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Abstract YsxC from Staphylococcus aureus is a member
of the GTPase protein family, and is involved in the
ribosomal assembly and stability of this microorganism
through its interactions with the L17, S2 and S10 ribosomal
proteins. Inhibition of its interactions with L17, S2, S10 and
the β′ subunit of RNA polymerase influences ribosomal
assembly, which may affect the growth of the microorgan-
ism. This makes YsxC a novel target for the design of
inhibitors to treat the disease caused by S. aureus.
Understanding the interaction mechanism between YsxC
and its partners would aid in the identification of potential
catalytic residues, which could then be targeted to inhibit its
function. Accordingly, in the present study, an in silico
analysis of the interactions between YsxC and L17, S2 and
S10 was performed, and the potential residues involved in
these interactions were identified. Based on the simulation
results, a possible mechanism for the interactions between
these proteins was also proposed. Finally, six ligands from
among a library of 81,000 chemical molecules were found
to interact with parts of the G2 and switch II regions of the
YsxC protein. Moreover, their interactions with the YsxC
protein were observed to provoke changes at its GTP-
binding site, which suggests that the binding of these
ligands leads to a reduction in GTPase activity, and they
were also found to affect the interactions of YsxC with its
partners. This observation indicates that the proposed

interacting site of YsxC may act as an allosteric site, and
disrupting interactions at this site might lead to novel
allosteric inhibition of the YsxC protein.

Keywords YsxC . Staphylococcus aureus . Homology
modeling .Molecular dynamics simulation .Molecular
docking . Protein–protein interaction

Introduction

Staphylococcus aureus is a notorious bacterium that has the
ability to evolve into new virulent types and drug-resistant
variants [1]. Nosocomial infections of S. aureus have
produced serious public health issues in recent years [2].
Humans are natural reservoirs for S. aureus, and it
colonizes the nares and skin of approximately 20–30% of
healthy adults [3, 4]. S. aureus infection is of special
concern because of its various serious complications, such
as skin infections, bacteremia, osteomyelitis, endocarditis,
septic arthritis, and toxic shock syndrome [3]. A loss of
skin barrier integrity [5] (e.g., in surgical patients, kidney
dialysis patients, trauma and burn patients, etc.) and
decreased immunity (e.g., in immune-compromised indi-
viduals, such as cancer and AIDS patients) are the causes of
this infection [6, 7]. The increasing resistance of S. aureus
to current antibiotics such as penicillin, ampicillin, methi-
cillin, amoxicillin, and the recently developed vancomycin
[8, 9] has led to the search for novel drug targets.

Recently, genome mining has identified 15 essential
proteins in the genome of S. aureus that belong to the low
molecular weight GTPase superfamily [10]. YsxC, one of
the identified low molecular weight GTPases, is an ortholog
of the Era/Obg family of GTP-binding proteins, and was
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found to be a significant influence on the life span of S.
aureus [11]. In S. aureus, YsxC associates with the 50S
subunit in a similar way to its homolog in B. subtilis [12–
14]. Co-fractionation experiments confirm the interaction of
YsxC with L17 from the 50S large subunit and S2 and S10
from the 30S small subunit of the ribosome as well as with
the β′ subunit of RNA polymerase [12]. These interactions
influence the stability of the ribosome assembly and in turn
affect protein synthesis. Inhibiting the mechanism for the
interactions of YsxC with its partners may affect the
transcription machinery and influence the life span of the
bacterium. The functional importance of YsxC makes it an
interesting drug target for treating the infections caused by
this bacterium.

Disrupting the interactions of this protein with its
partners and disturbing the binding of GTP could provide
a way to target this function. However, the utilization of
binding sites other than those for GTP and YsxC’s
interaction partners could possibly result in structural
transformations that affect the entire functionality of this
protein. Identifying the sites that induce the allosteric
inhibition mechanism has proven to be an efficient
approach for many such proteins [15, 16]. However, the
unavailability of structural information for YsxC and its
interaction partners has initiated for structure-based drug
design. An initial attempt to formulate a protocol for a
structure-based drug-design approach that targets YsxC was
made in this study. Primarily, the three-dimensional
structures of YsxC and its interaction partners were
identified, and the structure of GTP-bound YsxC was then
generated. The mechanism of interactions of the GTP-
bound YsxC with its partners was analyzed through in
silico interaction methodologies, and the sites involved in
these interactions were identified. Finally, the ligands were
retrieved from ligand databases, and their abilities to
introduce structural changes by binding at sites other than
those for GTP and interacting partners of YsxC were
analyzed. The results reveal the possibility of a site close to
the GTP-binding site affecting the allosteric inhibition of
YsxC, as evidenced by the structural changes induced by
the binding of six different ligands at this site. The results
obtained could pave a novel path towards the design of
structure-based inhibitors for YsxC.

Materials and methods

Tertiary structure prediction

Homology modeling was used to generate the 3D structure
of the proteins. Protein sequences for S. aureus YsxC
(196aa, UniProtKB accession number: C8ASR9), L17
(122aa, UniProtKB accession number: C8AMP1), S2

(255aa, UniProtKB accession number: C8ARE0) and S10
(102aa, UniProtKB accession number: C8AMR9) were
retrieved from UniProt (http://www.uniprot.org). A
BLASTP search was carried out against the PDB database
(PDB, http://www.rscb.org/pdb/) to detect the most suitable
template for homology modeling. The closest structural
template for YsxC (PDB ID: 1SUL [17], chain A) was apo-
YsxC from Bacillus subtilis, with 57% sequence identity,
which was therefore chosen for structural modeling.
Similarly, bacteria-specific L17 (PDB ID: 1GD8 [18], chain
A) from Thermus thermophilus (47% identity), 30S
ribosomal protein S2 (PDB ID: 1FJG [19], chain B) from
Thermus thermophilus (54% identity), and S10 (PDB ID:
1P6G [20], chain J) from Escherichia coli (62% identity)
were selected for L17, S2, and S10 respectively. ClustalW2
[21] was used to perform the alignment of the query and
template sequences. The aligned sequences were passed to
Modeler9v7 for model generation [22, 23]. The best models
were chosen based on the discrete optimized protein energy
(DOPE) and objective function (MOF) scores and subjected
to MDS using the GROMACS 4.0.7 [24] package for
structural refinement.

MDS of homology models

The GROMACS 4.0.7 molecular dynamics package and
OPLS-AA [25] all-atom force field were used to analyze
model stability. The protein models were solvated with the
Monte Carlo simulated TIP3P [26] water model using a
1-nm triclinic box. Periodic boundary conditions were
applied in all directions, and the system was neutralized
by replacing water molecules with sodium and chloride
counterions. L17 and S10 were neutralized by the addition
of six Cl− ions, while S2 was neutralized by adding five
Na+ ions. Subsequently, a maximum of 50,000 energy
minimization steps were carried out for the constructed
models using a steepest descent algorithm with a tolerance
of 1000 kJ mol−1 nm−1. A twin-range cutoff was applied to
long-range interactions using the PME [27] method: 1.0 nm
for van der Waals and electrostatic interactions. These
minimized and solvated systems were considered reason-
able structures in terms of geometry and solvent orienta-
tions and used in further simulations. All bond angles were
constrained with the LINCS [28] algorithm, while the
geometry of the water molecules was constrained with the
SATTLE [29] algorithm. The weak coupling method
V-rescale was used to regulate the temperature, while the
Parrinello–Rahman method [30] was used to set the
pressure of the system. Equilibration MD for both temper-
ature (300 K) and pressure (1 atm) were carried out for
100 ps. We observed that the temperature, pressure, density
and total energy of the system were well equilibrated. These
pre-equilibrated systems were subsequently used in the
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3000 ps (3 ns) production MDS with a time-step of 2 fs.
Structural coordinates were saved every 2 ps and analyzed
using the analytical tools in the GROMACS package. The
lowest potential energy conformations were selected from
the 3 ns MDS trajectory and further refined by energy
minimization. The refined models were validated using the
structural analysis and verification server (SAVES), which
uses various tools, including PROCHECK [31], ERRAT
[32], and VERIFY_3D [33].

