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 Abstract: Objective: Staphylococcus aureus (S. aureus) has been one of the pathogenic bacteria 
for clinical infections, and there is an urgent need for the development of novel anti-S. aureus 
drugs. SecA is a conserved and essential protein in bacteria and is considered as an ideal target 
for development. Current screening of inhibitors against SecA has focused on the ATP-binding 
structural domain, which increases the risk of drug side effects, so a novel screening strategy 
based on the non-ATP-binding structural domain was chosen in this paper.  

Methods: A three-dimensional structural model of S. aureus SecA1N75 was constructed, and 
molecular docking was utilized to screen small molecules with strong interactions with the non-
ATP binding domains from a compound library, and four candidate compounds were finally 
targeted. Molecular dynamics simulations of the candidate molecules were performed to evalu-
ate their drug potential.  

Results: The four candidate compounds formed stable interactions with key residues of the Se-
cA binding pocket. Molecular dynamics simulations further showed that the candidate mole-
cules bound to the receptor in a stable conformation with nM-level inhibition constants, dis-
playing potent SecA inhibitory activity. It lays the foundation of a lead compound for the de-
velopment of antimicrobial drugs targeting SecA.  

Conclusion: In this thesis, an inhibitor screening strategy based on non-ATP binding structural 
domains was successfully constructed, which breaks through the limitations of traditional 
methods to screen candidate molecules with high activity and low risk of potential side effects, 
and provides an innovative solution to meet the challenge of S. aureus drug resistance. 
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1. INTRODUCTION 

 S. aureus belongs to the genus Staphylococcus and is a 
representative of Gram-positive pathogenic bacteria [1]. S. 
aureus becomes the third most important microbial patho-
gen, along with Salmonella and Parahaemolyticus [2].  
Its causative agent, enterotoxin, is a single-chain, small se-
cretory protein with molecular weight of about 26-29 kDa, 
relatively low molecular mass, and thermal stability [3]. It 
causes damage to the human gut and lead to symptoms such 
as vomiting and diarrhea [4]. 
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Due to the widespread increase in antibiotic resistance in 
S. aureus, methicillin-resistant Staphylococcus aureus 
(MRSA) and methicillin-sensitive Staphylococcus aureus 
(MSSA) are common drug-resistant strains in clinical set-
tings [5]. MRSA infections result in higher mortality, mor-
bidity, and longer hospital stays compared to MSSA infec-
tions [6]. Some MSSA lineages, such as certain sequence 
types (ST), may have high virulence and cause severe infec-
tions [7]. With the growing issue of antibiotic resistance and 
rapid changes in epidemiology, there is an urgent need for 
new treatment strategies [8]. 

SecA, a crucial protein involved in protein secretion, ex-
ists in both soluble and membrane-bound forms within bac-
terial cells [9, 10]. It is highly conserved across bacterial 
species, and because it is absent in mammalian cells, inhibi-
tors targeting SecA present a reduced risk of side effects in 
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humans [11, 12]. The Sec pathway plays a vital role in cellu-
lar protein transport, particularly in the secretion of toxins. 
SecA is the main energy-converting enzyme in this pathway 
[13, 14], which utilizes the energy from ATP hydrolysis to 
facilitate transmembrane transport of precursor proteins [15, 
16]. In some pathogenic Gram-positive bacteria like S. aure-
us, the SecA analog is SecA1, and the soluble SecA2 works 
in conjunction with SecA1, participating in the secretion of 
proteins that are not transported via the Sec pathway [17, 
18], as well as assisting in the secretion of specific pathogen-
ic or protective factors. Since not all bacteria have SecA2, 
we chose SecA1, the analog of all bacteria, as the focus of 
our study [19]. Li et al. used the crystal structure of Esche-
richia coli SecA and found, for the first time, that two com-
pounds had good inhibitory activity through virtual screening 
[20]. Structures of Candidatus Liberibacter asiaticus SecA 
were constructed by homology modelling by Akula [21] et 
al. and Zhang [9] et al. In addition to the structure-based 
virtual screening, SecA inhibitors have been isolated and 
extracted from fungi, such as the first natural product SecA 
inhibitor, equisetin (CJ-21058) [22], isolated from an un-
known fungus. Azide was the first known SecA inhibitor, 
but it is a non-selective eukaryotic enzyme inhibitor and 
therefore not a useful antimicrobial agent [23]. Wang et al. 
used Pseudomonas aeruginosa for the development and ap-
plication of a SecA ATPase inhibitor screening model, and 
the low µM SecA inhibitors had been found too [24]. In ad-
dition, three conformational types of SecA small molecule 
inhibitors were designed and evaluated in Tai and Wang's 
laboratories: Rose Bengal (RB) analogue [25, 26], 5-cyano-
6-thiopyrimidine analogue [27] and triazole pyrimidine ana-
logue [28]. Recently, we were able to successfully construct 
a crystal model of Helicobacter pylori SecA, and through 
virtual screening, identified a number of small-molecule po-
tential inhibitors [10] that affect SecA ATPase and antibacte-
rial activities. Although studies have reported inhibitors [10, 
15, 29], the structure of S. aureus SecA and its inhibitors has 
not yet been analyzed.  

