
Mixed-Solvent MD Suite: Modular Tools for Building
and Analyzing Mixed-Solvent Molecular Dynamics
Systems
Yue Qiu 

Jinhua Advanced Research Institute of Technology
Qing Liu 
Jian-Wu Xie 

Jinhua Advanced Research Institute of Technology

Research Article

Keywords: Mixed-solvent molecular dynamics (MSMD), Solvent probes, Active binding site, Cryptic
pockets, GROMACS, Cpptraj

Posted Date: April 19th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-9262224/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Version of Record: A version of this preprint was published at Journal of Computer-Aided Molecular
Design on May 25th, 2026. See the published version at https://doi.org/10.1007/s10822-026-00829-y.

Page 1/23

https://doi.org/10.21203/rs.3.rs-9262224/v1
https://doi.org/10.21203/rs.3.rs-9262224/v1
https://doi.org/10.21203/rs.3.rs-9262224/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10822-026-00829-y


Abstract
Mixed-solvent molecular dynamics (MSMD) has become a useful simulation strategy for mapping
protein interaction hotspots, exploring cryptic or allosteric pockets, and characterizing ligandable
surface regions. However, practical MSMD studies still require labor-intensive system preparation, probe
bookkeeping, format conversion, and trajectory post-processing across multiple software environments.
Here, we present the Mixed-Solvent MD Suite, a modular software platform that automates these
operational steps rather than proposing a new physical sampling formalism. The Suite includes (1) a
fully web-based Mixed Solvent MD System Builder for protein and probe setup, concentration-controlled
solvation (% w/v or mol/L), and automated generation of GROMACS and AMBER compatible input files,
and (2) a local Probe GridMap Builder for grid-based probe occupancy analysis of MD trajectories using
the AMBER cpptraj backend. Case studies on five benchmark proteins show that the platform
reproducibly constructs MSMD systems, supports transferable analysis workflows across simulation
outputs, and qualitatively recovers known ligandable regions in representative targets. Overall, the Mixed-
Solvent MD Suite lowers technical barriers for MSMD studies and provides an extensible foundation for
future benchmarked hotspot analysis and cryptic-site discovery workflows.

Introduction
Mixed-solvent molecular dynamics (MSMD) is a broader class of explicit-solvent simulations in which
water is combined with one or more organic probe molecules to map favorable interaction regions on
biomolecular surfaces 1. Within this broader landscape, MixMD refers more specifically to the Carlson

group workflow 2, 3, while related families such as SILCS 4, MDmix style solvent-site mapping 5, and more
recent MSMD extensions have pursued overlapping goals using different probe sets, scoring strategies,
and analysis formalisms. The core concept of MSMD is to allow organic probes, often drug-like
fragments, to compete with water molecules during simulations, thereby identifying energetically
favorable regions on the protein that may correspond to active or allosteric binding sites 1, 6. Compared
to traditional molecular docking or static structure-based approaches, MSMD offers a dynamic
perspective by incorporating protein flexibility and solvent competition into hotspot detection 1, 7. This is
particularly valuable for uncovering cryptic sites (transient or cryptic pockets) that only emerge under
specific conformational states of the protein 8. Numerous studies have demonstrated its effectiveness
in mapping active and allosteric sites on kinases, GPCRs, P450s, phosphatases, and viral proteases 8–12.
Together, these applications demonstrate that MSMD is a robust and versatile tool for druggability
assessment and structure-based drug design, offering dynamic, probe-driven mapping of biomolecular
surfaces that complements traditional docking and pharmacophore modeling approaches 2, 13, 14. By
facilitating the discovery of cryptic sites and providing a more realistic view of protein–ligand
interactions in solution 15, MSMD plays a critical role in advancing modern computational drug discovery
workflows.
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Despite increasing interest in MSMD for identifying cryptic binding sites and assessing druggability 16–