Binding pocket prediction of YsxC

The Protein Structure and Function Prediction Resource
(PSiFR) [34] and Q-SiteFinder [35] were used to measure
the volume of each pocket, in terms of both solvent-
accessible surface and molecular surface, in order to find
the ligand-binding and active sites of the protein. Motif
Scan [36] and the NCBI Conserved Domain Search (CD
search) [37, 38] were used to find the functional motifs and
conserved domains in the modeled YsxC structure, respec-
tively. Results obtained from the above predictions were
used to define the GTP-binding site and the allosteric site of
the YsxC protein.

Molecular docking and MDS studies of YsxC–GTP
and YsxC–ligand complexes

Docking of GTP at the active site of YsxC

The lowest-energy minimized protein structure of YsxC
found via MDS was selected for docking studies. The
protein was prepared by a multistep process using the
Protein Preparation Wizard of the Schrödinger 2009 suite
(Schrödinger LLC, New York, USA). The GTP structure
was drawn in SDF format using the MarvinSketch tool and
prepared using the LigPrep (version 2.3; Schrödinger LLC)
module for docking. The prepared protein was employed to
build energy grids using the protein atom scaling parame-
ters (1.0) within a cubic box of dimensions 31.000 Å×
48.127 Å×32.274 Å centered on the centroid of the active
site residues. The bounding box dimensions (within which
the centroid of a docked pose was confined) were set to be
14 Å×14 Å×14 Å. Induced Fit Docking Panel was used to
observe the docking interaction of GTP with YsxC. The
extra precision (XP) docking and scoring mode was chosen
for Glide re-docking.

Docking of ligands at the allosteric site of YsxC

A database of around 81,000 drug-like compounds was
downloaded from the Ligand.Info small-molecule meta-
database [39], and further screened based on ADME/T
properties and reactive functional groups by QikProp 3.2

Panel in the Schrödinger suite. Around 10,230 successfully
processed and selected ligands (based on descriptors and
property values) were prepared by the LigPrep module. A
grid was generated by defining the allosteric site residues
for YsxC using the Receptor Grid Generation panel in the
Glide 5.5 module. Initially, all of the 23,354 ligands
prepared via LigPrep were docked using a high-
throughput virtual screening (HTVS) protocol for the rapid
screening of ligands. The 3,342 ligands with a docking
score above the cutoff value of −5.0 were subjected to a
standard precision (SP) docking protocol. From these, 392
ligands were selected (using a cutoff Glide score of −7.5)
for the XP docking protocol. After removing redundancy,
the top 20 ligands were considered for further inspection.
The individual interactions of the ligands with the protein
residues within the binding cavity and energetically
favorable interactions were the criteria for inspection. The
ligands were rejected if they were present outside the
binding cavity. A total of six ligands were selected for
further analysis of binding interactions. The ligand that
showed the most energetically favorable interactions was
selected and subjected to induced-fit docking to observe the
conformational changes in the protein.

Docking of GTP in the presence of the ligand

Induced-fit docking of the protein–ligand complex with
GTP was performed by defining the GTP binding site for
interaction in the Glide grid setup. This helped to clarify
how the GTP binding is affected by the binding of a ligand
at the allosteric site. The XP docking and scoring mode was
chosen for Glide re-docking. Energy minimization and
MDSs were carried out for the YsxC–GTP, YsxC–Ligand 3
and YsxC–GTP–Ligand 3 complexes to check the sustain-
ability of both GTP and the ligand in their corresponding
binding pockets. MDS was performed using GROMACS
4.0.7 with the previously described parameters. Ligand
topologies for MDS were generated using PRODRG2
server [40]. The lowest-energy structures from 3 ns MDS
were used to check the residues involved in the protein–
ligand interaction and the interaction energies. Molecular
graphical representations of these complexes were prepared
using the PyMOL visualization software.

Protein–protein interaction site prediction

Many tools are available that can assist in the prediction of
interface residues and also help in predicting the structure
of the intermolecular complex formed between two or more
molecules. What Information Does Surface Conservation
Yield (WHISCY) [41] was used for interface predictions,
and the results were passed to WHISCYMATE for
consensus scoring. The refined protein files for YsxC,
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L17, S2 and S10 along with the chain ID and the pairwise
sequence alignment file were uploaded for WHISCYMATE
prediction. The interface residues were predicted based on
conservation and structural information for the template
protein, and these results were used for further analysis.
Similarly, Protein–Protein Interaction Site Predictor (cons-
PPISP) [42, 43] consensuses were used to find the interface
sites. We also used PatchDock server [44, 45] to find the
interacting residues in the YsxC–L17, YsxC–S2 and YsxC–
S10 complexes without specifying any binding site, and
these results were refined using the FireDock [46] method.
The interacting residues present in each protein–protein
complex supported the interface residues predicted by the
WHISCY program. The interface predictions were used to
define ambiguous interaction restraints (AIRs), where
predicted residues are designated as active residues and
their surface neighbors as passive residues. The interface
amino acid residues that constitute the flexible segments
were defined by the active and passive amino acid residues
used in the AIRs ± 2 sequential residues.

Protein–protein interaction studies

The structures of the protein–protein complexes (YsxC–
L17, YsxC–S2 and YsxC–S10) were determined using
docking software. The docking was performed using High
Ambiguity Driven Biomolecular Docking (HADDOCK
2.0) [47, 48] from an ensemble of structures. For each
protein, ten different conformations were drawn from the
3 ns MDS trajectory starting from 1.2 ns at intervals of
0.2 ns up to 3 ns for docking purposes. The ambiguous
interaction restraints (AIRs) that were used to drive the
docking process were defined using the interface predic-
tions mentioned above.

The docking was performed based on ten conformations
of each protein, in other words a possible 100 protein–
protein complexes. Each of these 100 combinations of
starting conformations was used ten times, thus generating
1000 rigid-body docking solutions. The best 200 structures
after rigid-body docking, sorted according to the intermo-
lecular energy (sum of the van der Waals, electrostatic and
AIR energy terms), were subjected to semi-flexible simu-
lated annealing (SA) in torsional space. In the final step, the
structures obtained after the semi-flexible simulated
annealing were refined in an explicit 8 Å water layer. The
docking solutions were clustered using pairwise backbone
RMSD with a cut-off of 7.5 Å and with an ensemble of at
least four conformations. The ten best structures from the
lowest intermolecular energy cluster were selected for
manual analysis. Intermolecular contacts (hydrogen bonds
and nonbonded contacts) ware analyzed with DIMPLOT,
which is part of the LIGPLOT [49] software package, using
the default settings (heavy-atom distance cut-off for

nonbonded contacts: 3.9 Å; proton–acceptor and donor–
acceptor distance cut-offs: 2.7 and 3.35 Å, respectively;
minimum angle [D–H–A, H–A–AA, D–A–AA] for
hydrogen bonds: 90°).

