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Abstract Macrolide biosensor protein MphR(A) has been

known as a key regulatory protein in metabolite sensing

and genetic expression regulating. MphR(A) protein binds

to macrolide antibiotic erythromycin (Ery) and releases the

gene operon, thus activates expression of the mphA gene

and initiates Ery resistance. The two mutant amino acid

residues (V66L and V126L) might potentially disrupt Ery

binding to MphR(A). In these studies, the binding of

macrolide antibiotic Ery to wild type (Wt) MphR(A) and

double mutant (V66L/V126L) MphR(A) are explored by

molecular dynamics simulations. Compared to the Apo-

MphR(A) protein and Wt-MphR(A)–Ery complex, many

interesting effects owing to the double mutant (V66L/

V126L) are discovered. In the case of Ery, Helix I which

plays an important role in transcription shows itself a right-

hand a helix in Wt-MphR(A)–Ery, whereas the activated

helix is broken down in double mutant-V66L/V126L-

MphR(A)–Ery. The calculated results exhibit that the

double mutant V66L/V126L reduces the binding affinity of

the V66L/V126L-MphR(A) to Ery, resulting in the block

of Ery resistance. The binding free energy decomposition

analysis reveals that the decrease of the binding affinity for

the variant V66L/V126L-MphR(A)–Ery is mainly attrib-

uted to the gas phase electrostatic energies. The residue

Leu66, Thr154, and Arg122 enhance the binding affinity of

V66L/V126L-MphR(A) to Ery. The residues Tyr103 and

His147 contributes mainly to binding energies in the Wt-

MphR(A)–Ery complex, whereas the two residues have no

contribution to the binding free energy inV66L/V126L-

MphR(A)–Ery complex. Our study gives useful insights

into the nature of amino acids mutation effect, the mech-

anism of blocking drug resistance at the atomic level and

the characteristics in binding affinity for Ery to double

mutant (V66L/V126L) MphR(A), which will contribute to

the design of more effective macrolide antibiotics.
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Introduction

Antibiotic resistance is a momentous global health threat

nowadays, largely due to the misuse of antibiotic drugs [1].

It leads to less effective or failed treatment by current drugs

and the rapid expansion of drug-resistant infections, which

dramatically give impact on mortality and increase hospi-

talization costs [2].

Macrolide biosensor protein MphR(A) has been known a

key regulatory protein in metabolite sensing and regulation

of genetic expression [3]. Macrolide antibiotics include the

natural product Erythromycin, and its derivatives, such as

Azithromycin, and Clarithromycin. These drugs are active

mainly against gram-positive bacteria [4, 5], and widely used

for bacterial infections nowadays [6]. Resistance to these

macrolide antibiotics is an important problem for the issue of

human health [7]. Based on the studies in the past, these

antibiotics can be controlled by various different mecha-

nisms, such as drug target modification and the activation of

efflux pumps [8, 9]. In bacteria cells, another primary
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strategy is the direct modification of these drugs by macro-

lide 20-phosphotransferase I[Mph(A)], which is encoded by

the mphA gene [10]. A natural macrolide antibiotic Ery

binds to the protein MphR(A), which activates expression of

the mphA gene and ultimately initiates Ery resistance [11,

12]. MphA inactivates Ery by phosphorylation of the 20-
hydroxyl group on the desosamine sugar, which can block

downstream signaling pathways of Ery [11]. It has been

shown that the expression of this resistance gene mphA is

controlled at the transcriptional level by the protein,

MphR(A) [6]. Bacterial cells carrying the mph(A) and mrx

genes show high-level resistance to Ery. The mph(A), mrx,

and mphR(A) genes exist as a gene cluster beginning with

the mph(A) gene [11]. It is demonstrated that the transcrip-

tion of gene cluster is negatively regulated by the protein

MphR(A) [13]. Also, it has been reported that the tran-

scription of mph(A)–mrx–mphR(A) gene cluster is blocked

without Ery but activated by the combination of Ery and the

protein MphR(A) [6]. Thus, bacteria harboring this gene

cluster have the ability to ‘‘sense’’ the presence of Ery

through protein MphR(A). The gene cluster is transcribed in

the same direction with an apparent organization so that the

protein MphR(A) represses its own expression in a negative

feedback loop (Fig. 1). Bacterial cells govern the resistance

to macrolide antibiotics by the MphR(A) protein. Ery

binding to the protein MphR(A) causes release of the PmphR

promoter and then activates expression of 2’-phospho-

transferase Mph(A), inducing Ery resistance [14].

Therefore, to block the binding activity of Ery on MphR

(A) is the means of effective treatment of bacterial drug

resistance. The two mutant amino acid residues (V66L and

V126L) might potentially disrupt Ery binding [6]. Hence,

we are engaged in the study on resistance mechanism of the

macrolide biosensor protein MphR(A) binding to macro-

lide antibiotic Ery by molecular dynamics (MD) simula-

tion, which will help block negative feedback mechanism,

and further block the drug resistance, finally bring the

antibiotics into the powerful curative effect. Based on the

structure of protein MphR(A) and the results of molecular

dynamic simulations, we will give useful clues of opti-

mization and synthesis of novel macrolide antibiotics.