Recent studies indicate that SecA can be an effective tar-
get for the development of novel antibacterial drugs [29] and 
that further optimization of compound potency and selectivi-
ty for SecA with minimal toxicity issues is warranted. The 
main issues at this stage of research on SecA inhibitors are 
the solubility of the drugs and the membrane permeability of 
the drug molecules, especially the outer membrane barrier of 
Gram-negative bacteria [30, 31]. The novel SecA inhibitors 
do not need to enter the cytoplasm and can bind the mem-
brane-bound SecA directly [32, 33], with a lower impact on 
drug penetration and intracellular concentration [32, 34]. 
However, there is currently no screening of novel inhibitors 
targeting the SecA domain of S. aureus. Especially, we want 
to screen for the non-ATP-binding domain. Moreover, the 
previous virtual screenings of SecA were basically mostly 
based on the domains of ATP-binding structures, but there 
are many ATPase targets, whether in the human body or in 
bacteria, that the inhibitors targeting ATPases obtained in 
this way might have many side effects. Hu [7] et al. suggest 
that in addition to the ATP-binding orientation, there are two 
additional binding pockets in SecA molecules, NP1 and 
NP2, and that designing an insertion of deeper motifs (NP1 
and NP2) to enhance the hydrophobic binding pockets of the 

small molecules could be an effective approach. Therefore, 
in this study, we targeted the pockets of SecA non-ATP-
binding structural domains for virtual screening of potential 
candidates for the treatment of S. aureus. The C-terminal tail 
(CTT) of SecA affects the conformation of SecA [35, 36], 
disrupts effects on ribosome binding, substrate-protein bind-
ing, and ATPase activity. Therefore, we chose S. aureus Se-
cA1 amino acids 1-707 as the model. 

2. METHODS  

2.1. Homology Modelling 

The amino acid sequence from amino acids 1-707 of the 
analogous S. aureus SecA1 protein (Accession number: 
PZK95531) was accessed from the National Centre for Bio-
technology Information Database (NCBI, https://www. 
ncbi.nlm.nih.gov/protein/), and used as a template protein for 
the BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) 
to model the target. The homology model was generated 
with SWISS-MODEL [37] and energy minimization was 
performed using Swiss PDB viewer (SPDBV) 4.10 software. 
To evaluate the validity of the model, the binding sites from 
the template protein were removed and re-aligned to the 
binding sites of the homologous model. The root-mean-
square deviation (RMSD) of the two conformations was 
compared. Finally, the models were evaluated by SAVES 
v6.0 (https://saves. mbi.ucla.edu/), which comprises protein 
structure evaluation tools such as ERRAT [38], VERIFY 3D 
[39], and PROCHECK [40]. 

