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ABSTRACT: Antimicrobial resistance in bacteria often arises
from their ability to actively identify and expel toxic compounds.
The bacterium strain Pseudomonas putida DOT-T1E utilizes its
TtgABC efflux pump to confer robust resistance against antibiotics,
flavonoids, and organic solvents. This resistance mechanism is
intricately regulated at the transcriptional level by the TtgR
protein. Through molecular dynamics and alchemical free energy
simulations, we systematically examine the binding of seven
flavonoids and their derivatives with the TtgR transcriptional
regulator. Our simulations reveal distinct binding geometries and
free energies for the flavonoids in the active site of the protein,
which are driven by a range of noncovalent forces encompassing
van der Waals, electrostatic, and hydrogen bonding interactions.
The interplay of molecular structures, substituent patterns, and intermolecular interactions effectively stabilizes the bound flavonoids,
confining their movements within the TtgR binding pocket. These findings yield valuable insights into the molecular determinants
that govern ligand recognition in TtgR and shed light on the mechanism of antimicrobial resistance in P. putida DOT-T1E.

■ INTRODUCTION
Antimicrobial resistance presents a significant global health
challenge as bacteria utilize diverse mechanisms to counteract
the effects of antimicrobial agents. Among these strategies,
efflux pumps, a class of transmembrane transporter proteins,
play a crucial role. Efflux pumps actively recognize and expel
antimicrobial agents from bacterial cells, thereby facilitating
their adaptive survival mechanisms.1−4 For example, the Gram-
negative bacterium Pseudomonas putida strain DOT-T1E
utilizes three homologous efflux pumps�TtgABC, TtgDEF,
and TtgGHI�to grow in the presence of antibiotics,
flavonoids, and toxic organic solvents.5−9 Notably, TtgABC
acts as a major contributor to multidrug resistance and its
expression in bacterial cells is tightly regulated at the
transcriptional level by the repressor protein TtgR. In the
absence of inducer molecules, TtgR binds to a specific operator
DNA site and blocks the transcription of the ttgABC operon.
However, the presence of antimicrobial compounds triggers
the dissociation of TtgR from the operator site and
subsequently activates the expression of the TtgABC efflux
pump.10 The transcriptional regulator TtgR thus plays an
essential role in mediating the resistance level of P. putida
DOT-T1E. An understanding of how TtgR interacts with
substrates at the molecular level provides valuable insights into
the complex regulatory mechanisms underlying antimicrobial
resistance in bacteria.
TtgR belongs to the tetracycline repressor (TetR) family of

transcriptional regulators and adopts a homodimeric struc-

ture.11 As depicted in Figure 1, each monomer of TtgR
comprises nine α-helices that form an N-terminal DNA
binding domain and a C-terminal ligand binding domain.
The two domains are positioned at an angle of approximately
80° relative to each other. The ligand binding pocket of TtgR
is formed by residues from five helices and features two distinct
regions.12 The upper and side walls of the pocket are primarily
composed of hydrophobic residues, including Leu92, Leu93,
Val96, Ile141, and Phe168. Conversely, the bottom of the
pocket consists mainly of hydrophilic residues such as Asn110,
His114, and Asp172. This combination of hydrophobic and
hydrophilic binding sites enables TtgR to interact with a
variety of structurally unrelated antimicrobial compounds,
contributing to its broad substrate specificity.12

The TtgR transcriptional regulator exhibits a notable affinity
for flavonoids, which are abundant in fruits, vegetables, and
flowers and renowned for their antiviral and antibacterial
properties.14−17 As demonstrated in Figure 2, flavonoids
possess polyphenolic structures and share a basic skeleton
consisting of two benzene rings (A and B) connected by a
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heterocyclic ring C, forming a C6−C3−C6 configuration.
These plant secondary metabolites adopt a wide range of
chemical compositions and molecular geometries. They are
categorized into subgroups such as flavonols, flavones,
flavanones, anthocyanidins, chalcones, and isoflavones based
on the degree of unsaturation and oxidation of ring C and the
substitution patterns in rings A and B.15 For example,
naringenin is a flavanone characterized by a single bond
between the C2 and C3 atoms and a C4�O group on ring C.
In comparison, quercetin is a flavonol featuring a C2�C3
double bond, a C4�O group and a 3-OH group on ring C
(Figure 2).
X-ray diffraction studies have revealed that TtgR binds to

naringenin, quercetin, and phloretin by enveloping their fused
rings A and C with hydrophobic residues near the top of the
ligand binding pocket. Simultaneously, ring B establishes
hydrogen bonding interactions with hydrophilic residues

located at the bottom of the active site (Figure 1).12 These
specific protein−ligand interactions contribute to the high
susceptibility of P. putida DOT-T1E to these flavonoids.7

Isothermal titration calorimetry experiments have further
shown that ligand binding in TtgR is driven by favorable
enthalpy changes, with quercetin and phloretin exhibiting
stronger affinity for the protein compared to naringenin and
other plant antimicrobials.7 Despite these intriguing findings,
comprehensive biochemical and structural biology assessment
of flavonoids binding in the active site of TtgR remain limited.
Given the potent antimicrobial activity that many flavonoids
display against both Gram-positive and Gram-negative
bacteria,16,17 it is desirable to conduct extensive evaluations
of their interactions with the TtgR transcriptional regulator.
Complementary to experimental investigations, the TtgR

transcriptional regulator has garnered considerable attention in
computational studies.18−22 Recently, Zhang and co-workers