Material and computational method

Construction for the dynamical model

The protein dynamical models from the structure (PDB ID:

3FRQ) are adapted in the MD simulations [6]. The chem-

ical structure of Ery is shown in Fig. 2a. The molecular Ery

binding site is shown in Fig. 2b, c. For the sake of getting

the most stable conformation and the electrostatic potential

distributions, we calculated single point energies at the HF/

6-31G(d,p) level by Gaussian 09 program [15].

Molecular dynamics simulations

For MD simulations, the complex protein wild-type (Wt)

MphR(A) and the protein double mutant (V66L/V126L)

MphR(A) with Ery structures were performed by using the

AMBER12 program [16, 17]. The complex Wt-MphR(A)–

Ery structure is adopted from the structure (PDB ID:

3FRQ) [6]. The double mutant (V66L/V126L) MphR(A)–

Ery structure was obtained from the wild-type structure by

modeling. The Apo-protein [wild-type (Wt) MphR(A)]

system was acquired from the protein structure (PDB ID:

3G56), which does not bind the small molecule Ery [6].

The AMBER ff99SB force field parameters were adopted

for the MD simulations [18, 19]. We added the missing

hydrogen atoms of the proteins and Ery by LEaP module

[20, 21]. The protein 3D model structures were solvated in

the truncated octahedron periodic TIP3P water molecule

box with the cutoff distance of 10 Å. We added an

appropriate number of Na? counterions in order to neu-

tralize the negative charge of each dynamic simulation

system [17]. Finally, the structure Wt-MphR(A)-Apo

contained 75950 atoms, V66L/V126L-Wt-MphR(A)–Ery

contained 57219 atoms, and Wt-MphR(A)–Ery system was

consist of 57618 atoms. We performed minimization steps

for getting the initial dynamic simulation structures. Ini-

tially, the system was minimized by restraining all heavy

atoms with a 500 kcal/(mol Å2) strength. The entire system

was optimized by 2500 cycles of steepest descent mini-

mization and followed by 2500 cycles of conjugate gradi-

ent method. The next step, all restrains were removed,

5000 cycles of steepest descent method and 5000 cycles of

conjugate gradient minimization were performed. After

energy minimization, each simulation system was gradu-

ally heated from 0 to 300 K in increments of 25 ps with a

2 fs time step at a constant temperature of 300 K and then

equilibrated at a constant pressure of 1 atm for another

25 ps. During MD simulations, we applied the Particle
Fig. 1 Organization of the erythromycin resistance gene cassette.

MphA is an erythromycin 20-phosphotransferase
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Mesh Ewald (PME) to calculate long-rang electrostatics

energies [22]. The SHAKE algorithm method was

employed to restrict bonds containing hydrogen atoms

[23]. All MD simulations was 2 fs time step performed by

PMEMD module, and the coordinate files were saved at

intervals of 2 ps for the analysis by PTRAJ module [16,

22]. We adopted the PROPKA program and H?? server to

assign the protonation states of residues of the MD models

[24]. Figures were accomplished with the Chimera1.9

program.

The binding free energy calculation

The MM-GB/SA methods were adopted for the calculation

of the binding free energies. The GB model was performed

in the AMBER12 program calculation [25]. For each MD

simulation system (Wt-MphR(A)–Ery and V66L/V126L-

MphR(A)–Ery), 1000 snapshots were extracted from the

last 25 ns MD trajectory with an interval of 25 ps. The

binding free energy (DGbind) of Ery to the protein

MphR(A) were calculated by the follow equations:

DGbind ¼ Gcomplex � ðGreceptor þ Gligand ð1Þ

Here Gcomplex, Greceptor and Gligand express the binding

free energies of the complex, receptor (protein), and the

ligand (Ery) in the solvent systems, respectively.

In Eq. (1), each binding free energy parameter com-

prises the molecular mechanics energy (DEMM), the solvent

energy (DGgol) and the gas phase conformational thermo-

dynamics entropy effect to the binding (TDS). The binding

free energy is calculated as follows:

DDGTOT ¼ DEMM þ DGgol � TDS ð2Þ

where the molecular mechanics free energy DEMM is split

into electrostatic interactions DEele and van der Waals

interactions DEvdw in the gas phase, it can be expressed as:

DEMM ¼ DEele þ DEvdw ð3Þ

The solvation free energy (DGgol) can be divided into

two terms, the polar (DGGB) and nonpolar contributions

(DGSA). The equation is expressed as:

