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ABSTRACT: Macrolides are empirically used to treat bacterial
community-acquired pneumonia (CAP). Streptococcus pneumoniae,
being the major pathogen responsible for bacterial CAP with high
mortality rates, express MefA-MsrD efflux pumps to hinder
macrolide susceptibility. Despite its importance, the structural
features of the efflux-protein complex and its impact on macrolide
susceptibility have not yet been elucidated explicitly. Therefore, in
the present study, combining homology, threading, and dynamics
approaches, MefA and MsrD proteins in pathogenic S. pneumoniae
were modeled. Both membrane (lipid-bilayer) and cytoplasmic
(aqueous) environments were considered to simulate the MefA
and MsrD proteins in their ideal cellular conditions followed by
dynamics analyses. The simulated MefA structure represented a typical major facilitator superfamily protein structure with 13
transmembrane helices. MefA-MsrD interaction via clustering-based docking revealed low-energy conformers with stable
intermolecular interactions. The higher clinical MIC value of azithromycin over erythromycin was reflected upon erythromycin
eliciting stronger interactions (dissociation constant or ki = ∼52 μM) with the cytoplasmic ATP-binding MsrD than azithromycin (ki
= ∼112 μM). The strong (binding energy = −132.1 ± 9.5 kcal/mol) and highly stable (root-mean-square fluctuation < 1.0 Å)
physical association between MefA with MsrD was validated and was found to be unaffected by the antibiotic binding. Higher
propensity of the macrolides to interact with MsrD than MefA established the importance of the former in macrolide susceptibility.
Ours is probably the first report on the structural arrangements in the MefA-MsrD efflux complex and the macrolide susceptibility in
S. pneumoniae. This study provides a novel lead for experimental explorations and efflux-pump inhibitor designs.

1. INTRODUCTION
Macrolides are one of the commonly prescribed antibiotics for
treating respiratory infections. They act by inhibiting bacterial
protein synthesis and are bacteriostatic or bactericidal
depending on their concentration and the bacteria. While it
continues to be given as empirical therapy, there is a
substantial rise of resistance to this group of antibiotics
globally in pathogens like Streptococcus pneumoniae that cause
lower respiratory tract infections. S. pneumoniae, as the
causative agent of acute bacterial meningitis, pneumonia, and
febrile bacteremia, has threatened the global population
especially the children and elderly with high mortality.1 Recent
reports further highlighted the increased mortality due to
invasive pneumococcal infections post COVID-19 infections in
various parts of the world.2,3 Although multiple targets,
especially the different penicillin-binding proteins in S.
pneumoniae, have widely been exploited for therapeutic
intervention for decades, the rise of penicillin resistance post
2000 has raised major concerns worldwide.4 The desensitiza-
tion to penicillin is another major reason for use of alternative

antibiotics such as macrolides.5 The use of macrolides was also
challenged by resistance to macrolides [in 35.1% of the
community-acquired pneumonia (CAP) patients] in S.
pneumoniae. Two mechanisms contributed to the macrolide
resistance, viz., efflux-mediated (encoded by MefA) and
ribosomal methylation (mediated by ErmB).6 There are less
common mechanisms like mutations in 23S-rRNA regions like
L4 and domain V as well.7

In a previous study from our group, efflux-mediated
macrolide resistance was detected in majority of the macro-
lide-resistant isolates.6 This invoked us to delve deeper into the
macrolide efflux protein of pneumococci, and we observed that
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the same was not structurally characterized for a genotype-
phenotype correlation study. The macrolide efflux protein of
pneumococcus belongs to the major facilitator superfamily
(MFS) and is 403 amino acids long. The protein shares >80%
similarity with macrolide efflux protein MefA of S. pyogenes ,
and sometimes both these proteins are represented as MefA.8

Similar homologues were detected in other bacteria as well
(MefC in Vibrio, MefI in S. pseudopneumoniae, MefO in S.
dysgalactiae, etc.). The presence of the mefA gene on macrolide
efflux genetic assembly (MEGA) element, Tn2009, and
Tn2010 transposons raises further concerns since they can
easily be transmitted.9 The transposons also carry an ABC-type
transporter protein called MsrD that has two fused nucleotide-
binding domains but no transmembrane domains. The genes
MefE and MsrD are usually transcribed together and have
macrolides as their inducers, especially the 14- and 15-
membered macrolides.10,11 The coexpression of both these
genes is required for macrolide efflux in pneumococci, and they
interact synergistically in E. coli with evidence of physical
interactions. The expression of these genes is regulated by
transcription attenuation.12 The antiattenuation of tran-
scription in the presence of macrolides leads to the expression
of these genes. Despite its significance, the structure and

