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ABSTRACT: Fluorinated organic compounds are persistent environ- e

mental contaminants due to the exceptional strength of the carbon—  cccra GC -
fluorine bond, rendering biological defluorination both rare and '.\::' i\
mechanistically challenging. Fluoroacetate dehalogenase from Rhodop- Sequence Analysis AlphaFold protein generation \
seudomonas palustris (strain ATCC BAA-98/CGA009; RPA1163) is

one of the few experimentally characterized enzymes capable of C—F Screening & Modeling
bond cleavage and provides a model system for understanding Fluorcacetate Dehalogenases
enzymatic defluorination. Here, we establish a mechanistically

informed, multiscale computational framework to identify and O Helecsor s
characterize fluoroacetate dehalogenase-like enzymes across diverse <~ ~ < %’Aﬁ%‘y}gm 7

bacterial lineages. Starting from sequence-based screening, 184 > S

candidate proteins spanning nine bacterial classes were identified, Mo ) QM/MM Calculations

from which 12 representative systems were selected for detailed

analysis. High-confidence structural models generated with AlphaFold2 were subjected to microsecond-scale molecular dynamics
simulations to assess conformational stability and active-site organization. To probe catalytic determinants at the electronic-structure
level, QM/MM calculations combined with local vibrational mode analysis were employed to quantify hydrogen-bonding
interactions within the binding pocket and relate them to catalytic competence. Across all systems, we observe a conserved network
of active-site interactions that stabilizes substrate binding and is consistent with experimentally characterized defluorinases. Notably,
specific homologues exhibit hydrogen-bonding patterns and active-site geometries closely matching the reference enzyme, suggesting
a previously unrecognized distribution of defluorinase activity across multiple bacterial classes. These results identify key interaction
motifs that differentiate likely active enzymes from inactive homologues and provide a mechanistic basis for C—F bond activation in
this enzyme family. Overall, this work demonstrates how integrated multiscale simulations can be used to connect sequence diversity
to catalytic function in challenging enzymatic reactions. The identified candidates and mechanistic descriptors provide a foundation
for the discovery, engineering, and experimental characterization of defluorinase enzymes, opening opportunities for the
bioremediation of fluorinated pollutants, including PFAS compounds.

B INTRODUCTION chemical stability, persistence in natural ecosystems, and
Organofluorine compounds are predominantly synthetic, as strong resistance to degra7dation, with an estimated half-life
naturally occurring C—F-containing molecules are rare." The of over 47 years in water.” Owing to these properties, PFAS
carbon—fluorine bond is the strongest carbon—halogen bond, have been extensively employed in a wide range of industrial
with bond dissociation energies reaching approximately 485 kJ and consumer applications, such as textiles, thermal insulation,
mol™!, contributing to the exceptional chemical stability of nonstick cookware, adhesives, and food-contact packaging.*’
fluorinated compounds.” This exceptional stability arises from Consequently, per- and polyfluoroalkyl substances (PFAS) and
fluorine’s extremely high electronegativity, which induces their precursors (e.g, fluorotelomer alcohols, carboxylic acids,
strong bond polarization and significant ionic character. In and sulfonates) have become pervasive environmental
addition, the low polarizability of fluorine and the limited contaminants. Mounting evidence of their adverse health

accessibility of its valence electrons further reduce the
reactivity of the C—F bond, rendering it highly resistant to
chemical transformation.” Fluorinated organic compounds
exhibit distinctive physicochemical properties, including high
chemical inertness and pronounced amphiphobicity, charac-
terized by both hydrophobic and lipophobic behavior.”® Per-
and polyfluoroalkyl substances (PFAS) represent an important
subclass of these materials and have emerged as significant =
environmental contaminants due to their extraordinary

impacts has led to increasingly stringent regulatory con-
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trols.'"”'" In response, biodegradation-based remediation

strategies have gained significant attention.'> However, the
exceptional stability of the C—F bond and the highly
fluorinated molecular environment severely limit enzymatic
accessibility, rendering natural defluorinating enzymes exceed-
ingly rare. The scarcity of naturally occurring organofluorine
compounds further contributes to this limitation. Representa-
tive examples include monofluoroacetic acid, @-fluorooleic
acid, fluorothreonine, and S-fluorouracil."* The biosynthesis of
many such compounds is mediated by fluorinase enzymes,
which catalyze the formation of C—F bonds.'* In contrast, the
cleavage of these exceptionally strong bonds is carried out by
defluorinase enzymes. However, current understanding of the
diversity, catalytic mechanisms, and substrate scope of
defluorinases remains highly limited."” Defluorinases are
generally classified within the broader family of dehalogenases,
which catalyze the cleavage of carbon—halogen (C—X) bonds.
While a wide range of organohalogen compounds, particularly
chlorinated substrates, are readily degraded by diverse
dehalogenases, enzymatic defluorination remains compara-
tively rare.'® Although enzymatic defluorination remains
comparatively rare, several biological and bioinspired systems
have been reported to promote C—F bond cleavage under
specific catalytic conditions. Examples include cytochrome
P450-mediated oxidative defluorination and bioactivation of
sunitinib, P450-catalyzed aromatic defluorination, heme
dehaloperoxidase/peroxidase-mediated defluorination of fluo-
rophenols, and engineered metalloenzyme or P450 systems
capable of C—F bond activation.'""** Defluorination is
proposed to occur via two principal mechanisms: (i) direct
cleavage of the highly stable C—F bond, and (ii) indirect
removal of fluorine following metabolic activation of the
substrate. Among naturally occurring defluorinating enzymes,
fluoroacetate dehalogenase (EC 3.8.1.3) represents a well-
characterized system for direct hydrolytic cleavage of the
aliphatic C—F bond.”® This enzyme has been identified in a
limited number of bacterial species, including Burkholderia,
Pseudomonas, and Moraxella, where it catalyzes the hydrolytic
defluorination of fluoroacetate.*®