Alanine scanning mutagenesis

The amino acid residues of YsxC that interacted with
L17, S2 and S10 proteins were mutated to alanine [50]
using the Build Mutants protocol of Discovery Studio 2.0
[51]. Ten structure mutants were generated without applying
any additional restraints. The mutant structures were used for
HADDOCK docking with L17, S2 and S10 by applying the
abovementioned protocol.

Molecular dynamics simulations of protein–protein
complexes

The best protein–protein bimolecular complexes obtained
from protein–protein interaction studies of YsxC–L17,
YsxC–S2 and YsxC–S10 were subjected to MDS using
the previously defined parameters for a 1 ns (1000 ps)
production MD run. The lowest potential energy conforma-
tions were selected from the 1 ns MDS trajectory and
further refined by energy minimization. All of the analysis
was done using programs included in the GROMACS
package. All of the computation was performed using Intel
Core 2 Duo processors running at 2.0 GHz on an
openSUSE 11.2 Linux-based operating system.

Results and discussion

Structural analysis of the homology models

Homology modeling develops a three-dimensional model
from a protein sequence based on the structures of
homologous proteins. A sequence identity of >45%
between target and template sequence ensures the quality
of the modeled protein. The alignment of the sequence with
the template is displayed in Fig. 1, which gives information
about sequence conservation and signature motifs.

Structural analysis of YsxC

YsxC contains several conserved motifs that are similar to
those of its orthologs, YihA and YsxC of E. coli and
Bacillus subtilis, respectively. An NCBI CD search reveals
that from the N terminal to C terminal regions, there are
two switch regions, five box motifs, and one GTP/Mg2+

binding site that is conserved throughout the YihA (EngB)
subfamily. The G1 box motif, also known as the P-loop and
the Walker A motif (GRSNVGKS, 32–39), is a motif of the
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phosphate-binding loop. The G2 box motif (52–64)
overlaps with the switch I region and contains the T59
residue (responsible for interacting with magnesium),
which is also conserved throughout the family. The G3
box motif (DVPG, 75–80) overlaps with the switch II
region, and the G4 box motif (TKED, 140–149) is also
present in the sequence alignment. In the β-turn G5 box
motif (176–178), the F in the template structure is replaced
by a Y residue [17]. The GTP/Mg2+ binding site residues
S34–S39, D77, K145, D147, S177 and S178 are mapped
with the target sequence, while T54, S55, Q56, G59, K60

and T61 are not aligned with the template. The structural
motifs of YsxC are elucidated in Fig. 2a.

Structural analysis of L17

L17 is a member of the Ribosomal_L17 superfamily,
and it contains six helices consisting of 3–17 residues
and one antiparallel β-sheet (Fig. 2b). A β-hairpin loop
of the 9:11 hairpin class with the conserved residues
TRILK–—————SVIIEL was also present in the
aligned sequences. In addition, 11 β-turns, two γ-turns

Fig. 1 a–d Pairwise sequence
alignment represented by Clus-
talW2. a YsxC from Staphylo-
coccus aureus and the template
PDB ID: 1SUL from E. coli. b
L17 from S. aureus and the
template PDB ID: 1GD8 from
E. coli. c S2 from S. aureus and
the template PDB ID: 1FJG
from E. coli. d S10 from S.
aureus and the template PDB
ID: 1P6G from E. coli. Symbols
used in the ClustalW program:
asterisks positions that have a
single fully conserved residue,
colons “strong” groups that are
fully conserved, periods
“weaker” groups that are fully
conserved
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and six helix–helix interaction motifs were also maintained
throughout the target–template sequence alignment.

Structural analysis of S2

Sequence analysis and an NCBI CD search showed the
presence of two structural motifs in the S2 protein. The
modeled structure of the S2 protein is displayed in Fig. 2c. The
first motif is responsible for interacting with 16S rRNA
(especially in the region 34–36) [52], while the second motif
(R177, K178, N180, D194, E195, I196 and D197) interacts
with ribosomal protein S8 in the 30S subunit of the ribosome.
The 30S ribosomal protein S10 is predicted to be the
functional partner of S2, which is involved in the binding of
tRNA to the ribosome. The secondary structural information
reveals the presence of six strands, ten helices, one β-hairpin,
two β-bulges, and two γ-turns throughout the structure. Nest
analysis reveals the presence of three nests, A87–Q89, G99–
L101 and L179–I181, with a maximum cleft depth of 17.74,
which strongly indicates that it is functionally important (nests
are structural motifs that are often found in functionally
important regions of protein structures).

Structural analysis of S10

S10 is a member of the Ribosomal_S10 superfamily, and it
was modeled with 80% similarity using its template 1P6G.

S10 consists of two helices packed against a four-stranded
sheet to form a small α + β sandwich domain with a so-
called double-split β-α-β fold (Fig. 2d). The two central β-
sheets connected by a long β-hairpin loop may penetrate
deeply into the center of the RNA, as in the S10 protein of
Thermus thermophilus [52], which is indicated by structural
analysis and the conservation of sequence between both
S10 proteins.

Analysis of the stability of modeled structures by MDS
and ED (essential dynamics)

In order to evaluate the stability of the homology models,
molecular dynamic calculations were carried out for 3 ns.
The minimum and maximum potential energies of YsxC,
L17, S2 and S10 are listed in Table 1, which shows that all
of the models were energetically stable during the produc-
tion MD simulation. The RMSD profiles of each protein are
described in Fig. 3a, which shows that the RMSD trajectory
of YsxC rises during the first 200 ps (the equilibration
period) and remains quite stable during the following
period, with an average RMSD of 0.15 nm, whereas L17,
S2 and S10 stabilized after equilibration periods of 1500 ps,
1800 ps and 1200 ps with average RMSD asset values of
0.45, 0.75 and 0.55 nm, respectively. The lowest potential
energy of each protein trajectory was selected and retrieved
for Ramachandran plot, ERRAT score and Verify3D