mechanism of pneumococcal MefA-MsrD are not studied
explicitly due to the dearth of a characterized structure. Our
group has been ardently working on structural methods to
compute antibiotic resistance mechanisms and therapeutic
propositions.13−16 We used standard computational methods
to model the proteins followed by analyzing the interaction
between the efflux-pump components MefA and MsrD. The
mechanistic understanding of the MefA-MsrD interaction will
give fair insight into MefA-MsrD-mediated macrolide inter-
actions and encourage future therapeutic research.

2. RESULTS
2.1. Modeled Structure Validations and Stability

Analyses. The predicted structure of the MefA protein
predominantly consisted of α-helices with a central cavity
(Figure 1). Subsequent refinement of protein structure
resulted in an overall quality factor of 99.496 with no outliers
in the Ramachandran plot. The predicted structure had
membrane insertion energy within the range of transmembrane
proteins with most of the residues having local quality >0.5.
The structure, when embedded in the membrane, had a depth/
hydrophobic thickness of 30.6 ± 1.1 Å and an average tilt of
8.0 ± 2.0° with ΔGtransfer of −90.4 kcal/mol. The embedded

Figure 1. (a) MefA and MsrD structures with secondary structural patterns. (b) Comparison of predicted MefA and MsrD structures with
experimental structures.
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and transmembrane residues are shown in Table 1. Majority of
the 13 transmembrane segments comprised of embedded
residues.

From Figure 1a, it is evident that MefA and MsrD possessed
higher percentages of helical patterns (>50%) and lesser
proportions of strands (<17%) and turns (<6%). The quality
of the structures adhered to the properties of X-ray diffraction
and nuclear magnetic resonance-derived experimental protein
structures having low Z-scores (<−5) (Figure 1 b).

The simulated trajectories of the proteins in water revealed
local fluctuations in MsrD despite the low (<1 nm) average
overall root-mean-square deviation (RMSD). MefA, however,
displayed considerably equilibrated trajectory throughout the
simulated time frame of 50 ns with a very low average RMSD
(<0.5 nm) (Figure 2a). Similar patterns were evident in the
root-mean-square fluctuation (RMSF) values. MsrD (RMSF <
0.7 nm) demonstrated higher local fluctuations than MefA
(RMSF < 0.4 nm) (Figure 2a). The intramolecular H-bonds
have been steadily maintained by the helical protein structures
throughout the simulation time frame. Nevertheless, approx-
imately 300 and 250 intramolecular H-bonds were observed in
MsrD and MefA, respectively (Figure 2c). This inversely
affected the overall (electron) density of the MsrD and MefA
proteins, which equilibrated at 1005 and 1020 kg/m3,
respectively (Figure 2d). The helical barrel-shaped MefA had
a uniformly compact radius of gyration (RoG) of <2.25 nm as
compared to MsrD with RoG ∼3.25 nm (Figure 2e). The
compactness of MefA entitled it with a lesser equilibrated
overall solvent accessible surface area (SASA) of ∼200 nm2 as
compared to the uniform MsrD SASA of ∼280 nm2 (Figure
2f).

Figure 3 shows the simulated MefA equilibrated in the
dipalmitoylphosphatidylcholine (DPPC) membrane. The
membrane-integrated MefA structure extracted at various
intervals of the simulation displayed considerably low
fluctuations (average RMSF < 0.8 Å) (Figure 3d). The
simulated trajectory of MefA in the membrane revealed
equilibrated pressure (∼0 bar) and average total energy (−2.4
× 106 kcal/mol) (Figure 4). However, SASA was reduced from
∼210 to ∼170 nm2 as the protein was rendered in the
membrane lipid bilayer (Figure 4b).
2.2. MefA-MsrD Interaction Dynamics. The interaction

of MsrD with the cytoplasmic protrusion of MefA was carried
out based on membrane-simulated MefA conformers extracted
at different times, viz., 5, 10, 15, and 20 ns. Table 2 summarizes
the overall interaction energetics based on statistically
significant low-RMSD clusters comprising the lowest inter-
action energy, given as consensus HADDOCK scores. It was
observed that the HADDOCK energy score was reduced in the
interaction pose between MsrD and 20 ns conformer of MefA

(−132.1 ± 9.5 kcal/mol) as compared to that of 5/10/15 ns
MefA conformers (−105 ± 6.9, −107.0 ± 4.5, and −115.2 ±
6.3 kcal/mol respectively). The lowest energy pose was a part
of the lowest RMSD cluster (0.7 ± 0.4 nm). The energy
component comprised of considerable contributions from van
der Waals energy, electrostatic energy, and desolvation energy
functions. It was also observed that the lowest energy
conformer possessed the highest buried surface area (2547.4
± 97.3 nm2), which can be correlated with the lowering of
surface area in MefA observed in the previous section.