Fluoroacetate + H,O = glycolate + fluoride (1)

Two well-resolved and widely studied crystal structures of
fluoroacetate dehalogenase are available in the Protein Data
Bank (PDB), corresponding to Rhodopseudomonas palustris'®
and Burkholderia sp. strain FAL.”” Consequently, our current
understanding of the mechanism of fluoroacetate dehaloge-
nase, including substrate binding, stabilization, and catalysis,
primarily originates from the two structurally resolved enzymes
from Rhodopseudomonas palustris'® and Burkholderia sp. strain
FAL.”® These structures offer essential insights into catalytic
residues, enzyme kinetics, and the associated reaction
mechanisms. Rhodopseudomonas palustris (strain ATCC BAA-
98/CGA009), belonging to class Alphaproteobacteria with the
UniProt accession number QSNAMI1 (RPA1163) is uniquely
valuable due to its extraordinary metabolic flexibility,”” genetic
tractability,30 and well-established mechanistic foundation,*"**
making it an ideal reference model for studying and
benchmarking other bacterial species with potential for
enzymatic C—F bond cleavage. Bacterial species known to
possess fluoroacetate dehalogenase enzymes are primarily
distributed across four classes, including Alphaproteobacte-
ria,'® Betaproteobacteria,”> Gammaproteobacteria®’ and Syn-
ergistia.’* Considering that other classes may possess
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fluoroacetate dehalogenase enzymes, computational ap-
proaches offer a rational and resource-efficient first step,
enabling targeted experimental investigations rather than
broad, costly screening.

However, several significant challenges currently limit large-
scale computational studies for screening proteins with similar
activity. First, the number of experimentally resolved protein
structures available as reliable starting points remains limited.*
Second, Al-generated protein structures require validation
through extensive molecular dynamics simulations,*® which are
computationally demanding. Third, high-level quantum
mechanical methods such as Hartree—Fock (HF) and density
functional theory (DFT) are restricted to relatively small
systems®’ and are not directly applicable to protein-scale
systems comprising hundreds to thousands of atoms.”® Fourth,
semiempirical and hybrid Quantum Mechanics/Molecular
Mechanics (QM/MM) approaches, while more scalable,
remain computationally expensive and require careful system
preparation,39 making them less suitable for high-throughput
screening. Finally, conventional geometric descriptors such as
bond lengths are not sufficiently accurate as quantitative
measures of protein—ligand hydrogen bond strengths.*’

Large-scale computational analysis of enzymes with
conserved activity across diverse species was beyond reach
until recently. This limitation stemmed primarily from the lack
of reliable methods to predict accurate three-dimensional
protein structures directly from amino acid sequences. Recent
advances in Al-based protein structure prediction tools, such as
AlphaFold2 and Rosetta,”' have fundamentally transformed
this landscape, making large-scale comparative enzymatic
studies possible. Although these methods have demonstrated
remarkable success and are often reported to approach
experimental accuracy, they still suffer from several inherent
limitations. These include inaccuracies in modeling flexible
loops, active-site conformational variability, cofactor and ligand
binding states, metal coordination environments, and proto-
nation states.*®** Consequently, predicted structures often
require further validation and refinement before being used in
advanced computational studies.”” Therefore, a robust and
systematic computational protocol is essential for accurately
studying enzymes with conserved activity across a large
number of species. Here, we introduce an integrated
computational framework that combines Basic Local Align-
ment Search Tool (BLAST)-based*" sequence analysis to
identify homologous enzymes, protein structure prediction
using AlphaFold2 (AF2), and microsecond-scale molecular
dynamics (MD) simulations to validate and refine structural
stability. This is followed by hybrid QM/MM calculations to
achieve high-accuracy descriptions of protein—ligand (PL)
interactions, and local vibrational mode analysis (LMA) to
quantify intrinsic protein—ligand bond strengths. Together,
this protocol enables reliable identification, classification, and
comparison of enzymatic potential across species.

The major objectives of the present study were: (i) to
explore other species with potential defluorination activity
using Q6NAM1 (RPA1163) as a reference; (ii) to investigate
the protein—ligand interactions of the defluorinase enzymes
produced by those organisms using quantum chemical and
vibrational analyses; (iii) to compare the protein—ligand
interaction strengths of these selected species with those of
RPA1163; (iv) and to demonstrate a novel computational
protocol that enables reliable identification, classification, and
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Table 1. Reference Protein and Selected Proteins from BLAST Analysis with Taxonomic Classification and Sequence
Similarity Values Given by the BLAST Analysis to QGNAM1 (RPA1163)“

Index UniProt Accession Species Name

1 Q6NAM1 Rhodopseudomonas palustris (strain ATCC BAA-
(Reference) 98/CGA009)

2 A0A4USJW23 Luteimonas gilva
(P1)

3 AOA4Z0BVYS8 Ramlibacter rhizophilus
(P2)

4 AOAS8J7A8L8 (P3)  Vasconcelosia minhoensis
S AOA9X3N3I3 (P4) Solirubrobacter ginsenosidimutans
6 A0A172ZIM2 (PS)  Paenibacillus bovis
7 A0A387B711 (P6)  Protactiibacter intestinalis
8 A0A447CYM1 Rhodoplanes serenus
(P7)

9 Q2IYYS (P8) Rhodopseudomonas palustris (strain HaA2)
10  AOA1B9ZSE1 (P9) Bradyrhizobium sp. LMTR 3

11  AOA2W2AYK9 Aestuariivirga litoralis

(P10)

12 AO0A7 V8CW33 Chloroflexia bacterium SDU3—3
(P11)

13 A0A927B728 Spirosoma validum
(P12)

Similarity
Kingdom Phylum Class (%)