18, current tools remain fragmented and technically demanding. First, system construction still requires

manual steps such as box generation, probe insertion, and force field setup 19–21, while general-purpose
tools like CHARMM-GUI 22–24 and Packmol 25, 26 lack native support for mixing multiple probe types. This
complexity raises the risk of error and limits accessibility for non-expert users. Second, trajectory
analysis is similarly limited. Although cpptraj 27, 28 enables probe density mapping, it depends on

command-line inputs and manual post-processing, offering minimal visualization support. Probeview 6,
once a visualization add-on, is now obsolete due to reliance on deprecated Python 2.7 and outdated
PyMOL versions. Moreover, tools like cpptraj are AMBER-oriented, while CHARMM-GUI targets CHARMM,
with limited interoperability between GROMACS and AMBER workflows 28–31. Critical features such as
automated probe number estimation based on concentration, support for custom probe mixtures, and
intuitive hotspot visualization are still lacking or only partially implemented. These limitations highlight
the need for a modular, integrated, and user-friendly MSMD platform.

To address these limitations, we developed the Mixed-Solvent MD Suite, a modular and user-friendly
framework that automates both system construction and trajectory analysis for MSMD applications. By
integrating key functions into a unified platform, the suite simplifies complex setup procedures, reduces
manual effort, and enables comprehensive analysis of probe distributions. It comprises two main
components: The Mixed Solvent MD System Builder, for automated system generation, and the Probe
GridMap Builder, for visualizing probe distributions from MD trajectories. The architecture of the Suite is
illustrated in Fig. 2 and Fig. 3, which provides an overview of the software interface and key
functionalities.

1.1 Mixed Solvent MD System Builder: Web-Based System
Construction Tool
The first component, the Mixed Solvent MD System Builder (Fig. 2A) is a fully web-based tool that allows
users to construct MSMD simulation systems by uploading protein structures, selecting solvent probes
from a pre-defined library or user-defined molecules, and configuring system boxes. The front-end
interface is developed using HTML and JavaScript, while the back-end is powered by a Flask-based
Python server that manages file processing, probe insertion, and topology generation tasks. Moreover, a
dedicated structure cleaning and repair tools (Figure S1), PDB Structure Preprocessing Tool, also is
provided as part of the suite to facilitate this step. These tools help users prepare protein structures by
addressing common issues such as missing atoms, repairing PDB files (based on PDBFixer 32 ), and
cleaning the structure to ensure compatibility with downstream simulation workflows. Alternatively,
users may preprocess protein structures using external tools such as PyMOL, Chimera, Schrödinger’s
Protein Preparation Wizard, or other related software. In addition, the Builder provides two dedicated
online calculators: The System Water Count Calculator (Fig. 2B) and The Probe Insertion Calculator
(Fig. 2C). it offers water molecule prediction and probe insertion quantity calculation based on user-
defined concentrations.
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Probe molecule insertion of Mixed Solvent MD System Builder is performed directly within the
GROMACS environment, which offers several advantages. GROMACS provides a flexible and efficient
platform for handling large simulation systems, ensuring accurate coordinate merging, proper system
neutralization, and seamless integration of protein, solvent, and probe molecules 33, 34. By leveraging
GROMACS for probe insertion, users benefit from robust topology handling, compatibility with widely
used force fields, and streamlined preparation for subsequent simulation steps. For AMBER users, the
system directly generates coordinate and topology files compatible with AMBER-based simulation
workflows, enabling seamless construction and execution of mixed-solvent molecular dynamics
simulations using AMBER tools. The Builder allows users to directly specify the number of probe
molecules to be inserted into the simulation system for each selected probe type, providing fine-grained
control over the composition of the mixed-solvent environment. The output includes a ready-to-use
GROMACS system package with all necessary input files, including topology and coordinate files.
Additionally, the system can automatically generate a combined PDB file containing both the protein and
inserted probe molecules.

