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Journal of Research in Biology 1. Introduction   (QM/MM) methods, DFT has been successfully applied Biological systems operate through a complex interplay to enzyme mechanisms, protein–ligand interactions, and of  chemical  and  physical  processes  governed electronic  properties  of  biomolecules.  These  advances fundamentally by quantum mechanics. The formation and have  enabled  increasingly  realistic  simulations  of cleavage  of  chemical  bonds,  electron  transfer  reactions, biochemical  systems,  bridging  the  gap  between and  molecular  recognition  events  all  arise  from  the theoretical chemistry and biological complexity (Sousa et behavior of electrons in molecular systems. Consequently, al., 2007; Hirao et al., 2014). theoretical  frameworks capable of accurately describing This  review  is  structured  to  first  present  the  theoretical electronic  structure  are  essential  for  understanding foundations of DFT, followed by advances in functional biochemical function at a molecular level.  development  and  benchmarking.  Subsequent  sections Density Functional Theory (DFT) has emerged as one of examine  applications  to  enzymatic  catalysis  and the most widely used quantum mechanical approaches in biological macromolecules, concluding with a discussion chemistry  and  biology  due  to  its  favorable  balance of limitations and future directions. between  computational  efficiency  and  accuracy.  Unlike wavefunction-based  methods,  which  scale  steeply  with 2.  Quantum  Mechanical  Foundations  of  Density system size, DFT reformulates the many-electron problem Functional Theory  in  terms  of  electron  density,  allowing  applications  to 2.1  Hohenberg–Kohn  Theorems  and  Variational systems  ranging  from  small  molecules  to  large Principle biomolecular  complexes  (Kohn  &  Sham,  1965; The formal basis of Density Functional Theory (DFT) lies Hohenberg & Kohn, 1964).  in the two theorems introduced by Hohenberg and Kohn Enzymes  exemplify  the  extraordinary  efficiency  of in  1964. These  theorems  establish  that  the  ground-state biological  catalysis,  often  accelerating  reaction  rates  by properties  of  an  interacting  many-electron  system  are many  orders  of  magnitude.  This  catalytic  power  arises uniquely determined by its electron density, rather than by from a combination of electrostatic stabilization, precise the  many-electron  wavefunction  (Hohenberg  &  Kohn, geometric organization, and quantum mechanical effects 1964). within enzyme active sites. Metalloenzymes, in particular, The first theorem states that, for a system of interacting present  significant  theoretical  challenges  due  to  the electrons in an external potential, there exists a one-to-one presence  of  transition  metals,  multiple  spin  states,  and correspondence between the ground-state electron density strong  electron  correlation  effects.  These  features  often and the external potential (up to an additive constant). As limit  the  applicability  of  simpler  computational a consequence, all observable properties of the system are approaches  and  necessitate  more  sophisticated  quantum functionals of the electron density. This result provides the mechanical  treatments  (Siegbahn,  2003;  Ramos  & conceptual  foundation  for  replacing  the  many-body Fernandes, 2008).  wavefunction with the three-dimensional electron density DFT provides a practical framework for addressing these as the central variable. challenges.  Through  developments  such  as  hybrid The second theorem introduces a variational principle: the exchange–correlation functionals, dispersion corrections, correct ground-state electron density minimizes the total and  hybrid  quantum  mechanics/molecular  mechanics energy functional. Formally, the ground-state energy can                     𝜌(𝐫) =     ∣ 𝜓 (𝐫) ∣  be expressed as: 𝐸[𝜌] = 𝐹[𝜌] + ∫ 𝑣 (𝐫)𝜌(𝐫) 𝑑𝐫 ext The  KS  equations  are  solved  iteratively  until  self-

where  consistency  is  achieved.  This  formulation  dramatically  𝐹[𝜌]  is a universal functional incorporating kinetic energy and electron–electron interactions. The exact form reduces  computational  complexity  while  retaining  a of  this  functional  is  unknown,  and  its  approximation formally exact framework, provided the exact exchange– particularly the exchange–correlation component remains correlation functional is known (Yu et al., 2016). the central challenge of DFT (Kohn, 1999; Sahni, 2004).  Despite  its  success,  the  accuracy  of  KS-DFT  is The significance of the Hohenberg–Kohn framework lies fundamentally  limited  by  approximations  in  the in  its  reduction  of  a  high-dimensional  quantum [image: ]

mechanical  problem  to  a  functional  of  the  electron

density.  However,  practical  implementation  requires

additional approximations, leading to the development of

the Kohn–Sham formalism.