Figure 5 summarizes the energy components of the lowest
cluster comprising the stable MefA-MsrD complex with the
lowest energy. The mean restraint energy, electrostatic energy
and the van der Waals energy were plotted alongside the other
RMSD clusters (Figure 5a−c). Subsequently low-energy
functions and low-interface RMSD profile plots justified
choosing cluster 6 and obtaining the most energetically
favorable MefA-MsrD complex (Figure 5d−i).

The lowest interaction energy conformer of the MefA-MsrD
complex was attributed to 3 H-bonds and 38 hydrophobic
interactions. Arg186, Glu190, and Lys165 of MefA elicited H-
bonds with Ile59, Arg216, and Met48 of MsrD, respectively
(Figure 6a). The lowest energy and intermolecular interactions
were further reflected upon the comparatively low residue-level
average RMSD profiles (<0.767) derived from coarse-grained
simulations (Figure 6b).
2.3. Interaction of the Macrolides with MefA and

MsrD. The binding energies of the conventional macrolides
with MefA and MsrD revealed relative interaction potencies.
Higher affinity of erythromycin toward both MefA (−3.73
kcal/mol) and MsrD (−5.85 kcal/mol) as compared to
azithromycin (−5.39 and −2.95 kcal/mol) can be reflected
upon the clinical susceptibilities of the drugs (Table 3). Both
the drugs erythromycin (1.86 mM) and azithromycin (6.92
mM) revealed a high inhibition constant while interacting with
the membrane component MefA as compared to the
cytoplasmic ATP-binding counterpart MsrD.

The interaction of the macrolides with the ATP-binding
domain of MsrD [InterPro ID: IPR003439, residues 5−196]
justified the relative binding energies (Figure 7). The higher
binding affinity (lower energy) correlates with more
intermolecular interactions of erythromycin as compared to
azithromycin. The MsrD interacting residues with each of the
macrolides are different, and erythromycin has a slightly higher
number of interactions (15 interactions) comprising H-bond
and noncanonical interactions than azithromycin (13 inter-
actions). Macrolides have very less propensity to interact with
the cytoplasmic face of MefA protein via 5−7 interactions (H-
bond/noncanonical interactions).

It was also observed from multiple sequence alignment that
the interacting residues (Lys170, Tyr177, Asp171, Glu191,
Gln195, Glu198, Gly396, Lys416, and Pro442) of MsrD with
both macrolides are highly conserved across all of the major
streptococcal species (Supplementary_file_1). The molecular
dynamics simulation studies further revealed the similar
interacting profiles of the macrolides with MsrD with minor
differences (Figure 8). Low and stable interacting RMSD
profiles for both drugs equilibrated at ∼0.5 nm. Their average
RMSFs ranged between 0.25 and 0.5 nm. Slight compactness
of azithromycin (average Rg ∼3.15 nm) over erythromycin
(average Rg ∼3.30 nm) resulted in a slightly decreased SASA
for the former (∼285 nm2) as compared to the latter (∼295
nm2). There were three consistent H-bonds for both the

Table 1. Predicted Embedded and Transmembrane
Residues in the MefE Modeled Structure

subunits
tilt
(°) segments

A 22 embedded residues:12−36, 39, 43−64, 67, 76−97, 100−
124, 140−162, 164−187, 216, 224−246, 250, 253−274,
288−329, 331−332, 348−392

A 8 transmembrane segments:1(12−36), 2(43−64), 3(77−97),
4(102−124), 5(140−162), 6(167−186), 7(224−233),
8(237−247), 9(254−274), 10(290−305), 11(310−329),
12(348−373), 13(374−391)
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proteins formed during the 50 ns time frame. Finally, it was
observed that the average linear interaction energy profiles of
both the macrolide-MsrD complexes were fairly low (<0 kJ/
mol), indicating reactive spontaneity. The lower IE profile of
erythromycin than azithromycin further supported the docking
energies.