The Mixed Solvent MD System Builder comes with 13 commonly used probe small molecules pre-built
into the system (Table S1), including acetonitrile (ACN), isopropanol (IPA), N-methylacetamide (NMA),
phenol (PHN), pyrimidine (PYR), formamide (FMA), dimethyl sulfoxide (DMS), methanol (MEH),
guanidinium (GUA), acetate (ACE), benzene (BNZ), toluene (TOL), and indole (IND). Each probe has
distinct physicochemical properties that enable recognition of various protein microenvironments, such
as hydrophobic pockets, polar or charged regions, hydrogen bonding sites, and aromatic interaction
surfaces 5, 15, 35. All thirteen probe molecules (ACN, IPA, NMA, PHN, PYR, FMA, DMS, MEH, GUA, ACE,
BNZ, TOL, and IND) used in this work are fully compatible with both the CHARMM27 and AMBER99SB-
ILDN force fields. The system also allows users to upload custom probe molecules for insertion,
provided as a set of gro, top, and prm files. To facilitate this process, the force field files for the built-in
probes are available for download, enabling users to construct compatible files for their own probe
molecules. In addition to probe insertion, the Builder supports the construction of pure protein–water
systems without any probes. These systems can be used to estimate the number of water molecules
required for solvation, which serves as the basis for calculating the appropriate number of probe
molecules to achieve a specific concentration. These integrated features provide users with a convenient
and automated workflow for preparing complex mixed-solvent systems, reducing manual intervention
and potential sources of error during the setup process.

1.2 Probe GridMap Builder: Local Trajectory Analysis Tool
The second component, the Probe GridMap Builder (Fig. 3), is a standalone graphical user interface
(GUI) application for trajectory analysis, built on a Conda-based backend and leveraging CPPTRAJ for
data processing. It supports molecular dynamics trajectories generated by GROMACS (TRR format) and
AMBER (NetCDF format), enabling the generation of grid-based probe density maps for visualizing probe
distributions and identifying dynamic binding hotspots. The tool automates probe occupancy
calculations and generates grid-based density files (e.g., nonortho.pdb), which can be visualized in
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external molecular viewers such as PyMOL or Chimera. This enables researchers to map probe
distributions onto protein structures and identify dynamic binding hotspots that may correspond to
cryptic or allosteric sites. In addition, the tool produces a ranked file listing probe density clusters,
identified using the DBSCAN clustering algorithm. This enables the identification and prioritization of
potential binding hotspots and cryptic sites based on probe accumulation data.

Density-Based Spatial Clustering of Applications with Noise (DBSCAN) 36 is a clustering algorithm that
groups data points based on density connectivity. A point p is considered a core point if its ε-
neighborhood contains at least MinPts points:

Where Nε(p) is the ε−neighborhood of p:

A point q is directly density-reachable from p if q∈ Nε(p) and p is a core point. A cluster is defined as a maximal set of

density−connected points:

Points not belonging to any cluster are classified as noise.

Together, the Mixed-Solvent MD Suite provides an end-to-end solution for MSMD workflows, from system
construction and probe placement to trajectory analysis and hotspot visualization. The distinctive
features of the suite’s two core components, the Mixed Solvent MD System Builder and the Probe
GridMap Builder, are summarized in Table 1. By combining these tools, empowers researchers to
efficiently construct, simulate, and analyze MSMD systems, facilitating the identification of cryptic
pockets and dynamic interaction hotspots that may guide structure-based drug design efforts.

Core (p)⟺ |Nϵ (p)| ≥ MinPts

Nϵ (p) = { q ∈ D||dist, (p, q) ≤ ϵ }

C = {p ∈ D ∣ ∃ a core point o such that p is density − reachable from o}

Page 5/23



Table 1
Summary of the features and functionalities of the two core components in the Mixed-Solvent MD Suite.
Components Platform Features

Mixed Solvent MD
System Builder

Web-
Online
Tool

1. Supports insertion of 13 pre-defined probe molecules and
custom user-uploaded molecules for flexible system setup.

2. Integrated utilities for system water molecule count, probe
molecule insertion quantity calculation, and basic PDB
preprocessing.

3. Supports customizable parameters for field and box setup,
energy minimization settings, and ion/salt addition.

4. Automatic generation of topology and coordinate files
compatible with GROMACS and AMBER simulation workflows.

Probe GridMap
Builder

Local-GUI
Tool

1. Supports trajectory formats generated by GROMACS (TRR)
and AMBER (NetCDF).

2. Utilizes a cpptraj-powered backend for automated grid-based
probe occupancy mapping.

3. Generates output compatible with PyMOL for visualizing
probe distributions and hotspot regions.

4. Includes probe density sorting and hotspot ranking using the
DBSCAN clustering algorithm, with direct export of sorted
results for downstream analysis and visualization.

