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ABSTRACT 

The selection of appropriate metal parameters for molecular dynamics simulations is a significant challenge. Therefore, this review aims to provide 
in-depth insights valuable for the optimization of parameter selection in the context of chemical simulations. A total of 550 scientific articles were 
collected from pubmed and science direct databases from 2009 to 2024, resulting in the inclusion of 60 full studies for review. The selection process 
of preferred reporting items for systematic reviews and meta-analyses (PRISMA) was utilized, enabling the conduction of an initial screening of 
articles by use of the Rayyan web-based application. This study found that the modeling and parameterization of metal proteins were categorized 
into bonded and non-bonded models. The Bonded Model incorporates MCPB, a Python-based software that facilitates parameter construction for 
over 80 metal ions and force fields in molecular dynamics simulations. The non-bonded model evaluates metals in proteins, such as zinc, nickel, 
magnesium, cobalt, iron, and cadmium by using AMBER force field and the Seminario method. The 12-6 lennard-Jones (LJ) non-bonded model is 
suitable for divalent, trivalent, and tetravalent metals, with Zinc parameters being compared for accuracy. Additionally, the force fields suitable for 
modeling unbound metal proteins include AMBER FF19SB, FF14SB, ff9X, CHARMM36, CHARMM22, CHARMM27, and CHARMM-Metal. This study 
found that the modeling and parameterization of metal proteins were categorized into bonded and non-bonded models. molecular dynamics (MD) 
simulations can be conducted using various methods, such as classical molecular dynamics, umbrella sampling, quantum mechanics-discrete 
molecular dynamics (QM/DMD), stochastic boundary molecular dynamics (SBMD), steered molecular dynamics (SMD), gaussian accelerated 
molecular dynamics (GaMD) and random acceleration molecular dynamics (RAMD). 
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INTRODUCTION 

The role of metals in various reactions is essential, thereby 
attracting significant attention to modeling atomic interactions. In 
understanding how metals interact with other molecules, molecular 
dynamics simulations are key. However, using the right parameters 
is crucial to accurately show how atoms move. In a Bonded Model, 
metals in proteins are typically placed and linked to ligands, 
whereas in a non-bonded model, metals are free from ligands [1]. 
Previous studies developed computational methods to find genes 
encoding metalloproteins and to identify metal-binding sites or 
patterns in proteins, along with introducing related databases. 
Moreover, recent research discusses advancements in comparing 
how important metals are processed differently in prokaryotes and 
eukaryotes, revealing diverse evolutionary patterns in various 
metalloprotein families and metalloproteomes [2]. 

Several challenges in molecular dynamics simulations of metal 
proteins can be analyzed through a de novo method [3]. Additionally, 
parameterization for metals is necessary before conducting molecular 
dynamics simulations using software such as AMBER, GROMACS, 
CHARMM, and NAMD. The most frequently used parameterization 
method is Quantum Quantum Mechanics/Molecular Mechanics 
(QM/MM). This approach preserves the realistic description of the 
protein environment assessed at more computationally tractable 
molecular mechanics level. Previous studies focused on modeling 
metal ions with Quantum mechanical methods and force field models 
[4]. Parameterizing metals is crucial as it enables the calculation of 
protein-ligand or organometallic compound affinities, which is 
essential for understanding their interactions in biological and 
chemical contexts [5, 6]. Moreover, the merging of quantum mechanics 
(QM) and molecular mechanics (MM) in simulation offers an ideal 
means of providing a true quantum-chemical description of 
complicated structures comprising metal coordination spheres. 

Different types of metals require different analysis and accuracy 
from the available collection of parameters. Greater accuracy usually 

implies more complex parameters and longer consideration times 
[7]. Various metal parameters may also be more suitable for certain 
simulation purposes, such as the study of the structure of metal-
protein complexes, electron transport, or certain chemical reactions 
[8]. The molecular dynamics simulation parameters are optimized 
for several evaluation metrics using a collection of computational 
methods in pursuit of the best balance between accuracy and 
efficiency. More importantly, proper choice of the parameters-
quantum and classical modeling strategy is necessary to generate 
representative and relevant results [9].  

Standardized guidelines are increasingly needed for the selection and 
adjustment of metal parameters in molecular dynamics simulations 
performed with AMBER, CHARMM, GROMACS, and NAMD software, 
necessitating the exploration of previous studies. Therefore, this 
review aims to bridge the knowledge gap regarding the application of 
metal parameters in molecular dynamics simulations using the four 
software programs mentioned. Valuable comprehensive insights are 
expected to be provided for the optimization of metal parameter 
selection in the context of chemical simulations. 