Pseudomonadati ~ Pseudomonadata  Alphaproteobacteria Reference
Pseudomonadati ~ Pseudomonadata ~ Gammaproteobacteria ~ 50.3
Pseudomonadati ~ Pseudomonadata  Betaproteobacteria 65.4
Bacillati Cyanobacteriota Cyanophyceae S1.0
Bacillati Actinomycetota Thermoleophilia 50.5
Bacillati Bacillota Bacilli 50.9
Bacillati Actinomycetota Actinomycetes 52.0
Pseudomonadati ~ Pseudomonadata  Alphaproteobacteria 59.1
Pseudomonadati ~ Pseudomonadata  Alphaproteobacteria 82.7
Bacteria Pseudomonadata ~ Alphaproteobacteria 71.3
Pseudomonadati ~ Pseudomonadata  Alphaproteobacteria 50.3
Bacillati Chloroflexota Chloroflexia 50.9
Pseudomonadati  Bacteroidota Bacteroidota S1.8

“P1—P12 with the reference are involved in QM/MM and LMA calculations.

comparison of enzymes with conserved activity across a large
number of species.

B METHODOLOGY

Selection of Representative Proteins

BLAST (Basic Local Alignment Search Tool) analysis** was
performed using the UniProtKB database® to identify homologous
protein sequences. The query protein was reported to exhibit
defluorination potential and was associated with UniProt ID
Q6NAMI1 (RPA1163).'° It was submitted to the UniProt BLAST
server, and searches were conducted against the full UniProtKB data
set with default parameters. Proteins exhibiting more than 50%
sequence similarity to the query sequence were selected for further
analysis. Phylogenetic information for the resulting 184 proteins was
retrieved from UniProt. From the 184 identified proteins spanning
nine bacterial classes, four representative sequences were selected
from the class Alphaproteobacteria due to the high prevalence of this
protein family within this class. From each of the remaining classes, a
single representative protein was selected based on sequence
similarity. The selected proteins include AOA4USJW23 (Gammapro-
teobacteria as P1), AOA4ZOBVY8 (Betaproteobacteria as P2),
AOAB8J7A8L8 (Cyanophyceae as P3), AOA9X3N3I3 (Thermoleo-
philia as P4), A0OA172ZIM2 (Bacilli as PS), AOA387B7I1 (Actino-
mycetes as P6), AOA447CYMI (Alphaproteobacteria as P7), Q2IYY8
(Alphaproteobacteria as P8), AOA1B9ZSE1 (Alphaproteobacteria as
P9), AOA2W2AYK9 (Alphaproteobacteria as P10), AOA7VS8CW33
(Chloroflexota as P11) and A0A927B728 (Bacteroidota as P12)
(Table 1).

Sequence Alignment and Structural Comparison

The amino acid sequences of the 12 selected proteins were aligned
with the sequence of RPA1163 using MEGA 12 with the BLOSUMG62
substitution matrix.*® The resulting multiple sequence alignment was
analyzed to assess residue conservation across the nine bacterial
classes using the Alignment Viewer tool."” Three-dimensional
structures for the majority of the selected groteins were obtained
directly from the AlphaFold database.***’ For proteins whose
structures were not available in the AlphaFold data set
(AOA8J7A8LS, AOA9X3N3I3, and A0OA927B728), structural models
were generated using AlphaFold2 and subsequently evaluated for
accuracy based on predicted local distance difference test (pLDDT)
scores™ (SI Figure S1).

The experimentally determined crystal structure of RPA1163 was
retrieved from the UniProtKB database and analyzed using ChimeraX
version 1.9.°" The ligand-binding pocket was identified based on
previously reported data by Chan et al."® Structural analyses of all 12
selected protein models were performed using ChimeraX, and each
structure was quantitatively compared to RPA1163 using the
MatchMaker tool®” to evaluate structural similarity.

Molecular Docking

Molecular docking was performed using the Smina software,>® which
employs an empirical and knowledge-based scoring function trained
on the CSAR—-NRC HiQ 2010 data set.*®> Protein and ligand
structures were prepared using the Open Babel package®* to convert
Protein Data Bank (PDB) files into the PDBQT format, incorporating
partial atomic charges (Q) and AutoDock 4 (AD4) atom types (T).
The binding pocket coordinates for the target proteins were defined
based on previously reported structural data by Chan et al.'® and
Kamachi et al.*® The ligand-binding pose with the most favorable
docking score was selected.

Molecular Dynamic Simulation

All MD simulations were performed using the OpenMM simulation
engine® to evaluate the structural stability and dynamic behavior of
the protein—ligand complexes. Protein parameters were described
using the AMBER ff14SB*° force field, while ligand parameters were
generated using the General AMBER Force Field (GAFF)* with
partial atomic charges assigned using the AM1-BCC*® method. The
protein—ligand complexes were solvated in an explicit TIP3P water
model*” within a cubic periodic box, ensuring a minimum distance of
10 A between any solute atom and the box boundary. Appropriate
counterions (Na*/CI”) were added to neutralize the system and
achieve a physiological ionic strength of 0.15 M.**°!

Prior to production simulations, the system was subjected to a
multistep equilibration protocol. Initial energy minimization was
carried out using the L-BFGS algorithm(’2 to remove steric clashes and
unfavorable contacts. The system was then gradually heated from 0 to
300 K for 200 ps under constant volume (NVT) conditions using a
Langevin thermostat.> This was followed by pressure equilibration
for 200 ps under isothermal—isobaric (NPT) conditions at 1 atm
using a Monte Carlo barostat,"* while maintaining a temperature of
300 K. Following equilibration, a 1.2 us production MD simulation
was performed in the NPT ensemble. A time step of 2 fs was
employed, with all covalent bonds involving hydrogen atoms
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constrained using the SHAKE algorithm.®® Long-range electrostatic
interactions were treated using the particle mesh Ewald (PME)®
method with a real-space cutoff of 10 A, while the same cutoff was
applied for van der Waals interactions with a smooth switching
function. Periodic boundary conditions were applied in all three
dimensions throughout the simulation. All the calculations were
performed in triplicate.””*® Trajectory coordinates were saved at
regular intervals for subsequent analysis. Structural stability and
convergence were assessed using root-mean-square deviation
(RMSD), root-mean-square fluctuation (RMSF), and radius of
gyration analyses.