F i g . 2 a –d Th e t h r e e -
dimensional structures of
homology models. a YsxC. The
structural motifs G1, G2, G3,
G4 and G5 are labeled with
boxes. The GTP-binding
residues of YsxC are displayed
as lines, whereas GTP is dis-
played as sticks. b L17. A β-
hairpin loop (in the box) is the
highly flexible region. c S2.
Structural motifs such as the
16S rRNA binding motif, the
five-stranded parallel β, the in-
teraction with S8, the 42–46
region, and the 108–135 region
are labeled with boxes. d S10.
This contains an α + β sand-
wich motif and a β-hairpin loop.
For all proteins, blue indicates
an N terminus and red a C
terminus. The figures were pre-
pared using PyMol
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analysis, which showed that all models had good quality
factors and were reliable (Table 1) for further studies. The
overall atomic fluctuation of each protein during the 3 ns
timescale of the MD simulation was also calculated and is
described in Fig. 3b–e for YsxC, L17, S2 and S10,
respectively. These results indicate that the YsxC proteins
have three flexible motifs called G2 (52–60), a switch II
region overlapping with G3 (75–80), and a 170–175 region
overlapping with the G5 motif with RMSF values ranging
from ~0.1 to 0.25 nm. In the case of the L17 protein, one
turn (70–85) and a β-hairpin loop (105–115) fluctuate by
~0.15 to 0.30 nm, whereas turn1 (16S rRNA binding, the
42–46 region) and turn2 (108–135) of the S2 proteins
fluctuate more, with RMSF values ranging from ~0.2 to
0.4 nm. In S10 proteins, the β-hairpin loop region (48–70)
shows even more fluctuation, with RMSF values ranging
from ~0.3 to 0.68 nm. All of these results indicate that the
abovementioned flexible regions of each protein play
important roles in the interactions with the protein’s
interaction partners by maintaining the conformational
changes during the 3 ns MD.

PCA analyses of YsxC, L17, S2 and S10 were calculated
and diagonalized based on a trajectory of 1501 frames with
covariance matrix dimensions of 1764 for YsxC, 1098 for
L17, 2295 for S2 and 918 for S10. These dimensions were
given by 588 backbone elements for YsxC, 366 for L17,
765 for S2, and 306 for S10, with eigenvalue sums of
4.61468, 12.2082, 70.4893 and 16.1925 nm2, respectively.
Plotting eigenvalues against the eigenvectors of each
protein yielded steep eigenvalue curves (see Fig. 3f), and
it was noted that 90% of the backbone motion is covered by
the first 20 eigenvectors. These results indicate that the
most of the internal motion of the proteins is restricted to a
subspace with very small dimensions. A more accurate
analysis of the motion along the eigenvector direction was
obtained by projecting the trajectory onto these individual

eigenvectors. Figures 4a, c, e and g show the first three, the
tenth and the twentieth projections of the backbone
trajectory onto the eigenvectors gained from the backbone
covariance matrix and plotted against time for each of
YsxC, L17, S2 and S10 for the 3 ns of simulation,
respectively. These results indicate that the motions of the
backbone reached their equilibrium fluctuations in the first
ten eigenvectors. Figures 4b, d, f and h show the trajectory
projected onto the planes defined by two eigenvectors (the
tenth and twentieth eigenvectors) from the backbone
coordinate covariance matrix for YsxC, L17, S2, and S10,
respectively. These two eigenvector projections onto the
plane of the backbone motion of each protein are strongly
correlated, and fill the expected ranges almost completely.
The results indicate that the sets are similar and there is no
high projection observed far from the diagonal. Then,
superposition analysis of the average structure calculated
using the backbone covariance matrix with the native
structure shows RMS deviations of 0.612, 0.900, 1.951,
and 0.912 for YsxC, L17, S2, and S10, respectively. The
results obtained indicate that the modeled structures show
prolonged stability in the timescale of the 3 ns MD
simulation, which in turn favors the selection of these
structures for further analysis.

Binding site analysis of YsxC

The binding site of YsxC was predicted using the PSiFR
and Q-SiteFinder servers, which actually yielded identical
pairs of binding pockets. The first site was the GTP-binding
site with a volume of 482 Å3; the residues that formed the
cavity (with high probability scores) were S34, G37, T40,
S55, K60, K145, D147, S177, and S178. Another binding
cavity with a volume of 424 Å3 was ranked next to this site,
and was located close to the GTP-binding site. This
arrangement suggests the possibility of introducing struc-

Protein YsxC L17 S2 S10

RMSD profile (from 3 ns MD trajectory)

Equilibration period (ps) 200 1500 1800 1200

RMSD (nm) 0.15 0.45 0.75 0.55

Potential energy (kJ/mol)

Maximum PE −527000 −557000 −1312000 −974500
Minimum PE −531000 −561000 −1319000 −980800
Ramachandran plot assessment

Residues in favored region (%) 85.3 83.5 79.2 90

Residues in additionally allowed region (%) 12.4 14.7 19 8.9

Residues in generously allowed region (%) 1.7 0.9 1.3 1.1

Residues in disallowed region (%) 0.6 0.9 0.4 0

Verify_3D score 96.45 86.99 88.13 75.73

ERRAT score 94.25 97 86.66 79.71

Table 1 Results of molecular
dynamics studies carried out on
the proteins L17, S2, and S10

J Mol Model (2011) 17:3129–3149 3135



tural changes at the GTP-binding site by altering the
conformation of residues in this second binding cavity.
Conversely, the C-terminal region of B. subtilis YsxC [17]
was found to have an allosteric effect on its function.
Accordingly, we analyzed for the possibility of utilizing the
same region of S. aureus to introduce allosteric effects, but
huge sequence differences between these sites in YsxC of
S. aureus and YsxC of B. subtilis prevented us from using
this site for allosteric inhibition studies. Due to its close
proximity to the substrate-binding site, the binding of the
ligand in this pocket may affect the affinity of substrate
binding. Moreover, the residues in this pocket were found

to represent the most flexible region of the YsxC protein,
next to the GTP-binding region, via 3 ns MD simulation.
Thus, the binding cavity next to the GTP-binding site (S31,
Y81, Y83, R91, G95, I98, Y101, L114, M128 and Y131)
was selected for the analysis of allosteric inhibition.

Molecular docking analysis

In order to determine the GTPase activity of the YsxC
protein, the substrate GTP was selected for interaction
studies at the active site, while the selected ligands were
docked at the allosteric site for allosteric inhibition.

Fig. 3 a–f Stability analyses of
structures modeled by MDS and
ED. a The backbone RMSD
profiles for YsxC, L17, S2 and
S10 are plotted against the 3 ns
MD simulation: black YsxC, red
L17, green S2, blue S10. b The
RMS fluctuations of residues in
YsxC: structural motifs like G2,
G3 and G5 are shown to be
among the most flexible regions.
c L17: a turn and β-hairpin loop
are shown to be the most flexi-
ble regions, d S2: turn1 (16S
rRNA binding region) and turn2
(108–135) are shown to be the
most flexible residues. e S10:
the β-hairpin loop (48–70) is the
most flexible region. f Eigen-
values for YsxC, L17, S2 and
S10, shown in decreasing order
of magnitude and obtained from
the backbone coordinate covari-
ance matrix as a function of the
eigenvector index. All of the
graphs were plotted using
xmgrace, a 2D plotting tool
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Interactions of GTP at the active site

The two-dimensional molecular structure of GTP is
displayed in Fig. 5. The simulation of the docking of
GTP with YsxC provides insight into the binding affinity
and mode of interaction of GTP at the active site, which
has a Glide score of −10.61. A very low Emodel score
(−107.97) also suggested an energetically favorable
interaction of GTP at the active site. The binding mode

of GTP at the active site of YsxC involves hydrogen-
bonding interactions (see Fig. 7a) with eight amino acid
residues: S34, T40, D116, D144, K145, S178, I179 and
Q180. In addition, the presence of van der Waal (vdW)
interactions with the residues V36, G37, F41, K148, and
Y176 provides further stability to the complex. The
protein–substrate complex was subjected to MDS in order
to check the sustainability of GTP at the active site of the
protein.