Figure 1. (a) Crystal structure of TtgR with naringenin bound in the active site (PDB ID 2UXU).12 The 18 α-helices are represented in different
colors. (b) Ligand binding pocket of TtgR with naringenin bound. Gray, red, blue, and white represent C, O, N, and H atoms, respectively. C atoms
in naringenin are highlighted in lime. Graphics are generated using the Schrödinger Maestro software.13

Figure 2. Skeleton representation of flavonoids and chemical structures of the seven flavonoids studied in this work. The rings are labeled and each
ring atom is numbered in the skeleton structure.
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performed equilibrium and nonequilibrium free energy
simulations to predict the binding thermodynamics of TtgR
toward a series of organic molecules and drugs, and examined
the dynamics of the resulting protein−ligand complexes.19

Considering the significant antimicrobial potential of flavo-
noids, in this work, we focus on seven such compounds and
their derivatives and utilize a combination of molecular
dynamics (MD) and alchemical free energy (AFE) simulations
to explore their binding free energies and modes of interactions
with the TtgR transcriptional regulator. As illustrated in Figure
2, these molecules comprise naringenin, quercetin, chrysin,
genkwanin, artocarpin, 2-(2,4-dihydroxyphenyl)-5-hydroxy-7-
methoxy-chromen-4-one (DHC) and 2-(2,4-dihydroxyphen-
yl)-5-hydroxy-7-methoxy-3-(3-methylbut-2-enyl)chromen-4-
one (DMC). Beyond naringenin and quercetin, chrysin,
genkwanin, and artocarpin belong to the flavone subgroup,
representing naturally occurring flavonoids with well-estab-
lished antimicrobial activities.16,23 DHC and DMC serve as
intermediate structures for the free energy calculations. The
seven compounds exhibit notable variations in the degrees of
saturation and substitution patterns in rings A, B, and C. Our
simulations will reveal the influences of these structural
elements on the binding geometries, affinities, and dynamics
of the ligands in TtgR, thereby providing molecular insights
into potential pharmaceutical applications of the flavonoids.

■ COMPUTATIONAL METHODS
MD Simulations. To set up the MD simulations, we

obtained the TtgR-naringenin and TtgR-quercetin complexes
from the Protein Data Bank (PDB IDs 2UXUand2UXH).12

For the other flavonoids, we optimized their geometries in
vacuum with the B3LYP density functional24,25 and the 6-
31G* basis set using the Gaussian 16 package.26 The
optimized structures were then placed in the active site of
TtgR employing the AutoDock Vina program with the flexible
ligand docking method and the united-atom scoring
function.27 To comprehensively cover the binding pocket of
TtgR, a grid configuration of 38 × 36 × 34 with a grid interval
of 0.375 Å was used along the x, y and z directions.
MD simulations of the protein−ligand complexes were

performed using the Amber 2016 package.28,29 Although it is

not the latest version, Amber 2016 provides all the necessary
functions for standard MD simulations. TtgR and the
flavonoids were modeled with the Amber ff14SB and the
general amber force fields, respectively.30,31 Water molecules
were described using the TIP3P model.32 In each system, the
protein−ligand complex was solvated in an octahedral water
box with a minimal distance of 12 Å to any edge of the box,
and 14 Na+ ions were added to neutralize the charges. The
system underwent a two-step energy minimization. First, the
coordinates of the protein−ligand complex were held fixed
while the ions and water molecules were allowed to move and
adjust their positions. In the second minimization step, only
the ligand was subject to position restraints. Following energy
minimization, restrained equilibration was conducted in the
NVT and NPT ensemble, each for 1 ns. Restraining forces were
applied to the non-H atoms in the protein−ligand complexes
using a force constant of 5.0 kcal/mol/Å2. Position restraints
were then relaxed and the systems were equilibrated under the
NPT condition for 2 ns. Production runs extended for 20 ns in
the NPT ensemble and the trajectories were saved every 0.05
ps for further analysis. The simulations were performed with a
time step of 2 fs. The simulation temperature was maintained
at 300 K using the Langevin thermostat,33 and the pressure was
kept at 1 atm using the Berendsen barostat.34 Lennard-Jones
interactions were calculated with a cutoff of 12 Å, and long-
range electrostatic interactions were treated using the particle-
mesh Ewald method.35 The LINCS algorithm was applied to
constrain H-containing chemical bonds in the systems.36

From the simulations, we analyzed the hydrogen bonds
formed between the flavonoids and the active-site residues of
TtgR. A hydrogen bond was considered to be present if the
donor (D) and acceptor (A) atoms were O or N, the D−A
distance ≤3.0 Å, and the D−H−A angle ≥135°.29
Representative configurations were extracted from the MD
simulations, and their corresponding interaction maps were
generated using the Schrödinger Maestro software.13 Addi-
tional analyses are provided in the Supporting Information.
AFE Simulations. AFE simulations have been used

extensively in drug discovery for the prediction of ligand−
protein binding, and have been the subject of several
reviews.37−49 We conducted AFE simulations to compute the