2.2. Molecular docking 

2.2.1. Construction of Small-molecule Ligands 

These ligands were sourced from ZINC (https:// 
zinc15.docking.org/), a total of 2,073 small molecules. The 
2D structure of the molecule was then converted to 3D coor-
dinates in the ionized state at pH 7.4 using Openbabel 2.4.1. 
Flexibility was assigned to all rotatable bonds in the ligands, 
and chirality was specified. 
2.2.2. Coordination of Target Protein SecA1N75 

The active site and docking pocket of the ligands were 
predicted using the DoGSite Scorer module from Proteins 
Plus (https://proteins.plus/). The selected pocket is located 
adjacent to and deeper than the ATP-binding site, with coor-
dinates X: 58.683, Y: -23.824, Z: 19.692 (Å). The dimen-
sions of the grid box were set to X: 16, Y: 13, Z: 20 (Å). 
Ligand docking for S. aureus SecA1N75 was carried out 
through High Throughput Virtual Screening (HTVS) and 
AutoDock Vina 1.2.2 for semi-flexible docking. The top 10 
molecules were selected based on their high negative binding 
affinities for re-screening. In the second round, the highest-
scoring molecules were evaluated for binding interactions 
with the target using AutoDockTools 1.5.6 and AutoDock 
4.2.6. This was followed by docking using the Lamarckian 
genetic algorithm (LGA) [41]. As in the first round, the 
docking search space was limited to the binding sites of S. 
aureus SecA1N75. The docking setup consisted of 55 runs 
per ligand, with a population size of 150, and the maximum 
number of generations and evaluations set at 27,000 and 
25,000,000, respectively. After rescreening, select the top-
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ranked molecules and calculate the distance to the optimal 
complex with the highest negative binding affinity. For fur-
ther analysis, the results were examined interactively using 
the PLIP server [42]. 
2.2.3. Molecular Dynamics Simulations (MD) 

Before performing the MD simulations, both the molecu-
lar ligands and the S. aureus SecA1N75 protein need to be 
processed separately. First, the ACPYPE [43] server was 
used to assign a force field to the ligand and assemble the 
charge. The homology of the S. aureus SecA1N75 protein 
was then modelled using the generic AMBER99SB-ILDN 
force field [44]. Subsequently, the protein and ligand were 
assembled into a complex. All MD simulations were per-
formed using the GROMACS 2021-GPU software package 
[45]. In each simulation, the complex was placed in a cubic 
box with a minimum distance of 1.0 nm between the protein 
and the box. The box was solvated using the classical TIP3P 
water model, and charge balanced with an appropriate 
amount of sodium ions (Na+). The system was gradually 
heated from 0 to 300 K using the NVT tethered equilibrium 
system for 100 ps, and then relaxed in the NPT tether for 200 
ps. The system temperature was 300 K and the pressure was 
1 atm. Finally, MD simulations were conducted under these 
conditions with a timestep of 2 fs for 50 ns. The data were 
saved on discs at 100 ps intervals for further analysis.  
2.2.4. Binding Free Energy Calculations 

The molecular mechanics Poisson-Boltzmann surface ar-
ea method (MM-PBSA) was an efficient and popular method 
for calculating the free energy of binding of small ligands to 
biological macromolecules [46, 47]. In this study, the bind-
ing free energies of S. aureus SecA1N75 complexes were 
calculated using GROMACS tools. Taking into account of 
screening effects and conformational entropy (TDS), MM-
PBSA calculations were performed using a modified shell 
script gmx_mmpbsa [48].  
2.2.5 ADME-T Properties 

The online server SwissADME-T [49] (http:// 
www.swissADME-T.ch) was used to predict the absorption, 
distribution, metabolism, and excretion of ADME-T. Predic-
tion of compound toxicity was performed by using the AD-
ME-TtSAR server (http://lmmd.ecust.edu.cn/ADME-Ttsar2/) 
[50]. 

 3. RESULTS AND DISCUSSIONS 

3.1 Homology Modelling 

The template ray used is the X-ray crystal structure of 
Bacillus subtilis (B. subtilis) (PDB ID: 3jv2), the sequence 
identity and query coverage of SecA in B. subtilis was 
63.18%, while in S. aureus it is 99%. In addition, the homol-
ogy modeling structures of GMQE and QMEANDisCo [51] 
yielded SecA scores of 0.77 ± 0.05 and 0.80 in B. subtilis 
and S. aureus, respectively. Sequence comparisons were 
performed using ESPript 3.0 [52] (Fig. S1).  

