against pathogens [13,14]. Similar to other keto-
lides, aminophenyl arm at position 11 directly interacts with A752,
U2609 [11]. However, these interactions and the presence of a
fluorine atom cannot enhance the binding ability of SOL to the
ribosome compared to ERY [11]. Llano and coworkers [11] proposed
that the contribution of these groups of atoms is counterbalanced
by the lack of cladinose, which is present in ERY.

In this work, we explore the interaction of macrolides Erythro-
mycin, Cethromycin and Solithromycin using docking and molec-
ular dynamics simulations. This model study reveals the main
factors that govern the binding affinity of macrolides and ketolides
to the ribosome. It is also useful for understanding ribosome
stalling and bypassing in the presence of antibiotics.

We have shown that, consistent with experimental data
[11,15,16], the binding affinities of the three macrolides are slightly
different. The desosamine group and the lactone ring make a major
contribution to the binding energy of ERY to the ribosome. Unlike
ERY, the desosamine group in SOL and CET ketolides weakens the
interaction between these ketolides and the ribosome. In the case
of SOL, the lack of cladinose is compensated by the aminophenyl
and keto groups, whereas the cyclic carbamate group and the
fluorine atom significantly reduce the binding affinity due to the
repulsive electrostatic interaction. In CET, similarly to SOL, the
lactone ring, keto and the alkyl-aryl arm enhance the binding of
CET to the ribosome, while the cyclic carbamate has negative
impact on the binding. The binding site of CET in the ribosome is
similar to Telithromycin and SOL although the quinolylallyl group
attaches to C6 of the lactone ring. Moreover, the presence of all
studied compounds in the exit tunnel can affect the conformation
of base U-2585, which locates in the peptidyl transferase center
(PTC).

2. Materials and methods

2.1. Initial structures

The structures of ribosomewith ERYand SOL are available in the
protein data bank (PDB) with PDB ID 4V7U and 4WWW, respec-
tively. Because the PDB structure of the complex of E. coli's ribo-
some and CET is not available in PDB, we have obtained it using the
docking method. We first removed ERY from 4V7U structure and
then this structure was used as a target for docking of CET to the
same binding site. To probe the reliability of docking result for CET,
we docked ERY and SOL to ribosome structure 4V7U and 4WWW,
respectively. Then the obtained binding poses of these drugs were
compared to those available in 4V7U and 4WWW holo structures.

2.2. The docking method

AutoDock Tools 1.5.4 [17] was used to prepare the input for
docking simulation with PDBQT format. Then, drugs were docked
into the receptor by using AutoDock Vina 1.2 [18]. To get reliable
results the exhaustiveness was set equal to 400. Ten lowest energy
modes of a flexible ligand were generated, while the receptor dy-
namics was neglected. The difference between the lowest and the
highest binding affinity was chosen equal to 7 kcal/mol. The bind-
ing site was known from experiment containing residues A2058
and A2059 [5,11,15] and the box was chosen to cover the binding
site with grid dimensions 2.3� 2.5� 2.0 nm. The lowest binding
energy or the energy in the best docking mode was chosen as a
scoring function for binding affinity.

2.3. Molecular dynamics (MD) simulation

The MD simulations were performed using GROMACS 2016
package [19]. Parameters of the ribosome structure were obtained
from the AMBER99SB-ILDN force field. Antechamber and Acpype
were used to calculate force field parameters for small compounds,
which are based on the General Amber Force Field (GAFF) [20]. The
atomic charges of the compounds were determined using the
PROPKA package [21].

The bacterial ribosome consists of two subunits, 30S and 50S
(Figure S1). The binding sites of ERY, SOL and CET are located in the
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exit tunnel of the ribosome, which is positioned in 50S. Specifically,
residues A2058 and A2059 of the binding sites are located in the
RNA 23S subunit of 50S.

Because the ribosome is largewe have approximated as a sphere
of radius of 4 nm, i.e. the residues of ribosome are removed if the
distances between them and the center of mass of macrolides are
larger than 40 Å. The truncated ribosome consists mainly of the 23S
subunit of 50S (Figure S1).

To prevent the spherical truncated ribosome from collapse, but
keeping the effect of artificial fixation minimal we followed the
procedure proposed by Small et al. [22], where the truncated
ribosome was divided into 3 regions. The first region consists of
residues that have at least one atom located within 24 Å from
center of mass of macrolides. No restraint has been applied to
atoms in this region. Residues of the buffer region are located in
range between 24 and 32 Å. Atoms in this region are restrained by a
harmonic potential with a spring constant 5 kcal/mol/Å2. Atoms in
the rest part of ribosome were restrained by a harmonic potential
with a spring constant of 10 kcal/mol/Å2.

The receptor-drug complexes were solvated in the 12� 12� 18
nm box with TIP3P water molecules. Mg2þ and Naþ ions were
added to neutralize the systems, then 0.1M ion Naþ and Cl� ions
were also added to mimic the salt concentration. A cutoff of 1.0 nm
was used to calculate van der Waals (vdW) and electrostatic forces.
The particle-mesh Ewald (PME) summation method was employed
for calculating the electrostatic energy [23].