3. DISCUSSION
Macrolides are frequently used to treat pneumonia and upper
respiratory infections caused by S. pneumoniae ; however

recently, macrolide resistance has become a significant
issue.12,18 Particularly in light of the COVID-19 pandemic
and the widespread use of azithromycin as empiric treatment
in COVID-19 patients in various parts of the world, macrolide
resistance needs a thorough surveillance.19 Since azithromycin
is commonly available as an over the counter antibiotic in
majority of the developing nations with high population
density, it is confronted with substantial abuse and is a major
cause of the exponential rise in macrolide resistance in recent
years. In India, macrolide resistance in pneumococci has been

Figure 2. Simulation of the proteins in an aqueous environment. (a) RMSD, (b) RMSF, (c) number of H-bonds, (d) electron density, (e) RoG,
and (f) SASA.
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increasing and currently is in the range of 20−35%.6 Two
commonly identified mechanisms in macrolide resistance are
ribosomal methylation (ermB- mediated) and/or efflux of the
drug (mefA-mediated).12 Recent reports have highlighted the
high mortality and vulnerability of infants to invasive
pneumococcal disease, showing macrolide resistance. Interest-
ingly, inclusion of the 13-valent pneumococcal conjugate
vaccine (PCV13) reduced the MefA expression but retained
macrolide resistance in S. pneumoniae.19

Efflux pumps are a frequently used detoxifying technique in
biological systems. Streptococcus pyogenes (Group A Strepto-
coccus) and Streptococcus pneumoniae both possess the MefA
pump, which is encoded by the mefA gene and provides

resistance to 14- and 15-membered macrolide antibiotics (such
as erythromycin, azithromycin). Although there are many
reports on efflux-pump inhibitors (EPIs) especially against the
chromosomally encoded efflux pumps like AcrAB and NorA,
the reports on plasmid/transposon encoded efflux pumps like
MefA are rare. The main reason might be the narrow
application domain.20,21 However, the evolution of drug-
resistant bacteria is unpredictably dynamic; moreover, due to
considerable instances of mefA-mediated macrolide resistance
in some parts of the world; it is always advantageous to enrich
the therapeutic regime. Researchers have tried to extract
marine secondary metabolites from >1000 crude extracts as
MefA-EPIs; however dearth of a well-characterized MefA

Figure 3. (a) Membrane-integrated equilibrated MefA protein. (b) Simulated and rendered MefA protein. (c) Simulated structures of MefA
extracted at various intervals during the simulations. (d RMSFs of the simulated structures indicating the relative fluctuation changes during the
simulation time frame.
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structure imposed major challenges for the same. Fusidic acid
derivatives, sulfated hydroquinones, agromycin, and pericidine
A were proposed to be potent inhibitors, which needs
thorough structural validations for a clinical translation.22

Over the last two decades, mef(A/E) and mef(A/E) +
erm(B)-mediated macrolide resistance was found to be
significantly high (50−75%) over erm-mediated macrolide
resistance worldwide, especially in America and Europe, where
mef(A/E) alone engendered >65% of macrolide resistance in S.
pneumoniae. Macrolide resistance from mef(A/E) in S. pyogenes
was also considerably high in Africa (>48%), Europe (>40%),
and Asia (∼40%).23 It was discovered that the mef(A) −
msr(D) tandem is a required hallmark for the development of
an active efflux transport system. The mefA/E and msrD genes
are typically present in an operon located in the MEGA. The
operon is translated as a polycistronic mRNA (in the presence
of erythromycin) from a single promoter that is situated
around 350 bp upstream of the mefA gene.24 The mef(A) gene
is often carried into phage φ1207.3. The transposon Tn1207.1,
associated with the international clone England14-ST9, majorly
governs the spread of the mef(A) gene in pneumococci. The
MEGA, on the other hand, carries the mef(E) gene as a mef(E)
− mrs(D) tandem that may also be incorporated into larger
structures holding additional resistance determinants.10,25,26