Methods
The Mixed-Solvent MD System Builder is an online platform designed as a web-based application,
enabling users to build mixed-solvent MD systems directly in the browser without the need for local
installation. To evaluate the functionality and robustness of the Mixed-Solvent MD Suite, we selected five
representative proteins as benchmark targets (Table 2). These include the Mouse Double Minute 2
homolog (MDM2) 37, PDB ID: 4HG7, a key regulator of p53 and a classical protein–protein interaction
target; B-cell lymphoma 2 (Bcl-2) 38, PDB ID: 6O0L, an anti-apoptotic protein that contains hydrophobic
surface grooves often targeted by small molecules; Interleukin-2 (IL-2) 39, PDB ID: 1M47, a cytokine
whose dynamic surface topology harbors transient ligand-binding regions; Protein Tyrosine Phosphatase
1B (PTP1B) 40, PDB ID: 1Q1M, a model phosphatase known for its allosteric regulatory site; and the
SARS-CoV-2 papain-like protease (PLpro) 41, PDB ID: 6WUU, a promising target for the development of
antiviral drugs. Together these targets cover a broad range of biological functions and structural
complexities.
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Table 2
Structural Dataset of Target Proteins

No. PDB
ID

Resol. Water
molecules

Probe
molecules

Total
atoms

Released PubMed
ID

1 4HG7 1.60
Å

11020 200 34231 2013-07-
31

23897459

2 6O0L 2.20
Å

12893 234 40357 2019-05-
22

31160589

3 1M47 1.99
Å

14852 270 45942 2002-07-
31

12582206

4 1Q1M 2.60
Å

28004 508 87808 2003-09-
16

13678400

5 6WUU 2.79
Å

65364 1187 199096 2020-05-
20

33067239

For each target, we used the System Water Count Calculator to estimate the number of water molecules
required to solvate the protein within a 1.4 nm buffer box. An example output of the water distribution
estimation is shown in Fig. 2B, illustrating the single-water system generated for the 1M47 protein.
Based on this solvation volume, the Probe Insertion Calculator was employed to calculate the number of
ACN probe molecules corresponding to a 5% (w/v) concentration (Fig. 2C). Subsequently, we used the
MSMD System Builder to generate mixed-solvent systems for all five proteins, each solvated with TIP3P
water and 5% (w/v) acetonitrile (ACN) as the selected probe molecule. In this particular study, the
CHARMM27 force field was selected for system construction and simulation, ensuring compatibility with
the mixed-solvent environment. Subsequently, production molecular dynamics simulations were carried
out with GROMACS, probe-density grids were generated and analyzed using the Probe GridMap Builder,
and the resulting hotspots were visualized in PyMOL. A schematic overview of the data flow in the
Mixed-Solvent MD System Builder and Probe GridMap Builder are shown in Fig. 4.

2.1 Construction of Mixed-Solvent Systems
The Mixed-Solvent MD System Builder was employed to construct five distinct mixed-solvent systems
for the selected target proteins (1M47, 1Q1M, 4HG7, 6O0L, 6WUU). Protein structures for each system
were pre-processed using the PDB Structure Preprocessing Tool (Figure S1) prior to system
construction. Force field selection was set to CHARMM27, with TIP3P as the solvent water model.
Simulation boxes were configured using an automatic buffer mode with a 1.4 nm padding applied
uniformly around the protein. For each target, the System Water Count Calculator was used to estimate
the total number of water molecules required to fully solvate the protein structure. These values served
as the basis for computing the number of probe molecules to be inserted at a concentration of 5% (w/v),
using the Probe Insertion Calculator. The calculation results are shown in Table 2. For this study, ACN
was selected for the benchmark simulations due to its well-established usage in MSMD studies and
balanced physicochemical properties; however, all other probe molecules provided by the Suite were
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parameterized and validated under both CHARMM27 and AMBER99SB-ILDN force fields, and can be
used interchangeably depending on the target system. Each system was optionally subjected to ion
addition and energy minimization. Users specified standard GROMACS mdp options including the
minimization algorithm, step size, convergence threshold, and cutoffs for electrostatic and van der
Waals interactions. Ions (e.g., Na⁺, Cl⁻) were introduced to neutralize the system or achieve target salt
concentrations. Finally, by clicking the “Build System” button, the Builder generates a complete set of
GROMACS-compatible input files, including topology, coordinate, and parameter files required for
simulation. These prepared system files were subsequently used for production simulations as
described in Section 2.2.