QM/MM Analysis

Hybrid QM/MM calculations were carried out using the ONIOM
method® as implemented in Gaussian 16’° to obtain an accurate
description of protein—ligand interactions and the defluorination
active site environment. The system was partitioned into QM and
MM layers based on chemical relevance and proximity to the reaction
center. The QM region consisted of the ligand, key binding pocket
residues Arglll, Argll4, His1SS, Trp156, Tyr219, and two water
molecules. This region was treated at the density functional theory
(DFT) level using the wB97X-D/6—31G(d,p)/AMBER level of
theory”"”? providing a balanced description of electronic structure
and computational efficiency. Hydrogen link atoms were employed to
cap covalent bonds crossing the QM/MM boundary, following
standard ONIOM protocols.

The MM region included the remainder of the protein and
surrounding environment and was described using the AMBER
ff14SB force field. Ligand parameters in the MM layer were assigned
using GAFF, with partial atomic charges derived using the AM1-BCC
scheme. Initial QM/MM structures were extracted from the final
snapshot of the 1.2 us molecular dynamics trajectories. Before
simulation, all water molecules were deleted, with the exception of
two water molecules maintained in the binding pocket to preserve key
interactions. After a 2000-step energy minimization, geometry
optimizations were performed using the ONIOM scheme while
restraining atoms distant from the active site to preserve the overall
protein fold. Optimizations were conducted until convergence criteria
for energy and forces were satisfied. Subsequently, vibrational
frequency calculations were performed on the optimized structures
using the same model chemistry. The resulting protein—ligand
complexes were confirmed as local minima on the potential energy
surface, as verified by frequency calculations.”” All QM/MM
calculations were performed using the mechanical embedding scheme,
as implemented in Gaussian 16. The ONIOM energy expression was
used consistently to compare protein—ligand interaction strengths
across species. The resulting QM/MM descriptors were used to
classify and rank defluorination potential relative to the reference
system.

Local Vibrational Mode Analysis (LMA)

An important tool we used in this work was the LMA. The underlyin§
theory is described in two comprehensive review articles.*®”
Therefore, in the following, only the essentials are summarized.
Information on the electronic structure of a molecule, in particular the
strength of its bonds, is encoded in the normal vibrational modes.”
However, these modes are generally delocalized, as pointed out by
Wilson,”® due to a coupling of the atomic movements during the
vibration, which hinders the direct access to this valuable information.
LMA, originally introduced by Konkoli-Cremer*®”*”””® provides a
unique solution to this problem by extracting local vibrational modes
and related local properties from the fundamental normal vibrational
modes. The local vibrational modes reflect the local movements of an
atomic fragment being described by an internal coordinate such as
bond length, bond angle and dihedral ;1nglez,40’74 or special
coordinates such as Cremer-Pople ring puckering coordinates.””
Over the past two decades, we have successfully applied local mode
force constants to characterize the strength of covalent bonds and
noncovalent interactions across the periodic table, analyzing
molecular systems in gas phase, solution and protein environment,
as documented in refs 40 and 74. Some more recent applications

7352

include the assessment of protein—ligand hydrogen bond stren$th
patterns,®® weak and strong 7 interactions in sandwich complexes,*"**
a revised pK, rule in light of local mode force constants for the
characterization of cocrystals,*>** local vibrational mode force
constants as features in drug design,ss’86 the characterization of
metal—ligand and hydrogen bonding in hemoglobins,*”** cytochrome
b5,% and bacterioferritins,”® as well as the elucidation of
actinide®>”' ™" and lanthanide bonding.”>~" A local vibrational
mode a, is defined as

K'd
S 4,K'd )

a,

where the two ingredients needed, the diagonal normal mode force
constant matrix K in normal mode coordinates and the normal mode
vectors d, in internal coordinates, can be obtained from the output of
vibrational frequency calculation via the Wilson GF formalism,”>”%"'%°
a standard procedure in modern quantum chemistry packages.'""
That means, LMA can be applied with minimal computational costs
after a routine quantum-chemical calculation of vibrational
frequencies, optionally adding measured frequencies as input (a
feature opening LMA to the experimental vibrational spectroscopists)
to both single molecules in gas phase, solution, or in a protein, but
also to periodic systems and crystals.*>”* For each local mode a,, one
can derive associated local force constants k, describing the local
vibration of the atomic fragment under consideration,

1

k' =alKa, = —
d,K'd, (3)

n
In this work, we focused on local mode stretching force constants
k/(AB) reflecting the intrinsic strength of the bond/interaction

between two atoms A and B,'” with a special emphasis on hydrogen
bonding, 2103105

B RESULTS AND DISCUSSION

Selection of Representative Proteins

The selected reference protein is a fluoroacetate dehalogenase
found in Rhodopseudomonas palustris (strain ATCC BAA-98/
CGAO009). BLAST analysis identified proteins from 186
bacterial species, of which two were taxonomically undefined.
The remaining 184 species were distributed across nine
bacterial classes. The majority of the sequences (163 species)
belonged to the Alphaproteobacteria class. The remaining
sequences belonged to Betaproteobacteria (4 species),
Gammaproteobacteria (4 species), Cytophagia (1 species),
Actinomycetia (7 species), Thermoleophilia (1 species),
Cyanophyceae (2 species), Bacilli (1 species), and Chloroflexia
(1 species). Notably, all 163 Alphaproteobacterial species
belonged to the order Hyphomicrobiales. This strong
taxonomic clustering suggests that the protein of interest
may have originated within the Alphaproteobacteria—Hypho-
microbiales lineage and was subsequently disseminated to
other bacterial classes through horizontal gene transfer or
related evolutionary mechanisms. Figure 1 shows the
phylogeny of the 186 bacterial species to which the selected
proteins belonged. The proteins selected for further analysis
are listed in Table 1, along with details of their corresponding
bacterial species, taxonomic classes, and sequence similarity to
the RPA1163 protein.