2.2 Kohn–Sham Equations

Kohn and Sham (1965) introduced a practical scheme that

enables  the  application  of  DFT  to  real  systems.  In  this

approach,  the  interacting  many-electron  system  is

mapped  onto  an  equivalent  non-interacting  system  that

reproduces the same ground-state electron density.

The resulting Kohn–Sham (KS) equations describe a set

of single-particle orbitals:

− ∇ + 𝑣 (𝐫) 𝜓 (𝐫) = 𝜖 𝜓 (𝐫) eff 2 1

where the effective potential is defined as:

𝑣eff(𝐫) = 𝑣ext(𝐫) + 𝑣 (𝐫) + 𝑣 (𝐫) Here, 𝑣 (𝐫)represents the classical electrostatic (Hartree) potential,  and    𝑣 (𝐫)is  the  exchange–correlation potential,  which  accounts  for  all  many-body  effects beyond  classical  electrostatics  (Kohn  &  Sham,  1965;

Baerends, 2000).

The electron density is reconstructed from the occupied

orbitals:

exchange–correlation functional, particularly for systems involving  strong  correlation,  open-shell  species,  and where    𝐶 are  dispersion  coefficients  and    𝑅 are transition  metals.  The  conceptual  structure  of  Density interatomic distances (Wesołowski, 2007; Yu et al., 2016). Functional Theory, including the mapping from the many- The  inclusion  of  dispersion  corrections  significantly electron  problem  to  the  Kohn–Sham  formalism  and  the improves  the  accuracy  of  DFT  for  non-covalent role  of  exchange–correlation  approximations,  is interactions  and  biomolecular  systems.  Consequently, illustrated in Figure 1.  dispersion-corrected DFT has become standard practice in 2.3 Exchange–Correlation Functionals and Dispersion computational  chemistry,  particularly  in  studies  of Corrections  biological macromolecules and enzyme active sites. 

The exchange–correlation (XC) functional is the central

approximation  in  DFT.  It  captures  quantum  mechanical 3.  Advances  in  DFT  Functionals  for  Biochemical effects  arising  from  electron  exchange  and  correlation, Systems (Rewritten) which  are  not  included  in  the  non-interacting  reference The  accuracy  of  Density  Functional  Theory  (DFT) system.  calculations depends critically on the choice of exchange– Early  approximations,  such  as  the  Local  Density correlation  functional.  Over  the  past  three  decades, Approximation  (LDA),  assume  that  the  XC  energy extensive  efforts  have  been  devoted  to  developing  and depends  only  on  the  local  electron  density.  While benchmarking functionals capable of reliably describing successful  for  homogeneous  systems,  LDA  is  less the  diverse  chemical  environments  encountered  in accurate  for  molecular  systems.  Generalized  Gradient biochemical  systems,  including  covalent  bonding,  non-Approximations  (GGAs)  improve  upon  this  by covalent interactions, and transition metal chemistry. incorporating density gradients, while hybrid functionals 3.1 General Trends in Functional Development include a fraction of exact exchange from Hartree–Fock Early  functionals  such  as  the  Local  Density theory,  enhancing  accuracy  for  thermochemistry  and Approximation  (LDA)  and  Generalized  Gradient reaction barriers (Toulouse, 2022).  Approximations (GGAs) provided a foundation for DFT 

However,  standard  XC  functionals  typically  fail  to but often lacked sufficient accuracy for thermochemistry describe  long-range  dispersion  (van  der  Waals) and  reaction  barrier  predictions.  The  introduction  of interactions,  which  arise  from  correlated  electron hybrid  functionals  (most  notably  B3LYP)  represented  a fluctuations. These  interactions  are  crucial  in  biological significant  advance  by  incorporating  a fraction of  exact systems, influencing protein folding, ligand binding, and (Hartree–Fock)  exchange,  improving  the  description  of molecular recognition.                                      molecular energetics and geometries. To  address  this  limitation,  empirical  dispersion However,  systematic  benchmarking  studies  have corrections  (such  as  DFT-D  methods)  are  commonly demonstrated  that  B3LYP  exhibits  non-negligible  errors added  to  the  DFT  energy.  These  corrections  introduce for  reaction  energies  and  barrier  heights,  particularly  in additional terms of the form:  systems involving transition metals or significant electron 𝐸 disp = −      𝑅 𝐶 correlation.  Mean  absolute  errors  (MAEs)  for thermochemical  properties  are  typically  on  the  order  of