First, to remove bad contacts the energy of the system was
minimized using the steepest descent algorithm. Then the system
was kept at 300K by the v-rescale algorithm in NVT ensemble for
200 ps [24]. The Parrinello-Rahman algorithmwas used to run 5 ns
NPT equilibration simulation [25]. Finally, each production MD
simulationwas conducted for 200 ns using the leap-frog integrator.
The snapshots sampled at equilibrium were used for data analysis.

The binding free energy of macrolide, DG, to the ribosome was
calculated by MM-PBSA method [26,27], in which DG is given by
the following formula:

DG¼DEelec þ DEvdW þ DGPB þ DGsur � TDS (1)

Here DEelec, DEvdW, DGPB, and DGsur are electrostatic, van der
Waals (vdW) interaction, polar and nonpolar solvation energies,
respectively. The electrostatic and vdW interaction energies were
calculated without any cutoff using the same parameters that have
been used inMD simulations. The polar contributionwas calculated
by APBS package [28]. The nonpolar term was estimated from the
equation Gsur ¼ g*SASA with g¼ 0.0072 kcal/mol/Å2 and SASA is
the solvate accessible surface area (Å2) [29]. The entropy contri-
bution -TDSwas obtained using themethod proposed by Duan et al.
[30]:

�TDS ¼ kBTln
D
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E
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where Erl
int is the receptor-ligand interaction energy. In MD simu-

lations the right part of Eq. (2) was calculated as follows
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where N is the number of snapshots collected in equilibrium.
A contact between a drug and a base of the ribosome is formed if

the distance between center of mass of base and one atom of drug is
less or equal 6.5 Å. The experimental binding affinity is calculated
from equation DGexp ¼ RTlnðKdÞ where the gas constant
R ¼ 1.987*10�3 kcal/mol/K, T¼ 300 K and Kd is dissociation
constant (see, for instance, Borea et al. [31]). RMSD was calculated
for heavy atoms of the truncated ribosome and macrolides with
respect to the initial structure of MD simulations.
3. Results and discussions

3.1. Docking results

3.1.1. Binding positions
In this work the binding pose corresponds to the conformations

obtained in the best docking mode, that is, the conformations with
the lowest binding energy. Fig. 2 shows the binding position of ERY,
CET and SOL in the ribosome. Although the binding pose of ERYand
SOL is known from PDB structures [5,11], we have conducted
docking simulation for these drugs in order to verify the accuracy of
the docking result obtained for the binding site of CET in E. coli's
ribosome.

In the PDB structure 4V7U, ERY is located near residues A2058,
A2059 (Fig. 2), and its RMSD relative to the PDB conformation is
0.91 Å. The lactone ring is bound to residues A2058, A2059 but not
to A752 andwithout alkyl-aryl arm, ERY does not form contact with
A752 and U2609 bases. This result indicates that our docking po-
sition is consistent with the experimental one [5]. In the best
docking mode in 4WWW, SOL also binds to residues A-2058 and
A2059, while the alkyl-aryl arm is oriented towards A752 and
U2609 bases (Fig. 2). The experimental structure 4WWW shows
that the alkyl-aryl arm is in contact with the bases A752-U2609 and
the lactone ring is associated with A2058-A2059 [11]. The RMSD
between this experimental structure and our docking structure is
1.23 Å. Therefore, the configuration of SOL obtained in the docking
simulation is similar to the experimental structure [11].

Motivated by the consistency of the ERY and SOL docking poses
with the experimental data, we performed a docking simulation for
the CET-bound E. coli's ribosome structure 4V7U. In the best
docking mode (Fig. 2), the lactone ring is located around A2058 and
A2059 bases. The quinolylallyl arm of CET contacts with the A752-
U2609 base pair (Fig. 2) and this configuration is similar to the
binding pose of Telithromycin [5] and SOL in E. coli's ribosome.
However, the C3 keto group of CET is not positioned near U2609
(Fig. 2) as in the D. radiodurans ribosome [32]. This result indicates
different orientations of ketolides in the species of bacteria.

Because we will use the structure, obtained in the best docking
mode of the CET-ribosome, as the initial conformation for MD
simulation and the docking program cannot always gives the cor-
rect ranking for different docking poses, we consider the energy
and structure of the top 5 best dockingmodes (Table S1). Obviously,
their energy is almost the same and, more importantly, their
structures are not different significantly as RMSD with respect to
the best docking mode structure remains below 2Å. This implies
that the binding free energy, calculated by MD simulation starting
from the structures of top 5 best dockingmodes, should not depend
on the initial configuration. Therefore, in the following, we will
present the result, obtained by the MM-PBSA method, using the
best docking mode structure as the initial configuration unless
otherwise indicated.
3.1.2. Docking binding energy
In the best docking mode, the binding energies of three mac-

rolides are lower than �9.5 kcal/mol (Table 1) suggesting that, in
agreement with the with experiment [11,33,34], these drugs
strongly bind to the ribosome. In addition, the experimental data
indicated that CET and SOL have the binding affinity compatible
with ERY [11,15]. Therefore, our binding energies, obtained in the
docking simulation, are consistent with experiment.