Fig. 4 a–g Motion and projec-
tion of trajectory by ED
analysis. a, c, e and d shows the
motions along the first three,
the tenth and the twentieth
eigenvectors obtained from the
backbone coordinate covariance
matrix for YsxC, L17, S2, and
S10, respectively. b, d, f and g
are the projections of the trajec-
tory onto the planes defined by
the tenth and twentieth eigen-
vectors from the backbone
coordinate covariance matrix for
YsxC, L17, S2, and S10,
respectively

J Mol Model (2011) 17:3129–3149 3137



Interactions of ligands at the allosteric site

Among a library of 10,230 ligands, only six potential hits
were identified for the comprehensive interaction analysis
focusing on the allosteric site of YsxC. These six were
selected based on their interaction modes and the high
energy scores of each ligand with YsxC. The two-
dimensional molecular structures of these ligands are
displayed in Fig. 6. Docking simulations of all six ligands
with YsxC indicated that they all exhibited a hydrogen-

bonding interaction with R91 (NH1, NH2 and NE atoms),
vdW interactions with Y81, Y83, R91, D124 and Y131,
and a C–H–π interaction with Y131. Other than the
abovementioned interactions, each ligand presented other
hydrogen bonds and vdW interactions with YsxC, as
described in the following. Ligand 1 forms a hydrogen
bond with D124 and also vdW interactions with I98, E99,
I102 and L127, yielding a Glide docking score of −9.84
(Figs. 7 and 8a). The docked complex of Ligand 2–YsxC
shows that Ligand 2 binds at the allosteric site through

Fig. 6 Two-dimensional molec-
ular structures of the best six
ligands selected after docking
studies, along with their IUPAC
names. The figures were pre-
pared using MarvinView 5.1.1

Fig. 5 Two-dimensional molec-
ular structure of the natural
substrate GTP of the protein
YsxC, along with its IUPAC
name. The figure was prepared
using MarvinView 5.1.1
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hydrogen bonds with K88 and Y81 and vdW interactions
with A84, K88, I98, E99 and M128, giving a Glide docking
score of −9.48 (Fig. 8b). The interacting conformation of
Ligand 3 with YsxC (which has a docking score of −9.46)
reveals the presence of hydrogen bonds with K88, E99 and
Y83, and vdW interactions with K85, K88, I98, E99 and
M128 (Fig. 8c). The interaction of Ligand 4 with YsxC was
stabilized through the formation of hydrogen bonds with
Y83 and D124, and vdW interactions with A84, I98, I102
and M128, leading to a Glide docking score of −9.44
(Fig. 8d). Hydrogen bonding with D124 and vdW inter-
actions with A84, K88, I98 and L127 allow Ligand 5 to fit
into the allosteric site of YsxC with a docking score of
−9.19 (Fig. 8e). Moreover, in the Ligand 6–YsxC complex,
the ligand hydrogen bonds with the residues Y83 and Y81
and presents vdW interactions with A84, K88, E99 and

L127, producing a Glide score of −9.16 (Fig. 8f). The
aromatic ring of each ligand shows a C–H–π interaction
with Y131, which also participates in the stabilization of
these ligands in the allosteric cavity. The hydrogen bond
donors, acceptors, H-bond lengths, residues involved in
vdW interactions, Glide docking scores, and Glide Emodel
scores of the ligands with YsxC are listed in Table 2. In
summary, the docked conformations of each ligand with
YsxC provide insight into the possibility of a mechanism
for inhibiting the function of YsxC, and thereby suppress-
ing the growth of S. aureus. The differences in the Glide
docking scores and Emodel scores are very small among all
six ligands. However, finally, the YsxC–Ligand 3 confor-
mation—which has the lowest Glide Emodel score—was
selected for further analysis of the influence of this ligand
on the binding of GTP.

Interaction of GTP in the presence of Ligand 3

The protein conformation obtained from the induced fit
docking of YsxC and Ligand 3 was used to investigate how
the substrate (GTP) binding is affected by the presence of
the ligand at the allosteric site. The results of this analysis
(Fig. 7b) reveal that there is a low binding affinity of GTP
to YsxC in the presence of Ligand 3, which is confirmed by
the Glide docking score of −4.58 and Emodel score of
−52.6. Interactions of backbone oxygen atoms from both
S55 and Q56 with the amine group of the adenine ring
result in the formation of two hydrogen bonds, whereas the
side-chain nitrogen atom in K145 hydrogen bonds to the
oxygen atom of the second phosphate group of GTP. vdW
interactions with the residues N35, V36, G37, P58, K85
and T144 provide some stability to the complex. The amino
acid residues S34, T40, S177 and S178, which are involved
in the binding to GTP in the absence of other ligands, are
not able to interact with GTP when Ligand 3 is bound to
YsxC. The results obtained from the docking studies
suggest that the binding of ligands at the allosteric site
may inhibit substrate binding at the active site. This is
because the natural substrate of YsxC (GTP) is only loosely
bound to the active site due to conformational changes in
the protein; this may inhibit ribosome assembly and thereby
suppress the growth of S. aureus.

MD analysis of the YsxC–GTP complex in the presence
and absence of Ligand 3 at the allosteric site

Figures 9a and c show the variation in the RMSD of the
backbone of the YsxC–GTP complex as the simulation
proceeds in the cases of substrate binding and allosteric
inhibition, respectively. Interestingly, in the case of
substrate binding, the RMSD of the YsxC protein remains
below 0.175 nm during the first 1000 ps; it then reaches

Fig. 7 a–b Docking modes of GTP at the binding sites of YsxC. a
GTP binding at the active site. b Allosteric inhibition of YsxC in the
form of a reduced binding affinity at the active site. The hydrogen-
bonding residues are shown as sticks and are colored by atom type:
hydrogen is colored white, carbon is gray, oxygen is red, nitrogen is
blue, sulfur is yellow, and phosphorus is violet. The residues involved
in van der Waal interactions are shown in wire-frame form. Ligands
are shown as ball-and-stick drawings with green-colored carbon
atoms
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~0.2 nm in the next 200 ps, before it stabilizes at ~0.22 nm
for the rest of the simulation. This indicates that when the
YsxC is in complex with GTP, the conformation changes at
around 1200 ps. When Ligand 3 binds at the allosteric site,
the RMSD of YsxC shows a gradual change with a
maximum deviation of 0.4 nm from the starting conforma-
tion. This result indicates that the conformation of the
YsxC–GTP–Ligand 3 complex does not stabilize complete-
ly during the 3 ns MD simulation. When the substrate binds
to YsxC, hydrogen bonds at the backbone of the protein

structure control the switch in conformation. Accordingly,
we monitored the lengths of the hydrogen bonds formed
between the residues K145, K148 and I179 and Ligand 3
during the 3 ns of simulation, and this interaction profile is
displayed in Fig. 9b. The backbone nitrogen atom of I179
forms a hydrogen bond with the O7 atom of GTP during
the period 100–1200 ps. Afterwards, a hydrogen bond is
observed from 1200 ps to 3000 ps between O6 of GTP and
N of Ile179. This H-bond profile exactly matches the
RMSD of the protein backbone, which reflects conforma-