MATERIALS AND METHODS 

Search strategy 

Approximately 413 and 137 articles (totaling 550) were respectively 
collected from Pubmed and ScienceDirect databases, covering the 
period of 2009 to 2024. The collection process incorporated 
inclusion and exclusion criteria, filtering, data extraction, and 
assessment methods [10]. Subsequently, screening was conducted 
using the preferred reporting items for systematic reviews and 
meta-analyses (PRISMA) method [11], and articles were selected 
with the web-based application known as Rayyan [12]. Literature 
identification was accomplished through truncated searches using 
combinations of (("molecular dynamics simulation"[MeSH Terms] 
OR molecular dynamic [Text Word]) AND "Molecular Dynamics 
Simulation"[Mesh]) AND (("metalloproteins"[MeSH Terms] OR 
metalloprotein [Text Word]) AND "Metalloproteins"[Mesh]). 
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Fig. 1: PRISMA flowchart depicting the screening and selection process of the published literature 

 

Inclusion and exclusion criteria  

The scope of this study was limited to simulations of metalloproteins, 
specifically including articles that examined the effects of metals and 
metal ligands on proteins in molecular dynamics simulations conducted 
using AMBER, CHARMM, GROMACS, and NAMD software. Only articles 
published in English between 2009 and 2024 were selected, with 
exclusion criteria applied to books and reviews. 

Screening and selection of records  

The selection process followed PRISMA guidelines [11], and 
duplicate removal was performed using Rayyan [12]. Two reviewers 
screened articles by examining the titles and abstracts (P. P. P. and 
N. F.), then those selected were assessed by a third reviewer (A. A.) 
through discussion. 

Data extraction and presentation 

Metalloprotein simulations were examined based on the applied 
parameterization methods, including molecular mechanics 
calculations, semi-empirical methods, and Density Functional 
Theory (DFT). Additionally, data obtained were organized into 
tables, and each literature was identified by author name and 
publication year. 

Quality appraisal  

The criteria for quality appraisal presented and explained in table 1 
were used to determine article inclusion by selecting 'Yes' or 'No' 
indicators to show the adherence of each study. A team of reviewers, 
consisting of P. P. P, N. F., A. D, and A. A, conducted the quality 
assessment of articles. 

 

Table 1: Criteria appraised to evaluate the quality of the study that was included 

Criteria Description 
Study design rationale The study design aligns with the focus on modeling atomic interactions featuring metals in chemistry and 

biochemistry. 
Reproducibility Methods for conducting molecular dynamics simulations, including parameter utilization, are clearly 

described. Materials and samples are also presented in detail. 
Replication Experiments are conducted using molecular dynamics simulations in triplicate or more to ensure reliability. 
Negative/positive control Results are compared with existing models or experimental data to validate the accuracy of the simulations. 
Parameterization of metal proteins Investigation methods for parametrizing metals in proteins, regardless of the simulation context. 
Study adequacy The study design is sufficient to show the mechanisms underlying metal interactions in molecular dynamics 

simulations. 

 

RESULTS AND DISCUSSION 

The screening process was performed using the PRISMA method to 
select 550 articles, among which 60 were included for review. These 
60 comprised full studies focusing on the analysis of metal parameters 
in molecular dynamics simulations. Specifically, the studies were 
limited to four software platforms, including Bonded Model Metal 

Center Parameter Builder, non-bonded metal model, and two types of 
molecular dynamics simulations. The systematic review method of 
this study has some limitations concerning the literature search bias, 
as it depended only on Science Direct and PubMed. In addition, both 
inclusion and exclusion criteria could lead to biasing because they 
based themselves on the diversity backgrounds of the four authors 
albeit within the pharmaceutical field. 
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The parameter builder for metal centers in bonded model 

A Bonded Model in molecular dynamics simulations refers to metals 
bound to ligands in proteins. Preparation and parameterization of 
bonded model with QM/MM are necessary before conducting 
molecular dynamics simulations. Different software packages, such 
as MCPB, have been developed for the preparation of bonded model. 
Specifically, MCPB. py uses the Python programming language to 
generate parameters for over 80 metal ions and force fields, 
enabling the replication of ligands and metal complexes [13]. 