Figure 2. (Upper part - Left) Schematic plot for the initial structure for MD simulations, macrolide is in red. (Upper part - right) The structural alignment in the best docking mode
(ribosome is hidden). (Lower part) Locations of the 3 antibiotics in the best docking mode. The structures of ERYand SOL of 4V7U and 4WWWare in magenta, the docking structures
are in cyan. E. coli's ribosome structure in ERY and CET cases is 4V7U and 4WWW in SOL case.

Table 1
The docking binding energy and binding free energy DGbind, obtained by the MM-PBSA method, for ERY-, CET- and SOL-ribosome complexes. The energy is measured in kcal/
mol. Results were averaged over 5 MD trajectories.

DEele DEvdw DGPB DGsur -TDS DGbind Docking energy Experimental DGbind

ERY �224.5 �57.2 260.9 �7.7 13.0 �15.5± 1.8 �9.6 �9.9 [11], �10.9 [16]
SOL �32.8 �71.1 88.1 �9.3 10.4 �14.7± 2.2 �11.5 �9.9 [11]
CET �70.7 �56.5 107.2 �6.6 9.8 �16.8± 1.6 �11.1 �12.2 [15]
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3.1.3. Effect of methylation on the binding energy
It was reported that methylation at the N6 atom group of A2058

base causes resistance of bacteria toward macrolides and ketolides
[35e37]. The monomethylation confers high resistance to macro-
lides but only moderate resistance to ketolides. However, dime-
thylation causes high resistance to both macrolides and ketolides
[36]. To understand these experimental results, we carried out a
simulation of the docking of ERY, CET and SOL to the ribosome with
the monomethylated and dimethylated N6 atom group of A2058.
The chemical structure of methylated A2058 is shown in Figure S2
in SI. The ribosome structure was the same as in the case without
methylation. In monomethylation, the binding energy is �6.0, �7.8
and �8.3 kcal/mol for ERY, CET and SOL, respectively (Table S2).
Consequently, the binding energy increases by 3.6, 3.3 and 3.2 kcal/
mol for ERY, CET and SOL, respectively (compare with Table 1). This
result indicates that the effect of monomethylation on ERY stronger
than CET and SOL, which is in line with experiments [35e37]. More
importantly, in agreement with experiments, monomethylation
confers resistance to antibiotics because it impairs the binding af-
finity (increased binding energy), as shown in our docking result.

In the case of dimethylation, the docking energy is �5.8, �7.5
and�6.8 kcal/mol for ERY, CETand SOL (Table S2), respectively. This
result shows that the dimethylation effect is stronger than mono-
methylation, which is consistent with experiments [35e37]. The
increase in the binding energy is 3.8, 3.6 and 4.0 kcal/mol for ERY,
CET and SOL, respectively, implying that dimethylation causes high
resistance to both macrolides and ketolides, as was observed in the
experiment [36].

3.2. MD results

3.2.1. Equilibration procedure
For MD simulations of ERY- and SOL-ribosome complexes, we

used PDB structures 4V7U and 4WWWas the initial conformations.
Because a similar PDB structure is not available for the CET-
ribosome complex, the best docking pose structure was used as
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the initial conformation. To estimate the equilibration time, we
have monitored the time dependence of RMSD of the ribosome
with respect to its initial conformation. A system is assumed to
reach equilibrium if RMSD becomes saturated fluctuating around
its equilibrium value. RMSD of the CET-ribosome is higher than in
other cases, and, in particular, in three simulations RMSD increases
dramatically (Fig. 3). This is due to the fact that, for CET, the
simulation startedwith the best docking structure, whereas for ERY
and SOL, the PDB structure, which is better optimized than the
docking structure, was used as the initial structure. Simulations
with SOL show lower RMSD values (about 0.2e0.4 nm) than RMSD
of CET, ERY and empty ribosome. This is probably because the PDB
structure of the SOL-ribosome was experimentally resolved better
than in other cases.

As evident from Fig. 3, all the studied complexes reached
equilibrium after approximately 100 ns. Thus, the snapshots
collected at equilibrium, i.e. after 100 ns, were used for computing
the binding free energy given by Eq. (1).

3.2.2. ERY, CET and SOL exhibit similar binding affinity to the
ribosome

The binding free energy was calculated by Eq. (1). As follows
from the time dependence of the interaction entropy [30]
(Figure S3), it converges in MD simulations for three complexes.
Averaging the final values over five trajectories, we obtained the
entropy term shown in Table 1. The differences in the experimental
binding free energy of macrolides are insignificant [11,15,16]
(Table 1). The binding affinity of CET is slightly higher than ERYand
SOL. Using the MM-PBSA method and MD simulation we showed
that the binding free energy of CET is lower than that of ERY and
SOL (Table 1). However, within error bar the binding affinities of
three compounds are almost the same and this result is in good
Fig. 3. The time dependence of RMSD of the E. coli's ribosome and ribosome-macrolide comp
holo structure with SOL). The arrow refers to the time when the complex reaches equilibri
agreement with the experiments. The in silico binding affinity of
SOL is slightly higher than ERY (Table 1), similar to the experi-
mental data reported by Llano-Sotelo et al. [11].