 
 
 

The stereo-chemical quality and accuracy of the predict-
ed S. aureus SecA1N75 model was assessed using the 
SAVES v6.0 server, and the sequences of S. aureus Se-
cA1N75 and S. aureus SecA2N75 were compared in Fig. S1. 
As shown in the Ramachandran plot, 95.1542% of S. aureus 
SecA1N75 residues were located in the "permissive region". 
Additionally, 93.0% of amino acids were in the most favora-
ble region, 5.9% in the additional permissive region, 1.1% in 
the generously permissive region, and no amino acids were 
in the impermissive region. Furthermore, the ERRAT result 
was 95.154%, indicating high model resolution (Fig. S2). 
These results suggest that the overall conformation of the 
constructed S. aureus SecA1N75 model, including main 
chain and side chain stereochemistry, is suitable for subse-
quent virtual screening. The structure of the S. aureus Se-
cA1N75 is depicted in Fig. 1 and was superimposed with the 
SecA template protein from B. subtilis (RMSD: 0.846 Å). 

 

 

Fig. (1). Model of S. aureus SecA1N75 (purple) superimposed on 
the structure of B. subtilis SecA (pink) (PDB ID: 3jv2). ATP struc-
ture was shown as a rod (green). (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article). 

3.2. Analysis of Molecular Docking and Binding Patterns 

Molecular docking and binding pattern analysis were per-
formed by using a semi-flexible docking method. A total of 
2,073 small molecules were screened against S. aureus Se-
cA1N75. The top 10 compounds with the lowest negative 
Vina scores, ranging from -9.9 to -10.5 kcal/mol. Subse-
quently, docking was repeated with AutoDock 4.2.6 to con-
firm the binding affinity, and the compounds were ranked 
accordingly. The results indicated that four of the ten ligands 
showed lower docking scores and were chosen for further 
analysis. These selected compounds were labeled as SW-
569, SW-366, SW-849, and SW-2007. Table 1 presents a 
comparison of the binding affinities of these selected ligands 
with those of the control ligands for S. aureus SecA1N75. 
The interaction patterns of the four compounds with S. aure-
us SecA1N75 are depicted in Fig. 2.  

 
 
 



4    Medicinal Chemistry, XXXX, Vol. XX, No. XX  Liu et al. 

 
Fig. (2). Optimal ligands and control molecules for binding to S. aureus SecA1N75. These views are 3D representations of the S. aureus Se-
cA1N75 substrate binding site residues interacting with (a) SW-569, (b) SW-366, (c) SW-849, (d) SW-2007. (A higher resolution / colour 
version of this figure is available in the electronic copy of the article). 

Table 1. Comparison of AutoDock Vina binding affinity of selected ligands. 

Com-
pounds 

Names Molecular Formula 
Molecular 

Weight 

(g/mol) 

AutoDock 
Vina Bind-
ing Affini-
ty (kJ/mol) 

AutoDock 
Inhibition 

Constant (nM) 
Structure 

SW-569 

N-[4-(2-methyl-4,5-dihydro-
3H-imidazo[4,5-
d]benzazepine-6-

carbonyl)phenyl]-2-
phenylbenzamide 

C32H26N4O2 498.6 -10.5 125.8 

 

SW-366 

4-[4-[[4-chloro-3-
(trifluorome-

me-
thyl)phenyl]carbamoylamino]-

3-fluorophenoxy]-N-
methylpyridine-2-carboxamide 

C21H15N4O3F4Cl 482.8 -10.2 4.35×10-5 

 

SW-849 

N-[2-[4-
(cyclohexylcarbamoylsul-
famoyl)phenyl]ethyl]-5-

methylpyrazine-2-carboxamide 

C21H27N5O4S 445.5 -10.4 24.37 

 