Sequence Alignment Analysis

The alignment of the amino acid sequences shows
conservation of residues across classes, especially at key
binding sites (Table 2).'° Alignment of the proteins P7, P8,
P9 and P10 belonging to bacterial species within class
Alphaproteobacteria showed 100% conservation in 111

https://doi.org/10.1021/acs.jpcb.6c02887
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Bacteria (186 results)
@ Pseudomonadati (172 results)

Alphaproteobacteria (163 results)

Betaproteobacteria (4 results)

Gammaproteobacteria (4 results)

00%) Cytophagia (1 results)

Actinomycetes (7 results)

Thermoleophilia (1 results)

Cynophyceae (2 results)

00% Bacili (1 results)
00%) Chloroflexia (1 results)

Figure 1. Phylogenetic relationships of bacterial classes and the
distribution of bacterial species with proteins from BLAST analysis;
which share more than 50% sequence similarity with the protein
Q6NAMI (Reference), among the bacterial classes. The number of
species belonging to each class is also shown.

residues out of 310. This suggests the high possibility of the
prevalence of defluorinase activity within class Alphaproteo-
bacteria. Proteins P1, P2, P7, P8, P9 and P10 of bacterial
species belonging to the phylum Pseudomonadati showed
100% conservation in 92 residues out of 310. Sequences of all
12 selected proteins showed 100% conservation in 54 residues
out of 310. This is a considerably high amount, suggesting the
possibility of defluorinase activity in all selected proteins. The
sequence alignment of the 12 selected proteins with the
reference protein is presented in Figure S2 of the Supporting
Information.

Binding Pocket Characterization

The apo structure of wild-type RPA1163 (Reference) adopts a
homodimeric architecture with an a/f hydrolase fold,
comprising a central a/f/a core domain capped by an a-
helical subdomain. The conserved catalytic triad, Asp110
(nucleophile), His280 (general base), and Aspl34 (carbox-
ylate), defines the active site, which is located at the domain
interface and is accessible through an approximately 11 A long

channel with an active site composition Phe40, Arglll,
Argl14, His1S5, Trp156, Trp18S, and Tyr219. Moreover, the
spatial arrangement of these residues is highly conserved, with
a least-squares fit yielding an RMSD of only 0.19 A. This
observation suggests that defluorination requires a highly
precise organization of active site residues and bonding
geometries. "'’ Since phenylalanine does not participate in
hydrogen bonding and the side-chain nitrogen of Trpl8S is
oriented away from the binding site, Phe40 and Trp185 were
excluded from the binding pocket. This selection is consistent
with previous reports in the literature.”® Table 2 summarizes
the composition of the binding pocket and active site residues
across the 12 proteins and the reference structure. The results
indicate that all proteins exhibit conserved binding pocket and
active site compositions, with the exception of P1 and P12,
where His155 is substituted by proline.

Substrate binding is represented by the Michaelis complex,
in which intact fluoroacetate (FAc) is accommodated within
the active site of RPA1163. The reaction mechanism of
RPA1163 with FAc has been experimentally elucidated and is
well described by Chan et al.'® Additionally, the reaction
mechanism of fluoroacetate dehalogenase has been computa-
tionally investigated by Kamachi et al.”® using QM/MM
analysis. Figure 2 illustrates the RPA1163 binding pocket. The
catalytic process follows an SN2 mechanism, in which the
carboxylate group of Aspl10 acts as a nucleophile, attacking
the a-carbon of the substrate to displace the fluorine atom and
form an ester intermediate. This intermediate is subsequently
hydrolyzed by a water molecule activated by His280. In this
complex, the carboxylate oxygen atoms of FAc are coordinated
by Arglll (2.7 A) and Argll4, and additionally stabilized
through a hydrogen bond with Tyr219 (2.8 A). The fluorine
atom of FAc interacts with His155 (3.0 A), Trp156 (3.3 A),
and Tyr219 (3.2 A), suggesting that these residues contribute
to weakening the C—F bond and stabilizing the departing
fluoride ion during catalysis."®

Protein Structure Analysis and Structural Comparison

Structural similarity between the selected proteins and the
reference RPA1163 enzyme was assessed using RMSD values
obtained from three-dimensional structural alignments (Figure
3). RMSD values < 2 A indicate high structural similarity and
suggest conserved functionality, while values between 2 and 4
A imply moderate similarity that can still retain activity. RMSD
values >4 A are indicative of potential functional divergence.

Table 2. Binding and Active Site Residue Conservation across Selected Species

Binding site

Active site

111 114
Reference (Alphaproteobacteria) Arg Arg
P1 (Gammaproteobacteria) Arg Arg
P2 (Betaproteobacteria) Arg Arg
P3 (Cyanobacteriota) Arg Arg
P4 (Thermoleophilia) Arg Arg
P5 (Bacillales) Arg Arg
P6 (Actinomycetes) Arg Arg
P7 (Alphaproteobacteria) Arg Arg
P8 (Alphaproteobacteria) Arg Arg
P9 (Alphaproteobacteria) Arg Arg
P10 (Alphaproteobacteria) Arg Arg
P11 (Chloroflexia) Arg Arg
P12 (Bacteroidota) Arg Arg

15§
His
Pro
His
His
His
His
His
His
His
His
His
His
Pro
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156 219 110 134 280
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His
Trp Tyr Asp Asp His

https://doi.org/10.1021/acs.jpcb.6c02887
J. Phys. Chem. B 2026, 130, 7349-7363

920z AInc 9z uo 1senb Aq jpd 2882099 'qod [ soe /6.T/.T8G9 /.882029 'qod [ 'soe /Tz0T '0T /10p /Jpd-a |2 11Je ygod [ /610 "soe "sqnd //:d 11y wol} papeo |umog


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6c02887/suppl_file/jp6c02887_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6c02887/suppl_file/jp6c02887_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c02887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c02887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c02887?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.6c02887?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.6c02887?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Figure 2. Amino acid residues at the binding site (black) and active
site (blue) of RPA1163 (Reference protein).