Although the binding free energy of ERY is compatible with CET
and SOL, its electrostatic interaction with the ribosome is signifi-
cantly lower (Table 1). This is because the charge of ERY isþ1 while
CET and SOL are neutral. However, the pronounced differences in
electrostatic interaction are compensated by the polar term DGPB.
The van der Waals interaction is strongest in the ribosome-SOL
complex, since DEvdW is equal to �71.1, �57.2 and �56.5 kcal/mol
for SOL, ERY and CET, respectively (Table 1). As expected, the non-
polar term DGsur is not very sensitive to the compounds under
study.
3.2.3. Robustness of the binding affinity against initial structures
used for MD simulations

Recall that the results shown in Table 1 were obtained using the
PDB structures as the initial structure for MD simulation for the
ERY- and SOL-ribosome complexes, whereas for the CET-ribosome
it was selected as the best docking mode structure. To study the
effect of the initial structure on the binding free energy, we con-
ducted additional MD simulations using the structures obtained in
the best docking mode for the ERY- and SOL-ribosomes and the
second best docking structure for the CET-ribosome as the initial
structures. The setup for these simulations is same as in the pre-
vious MD simulations. Within error bar the binding free energy of
macrolides (Table S3) remains almost unchanged (compare with
Table 1), indicating that the binding affinity is not significantly
affected by the initial structures. This is understandable because
during the 200 ns MD simulation the ligand has enough time to
search for the best position.
lexes (4V7U for apo structure and for holo structures with ERY and CET, and 4WWW for
um.
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3.2.4. Fluctuations of ribosome residues at the binding site
contribute to entropy

As can be seen from Table 1, the entropy term of ERY is greater
than SOL and CET. To understand this result, we monitor the root
mean square fluctuation (RMSF) for macrolide atoms and ribosome
residues in the binding site.

Figure S4 shows that the fluctuation of ERYatoms is weaker than
SOL and CET and the average RMSF value is 0.06± 0.04, 0.10± 0.05,
and 0.09± 0.05 nm for ERY, SOL and CET, respectively. Thus, the
average RMSF of ERY is lower than that of SOL and CET by a value of
0.04 and 0.03 nm. This difference is not as significant as in the case
of fluctuations of ribosome residues at the binding site, where the
average RMSF value is 0.18± 0.02, 0.07± 0.02 and 0.09± 0.03 nm
for ERY, SOL and CET respectively (Figure S5). Therefore, we expect
that the fluctuation of ribosome residues at the binding site dom-
inates over the fluctuation of macrolide atoms and their strong
fluctuations lead to a large entropy of the ribosome-ERY complex.
3.2.5. Contribution of different groups of macrolides to the binding
affinity

In order to study in detail the interaction of the macrolide with
the ribosome and to identify which component makes the major
contribution, we divided themacrolides into blocks (Fig.1). Lactone
ring and desosamine are common for the three compounds. Both
CET and SOL have keto and cyclic carbamate groups, but they differ
in an additional side chain, in which CET contains quinolylallyl,
while aminophenyl belongs to SOL. Atoms of all groups are
numbered as shown in Figures S6, S7 and S8 for ERY, CET and SOL,
respectively.

In the ERY, the lactone ring exhibits a stronger interaction of
vdW with the ribosome compared to the side chain groups des-
osamine and cladinose (Table 2). Furthermore, it stabilizes the
stability of the ribosome-ERY complex by attractive electrostatic
interaction having DEelec¼�94.4 kcal/mol. The cladinose group is
dominated by the lactone ring and the desosamine in the electro-
static interaction implying the insignificant role of this side chain
group in interaction of ERY and ribosome. Because the cladinose
group can interact directly with the nascent chain [38] but not with
the ribosome [5], this observation does not contradict the experi-
mental data showing that modification of cladinose significantly
affects the ability of the drug to block the protein translocation [4].
The contribution of the desosamine group to the electrostatic
interaction is greatest. In general, desosamine and lactone rings,
but not cladinose, play a critical role in the binding affinity.