Fig. 8 a–f Docking modes of
the best six ligands with YsxC.
Interactions of YsxC with: a
Ligand 1, b Ligand 2, c Ligand
3, d Ligand 4, e Ligand 5, f
Ligand 6. The hydrogen-
bonding residues and those in-
volved in vdW interactions are
shown as lines. The hydrogen-
bonding interactions are shown
as black dotted lines, and the
distances between the atoms
involved are given. The ligands
are shown as ball-and-stick rep-
resentations with green-colored
carbon atoms
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tional changes at the active site. Similarly, the side-chain
nitrogen atoms of both K145 and K148 form two H-bonds
with the oxygen atom (O14) of GTP throughout the
simulation period, and provides stability to the complex.
The YsxC–GTP complex has a stable conformation
throughout the simulation, with a potential energy of about
−5.48 × 105 kJ mol−1. Thus, the three residues mentioned
above are all considered to be crucial to substrate binding.

In the case of the YsxC–Ligand 3–GTP complex, the
gradual change in the RMSD of the protein backbone and
the increase in the potential energy of the system show that
the YsxC–GTP complex is less stable in the presence of
Ligand 3 at the allosteric site. The hydrogen-bond profile
(Fig. 9d) shows that the side-chain nitrogen atom of K145
forms an H-bond with O11 of GTP during the period
0–1.7 ns (aside from 1.2–1.4 ns); however, the H-bond is
broken from 1.7 to 2.3 ns. After that, the H-bond is
reactivated. Similarly, backbone O atoms of both S55 and
Q56 form H-bonds with the nitrogen atom of GTP. Changes
in the H-bond profile of Lys145 may be responsible for the
changes in the RMSD profile, as it is one of the main
residues involved in the binding of GTP to YsxC in the

absence of ligand binding at the allosteric site, while the
other two residues (K148 and I179) are not involved in any
interaction. Thus, interaction analysis of the YsxC–GTP
complex under both conditions supports our hypothesis of
allosteric inhibition of substrate binding.

MD analysis of YsxC in complex with Ligand 3
at the allosteric site

MD analysis of the stability of the YsxC–Ligand 3 complex
during the simulation was facilitated by monitoring the
RMSD profiles computed from the atomic displacements
during the MD trajectory. Figure 9e shows that the RMSD
rises during the first 1600 ps to ~0.25 nm, and then remains
quite stable during the rest of the simulation. The initial
increase in the RMSD can be seen as a fluctuation in the
H-bonds between ligand and protein residues. The low
potential energy value of −5.4 × 105 kJ mol−1 indicates that
the complex is energetically stable during the MD simula-
tion. The H-bond profile of the YsxC–Ligand 3 complex, as
displayed in Fig. 9f, reveals that the complex is stabilized
by three H-bonds. The nitrogen atoms of A84, R91 and

Table 2 Molecular interactions of the six ligands at the allosteric site of YsxC

Molecules Hydrogen-bonding interaction Residues involved in vdW interactions (scaling
factor = 1.00 Å)

Glide docking
score

Glide Emodel
score

H-bond
donor

H-bond
acceptor

H-bond length
(A)

Ligand 1 Lig:: N1 D124: OD1 2.47 Y81, Y83, R91, I98, E99, I102, D124, L127 and
Y131

−9.84 −50.29
Lig:: N2 D124: OD1 2.95

R91: NH1 Lig:: O3 2.70

Ligand 2 Lig:: N1 Y81: O 3.12 Y81, Y83, A84, K88, R91, I98, E99, D124, M128
and Y131

−9.48 −55.09
K88: NZ Lig:: O4 2.71

R91: NH1 Lig:: O5 2.67

R91: NH1 Lig:: O2 2.71

Ligand 3 Lig:: N2 E99 : OE2 3.16 Y81, Y83, K85, K88, R91, I98, E99, D124, M128
and Y131

−9.46 −72.41
K88: NZ Lig:: O4 2.70

K88: NZ Lig:: O5 2.79

R91: NE Lig:: O5 2.87

R91 : NH2 Lig:: O1 2.90

Y83 : N Lig:: O3 3.17

Ligand 4 Y83: N Lig:: O2 3.23 Y81, Y83, A84, R91, I98, I102, D124, M128 and
Y131

−9.44 −50.12
R91: NH1 Lig:: O1 2.81

Lig:: N2 D124: OD1 2.86

Lig:: N3 D124: OD1 2.61

Lig:: N4 Y83: OH 2.97

Ligand 5 R91: NH1 Lig:: O2 2.75 Y81, Y83, A84, K88, R91, I98, D124, L127 and
Y131

−9.19 −42.64
Lig:: N1 D124: O3 2.96

Lig:: N2 D124: O3 2.52

Ligand 6 Y83: N Lig:: O2 2.95 Y81, Y83, A84, K88, R91, E99, D124, L127 and
Y131

−9.16 −49.26
R91: NH1 Lig:: O1 2.66

Lig:: N1 Y81: O 2.82
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Q123 maintain H-bonds with the O2, O3 and O1 atoms of
Ligand 3 throughout the 3 ns of simulation. A small
increase in the RMSD at 1600 ps was noted, which was due
to the scission of the H-bond between the residue Q123 and
Ligand 3, but the H-bonds involving A84 and R91 provide
substantial stability throughout the simulation period. The
stability of the YsxC–Ligand 3 complex provides insight
into the potential antibacterial activity gained by targeting
YsxC.

Predicting interface sites

Protein–protein interaction analyses are crucial to under-
standing many biological processes such as ribosome
assembly, and so-called interaction sites or functional sites
are very important in these protein–protein interactions. The
calculation of accessible surface area and the interface
propensity score of each amino acid provide information on
the solvent-exposed residues of YsxC, L17, S2, and S10.

Fig. 9 a–f MD trajectory based analysis of the YsxC–GTP complex,
in terms of substrate or Ligand 3 binding and allosteric inhibition. a, c
and e show the RMSD profiles for the abovementioned complexes,

while b, d and f show the atomic distances between the atoms
involved in H-bond formation
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Based on the prediction score, the residues are grouped into
active (high score) and passive (relatively low) residues for
the abovementioned proteins. The predicted active and
passive residues of YsxC, L17, S2 and S10 were also
checked against the neural network scores predicted by the
cons-PPISP and PatchDock servers. Moreover, the pre-
dicted active site residues of YsxC, L17, S2 and S10 were
shown to be in the most flexible region during the 3 ns MD
simulation. All of these results suggest that the predicted
interface site residues can be used for further protein–
protein interaction studies. A list of the active and passive
interface residues for each protein along with the flexible
segments is given in Table 3.

Protein–protein interaction analysis

A HADDOCK docking simulation was performed to gain
structural insights into the roles of the interface residues
involved in protein–protein interactions. The best 200
structures were clustered for each of YsxC–L17, YsxC–S2
and YsxC–S10, based on the intermolecular energies of the
docked structures. HADDOCK analysis of the best clusters
showed intermolecular energies of at least −400 kcal mol−1

and very low (<2 Å) RMSD deviations, suggesting that the
structure of each complex is very stable. The RMSD values
for the averages of the ten best structures from the lowest-
energy clusters are given in Table 4. The best structure from
each cluster provides the interface information for each
protein–protein complex.