All selected proteins exhibited RMSD values below 2 A,
indicating substantial structural conservation with RPA1163
(reference). Proteins from Alphaproteobacteria (P7, P8, P9
and P10) showed particularly strong similarity (RMSD =
0.75—1.37 A), suggesting a high likelihood of conserved
defluorinase activity within this class. Comparable structural

similarity was also observed for proteins from Betaproteobac-
teria, Gammaproteobacteria, Bacteroidota, Actinomycetes,
Thermoleophilia, Cyanophyceae, Bacilli and Chloroflexia,
with RMSD values ranging from 1.06 to 1.97 A (Table 3).
Overall, these results indicate that the defluorinase structural
fold is well conserved across diverse bacterial classes,
supporting the hypothesis that defluorination activity is
broadly distributed across phylogenetically distinct species.

Protein Dynamics

Long-time scale (1.2 ps) molecular dynamics (MD)
simulations were performed to evaluate the structural stability
and dynamic behavior of the reference RPA1163 enzyme and
the 12 selected homologous proteins. In the literature,
microsecond-scale molecular dynamics simulations are widely
employed to capture slow conformational changes, rare events,
and realistic protein—ligand interactions that are not accessible
on shorter time scales. In the present study, two primary
objectives motivated the use of extended simulations.'**'"”
First, Al-generated protein structures may contain structural
inaccuracies or unresolved artifacts, necessitating long-time
scale simulations to ensure adequate structural relaxation and
validation. Second, these simulations enable a comprehensive
assessment of conformational changes and the dynamic
stability of the system. Analysis of the backbone root-mean-
square deviation (RMSD) revealed that all 12 proteins,
including RPA1163 (Reference), rapidly equilibrated and
remained stable throughout the simulation. Backbone RMSD
values consistently remained below 2 A after the initial
equilibration phase, indicating the absence of large-scale

Figure 3. AlphaFold2 generated protein structure alignment with RPA1163 (Reference).
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Table 3. Summary of RMSD Values of Proteins Aligned with RPA1163

Index UniProt Accession Species Name Class RMSD Value
1 A0A4USTW23 (P1) Luteimonas gilva Gammaproteobacteria 1.968
2 AOA4Z0BVYS (P2) Ramlibacter rhizophilus Betaproteobacteria 1.063
3 AOASJ7A8LS (P3) Vasconcelosia minhoensis Cyanophyceae 1.130
4 AOA9X3N3I3 (P4) Solirubrobacter ginsenosidimutans Thermoleophilia 1.870
S A0A172ZIM2 (PS) Paenibacillus bovis Bacilli 1.436
6 A0A387B711 (P6) Protaetiibacter intestinalis Actinomycetes 1.248
7 A0A447CYML1 (P7) Rhodoplanes serenus Alphaproteobacteria 0.987
8 Q2IYYS (P8) Rhodopseudomonas palustris (strain HaA2) Alphaproteobacteria 0.749
9 AOA1B9ZSEL (P9) Bradyrhizobium sp. LMTR 3 Alphaproteobacteria 1.108
10 AOA2W2AYKY9 (P10) Aestuariivirga litoralis Alphaproteobacteria 1.371
11 AO0A7 V8CW33 (P11) Chloroflexia bacterium SDU3—3 Chloroflexia 1.589
12 A0A927B728 (P12) Spirosoma validum Bacteroidota 1.921
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Figure 4. Root mean square fluctuations (RMSF) of Trp, Asp, Tyr, and Arg residues for the reference protein RPA1163 and the corresponding
P1-P12 protein—ligand complexes, highlighting residue-level flexibility during 1.2 us long molecular dynamics simulations.

conformational rearrangements. Our results indicate that the
12 Al-generated models exhibit only small deviations relative
to the experimental structure. This observation can be
attributed to the overall conservation of the protein fold and
the structural constraints imposed by the backbone architec-
ture. Furthermore, contemporary Al-based protein structure
prediction methods demonstrate high accuracy in reproducing
global structural features, often achieving near-experimental
levels of accuracy in backbone conformations."'”'""

In addition to the RMSD analysis, residue-level flexibility
was evaluated using root-mean-square fluctuation (RMSF)
analysis. As expected, higher fluctuations were observed
primarily in loop regions and terminal residues, while
secondary structural elements such as a-helices and f-sheets
exhibited minimal fluctuations. Importantly, residues involved
in substrate binding and catalysis displayed low RMSF values
across all proteins, indicating a preserved and rigid binding
environment. This behavior is consistent with functional
conservation and suggests that the dynamic properties of the
active site are maintained across species.”z’113 Before
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discussing and comparing residue-wise deviations obtained
from the 1.2 us molecular dynamics simulations, it is important
to note that exact reproduction of experimental values reported
by Chan et al.'® is not expected. Although the experimental
study exhibits minimal deviations (<0.19 A), molecular
dynamics simulations inherently rely on classical force fields
and do not explicitly account for electronic structure effects,
which limits their ability to reproduce experimental precision.
In this study, deviations below 2 A are considered insufficient
to indicate significant structural changes. Accordingly, only
residues exhibiting notable deviations throughout the simu-
lation are discussed. However, high-accuracy QM/MM
calculations combined with LMA were performed to enable
direct comparison with experimental measurements, as
described in the following section.