2.2 Production MD Simulation
Following the successful construction of five distinct mixed-solvent systems using the Mixed-Solvent
MD System Builder (Section 2.1), molecular dynamics (MD) simulations were carried out to evaluate
probe behavior and solvent–protein interactions under realistic dynamic conditions. Each protein
system, composed of TIP3P water and 5% (w/v) acetonitrile (ACN), was subjected to production MD
simulation using GROMACS 2022.4. After energy minimization, NVT and NPT equilibration, each system
underwent a 100 ns production simulation. The resulting trajectories were saved in GROMACS-
compatible formats, including trajectory files (.trr), associated topology (.tpr) and coordinate files (.gro),
as input for subsequent GridMap-based probe distribution analysis as described in Section 2.3.

2.3 Hotspot Analysis via Probe GridMap Builder
To perform probe-based spatial analysis following production MD simulations, we employed the Probe
GridMap Builder to identify and rank potential binding hotspots. After generating the five mixed-solvent
systems using the Mixed-Solvent MD System Builder and conducting 100 ns production simulations with
GROMACS, the trajectory files (in TRR format) and corresponding topology files (in PDB format, with
water molecules removed) were extracted. These de-solvated files were then uploaded to the GridMap
Builder for analysis.

Probe occupancy mapping was performed by selecting predefined probe types from the internal library
or by specifying user-defined custom probes. Key parameters included grid spacing (dx, default 0.5 nm),
normalization by frame count (typically 1000 frames), and a maximum cutoff distance (default 0.35 nm)
to define spatial proximity. Upon execution, the tool computed frame-normalized probe densities over a
three-dimensional grid surrounding the protein structure. The resulting occupancy maps, output as grid-
aligned PDB files (e.g., nonortho.pdb), were visualized using PyMOL to locate recurrent probe-enriched
regions indicative of cryptic or allosteric binding sites. Additionally, the tool provided ranked density
values for each region, facilitating downstream hotspot comparison and prioritization.

2.4 System Requirements and Availability
The Mixed-Solvent MD Suite is designed to be platform-flexible, with components optimized for different
usage scenarios. The MSMD System Builder is deployed as a fully web-based application and can be
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accessed through modern web browsers on any operating system, including Windows, macOS, and
Linux, without the need for local installation. This ensures broad accessibility for users regardless of
their computational environment. The Probe GridMap Builder is a local application that requires
installation of a compatible conda environment. All source code, installation instructions, and
demonstration data for the Mixed-Solvent MD Suite are freely available on GitHub at:
https://sean28.github.io/MixMD/. These resources provide users with comprehensive documentation,
usage examples, and tutorial materials to facilitate adoption and reproducibility in MSMD research.

Results and Discussion

3.1 Result of Construction of Mixed-Solvent Systems
The resulting five systems (Fig. 5) represent structurally diverse targets solvated in a consistent mixed-
solvent environment, demonstrating the capability of the Suite to construct high-quality MSMD systems
with concentration control, topology automation, and reproducibility.

The total number of atoms in the constructed systems ranges from approximately 34,000 to nearly
200,000 (Table 2), covering a wide spectrum of system sizes and highlighting the scalability and
flexibility of the platform. Each system was built using a 1.4 nm buffer and solvated with TIP3P water
along with 5% (w/v) acetonitrile (ACN) as the probe molecule. The number of inserted ACN molecules
scaled accordingly from 200 to 1187 (Table 2), as calculated by the Probe Insertion Calculator. This
demonstrates the accuracy and adaptability of the Suite’s concentration control mechanism with respect
to box volume and solute geometry. The systems also reflect a wide distribution in structural resolution
and biological relevance. Resolutions of the selected PDB entries range from 1.60 Å (4HG7) to 2.79 Å
(6WUU), ensuring the reliability of structural features used in simulation.