YsxC–L17 interactions

The YsxC–L17 complex with the lowest intermolecular
energy (−782.84 kcal mol−1) was selected for interaction
analysis. DIMPLOT analysis of the YsxC–L17 complex
(Fig. 10a) reveals that the amino acid residues R33 (from

the G1 motif), S55–Q57 (G2 motif region), Y81, G82, A84,
K85, K88 and R91 (switch II region), and R118, H119,
D120, P121 and D124 of YsxC are involved in H-bond
interactions with the residues in the N-terminal hotspots
(E28, R29, E34, K38 and E45) and the C-terminal
antiparallel β-sheet (T101, R102, K105, Q106, G107,
E115, E120, L121 and V122) in the L17 protein. The
presence of fluctuating interactions involving the residues
of these complexes points to the reliability of the docking
results. The buried surface area of 2218 Å2 provides more
interface regions for the complex. YsxC interacts with L17
and forms the large 50S subunit of the 70S ribosome. The
binding affinity for this process is very high, as predicted
by the docking scores, thus providing insight into the
importance of YsxC to ribosomal stability. An assessment
of the Ramachandran plot of the YsxC–L17 complex also
reveals the strength of the complex.

YsxC–S2 interactions

The best complex structure from the YsxC–S2 cluster in
terms of intermolecular energy (−552 kcal mol−1) is
displayed in Fig. 10b. In this structure, the residues of the
N-terminal region (L10 and V15) and part of the G2 motif
region (R53, S55, Q57, G59, K60 and T61) in YsxC are
involved in various hydrogen-bonding and vdW interac-
tions with the residues E116, K119, D123, F126, E127,
V128, P130 and K131 of the S2 protein. In the S2 protein,
residue E116 is present in an α-helix, whereas D123, F126,
E127 and V128 form type IV helix turns, and other residues
are also exposed to solvent. YsxC is present in the core
region of the large 50S subunit and interacts with the S2
and S10 proteins of the small subunit of ribosome. The
interface area or buried surface area of 1554 Å2 leads to a
high probability of interaction between these proteins, as
shown by the HADDOCK docking solution and energy

Table 3 List of active and passive interface residues used to define ambiguous interaction restraints (AIRs) for docking, as well as flexible
segments

YsxC Active residues L10, R33, Q57, Y81, K88, S89, H119, D124

Passive residues S13, L25, V36, R53, T54, Q56, G59, K60, T63, G82, K85, R91, D120, Q123, E145

Flexible segments I8–K16, L30–K38, I46–L64, P79–K93, I112–I127

L17 Active residues E34, K38, E45, T101, K105, E115, E120

Passive residues E28, R29, R41, R102, L104, G107, V117, I118, L121, V122

Flexible segments S27–I48, Y100–P108, G113–V122

S2 Active residues E116, K119, F126, E127, K131

Passive residues K112, E118, M120, E122, V128, P130, K132, K138, E140

Flexible segments R110–E122, F126–D142

S10 Active residues K57, R62, N91, G95

Passive residues Y49, T50, H56, M88, G89, S94, V96, D97, E99, I100

Flexible segments V48–Q64, A86–K101
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scores. The quality of the protein–protein bimolecular
complex was assessed using a Ramachandran plot, which
indicated high quality assurance, with >98% of the residues
included in the allowed region (Table 4).

YsxC–S10 interactions

The N-terminal residues S13 and K85 of YsxC show
stable H-bonding interactions with H56, G95, V96 and
D97 of S10. These residues are also conserved in both
the template and model structures. In addition, the part
of the G2 motif that overlaps with the switch II region
(T54, S55, Q57 G59, K60, T61, Q62, T63, N68, Q72,
F75, P79, Y83 and K88) of YsxC also forms H-bonding
and van der Waal interactions with the residues V48,
Y49, T50, K57, R62, M88, G89, N91 and S94 in the
S10 protein. Interacting residues of YsxC are mainly
present in the N-terminal region and in part of the
switch II region. In the case of the S10 protein, N91,

S94 and V96 actively participate in a type IV β-turn,
whereas H56 and Q57 are present in γ-turns. The
residues V48, Y49 and T50 of S10 form a β-hairpin
that is involved in hydrophobic interactions. The
predicted intermolecular energy of the complex is
−632 kcal mol−1, which shows the stability of the
bimolecular protein complex, and the YsxC–S10 protein
complex is displayed in Fig. 10c. The S10 protein of the
small subunit interacts with YsxC and is present at the
core of the 50S subunit, which plays an important role in
ribosome assembly. The high interface area (1980 Å2) of
this complex also supports the strength of the interaction.
The Ramachandran plot indicates the quality of the
protein–protein complex, with only 0.4% residues pres-
ent in the disallowed region (Table 4).

Thus, the study of the interactions of YsxC with L17, S2
and S10 provides insight into the molecular interactions and
importance of YsxC in ribosome assembly and stability.
There is no such structural-level evidence for these protein

Table 4 Statistical analysis of HADDOCK results for each complex after clustering the solutions

Protein–protein
complex

YsxC–L17 YsxC–S2 YsxC–S10

Haddock analysis of best cluster

RMSD (Å)a 0.77±0.32 0.98±0.58 1.87±1.09

RMSD min (Å)b 1.54±0.09 5.48±0.24 4.66±0.62

CNS intermolecular energy after water refinement

Haddock score

EvdW (kcal mol−1)c −51.28±7.75 −34.71±3.59 −50.32±11.38
Eele (kcal mol−1)c −695.62±50.14 −403.48±127.81 −464.63±116.36
Buried surface area
(Å2)

2134±112 1416±156 1881±161

HADDOCK analysis of the best protein−protein complex from each cluster

Interacting residues YsxC YsxC YsxC

R33, S55, Q56, Q57, Y81, G82, A84, K85,
K88, R91, R118, H119, D120, P121, D124

L10, V15, R53, S55, Q57,
G59, K60, T61

S13, T54, S55, Q57 G59, K60, T61, Q62,
T63, N68, Q72, F75, P79, Y83, K88

L17 S2 S10

E28, R29, E34, K38, E45, T101, R102, K105,
Q106, G107, E115, E120, L121, V122

E116, K119, D123, F126,
E127, V128, P130, K131

V48, Y49, T50, H56, K57, R62, M88,
G89, N91, S94, G95, V96, D97

Ramachandran plot assessment

Residues in favored
region (%)

85.0 82.8 85.8

Residues in
additionally allowed
region (%)

13.3 15.7 13.9

Residues in generously
allowed region (%)

0.70 1.0 0

Residues in disallowed
region (%)

1.0 0.5 0.4

Clusters are sorted according to average intermolecular energy
a Average RMSD and standard deviation of the lowest-energy structure of the cluster
b Average RMSD and standard deviation of the lowest-energy structure among all calculated structures
c The nonbonded energies were calculated with the OPLS parameters using an 8.5 Å cut-off
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complexes, so the results of this study support the
experimental identification of the interactions of YsxC with
L17, S2 and S10 at the structural level.

