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Introduction

Mechanistic insights into allosteric regulation
of the reductase component of
p-hydroxyphenylacetate 3-hydroxylase by
p-hydroxyphenylacetate: a model for
effector-controlled activity of redox enzymesf

a

Surawit Visitsatthawong,® Piyanuch Anuwan,® Narin Lawan, {2 ° Pimchai Chaiyen

and Thanyaporn Wongnate (2) *®

Understanding how an enzyme regulates its function through substrate or allosteric regulation is crucial
for controlling metabolic pathways. Some flavin-dependent monooxygenases (FDMOs) have evolved an
allosteric mechanism to produce reduced flavin while minimizing the use of NADH and the production
of harmful hydrogen peroxide (H,O,). In this work, we investigated in-depth mechanisms of how the
reductase component (C1) of p-hydroxyphenylacetate (HPA) 3-hydroxylase (HPAH) from Acinetobacter
baumanii is allosterically controlled by the binding of HPA, which is a substrate of its monooxygenase
counterpart (C2). The C1 structure can be divided into three regions: the N-terminal domain (flavin
reductase); a flexible loop; and the C-terminal domain, which is homologous to NadR, a repressor
protein having HPA as an effector. The binding of HPA to NadR induces a conformational change in the
recognition helix, causing it to disengage from the NadA gene. The HPA binding site of C1 is located at
the C-terminal domain, which can be divided into five helices. Molecular dynamics simulations
performed on HPA-docked C1 elucidated the allosteric mechanism. The carboxylate group of HPA
maintains the salt bridge between helix 2 and the flexible loop. This maintenance shortens the loop
between helices 2 and 3, causing helix 3 to disengage from the N-terminal domain. The aromatic ring of
HPA induces a conformational change in helices 1 and 5, pulling helix 4, analogous to the recognition
helix in NadR, away from the N-terminal domain. A Y189A mutation, obtained from site-saturation
mutagenesis, confirms that HPA with an unsuitable conformation cannot induce the conformational
change of C1. Additionally, an HPA-independent effect is observed, in which Arg20, an NADH binding
residue on the N-terminal domain, occasionally disengages from helix 4. This model provides valuable
insights into the allosteric regulation of two-component FDMOs and aromatic effector systems.

electron donor specificity®* was recently summarized by Paul
et al.” All of these diverse reactions use C4a-(hydro)peroxyflavin

Flavin-dependent monooxygenases (FDMOs) are a class of flavin-
dependent enzymes that insert one atom of oxygen into an
organic substrate, catalyzing a wide variety of chemical transfor-
mations, such as hydroxylation, Baeyer-Villiger oxidation, deha-
logenation, halogenation, and light emission."? The versatility of
FDMOs and their classification, based on fold, function, and
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as the common intermediate, which is formed by the reaction
between reduced flavin and molecular oxygen. In the absence of
substrate, C4a-(hydro)peroxyflavin eliminates a hydrogen peroxide
(H,0,), which is toxic to the cell, to regenerate oxidized flavin.®
FDMOs can be classified as single-component and two-
component FDMOs.” Some have evolved an allosteric mechanism
to maximize oxygenation efficiency by minimizing wasteful H,O,
elimination and pyridine nucleotides utilization.
Single-component FDMOs catalyze both the reductive-half
and oxidative-half reactions using a single polypeptide.®
To minimize H,0, generation from C4a-(hydro)peroxyflavin
in the oxidative-half reaction, some single-component FDMOs
(group A members) require the substrate binding to activate the
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flavin reduction by NAD(P)H in the reductive-half reaction, such as
anthranilate hydroxylase,® 2-methyl-3-hydroxypyridine-5-carboxylic
acid (MHPC) oxygenase,” " 2-hydroxybiphenyl 3-monooxygenase,'
and p-hydroxybenzoate hydroxylase (PHBH)."* PHBH exhibits varia-
bility in its cofactor specificity, utilizing NADH or NADPH depending
on its origin and specific active site features, and can be classified
into three groups based on these preferences, highlighting the
diversity within this enzyme family.™*