Experimental reports suggest that the deletion of MsrD rather
than MefA profoundly reduced macrolide (erythromycin)
efflux in S. pneumoniae.27 For a detailed research on the
mechanism of the MefA-MsrD-mediated resistance, it is
imperative to have well-characterized structures of the proteins
and their physical interaction profiles with each other as well as
the macrolide antibiotics. The dearth of available structures

compelled us to formulate the protein models using a
combination of homology modeling, threading, and dynamics.
For this purpose, we considered global genome projects as well
as multispecies protein sequences (accession ID:
WP_000417519.1). The proteins showed high sequence
identity (>90%) among the Streptococcus sp. through
BLAST-search profiles. The finding adheres to previous reports
suggesting high similarity of the efflux proteins among the
Streptococcus genus.28 Structural profiles of the modeled
proteins adhered to quality parameters (high quality score
>97; Ramachandran favored regions >98%) as described in
previous studies and were highly stable based on their
consistent simulation trajectories.29−32

These proteins operate with two intermediate states−the
inward facing (Ci) and the occluded (Co) conformations. The
MefA is similar to the Ci conformation of GlpT with two
domains.33 A central cavity is present throughout the protein
and perhaps the channel for drug efflux. The 13 helices are
embedded in the lipid bilayer and were further simulated in the
membrane to achieve a more compact structure with minimal
overall fluctuations. The overall pressure and energy of the
MefA system were uniform, asserting the thermodynamic
stability of the MefA protein integrating into the membrane.

The physical associations of MefA and MsrD were
determined by subjecting their simulated structures to
protein−protein docking. The lowest energy and low RMSD
pose of the MefA-MsrD complex indicated consistently low
structural fluctuation derived from coarse-grained dynamics
and hence were interacting stably. Finally, the interaction of
the antibiotics was evaluated for both the proteins. It was
evident that both the macrolides, especially erythromycin, have

Figure 4. Simulated trajectories of MefA in the membrane (lipid) environment comprising integration of suitable water pockets. (a) Pressure, (b)
SASA, and (c) total energy.

Table 2. Interaction Energetics of the Proteins Derived from the Best Clusters and Lowest-Energy Conformations

properties

MefA-MsrD complex

5 ns 10 ns 15 ns 20 ns

HADDOCK score (kcal/mol) −105.0 ± 6.9 −107.0 ± 4.5 −115.2 ± 6.3 −132.1 ± 9.5
cluster size 14 17 20 10
RMSD (lowest energy structure) (nm) 14.9 ± 0.3 8.7 ± 0.1 21.4 ± 0.3 0.7 ± 0.4
van der Waals’ energy (kcal/mol) −70.8 ± 2.4 −54.8 ± 2.5 −62.9 ± 5.6 −80.3 ± 6.9
electrostatic energy (kcal/mol) −88.5 ± 10.2 −149.8 ± 31 −187.1 ± 22.3 −95.2 ± 28.8
desolvation energy (kcal/mol) −44.3 ± 1.4 −40.0 ± 3.9 −37.8 ± 5.4 −54.2 ± 1.6
restraint violation energy (kcal/mol) 277.2 ± 47.4 178.4 ± 37.2 229.4 ± 78.2 214.7 ± 37.2
buried surface area (nm2) 2420.2 ± 81 2100.8 ± 131.7 2134 ± 115 2547.4 ± 97.3
Z-score −1.5 −1.6 −2.2 −2.1
depth/hydrophobic thickness (Å) 30.4 ± 1.0 30.8 ± 0.7 30.4 ± 1.0 30.4 ± 1.0
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higher affinity toward interacting with MsrD as compared to
MefA. Intermolecular interactions in the docked structures
supported the binding energy scores and dissociation constants
indicating the higher relevance of MsrD in macrolide
interaction than MefA in S. pneumoniae which correlates with
previous studies.27 It was also observed that the macrolide

interacting residues in MsrD proteins are highly conserved in
all streptococcal species (Supplementary_file_1), and hence, it
is prone to affect pan-species susceptibility of macrolides.
Molecular dynamics simulations ascertained the stable
interaction of the macrolides with MsrD. The local fluctuation
in the RMSF was characterized by transient H-bonds formed

Figure 5. Energetics of the MefA-MsrD complex clusters. (a) Restraint energy of the clusters, (b) electrostatic energy of the clusters, (c) van der
Waals energy of the clusters, (d) HADDOCK score vs RMSD, (e) HADDOCK score vs FCC, (f) desolvation energy vs RMSD, (g) vdW energy vs
RMSD, (h) electrostatic energy vs RMSD, and (i) restraint energy vs RMSD.
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between MsrD and antibiotics (Figure 8). However, the overall
average RMSF was fairly low (<1 nm), which depicts
considerable stability in protein drug interactions.34,35

Although the interaction dynamics of erythromycin and
azithromycin with MsrD is similar (<5% difference in RMSD
and RMSF), the latter due to its extended functional groups

manages to result in more compaction of the MsrD structure
than erythromycin. The same is reflected upon the SASA as
compaction reduces the solvent accessibility. The higher MIC
of azithromycin as compared to erythromycin can be mediated
by the slower efflux of the latter resulted by higher propensity
of interacting with cytoplasmic MsrD. Since the interaction
with the antibiotics and protein−protein association are
occurring at different sites and unaffected by each other,
future antimicrobials can be designed either to prevent MefA-
MsrD association and/or masking interactive potentials with
MsrD.