DGgol ¼ DGGB þ DGSA ð4Þ

bFig. 2 a Structure of Erythromycin. b the positions of Helix I in the

Wt-MphR(A)–Ery, V66L/V126L-MphR(A)–Ery structures. Helix I in

Wt-MphR(A) protein is shown as a purple ribbon. Helix I in V66L/

V126L-MphR(A) is shown in cyan ribbon. c the relative positions of

the mutations and the ligand binding site: the residues in Wt-

MphR(A) complex is shown in purple ribbon, the ligand is shown in

purple wire, the residues in V66L/V126L-MphR(A)–Ery-complex is

shown in cyan ribbon, the ligand is shown in cyan wire; the residues

in the ligand binding site are shown in stick model

J Comput Aided Mol Des

123



The DGgol was computed with the AMBER12 suite GB

module (IGB = 2). The dielectric constant was set to 1.0

inside the solute and 80.0 for the solvent. The nonpolar

solvation free energy (DGSA) was computed as follows:

GSA ¼ c� SASAþ b ð5Þ

where SASA was estimated by the MSMS algorithm with a

solvent probe radius value of 1.4 Å. The empirical con-

stants c and b were 0.0072 kcal/(mol Å2) and 0.0,

respectively.

The solute entropy contributions (TDS) were calculated

by a normal mode analysis (NMA) with the NMODE

module [17, 26]. For the system which contains many

amino acids, the calculation of the solute entropy was so

time-consuming that we took 100 snapshots from the final

25 ns equilibrium trajectory of each dynamic system for

the conformational thermodynamics entropy calculations.

Results

RMSD analysis

To explore the effect of the small molecule Ery on the con-

formational stability of the protein MphR(A) and double

mutant (V66L/V126L)-MphR(A), RMSD values of the

position differences of backbone atoms among Wt-MphR(A)-

Apo, Wt-MphR(A)–Ery and V66L/V126L-MphR(A)–Ery

systems were calculated throughout the MD simulations

(Fig. 3). The proteins of Wt-MphR(A)–Ery and V66L/

V126L-MphR(A)–Ery systems show similar deviations from

their starting structures. For the structure of the Wt-MphR(A)-

Apo the trajectory shows a rapid increase to 6.5 ± 0.20 Å

after 30 ns of the simulation run, indicating an immediate

departure from its starting structure. The larger RMSD values

for Wt-MphR(A)-Apo structure indicate that the overall

topologies of the structure has been changed [27]. In contrast,

the Wt-MphR(A)–Ery and V66L/V126L-MphR(A)–Ery

show smaller RMSD value or greater stability during the

entire MD simulations with the overall topology similar to the

starting structure. Thus, we can conclude that the binding of

small molecule Ery can enhance the stability of the Wt-

MphR(A) and V66L/V126L-MphR(A) proteins in the case of

accessible conformations.

Radius of gyration

For the purpose of finding the MD mechanism of Ery

binding to the protein MphR(A), we evaluate the com-

pactness of the studied proteins. The size of protein is

roughly estimated by radius of gyration (Rg), which is

defined as the mass-weighted positional mean of the

distances of atoms from the center of mass [28]. In the

presence of Ery, the level of the compaction of

MphR(A) and V66L/V126L-MphR(A) was determined by

the radius of gyration (Rg) calculation becausethe Rg

Fig. 3 The root-mean-square deviation (RMSD) of the backbone Ca

atoms during the MD simulations of the complex with respect to the

initial minimized structure of complex structures as a function of time
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describes the compaction level of the protein structure, the

lower Rg indicates the more compactness of the protein.

Figure 4 shows the most significant changes in Rg of the

proteins, moreover, the change of the radius of gyration

(Rg) of Wt-MphR(A)-Apo, V66L/V126L-MphR(A)–Ery,

and Wt-MphR(A)–Ery has been measured. The average

values of Rg are 23.51 ± 0.64 Å, 22.74 ± 0.70 Å, and

22.49 ± 0.81 Å for respective Wt-MphR(A)-Apo, V66L/

V126L-MphR(A)–Ery, and Wt-MphR(A)–Ery. In com-

parison with Wt-MphR(A)-Apo system, V66L/V126L-

MphR(A)–Ery, and Wt-MphR(A)–Ery systems show

strongly structural stabilities indicated by the smaller Rg

values(22.74 ± 0.70 Å and 22.49 ± 0.81 Å). The variation

of Rg show that the protein compacted in V66L/V126L-

MphR(A)–Ery and Wt-MphR(A)–Ery systems; and the

protein MphR(A) has been expanded in Wt-MphR(A)-Apo

system. According to the plots in Fig. 4, we can conclude

that the protein MphR(A) is compacted when bound to the

compound Ery.

Intrinsic and ligand-induced flexibility

The RMSF is considered as a fundamental parameter to

expresses the mean fluctuation of the dynamical system resi-

dues/atoms [29]. The RMSF of each residue (Ca atoms) in the

complexes [Wt-MphR(A)-Apo, V66L/V126L-MphR(A)–

Ery, and Wt-MphR(A)–Ery] were calculated (Fig. 5). The

high RMSF value indicates more flexibility while low RMSF

value indicates the limited flexibility. As shown in Fig. 5, the

fluctuations are stronger in the Wt-MphR(A)-Apo and V66L/

V126L-MphR(A)–Ery systems. With Ery bound to Wt-

MphR(A), RMSF plot of the residues has decreased. In order

to determine whether the mutation affects the dynamic

behavior of residues, the RMSF values of the three dynamic

systems are compiled in Fig. 5. The fluctuation score clearly

demonstrates an overall increase in the flexibility for V66L/

V126L-MphR(A)–Ery as compared to Wt-MphR(A)- Ery.