For single-component aromatic hydroxylases, the substrate
activation mechanisms to increase the rate of flavin reduction
are well documented, such as in the reaction of PHBH
from Pseudomonas fluorescens."> PHBH utilizes flavin adenine
dinucleotide (FAD), oxygen, and NADPH to hydroxylate
p-hydroxybenzoate, forming 3,4-dihydroxybenzoate through a
meta-hydroxylation reaction. Initially, FAD adopts an “in” con-
formation, inaccessible to NADPH. The reductive-half reaction
begins with the binding of NADPH and p-hydroxybenzoate.
A proton transfer network, composed of Tyr201, Tyr285, water
molecules, and His72 located on the surface, deprotonates a
hydroxyl group of p-hydroxybenzoate.'®'” The electrostatic repul-
sion between p-hydroxybenzoate and Pro293 transmits to Asn300,
causing it to lose a hydrogen bond with the C2-carbonyl of FAD,
allowing FAD to swing from “in” to the “out” conformation."®" In
this “out” conformation,”*>* oxidized FAD is reduced by NADPH,
then swings back to “in” conformation due to PHBH’s positive
electrostatic potential.>* In the oxidative half-reaction, reduced FAD
reacts with molecular oxygen to form C4a-hydroperoxyflavin
(C4aO0H), which hydroxylates p-hydroxybenzoate to form 3,4-
dihydroxybenzoate.”> The presence of p-hydroxybenzoate
enhances the rate of flavin reduction 10°-fold.>® Moreover, p-
hydroxybenzoate dissociates more slowly from the reduced
enzyme than from the oxidized enzyme, and slower than the
C4aOO0H formation rate, kinetically trapping p-hydroxybenzoate
in the reduced enzyme.*® This maximizes 3,4-dihydroxybenzoate
production while minimizing H,O, elimination.

Two-component FDMOs catalyze the reductive-half and
oxidative-half reactions using two separate enzymes: reductase and
monooxygenases.’ There are also two-component FDMOs that
have fused partners.”” Some have evolved an allosteric mechanism
where flavin reduction is stimulated by the substrate, such as
nitrilotriacetate monooxygenase from “Chelatobacter” strain ATCC
29600,”® p-hydroxyphenylacetate 3-hydroxylase (HPAH) from Pseu-
domonas putida,”® and Acinetobacter baumanii.***' The crystal
structure of the allosteric reductase component is only available
for HPAH from Acinetobacter baumanii®>** while those of nitrilo-
triacetate monooxygenase from Chelatobacter strain ATCC 29600
and HPAH from Pseudomonas putida are predicted and deposited
in the AlphaFold protein structure database (Uniprot accession:
P54990 and AOA1B2F4I4, respectively).>* These reductase compo-
nents not only have a flavin-binding site in the N-terminal domain
but also possess an additional C-terminal domain, which is
distinct from other flavin reductases.*?® Because flavin reduction
and oxidation occur at separate polypeptides, controlling by sub-
strate binding, as in single-component enzymes, is more challeng-
ing. This complexity opens a fascinating area of study, highlighting
the intricate regulatory mechanisms nature employs. HPAH from
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Acinetobacter baumanii could serve as an allosteric model for two-
component FDMOs due to its comprehensive kinetic studies and
the availability of crystal structures. However, the underlying
mechanisms of this regulation are not well understood, making
it a compelling topic for investigation.

HPAH catalyses the first step in the degradation of HPA in
aerobic bacteria.’” The reductase component (C1) is a flavin
reductase that reduces oxidized flavin mononucleotide (FMN) to
its reduced form using NADH. Subsequently, the reduced FMN
is transferred by free diffusion to the oxygenase component
(C2).**° Reduced FMN reacts with molecular oxygen to
form C4aOOH, which hydroxylates the incoming p-hydroxy-
phenylacetate (HPA) to form dihydroxyphenylacetate (DHPA).*
In the absence of HPA, C4a0OOH eliminates H,O, to regenerate
oxidized flavin. Intriguingly, HPAH has evolved an allosteric
mechanism by incorporating an HPA binding site into C1.*' In
the presence of HPA, C1 exhibits an 80-fold tighter binding to
NADH, a 20-fold faster transfer of a hydride to oxidized FMN,
and 230-fold faster release of reduced FMN.*"** Furthermore,
HPA binding is necessary before NADH binding to achieve full
stimulation of FMN reduction, suggesting that HPA binding
induces a conformational change in C1, enhancing the binding
site for NADH. Unlike PHBH, C1 has only been crystallized in
the absence of HPA, leaving the exact HPA binding site in C1
unknown and the mechanism by which HPA induces the
conformational change of C1 speculative.***?