Figure 3. Thermodynamic cycle used in the calculation of relative binding free energies between two ligands. The transformation from chrysin to
quercetin is shown as an example. Lime, red, and white represent the C, O, and H atoms, respectively, and the blue and orange backgrounds
represent the aqueous and protein environments, respectively. ΔGbind,i is the absolute binding free energy of ligand i, and ΔΔGbind is the relative
binding free energy between the two ligands. ΔGsolv and ΔGprotein are the changes in free energy when ligand 1 is transitioned into ligand 2 in the
aqueous and protein environments, respectively.
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relative binding free energies of the flavonoids using the Amber
2022 package50 and AMBER Drug Discovery Boost Tools51

that leverage high-performance GPU acceleration.52,53 The
version differences in the Amber program for standard MD
simulations and AFE simulations are expected to have minimal
impact on the prediction results. The relative binding free
energy between ligands 1 and 2 in TtgR is defined as the
difference between their absolute binding free energies,
ΔΔGbind = ΔGbind,2 − ΔGbind,1. Given the challenges associated
with obtaining absolute binding free energies along a specific
physical pathway, we applied a thermodynamic cycle (Figure
3) to calculate ΔΔGbind. Leveraging the fact that Gibbs free
energies are state functions, we establish the relationship
ΔGbind,2 − ΔGbind,1 = ΔGprotein − ΔGsolv, where ΔGprotein and
ΔGsolv represent the changes in free energy when ligand 1 is
transformed into ligand 2 through an alchemical pathway in a
protein or aqueous environment, respectively.
The transformation between two flavonoids is performed

through a series of intermediate states characterized by a
coupling parameter, λ. By varying λ from 0 to 1, the system
gradually transitions from ligand 1 to ligand 2, and ΔGprotein
and ΔGsolv are calculated using a thermodynamic integration
(TI) free energy formulation54,55

G
U( )

di
i

0

1
=

(1)

Here, Ui(λ) is the λ-coupled potential function that
“alchemically” transforms ligand 1 into ligand 2 in either the
protein or aqueous environment. In the AFE simulations using
Amber,45 the transforming region is separated into two parts:
(1) a “common core” where there is a one-to-one mapping of
atoms of ligand 1 as they transform into those of ligand 2 by
changing force field parameters and (2) a “softcore” region
where there is no such one-to-one mapping and the
coordinates of the atoms of the two ligands are separable
and the interactions with the environment are “softened” by
using so-called “softcore” potentials56,57 that remove singular-
ities at the origin that may cause numerical instabilities. The
robustness and precision of the AFE calculations depend
intimately on the atom mapping procedure that establishes the
magnitude of the perturbation, together with the form of the
alchemical transformation pathway and method for enhancing
the phase space sampling used to achieve convergence of the
numerical averages.45 In the current work, the extended
maximum common substructure network (MCS−Enw) algo-
rithm was applied to automatically identify the common core
and softcore regions for each transformation.58 The production
runs utilized the recently developed optimized alchemical
pathways that employ a modified second-order smoothstep
softcore potential56 and concerted “single-step” transformation
described in detail elsewhere.57 An alchemical enhanced
sampling (ACES) approach59 implemented in the Amber
software was used to streamline phase space sampling and
improve the precision of the AFE calculations.
For each alchemical transformation, the protein and ligands

were modeled using the AMBER ff14SB and the GAFF2 force
fields,30,60 respectively, and the explicit water model TIP4P/
Ew was chosen with the corresponding Joung−Cheatham Na+
and Cl− ion parameters.61 Each protein−ligand complex was
solvated in a cubic box containing 24,958 water molecules, and
82 Na+ and 68 Cl− were added to reach an approximate
physiological (extracellular) bulk concentration of 0.15 M. For
the solution simulations, each ligand was surrounded by 3985

water molecules, along with 11 Na+ and 11 Cl− ions. We
conducted a series of minimization and equilibration steps for
both the λ = 0 and λ = 1 states. First, non-H atoms in the
flavonoids or TtgR-flavonoid complexes were fixed at their
initial positions, allowing ions and water molecules to relax in
the energy minimization process. Position restraints were
applied with a force constant of 5 kcal/mol/Å2. A second
minimization was performed without position restraints.
Subsequently, equilibration in the NPT ensemble was
conducted for 0.5 ns at a temperature of 300 K and pressure
of 1 atm, while the non-H atoms in the solute were restrained.
The box dimensions were determined by averaging the values
from the λ = 0 and λ = 1 states. MD simulations were then
carried out under the NVT condition for 0.5 ns for both states,
generating all intermediate replicas with the same box shape.
The system was then heated at a constant volume to 300 K for
an additional 0.5 ns. An NPT equilibration was performed for
0.5 ns, followed by a 2 ns annealing process. During annealing,
the system was heated to 600 K in the first 50 ps, maintained at
600 K for 100 ps, and cooled down to 300 K for 50 ps. After
annealing, restraints on the solute atoms were gradually
reduced to zero in the following steps over 1.2 ns: force
constant of 2 kcal/mol/Å2 for 200 ps, 1 kcal/mol/Å2 for 200
ps, 0.5 kcal/mol/Å2 for 200 ps, 0.25 kcal/mol/Å2 for 200 ps,
0.1 kcal/mol/Å2 for 200 ps, and no restraints for the final 200
ps.
We generated λ ≤ 0.5 windows from the λ = 0 state and the