The increased RMSF not only affects the overall conforma-

tional fluctuation but also increases the fluctuation among

active site residues, which plays a key role in the decreased

Ery grip and the subsequent Ery resistance blocking-up. We

can conclude that the V66L/V126L mutant heightens the

protein flexibility and dynamics activities, which agree well

with the binding free energy results below. Furthermore, we

supposed that the V66L/V126L mutant might effect the

interactions of protein-Ery by changing the secondary protein

structure.

Structural transitions in helix I: folding into a right-

handed a helix in Wt-MphR(A)–Ery complex

For the purpose of analyzing the protein secondary struc-

ture,we apply the Ramachandran Diagram which divide the

two dimensions regions of u-w space into several bins as

described in Fig. 6. The distribution of the residues in the

different bins is determined and the percentage values for

each residue (Lys5-Asp10) are calculated. Figure 7 repre-

sents the percentage values distributed in Bins 1, 2, 8, and 9

regions for residues (Lys5-Asp10). The characterized

regions of the u-w space in Ramachandran Diagram are

represented by Bin1 (b strand) and Bin9 (b strand), Bin 2

[polyproline II (PII)], Bin8 (right-handed a helix) [30].

Figure 6 (A) graphically illustrates the nature of resi-

dues(Lys5-Asp10) that have the propensity to lie in a

specific region of u-w space (Bin1-9). As shown in Fig. 6b,

the residue Lys5 mainly distributed in Bin1 and Bin2

regions in the three systems. The residue Leu6 of Wt-

MphR(A)-Apo has 54.04 % propensity to lie in Bin2, the

same residue has 91.32 % propensity in Wt-MphR(A)–Ery
Fig. 4 The radius of gyration at the last 15 ns molecular simulation

trajectories as a function of time

Fig. 5 The root-mean-square fluctuations (RMSF) of backbone

atoms versus residue number of the Wt-MphR(A)-Apo, Wt-

MphR(A)–Ery, V66L/V126L-MphR(A)–Ery structures
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and 54.14 % propensity in V66L/V126L-MphR(A)–Ery.

The residues (Lys7 and Ser8) of Wt-MphR(A)-Apo and

V66L/V126L-MphR(A)–Ery mainly distributed in respec-

tive Bin9 and Bin2. Whereas the residue Lys7 of Wt-

MphR(A)–Ery has 96.08 % propensity to lie in Bin8, Ser8

has 28.13 % propensity to lie in Bin8. The residue Asp9

and Asp10 mainly lie in Bin8 in the three systems. Bins 1,

2, and 9 represent residues in extended and semi-extended

(PII) protein secondary conformations, whereas Bin8 rep-

resents residues in the strongly clustered a-helical

conformation.

The data above indicated that the secondary structure of

residue Lys7 has a significant change in the three systems,

the residue Lys7 represents itself in extended and semi-

extended (PII) conformations in Wt-MphR(A)-Apo and

V66L/V126L-MphR(A)–Ery, but represents itself in a

a-helical conformation in Wt-MphR(A)–Ery. This is an

important discovery,it is reported that Helix I of the protein

MphR(A) plays an important role in transcription [6]. Helix

I domain of MphR(A) binds specifically to the promoter

region of mph(A) [6, 11]. The structural transition in Helix

I might affect the binding of the protein MphR(A) to the

promoter of the mph(A) gene [31]. We will further focus

on the molecular mechanism of the Ery resistance trans-

formation resulting from the structural transitions in Helix

I.

Distance in binding site cavity

To obtain the protein–ligand interactions, we calculated the

average distance between the Ca of the key residue Met93

and Lys7 in Wt-MphR(A)-Apo, Wt-MphR(A)–Ery, and

V66L/V126L-MphR(A)–Ery complex. The distance plots

versus time are showed in Fig. 8a. The average distance

between the Ca of the residue Lys7 and Ca of the residue

Met93 in Wt-MphR(A)-Apo, Wt-MphR(A)–Ery, and V66L/

V126L-MphR(A)–Ery are calculated to be 28.11 ± 0.80 Å,

23.71 ± 0.84 Å, and 27.45 ± 0.64 Å, respectively (Fig. 8b).

bFig. 6 a Boundaries of the discrete bins are shown in the background

of Ramachandran Map. b Scatter plot in u-w space for residues

(Lys5, Leu6, Lys7, Ser8, Asp9, and Asp10) are shown in the

background of Ramachandran map

Fig. 7 percentages of the scatter in Bin1, Bin2, Bin8, and Bin9
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The calculated results show that Ery fits properly and is

accommodated well inside the binding site cavity in Wt-

MphR(A)–Ery complex. Furthermore, the distance between

the Ca of the residue Lys7 and the residue Met93 in V66L/

V126L-MphR(A)–Ery is larger than that in Wt-MphR(A)–

Ery, which might be a factor of the smaller binding free

energy between Ery and V66L/V126L-MphR(A) in V66L/

V126L-MphR(A)–Ery.