Figure 4 illustrates the dynamic behavior of Trp, Asp, Tyr,
and Arg residues over the 1.2 us molecular dynamics
simulations for all 12 protein systems. Tryptophan residues
exhibit noticeable, yet restrained, fluctuations below 2 A,
particularly for Trp142 and Trpl56 in the reference system.

https://doi.org/10.1021/acs.jpcb.6c02887
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Figure 5. (A) Backbone root-mean-square deviation (RMSD) for the
complexes. (B) Radius of gyration (Rg) profiles for the reference pr
during 1.2 ps long molecular dynamics simulations.

reference protein RPA1163 and the corresponding P1—P6 protein—ligand
otein RPA1163 and the corresponding P1—P6 protein—ligand complexes

Notably, Trp156 is a key binding-pocket residue, and similar
dynamic behavior is observed in systems P7, P9, and P11.
Tyrl147 displays comparable deviations, with consistent
patterns seen in systems P7, P8, P9, and P11. In contrast,
Argl47 in the reference protein shows a more pronounced
deviation approaching 3 A, a trend also observed in P8, while
analogous fluctuations are detected for Argl18 in P7, Argl87
in P11, and Arg213 in P9. Importantly, the binding-pocket
arginine residues Arglll and Argll4 remain largely stable
across all systems. Aspartate residues show minimal deviation
in the reference system, with moderate fluctuations observed
only for Asp173 in P7 and P8 and Asp134 in P11. Histidine
residues are largely stable, exhibiting only a minor fluctuation
for the binding-pocket residue His1SS. Similar dynamic

analyses for Phe, Ile, Gln, and Ala residues are provided in
Figure S3 of the Supporting Information.

The radius of gyration (Rg) was monitored to assess global
compactness during the simulations. All proteins exhibited
stable Rg values with minimal temporal variation, further
confirming the absence of unfolding events or significant
structural expansion. The similarity of Rg profiles among the
12 proteins and RPA1163 (Reference) indicates that the
proteins retain a compact and well-organized tertiary structure
The backbone RMSD and
radius of gyration (Rg) comparisons for the RPA1163 and P1—
P6 complexes are shown in Figure SA and 5B, respectively,
while the corresponding analyses for the P7—P12 complexes

over the entire 1.2 us simulation.®®
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Figure 6. (A) Fluoroacetate dehalogenase from Rhodopseudomonas palustris (strain ATCC BAA-98/CGA009), RPA1163, shown in complex with
fluoroacetate (FAc). The binding pocket region is highlighted in yellow. (B) Close-up view of the binding pocket illustrating the QM region
selected for QM/MM calculations at the ®B97X-D/6—31G(d,p)/AMBER level of theory, including residues Arg111, Argl14, His1SS, Trp156, and
Tyr219, along with two water molecules and FAc. The QM region is shown in stick representation, while the catalytic triad (Asp110, His280, and
Asp134) is depicted in ball-and-stick representation with blue name tags.

A)

VSPHO

ARG114

Figure 7. (A) Protein—ligand hydrogen bond representation of the reference structure RPA1163 used for QM/MM and local vibrational mode
(LMA) analyses. (B) Corresponding representation for the best-performing protein—ligand complex identified in this study, system P2
(Ramlibacter rhizophilus; class Betaproteobacteria). The values shown in blue indicate the local mode force constant k%, which quantifies hydrogen
bond strength (mDyn/A), while the values shown in black represent the corresponding hydrogen bond lengths (A). The HB numbering (green)
represents the complete hydrogen-bonding network analyzed across P1—P7 protein—ligand systems.

are provided in Figure S4A and S4B of the Supporting
Information.

Collectively, the RMSD, RMSF, and radius of gyration
analyses demonstrate that none of the studied proteins
deviated by more than 2 A from their equilibrated structures.
These results provide strong evidence that the selected
enzymes are dynamically stable and structurally comparable
to RPA1163, reinforcing the hypothesis that they may retain
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similar defluorination functionality. The observed stability
across long time scales also validates the use of these structures
for subsequent high-level QM/MM and vibrational analyses.

QM/MM and LMA Analysis

QM/MM calculations were employed to achieve an accurate
and chemically rigorous description of protein—ligand hydro-
gen bonding interactions within the binding pocket by treating
the ligand, key active-site residues and water molecules at the

https://doi.org/10.1021/acs.jpcb.6c02887
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Figure 8. Hydrogen bond strengths for the reference system (RPA1163) and P1—P7 protein—ligand complexes. HB numbering is visualized in
Figure 7A. Hydrogen bonds with strengths below 0.100 mDyn/A are excluded from the heatmap, except for the reference system.

quantum mechanical (QM) level while representing the
remaining protein using molecular mechanics (MM), as
shown in Figure 6, this hybrid approach captures electronic
effects such as polarization, charge transfer, and hydrogen bond
directionality that are not fully described by classical force
fields."”%"'* On the other hand, the LMA provides a unique,
quantitative measure of intrinsic protein—ligand interaction
strengths beyond conventional bond length-based descriptors.

Pioneering work by Pauling,115 Slater,"'® and Mulliken''”
laid the foundation for our understanding of the chemical
bond, establishing that bond strength is governed by two
primary factors: the degree of overlap between interacting
atomic orbitals (covalent character) and the bond’s polarity,
which is a function of the energy difference between the
involved atomic orbitals (ionic character). Bond dissociation
enthalpy (BDE)''® is a standard metric used to quantify the
strength of a chemical bond. BDE measures the energy
difference between a molecule at its ground-state equilibrium
geometry and its dissociated fragments at their own
equilibrium geometries. While BDE is a common measure, it
is important to note that it is influenced by both the inherent
strength of the bond being broken and the stability of the
resulting fragments. On the other hand, the complex interplay
of electron delocalization in aromatic systems and ring strain in
cyclic structures makes BDE less reliable. An alternative
approach to describing chemical bond strength, dating back to
the 1920s and 1930s, involves the use of stretching force
constants. This method was notably advanced by Badger,'"”
who established relationships between force constants and
bond lengths for diatomic molecules. The strength of a
chemical bond can be reliably determined by the dynamic
measure of the local bond stretching force constant, k?. This
local stretching mode specifically probes the bond’s intrinsic
strength, as the stretching force constant corresponds to an
infinitesimal change in bond length that does not induce any
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relevant change in the bond’s electronic structure. This
approach provides a direct and unambiguous measure of
bond strength, making it particularly useful in various
scenarios."