In terms of individual system characteristics, the constructed systems for the five benchmark proteins
varied in both box dimensions and molecular complexity (Table 2). For 4HG7 (MDM2), the system
contained 11,020 water molecules and 200 ACN probes, totaling 34,231 atoms, representing a relatively
compact MSMD setup. 600L (Bcl-2) yielded a moderately larger system with 12,893 water molecules and
234 ACN molecules, resulting in 40,357 total atoms, reflecting its more extended surface topology. 1M47
(IL-2) required 14,852 water molecules and 270 ACN molecules, producing a 45,942-atom system,
consistent with its more solvent-accessible and flexible structure. The 1Q1M (PTP1B) system involved
28,004 water molecules and 508 ACN molecules, resulting in a larger system of 87,808 atoms, likely due
to its bulky domain and deeper box configuration. Notably, 6WUU (PLpro) generated the largest system,
comprising 65,364 water molecules and 1,187 ACN probes, with a total of 199,096 atoms, demonstrating
the platform’s scalability to handle large, multi-domain targets. Together, these results validate the
robustness of the Mixed-Solvent MD System Builder in handling both compact and large-scale protein
systems, accurately computing solvent/probe quantities, and producing simulation-ready input files
across varying protein classes and structural resolutions.
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The Mixed-Solvent MD Suite introduces a streamlined, modular framework that addresses key
limitations in traditional MSMD workflows. By integrating both web-based system construction and local
trajectory analysis, the suite provides an end-to-end solution that significantly lowers the technical
barrier for setting up and interpreting mixed-solvent molecular dynamics simulations. Its dual-mode
architecture, comprising the Mixed Solvent MD System Builder and the Probe GridMap Builder, caters to
diverse user needs while maximizing accessibility and platform compatibility. Key innovations include
flexible probe molecule support, customizable probe concentrations in % w/v or mol/L units, and force
field compatibility with GROMACS and AMBER, all of which contribute to enhanced reproducibility and
ease of use. Importantly, the suite eliminates the need for fragmented manual operations typically
required in conventional MSMD workflows, replacing them with intuitive graphical interfaces and
automated calculators. These features collectively enhance user efficiency, ensure consistency across
systems, and empower researchers to visualize and interpret probe distributions with greater clarity and
confidence.

3.2 Result of GridMap Analysis
To investigate probe accumulation patterns and identify active binding site (include potential cryptic
sites), we applied the Probe GridMap Builder to analyze the MSMD trajectories of the five benchmark
proteins. This tool processed the simulation outputs and generated three-dimensional grid-based
occupancy maps based on the spatial distribution of acetonitrile (ACN) probe atoms over the entire
trajectory. The resulting density maps were visualized in PyMOL, where high-density regions indicate
potential binding hotspots (Fig. 6). As illustrated in Fig. 6, each protein exhibited multiple distinct probe-
enriched regions, shown from two opposing views (180° rotation) to capture surface accessibility. The
right-hand bar plots display the quantitative probe occupancy rankings for the top five sites on each
protein. These values, derived from DBSCAN-based clustering of grid points, reflect the relative strength
of probe accumulation at different surface positions. The ranking provides a reliable metric for
prioritizing binding pockets for further exploration. A full summary of occupancy scores for all systems
is listed in Table S2.

For 4HG7 (MDM2), the GridMap analysis identified five distinct probe-accumulating sites with occupancy
values ranging from 81 (Site 1) to 2 (Site 5). The two top-ranked sites (81 and 79) were symmetrically
distributed near shallow surface grooves, suggesting a degree of convergence in probe binding behavior.
Sites 3 and 4 (37 and 36) remained moderately populated, while Site 5 showed significantly reduced
occupancy, indicating limited probe accessibility at that position. Importantly, Sites 1, 2, and 3 spatially
coincide with the native ligand-binding pocket of the 4HG7 structure, where a small-molecule inhibitor is
bound 37. Although the original cleft contains hydrophobic residues, the observed ACN enrichment
suggests that this region remains solvent-accessible and provides sufficient polar or partially polar
interactions to favor ACN accumulation. This highlights the ability of ACN-based MSMD simulations to
identify functionally relevant pockets, even when dominated by shallow or semi-polar
microenvironments.
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600L (Bcl-2) exhibited the highest absolute occupancy values among all proteins analyzed, with the top
two sites reaching 138 and 133, respectively. These regions clustered around concave surface pockets,
forming clear probe enrichment zones. Notably, Sites 1 and 3 spatially overlapped with the native ligand-
binding pocket observed in the crystal structure 38, indicating that ACN probes can effectively sample
pharmacologically relevant regions. Site 3 showed a moderate occupancy of 50, while Sites 4 and 5
dropped to 17 and 4, respectively. The sharp decline in probe density beyond the top three sites suggests
a high degree of spatial selectivity in probe accumulation, likely reflecting a well-defined and solvent-
accessible binding groove.