The first step in preparing simulations with MCPB. py is creating an 
input file for parameterization using DFT with the B3LYP/6-31G* 
basis set. The input file is compatible with Gaussian and GAMESS-US 
software, and this initial step produces model data cut into small, 
standard, and large fingerprints. The resulting input file passes 
through three stages including geometry optimization, Force 
Constant (FCC) calculation, and Controlled Electrostatic Potential 
(RESP) calculation, which respectively describe the ideal geometry, 
bond strength, and charge distribution. The second step comprises 
using the seminario method to derive force field parameters. 
Alternatively, Z-matrix and empirical methods are available, 
providing flexibility for the parameter derivation process. The 
empirical method does not require Gaussian or GAMESS-US 

calculations for force constant determination but relies on Gaussian 
calculations for RESP values and only supports zinc ion modeling. In 
the third step, RESP charges are computed and matched with ligand 
and complex metal residue data. Charging options include calculating 
charges for both metals and ligands in a single residue unit or solely 
for selected backbone atoms using specific force fields. In the fourth 
step, a new Protein Data Bank and input files are obtained along with 
force fields for proteins (AMBER FF19SB) and ligands (GAFF2). 
Additionally, ionization data and solvation model for molecular 
dynamics simulations are generated. To perform further simulations, 
MCPB. py can be seamlessly integrated with software such as AMBER 
[14], CHARMM [15], GROMACS [16], and NAMD [17].  

The application of MCPB for parameterizing Atovaquone and PfCytb-ISP 
proteins included validating the Fe2+ parameters, which described b-type 
hemes and the [2FE-2S] cluster. These parameters were verified to 
effectively maintain the metal ions in the coordination sphere during all-
atom MD simulations of PfCytb-ISP protein present in a phospholipid 
bilayer. The validated parameters proved beneficial not only for PfCytb-
ISP protein but also for other metalloproteins sharing similar 
coordination environments [18]. Additionally, the Restrained 
Electrostatic Potential (RESP) charges for the metal ion, sulfur atoms, as 
well as interacting atoms were computed to complete the parameter and 
coordinate files for cofactors and all associated residues. 

 

Table 2: Systematically retrieved studies focusing on molecular dynamics simulations of metalloproteins using software such as AMBER, 
CHARMM, GROMACS, and NAMD 

Ref. The simulated metal proteins The metals 
being analyzed 

Parameterization of metals Simulation 
software 

[23] The coordination structures of metal 
ions in the NMR-derived structures.  

Zn2+ MCPB was used for metal parameterization. Force field parameters 
for Zn(II) were derived from DFT calculations at the 
TPSSKCIS/Zn=LANL2DZ/6-31G* level of theory.  

AMBER 

[25] The influence of putidaredoxin (Pdx) on 
the conformation of the P450cam-CN 
complex 

Fe3+ Fe metal parameterization was performed with MCPB. The 
molecular electrostatic potential (MEP) was calculated using the 
HF/6-31G* level of theory.  

AMBER 

[26] Virtual screening for the Indoleamine 
2,3-dioxygenase 1 (IDO1) target, 
simulation using classical molecular 
dynamics 

Fe Parameters were obtained from quantum mechanics computations 
using B3LYP, and restrained electrostatic potential (RESP) charges 
were determined through fitting with the RESP method using 
ChgModB. MCPB is applied for metal parameterization. 

AMBER 

[27] Electron Transfer to Heme in 
Cytochrome P450, combined with 
Umbrella Sampling 

Fe2+ Using MCPB for metal parameterization. Partial atomic charges were 
acquired through the RESP method at the HF/6-31G* theory level. 

AMBER 

[28] The influence of ligands on apyrimidinic 
endonuclease 1 

Mg2+, Ni2+ Using B3LYP-D3/6-311G (d, p) to construct convergent side-chain 
models and MCPB for metal parameterization. 

AMBER 

[21] Molecular dynamics of Metallo-β-
lactamase with drugs such as ampicillin, 
imipenem, nitrocefin, and aztreonam 

Zn2+ Application of the software GAMESS to obtain metal coordination 
centers and electrostatics. Additionally, PM3 and DFTB3 are used to 
determine the relaxed bonded model and the metal is parametrized 
with MCPB. 

AMBER 

[29] AMBER force field for parameterization 
of a set of cobalt-containing Systems for 
bonded and non-bonded model 

Co B3LYP/6-311++G** level of theory.  AMBER 

[30] The electron-transporting iron-sulfur 
protein rubredoxin, combined with 
Quantum mechanics-discrete molecular 
dynamics QM/DMD 

Mg2+ DFT was used for the QM region description, while the BP86 method 
enhanced with advanced features such as identityresolution, empirical 
dispersion correction, and a double zeta quality basis set, was applied for 
single-point energy calculations. COSMO continuum solvation model was 
used todetermine solvent effects, with a dielectric constant. All QM 
calculations were conducted with TURBOMOLE v.6.3. DMD, a modified 
type of MD, applied an implicit solvent atomistic model of proteins based 
on CHARMM/EEF1 FF. 