SW-2007 

N-[5-[(4-ethylpiperazin-1-
yl)methyl]pyridin-2-yl]-5-

fluoro-4-(7-fluoro-2-methyl-3-
propan-2-ylbenzimidazol-5-

yl)pyrimidin-2-amine 

C27H32F2N8 506.6 -10.2 3.56×10-7 
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Compound SW-569 exhibits a binding affinity of -10.5 
kJ/mol with SecA, with an inhibition constant of 125.8 nM. 
Docking results show that the ligand forms four hydrogen 
bonds with residues Lys112, Gln143, Glu214, and Gly496, 
and engages in hydrophobic interactions with Arg495, which 
stabilize the binding. Compound SW-366 has a binding af-
finity of -10.2 kJ/mol with SecA and an inhibition constant 
of 4.35×10-5 nM. Docking results indicate that the ligand 
forms eight hydrogen bonds with residues Lys112, Gln143, 
Glu214, Asn491, Gln527, and Arg531. Additionally, hydro-
phobic interactions with Asn491 and Leu58 further stabilize 
the binding. Compound SW-849 shows a binding affinity of 
-10.4 kJ/mol with SecA and an inhibition constant of 24.37 
nM. Docking results reveal that the ligand forms ten hydro-
gen bonds with residues Gly109, Lys112, Thr113, Asn491, 
Asp498, Ile524, Gln527, and Arg531. Hydrophobic interac-
tions with Asn491 and Leu528 also contribute to the stability 
of the binding. Compound SW-2007 has a binding affinity of 
-10.2 kJ/mol with SecA, with an inhibition constant of 
3.56×10-7 nM. Docking results show that the ligand forms 
ten hydrogen bonds with residues Thr108, Lys112, Thr113, 
Asp498, Lys500, and Arg531. Additionally, hydrophobic 
interactions with Ala478, Arg495, and Gln527, as well as a 
salt bridge with Glu146, enhance the stability of the binding. 

 The N-terminal part of SecA consists of three domains: 
the Nucleotide Binding Domain (NBD1), the Precursor 
Binding Domain (PDB), and the Intramolecular Regulator of 
ATPase 2 (IRA2, also known as NBD2). The spatial organi-
zation of NBD1 and IRA2 domains forms a clamp, and ATP 
hydrolysis occurs at the interface between these two do-
mains. The NBD1 domain contains two high-affinity ATP 
binding sites, the highly conserved Walker A (aa residues 
83-139) and Walker B (aa residues 205-227) motifs [30]. 
Interestingly, these four compounds have varying degrees of 
overlap with the NBD1 domain of SecA and all interact with 
Lys112. Alternatively, they could have allosteric effects on 
affecting NBD1 for ATPase activities. Overall, they can 
serve as potential inhibitors of S. aureus SecA1N75. Since 
there are extensive homologies of S. aureus SecA1N75 and 
S. aureus SecA2N75 (Fig. S1), these compounds could in 
fact have a dual target in affecting SecA1 and SecA2 do-
mains. 

3.3. Molecular Dynamics Simulation 

In order to gain a deeper understanding of the conforma-
tional changes of protein ligand complexes under physiolog-
ical conditions, 50 ns MD simulations were conducted on 
four complexes. 

In our molecular dynamics simulations, we used the 
TIP3P water model, which is a standard three-point water 
model widely used in the simulation of biomolecules in solu-
tion. This model accounts for the interactions between water 
molecules and the protein, as well as other molecules, and is 
known for its fast simulation speed and high compatibility 
[53]. 

Root mean square deviation (RMSD) is used to measure 
the average change in the displacement of selected atoms in 
a given framework relative [54, 55]. In general, if the RMSD 
value of the ligand is smaller than that of the protein, it indi-
cates that the ligand is tightly bound to the protein. For better 

comparison of the results, the RMSD curves of SW-569, 
SW-366, SW-849, and SW-2007 were plotted on the same 
coordinate system due to the similarity of their ligand struc-
tures (Fig. 3(a)). 