Researchers have explored potential FDA-approved EPIs
against clinical Staphylococcus aureus, as well as natural
compounds to target MefA/E-pumps in drug-resistant
bacteria; however, the same were not translated clinically.36−38

The structural insights from the present study can be
instrumental in phenotypic studies on macrolide resistance in

Figure 6. (a) Intermolecular interaction of the lowest-energy conformer of Mef-MsrD complex. (b) RMSF profiles of the lowest-energy structures.

Table 3. Macrolide Interaction Profile with the Target
Proteins

drugs

susceptible
MIC valuesa
(μg/mL)

target
proteins

binding
energy

(kcal/mol)

inhibition/
dissociation

constant (mM)

erythromycin ≤0.25 MsrD −5.85 0.05
MefA −3.73 1.86

azithromycin ≤0.50 MsrD −5.39 0.11
MefA −2.95 6.92

aAs per Clinical and Laboratory Standards Institute (CLSI)
guidelines.17
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pneumococci and also in designing potent EPIs translatable to
the clinics.

4. CONCLUSIONS

MefA-MsrD primarily governs macrolide efflux in pathogenic
pneumococci. In the present study, the macrolide efflux-

protein complex MefA-MsrD was successfully modeled and
validated by using standard computational tools. MefA
orientation in the membrane was found to possess typical
MFS superfamily like structure with 13 transmembrane spans
and a V-shaped conformation. The proteins were subjected to
multiple simulation cycles in membrane and cytoplasmic
environments to achieve their stable conformations in ideal

Figure 7. Intermolecular interactive pattern of macrolides with targets. (a) MsrD + erythromycin, (b) MsrD + azithromycin, (c) MefA +
erythromycin, and (d) MefA + azithromycin.
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environments. The physical association of the proteins was
determined by deriving the lowest energy conformer of the
MefA-MsrD complex. The interaction dynamics of the
antibiotics were unaffected by the physical interaction of the
proteins. MsrD showed a higher propensity in interacting with
the macrolides than MefA, hence validating the greater
significance of the former in macrolide resistance. The study
is probably the first structural report on pneumococcal MefA-
MsrD complexes and associated macrolide resistance, which
provides leads for future therapeutic designs.

5. METHODS
5.1. Protein Data Set. The MefA and MsrD coding

sequences (CDS) were retrieved from the ‘S. pneumoniae

global lineages’ [accession ID: PRJEB2255] from the National
Centre for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/). The initial BLASTp search
with the CDS in the “Protein data bank” revealed no similar
structures; however, “nonredundant databases” revealed
sequences available for MefA (Uniprot ID: A0A2K9YNE2)
and MsrD (Uniprot ID: B1B649) with an identity of 100% but
incomplete coverage. Therefore, sequences retrieved from
global lineages were selected for modeling.
5.2. Protein Modeling, Structural Optimization, and

Validations. The lack of available 3D structures of MefA and
MsrD proteins invoked us to model the proteins as per our
previous studies, combining homology and ab initio
approach.39,40 The qualities as well as stability of the structures

Figure 8. MDS trajectories of MsrD interacting with erythromycin (black) and azithromycin (red) depicting RMSD, RMSF, RoG (Rg), number of
H-bonds, SASA, and interaction energies.
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were ensured by multiple validation steps and simulations, as
described subsequently.