Sequence alignment indicates that the C-terminal domain
of C1 (residues 191-315) is homologous to proteins in the MarR
family,*** such as NadR, a repressor protein that binds with the
NadA gene.** Upon binding of an effector (HPA), NadR dissociates
from the antibiotic resistance gene, enabling the transcription of
the efflux pump that promotes antibiotic excretion.””> This mecha-
nism mirrors how HPA induces the conformation change in C1 to
facilitate NADH binding. Truncations studies of the C-terminal
domain of C1 and comparisons of flavin reduction rates in the
absence and presence of HPA suggest that residues 179-230 are
crucial for HPA binding and the stimulation of flavin reduction.

On the other hand, the N-terminal domain (residues 1-168)
of C1 is homologous to other flavin reductases.*® Arg20 of C1 is
identified as a conserved residue interacting with NADH. Struc-
tural alignments of C1 with flavin reductases containing bound
FAD and NAD" from Sulfolobus tokodaii HpaC,*® Thermus thermo-
philus HpaC,"” Geobacillus thermoglucosidasius PheA2,*® and Bur-
kholderia cepacia TftC* reveal that the NADH binding site in C1 is
obstructed by the o7 helix. This helix is comparable to the
recognition helix in NadR, which often undergoes conformational
changes upon ligand or DNA binding. Glu248 and Glu251, located
on the a7 helix of C1, form a salt bridge with Arg20 of the N-
terminal domain. To investigate this interaction, Glu248 and/or
Glu251 were mutated to alanine to disrupt the salt bridge.
Interestingly, only the double mutation (E248A/E251A) demon-
strated a higher flavin reduction rate than the wild-type C1 in the
absence of HPA, suggesting that the disruption of the salt bridge
is part of the conformational change induced by HPA.*

In this study, we investigated how HPA stimulates FMN
reduction in C1. First, the HPA binding site was identified using

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the existing crystal structures of C1 and NadR. HPA was then
docked into the proposed binding site using molecular docking.
The C1 protein complex, with HPA docked, was subjected to
molecular dynamics (MD) simulations to gain insights into the
allosteric regulation mechanisms of the protein. Allosteric regula-
tion plays a crucial role in the biological activity of proteins,
affecting their function at one site by the binding of a regulatory
molecule at a separate site. By simulating the dynamics of C1 in
the presence of HPA, this study aims to observe and analyze the
conformational and functional changes within the protein, pro-
viding pivotal insights into its regulatory mechanisms. To validate
our findings, we employed site-saturation mutagenesis to create
the Y189A variant, which was the first variant found to bind HPA
without stimulating FMN reduction. This result confirms our
proposed allosteric mechanism of C1 and highlights the signifi-
cance of specific amino acid residues in the regulatory process.
These findings could significantly contribute to the development
of targeted therapeutic strategies exploiting these allosteric sites.

Experimental
Structure analysis of C1 and molecular docking

The crystal structure, identified as 5zyr.pdb (an unpublished
crystal structure), reveals a potential binding site for HPA, high-
lighted by the interaction of an acetate ion with ARG222. Before
conducting docking simulations, both the acetate ion and crystal-
lographic waters were removed to prepare the structure. HPA
optimization was conducted using B3LYP***%/6-31G(d)**>° within
the Gaussian16 program.”® Subsequently, both HPA and the
protein were prepared using AutoDockTools,””*® with the proto-
nation states of the amino acids being predicted by PROPKA®® and
an optimal hydrogen bond network being established.*

The crystal structure reveals different interactions of the
recognition helix in chain A and B. In chain A, the salt bridge
between Glu248/Glu251 on the recognition helix and Arg20 is
intact, measuring 4.0 and 4.3 A, respectively (Fig. 1a). On the
other hand, in chain B, the salt bridge between Glu248/Glu251
on the recognition helix and Arg20 is impaired, measuring 5.6
and 7.1 A, respectively (Fig. 1b). Thus, HPA was only docked in
chain A to study the effect of HPA on the recognition helix,
while chain B was observed for HPA-independent effects.