SW-366 reaches 0.8 Å around 10 ns and stabilizes there-
after. SW-569 also reaches 0.8 Å around 10 ns and exhibits 
fluctuations within the range of 0.2 Å from 20-50 ns, indicat-
ing a relatively stable state. SW-849 reaches equilibrium 
within the range of 10-25 ns, with greater fluctuations within 
the range of 25-50 ns, and SW-569 shows a similar situation. 
SW-2007 exhibited the most noticeable fluctuation during 
the 50 ns simulation, which may be due to its greater flexi-
bility. However, in the last 10 ns, SW-2007 fluctuated only 
between 1.0-1.25 Å, and this small range of fluctuation is 
considered to indicate equilibrium. This also explains why its 
binding energy is higher than that of the other three com-
pounds. Interestingly, the three compounds, SW-366, SW-
569, and SW-849, show very similar fluctuation trends. The 
data shows that the RMSD values of the protein backbone 
atoms of the ligands of these three compounds, SW-366, 
SW-569, and SW-849, except SW-2007, are close to each 
other and less than 1 Å, which suggests that the ligand binds 
with a great affinity. In conclusion, the hit ligands demon-
strate stability during MD simulations, showing excellent 
consistency. Likewise, the radius of gyration (Rg) analysis 
reveals minimal fluctuations[56], suggesting a compact and 
stable system throughout the simulation, as illustrated in 
(Fig. 3(b)). To assess the flexibility and movement of resi-
dues during the simulation, we calculated the root mean 
square fluctuation (RMSF) values, shown in (Fig. 3(c)). 
With the exception of SW-366, most residues have RMSF 
values below 0.5 Å, indicating that secondary structure ele-
ments, such as α-helices and β-strands, are generally less 
flexible and more rigid compared to the ring regions. 

The S. aureus SecA1N75-ligand complexes were ana-
lyzed to examine hydrogen bonding interactions. The results 
revealed that intermolecular hydrogen bonds were present in 
the SecA1N75-SW-366, SecA1N75-SW-569, SecA1N75-
SW-849, and SecA1N75-SW-2007 complexes, confirming 
that these compounds effectively bind to SecA, forming sta-
ble protein-ligand complexes (Fig. 3(d)). Overall, the hydro-
gen bond analysis supports that the compounds form stable 
complexes with S. aureus SecA1N75. 

The free energy landscape (FEL) [57] of protein tends to 
favor native folds. Using two principal components, RMSD 
and Rg, to generate the FEL of ligand-protein complexes 
helps in accurately understanding the minimal energy con-
formations of biomolecular assemblies. As shown in Fig. 4, 
the SecA-ligand complexes exhibit distinct minima in the 
FEL, indicating different stable conformations induced by 
ligand binding. The deep blue region in the figure corre-
sponds to the low-energy or natural conformation, indicating 
the appearance of a highly stable conformation of the SecA-
ligand system that emerged during the simulation. 

To study the conformational changes of S. aureus Se-
cA1N75 upon ligand binding, we performed a dynamics 
cross-correlation matrices (DCCM) analysis of Cα atoms to 
elucidate the interference between the fluctuations of corre-
lated and anti-correlated atoms in the SecA system [58]. As 
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Fig. (3). MD simulation analysis. (a) RMSD of protein backbone; (b) Rg; (c) RMSF of protein backbone; (d) intermolecular hydrogen bond-
ing. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 

 

 
Fig. (4). Free energy landscapes of (a) SW-569, (b) SW-366, (c) SW-849, and (d) SW-2007. (A higher resolution / colour version of this 
figure is available in the electronic copy of the article). 
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Fig. (5). Dynamic intercorrelation matrix analysis of (a) SW-569, (b) SW-366, (c) SW-849, (d) SW-2007. (A higher resolution / colour ver-
sion of this figure is available in the electronic copy of the article). 

 
shown in Fig. 5, the residuals can be seen along the diagonal 
line with the expected correlations. Some anti-correlation 
motions (pink regions) can be seen in the region away from 
the diagonal line, indicating that the fluctuating negative 
correlation between discontinuous residues in SecA is inde-
pendent of motion. Notably, the two regions containing the 
SecA binding site exhibit strong correlated motions (cyan 
regions) in all systems, mainly represented by residues 1-200 
and 420-590. 

In addition, the degree of correlation/anti-correlation was 
relatively weaker for residues SW-569 and SW-2007 in that 
order. Overall structural changes in the protein were ob-
served in the presence of the selected ligands, suggesting that 
these ligands can influence the conformation of S. aureus 
SecA1N75 protein.  

3.4. Binding Free Energy Calculations 

Extract the last 10 ns MD simulation trajectory for calcu-
lating binding free energy using the MM-PBSA method. The 
calculated binding free energies of SW-569, SW-366, SW-
849, and SW-2007 were 1.500, -10.386, -18.227, and -
21.076 kcal/mol, respectively. The lower the binding free 
energy, the higher the affinity between the receptor and the 
ligand. In other words, the normal function of the protein can 
be more effectively disrupted.  