For 1M47 (IL-2), probe enrichment was more evenly distributed across the surface. Although Site 1
showed a peak occupancy of 91, subsequent sites declined gradually—22, 10, 7, and 3 for Sites 2
through 5—suggesting broader, less sharply defined probe–protein interactions. This distribution pattern
may correspond to the dynamic and partially disordered regions characteristic of cytokine surfaces.
Importantly, no probe hotspots were observed to coincide with the known ligand-binding site in this
structure, which may reflect the limited ability of hydrophilic probes such as ACN to access deep or
hydrophobic clefts in IL-2.

In the case of 1Q1M (PTP1B), GridMap identified five relatively well-populated sites with occupancy
values of 58, 54, 35, 33, and 18. The first two positions were close in ranking, suggesting potential
cooperative or neighboring interactions. The remaining sites also retained appreciable probe occupancy,
indicating a diverse set of probe-accessible surface patches. However, similar to 1M47, none of the
identified hotspots overlapped with the native ligand-binding site in the crystal structure. This
observation may again be attributed to the limitations of ACN as a polar probe, which may be suboptimal
for detecting certain hydrophobic or buried allosteric sites. Future applications may benefit from
alternative probe selections from the Suite’s internal library of 13 solvent types to better match the
physicochemical environment of specific targets.

Finally, 6WUU (PLpro) yielded five probe-enriched sites with occupancy values ranging from 36 to 22,
showing a consistent and gradual distribution across the surface. The relatively uniform probe presence
across multiple sites may reflect the high surface flexibility and solvent-exposed loops characteristic of
PLpro’s catalytic and ubiquitin-binding regions. Notably, the top-ranked site (Position 1) coincides with a
cryptic binding pocket previously reported in multiple studies 9, 42, 43, and this region is flanked by
conformationally dynamic residues associated with allosteric regulation, further supporting the
functional relevance of this probe-identified hotspot.

Across all five target proteins, the occupancy values derived from GridMap analysis provide a semi-
quantitative basis for identifying frequently visited probe positions. This data-driven ranking, enabled by
the integrated DBSCAN clustering algorithm, supports systematic identification and prioritization of
potential binding pockets. It is important to note that the current analysis serves primarily as a
demonstration of the Suite’s functionality, and does not attempt to comprehensively validate the
pharmacological relevance of each identified site. Nevertheless, the occupancy-based ranking enables
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systematic pocket prioritization, and the generated data can be directly exported for follow-up
applications such as fragment docking, pharmacophore alignment, or site-directed mutagenesis studies.
These results demonstrate the utility of GridMap Builder in translating dynamic solvent behavior into
interpretable spatial features, offering both visual and numerical insight into cryptic pocket detection
across diverse protein systems. By lowering the technical barrier through its integrated web-based and
local GUI tools, the Suite enables broader adoption of MSMD techniques by users without extensive
simulation experience. This democratization of MSMD workflows makes it feasible for researchers in
fields such as structural biology, protein engineering, and molecular design to systematically explore
protein dynamics and identify cryptic or allosteric pockets that may otherwise remain inaccessible in
traditional apo-state simulations.