5.2.1. Protein Modeling and Optimization. Swiss-Model
(https://swissmodel.expasy.org/), Robetta (https://robetta.
bakerlab.org/), and Modeler were used to generate suitable
templates.41,42 The protein structures were refined using the
GalaxyRefine server (https://galaxy.seoklab.org/) by reducing
clash scores, poor rotamers, and percentage Ramachandran
outliers and minimizing side-chain rotamers.43 Finally, 2000
steps of the steepest descent and conjugate gradient algorithms
using Swiss-PDB viewer (SPDBV) with the GROMOS96 43B1
force-field in-vacuo were used to minimize the energy of the
structures.44 Thus, the target protein architectures were
improved in accordance with earlier studies.15,31,45 By
determining the stereochemical characteristics of the residues
falling in the permitted regions (>95%) of the Ramachandran
plot having least unfavorable angles with the highest overall
model score, the models were validated using the MolProbity
tool (http://molprobity.biochem.duke.edu/index.php) and
Procheck (https://saves.mbi.ucla.edu/).46,47 SOPMA web-
tool (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=/NPSA/npsa_sopma.html) was used to determine
the proteins’ secondary structural patterns.48 The orientation
of the protein in the membrane was estimated using OPM
(Orientation of Proteins in Membranes) server.49 All final
images were downloaded from the respective sites, and protein
structure visualization was performed in DISCOVERY
STUDIO. The most suitable proteins were finalized based
on model quality profiles.

5.2.2. Molecular Dynamics Simulation. The modeled
proteins were further optimized and validated for intrinsic
stability by simulating them using the GROMACS suite. The
simulations were carried out in cytosolic (aqueous) as well as
membrane (lipid-bilayer) environments to provide ideal
conditions for the proteins for stabilizing themselves in their
respective cellular locations.

5.2.2.1. Aqueous Environment Simulations. To obtain the
considerably stable forms of both MefA and MsrD, they were
simulated in an aqueous environment for a 50,000 ps time
scale using GROMACS 2020.1 suite.50,51 CHARMM36-2019
all-atom force-field was used to build the requisite macro-
molecular topology followed by solvation with a straightfor-
ward point-charge TIP3 water model and neutralizing the
system by adding the necessary counterions (Na+ or Cl+).
The protein was centrally placed in a dodecahedron box with a
uniform edge distance (1.5 nm) during simulation.50 Energy
minimization was accomplished using the steepest descent
algorithm, which included 50,000 steps and a tolerance for
convergence of 1000 kJ/mol/nm. For 150 ps, equilibrations
were carried out using the typical NVT (constant number of
particles, volume, and temperature) and NPT (constant
number of particles, pressure, and temperature) ensembles.
After the Parrinello−Rahman extended coupling ensemble was
used for pressure scaling, long-range electrostatic interactions
with an order of 4.0 and a Fourier spacing of 0.16 nm were
treated using particle-mesh Ewald electrostatics summation.
The RMSF, Rg, SASA, and RMSD curves were used to
interpret the relative overall dynamics (and stability) of the
wild-type and mutant proteins.45,52

5.2.2.2. Lipid-Bilayer Environment Simulations. The MefA
protein being a membrane protein was thereafter simulated in
a membrane-lipid environment using simulated (DPPC)
bilayer comprising Ryckaert-Bellemans dihedral potentials. A

hybrid mode between GROMOS atom types and OPLS partial
charges were adopted to construct the topology. GROMO-
S53a6_lipid force-field (with Berger lipid parameters) was
selected to poise the protein−membrane integrate encompass-
ing bonded and nonbonded parameters. Energy minimization
of 50,000 steps with the steepest decent algorithm (cutoff force
<1000 kg/mol/nm) was performed followed by multiple
iterations of “shrinking” to estimate the area per lipid. 100 and
100 ps of NVT and NPT equilibrations respectively were
carried out using solvated protein−membrane system using the
Nose-Hoover thermostat for accurate kinetic ensembles and
semi-isotropic pressure scaling. Simulation was carried out with
Parrinello−Rahman extended pressure-coupling ensemble,
long-range electrostatic interactions with an order of 4.0,
Fourier spacing of 0.16 nm, and particle-mesh Ewald
electrostatics summation. The simulated properties were
determined as mentioned in the previous section.53

5.3. Protein−Protein Interaction. The physical inter-
action between MefA and MsrD was derived from flexible
protein−protein docking using a clustering algorithm, followed
by determining residue level fluctuation profiles. MefA protein
structures, at various intervals (5, 10, 15, and 20 ns) from its
membrane simulation poses and simulated MsrD structure (50
ns), were taken.