From the results, it is observed that the binding free ener-
gies of all the selected ligands except SW-569 are less than 
13.642 kcal/mol, indicating strong binding energies and in-
teractions between these ligands and S. aureus SecA1N75. 
Conversely, the binding free energy of SW-569 was greater 
than 0, suggesting that SW-569 could not bind spontaneous-
ly to the protein model. In summary, ligands other than SW-
569 can serve as stable inhibitors of S. aureus SecA1N75 
protein binding. 

In addition, we can analyze the contribution of each ami-
no acid one by one and label the top five amino acids with 
the highest contribution (Fig. S3), which is not entirely con-
sistent with the ATP binding sites displayed on UniProt 
(https://www.uniprot.org/). This means that these candidate 
compounds may not compete with ATP and may affect ATP 
binding sites allosterically. 

3.5. ADME-T Properties 

Next, studying the physicochemical properties, pharma-
cokinetics, and potential toxicity of candidate compounds is 
an essential step as potential inhibitors. The pharmacokinetic 
parameters (ADME-T) [59] are shown in Table 2. Lipinski's 
rule is an empirical rule in the field of drug discovery used to 
evaluate whether a compound has good drug properties. Ac-
cording to the data, it can be seen that SW-2007 does not 
comply with Lipinski's rule, but this does not negate the pos-
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sibility of SW-2007 as a potential drug [60]. The TPSA val-
ues of the hit compounds are all less than 145 Å2, indicating 
their potential to be developed into oral medication. In addi-
tion, only SW-569 and SW-2007 had high GI values, indicat-
ing widely absorbed in the intestine. None of the four com-
pounds could cross the blood-brain barrier. Based on toxicity 
predictions, only SW-849 has very low carcinogenic poten-
tial and is neither mutagenic nor nephrotoxic. Therefore, this 
compound is less hazardous. In conclusion, SW-849 shows 
promising pharmacological effects and can be further devel-
oped as anti-S. aureus drugs. 

ADME-T properties are essential for evaluating a com-
pound's pharmacokinetics. Molecular weight (MW) affects 
absorption and distribution, while cLogP indicates lipophilic-
ity and membrane permeability. Rotatable bonds (rBonds) 
influence molecular flexibility. Hydrogen-bond acceptors 
(HBA) and donors (HBD) determine interactions with bio-
molecules, and topological polar surface area (TPSA) re-
flects polarity. Gastrointestinal absorption (GI) measures 
drug uptake in the gut, and blood-brain barrier permeability 
(BBB) indicates the compound's ability to cross the blood-
brain barrier. These properties help predict a compound's 
drug-likeness and bioavailability. 

3.6. Virtual Screened SecA Inhibitors: Old Drugs and 
New Target? 

These 4 compounds as S. aureus SecA1N75 inhibitors, 
were identified via virtual screening [60, 61] turn out to be 
related to some known drugs for various treatments, raising 
the question of whether these might be the old drugs with 
new targets. 

Compound SW-569 turns out to be related to Conivaptan, 
which is a dual vasopressin V1a and V2 receptor antagonist 
[62-64]. By blocking the action of vasopressin at these re-
ceptors, it leads to increased renal water excretion, thereby 
treating hyponatremia caused by conditions such as the Syn-
drome of Inappropriate Antidiuretic Hormone Secretion 

(SIADH). Conivaptan has also been studied for use in pa-
tients with acute decompensated heart failure, where fluid 
overload can exacerbate symptoms. By promoting water 
excretion, it helps reduce fluid retention and may improve 
symptoms associated with heart failure [63]. 

Compound SW-366 is related to Regorafenib, which is 
an oral multi-targeted tyrosine kinase inhibitor used for the 
treatment of various types of cancer [65, 66]. It primarily 
acts by inhibiting multiple angiogenic factors (such as VEGF 
receptors) [67], tumor cell growth factors (such as FGFR, 
PDGFR) [68, 69], and other related signaling pathways. 
Regorafenib has also demonstrated efficacy in patients with 
advanced GIST who are either unresectable or resistant to 
Imatinib treatment [70]. 