,

several kcal/mol, which may limit its predictive reliability for  enzymatic  mechanisms  (Mardirossian  &  Head-covalent  interactions  across  a  wide  range  of  molecular Gordon, 2017).  systems.  Dispersion-corrected  hybrids,  such  as  B3LYP-3.2 Modern Functionals: Accuracy and Performance  D3, demonstrate that even traditional functionals benefit To  address  the  inherent  limitations  of  earlier  density substantially  from  the  addition  of  empirical  dispersion functionals,  newer  formulations  have  been  developed terms  a  critical  refinement  for  biomolecular  systems with  improved  treatment  of  exchange,  correlation,  and where  van  der  Waals  interactions  play  a  crucial  role. long-range interactions, each offering distinct advantages Benchmark  studies  consistently  show  that  functionals for biochemical applications. The Minnesota functionals, such  as  M06-2X  and  ωB97X-D  achieve  markedly exemplified  by  M06-2X,  are  meta-hybrid  functionals improved  accuracy  compared  to  older  generations, parameterized  to  enhance  performance  for  main-group particularly  for  non-covalent  interactions  and  reaction thermochemistry, kinetics, and non-covalent interactions; barriers  relevant  to  biochemical  systems  (Mazurek  & benchmark  studies  have  shown  that  they  outperform Szeleszczuk, 2022). In many practical applications, these many  traditional  hybrids,  particularly  in  describing range-separated  and  dispersion-corrected  functionals reaction  energetics  and  intermolecular  interactions. provide  a  favorable  and  computationally  accessible Range-separated hybrids, such as ωB97X-D, incorporate balance between accuracy and cost, making them among distance-dependent  exchange  by  combining  short-range the most reliable choices for biomolecular DFT studies. A DFT exchange with long-range exact exchange, and when comparative  overview  of  widely  used  exchange– augmented  with  empirical  dispersion  corrections,  they correlation  functionals  and  their  performance  in provide  accurate descriptions of both covalent and  non-   biochemical applications is provided in Table 1. Table 1. Comparative Performance of Common DFT Functionals in Biochemical Applications Functional  Type              Strengths                 Limitations                 Typical Applications

B3LYP      Hybrid GGA       Robust, widely validated  Underestimates      barrier General  enzymatic heights; poor dispersion        studies

M06-2X     Meta-hybrid        Good               for Less  reliable  for  transition Reaction energetics thermochemistry     and metals kinetics

ωB97X-D    Range-separated    Accurate     for     non-   Higher computational cost     Protein–ligand hybrid               covalent interactions                                        binding PBE         GGA            Efficient, good for solids  Lower     accuracy     for Large biomolecules molecular systems

B3LYP-D3  Dispersion-        Improved  non-covalent Empirical        correction Biomolecular corrected hybrid     interactions                  dependence                    modeling SCAN      Meta-GGA        Balanced  accuracy,  non-   Computationally demanding  Emerging