Binding free energy calculation

To insight to the binding free energy contribution spectrum

of Ery with Wt-MphR(A) and double mutant V66L/

V126L-MphR(A), absolute binding free energies are

computed for the two systems by using the MM-GBSA

methods [26]. The binding free energy contribution spec-

trum of Wt-MphR(A)–Ery and V66L/V126L-MphR(A)–

Ery complexes are summarized in Table 1. As listed in

Table 1, the total binding free energies of Wt-MphR(A)–

Ery and V66L/V126L-MphR(A)–Ery complexes are

-95.22 and -91.54 kcal/mol, respectively, which implies

that the protein V66L/V126L-MphR(A) exhibits the

weak binding affinity to Ery and the binding free energy

of the V66L/V126L-MphR(A) to Ery is decreased

by 3.68 kcal/mol in comparison with that of the

Wt-MphR(A)–Ery complex. Moreover, the weakened

binding affinity suggests that the mutated V66L/V126L-

MphR(A) can not bind to Ery well. In addition, the cal-

culated binding free energy results for Wt-MphR(A)–Ery

and V66L/V126L-MphR(A)–Ery agree well with the

available experimental affinities [6]. For the purpose of

exploring the binding affinity contribution of each energy

term, we analyze the individual energy terms and ther-

modynamic entropy effect (-TDS) of the Wt-MphR(A)–

Ery and V66L/V126L-MphR(A)–Ery complexes. Entropy

(-TDS) of Wt-MphR(A)–Ery is bigger than that of V66L/

V126L-MphR(A)–Ery complex, Entropy (-TDS) in the

Wt-MphR(A)–Ery complex is 36.9 kcal/mol, while ther-

modynamic entropy value in the V66L/V126L-MphR(A)–

Ery complex is 38.17 kcal/mol, displaying that the ther-

modynamic entropy effect in V66L/V126L-MphR(A)–Ery

complex is not helpful for the binding; Finally, the absolute

binding free energy of V66L/V126L-MphR(A)–Ery is

-53.37 kcal/mol. For V66L/V126L-MphR(A)–Ery com-

plex, the gas phase electrostatic energy (DEele) and van der

Waals interaction(DEvdw) are respective -50.1 and

-150.48 kcal/mol, which give the major contributions to

the binding. The nonpolar solvation energy (DGSA) con-

tributes -19.22 kcal/mol to Ery binding. On the contrary,

the polar solvation energy (DGGB) contributes

128.26 kcal/mol,which indicates that it is not favorable for

Ery binding to the protein V66L/V126L-MphR(A). In the

Wt-MphR(A)–Ery complex, the calculated protein-Ery

binding free energy (DGbind) is -58.32 kcal/mol, it is

extremely helpful for the Ery binding to the protein Wt-

MphR(A). As shown in the Table 1, electrostatic energy in

the gas phase (DEele) and van der Waals energy (DEvdw)

(-83.53 and -155 kcal/mol) provide the primary favor-

able binding free energy contributions. The nonpolar sol-

vation energy (DGSA) is much smaller (-20.24 kcal/mol)

and polar solvation energy (DGGB) is 163.55 kcal/mol,

indicating that it is not conducive to the Ery binding to the

Fig. 8 a Variability of residue Met93 and Lys7’ Ca distance.

b Superposition of the chain A of the average structure of Wt-

MphR(A)-Apo, Wt-MphR(A)–Ery, and V66L/V126L-MphR(A)–Ery

from the last 10 ns molecular simulation trajectories according to

RMSD. In the superimpositions, the protein residues are shown in

ribbon and key residue Met93 and Lys in stick. The structures of Wt-

MphR(A)–Ery, V66L/V126L-MphR(A)–Ery and Wt-MphR(A)-Apo,

are colored with cyan, blue and magenta, respectively. The average

distances between the Ca of the key residue Met93 and Lys7 in the

three systems are labeled
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protein Wt-MphR(A). To insight into the differences in

energetic contributions, we find that in the Wt-MphR(A)–

Ery system, the residue Thr17, Tyr103 and His147 con-

tribute -0.72, -1.44 and -1.84 kcal/mol, respectively.

However, the three residues have no binding free energies

in the V66L/V126L-MphR(A)–Ery complex. Meanwhile,

in the V66L/V126L-MphR(A)–Ery, the mutant residues

Leu66 and Leu126 have binding free energy contributions

of -2.24 and -1.07 kcal/mol. In Wt-MphR(A)–Ery com-

plex, the binding free energy contributions of the residues

Val66 and Val126 are -1.09 and -0.84 kcal/mol,

respectively.