The situation is similar in the case of CET and SOL, where the
lactone ring has a significant contribution to electrostatic interac-
tion (Table 2). However, unlike ERY, the desosamine group in these
ketolides reduces electrostatic interaction (Table 2). The lactone
ring in ERY has the lowest vdW interaction energy while its
counterpart in CET has the weakest contribution. The interaction
energy between the fluorine atom, attached to C2 of the lactone
Table 2
Average electrostatic and van der Waals interaction energy (kcal/mol) between atomic g

Atom group ERY SOL

DEele DEvdw DEele

Lactone ring �94.4± 8.4 �33.3± 5.8 �129.
Desosamine �152.1± 21.0 �11.4± 3.0 64.5±
Cladinose 22.0± 6.0 �12.5± 1.2
Quinolylallyl
Keto �36.0
Cyclic carbamate 98.9±
Aminophenyl �81.7
Fluorine atom 50.7±
ring, and the ribosome is 50.7 kcal/mol indicating this atom
weakens the binding of SOL to the ribosome. An experimental
study revealed that the addition of a fluorine atom to C2 does not
significantly affect antibacterial activity [39]. However, Beatriz et al.
showed that SOL inhibits the growth of streptococci, which carries
the erm gene, more than a drug that does not possess a fluorine
atom [11]. The disagreement between these two studies on SOL
activity may be due to the fact that the contribution of the fluorine
atom to the interaction between SOL and the nascent peptide de-
pends on the sequence of the peptide [40].

Aminophenyl and keto group in SOL have attractive electrostatic
interactions with the ribosome (Table 2), but this contribution has
been compensated by a cyclic carbamate group, making a total
electrostatic interaction weaker than ERY (Table 1). This result is
understandable if we take into account the charges of these groups
(Table S4-S6, Figure S6-S8). The desosamine and cyclic carbamate
groups in CET possess positive electrostatic energy (Table 2) to
counteract the attractive electrostatic interaction of the lactone
ring, keto and quinolylallyl groups. Thus, the replacement of cla-
dinose by a keto group in CET and SOL radically changes the
contribution of the group at C3 of the ring. In addition, the alkyl-
aryl side chains in CET and SOL increase the binding of these
compounds to the ribosome (Table 2). As for the vdW interaction,
the contribution of the lactone ring dominates in all macrolides of
CET, SOL and ERY (Table 2). This result can be explained by the fact
that the hydrophobic side of these groups binds to A2058, A2059 in
the ribosome tunnel (Fig. 2). The common desosamine group sta-
bilizes the complex with ERY, but not with CET and SOL (Table 2).

As evident from Tables 1 and 2, the electrostatic interaction
drives the binding of ERYand CET, while the binding strength of SOL
is mainly determined by the vdW interaction. The electrostatic
interaction is especially important for ERY as this compound is
positively charged. The desosamine group and lactone ring control
the stability of ERY in complex with the ribosome. In both ketolides,
the lactone ring and alkyl-aryl side chains dominate over other side
chain groups.
3.2.6. Contact map between macrolides and ribosome
Table 3 shows the top ribosome residues that have the proba-

bility of being in contact with ERY, CET and SOL greater than 0.3.
Their positions in the ribosome are shown in Fig. 4. The densely
populated contact between all drugs and bases A2058 and A2059 is
consistent with the experimental and docking results that these
residues belong to the binding site [5,11]. In the case of ERY, the
ribosomal base A2062 has a high probability of contact, which in-
dicates to its important role in inhibiting protein synthesis. Kannan
et al. showed that the mutation A2062U confers resistance to ERY
[40], but not ketolide, like telithromycin.

In our work, ketolides SOL and CET have a low probability of
contact with A2062 (Table 3) suggesting that A2062 is important
only in ERY-dependent ribosome stalling. This result is also
roups of macrolide and truncated ribosome. Errors represent standard deviations.

CET

DEvdw DEele DEvdw

2± 7.4 �30.7± 3.8 �104.0± 13.0 �22.3± 4.1
13.3 �15.8± 1.8 54.7± 6.6 �10.8± 2.7

�81.1± 11.3 �18.3± 6.6
± 2.5 �1.6± 0.4 �36.7± 8.5 �1.1± 0.5
8.1 �2.3± 0.9 96.4± 14.5 �4.0± 1.4
± 6.9 �23.9± 6.3
1.8 �0.5± 0.3



Table 3
Top residues of the ribosome that have the probability of being in contact with ERY,
CET and SOL above or equal 0.3. N/A refers to probabilities that are lower than 0.3.
Error represents standard deviation.

Residue ERY SOL CET

U746 N/A 0.8± 0.1 1± 0.0
A751 N/A 0.7± 0.2 0.9± 0.3
A752 N/A 1± 0.0 0.7± 0.2
G2057 0.9± 0.2 N/A N/A
A2058 1± 0.0 1± 0.0 1± 0.0
A2059 1± 0.0 1± 0.0 0.8± 0.3
A2062 0.6± 0.3 0.3± 0.2 N/A
A2503 0.7± 0.2 0.8± 0.2 N/A
U2609 0.4± 0.3 0.8± 0.2 0.5± 0.1
C2610 1± 0.0 0.9± 0.1 0.3± 0.1
C2611 1± 0.0 1± 0.0 0.6± 0.1

Table 4
Average number of hydrogen bonds betweenmacrolides and ribosome. Results were
averaged over 5 MD trajectories. Error represents standard deviation.

