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Abstract
This study aimed to investigate the targeted binding mechanism of PSMA-1007 to prostate-specific
membrane antigen (PSMA) at the atomic level, providing a theoretical basis for the rational design of
PSMA-targeted drugs. We employed molecular dynamics (MD) simulations combined with the
MM/PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) free energy calculation method. The
results revealed a strong binding affinity with a total binding free energy of -75 kcal/mol, which was
primarily driven by favorable electrostatic interactions. The stability of the complex was further
supported by the persistent formation of a substantial number of hydrogen bonds (5 to 14) between
PSMA-1007 and PSMA throughout the simulation. Free energy decomposition analysis identified key
hotspot residues, including LYS699, ARG463, and TYR700, which made significant contributions to the
binding. Quantitative assessment of the two major binding pockets showed that the S1 and S1' pockets
contributed approximately 20% and 40% of the total favorable binding energy, respectively, highlighting
the critical role and specificity of these subsites. In conclusion, our findings elucidate the dynamic
binding process and energetic landscape of PSMA-1007, offering valuable insights for structure-based
drug design targeting PSMA.

Introduction
Prostate cancer is one of the most commonly diagnosed malignancies among men worldwide, and its
accurate diagnosis and effective treatment remain major clinical challenges (1, 2). Prostate-specific
membrane antigen (PSMA), a type II transmembrane glycoprotein, is highly overexpressed on the
surface of prostate cancer cells—particularly in advanced, castration-resistant, and metastatic lesions—
making PSMA one of the most promising targets for theranostic applications in prostate cancer
management (3, 4). The extracellular domain of PSMA exhibits glutamate carboxypeptidase activity, and
its catalytic pocket serves as an ideal site for designing small-molecule inhibitors with high affinity and
specificity (5).

Against this background, PSMA-targeted radiopharmaceuticals have achieved revolutionary progress(6).
Compared with earlier compounds such as PSMA-617, PSMA-1007 possesses unique pharmacokinetic
properties, especially low hepatobiliary excretion, which significantly reduces urinary interference in the
pelvic region and thereby enhances detection of local recurrence and metastatic lesions in prostate
cancer (7).

Although the radiopharmaceutical PSMA-1007 has been widely adopted in clinical settings worldwide
and its high targeting efficiency has been well validated, its dynamic binding process with PSMA at the
atomic level remains incompletely understood. Specifically, the formation and stability of key
interactions, as well as the underlying energetics of the binding process, have yet to be fully elucidated.
Current understanding of the specific interaction between PSMA-1007 and PSMA primarily relies on
static “snapshots” derived from the co-crystal structures of its analogs (e.g., PSMA-617) with PSMA [8].
However, protein–ligand binding is a highly dynamic and complex process, in which static structures fail
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to capture conformational transitions, intermediate states, and transient interactions involving key
residues. Molecular dynamics (MD) simulation is a powerful computational tool that complements
experimental techniques by modeling the time-resolved motions of biomolecules at atomic resolution. It
provides a dynamic perspective on drug–target interactions, enabling exploration of binding free energy
landscapes, identification of “hotspot” residues, and visualization of binding pathways. These insights
offer valuable guidance for the rational design and optimization of next-generation ligands.

This study aims to employ molecular dynamics simulationsto systematically investigate the binding
mechanism between PSMA-1007 and PSMA. By offering a comprehensive molecular-level
understanding of this interaction, our work will lay a solid theoretical foundation for the development of
novel PSMA-targeted agents with improved pharmacokinetic properties.

Materials and Methods
The structural model used in this study was derived from the X-ray crystal structure of human glutamate
carboxypeptidase II (GCPII) in complex with the urea-based inhibitor PSMA-1007 (9, 10), with a reported
resolution of 1.43 Å for PSMA. Molecular dynamics (MD) simulations were performed using the
GROMACS 2023.2 software package (11). The protein–ligand complex was prepared using the Solution
Builder module in CHARMM-GUI. A solvent box was constructed with a minimum distance of 10 Å from
the complex to the box edge, and the system was solvated with TIP3P water molecules, along with
sodium and chloride ions to neutralize the overall charge and maintain an ionic concentration of 0.15
mol/L.