empirical  biochemical studies 

3.3 Benchmarking and Functional Selection Comprehensive benchmarking efforts, particularly those potentials  (ECPs)  are  commonly  used  to  account  for by  Mardirossian  and  Head-Gordon,  have  evaluated relativistic effects and to reduce the number of explicitly hundreds  of  density  functionals  across  diverse  datasets treated  electrons.  Benchmark  studies  consistently encompassing  thermochemistry,  kinetics,  and  non-emphasize that both the functional and basis set must be covalent  interactions,  yielding  several  key  observations chosen  carefully,  as  errors  stemming  from  each that  are  directly  relevant  to  biochemical  applications. component  can  compound  in  an  unpredictable  manner. First,  no  universal functional  exists;  performance varies Moreover, solvation effects and environmental modeling considerably depending on both the system  under  study play a significant role in biochemical systems and must be and  the  property  of  interest.  Second,  dispersion considered alongside functional and basis set selection, as corrections are essential, as neglecting long-range van der neglect of the surrounding medium can introduce larger Waals  interactions  leads  to  systematic  and  often inaccuracies than the choice of quantum chemical method substantial  errors  in  biomolecular  systems. Third,  range itself. separation improves robustness, especially for properties 4. DFT in Metalloenzyme Catalysis (Rewritten) involving  long-range  charge  transfer  and  non-covalent 4.1 Role of DFT in Enzymatic Reaction Mechanisms interactions,  where  conventional  semilocal  functionals Metalloenzymes  constitute  a  major  class  of  biological typically fail. Fourth, double-hybrid functionals offer high catalysts,      facilitating      chemically      demanding accuracy  but  at  a  significantly  increased  computational transformations  such  as  redox  reactions,  oxygen cost,  limiting  their  routine  application  to  large activation,  and  bond  cleavage  processes. These  systems biomolecular complexes. For biochemical applications in frequently  involve  transition  metal  centers  (including particular (including enzyme catalysis and protein–ligand iron,  copper,  nickel,  and  manganese)  whose  electronic interactions) functionals such as ωB97X-D and M06-2D structures  are  inherently  complex  due  to  variable are often recommended due to their balanced performance oxidation states, multiple spin configurations, and strong across  multiple  properties,  including  thermochemistry, electron  correlation.  Density  Functional  Theory  (DFT), kinetics,  and  non-covalent  interactions  (Mardirossian  & particularly  in  its  hybrid  formulation,  has  emerged  as  a Head-Gordon, 2017; Mazurek & Szeleszczuk, 2022).  central  tool  for  elucidating  the  mechanisms  of  such 3.4 Basis Sets and Practical Considerations  enzymes.  By  providing  direct  access  to  electronic The  choice  of  basis  set  is  closely  linked  to  functional structure, reaction pathways, and activation barriers, DFT performance  in  DFT  calculations,  and  for  biochemical enables the characterization of transient intermediates that systems,  a  judicious  selection  is  essential  for  balancing are often entirely inaccessible to experimental techniques accuracy  and  computational  cost. Triple-zeta  basis  sets, (Siegbahn,  2003;  Noodleman  et  al.,  2004).  Extensive such  as  def2-TZVP,  are  typically  recommended  for studies  have  demonstrated  that  DFT  can  successfully accurate  single-point  energy  calculations  due  to  their reproduce key features of enzymatic catalysis, including flexible  description  of  valence  electrons.  Double-zeta reaction  energy  profiles,  transition  states  and  reactive basis sets may be employed for geometry optimizations to intermediates,  proton-coupled  electron  transfer  (PCET) reduce computational expense, provided that the resulting mechanisms,  and  the  bonding  characteristics  of  metal– structures are subsequently validated at a higher level. For ligand interactions. These capabilities have rendered DFT heavy atoms, particularly transition metals, effective core indispensable for interpreting experimental  observations and  proposing  mechanistically  informed  hypotheses  in One  of  the  most  significant  challenges  in  modeling bioinorganic  chemistry,  bridging  the  gap  between metalloenzymes is the accurate description of spin states, electronic  structure  theory  and  biochemical  function as  transition  metal  centers  frequently  exhibit  multiple (Siegbahn & Blomberg, 2010).  accessible  spin  configurations,  and  even  small  errors  in 4.2 Hybrid QM/MM Approaches relative  spin-state  energies  can  lead  to  incorrect [image: ]

While  DFT  is  well  suited  for  modeling  the  electronic

structure of metalloenzyme active sites, the large size of

enzymes  necessitates  multiscale  approaches  to  remain

computationally       tractable.       The       Quantum Mechanics/Molecular  Mechanics  (QM/MM)  framework addresses this challenge by partitioning the system into a

QM  region;  typically  comprising  the  metal  center,

substrate,  and  key  surrounding  residues  and  an  MM

region,  which  represents  the  remainder  of  the  protein

environment  using  classical  force  fields.  This  strategic

division  allows  for  an  accurate  quantum  mechanical

treatment  of  the  chemically  relevant  region  while

preserving computational  efficiency for the full enzyme

system  (Tzeliou  et  al.,  2022).  QM/MM  methods  have

been  widely  applied  to  metalloenzymes,  revealing  the

critical  role  of  the  protein  environment  in  modulating

reaction  barriers,  substrate  orientation,  electrostatic

stabilization,  and  even  spin-state  energetics.  Notably,

direct comparisons between simplified cluster models and

full  QM/MM  calculations  often  reveal  significant

differences,  underscoring  that  environmental  effects

ranging  from  long-range  electrostatics  to  steric

confinement are not merely secondary perturbations but

rather  essential  determinants  of  enzymatic  catalysis

(Siegbahn  &  Borowski,  2006).  The  partitioning  of

enzymatic  systems  into  quantum  and  classical  regions,

mechanistic conclusions. For iron-containing enzymes, in

along  with  their  electrostatic  and  energetic  coupling,  is particular, high-spin and low-spin states are often close in schematically represented in Figure 2.  energy,  and  the  preferred  spin  configuration  may  shift along  the  reaction  coordinate,  demanding  that  DFT


4.3  Spin-State  Energetics  and  Electronic  Structure

calculations  carefully  account  for  spin-state  energetics.