Compound SW-849 is related to Glipizide, which is an 
oral sulfonylurea drug primarily used to treat type 2 diabetes. 
It helps control blood glucose levels by increasing insulin 
secretion from the pancreas [71, 72]. Glipizide can also be 
used in combination with other antidiabetic medications, 
such as Metformin and Thiazolidinediones, to enhance blood 
glucose control [73]. Furthermore, compared to other sul-
fonylureas, Glipizide has a shorter half-life, which helps re-
duce the risk of hypoglycemia and allows for a more flexible 
dosing regimen. 

Compound SW-2007 is related to Abemaciclib, which is 
an oral selective CDK4/6 inhibitor [74]. It prevents cancer 
cell proliferation by inhibiting cyclin-dependent kinases 4 
and 6 (CDK4/6) and is primarily used in the treatment of 
breast cancer [75], especially for advanced estrogen recep-
tor-positive (ER+) and HER2-negative breast cancer [76]. 

For the drug targets clearly understood above, SW-569 
acts on the kidneys and blood vessels, SW-366 and SW-2007 
target cancer cells, and SW-849 acts on the pancreas. Since 
SecA is not present in mammals, there is no direct relation-
ship between the targets of these known drugs and SecA. 
However, there are currently no clinical cases involving the 
simultaneous treatment of drug-resistant bacteria with can-

Table 2. Physical and chemical properties and toxicity predictions. 

Pharmacokinetics SW-569 SW-366 SW-849 SW-2007 

MW (≤500 Da) 498.57 482.82 445.54 506.59 

cLogP (≤5) 5.01 4.41 1.97 4.04 

rBonds (≤10) 6 9 10 7 

HBA (≤10) 3 8 6 8 

HBD (≤5) 2 3 3 1 

Lipinski 0 0 0 1 

TPSA (Å2) (≤145) 78.09 92.35 138.53 75 

GI High Low Low High 

BBB No No No No 

Carcinogenicity 0.616 0.313 0.034 0.823 

Mutagenesis 1 1 0 1 
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cer, diabetes, or diuretics. We believe that, in the field of 
"drug repurposing," these compounds are worth further in-
vestigation. 

The four potential SecA inhibitors identified here have 
established clinical uses for other treatments. These com-
pounds need to be further evaluated as SecA inhibitors. So 
far, the best-known SecA inhibitors are in the range of sub-
micromolars [15]. By re-evaluating the potential of these 
traditional drugs and comparing the effective doses esp with 
AutoDock inhibition constants, at nM, two with inhibition 
constants at 10-5 to 10-7 nM as shown in Table 1. Though 
these compounds were found by screening non-ATP binding 
domains, work in progress indicates that they affect ATPase 
activities, in addition to antimicrobial activities. If there are 
more effective than the known SecA inhibitors, they could 
be interesting new lead compounds to develop. Previous 
reports indicated that SecA inhibitors are not subject to the 
levels of efflux pumps [15, 29]. We will further explore their 
applications in treating multiple-drug-resistant strains and 
new diseases or symptoms. This process not only reveals 
their new value in modern medicine but also provides fresh 
perspectives and possibilities for drug repurposing for new 
targets. 

CONCLUSION 

In this study, structure-based virtual screening was con-
ducted to identify novel inhibitors targeting the non-ATP 
binding domain of S. aureus SecA1N75. First, a crystal 
model of S. aureus SecA1N75 was successfully built 
through homology modeling. The homology modeling, mo-
lecular docking, and molecular dynamics simulation results 
indicated high stability and strong binding free energies in 
this complex system. In conclusion, this study demonstrates 
the optimal binding characteristics of four lead compounds 
and lays a foundation for the further development of antibac-
terial drugs targeting the non-ATP binding domain of S. au-
reus simulations. These compounds have been clinically 
used, but SecA could be another new-found target for treat-
ing bacterial infection. In subsequent research on S. aureus, 
three compounds (SW-366, SW-849, and SW-2007) could 
be proposed as potential candidate drugs against S. aureus. 
We will explore their enzyme inhibition, anti-S. aureus and 
other bacterial activities, secretion of virulence factors, and 
their impact on bypassing efflux pumps. 
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