AMBER 

[31] The use of Gaussian accelerated 
molecular dynamics (GaMD) for iron-
binding proteins in Botrytis cinerea 

Fe3+ The calculation of binding energy is performed using DFT. AMBER 

[32] Homologue of an Extradiol-cleaving 
Catecholic Dioxygenase, combined with 
Stochastic boundary molecular 
dynamics (SBMD) 

Fe2+ The substrate DHBP force-field parameters were determined through 
SwissParam, with additional optimization of partial charge parameters 
performed using Gaussian09. For the iron and dioxygen groups, force-
field parameterizations were manually added to the topology file, while 
hydrogen atoms for the BphC enzyme were incorporated using the 
CHARMM36 force field through the HBUILD module of the CHARMM 
package. 

CHARMM 

[33] Metallothioneins simulation using 
Steered molecular dynamics (SMD) 

Zn+2 The Zn7MT2 system was generated by substituting four Cd(II) ions 
with Zn(II). PROPKA was used to assign protonation states of side 
chains at pH 7.0, except for Cys residues, which were deprotonated. 
Protein and Cys residues were modeled using the AMBER FF19SB 
force field, alongside recently published cysteine-Zn(II) force field 
parameters. 

GROMACS 

[34] Ferritins from Gram-Negative Bacteria 
simulation using Random acceleration 
molecular dynamics (RAMD) 

Fe2+ The CHARMM36 Force Field wasused to define parameters for non-
bonded ferrous and ferric ions. 

NAMD 
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Parameterization was conducted for the Cytochrome P450cam-CN 
in Complex with Putidaredoxin to examine the iron-sulfur cluster of 
Pdx and the heme iron moiety for ferric camphor-bound, camphor-
free and cyanide-bound heme. The focus was on analyzing Distance 
Measurements of P450cam in different states between residues 48 
and 179 in the crystal structures of reduced Cytochrome P450cam-
putidaredoxin complex (PDB ID 4jx1), substrate-free P450cam at 
low [K+] (PDB ID 3L62), and camphor-bound P450cam at low [K+] 
(PDB ID 3L63) [19]. MCPB can be used to parameterize myoglobin, 
which contains Fe2+ metal ions bound to histidine [20]. Virtual 
screening method for heme-containing proteins could be combined 
with MCPB for parameterization, using B3LYP functional 
calculations and Grimme D3 dispersion correction alongside Becke-
Johnson (BJ)-damping. Additionally, charges of the backbone heavy 
atoms (ChgModB) were incorporated in the RESP calculations and 
decomposition analysis of Wiberg bond order in Natural Atomic 
Orbital (NAO) basis for Fe-O bond was performed to evaluate total 
bond formation [21]. The functional pathway was evaluated to 
provide insight into the hydrogen bonding features that define 
proton transport pathways in [FeFe]-hydrogenase [22].  

Combining bonded and non-bonded model simulations is a viable 
method, requiring careful consideration of the electrostatic bonding 
strength between zinc ions and deprotonated amino acids such as 
cysteine and aspartate to stabilize the metal ion at the active site of a 
protein. The use of MCPB. py in the limited model maintains the 
coordinated positions of the zinc ions, leading to simulations similar 
to the crystallographic results [21]. 

A precise representation of the allosterically inhibited zinc-bound 
state required fine-tuning zinc-ion coordination in S. aureus CzrA 
protein [23]. The effect of Putidaredoxin on the Cytochrome 
P450cam-CN complex, with palladium as the metal center in the 
ligand, was studied to understand the Pdx-induced conformational 
changes that promote compound I formation and product release 
[24]. Moreover, the use of MCPB can determine electrostatic 
potential and charge distribution, aiding metal parameterization in 
protein simulations. Observations of structural changes obtained 
through molecular dynamics simulations provide insight into the 
conformation of systems featuring specific molecules such as 
camphor, the P450cam enzyme, and the Pdx protein [24]. 
Furthermore, three types of conformations were identified, namely 
closed, intermediate, and open. Pdx binding to the CN−/camphor 
complex triggered major changes in the intermediate conformation, 
including peptide bond reversal at Gly248 and the effect on Thr252 
reorientation, which affected the width of the helix I protrusion. In 
the intermediate conformation, it also allowed the formation of 
hydrogen bonds with CN−, Thr252, and Val247, appearing as 
catalytic water in the ferrous−O2 complex crystal structure [25]. 