5.3.1. Clustering-Based Protein−Protein Docking. The
MefA-MsrD interactions were determined using the simulated
structures through HADDOCK web-interface (https://wenmr.
science.uu.nl/haddock2.4/). The information-driven flexible
docking method HADDOCK (High Ambiguity Driven
Protein−protein DOCKing) was used to model the protein
complexes at suitable sites. HADDOCK involves ab initio
docking techniques by utilizing ambiguous interaction
restraints to carry out the docking process by considering
known or expected protein interfaces as reference. It also
accommodates a number of other experimental data, such as
NMR residual dipolar couplings, pseudo contact shifts, and
cryo-EM maps, and enables the construction of precise,
unambiguous distance restrictions (for instance, using MS
cross-links). The lowest energy structures are derived from a
consolidation of multiple energy functions. The structures and
intermolecular interactions of the docked complexes were
visualized with Chimera and LigPlot+, respectively.54,55

5.3.2. Coarse-Grained Dynamics Simulation. Coarse-
grained dynamics simulation of the protein−protein complexes
was performed to ascertain the overall structural fluctuation
(stability) of the MefA-MsrD complexes with CABSflex
interface (http://biocomp.chem.uw.edu.pl/CABSflex2/). The
maximum and minimum boundaries to pair atoms within
defined spaces during simulations were restrained with default
parameters. Restraining prevented unstable conformations with
deviations beyond assigned ranges. The default settings and
restraints were optimized to merge coarse dynamics simu-
lations and consensus protein fluctuations in aqueous environ-
ment derived by all-atom molecular dynamics simulation (10
ns time scale with suitable force-fields). The default parameters
were selected with restrain gap = 3 (minimum distance
between previous and next amino acid in the chain to be
restrained) and minimum and maximum conformational
distances of 3.8 and 8.0 Å, respectively. The flexibilities were
analyzed from the RMSF values generated.56 The relative
RMSF of the protein−protein complexes gave insight into their
interaction dynamics.
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5.4. Macrolide Interaction. The interaction of the
macrolides with both the proteins was determined to check
the relative affinities, dissociation constants, and intermolecular
interactions.

5.4.1. Macrolide Structure Retrieval. The standard anti-
biotic molecules viz. erythromycin (ID: 12560) and
azithromycin (ID: 447043) were obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) in SDF for-
mats. 3D formatting of the antibiotics prior to docking was
achieved using the OpenBabel tool. The antibiotics/drugs have
been synonymously referred to as ‘ligand’ in the present study.

5.4.2. Molecular Docking. The relative binding potential of
the simulated MsrD and MefA with standard antibiotics
(erythromycin and azithromycin) was examined by molecular
docking using AutoDock4.0 and embedded tools.57 Prior to
docking analysis, the crystallographic water molecules and
unwanted heteroatoms were removed from the structure of the
target proteins. The proteins in ideal geometry were optimized
by adding polar hydrogen atoms and merging nonpolar
hydrogen atoms. Requisite Kollman charges were added to
stabilize the protein structures. The torsions were fixed, and
Gasteiger charges were added for the ligand. The initial
parameters and van der Waals well depth of 0.100 kcal/mol
were assigned for the protein, and the files were saved in
PDBQT files format. The grid box was centered at crucial
functional domains identified from previous literature and was
constructed with appropriate dimensions to include the entire
domain. The drug-binding pockets were further validated from
the INTERPRO and CASTp (http://sts.bioe.uic.edu/castp/
index.html?201l) servers. The AutoDock tools were used to
generate grid parameter files and docking parameter files.
Finally, the Lamarckian genetic algorithm generated possible
target proteins and ligand complexes in compatible con-
formations. The top-ranked complexes based on the lowest
binding energies (highest affinities) were visualized using
LigPlot55 and Discovery Studio.58 The intermolecular
interactions of the complexes were analyzed to determine the
crucial residues of the target that can contribute to the drug
binding.52,59−61

5.4.3. Molecular Dynamics Simulation. The docked
complexes with high binding affinities were simulated for
50,000 ps. GROMACS 2021.2 package with CHARMM36-
Mar2019 force-field mechanics and the TIP3P model (for the
water cluster) was used. The ligand topology was built using
the CGenFF server. To carry out the protein−ligand complex
simulation, we placed the complex in the center of a
dodecahedron box with a uniform edge distance of 1.0 nm.
Particle mesh Ewald electrostatics summation was used for
treating long-range electrostatic interactions with an order of
4.0 and a Fourier spacing of 0.16 nm. Parrinello−Rahman
extended coupling ensemble was used for pressure scaling by
applying motion equations to the box vectors. The free energy
profile in the protein ligand complexes was validated with the
linear interaction energy module of GROMACS. The
interaction energies of the entire simulation trajectory were
extracted by a rerun of 10 ns by including short-range and
long-range Coulombic energy functions.
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