Atom group ERY SOL CET

Lactone ring 0.4± 0.2 N/A 0.4± 0.1
Desosamine 0.0± 0.0 0.4± 0.2 0.2± 0.1
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consistent with the weak effect of SOL and CET on the torsion angle
of A2062, while ERY has a much stronger effect (see below). The
bases C2610 and A2503 are sensors of the drug structure [4], which
have different probabilities of contact with ERY, SOL and CET.
Indeed, while ERY and SOL have a high contact population with
C2610 and A2503 (Table 3), CET occasionally makes contact with
these bases. This reflects the distinctive characteristics of the qui-
nolylallyl group attached to C6 of the ring of CET.

Both ketolides SOL and CET have strong contact with U746,
A751, A752 and U2609 (Table 3), while ERY only strongly interacts
with U2609. Similar behavior was also observed for Telithromycin
[5]. Dunkle et al. showed that Telithromycin can protect A752 from
a chemical probe due to the interaction between the alkyl-aryl arm
and the A752-U2609 pair [5]. Our result shows that, like Teli-
thromycin, SOL and CET have close contact with the pair A752-
U2609, which can play an important role in resistance to these
drugs. The interaction between CET and A752 in E. coli is different
from D. radiodurans [32], in which CET interacts only with U2609
because D. radiodurans does not have U2609-A752 pair. Although
the quinolylallyl group attached to C6 in the lactone ring, this group
also has the same interaction network as the alkyl-aryl moiety that
is attached to C11 in other ketolides.
Cladinose 0.0± 0.0
Quinolylallyl 0.2± 0.1
Keto 0.0± 0.0 0.3± 0.1
Cyclic carbamate 0.2± 0.1 0.3± 0.1
Aminophenyl 0.9± 0.2
Fluorine atom 0.0± 0.0
3.2.7. Hydrogen bonds between macrolides and ribosome
First, we consider a hydrogen bond (HB) network of the struc-

tures used as initial conformations for MD simulations (Figure S9).
For ERY- and SOL-ribosome complexes, they are 4V7U and 4WWW
Fig. 4. Macrolides (cyan) and residues that have a proba
PDB structures, respectively. In the case of CET-ribosome, we have
the best docking pose when CET is bound to the 4V7U PDB struc-
ture. Obviously, ERY does not formHBwith the ribosome, while SOL
and CET forms one HB with A2059 (Figure S9).

We calculated the average number of HBs between the atom
groups of ERY, SOL and CETand the ribosome duringMD simulation
at equilibrium (Table 4). ERY forms HB only with the lactone ring
and the mean value of HBs is low (0.4± 0.2). In the SOL case, the
lactone ring does not have HB (Table 4), but desosamine forms HB
with an average value of 0.4± 0.2. Cyclic carbamate occasionally
has hydrogen bonding with the ribosome (0.2± 0.1), while ami-
nophenyl forms HB during the entire MD simulation at equilibrium
(0.9± 0.2). For CET, all atom groups form HB but their population is
low (Table 4). The number of HBs between the ribosome and the
cyclic carbamate group in CET and SOL is the same. However, the
keto group in CET has a higher propensity to hydrogen bonding
than in SOL.

Base A2058 of the ribosome forms HB with all macrolides
(Table S7). CET and SOL also form HB with bases A751 and A752,
while ERY does not have HB with these bases. U746 forms HB only
with SOL.

As follows from Table 4 and S7, the hydrogen bonding between
macrolides and the ribosome is weak, implying that it is not a main
factor that controls the stability of the macrolide-ribosome
complexes.

3.2.8. The interaction energy of the most important residues with
macrolides

In this section we consider the non-bonded interaction of
macrolides with residues whose contact probability exceeds 0.3
(Table 3). All macrolides strongly interact with A2058 and A2059
bility of contact with the macrolide more than 0.3.
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(Table 5) as are located in the binding site. In accordance with the
total interaction energy (Table 1), ERY has the strongest electro-
static energy. The high attractive interaction of residue A2062 with
ERY is consistent with the fact that the presence of ERY alters the
conformation of A2062. Both CET and SOL interact with U746, A751,
and A752-U2609, but the interaction of these residues with CET is
stronger than with SOL (Table 5), showing different characteristics
of alkyl-aryl arms during the interaction of these ketolides and
ribosome residues. This is also in the line with the results obtained
for the total interaction energy (Table 2).

3.2.9. Effect of macrolides on the configuration of specific bases of
the ribosome

To study the effect of three drugs on the conformations of
specific ribosomal bases, we calculated the distributions of their
torsion angles (Fig. 5). When no drug is bound to the ribosome, the
distribution has one and two peaks for bases A2058 and A2059 at
the binding site, respectively. However, in the presence of macro-
lides, the peak of the distribution of A2058 torsion angle shifts
(Fig. 5). For A2059, ERY maintains a two-peak structure, while one
peak is observed in the presence of CET and SOL. Thus, the con-
formations of A2058 and A2059 bases are reordered to accommo-
date the macrolide at the binding site. This result is consistent with
experiments showing that macrolides directly interact with these
bases [5,11].