Focusing on ARG222 in chain A, it was selected as the center
for a cubic docking box, designed with dimensions of 25 A* on
each side, to encompass the potential interaction zone. Notably,
ARG222 was also made flexible to accommodate potential con-
formational changes during the docking procedure. Flexible
docking was executed using AutoDock Vina,®' allowing for
dynamic adjustment of the protein to HPA’s binding and ensur-
ing a more accurate simulation of potential interactions.

Allosteric regulation of C1 by HPA via molecular dynamics
(MD) simulations

Hydrogen atoms were added to amino acid residues, consider-
ing results from propka.’® Atom types in the topology files were
assigned based on the CHARMM?27 parameter set.®” The C1
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Fig. 1 Panel (a) illustrates HPA docked in chain A with intact salt bridges
between Glu248/Glu251 and Arg20. Panel (b) shows impaired salt bridges
between Glu248/Glu251 and Arg20 in chain B. Helix 1, 2, 3, 4, and 5 are in
pink, yellow, orange, cream, blue, respectively.

structure with HPA was solvated in a cubic box of TIP3P water,
extending at least 15 A in each direction from the solute. The
dimensions of the solvated system were 95 x 98 x 102 A. MD
simulations were conducted using the NAMD program,®® with
simulation protocols adapted from our previous work.**

Simulations commenced with the minimization of hydrogen
atom positions for 3000 steps, followed by water minimization
for 6000 steps. Subsequently, the system’s water was heated to
300 K over 5 ps and then equilibrated for 15 ps. The entire
system underwent minimization for 10 000 steps, was heated to
300 K over 20 ps, and then equilibrated for 180 ps before
proceeding to the production stage for 4 microseconds.

The Y189A structure was prepared by mutating Y189 to
A189. The MD simulation protocol for Y189A was the same as
for the wild-typed C1, except the production stage lasted for
1 microsecond.

Site-saturation mutagenesis of Y189

C1 primers were purchased from Pacific Science, and the C1
gene was constructed in a pET11a plasmid between the Ndel
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and BamHI sites, with a total length of 6585 bp (including the
pET11a plasmid at 5677 bp and C1 at 946 bp).®® Y189X primers
were designed for whole plasmid amplification using NNK-
degenerate codons (Table S1, ESIt). The pET1la plasmid
containing the wild type gene served as the template for PCR.
The PCR conditions are detailed in Table S2 (ESIf) and
were executed using a Mastercycler nexus gradient GSX1 PCR
instrument. The PCR product was treated with DpnlI to elim-
inate remaining template DNA and transformed into E. coli
BL21(DE3) for DNA propagation. Subsequently, cells were har-
vested and plasmid DNA extracted for sequencing to verify the
amino acid diversity at the target site.

The electropherogram data from pooled plasmid DNA dis-
plays peak heights for each fluorescent base, corresponding to
their concentrations. The fractional compositions of each base
were calculated and then subtracted from their theoretical
composition (0.25 for N positions and 0.50 for K positions).
Summing these deviations provides Y n values for each base
position. The weighted average across the three bases of a
codon, after applying a scaling factor, yields a Qpool value
ranging from 0 to 1. A Qpool value of 0.0 indicates the presence
of a single sequence, while a Qpool score of 1.0 denotes perfect
randomization.®®

Screening of C1-Y189X site-saturation mutagenesis variants by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay

High-throughput screening of C1 activity from site-saturation
and random mutagenesis was conducted using the VISTEC
Explorer G3 cell workstation (robotic system). This included
the K6-2 picker for auto-picking colonies, the LPT 220 incubator
for incubating cells, the JANUS G3 mini MDT and JANUS G3
mini 8-tip for liquid handing, and the EnVision multimode
plate reader for measuring C1 activity absorption.