3.3 Limitations and Prospects
Despite the notable advantages of the Mixed-Solvent MD Suite in automating and simplifying MSMD
workflows, some limitations remain. Currently, while it currently supports direct generation of topology
and coordinate files for both GROMACS and AMBER workflows, several areas remain for future
enhancement. The trajectory analysis module, although effective in detecting potential binding hotspot
regions, is limited in analytical scope and lacks advanced features such as probe–protein interactions,
inter-solvent interaction analysis or AI-driven hotspot prediction. Moreover, as the suite is built on
GROMACS and AMBER engines, its functionality is inherently constrained by these platforms’
capabilities, highlighting the need for broader engine compatibility and future modular enhancements.

In the future, advanced machine learning techniques will be introduced to enhance the interpretation of
probe-derived occupancy data. One key direction is the development of diffusion-based binding site
prediction models, which treat sparse probe distributions as partial observations and reconstruct
complete binding surfaces using generative diffusion models (e.g., DDPMs). This could improve the
resolution and coverage of cryptic or transient site identification. We also plan to implement a binding
interaction scoring network based on graph neural networks (e.g., EGNN, SchNet), which will evaluate
DBSCAN-detected hotspots by integrating local topology and probe density features, providing affinity
scores and interaction type labels. These enhancements will evolve the Mixed-Solvent MD Suite into an
AI-driven probe-guided binding site discovery platform, enabling tighter integration with virtual screening
and drug design workflows.

Conclusions
In this work, we present the Mixed-Solvent MD Suite, an integrated and modular framework designed to
streamline the construction and analysis of MSMD simulations. The suite combines the Mixed Solvent
MD System Builder, a fully web-based tool for automated system generation, and the Probe GridMap
Builder, a local interface for trajectory-based probe interaction mapping. This integrated solution
addresses key limitations of current MSMD workflows, including the lack of multi-probe support,
complex setup procedures, and fragmented analysis pipelines. The Mixed-Solvent MD Suite lowers
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technical barriers for researchers, enabling flexible probe selection, automated topology generation,
concentration-based probe calculation, and grid-based hotspot visualization. Moreover, the suite’s
compatibility with both GROMACS and AMBER engines ensures broader applicability across diverse
molecular dynamics simulation pipelines. Through benchmark studies, we demonstrate its ability to
efficiently identify cryptic binding sites and dynamic probe distributions in biomolecular systems. We
believe the Mixed-Solvent MD Suite will serve as a valuable resource for the broader molecular dynamics
and drug discovery communities, facilitating both routine simulations and advanced structural biology
research.
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Figures

Figure 1

Mixed-Solvent MD Suite Overview. The workflow illustrates an integrated pipeline for mixed-solvent
molecular dynamics simulations, consisting of a web-based Mixed-solvent molecular dynamics System
Builder for automated system construction and a local Probe GridMap Builder for trajectory analysis and
probe density visualization.
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Figure 2

Interface of Mixed Solvent MD System Builder. (A) The Mixed Solvent MD System Builder allows users to
upload a protein structure, select a force field and water model, define box parameters, and insert probes
into the system. (B) The Water Molecule Counter estimates the number of water molecules from a GRO
file. (C) Probe Insertion Calculator calculates probe molecule counts based on system properties and
desired concentration.
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Figure 3

Interface of Probe GridMap Builder. The Probe GridMap Builder allows users to upload trajectory and
protein structure files, select probe atoms (pre-defined or custom), set grid spacing, frame normalization,
and cutoff distance, and run the density map calculation.
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Figure 4

The overall workflow of Mixed-Solvent MD Suite.
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Figure 5

Construction of mixed-solvent systems for five representative protein targets. From left to right: initial
protein structures (PDB IDs: 1M47, 1Q1M, 4HG7, 6O0L, and 6WUU), pure water solvated systems, and
mixed-solvent systems containing 5% (w/v) acetonitrile (ACN) and TIP3P water. Color scheme: Water
(light blue), Na⁺ (orange), Cl⁻ (cyan), ACN (purple).
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Figure 6

Visualization of probe distribution and hotspot density ranking for five protein systems. For each target,
the left panels show two opposite views (180° rotation) of the protein structure overlaid with the top five
probe-enriched regions identified by the Probe GridMap Builder. The right panels display bar plots of
probe occupancy values for each ranked position, highlighting the relative strength of probe clustering
across sites.
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