The system temperature was set to 310.15 K, and periodic boundary conditions were applied. Grid
information for PME-FFT was automatically generated, and the CHARMM36m force field parameters
were applied to all atoms to generate the topology file (12–15). Energy minimization was carried out using
the steepest descent algorithm for up to 5000 steps. The particle mesh Ewald (PME) method was
employed to calculate long-range electrostatic interactions. The minimization process was terminated
when the maximum force on all atoms was less than 1000 kJ·mol⁻¹·nm⁻¹. Following energy
minimization, a 125-ps pre-equilibration was performed under an NPT ensemble at constant pressure
and temperature, with a controlled heating rate. The final MD production run lasted for 100 ns with a 2-fs
time step. Once the system reached equilibrium, the molecular mechanics Poisson–Boltzmann surface
area (MM-PBSA) method was used to calculate the binding free energy between the protein and ligand
using gmx_MMPBSA (16, 17).

Results and Discussion
As shown in Fig. 1(a), we first explored the stability of the PSMA-1007 and PSMA complex by analyzing
the Root Mean Square Deviation (RMSD) of the complex. The RMSD of PSMA stabilized at approximately
58 ns (Fig. 1(a), 0.255514 ± 0.054228 nm), indicating that thereafter, there were no significant
fluctuations, which suggests that the structure of PSMA remains in an energetically stable state. In
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contrast, the RMSD of PSMA-1007 quickly maintained a small fluctuation shortly after the initiation of
the simulation, indicating that the frequency of reversible covalent bonding has led PSMA-1007 to reach
an energetically saturated state Moreover, the difference between the maximum and minimum values of
PSMA-1007's RMSD (ΔRMSD) is < 0.2 nm, suggesting that the conformational changes of PSMA-1007
are minimal, and significant torsional movements of the covalent bond do not occur (19)(20).

To further understand the binding process, we analyzed the Root Mean Square Fluctuation (RMSF) of the
complex, providing insights into the displacement of amino acids during the simulation (Fig. 1(b)).
Amino acid residues near the N-terminus and C-terminus (i.e., at the ends or breakpoints) exhibited
greater fluctuations. This increased fluctuation is attributed to these regions' inability to form stable
covalent bonds and their frequent contact with water molecules, as well as the inherently flexible nature
of the residues in these regions (21). In contrast, the RMSF values around amino acid residues 70–110,
352–486, 523, and 588 displayed significantly smaller fluctuations compared to other regions, indicating
that the conformations of these residues do not undergo flexible changes and remain in a relatively
stable state. On the other hand, the regions with higher RMSF fluctuations indicate that amino acid
residues may frequently engage in non-covalent interactions with other secondary structures and PSMA-
1007, suggesting that these areas may represent more flexible binding sites (22).

Figure 1(c), illustrates the overall radius of gyration (RG) of PSMA during the simulation process (RG = 
2.625849 ± 0.025465 nm). Although there are slight fluctuations in the RG values, the variations remain
within a range of less than 0.2 nm (ΔRG < 0.2 nm), indicating that while PSMA maintains the stability of
its overall structure, there may be anisotropic local conformational adjustments occurring. However, the
impact of these adjustments on the spatial dimensions of the overall conformation is minimal (23)(24).
This phenomenon suggests that PSMA may achieve its biological functions through a structural design
that is regulated by both rigid and flexible regions; the rigid core maintains structural integrity, while
directionally selective flexibility allows for necessary conformational adjustments. These dynamic
characteristics might play a crucial role in molecular recognition or signal transduction processes.

The Solvent-Accessible Surface Area (SASA) is an important concept in structural biology and
biochemistry, used to describe the area of a biomolecule's surface (such as proteins and nucleic acids)
that is accessible to solvent molecules (25, 26). As depicted in Fig. 1(d), we observe that SASA reaches its
maximum after 58 ns during the simulation, followed by no significant fluctuations. This observation is
consistent with the results of the RMSD analysis, indicating that its quaternary structure undergoes
sufficient relaxation thereafter, maintaining energy stability.