C1 site-saturation mutagenesis plasmids with a Qpool value
higher than 0.7 were transformed into E. coli BL21(DE3) to express
approximately 200 colonies, suitable for high-throughput colony
pickers. Each well of a 96-well plate was filled with 100 pL of LB
medium supplemented with 50 pg mL~" ampicillin. Colonies
were transferred to the 96-well plates using a high-throughput
colony picker. The plates were then sealed with aluminum film
using a sealer and incubated at 37 °C, 50 rpm overnight. 5% of the
cells from the stater plate were inoculated onto a new plate
containing 185 pL of LB medium, sealed again with aluminum
film, and incubated at 37 °C, 50 rpm for 6-8 hours. Cells were
induced with 5 pL of 4 mM IPTG and incubated at 16 °C, 50 rpm
overnight.

The expression plates were centrifuged at 4 °C, 3756 g for
40-60 minutes. The supernatants were discarded before adding
100 pL of lysis buffer containing lysozyme. The samples were
shaken at 37 °C for 1.5 hours and centrifuged again at 3756 g,
4 °C for 60 minutes. The MTT assay was performed at 25 °C.
The reaction mixture contained 50 mM sodium phosphate
(pH 7.5), 15 uM FMN, 200 uM NADH, 10 nM C1, and 5 mg mL "
MTT. Reactions were initiated by adding C1 and the absorbance
changes at 578 nm were monitored over time.
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Gene expression and protein purification

The plasmid pET11a-C1 mutant Y189A was transformed into
E. coli BL21(DE3) for gene expression. The recombinant cells
were grown at 37 °C in Luria-Bertani (LB) broth medium contain-
ing 50 pg mL~' ampicillin. Enzyme production was induced
when the optical density at 600 nm (ODg) reached 1, by adding
isopropyl B-p-1-thiogalactopyranoside (IPTG) to a final concen-
tration of 1 mM. The cells were then grown at 16 °C and collected
by centrifugation when the ODgo, reached 4. Crude protein
extracts were prepared by sonication of the cell paste in
50 mM sodium phosphate buffer, pH 7.0, containing 1 mM
dithiothreitol (DTT), 0.5 mM ethylenediaminetetraacetic acid
(EDTA), and 100 pM phenylmethylsulfonyl fluoride (PMSF).
The insoluble fraction of the lysate was removed by centrifuga-
tion. The C1 flavin reductase enzyme was purified from the
crude extracts using ammonium sulfate precipitation followed
by DEAE ion-exchange chromatography. The purity of the pur-
ified enzyme was verified by SDS-PAGE.

Steady-state kinetics

The kinetic parameters of C1, such as the maximum enzyme
velocity (Vinax), the turnover number (k) representing of number
of substrate molecules each enzyme site converts to product per
unit time, and the Michaelis-Menten constant (K;,), can be
investigated by measuring NADH oxidase activity under various
concentrations of NADH (1-400 pM). The assays were conducted
at 25 °C in a 50 mM sodium phosphate buffer, pH 7.5, containing
15 uM FMN, 200 uM HPA, and 10 nM C1. The concentrations of
the compounds were determined using known extinction coeffi-
cients at pH 7.0: NADH, &340 = 6.22 X 10° M ' em™%; FMN, 446 =
12.8 x 10° M em™%; and HPA, ¢,,, = 1.55 x 10° M ' cm™ . The
concentration of C1 was estimated using an extinction coefficient
of 12.8 x 10> M~ ecm™ " at 458 nm.%” The NADH oxidase activity
was measured using a Cary 300 UV-visible spectrophotometer
from Agilent, and the reaction rates were analyzed with the
Michaelis-Menten equation using GraphPad Prism version 7.0.

Isothermal titration calorimetry (ITC) for determining
dissociation constant of complex between C1-Y189A and HPA

Isothermal titration calorimetry (ITC) is a technique utilized to
study the thermodynamics of binding interactions and to
measure the changes in Gibbs free energy (AG®), enthalpy
(AH®), and entropy (AS°) associated with the reaction between
a ligand and its receptor.®® In this study, ITC was employed to
measure the heat changes resulting from the binding inter-
action between C1-Y189A and HPA. C1-Y189A was dialyzed
in 50 mM sodium phosphate buffer (pH 7.5) at 4 °C overnight
to prepare it for the experiment. The ITC titrations were
conducted using a MicroCal PEAQ-ITC machine, involving
19 injections of HPA: the first injection was 0.4 pL, followed
by 18 injections of 2.0 puL each, at a constant temperature of
25 °C and a stirring speed of 750 rpm. For these experiments,
a concentration of 50 uM C1-Y189A and 1 mM HPA was used.
The results were analyzed with the MicroCal PEAQ-ITC
analysis software.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results
Structural insights into HPA binding