Binding free energy decomposition analysis

To explore the contributions of binding free energy of each

residue, the energies are decomposed into individual resi-

due contributions by using the MM-GBSA method. The

decomposition of energy contains molecular mechanics

energy and solvation energy, but does not include entropy

effects. We divide DG values into two terms: the net

electrostatic energies (DEele ? DGGB) and the non-polar

energies (DEvdw ? DGSA) [32]. In order to understand

effect of the variation of V66L/V126L-MphR(A) binding

to Ery, the interaction of each residue and Ery can be

calculated (Figs. 9, 10). For Wt-MphR(A)–Ery, the main

energy contributors are the residue Met59, Val66, Ser92,

Met93, Tyr103, Val126, His147, Thr154, and Met155. The

main binding driving forces of the nine residues and Ery

are van der Waals energies (DEvdw) and the nonpolar sol-

vation energies (DGSA). In V66L/V126L-MphR(A)–Ery,

main energy contribution residues are Met59, Leu66,

Ser92, Met93, Arg122, Leu126, Thr154, and Met155.

Except for the residue Thr154, the gas phase electrostatic

interaction (DEele) and the polar solvation energy (DGGB)

play the main roles in the binding. The binding energy

contribution of the other residues are mainly from van der

Waals interaction (DEvdw) and the nonpolar solvation

energy (DGSA) (Fig. 10). The total binding energy contri-

butions of the eight residues are -2.24, -2.04, -1.52,

-2.06, -2.51, -1.07, -2.82, and -1.35 kcal/mol,

respectively. For V66L/V126L-MphR(A)–Ery complex,

Thr154 is the most favorable residue for the binding free

energy contribution, its total energy contribution is

-2.82 kcal/mol, the net electrostatic energy (DEele ?

DGGB) is -1.81 kcal/mol and the non-polar interaction

(DEvdw ? DGSA) is -1.01 kcal/mol. For Wt-MphR(A)–

Ery system, the residues Met59, Val66, Ser92, Met93,

Tyr103, Val126, His147, Thr154, and Met155 made large

Table 1 Binding Free Energies (kcal/mol) in each system

System DEele DEVDW DGGAS DGGA DGGB DGBSOL DGBele DGbind -TDS DDGTOT

V66L/V126L-MphR(A)–Ery -50.1 -150.48 -200.58 -19.22 128.26 109.04 78.16 -91.54 38.17 -53.37

Wt-MphR(A)–Ery -83.53 -155 -238.53 -20.24 163.55 143.31 80.03 -95.22 36.9 -58.32

Average contributions to the binding free energies in both erythromycin (Ery) bound systems calculate over the last 25 ns of each system MD

trajectory corresponding to equilibrium. DEele and DEvdw are the molecular mechanics electrostatic and van der Waals contributions; DGSA is the

polar component of the solvation free energy, whereas DGGB is the nonpolar component. TDS is the entropic contribution. DGbind is the total

binding energy (calculated as the average of the individual DEele ? DEvdw ? DGSA ? DGGB contributions for each MD snapshot);

DGbind = DEele ? DEvdw ? DGSA ? DGGB; DDGTOT = DEele ? DEvdw ? DGSA ? DGGB - TDS

Fig. 9 Decomposition of binding free energy on per-residue basis for

each complex
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contributions to Ery binding to the protein Wt-MphR(A).

The total free energy contributions are -1.33, -1.09,

-0.87, -2.42, -1.44, -0.84, -1.84, -0.87, and

-1.52 kcal/mol, respectively. As shown in Fig. 10, Met93

makes a notable contribution to the binding free energy, its

total energy contribution is -2.42 kcal/mol and net elec-

trostatic energy (DEele ? DGGB) is 0.27 kcal/mol,the non-

polar energy (DEvdw ? DGSA) is -2.69 kcal/mol.

H-bonds and binding mode analysis

For better visualizing and comparing the binding modes of

Wt-MphR(A)–Ery and V66L/V126L-MphR(A)–Ery com-

plex, the average structures of the two structures were

extracted. In order to investigate the influence of the con-

figuration from the hydrogen bonding network, hydrogen

bond lengths and occupies were calculated by the PTRAJ

module of AMBER12 during the MD simulations, and the

results are listed in Table 2. Hydrogen bonding network is

shown in Fig. 11. Hydrogen bonds were counted with the

distance cutoff (3.5 Å between two heavy atoms) and angle

cut off (120� among heavy atom -hydrogen -heavy atom).

For the Wt-MphR(A)–Ery complex, the occupancy of

hydrogen bonds formed between main chain carbonyl

oxygen atom (O) of Ser92 and 3-hydroxy hydrogen atom

(H40-O10) of Ery is 79.10 %. The occupancy of hydrogen

bond formed between the side chain imidazolyl hydrogen

atom (NE2-HE2) of His147 and xacyclotetradecane-2,10-

dione oxygen atom(O2) of Ery is 93.80 %, this hydrogen

bond plays very important role in the stability. The main

chain carbonyl oxygen atom(O) of the residue Met58 and

pyran hydrogen atom (H49-O13) of Ery form a hydrogen

bond, its occupancy is 28.09 %, the occupancy of hydrogen

bond is obviously reduced, resulting in the nearer distance

of Met58 carbonyl oxygen atom(O) and Ery pyran oxygen

atom(O13) and the two atoms are negatively charged, the

electrostatic repulsive force heightens because of the nearer

distance, which reduces the role of the hydrogen bond.