λ > 0.5 windows from the λ = 1 state, resulting in a total of 21
windows. Each λ window underwent 5000 steps of energy
minimization using the steepest descent method, and a 0.5 ns
equilibration in the NPT ensemble. The system was then
heated to 300 K within 300 ps, followed by a 2 ns
equilibration. Production runs in the NPT ensemble were
performed for 5 ns using the ACES method.59 A time step of 1
fs was used for all the AFE simulations. In the simulations, the
temperature was maintained at 300 K using the Langevin
thermostat,33 and the pressure was kept at 1 atm using the
Monte Carlo barostat.62 Hamiltonian replica exchange was
invoked to enhance system sampling, exchanging coordinates
and velocities between two neighboring λ windows every 20 fs.
The first 0.5 ns of the trajectories were discarded for
equilibration, and the remaining data were used for production
analysis. The analysis was conducted using the edgembar
module from AmberTools23,63 and free energies were
calculated using both the multistate Bennett’s acceptance
ratio (MBAR) and TI methods.45,64,65 In no cases were there
statistically significant differences between the MBAR and TI
free energy estimates for the systems studied in the present
work, although they were nonetheless compared as a
consistency test. Given the similarity between the predicted
free energies from the two methods, we presented only the
MBAR results in the subsequent analysis. Standard errors for
the average ΔΔGbind values were estimated from boot-
strapping analysis that included consideration of statistical
inefficiencies of correlated time series data from individual
simulations, as well as variances between three independent
trials where simulations were repeated with different random
number seeds. Detailed statistical errors for individual trials for
all simulations are provided in Table S1 of the Supporting
Information.
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■ RESULTS AND DISCUSSION
Relative Binding Free Energies of the Flavonoids. As

depicted in Figure 2, the seven flavonoids and their derivatives
share a common skeleton structure characterized by two fused
rings A and C and a phenyl ring B connected by a C−C bond.
Additionally, they feature a C4�O group on the heterocyclic
ring C and a 5-OH group on ring A. Among these compounds,
naringenin exhibits a unique configuration with a saturated ring
C, where the C2−C3 single bond imparts a nonplanar ring
geometry and introduces a chiral center to the molecule. It also
possesses a 7-OH group on ring A and 4′-OH group on ring B.
In contrast, the remaining molecules have C2�C3 double
bonds and varying substituent groups at positions 3, 6, 7, 2′, 3′,
and 4′ across the three rings. These differences in oxidation
levels and substituents are summarized in Table 1.
We have conducted AFE simulations in aqueous solutions

and TtgR-ligand complexes to calculate the relative binding
free energies of the seven flavonoids. Among the recent
advancements in AFE methods,40−49 we have invoked the
ACES approach to enhance conformational and alchemical
sampling and produce reliable free energy estimates.59 As
illustrated in Figure 4, the common cores incorporate the basic
skeleton of the flavonoids, while the softcore regions undergo
transformation between two ligands in each AFE simulation.
For example, in the alchemical transformation from chrysin to
quercetin, substituent groups at positions 3, 3′ and 4′ of rings
B and C are designated as softcore atoms. The chemical bonds
and angles involving these atoms as well as dihedral angles
connecting the common cores and softcores are scaled by the λ
parameter in the AFE simulations. In the conversion from
chrysin to naringenin, which differs considerably in bond
saturation and planarity of ring C, the softcore region
encompasses the entire ring B, its substituent group, and the
C2−C3 bond. Notably, substantial structural differences
between quercetin and artocarpin prevent AFE simulations
from providing accurate predictions of free energies (Figure
S2). To address this issue, we introduce three intermediate
structures, genkwanin, DHC, and DMC, to facilitate the
gradual conversion between the two flavones and enable the
determination of their differences in binding free energies.
We apply a variety of metrics to evaluate the convergence of

the AFE simulations as implemented in the FE-ToolKit
analysis package available in AmberTools.63 First, we perform
forward and reverse time-series simulations to derive the
alternations in free energy as a function of sampling fraction.66

Using the transformation from chrysin to naringenin as an
example, Figure 5a demonstrates that ΔGprotein from the
forward and reverse analyses converges to within the standard

error margin after the initial 10% sampling fraction, yielding a
consistent value of −53.82 kcal/mol. Second, the smooth
variation of the U value across all λ windows, as depicted in
Figure 5b, confirms the convergence in the AFE calculations.
Additionally, we compute the free energy changes from both
MBAR and TI methods and compare their results. TI with
trapezoidal-rule integration generates a free energy of −53.84
kcal/mol with a standard error of 0.09 kcal/mol, while MBAR
provides an estimate of −53.82 ± 0.07 kcal/mol. The
difference between their predictions falls within the statistical
error bounds, indicating the convergence and stability of the
AFE simulations.67 Finally, based on Table S6, the phase space
overlaps between neighboring λ states all exceed 0.42 and are
sufficient to ensure a reliable free energy prediction.45