The most favourable docking conformation of the C1-HPA
complex showed similarities to the HPA-bound form of NadR,
a homolog of the C-terminal domain of C1. In this conforma-
tion, ARG222 in C1 is positioned to form a salt bridge with HPA,
mirroring the interaction observed with ARG43 in NadR
(Fig. S1, ESI{).*> The root mean square deviation (RMSD) plot
(Fig. S2, ESIT) reveals significant fluctuations in HPA’s confor-
mation during the initial 0-2 microseconds of the MD simula-
tion. However, from 2 to 4 microseconds, HPA stabilizes,
suggesting an adjustment period followed by stabilization within
the binding site. HPA forms a crucial salt bridge with ARG222
from the simulation’s onset, with the carboxylate group of HPA
forming a stable salt bridge, approximately 1.8 A in distance,
with ARG222 after 4 microseconds (Fig. 2a).

Around the 2-microsecond mark, HPA uses its carboxylate
group as a pivot to rotate and form a hydrogen bond with
Phe216. The fluctuating distance of this bond between 2 and
4 microseconds indicates its instability, suggesting that the
hydroxyl group of HPA does not primarily contribute to the
conformational change of C1. HPA is perfectly fitted and sur-
rounded by residues Pro169, His170, Leu212, Ala213, Thr218,
Ala221, and Arg222 (Fig. 2b).

The subsequent section explores conformational changes
in the C-terminal domain (residues 191-315), categorizing it
into five helices based on their residue numbers and functions
(Table S3, ESIt). Helices 1 and 2 make direct contact with HPA,
while helices 3 and 4 form salt bridges with the N-terminal
domain (residues 1-168). Helix 5, the farthest from the N-terminal
domain, directly contacts helix 1. HPA signals helix 3 to detach
from the N-terminal domain through helix 2. Simultaneously,
HPA signals helix 4 to detach from the N-terminal domain
through helices 1 and 5, illustrating the intricate signaling
mechanism within the protein structure.

Impact of HPA on helix 2 conformation

The RMSD plot for helix 2 (Fig. S3, ESIt) shows a significant
conformational shift when HPA is absent compared to its
presence, indicating HPA’s critical role in preserving helix 2’s
structural integrity. In the absence of HPA (Fig. 3a), water
molecules expand within the binding site, displacing Leu188
on a flexible loop (residues 169-190, purple) into the bulk
solvent. This displacement disrupts a vital salt bridge between
Arg187 and Glu228 (Fig. 3 and Fig. S4, ESIY), leading to the
unfolding of Glu228 and nearby residues into a loop, which
increases the RMSD value and indicates a significant structural
deviation from the original conformation.

The established role of HPA in influencing the flexible loop’s
conformation (residues 169-190) prompts further investigation
into the potential reciprocal effect of mutations within this loop
on HPA’s conformation (Y189A section). This exploration into a
regulatory mechanism between HPA and the protein structure
is fascinating. It posits that just as HPA can modify the loop’s
conformation, specific mutations in the loop might also impact

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Panel (a) illustrates the hydrogen bond distances between HPA
and Arg222, showcasing the dynamic nature of these interactions over
4 microseconds. Panel (b) details the van der Waals interactions between
HPA and the surrounding residues. Panel (c) provides a quantitative
analysis of these interactions, focusing specifically on the hydrogen bond
distances between HPA and key residues, notably Phe216 and Arg222.
Helix 1, 2, 3, 4, and 5 are in pink, yellow, orange, cream, blue, respectively.

HPA’s conformation and binding orientation. Investigating this
hypothesis could provide valuable insights into the dynamic
nature of protein-ligand interactions and the allosteric effects
governing them, offering a deeper understanding of these
complex biochemical processes.