Challenges

This  typically  requires  the  use  of  broken-symmetry

approaches,  benchmarking  across  multiple  exchange–

correlation  functionals,  and  rigorous  validation  against The  application of  Density  Functional Theory  (DFT)  to experimental  data.  Despite  its  widespread  use,  DFT  is biomolecular  systems  has  expanded  substantially  in known  to  exhibit  notable  limitations  in  predicting  spin- recent  years,  driven  by  concurrent  advances  in state splittings, stemming primarily from self-interaction computational  power  and  the  refinement  of  multiscale errors and functional dependence (Siegbahn & Blomberg, modeling  techniques.  Although  classical  molecular 2010; Petrenko & Stein, 2015). Nevertheless, systematic mechanics  methods  continue  to  dominate  large-scale DFT  studies  have  provided  valuable  insights  into  spin- simulations due to their favorable scaling, DFT offers a dependent reactivity, including the identification of two- uniquely  quantum  mechanical  description  of  electronic state  reactivity  mechanisms  in  several  metalloenzymes, structure that is indispensable for understanding chemical thereby  demonstrating  that  careful  computational reactivity  and  intermolecular  interactions  at  a  truly protocols     can    extract     meaningful    mechanistic atomistic  level.  Within  biomolecular  contexts,  DFT understanding  from  methods  known  to  have  inherent proves  particularly  valuable  for  characterizing  the limitations.  electronic  properties  of  ligands  and  active-site  residues, 4.4 Case Studies: Iron-Containing Enzymes  investigating reaction mechanisms inside enzyme active Iron  enzymes  represent  one  of  the  most  extensively sites,  and  quantifying  interaction  energies  in  protein– studied classes of metalloenzymes using DFT, owing to ligand  complexes.  These  capabilities  enable  DFT  to their  biological  prevalence  and  the  inherent  electronic complement  rather  than  supplant  classical  approaches, complexity of iron centers. Prominent examples include providing  chemically  accurate  descriptions  of  processes cytochrome P450 enzymes, which catalyze hydroxylation that inherently involve bond formation, polarization, and reactions  via  high-valent  Fe(IV)=O  intermediates;  non- charge transfer; phenomena that remain beyond the reach heme  iron  enzymes,  involved  in  oxygen  activation  and of purely force-field-based methods (Cavalli et al., 2006). radical  chemistry;  and  nitrogenase,  which  achieves 5.2  Protein–Ligand  Interactions  and  Non-Covalent nitrogen  fixation  through  complex  multi-metal  clusters. Forces DFT  and  QM/MM  studies  have  been  instrumental  in Protein–ligand  binding  is  governed  primarily  by  non-elucidating  key  mechanistic  features  of  these  systems, covalent  interactions,  including  hydrogen  bonding, including the nature of reactive iron–oxo species, the role electrostatics, π–π stacking, and dispersion forces, and the of  spin-state  crossing  in  modulating  catalytic  pathways, accurate  modeling  of  these  interactions  is  therefore and the influence of the protein environment on intrinsic critical for understanding binding affinity and specificity reactivity. Collectively, these investigations highlight the in drug discovery. Density functional theory, particularly unique ability of DFT  to provide atomistic insights into when  augmented  with  empirical  dispersion  corrections enzymatic  processes  that  remain  challenging  to  probe (DFT-D), has proven highly effective in describing such experimentally,  bridging  the  gap  between  electronic interactions, as quantum mechanical treatments enable the structure theory and biochemical mechanism (Siegbahn, decomposition  of  interaction  energies  into  physically 2018; Vedin & Lundberg, 2016).  meaningful  contributions.  This  decomposition  provides 5. Applications of DFT  in Biomolecular Systems and detailed  insight  into  binding  energetics,  conformational Drug Design (Rewritten)  preferences, and the key stabilizing interactions operative 5.1 Role of DFT in Biomolecular Modeling  within  a  binding  pocket.  Advanced  methods  such  as symmetry-adapted  perturbation  theory  combined  with 5.4 Metal–Ligand Interactions in Drug Design DFT  (DFT-SAPT)  further  refine  this  analysis  by Metal-containing  drugs  and  metalloprotein  targets rigorously  separating  the  total  interaction  energy  into introduce  a  layer  of  electronic  complexity  that  often electrostatic,  exchange,  induction,  and  dispersion necessitates explicit quantum mechanical treatment, and components, thereby offering a uniquely detailed view of density functional theory (DFT) is particularly well suited the non-covalent landscape (Riley & Hobza, 2011). These to  this  task  due  to  its  ability  to  describe  metal–ligand approaches  have  been  successfully  applied  to  a  wide interactions with reasonable accuracy. These interactions range of biological systems, including enzyme–inhibitor are  governed  by  subtle  and  inherently  quantum complexes and receptor–ligand interactions, consistently mechanical  effects,  including  variable  oxidation  states, demonstrating  the  essential  roles  of  dispersion  and coordination  geometry  rearrangements,  charge  transfer polarization  effects  in  biomolecular  recognition phenomena, and the degree of covalency in metal–ligand (Yilmazer & Korth, 2016).  bonding.  In  this  context,  DFT  has  found  widespread 5.3 DFT in Structure-Based Drug Design  application  in  the  study  of  metallodrugs,  enzyme Structure-based drug design fundamentally depends upon inhibitors that specifically target metal centers, and metal-the accurate prediction of protein–ligand binding modes mediated  catalysis  within  biological  systems.  