From the AFE simulations, the seven flavonoids exhibit a
broad range of 7.32 kcal/mol in their ΔΔGbind values (Table
1). The standard errors associated with the free energy analysis
are within 0.16 kcal/mol. Chrysin, characterized by its
structural simplicity, shows the weakest interaction with
TtgR and is taken as the reference for the binding free
energies. Naringenin possesses a nonplanar ring C geometry
and similarly demonstrates a modest binding affinity with
ΔΔGbind of −1.34 kcal/mol. Notably, ΔΔGbind increases with
structural complexity and the presence of substituent groups,
with artocarpin emerging as the most potent binder. Our
observation that the ΔΔGbind value of quercetin is 0.36 kcal/
mol lower than that of naringenin aligns closely with recent
isothermal titration calorimetry experiments, which reports a
free energy difference of 0.39 ± 0.02 kcal/mol between the two
compounds.7 To elucidate the origin of the diverse binding
affinities, we will explore the interaction patterns of the
flavonoids in the TtgR binding site.
Molecular Interactions between Flavonoids and the

TtgR Transcriptional Regulator. Throughout the MD
simulations, the flavonoids and their derivatives remain
bound in the active site of the TtgR transcriptional regulator.
Their binding poses, as demonstrated in Figures 6 and 7,
exhibit varying orientations depending on the types and
positions of the substituent groups as well as the size and shape
of the molecules. Chrysin, naringenin, quercetin, genkwanin,
DMC, and artocarpin are positioned consistently with rings A
and C occupying the upper region of the binding pocket. The
fused rings form stabilizing van der Waals interactions with a
cluster of hydrophobic residues, including Met89, Leu92,
Leu93, Val96, and Ile141. Note that chrysin possesses the
smallest molecular structure and displays the most flexible
binding configuration, directing its fused rings in the opposite

Table 1. Chemical Features and ΔΔGbind of the Seven Flavonoids and Their Derivatives in the TtgR Transcriptional
Regulatora

flavonoid chrysin naringenin quercetin genkwanin DHC DMC artocarpin

C2−C3 bond type double single double double double double double
3-substituent −OH −CH2CH�C(CH3)2 −CH2CH�C(CH3)2
6-substituent −CH�CHCH(CH3)2
7-substituent −OH −OH −OH −CH3O −CH3O −CH3O −CH3O
2′-OH √ √ √
3′-OH √
4′-OH √ √ √ √ √ √
ΔΔGbind (kcal/mol) 0 −1.34 −1.70 −2.85 −4.23 −5.72 −7.32
standard error (kcal/mol) 0.09 0.16 0.08 0.07 0.07 0.09 0.11

aΔΔGbind are obtained from AFE simulations and the binding free energy of chrysin is taken as a reference.
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direction compared to the other flavonoids. Across all systems,
ring B assumes an almost perpendicular orientation relative to
the rest of the molecule, pointing toward the bottom of the
binding pocket. Furthermore, the O-containing functional
groups on the rings establish electrostatic and hydrogen
bonding interactions with polar and charged amino acid
residues such as His70, Asn110, and Asp136. In contrast to the
other ligands, DHC adopts a distinct binding pose

characterized by a nearly horizontal alignment within the
active site of TtgR (Figure 7b). This unique spatial
arrangement is stabilized through a combination of van der
Waals, electrostatic, and hydrogen bonding interactions with
residues situated in the side walls of the binding pocket.
Analysis of π−π and CH/π Interactions. From Figures 6

and 7, the flavonoids possess a variety of functional groups that
participate in intricate interactions with the active-site residues

Figure 4. Illustrations of the common core and softcore regions in the AFE simulations. The softcore atoms for each transformation are highlighted
in red.
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of TtgR. To dissect these intermolecular forces, we start by
examining the aromatic moieties in the molecular structures.
We first consider their π−π interactions with residues
containing aromatic side chains, namely His67, His70,
His114, and Phe168, in the binding pocket. Surprisingly,
while quercetin, DMC, and artocarpin are observed to stack
with the aromatic residues, these π−π interactions are
relatively weak with stacking distances and angles varying
over a broad range (Figure S1).
We then explore potential CH/π hydrogen bonds formed

between the π-electrons in ring A or B of the ligands and the
−CH, −CH2, and −CH3 groups in the side chains of
surrounding hydrophobic residues. Although classical force
fields are not parametrized to accurately characterize these
weak non-bonded interactions, they have been shown to
provide qualitatively correct predictions of the presence and
interaction energies of CH/π hydrogen bonds.68 To character-
ize them in the active site of TtgR, we calculate the distance
between the center of mass of ring A or B of a flavonoid
(denoted as X) and the C atom in a side-chain alkyl group,

dCX, and the C−H−X angle, α, for each interaction pair. The
free energies are then obtained as

F k T P dln ( , )B CX= (2)