Because the position of the A2062 residue is close to macrolides
in the exit tunnel, it can narrow or expand the tunnel space by
reorientation. The torsion angle of A2062 changed dramatically in
the presence of ERY and CET (Fig. 5), which changes the size of the
tunnel. When these drugs are bound, one peak is divided into 2
separate peaks. However, it altered only slightly in the presence of
SOL indicating a variety of macrolide effects on the A2062 config-
uration. Our observations agree with an experiment on the role of
mutations at this residue in ERY dependent ribosome stalling [41].

Because the bases A2503, U2609 and C2610 are located next to
the macrolide, their torsion angles are sensitive to the macrolide
types (Fig. 5). The distribution of the A2503 torsion angle changes
dramatically when macrolide binds. Only SOL preserves a single-
peak structure, but the peak position is offset. All three com-
pounds significantly change the torsion angle of U2609 and C2610.
On the other hand, experiments have shown that bases A2503,
U2609 and C2610 regulate the structure of the drug, and therefore
mutations at these positions can change the drug activity [4,15,42].
Our results, at least in part, confirm this experimental fact.

Although macrolides bind to the exit tunnel at residues A2058,
A2059, but not to the peptidyl transferase center (PTC) they can
effect residue U2585, which is located in PTC. In the presence of all
three macrolides, the configuration of U2585 varies greatly,
Table 5
Interaction energy (kcal/mol) between macrolides and the most important ribosome res
standard deviation.

ERY SOL

DEele DEvdw DEele

U746 N/A N/A 4.4± 1.0
A751 N/A N/A 2.1± 0.6
A752 N/A N/A 1.7± 1.0
G2057 �8.9± 1.5 �1.4± 0.3 N/A
A2058 �9.0± 2.1 �7.1± 0.8 �8.4± 1
A2059 �6.3± 2.3 �6.2± 1.7 �3.4± 0
A2062 �6.3± 2.1 �2.6± 1.0 �2.3± 0
A2503 �8.8± 2.2 �2.8± 1.2 �3.0± 0
U2609 �5.0± 0.9 �2.6± 1.2 2.6± 1.1
C2610 �8.3± 1.5 �6.0± 0.8 1.1± 0.4
C2611 �7.6± 2.4 �12.1± 0.5 �1.5± 1
because instead of one pronounced peak, we obtained two peaks in
the distribution of its dihedral angle (Fig. 5). This result is consistent
with Sothiselvam et al. [43], who reported that ERY contributes to
the reorientation of U2585. Therefore, the presence of macrolides
can cause a conformation change in PTC and, consequently, change
the protein translation.

In the presence of CET and SOL, the distribution of the torsion
angle of A-752 varies not only in the number of peaks, but also in
their position (Fig. 5). This is consistent with the docking and
experimental data collected for SOL, in which the alkyl-aryl moiety
is in contact with A752 [11]. In the case of ERY, the distribution has
two peaks, but they are shifted (Fig. 5).

3.2.10. Molecular mechanism for changing the conformation of
U2585 in the presence of a macrolide

Based on the simulation results, Sothiselvam et al. proposed two
ways in which, in the absence of an emerging peptide, ERY could
change the orientation of U2585, rotating the bases connecting the
drug and U2585 [44]. In the first way, the first step is the A2062
rotation, which causes a change in the conformation of its neigh-
bors G2061 and C2063, while the second path is initiated by reor-
ienting U2609 then the second step of this path is communication
with PTC through U1782 and U2586 (Fig. 6). Thus, macrolides can
indirectly change the conformation of U2585.

In the case of ERY, the orientation of the dihedral angle of A2062
is changed supporting the pathway starting from A2062. However,
the effect of ERY on the dihedral angle of C2063 is insignificant
(Figure S10). SOL has a slight effect on the torsion angle of A2062
(Fig. 5) as well as the A2062-SOL contact is poorly populated, while
the influence of SOL on G2061 and G2063 is strong (Figure S10).
Thus, it is unlikely that the pathway starting from A2062 is
responsible for the reorientation of U2585 in the presence of
macrolides. Changes in dihedral angles of bases A2062, G2061 and
C2063 are independent each other, or in other words, there is no
coherent rotation of these bases, when macrolides are bound to the
ribosome.

Although all studied macrolides modulate dramatically the
dihedral angle of U2609 (Fig. 5), the conformation of its neighbors
U1782, U2586 remain almost unchanged (Figure S11). This result
indicates that the presence of macrolides do not cause a reor-
ientation of U2585 by the second pathway starting from U2609.
Thus, the two paths proposed by Sothiselvam et al. [44] were not
supported by our simulation. Instead, we assume that the presence
of macrolides alters the conformation of U2585 through a non-
bonded interaction between PTC and neighboring bases. The non-
bonded interaction energy between U-2585 and ERY, CET and SOL
is �2.3, �1.3, �1.2 kcal/mol, respectively. Since U2585 does not
form contact with another nucleotides like A752-U2609 pair, a
idues (see Table 3). N/As refer to energies that are not calculated. Error represents