Through and  affinities,  yet  conventional  docking  protocols  and such  investigations,  DFT  has  provided  critical  insights classical scoring functions, despite their widespread use, into  binding  modes,  redox  behavior,  and  reaction are often constrained by simplified or entirely neglectful mechanisms,  thereby  informing  the  rational  design  of representations of electronic interactions. In response to metal-based  therapeutics  and  offering  a  predictive this  limitation,  DFT-based  methods  offer  markedly framework  for  understanding  metalloprotein  function improved accuracy by explicitly accounting for electronic (Riccardi et al., 2018). structure  effects.  These  methods  find  application  in 5.5 Integration with Emerging Approaches several  key  areas,  including  the  refinement  of  docking Recent  developments  in  computational  chemistry  have poses  using  QM  or  QM/MM  calculations,  the  direct witnessed the increasing integration of density functional calculation  of  binding  energies  and  detailed  interaction theory (DFT) with machine learning and other data-driven profiles,  and  the  evaluation  of  ligand  reactivity  and methods,  an  evolution  aimed  at  addressing  several stability  under  physiologically  relevant  conditions. persistent challenges in the field. These hybrid approaches Particularly noteworthy are hybrid QM/MM approaches, seek  to  accelerate  quantum  chemical  calculations, which enable simultaneous treatment of the ligand and the improve the prediction of non-covalent interactions, and active  site  at  the  quantum  mechanical  level  while enable large-scale screening of drug candidates tasks that retaining  the  full  protein  environment  described are  often  prohibitively  expensive  when  attempted  with classically.  This  strategic  partitioning  has  led  to pure DFT methods alone. Specifically, machine learning demonstrably  improved predictions  of  binding  affinities models  trained  on  high-quality  DFT  data  have and  deeper  mechanistic  understanding  within  drug demonstrated  considerable  promise  in  reproducing discovery  workflows,  bridging  the  gap  between  high- interaction energies and predicting binding affinities at a throughput  screening  and  quantum-chemical  accuracy substantially  reduced  computational  cost,  thereby (Riccardi et al., 2018; Kulkarni et al., 2022).  broadening  the  accessibility  of  quantum-accurate predictions.  Such  hybrid  methodologies,  which biochemical contexts, where exquisitely subtle energetic strategically combine the physical rigor of DFT with the differences  and  intricately  coupled  electronic  structures pattern  recognition  capabilities  of  machine  learning, govern biological function (Vennelakanti et al., 2022; Cui, represent a rapidly growing frontier in computational drug 2016). discovery (Schütt et al., 2018).  6.2 Challenges in Modeling Biomolecular Systems 6. Limitations, Challenges, and Future Perspectives   The extension of DFT to biological systems introduces a 6.1  Fundamental  Limitations  of  Density  Functional further  layer  of  practical  and  conceptual  challenges, Theory  stemming largely from the sheer size and complexity of Despite  its  widespread  adoption  and  practical  success, biomolecular  environments.  Chief  among  these  is  the Density  Functional  Theory  (DFT)  remains  intrinsically issue  of  system  size  and  computational  cost:  a  full approximate,  its  accuracy  fundamentally  constrained by quantum mechanical treatment of entire proteins remains the  form  of  the  exchange–correlation  functional.  A prohibitively     expensive,    necessitating     pragmatic number of well-documented limitations emerge from this approximations  such  as  quantum  mechanics/molecular inherent  approximation,  each  bearing  significant mechanics (QM/MM) partitioning. Equally demanding is implications for the study of biochemical systems. Chief the accurate modeling of environmental effects, including among  these  is  the  self-interaction  error  (SIE),  wherein solvent, protein dynamics, and long-range electrostatics, commonly  employed  functionals  inadequately  account where  static  DFT  calculations  frequently  fail  to  capture for     spurious     electron     self-repulsion,     thereby essential  conformational  flexibility  and  entropic compromising  the  description  of  charge  transfer contributions. Moreover, many biochemical processes are processes,  radical  species,  and  transition  metal  centers. governed  by  rare  events  and  sample  multiple Compounding  this  issue  is  the  insufficient  treatment  of conformational  states, requiring extensive sampling that strong  correlation:  systems  possessing  multireference lies well beyond the scope of standard DFT simulations. character  (including  transition  metal  complexes  and Finally, the use of QM/MM hybrid methods introduces its catalytic intermediates) are routinely poorly described by own  boundary  issues  (including  partitioning  errors, standard DFT formulations. Furthermore, the absence of treatment of covalent frontiers, and polarization artifacts a universally applicable functional introduces a pernicious at the QM/MM interface) which can propagate additional functional  dependence,  such  that  no  single  exchange– uncertainties  into  computed properties  (Clemente  et  al., correlation  approximation  yields  consistently  reliable 2023;  Cui  et  al.,  2021).  Collectively,  these  challenges outcomes across diverse chemical environments, thereby underscore  the  necessity  of  multiscale  and  hybrid injecting  uncertainty  into  mechanistic  predictions. approaches for achieving realistic, quantitatively reliable Extending  these  concerns  to  excited-state  phenomena, modeling  of  biomolecular  systems.  The  principal time-dependent DFT (TD-DFT), though widely utilized, limitations  of  DFT-based  biochemical  modeling  and frequently  falters  in  the  description  of  charge-transfer corresponding  mitigation  strategies  are  summarized  in excitations  and  strongly  correlated  excited  states. These Table 2. limitations  prove  particularly  pronounced  within Table 2. Key Challenges in DFT-Based Biochemical Modeling and Current Solutions