Here, kB is the Boltzmann constant, T is the simulation
absolute temperature, and P(dCX, α) represents the probability
of observing a flavonoid ring in a specific configuration (dCX,
α) relative to the alkyl side chain of an amino acid. As shown in
Figure 8, dCX predominantly falls within the range of 3 to 5 Å,
while α spans from 90 to 180° for the binding of the seven
flavonoids. For chrysin, naringenin, quercetin, and genkwanin,
ring A closely interacts with the side-chain alkyl groups of the
active-site residues, with their most stable configurations
characterized by dCX below 4 Å and α exceeding 115°.
Conversely, for DMC and artocarpin, ring B is in close
proximity to the hydrophobic side chains and their most
favorable configurations occur at dCX of 3−4.5 Å and α ∼ 120°.
These geometric parameters suggest the presence of prevalent
CH/π hydrogen bonds69 between the flavonoids and the
active-site residues in TtgR, particularly Leu93, Val96, and
Ile141. This observation is consistent with recent studies
conducted by Zhang and co-workers, who identified π−alkyl
interactions are important stabilizing forces in the binding of
quercetin to TtgR.19 Among the seven ligands, DHC exhibits
the weakest CH/π interactions as the most stable binding
configuration of its aromatic rings occurs at d > 6 Å and α >
120°. Both parameters display a broad range of variations,
reflecting its unique horizontal binding pose in the protein.
Influence of Substituent Groups on Flavonoid Binding.

Next, we analyze the influences of substituent groups on the
binding of flavonoids in TtgR. Using chrysin as a reference,
two major substituent patterns emerge: hydroxyl groups on
ring B and alkyl groups on the fused rings A and C (Figure 2).
Naringenin and quercetin offer valuable insights into the
effects of hydroxyl groups. From Figure 6b, the presence of a
4′-OH group allows ring B of naringenin to penetrate deeper
into the binding pocket, forming a hydrogen bond with the
side chain amide group of Asn110. Although this hydrogen
bond persists for only 39.7% of the MD simulations (Table S2)
due to naringenin’s structural flexibility introduced by the
nonplanar ring C configuration, it contributes to the
stabilization of the molecule and results in a ΔΔGbind of
−1.34 kcal/mol compared to chrysin. In contrast, quercetin
features a C2�C3 double bond and three hydroxyl groups at
positions 3, 3′ and 4′ of rings B and C. With the planar
geometry of its fused rings, quercetin experiences reduced
steric hindrance and assumes a more vertical orientation in the
binding pocket (Figure 6c). Its 4′-OH group forms a relatively
stable hydrogen bond with the carboxylate side chain of
Asp172, existing in 48.5% of the MD trajectories. Additionally,
the 3′- and 4′-OH groups occasionally participate in hydrogen
bonding interactions with the side chains of Asn110 and
His114, respectively (Table S2). Interestingly, the 3-OH group
is highly solvent exposed and interacts with 14 water molecules
from the MD trajectory. These hydroxyl substituents enhance
favorable protein−ligand interactions, consistent with previous
observations in X-ray diffraction experiments that quercetin
shows stronger electron densities in the hydroxyphenyl ring
compared to naringenin.12 Accordingly, quercetin exhibits
tighter binding with TtgR than chrysin and naringenin with a
ΔΔGbind value of −1.70 kcal/mol.
Similarly, genkwanin, DMC, and artocarpin contain 1 or 2

hydroxyl groups at positions 2′ and 4′ of ring B. As depicted in

Figure 5. Convergence performance of the AFE simulations during
the transformation from chrysin to naringenin in the protein−ligand
complex. (a) Comparison of ΔGprotein from forward and reverse AFE
simulations at different sampling percentages, averaged over three
independent trials. The light green band represents the final ΔGprotein

within the standard error. (b) Variation of U at different λ values.
The black line represents cubic spline interpolation, and the light blue
region indicates the standard deviation.
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Figure 7, these compounds assume a vertical orientation in the
TtgR binding pocket with the 4′-OH group forming hydrogen
bonds with the amide O and N atoms of the Asn110 side
chain. For genkwanin, the 4′-OH group extends its hydrogen
bonding network to include the side chain of Asp172,
establishing connections either directly or via a bridging
water molecule. In the case of DMC, the additional 2′-OH
group fosters hydrogen bonds with the side chain hydroxyl
group of Thr69 and the backbone carbonyl group of Leu66
(Table S2). Beyond the hydroxyl moieties, these compounds
feature nonpolar substituent groups on the fused rings A and
C. Notably, artocarpin has 3-methylbut-2-enyl, 3-methylbut-1-
enyl and methoxy substituent groups at positions 3, 6 and 7,
respectively. The combination of polar and nonpolar functional
groups in artocarpin enhances its van der Waals interactions
with nonpolar residues such as Ala74, Leu92, Leu113, Leu143,
Ala144, and Phe168 at the top and side walls of the binding
pocket (Figure 7d). Consequently, artocarpin shows the
strongest binding affinity toward TtgR with a ΔΔGbind value
of −7.32 kcal/mol.
Nature of Key Molecular Interactions between Flavonoids

and TtgR. The above analysis suggests that TtgR transcription
regulator uses a network of noncovalent interactions to bind
and recognize flavonoids. For the seven compounds, the fused
rings A and C reside near the top of the binding cavity and are
primarily stabilized through van der Waals interactions, CH/π
hydrogen bonding and π−π stacking with the surrounding
hydrophobic residues. Introducing nonpolar substituents to the
fused rings enhances these interactions and contributes to