Although experimental data report six hydrogen bond
interactions, all associated donor—acceptor distances exceed
2.7 A'® Hydrogen bonds with lengths greater than 2.3 A
typically correspond to very weak interactions. Consistent with
our previous studies, these hydroigen bonds generally exhibit k*
values below 0.1 mDyn/A.*"'**"*! For example, as shown in
Figure 7A, in HB3, the bond length of 2.471 A corresponds to
a weak interaction strength of 0.015 mDyn/A. However, we
have reproduced Figure 4B from Chan et al.'** incorporating
both experimental bond distances and the corresponding
values obtained after docking, 1.2 us molecular dynamics
simulations, and QM/MM geometry optimization. The close
agreement among these results is presented in Figure S5 of the
Supporting Information, which confirms only minor deviations
in orientation relative to the experimental structure. The
primary objective of this study is not to reestablish the reaction
mechanism between RPA1163 and FAc, which has been
previously elucidated, but rather to identify and compare
enzymes with similar functionality across different bacterial
species. Our analysis focuses on conserved interaction patterns.
Here, we analyze seven protein—ligand hydrogen bonds
identified in the reference system (Figure 7A) and compare
them across P1—P7 bacterial species. The corresponding
hydrogen bond strengths are mapped for eight systems, as
shown in Figure 8. Hydrogen bonds with strengths below
0.100 mDyn/A are classified as weak interactions; therefore,
such interactions are retained only for the reference system to
clearly define the seven hydrogen bonds.

Eight protein—ligand systems, including the reference,
RPA1163, are consistent with experimental hydrogen bond
distances by Chan et al.'® exhibiting weak hydrogen bonding

https://doi.org/10.1021/acs.jpcb.6c02887
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interactions between the fluorine atom of FAc and residues
Tyr219, Trpl56, and HislSS. In contrast, several systems
display comparatively stronger interactions, as illustrated in the
hydrogen-bond strength heat map (Figure 8), notably in
systems P2, P4, P6, and P7. QM/MM and LMA Results reveal
an additional hydrogen bond between the hydroxyl oxygen
(—OH) of FAc and Aspl10, which constitutes a particularly
strong interaction in the reference system, with a local mode
force constant (k%) of 0.998 mDyn/A and a bond length of
1.641 A. Comparable interaction strengths were observed in
system P2 (k* = 0.978 mDyn/A), with moderately strong
interactions in P6 (0.347 mDyn/A) and P7 (0.205 mDyn/A).
In addition, two recurring hydrogen bonds involving a
conserved water molecule and Arglll were detected across
most systems. The combined QM/MM and LMA results
indicate that system P2 (Ramlibacter rhizophilus, which
belongs to the class Betaproteobacteria) exhibits the strongest
correlation with the reference enzyme, as shown in Figure 7,
followed by P6 (Protaetiibacter intestinalis; class Actino-
mycetota) and P7 (Rhodoplanes serenus; class Alphaproteobac-
teria).

B CONCLUSION

We have developed and successfully applied a multistep
computational workflow for the identification and character-
ization of fluoroacetate dehalogenase-like enzymes across
diverse bacterial species, demonstrating its general applicability
to other protein systems. The results further indicate that
AlphaFold-generated protein structures provide reliable
starting models for large-scale screening and mechanistic
investigations, particularly in capturing conserved structural
features. Combined with BLAST, molecular dynamics
simulations, QM/MM and local vibrational mode analysis
(LMA), this workflow enables robust assessment of protein—
ligand interactions and functional conservation, offering a
scalable framework for enzyme discovery and characterization.
Molecular dynamics analyses reveal well-defined and stable
residue-level behavior for both the reference enzyme and the
12 homologous systems. Together with the conservation of
binding-site residues and the high structural similarity (RMSD
< 2 A), these results suggest that all 12 proteins possess the
potential to function as defluorinase enzymes.

The resulting protein—ligand interaction patterns are
consistent with experimentally reported observations by
Chan et al.'® Among the analyzed systems, P2 (Ramlibacter
rhizophilus; class Betaproteobacteria) exhibits the closest
agreement with the reference enzyme (RPA1163) in terms
of structural, dynamical, and interaction-level features, followed
by P6 (Protaetiibacter intestinalis; class Actinomycetota) and
P7 (Rhodoplanes serenus; class Alphaproteobacteria). Further-
more, these findings suggest the presence of defluorination
capability in five additional bacterial classes, thereby expanding
beyond the four classes previously reported.

Future computational mechanistic studies will be essential to
elucidate the energetics and provide a detailed understanding
of the underlying reaction pathways. In parallel, the identified
organisms with potential defluorination activity can be isolated
and cultured in media containing fluoroacetate and other
fluorinated compounds. Such experimental studies would
enable the evaluation of their defluorination efficiency across
diverse substrates, as well as their tolerance to reaction
products and byproducts. This approach will also facilitate the
identification of key reaction intermediates and validation of

7359

proposed mechanisms. Upon confirming their defluorination
capability, these organisms may be directly applied for the
bioremediation of fluorinated pollutants, including PFAS
compounds, or serve as sources for the extraction and
characterization of defluorinase enzymes.

Overall, this work establishes a robust and transferable
computational protocol for identifying and characterizing
enzymes with defluorination potential. The methodology
presented here can be broadly applied to screen and investigate
additional species for functional similarity to a known reference
protein, thereby supporting future efforts in bioremediation
research.
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