Challenge               Origin                    Impact                   Current Solutions Self-interaction error       Approximate          XC    Incorrect           charge    Hybrid  and  range-separated functionals                  localization                  functionals Spin-state inaccuracies     Functional dependence      Incorrect          reaction    Multi-functional mechanisms               benchmarking

Dispersion interactions     Missing       long-range Weak binding predictions  DFT-D      and      nonlocal correlation                                                 functionals System size limitations    Computational scaling      Restricted system scope     QM/MM  and  linear-scaling DFT

Sampling limitations       Static calculations           Incomplete                  MD + QM/MM integration thermodynamics

Boundary      artifacts Region partitioning         Energy discontinuities       Adaptive QM/MM schemes (QM/MM)

6.3 Advances in QM/MM and Multiscale Modeling  approaches  can  approximate  potential  energy  surfaces Hybrid  quantum  mechanics/molecular  mechanics with  near-DFT  accuracy  at  substantially  reduced (QM/MM) methodologies have substantially extended the computational cost, accelerate QM/MM simulations, and applicability of DFT to large biological systems, yet they improve  the prediction  of non-covalent  interactions  and concomitantly introduce a distinct set of methodological binding  affinities.  Increasingly,  ML-based  interatomic challenges. These  include  the  judicious  selection  of  the potentials and hybrid ML/QM methods are being applied QM  region,  the  accurate  treatment  of  long-range to biomolecular systems, thereby enabling simulations of electrostatics,  and  the  maintenance  of  consistency larger systems over longer timescales. Nevertheless, these between  the  QM  and  MM  descriptions.  In  response, approaches  introduce  new  challenges  of  their  own, recent  developments  have  sought  to  enhance  the including  a  strong  dependence  on  the  quality  and robustness and accuracy of QM/MM simulations through representativeness of training data, limited transferability the  integration  of  polarizable  force  fields,  adaptive across  diverse  regions  of  chemical  space,  and  a  lack of QM/MM partitioning schemes, and free energy methods interpretability  when  compared  to  traditional  quantum tailored  for  enzymatic  reactions.  Collectively,  these mechanical methods. Consequently, ML is best viewed as advances have markedly improved the predictive power a  complementary  tool  to  DFT  rather  than  a  wholesale of computational enzymology, even as concerns regarding replacement, with each approach offsetting the limitations methodological  standardization  and  reproducibility of the other in the pursuit of more accurate and efficient persist as ongoing considerations (Magalhães et al., 2020; biomolecular  modeling.  The  emerging  integration  of Cui et al., 2021).  Density  Functional  Theory  with  machine  learning 6.4  Emergence  of  Machine  Learning  in  Quantum methodologies, including data generation, model training, Biochemistry                                         and iterative refinement, is outlined in Figure 3. Machine learning (ML) has emerged as a transformative tool in computational chemistry, offering the potential to 6.5 Future Perspectives address  several  key  limitations  inherent  to  DFT.  ML