ligand stabilization. Depending on the molecular size and
shape, the flavonoids exhibit various orientations of ring B in
the TtgR active site. Naringenin, quercetin, genkwanin, DMC,
and artocarpin preferably adopt a nearly vertical orientation,
directing the hydroxyl groups of ring B toward the bottom of
the active site. Given the abundant hydrophilic residues in the
lower side of the binding pocket, electrostatic, and hydrogen
bonding interactions become essential for ligand stabilization.
Concurrently, water molecules are present, forming direct
hydrogen bonds to flavonoids or acting as hydrogen bonding
bridges to connect their hydroxyl groups and the hydrophilic
active-site residues. In contrast, DHC lies almost horizontally
with its 2′- and 4′-OH groups involved in hydrogen bonding
interactions with residues at the side wall of the binding
pocket.
Flavonoids with a saturated ring C, such as naringenin,

experience considerable steric hindrance that prevents their
hydroxyl groups from reaching deeply buried residues and
form stable hydrogen bonds in the binding pocket of TtgR. As
a result, flavonoids with a planar configuration of fused rings
and a substantial number of hydroxyl substituents on ring B
tend to exhibit higher binding affinities. Among the seven
molecules studied, artocarpin is the most potent binder as its
molecular geometry and substituent groups facilitate a wide
arrange of favorable interactions with TtgR. From Table 1, the
predicted ΔΔGbind of artocarpin is 6 kcal/mol lower than that
of naringenin. Based on previous thermodynamic measure-
ments of naringenin,7 this significant free energy difference
suggests that artocarpin could be a subnanomolar binder of

Figure 6. Representative structures and interaction maps for the binding of (a) chrysin, (b) naringenin, and (c) quercetin in the TtgR
transcriptional regulator. In the protein−ligand complexes, gray, red, blue, and white represent C, O, N, and H atoms, respectively, and lime
represents C atoms in the flavonoids. In the interaction maps, the green, blue, orange, and purple bubbles represent hydrophobic, polar, negatively
charged, and positively charged residues, respectively. Pink arrows indicate hydrogen bonding interactions and atoms with a gray shadow are
solvent exposed.
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TtgR. This prediction could motivate new experimental
investigations into the interactions of flavonoids with the

TtgR transcriptional regular, thereby validating our computa-
tional findings.
Confined Flavonoid Dynamics in the Active Site of

TtgR. Given the intricate intermolecular interactions, it is
expected that the flavonoids will display confined motion
within the binding pocket of TtgR. Indeed, these compounds
undergo jiggling motions within the active site, as indicated by
their small self-diffusion coefficients that range between 0.8 ×
10−11 and 1.9 × 10−11 m2/s (Table S3). This sluggish
translational motion aligns with the consistent binding
observed for these ligands in the active site of TtgR throughout
the MD simulations.
The aromatic moieties of flavonoids actively participate in

CH/π hydrogen bonds and π−π stacking interactions. Their
rotational movements play crucial roles in the formation and
disruption of these amino acid−ligand interactions. To
examine the dynamics of these interactions, we analyze the
aromatic rings A and B of the flavonoids and compute their
rotational time correlation functions

R t P n n t( ) ( (0) ( ))i i2= · (3)

Here, P2 is the second-order Legendre polynomial and n t( )i
denotes the unit vector of the surface normal of aromatic ring i
in a flavonoid. As shown in Figure 9, the seven flavonoids
exhibit constrained rotations within the active site of TtgR.
Across all systems, R(t) can be effectively characterized using a
triexponential function. From Table S4, the rings display an
initial fast decay with a time scale of approximately 1 ps,
followed by an intermediate time scale ranging between 32 and
87 ps. For ring A of the flavonoids, a prolonged decay
extending into the nanosecond range is observed, which arises
from the favorable interactions between their π electrons and
hydrophobic residues located at the top of the TtgR binding
pocket. A similar slow long-time decay is observed for ring B of
the flavonoids. However, in the cases of chrysin and
genkwanin, ring B exhibits considerable rotational motion
with decay constants of 310.2 and 425.0 ps, respectively (Table
S4). This distinct behavior can be attributed to their small
molecular size and reduced steric hindrance for the rotational
movements within the bound complex.
Finally, we evaluate the hydrogen bonds formed between the

hydroxyl groups on ring B of flavonoids and the active-site
residues in TtgR. Except chrysin, all other flavonoids feature at
least one hydroxyl group on ring B. Notably, the 4′-OH of
naringenin, DMC, and artocarpin emerges as the primary

Figure 7. Representative structures and interaction maps for the
binding of (a) genkwanin, (b) DHC, (c) DMC, and (d) artocarpin in
the TtgR transcriptional regulator. Pink and blue arrows in the
interaction maps indicate hydrogen bonding and π stacking
interactions, respectively. The remaining color schemes are the
same as those in Figure 6.