Virtual screening helps to identify novel inhibitors of Indoleamine 2,3-
dioxygenase 1 (IDO1), an intracellular heme-containing dioxygenase 
associated with immunosuppressive effects in cancer. In this context, 
MCPB was used to parameterize the heme site, facilitating modeling 
and integration with classical force fields. Additionally, quantum 
mechanics (QM) was performed using Gaussian software [26], 
followed by computing atomic partial charges on heme states and 
conducting RESP fitting with ChgModB [35]. Electrostatic potential 
analysis aids in understanding the influence of metals on ligands, with 
heme parameters available from the Bryce group database [36] and 
the RESP ESP charge database (R. E. DD. B) [37]. 

The construction of the Mg-O force field was accomplished with 
MCPB due to the highly fluctuating nature of the Mg2+ion. The 
trajectory of Mg2+ was observed through snapshotting at the 
equilibrium point, while metal active site movement in the system 
was visualized by monitoring bond lengths during simulations [28]. 
Combining MD simulations, umbrella sampling simulations, and 
electron transfer pathways analysis, the mechanisms of long-range 
electron transfer between the [2Fe-2S]-containing redox partner 
and the heme domain in full-length P450TT were deciphered [27]. 
Metalloproteins often experience energetically unfavorable 
conformational changes or binding events over extended timescales. 
Umbrella sampling addresses these challenges by guiding the 
simulation towards specific states of interest. 

Parameterization of metals using a non-bonded model 

A non-bonded model generally refers to a metal not bound to a 
ligand but present in a protein. Moreover, this review identified 
specific AMBER force field parameters available for cobalt. The 
Hessian matrix of each structure was computed at the B3LYP/6-
311++G(2d,2p) level of theory, and the Seminario method was used 
to determine cobalt bond stretching and angle bending parameters 
for the non-bonded model. Additionally, the charge model consists 
of RESP and formal charges [38]. The movement of a non-bonded 
model can be monitored through RMSD values during vacuum and 
water simulations, allowing for observations of changes in cobalt, 
such as bond length, bond strain constant, and bond equilibrium 
[29]. Free Energy Landscape (FEL) analysis can be used to see metal 
ion mechanisms on conformational distribution and complex 
stability [39]. 

Preparation of simulations for cadmium includes using the 12-6 
Lennard-Jones (LJ) non-bonded model, particularly suitable for 
divalent cations, with water model such as TIP3P, SPC/E, and 
TIP4PEW [40, 41]. The non-bonded model treats the metal ion as a 
particle interacting non-covalently with surrounding molecules. 
Coordination bonds in this model are governed by electrostatic and 
van der Waals potentials. Different non-bonded models apply 
distinct strategies to handle electrostatic interactions, ensuring 
accurate coordination geometry description [42, 9]. 

Proteins and metals are prepared after parameterization using the 
tleap program and the AMBER99SB force field, then simulated with 
AMBER software [43, 14]. Monovalent metal simulations are 
enhanced with optimized parameters for the 12–6 lJ non-bonded 
model [44] and LJ 12-6 Potential parameterization [45]. Meanwhile, 
divalent model parameters can be analyzed to determine effective 
ion radii, diffusion constants, water exchange rates, and ion–water 
interactions [46]. 

The 12-6-4 lJ Type Non-bonded Model is suitable for simulations of 
divalent [47], trivalent, and tetravalent metals [48]. The binding of 
Cm(III) and Th(IV) with Human Transferrin, representing non-
bonded types, can be parameterized by examining the dynamic 
hydration shell structure in an aqueous solution [49]. Additionally, 
umbrella sampling is used to analyze metal-protein systems, 
enabling the evaluation of the Potential mean Force (PMF) of ion 
release [50]. The parameterization of Highly Charged Metal Ions 
with the 12-6-4 lJ model can be conducted based on a previous study 
[1]. Panteva et al. recently found that the combination of 12-6-4 with 
the SPC/E water model produced the best performance for Mg(II) 
among 17 different non-bonded models investigated [51].  