The  future  of  DFT  in  biochemistry  lies  not  in  isolated (Niazi,  2025).  Emerging  computational  strategies  that methodological advances but in the deliberate integration extend  beyond  conventional  DFT  frameworks  are of  quantum  mechanical  rigor  with  multiscale  and  data-   summarized in Table 3. driven  approaches.  Several  promising  directions  can  be [image: ]

identified  along  this  trajectory.  First,  the  continued

refinement     of     exchange–correlation     functionals particularly  through  double-hybrid  and  range-separated formulations aims to systematically reduce residual errors

that  plague  conventional  approximations.  Second,  the

integration of DFT with machine learning is expected to

yield  hybrid  ML/DFT  frameworks  capable  of  enabling

large-scale simulations with markedly improved accuracy

and computational efficiency. Third, enhanced QM/MM

methodologies, especially through polarizable embedding

and  adaptive  partitioning  schemes,  will  substantially

improve  the  treatment  of  environmental  effects  such  as

solvation,  electrostatics,  and  protein  flexibility.  Fourth,

the  increasing  availability  of  high-performance

computing  resources  and  automated  workflows  will

facilitate  the  routine  application  of  DFT  to  complex

biological systems that were previously beyond practical

reach. Finally, closer integration with  experimental data

drawn  from  spectroscopy,  crystallography,  and  other

biophysical techniques will provide critical validation and

calibration,  thereby  enhancing  the  reliability  of

computational predictions. Collectively, these converging

developments  are  poised  to  transform  DFT  from  a

primarily  interpretative  tool  into  a  genuinely  predictive

framework for biochemical research and drug discovery

Table 3. Emerging Computational Strategies Beyond Conventional DFT

Methodology       Core Principle         Advantages           Limitations          Applications QM/MM         Multiscale            Balances    accuracy Boundary           Enzyme catalysis partitioning               and efficiency           sensitivity

ML Potentials        Data-driven       PES    High speed, scalable     Training        data    Large  biomolecular approximation                                 dependence           simulations Double-hybrid       Perturbative             High accuracy          High                 Benchmark studies DFT             correlation inclusion                           computational cost Fragment-based      Divide-and-conquer     Scalable  to  large Approximation       Proteins         and methods            approach               systems                errors                complexes Polarizable  force Explicit polarization      Improved               Parameter             Protein fields                                               electrostatics              complexity             environments ML/MM hybrid     ML    +    classical Efficient  large-scale Emerging            Drug discovery embedding             modeling              methodology

Conclusion  Clemente, C. M., Capece, L., & Martí, M. A. (2023).

Density Functional Theory has become an indispensable Best  Practices  on  QM/MM  simulations  of  Biological framework for elucidating biochemical mechanisms at the Systems. Journal of Chemical Information and Modeling, electronic    level,     offering    a     balance    between 63(9),                                          2609–2627. computational  efficiency  and  accuracy.  Its  integration https://doi.org/10.1021/acs.jcim.2c01522 with QM/MM approaches has enabled realistic modeling Cui,  Q.  (2016).  Perspective:  Quantum  mechanical

of  complex  enzymatic  systems,  while  advances  in

methods in biochemistry and biophysics. The Journal of

functionals  and  dispersion  corrections  have  improved

Chemical        Physics,        145(14),        140901.

predictive  reliability.  Nonetheless,  challenges  such  as

https://doi.org/10.1063/1.4964410

functional  dependence,  spin-state  accuracy,  and  system

size limitations persist. Emerging hybrid methodologies, Cui, Q., Pal, T., & Xie, L. (2021). Biomolecular QM/MM particularly  those  incorporating  machine  learning,  are simulations: What are some of the “Burning issues”? The poised  to  address  these  limitations.  Continued Journal  of  Physical  Chemistry  B, 125(3),  689–702. methodological  innovation  and  integration  with https://doi.org/10.1021/acs.jpcb.0c09898 experimental  data  will  further  establish  DFT  as  a Hirao,  H.,  Thellamurege,  N.,  &  Zhang,  X.  (2014).

predictive and transformative tool in modern biochemical

Applications  of  density  functional  theory  to  iron-

research.

containing  molecules  of  bioinorganic  interest. Frontiers in                 Chemistry,               2,                14.
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