Figure 8. Two-dimensional free energy surfaces depicting the CH/π interactions between (a) ring A and (b) ring B of the flavonoids and the
hydrophobic residues in the active site of TtgR. The free energies are shifted to set the minimal value at 0 in each plot. (c) Schematic representation
of the dCX and α parameters.
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functional group that actively participates in hydrogen bonding
interactions with the amide side chain of Asn110. Furthermore,
the 4′-OH of quercetin and genkwanin and the 2′-OH of DHC
establish hydrogen bonds with the carboxylate side chain of
Asp172 (Table S2). To assess the dynamical properties of
these hydrogen bonds, we compute their time correlation
functions

C t h h t( ) (0) ( )HB = (4)

For a given flavonoid, the hydrogen bond status function,
h(t), assumes a value of 1 if the specified hydrogen bond is
present and 0 if it is absent. As shown in Figure 10 and Table
S5, DHC, DMC, and artocarpin, characterized by their larger
molecular sizes and the concurrent presence of both 2′- and 4′-
OH groups, exhibit minimal decay within 800 ps. This

observation is consistent with the significant probabilities of
82.6, 95.6, and 75.5% for their hydroxyl groups to participate in
hydrogen bonds, respectively, over the course of the MD
simulations (Table S2). In contrast, naringenin shows a
considerably faster but still sluggish long-term decay, with a
time constant of 4010.1 ps (Table S5). This behavior is
attributed to its nonplanar ring C structure and the presence of
a chiral center at the C2 position. Accordingly, its 4′-OH group
shows a significantly lower participation rate of 39.7% in
hydrogen bonds with Asn110. A similar trend is observed for
quercetin. Among the seven flavonoids, genkwanin displays the
most rapid dynamics with a time constant of 2180.6 ps for the
long-term decay of CHB(t). This aligns with the observation
that its 4′-OH group has a low probability of 13.7% in forming
hydrogen bonds with Asp172. Overall, all the seven flavonoids
exhibit constrained dynamics in their hydrogen bonding
interactions.
Conclusions. In this work, we combine MD and AFE

simulations to reveal the geometries, relative free energies, and
dynamics for the binding of seven flavonoids and their
derivatives in the TtgR transcriptional regulator. The ligand
binding pocket of TtgR is composed of two distinct regions:
the upper side is mainly constituted of hydrophobic amino
acids, while the lower side is enriched with polar residues.
Through MD simulations, we observe that all of the flavonoids
are anchored with their fused rings A and C near the top of the
binding pocket. This binding pose is stabilized by a diverse
range of noncovalent forces, including CH/π hydrogen bond,
π−π stacking, and electrostatic interactions, with surrounding
active-site residues. As a result, ring A exhibits restricted
motions in both the translational and rotational degrees of
freedom. In comparison, ring B of the flavonoids occupies a
position closer to the bottom of the binding pocket, and its
orientation and rotational dynamics are influenced by the size,

Figure 9. Normalized rotational time correlation functions for rings A and B of (a) chrysin, (b) naringenin, (c) quercetin, (d) genkwanin, (e)
DHC, (f) DMC, and (g) artocarpin. The unit vector of the surface normal is illustrated in (h).

Figure 10. Normalized hydrogen bonding time correlation functions
of the flavonoids.
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planarity, and substituent groups of the molecule. Notably, the
presence of hydroxyl substituents on ring B leads to direct
hydrogen bonding interactions with deeply buried residues
such as Asn110 and Asp172. These interactions significantly
contribute to the overall stability of the protein−ligand
complex and lead to constrained translational and rotational
motions and hydrogen bonding dynamics for all seven
flavonoids.
The seven flavonoids share identical skeleton structures

while varying in the saturation of ring C and the patterns of
substituents. Among them, chrysin has the smallest molecular
size and exhibits the lowest binding affinity toward TtgR.
Taking chrysin as a reference, introducing alkyl substituents to
rings A and C enhances van der Waals interactions with
hydrophobic residues in the upper region of the binding
pocket. However, the presence of a saturated ring C, as
observed in naringenin, introduces steric effects that may
interfere with its interaction with the hydrophilic residues.
Simultaneously, the incorporation of hydroxyl groups onto ring
B facilitates additional hydrogen bond formation with
hydrophilic residues in the lower region of the active site.
These structural modifications play crucial roles in modulating
the specific interactions and binding affinity of the flavonoids
with TtgR. For example, artocarpin contains two bulky alkyl
groups on rings A and C and two hydroxyl groups at positions
2′ and 4′ of ring B. Accordingly, it exhibits a binding free
energy that is 7.32 kcal/mol lower than chrysin, highlighting
the impact of its larger size and specific substituent groups on
enhancing favorable interactions with TtgR. Our computa-
tional predictions highlight the strong binding affinity of
flavonoids to the TtgR transcriptional regular, providing
valuable guidance for designing new biochemical and
biophysical assays on this topic. These experimental inves-
tigations will explore the potential antimicrobial application of
flavonoids against P. putida DOT-T1E and validate the
accuracy of the computational results.
From our analyses, both aromaticity and the presence of

hydroxyl substituent groups play important roles in facilitating
the interactions between flavonoids and the TtgR transcrip-
tional regulator. Interestingly, TtgR demonstrates a broad
ligand specificity, exhibiting the capability to interact with
compounds across diverse functional classes such as anti-
biotics, flavonoids, and organic solvents.7,8,12 This broad
specificity highlights the versatility of TtgR in recognizing
and binding to a wide variety of small organic molecules, a
characteristic integral to its role in regulating multidrug
resistance in P. putida DOT-T1E. Despite variations in size
and shape among its ligands, TtgR consistently demonstrates
an affinity for molecules with aromatic components.12 This
feature allows the bacteria to respond and adapt to various
toxic compounds present in their environment. Our findings
thus offer valuable insight into potential molecular design
strategies to address drug resistance in P. putida DOT-T1E,
presenting new avenues for developing effective counter-
measures against multidrug resistance in bacterial strains.
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