For the V66L/V126L-MphR(A)–Ery complex, the

occupancy of the hydrogen bond formed between main

chain carbonyl oxygen atom (O) of the residue Ser92 and

3-hydroxy hydrogen atom (H40-O10) of Ery is 85.45 %.

The oxygen atom (OG) of Ser92 side chain oxhydryl is

negatively charged and 3-hydroxy hydrogen atom (H40-

O10) of Ery is positively charged, therefore,the larger

electrostatic attraction exists between the two atoms. As

the Table 3 shown, electrostatic interactions in the gas

phase of Ser92 side chain are -1.4 kcal/mol. The hydrogen

bond exists between the hydrogen atom (HE–NE) of

Arg122 side chain guanidyl and xacyclotetradecane-2,10-

dione oxygen atom(O3) of Ery, the occupancy is 34.40 %,

the nitrogen atom of Arg122 side chain guanidyl and

oxygen atom(O3) of Ery is nearer in distance and nega-

tively charged, the existence of the electrostatic repulsion

reduces the effect of the hydrogen bond. As the Table 2

listed, gas phase energy of Arg122 is -18.52 kcal/mol

(Tele = -14.31 kcal/mol; TVDW = -4.21 kcal/mol), its

total solvation energy is 16.01 kcal/mol (TGB = 16.49

kal/mol, TSA = -0.48 kcal/mol). Meanwhile, the oxygen

atom (OG1) of Thr154 side chain oxhydryl and xacy-

clotetradecane-2,10-dione hydrogen atom (H21-O7) of Ery

forms a stable hydrogen bond, surprisingly, its occupancy

is 99.26 %, it is obvious that the H bond is especially

important to the binding affinity. The gas phase electro-

static energy of Thr154 side chain is -2.78 kcal/mol and

electrostatic energy in the gas phase of Ser92 side chain is

-1.4 kcal/mol, which illustrates that electrostatic interac-

tion is a key interaction in the two residues. Meanwhile, the

residues Ser92 and Thr154 play important role in the

hydrogen bond interaction.

Structure-binding affinity relationship analysis

We performed MD simulations to investigate resistance

mechanism of macrolide antibiotic Ery against the mac-

rolide biosensor protein MphR(A). In order to monitor

RMSD changes in the two systems, the 70 and 110 ns MD

simulations are performed for respective Wt-MphR(A)–

Ery and V66L/V126L-MphR(A)–Ery complexes. RMSD

Fig. 10 Comparison of interaction energies based on the key residues

in the complexes
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assesses the structure state of energy convergence by MM-

GBSA calculation, RMSD and the structure state of energy

convergence demonstrate that the simulations of taking a

state from the last 25 ns equilibrium trajectory every 25 ps

for the subsequent calculation are reasonable [25, 33].