Comparison was made between zinc parameters in the AMBER force 
field (ZAFF) and a recently developed non-bonded force field (NBFF) 
to assess the accuracy in reproducing zinc(II)-protein dynamics. To 
facilitate this process, six zinc fingers were selected as benchmarks 
due to the architectural heterogeneity, binding mode, function, and 
reactivity. Additionally, order parameters (S2) of all backbone N-H 
bond vectors were computed for each system through repeated MD 
simulations [52]. Geometric and electronic behavior of the 
midodrine complex with iron(III) using DFT with the B3LYP/6–
311G++(d,p) method for the ligand and B3LYP/lANL2D for this 
metal was carried out to see the molecular orbital and electrostatic 
potential [53]. To understand the nature of the cofactor, it is very 
important to analyze the Van der Waals interactions in bridging 
sulfur and iron surfaces [54]. Apart from the DFT method, semi-
empirical methods such as ZINDO can also be used to parameterize 
metalproteins because they are very accurate in describing different 
spin and electronic spectra [55].  

Types of molecular dynamics simulations conducted in 
modeling metalloproteins 

Force field parameters were established for the active site of LOX 
containing Fe2+, representing the bonded model. The construction of the 
active site applied a quantum mechanical (QM) method with geometry 
optimization using B3LYP/6-31G(d,p) due to the ability to produce 
equilibrium bond lengths and angles between Fe(II) ion and amino acids. 
Additionally, force constants were computed by approximating the 
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Hessian matrix. Charges were calculated using electrostatic surface 
potential (ESP) with the Merz-Kollman Scheme (MK) method, while 
electrostatic interactions were handled with the restrained electrostatic 
surface potential (RESP). Following the parameterization process, 
molecular dynamics simulations were conducted using AMBER 
software, during which bond distances between Fe and amino acids, as 
well as water molecules, were monitored [56]. 

The QM/MM method was implemented for Protoporphyrin IX in 
Human Ferrochelatase using ComQum software, a program applying 
Turbomole to build a system consisting of the protoporphyrin ring, 
ferrous iron, coordinating water molecules, and relevant residues 
treated at the QM level [57-59]. Subsequently, minimization steps 
were performed with the QM region computing wave functions and 
polarization using point charges from the AMBER library. Protein 
preparation was conducted with AMBER and protonation; then 
Quantum calculations were performed using DFT with the DZpdf 
basis set. Fe was computed using the 6-31G(d) basis set, while more 
accurate single-point energies were estimated through Becke B3LYP 
functional method and the 6-311+G(2d,2p) basis set. quantum 
mechanical thermodynamic cycle perturbation (QTCP) proved 
effective in computing proton transfer at the metal site of 
macromolecules [60]. QM/MM modeling was used to observe the 
reaction coordinates from the intermediate state to the Fe2+ 

transition down to the electron level. Simulations were continued to 
analyze the protein and metal atomic levels with a Molecular 
Mechanics (MM) method, while QM/MM energies were collected 
from snapshot trajectories [61]. Additionally, Fe metal applied the 
LANL2DZ basis set, and the QM region was constructed using the 
hybrid functional B3LYP with the 6-31G(d) basis set for the 5-
lipoxygenase region [62]. Electronic parameter calculations were 
performed following the MNDO99 method for semi-empirical 
calculations. Treatment on proteins used the CHARMM22 and 
CHARMM27 force fields, while adjustments were made with the 
DL_POLY module in Chemshell. Electronic parameter computations 
were analyzed with QM/MM to investigate hydrogen bond charges 
and connectivity. Considering the transition state was found to be 
crucial in modeling metalloproteins [63]. 

Applying the metal molecular fractionation with the conjugate caps 
(metal-MFCC) method, metalloproteins can be accurately modeled 
by using M06-2X/6-31G(d) level quantum system computations 
with linear potential energy and atomic force calculations [64]. 
Furthermore, the total energy of the metalloprotein is determined 
by adding the interaction energies between nonadjacent residues in 
close spatial contact, the energies of metal-binding groups, and the 
QM energies of neighboring residues, which is a highly suitable 
method for Zn2+, Cu2+, and Cu+ [26]. To evaluate the metal effects on 
the active site, average distances between Zn(II) and the donor 
atoms along the QM/MM MD simulation are used [65]. 

The data obtained from the use of the 
Broyden−Fletcher−Goldfarb−Shanno (L-BFGS) algorithm to 
optimize the geometry in an energy minimization search are 
essential for observing the distance between the reactants of the 
triplet, quintet, and septet states of the Catalytic Mechanism for the 
2,3-Dihydroxybiphenyl ring. Since the QM region coincides with the 
electron density distribution, it is essential to study it, particularly 
when examining Fe [32, 66]. Furthermore, the CHARMM-METAL 
force field can be used to analyze the properties of Fe metal [67]. 