The number of hydrogen bonds is a critical parameter for maintaining the relative positions between
molecules and represents one of the most common and readily formed non-covalent interactions (27).
Previous indicators have shown that the complex reaches a relatively stable state after approximately 58
ns. Therefore, we analyzed the formation of hydrogen bonds between PSMA-1007 and PSMA during the
40–100 ns simulation period (Fig. 2). The results revealed that up to14 hydrogen bonds could be formed,
with the number generally fluctuating within the range of 5 to 14 throughout the simulation. In addition to
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classical hydrogen bonds, short-range polar interactions within 0.35 nm—though not classified as
hydrogen bonds by GROMACS—also contribute significantly to the stability of the complex (28). These
interactions were observed to reach a maximum of 17, and generally remained within the range of 4 to
17, which is highly favorable for maintaining the stable binding between the protein and the small-
molecule ligand (29, 30).

To evaluate the receptor–ligand binding efficacy from an energetic perspective, we calculated the target-
binding free energy of PSMA-1007 using the Molecular Mechanics Poisson–Boltzmann Surface Area
(MM-PBSA) method (31). Through MM-PBSA analysis, we found that the total binding free energy was − 
75 kcal/mol, indicating strong targeting capability of PSMA-1007. This result theoretically supports
previous reports (32). Additionally, we investigated the contribution of residues within 4 Å of the ligand to
binding, as these are crucial for drug optimization and mechanistic understanding. Based on their
contributions to the binding energy, we generated a corresponding hotspot map (Fig. 3), where blue
regions indicate favorable contributions and red regions represent unfavorable contributions. From
Fig. 3, we observe that the green-colored PSMA-1007 molecular structure is enclosed within a
predominantly blue binding pocket, with some red portions present—indicating that PSMA-1007 is tightly
bound within the PSMA binding pocket.

According to previous reports, PSMA has two binding pockets for urea-based inhibitors. One is the S1′
pocket, known as the “glutarate sensor,” composed of side chains from amino acid residues Gly427,
Gly518, Phe209, Asn257, Leu428, Lys699, and Tyr700. The amino acid residues Lys699 and Tyr700
specifically bind to the glutamate portion of the NAAG structure and are critical for catalyzing the
deglutamylation process. The other recognition site is the S1 pocket, which contains the “arginine patch”
formed by Arg463, Arg534, and Arg536 (33–36). However, the exact energetic contributions of the S1 and
S1′ pockets remained unquantified until this study. Figure 4 illustrates the energy contributions of several
key residues—including Lys699, Arg463, and Tyr700—which demonstrated significant favorable
interactions. Statistical analysis revealed that the S1 and S1′ pockets contributed approximately 20% and
40% of the total favorable binding energy, respectively. This provides a direct and quantitative
assessment of binding specificity, offering robust theoretical support for future drug design and
optimization.

Conclusion
In this study, we employed molecular dynamics simulations to investigate the targeting binding
mechanism of PSMA-1007 at the atomic scale. We elucidated the dynamic process of PSMA-1007
binding with PSMA, identified the key interactions, examined the stability, and provided the energetic
foundation for the entire binding process. Through MMPBSA analysis, we found that the total binding
free energy was − 75 kcal/mol, which theoretically validates the targeting binding affinity of PSMA-1007.
Additionally, we identified the crucial roles of residues such as LYS699, ARG463, and TYR700 in the
binding process. Statistical analysis revealed that the contributions of residues in the S1 and S1’ pockets
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accounted for 20% and 40% of the favorable contributions, respectively. This provides a clear and
scientifically robust demonstration of the binding specificity, offering theoretical support for the
development and improvement of subsequent drugs.
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Figures

Figure 1

（a）RMSD of PSMA and PSMA-1007；(b) RMSF of PSMA in the complex；(c) Rg of PSMA；(d) SASA of
PSMA over the simulation time.
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Figure 2

Hydrogen bond generated between protein-ligand.

Figure 3

A heat map showing the energy contribution distribution of residues within 4 Å of the ligand.
Contributions are color-coded: favorable (blue), unfavorable (red), and PSMA-1007 (green).
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Figure 4

A histogram showing the residues with notable contributions and their corresponding contribution
energies.