Using the MM-GBSA method to calculate the binding free

energy of the system, the calculation results agree well

with the experimental results [6, 14]. In addition, the

results of decomposition of free energy for the different

energies illustrate that change of the enthalpy are larger

than that of the entropy in the two systems. Residue

energy decomposition shows that Ery binding to

Wt-MphR(A) mainly result from the nine residues, Met59,

Val66, Ser92, Met93, Tyr103, Val126, His147, Thr154,

and Met155. Based on dynamics simulation of V66L/

V126L-MphR(A)–Ery complex, we find that the binding

affinity of the protein V66L/V126L-MphR(A) and Ery is

decreased. Through the energy decomposition on each

residue, we find that the binding modes of the residues

Leu66, Tyr103, Arg122, His147, and Thr154 are very

different from that of Wt-MphR(A)–Ery, especially the

residue Arg122 in Wt-MphR(A)–Ery almost loses the

binding capacity, whereas in V66L/V126L-MphR(A)–Ery,

Arg122 has a bigger energy contribution among the main

amino acid residues. According to the hydrogen bond

results and Fig. 11c, the hydrogen atom (NH2) of Arg122

side chain guanidyl and xacyclotetradecane-2,10-dione

oxygen atom(O3) of Ery form a H-bond, resulting in the

side chain guanidyl is closer to oxygen atom(O3) in dis-

tance. In Wt-MphR(A)–Ery, DEele of side chain imida-

zolylthe in residue His147 contributes to the binding,

whereas side chain imidazolyl of the His147 represents a

almost 90 degree rotation in V66L/V126L-MphR(A)–Ery

(see Fig. 11d), and DEele is reduced a lot due to the side

chain. As shown in Fig. 11e, the oxygen atom (OG1) of

Thr154 side chain oxhydryl is near to xacyclotetradecane-

2,10-dione hydrogen atom (H21-O7) of Ery, DEele emerges

and the H-bond forms. On the contrary, there is no H-bond

in the residue of Wt-MphR(A)–Ery complex. As for V66L/

V126L-MphR(A)–Ery complex, the residue Val66 is

mutated into the residue Leu66, the side chain of Leu is

longer than that of Val, which makes van der Waals

(DEvdw) of the Leu66 side chain increases apparently,

hydrogen atom of residue Leu66 side chain and Ery pyran

ring forms CH…. p. Except for the residue Thr154, for the

other amino acids, van der Waals energy (DEvdw) and

nonpolar solvation energies (DGSA) are the main contrib-

utors. In addition to the residue His147 contributing to

-0.64 kcal/mol polar effort (DEele ? DGGB) in the Wt-

MphR(A)–Ery, non-polar effort (DEvdw ? DGSA) is the

main contributorfor the other amino acids.

Conclusions

The double mutant V66L/V126L-MphR(A) binding to Ery

exhibits different conformation and dynamic behavior,

such as the higher flexibility of residues, the looser active

pocket, the structural transition in Helix I. The results

imply less drug resistance, which is further verified in the

binding affinity of theV66L/V126L-MphR(A) and Ery in

energetic calculations. On the basis of the structural ener-

getic analysis, we can conclude that the direct effects by

the decrease in electrostatic energies for the side chains in

residues Thr154 and Arg122; and the increase in van der

Waals interactions for residue Tyr103 and electrostatic

energies for residue His147 mainly achieve the Ery resis-

tance in the Wt-MphR(A)–Ery. However, for the mutant

V66L/V126L-MphR(A), the decrease in the binding

affinity is mainly attributed to nonpolar solvation energies

and van der Waals interactions of residues Leu66 and

Arg122. As for the macrolide antibiotics, the decrease of

the binding affinity suggests that the mutant V66L/V126L-

MphR(A) cannot be well adapted by Ery, which relieves

the drug resistance. The effect of mutant in combination

with several key amino acid residues (V66L/V126L) leads

to the conformational changes of the protein MphR(A),

ultimately changes the transcriptional activity of MphR(A),

Table 2 Percentage of hydrogen bonds ([25 %) MD Simulations between the compound and the residues around the erythromycin (Ery)

Compound Donor Acceptor Occupancy (%) Distance (Å) Angle (�)

Wt-MphR(A)–Ery Ery@O2 His147@NE2–HE2 93.80 2.936 (0.16) 18.85 (10.02)

Ser92@O Ery@O10–H40 79.10 2.845 (0.16) 19.51 (8.03)

Met58@O Ery@O13–H49 28.09 2.900 (0.20) 20.15 (10.01)

V66L/V126L–Ery Thr154@OG1 Ery@O7–H21 99.26 2.864 (0.16) 16.44 (7.34)

Ser92@O Ery@O10–H40 85.45 2.835 (0.10) 15.14 (6.69)

Ery@O3 Arg122@NE–HE 34.40 2.990 (0.19) 15.23 (9.23)

For every system, the cut-off used for hydrogen bond distance and angle is 3.5 Å and 120�, respectively. The percent hydrogen bond occupancy

that hydrogen bonds formed during the MD simulations is produced by the PTRAJ module of AMBER12. In addition, each hydrogen bond

distance is measured between the heavy atom of donor and the heavy atom of acceptor
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Fig. 11 H-bond interactions between the Ery and the residues (Ser92,

Met58, Arg122, His147, Thr154). Ery in sticks is colored by the atom

type, and residues are shown as wire (cyan, WT; purple, V66L/

V126L). Superposition of average complex structures of Ery in Wt-

MphR(A) and V66L/V126L-MphR(A) from the last 25 ns equilib-

rium trajectory, the Ery in Wt-MphR(A) complex is shown as a cyan

stick model, hydrogen bonds are shown as dashed lines. The Ery in

V66L/V126L-MphR(A)–Ery is shown in purple stick model. For

clarity, the hydrogen atoms are omitted. The residues in Wt-

MphR(A) complex is shown in cyan wire, the residues in V66L/

V126L-MphR(A)–Ery-complex is shown in purple wire. The figure is

created by using Chimera1.9 software

J Comput Aided Mol Des

123



and then effectively blocks macrolide antibiotic Ery

resistance against the Macrolide biosensor protein

MphR(A). We predict that our study can give useful

insights into the nature of mutational effect, and the dif-

ferent characteristic in binding affinity of Ery and V66L/

V126L-MphR(A). Further,we have docked the other mac-

rolide antibiotics(Azithromycin, and Clarithromycin) into

the ligand binding site of the protein MphR(A) and then

perform MD simulations, these macrolide antibiotics have

high binding affinities with the protein MphR(A). We focus

on the structure-binding affinity relationships of these

macrolide antibiotics, which will contribute to the design

of more potent and effective macrolide antibiotics.
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