The multiscale method known as our own N-layered integrated 
molecular orbital and molecular mechanics (ONIOM) integrating DFT 
with molecular mechanics is used to study Cu and Zn metals in 
metalloproteins [68]. Additionally, a semi-empirical method referred 
to as GFN2-xTB can be used to investigate effectiveness and improve 
local structure dependability in metalloproteins [69]. Through ONIOM, 
electronic properties and interactions in metalloproteins can be more 
accurately described by merging multiple levels of theory, such as DFT 
and semi-empirical [70]. The combination of DFT simulations with 
geometry optimization and energy calculations forms an additional 
method for observing the transition state and examining the catalytic 
process of L-tyrosine and Cu2+ [71]. 

Torsional parameter dependence on partial charges is a classic issue 
with histidine-metal interactions, mainly including Zn and Cu. DFT 

calculations were performed to address this issue by using a triple-ζ 
polarized basis set (def2-TZVP) for metals and a split-valence 
polarized basis set (def2-SVP) for nonmetal atoms [72]. 
Furthermore, point charges were calculated with TURBOMOLE using 
the RESP method [59] and ChemShell [73]. Moreover, the 
significance of parameterizing torsional terms was shown by 
molecular dynamics simulations, specifically when focused on the 
metal site or performing free-energy calculations. 

The iron dioxygen complex parameters are derived using the heme 
parameters found in AMBER ff9X and AMBER ff14SB force fields [74, 
75]. The ORCA Quantum Chemistry Program was used to optimize 
the QM aspects of the model systems. However, determining the Fe-
S parameters provided specific challenges in molecular dynamics 
simulations, which included the use of RESP for frequency and 
charge calculations as well as B3LYP for geometry optimization. The 
Seminario method was then applied to identify parameters 
associated with group or atom interactions [76]. Parametrization of 
Iron−Sulfur interactions was conducted through DFT with the TZP 
basis set, followed by point cargo calculations in the gas phase using 
HF/631G* and RESP calculations [77]. 

The influence of force fields (FF) on metalloproteins, such as 
CHARMM36, varied in the ability to describe interactions with 
monovalent ions. However, the Drude FF and DFTB3/3OB method 
showed superior performance, specifically for Ca2+ binding sites, 
signifying the importance of considering polarization effects for 
divalent cations [78]. QM/MM calculations could be conducted post-
molecular dynamics by extracting Pb2+ trajectory data from 
connected amino acids. Solvent exposure of this Pb metal was 
evaluated using solvent-accessible surface calculations. The QM 
region was ass through DFT with the LACVP** basis set, 
incorporating an effective core potential for Pb2+, and atomic charges 
were calculated using B3LYP/lACV3P**++level [79]. This analysis 
provided information on the distance between the metal and 
protein, along with the resulting energy in the gas phase. 

Random acceleration molecular dynamics (RAMD) simulations were 
used to analyze ferrous iron and dioxide interactions in 
metalloproteins, providing a cost-effective exploration of phase 
space [34]. The atomic multipole-optimized energetics for 
biomolecular simulation (AMOEBA) force field enhanced simulation 
accuracy for Mg2+/Ca2+ in a variety of metalloproteins, particularly in 
systems comprising highly charged molecules [80]. The study of 
prolyl oligopeptidase POP-Rh2 cyclopropanase included DFT 
calculations combined with Grimme D3 Correction for the solvent 
dispersion model. Molecular docking using the GaudiMM algorithm 
played a crucial role in examining the coordination of the rhodium 
cofactor with amino acid donors [81]. Subsequent molecular 
dynamics simulations clarified carbene orientation and binding 
route conformations, further analyzed with GpathFinder [82]. The 
assessment of styrene local interaction was conducted through 
molecular docking using GaudiMM and Gold [83]. However, due to 
the complexity of the study, it is importance of comprehensive 
modelling that includes long-term mutation effects [84]. 

Force fields could be tailored for specific metal coordination 
geometries and ligand interactions. Quantum mechanics-discrete 
molecular dynamics (QM/DMD) simulations offered a balanced 
description of metalloprotein structure, dynamics, and electronic 
structure for rubredoxin [30]. Moreover, transition metal-containing 
enzyme mechanisms, particularly in redox steps, could be explained 
with a saturated basis set. DFT was used in the description of the QM 
region due to being a robust and reliable method for simulating 
biologically relevant metals [71, 85]. Single-point calculations were 
performed with various basis sets using Jaguar [86] and Gaussian 
programs [85]. 