CET

DEvdw DEele DEvdw

�6.9± 1.0 1.0± 1.3 �2.7± 0.8
�3.3± 0.7 �1.7± 0.9 �8.0± 1.8
�8.5± 1.8 2.6± 1.5 �9.2± 1.7
N/A N/A N/A

.7 �7.8± 1.2 �3.1± 1.2 �2.8± 0.9

.9 �6.2± 1.4 �4.7± 1.0 �3.3± 0.8

.4 �2.0± 1.0 N/A N/A

.8 �4.1± 1.3 N/A N/A
�4.6± 1.4 �2.4± 0.8 �4.6± 1.2
�5.3± 1.4 �1.5± 1.0 �2.1± 1.2

.1 �9.5± 1.4 �2.2± 1.3 �4.2± 1.4



Fig. 5. Distributions of torsion angles for specific ribosomal bases.

Fig. 6. Two possible paths through which macrolide can indirectly change the
conformation of U2585 located in PCT. The first pathway that begins with A-2062 is
described by red arrows. The second pathway, indicated by black arrow, starts with
U2609. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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small change in this interaction energy may be sufficient to change
its torsion angle. Moreover, the rotation of neighboring U2585
bases can cause fluctuations in the interaction between them and
U2585, which augments the effect of macrolides on the confor-
mation of U2585. This mechanism is supported by experimental
evidence that mutations at A2062, U2609, U2586, and U1782,
which are involved in both pathways, exert only a minor effect on
ERY-dependent stalling of MRL peptide [44].

4. Discussion and conclusions

We have shown that the lactone ring and desosamine groups
dominate in the interaction between ERY and the ribosome. The
keto group and alkyl-aryl arm in SOL counterbalance cyclic carba-
mate and desosamine groups in both ketolides. This may explain
the broad spectrum of activity against the pathogens of these
ketolides, since the contribution of their side chain groups is more
diverse than in ERY. The role of the lactone ring is to enhance the
binding of ERY, SOL and CET to the ribosome (Table 2). The opposite
has happened to desosamine, as shown in Table 2, it increases the
binding affinity in the case of ERY, but reduces the interaction be-
tween ketolides and the ribosome. We found that increased fluc-
tuations of the ribosomal residues at the binding site led to an
increase in the entropic term in the free binding energy of ERY
compared to SOL and CET.

From docking and MD simulations, we learned that the CET
binding site in the E. coli ribosome is similar to other ketolides. The
alkyl-aryl chain in CET and SOL causes the corresponding ketolides
to come into contact with A752-U2609, whereas such a contact
does not exist in the ERY case. Furthermore, the alkyl-aryl arms in
CET and SOL increase the interaction energy between these keto-
lides and ribosome residues.

We have studied the effect of methylation in the N6 atom group
of the A2058 base on the binding affinity of antibiotics using the
docking method. It was demonstrated that both monomethylation
and dimethylation reduce the absolute value of the binding energy
and this result is consistent with experiments, which showed that
methylation confers resistance of bacteria to macrolides and
ketolides. It would be interesting to conduct an all-atom MD
simulation in order to gain a deeper understanding of the molec-
ular mechanism of binding with methylation.
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It is known that some nascent peptides can be stalled only when
interacting with a specific drug [38,40,45]. Although the binding
affinity of ketolides CET and SOL is similar to ERY, they are superior
to ERY in antibiotic activity [12,13]. Alkyl-aryl arms and keto groups
in CETand SOL enhance their interactionwith the ribosome, but the
binding affinity of these ketolides is slightly different from ERY
because of the presence of cyclic carbamate group. However, the
difference in the sign of their charges (Table S7 and S8) can lead to
an advantage in inhibiting the translocation of the nascent pep-
tides. More precisely, ERY has only three groups in which the cla-
dinose has a negative charge, while others have a positive charge.
CET and SOL have even more groups with different positive and
negative charges. This characteristic of CET and SOL can contribute
more to their resistance to mutations compared to ERY, since the
residues of the nascent peptide can experience attractive interac-
tion with one of the groups, as evidenced by the fact that ketolides
are effective against macrolide-resistant strains [1,46]. However,
the presence of groups with different charge signs can balance each
other and weaken the interaction between ketolides and peptides,
making it easier for nascent peptides to bypass ketolides. For
example, the first ketolide Telithromycin is bypassed more often
than ERY [40,47]. Therefore, we predict that to fight bacterial mu-
tations, one must either to create a bulk and charged group as
cladinose, or use several groups with charges of different signs. This
prediction may be useful for designing new potent antibiotics.

Finally, we have shown that the interaction of ERYand ribosome
differs from SOL and CET both in binding sites and in the interaction
energy of different groups. Our previous study demonstrated that
ERY affects the translocation of ErmCL and H-NS through non-
bonded interaction with these peptides [48]. From this point of
view, the nature of the ribosome stalling caused by SOL and CET
may be different from ERY. This intriguing problem must be solved
in the future work.
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