Alanine scanning mutagenesis

The interface residues of YsxC that are involved in inter-
actions with the proteins L17, S2 and S10 were identified and
used for further mutagenesis studies. The interface residues
S55, Q57, G59, K60, T61 and K88 were mutated to alanine
and structural mutants were generated. HADDOCK docking
solutions for these YsxC mutants with other ribosomal
binding proteins showed only minor interactions at the
interfacial surface. The interaction score, based on the
intermolecular energy and the RMSD deviation from the
lowest-energy structure in the cluster, showed that the docked
protein–protein complex is less stable. The intermolecular
energies of the mutant YsxC–L17, YsxC–S2 and YsxC–S10
bimolecular complexes were found to be −318 kcal mol−1,
−184 kcal mol−1, and −226 kcal mol−1, respectively, which
are much higher than those of the native complexes (data not
shown here). These data indicate that the residues S55, Q57,
G59, K60, T61 and K88 of YsxC interact strongly with the
other ribosomal interacting proteins, as described for the
protein–protein interaction analysis.

Stability analysis of the native protein complex

Docking analysis of the native YsxC with its ribosomal
interaction partners shows energetically stable conforma-

tions of the bimolecular complexes, as confirmed by the
molecular dynamics based trajectory analysis. The pre-
dicted hotspot residues of these protein complexes were
shown to be stable throughout the 1 ns MD simulation.
Conformational changes in the complexes during the
simulation were gauged by monitoring the Cα RMSDs of
each complex with respect to its starting structure. The
RMSD values for the simulations are plotted in Fig. 11. As
illustrated in the figure, the RMSDs for the protein
complexes did not change after attaining their respective
equilibria. The RMSD values for the YsxC–L17, YsxC–S2
and YsxC–S10 complexes were 0.3, 0.35, and 0.25 nm,
respectively, after an average equilibrium period of 400 ps.
The potential energies of the complexes were very low:
−1.07 × 106, −2.82 × 106 and −8.85 × 105 kJ mol−1 for
YsxC–L17, YsxC–S2 and YsxC–S10, respectively, which
shows the stabilities of these complexes. Considering the
results of this analysis, interactions of YsxC with L17, S2
and S10 are considered to be stable, which indicates that
this protein–protein complex actively participates in ribo-
some assembly.

Proposed mechanism of YsxC interaction during ribosome
assembly

MD simulation analysis and protein–protein interaction
studies provide insight into the YsxC interaction mecha-
nism during ribosome assembly. The average RMSF plot
shows flexible motifs, loops and conserved core regions in
the model structures, which may facilitate protein–protein

Fig. 10 a–c HADDOCK mod-
els of protein–protein com-
plexes. a YsxC–L17, b YsxC–
S2, c YsxC–S10. YsxC is pre-
sented in green; L17 in orange;
S2 in yellow, and S10 in gray.
The proteins are displayed as
cartoon sketches and the inter-
action surface is shown as a
cloud. The figures were pre-
pared using Discovery Studio
2.0
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interactions or ligand binding (as discussed in the previous
section). The substrate-binding sites and interface residues
for protein–protein docking studies have been discussed in
detail previously. RMSF analysis of the YsxC–GTP
complex shows that substrate binding provides more
flexibility at the interface site; i.e., the RMSF values for
the residues S55–Q57, Y81–R91 and R118–D124 are
~0.64 nm, which is much higher than those of the other
residues. The residues E28–K38, E45, T101–G107 and
E115–V122 of the L17 protein, which have RMSF values
of ~0.55 nm, interact with the YsxC protein to give the
energetically stable heterodimer YsxC–L17 protein com-
plex. In the presence of a ligand at the allosteric site, the
interface residues of the active site show lower RMSF
values, which indicate that these residues are not exposed to
the solvent. This may be the reason for the reduced GTP-
binding activity at the active site. Thus, allosteric inhibition
is believed to inhibit ribosome assembly.

Similarly, the small proteins S2 and S10 of the 30S
subunit approach the protein complex and form a hetero-
tetramer (Fig. 12). RMSF analysis of the YsxC–L17
complex reveals that residues L10–V15 and R53–T61 of

Fig. 11 MDS trajectory based analysis of protein–protein complexes:
YsxC–L17, YsxC–S2 and YsxC–S10. The RMSDs of the Cα atoms
with respect to the initial structures of the complexes show the
stability of the model after the initial equilibration time. Color coding:
black YsxC-L17, green YsxC-S2, red YsxC-S10

Fig. 12 Proposed mechanism of interaction of YsxC with its
ribosomal interaction partners L17, S2, and S10. The GTP-binding,
L17-binding, S2-binding and S10-binding domains are shown in the

starting YsxC structure, and various complexes produced upon
binding with GTP and various proteins are depicted. Color coding:
green YsxC, orange L17, yellow S2, gray S10
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YsxC have high RMSF values, more than 0.78 nm in this
case, indicating a highly flexible region. These residues are
involved in the interaction with the S2 protein, where
residues E116–K119 and D123–K131 have RMSF values
of around 0.58 nm, and these residues are similar to those
predicted to occur at protein–protein interface sites.
Furthermore, MD analysis of the YsxC–S2 complex shows
that the residues T54–T63, N68–Q72 and P79–K88 of
YsxC are highly flexible, with RMSF values of more than
0.70 nm. The abovementioned residues play significant
roles in the interaction with the S10 protein, as confirmed
by protein–protein docking studies. The change in confor-
mation due to semi-flexible simulated annealing in an
explicit 8 Å water layer, explored using the HADDOCK
software, provides an exposed interface site that enhances
the stability of the docked complex and also provides the
solvent environment. However, the lower deviations seen in
the RMSD profile of the protein–protein complex in MDS
studies support the stability of the complex. Thus, the
proposed mechanism shows the importance of YsxC in
ribosome assembly.

Conclusions

The molecular model for YsxC in S. aureus has been
predicted, and the mechanism of its interaction with L17,
S2 and S10 was analyzed. The key hotspot residues
involved in this interaction were identified, and they were
confirmed through alanine scanning mutagenesis. Molecu-
lar dynamics analysis of these interactions and observations
of the atomistic fluctuations induced by the binding of its
interaction partners and their stabilities throughout the 3 ns
of simulation helped to elucidate the novel mechanism of
interaction between these proteins. In addition, residues in a
binding cavity located near the GTP-binding site were
found to produce allosteric inhibition of the binding of
GTP, which in turn was found to affect the interactions
between YsxC and its partners. Six potential ligands that
were retrieved from a ligand database were observed to
interact strongly with residues at the abovementioned site,
and this interaction produces structural changes in the
orientations of the residues involved in the binding of GTP.
Molecular dynamics studies also confirmed the stability of
the interactions between the six ligands and YsxC and
explored the structural transformations induced by the
binding of these ligands to the residues at the GTP-
binding site. This observation suggests that it may be
possible to inhibit the function of YsxC by designing
specific inhibitors which can bind at the site that is
hypothesized to have an allosteric effect on the binding of
GTP. Though the obtained results lack experimental
evidence, they can act as a guide, and may help in

investigations of the function of YsxC at the molecular
level as well as the design of novel inhibitors to treat the
infections caused by S. aureus.
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