The poisson−boltzmann (PB) continuum solvent method, used for 
simulating the aqueous medium [87], permits the extraction of data from 
molecular dynamics simulations at specific frames. In these simulations, 
QM calculations were conducted for each fragment, with other residues 
considered as background charges and solvation effects incorporated by 
solving the PB equation using the Delphi program [88]. Hybrid QM/MM 
calculations on metal-bound structures, such as gol B, facilitate the 
characterization of the most preferred protonation state for gold binding 



P. P. Putra et al. 
Int J App Pharm, Vol 16, Issue 5, 2024, 90-98 

95 

motifs and the assessment of structural features influencing Au(I) 
coordination in the protein. The QM region, treated at the DFT level with 
the LACVP** basis set and the B3LYP functional, provides a 
comprehensive description of geometries and reaction profiles for 
transition metal-containing compounds, including gold(I). Meanwhile, 
the MM system, described with the OPLSA_2001 force field, consists of 
protein atoms and a 10 Å shell of water molecules [87]. 

Single-point energy calculations use a larger basis set, namely 6–
311+G(2d,p), for non-silver atoms and an Effective Core Potential 
(ECP), such as Def2-TZVPD, for silver atoms. Additionally, ECPs 
replace core electrons with a pseudopotential, enhancing 
computational efficiency in metal simulations [89, 90]. The atom-
bond electronegativity equalization method (ABEEMσπ) fluctuating 
charge polarizable force fields provide a medium for parameterizing 
charge distributions in metalloproteins containing transition metal 
atoms. This also includes reference charges, valence state 
electronegativities, and valence state hardnesses [91]. 

Analysis of Silver-Lactoferrin Nanocomplexes requires molecular 
dynamics simulations to observe amino acids directly or indirectly 
interacting with silver while identified binding sites correspond to 
amino acids that often bind metal ions. DFT is used to evaluate the 
mechanism of silver ion reduction to elemental silver, followed by 
an examination of the localization of highest occupied (HOMO) and 
lowest unoccupied (LUMO) molecular orbitals [92]. 

The role of Metal Cofactors in azurin is assessed through temperature 
replica exchange molecular dynamics (REMD) on both apo and holo 
forms. REMD facilitates the observation of unfolding processes and 
transition temperatures, providing insights into conformational 
ensembles and unfolding pathways [93]. Combining cysteine-Zn(II) 
parameters from the AMBER force field [89] with steered molecular 
dynamics (SMD) simulations allows for the analysis of metal effects on 
Mammalian Metallothioneins (MTs), clarifying intra-and interdomain 
interactions as well as the implications for zinc buffering properties. 
Understanding the system folding mechanism, zinc site stabilities, and 
cellular zinc buffer components is crucial for comprehensive analysis 
[33]. The use of SMD can analyze how the presence of metallic ligands 
alters the unfolding dynamics by forming strong covalent bonds with 
cysteine sulfur atoms [94]. Gaussian accelerated molecular dynamics 
(GaMD) is an advanced computational sampling method that enhances 
efficiency by introducing harmonic potentials [95]. This reduces 
energy barriers and smooths out the system's potential energy 
surface. Following this, binding energy calculations are performed by 
randomly selecting five structures from a 150 ns trajectory and using 
DFT for these calculations [31]. 

CONCLUSION 

In conclusion, this study found that modeling and parameterization 
of metal proteins were categorized into Bonded and Non-Bonded 
Model. The Bonded Model incorporates MCPB, a Python-based 
software that facilitates parameter construction for over 80 metal 
ions and force fields in molecular dynamics simulations. MCPB uses 
DFT to generate input files for parameterization, derives force field 
parameters through the Seminario method, and matches RESP 
charges with ligand and complex metal residue data. This can be 
integrated with software, including AMBER for further simulations, 
as well as applied for virtual screening and understanding metal-
ligand interactions. Meanwhile, the non-bonded model evaluates 
metals in proteins, such as cobalt and cadmium, through AMBER 
force field parameters and the Seminario method. The 12-6 lJ non-
bonded model is suitable for divalent, trivalent, and tetravalent 
metals, with Zinc parameters being compared for accuracy. 
Additionally, the force fields suitable for modeling unbound metal 
proteins include AMBER FF19SB, FF14SB, and ff9X, along with 
CHARMM36, CHARMM22, and CHARMM27, as well as CHARMM-
Metal. Molecular dynamics simulations can be conducted using 
various methods, such as classical molecular dynamics, Umbrella 
Sampling, QM/DMD, SBMD, SMD, GaMD and RAMD. 
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