Influence of HPA on helix 3 conformation

The RMSD plot for helix 3 (Fig. S5, ESIt) underscores a
significant conformational shift when HPA is absent, compared
to scenarios where it is present. This shift can largely be tracked
back to changes in salt bridge formations involving key resi-
dues within helix 3. In the absence of HPA, Lys235 of helix
3 breaks its existing salt bridge with Glu250 on helix 4, forming

RSC Chem. Biol., 2025, 6, 81-93 | 85
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Fig. 3 MD simulations with and without HPA and analysis of key interac-
tions. Panel (a) presents a snapshot from the MD simulation at 4 micro-
seconds, showcasing the protein’s structure in the absence of HPA. In
contrast, panel (b) displays a corresponding snapshot at 4 microseconds in
the presence of HPA. Panel (c) provides a detailed analysis of the distance
between the CD atom of GLU228 and the CZ atom of ARG187, key
residues forming a critical salt bridge. Helix 1, 2, 3, 4, and 5 are in pink,
yellow, orange, cream, blue, respectively.

a new one with Glu101 in the N-terminal domain instead
(Fig. S6 and S7, ESIT). This reconfiguration affects Arg240 on
helix 3 as well, leading it to establish a salt bridge with Glu91 in
the N-terminal domain (Fig. S6 and S8, ESIT). Conversely, in the
presence of HPA, Lys235 and Arg240 on helix 3 maintain their
salt bridges with Glu250 and Asp237/Glu241, respectively,
indicating HPA’s stabilizing influence on these interactions
(Fig. 4 and Fig. S8, ESIY).
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Fig. 4 Panel (a) provides a detailed view of the interactions within helix 3
(orange) in the presence of HPA, captured in a snapshot from the MD
simulation at 4 microseconds. Panel (b) presents a quantitative analysis,
illustrating the distances between Leu235 and two key residues, Glu210
and Glu250, highlighting how the presence of HPA affects these interac-
tions. Helix 1, 2, 3, 4, and 5 are in pink, yellow, orange, cream, blue,
respectively.

In short, the absence of HPA leads to the disruption of the
salt bridge between Arg187 and Glu228 in helix 2, prompting
the formation of a 7-residue loop between helix 2 and helix 3.
This disruption leads helix 3 to form new salt bridges with the
N-terminal domain, which is relatively farther away.

In contrast, the presence of HPA ensures the maintenance of
the salt bridge between Arg187 and Glu228, shortening the loop
from 7 to 5 residues. This change influences helix 3 to form salt
bridges with the C-terminal domain, which is closer. These
observations highlight HPA’s critical role in modulating the
protein’s conformational dynamics, especially regarding inter-
domain interactions and the stability of helices and loops, thus
emphasizing HPA’s essential contribution to the protein’s
structural integrity and functional specificity.

Impact of HPA on helix 1 conformation

The RMSD plot for helix 1 (Fig. S9, ESIt) reveals a notable
conformational change in the presence of HPA, underscoring
its significant impact on the structural dynamics of helix 1.
Initially, Phe216 is observed forming a hydrogen bond (2.5 A)
with GIn211 (Fig. 5a). After 4 microseconds of simulation with
HPA, Phe216 forms a tighter hydrogen bond (2.2 A) with Leu212
(Fig. 5b). This reorientation of Leu212 suggests a significant
structural adjustment in response to the presence of HPA.

In essence, the presence of HPA induces a significant con-
formational change in helix 1, characterized by Leu212 rotating
towards HPA to engage in a hydrophobic interaction with its
aromatic ring. Concurrently, Gln211 rotates outward, better
aligning with the surrounding hydrophilic environment. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparative analysis of HPA's interaction with the C1 protein before
and after an MD simulation. Panel (a) shows the initial state of the C1 protein
with HPA docked, establishing the baseline for the simulation. Panel (b) depicts
the structure of the protein after 4 microseconds of MD simulation, illustrating
the dynamic changes over time. Panel (c) provides a focused view on the
hydrogen bond interactions between Leu212 and Phe216, comparing these
interactions under two scenarios: with and without the presence of HPA. Helix
1,2, 3,4, and 5 are in pink, yellow, orange, cream, blue, respectively.

shifts underscore the critical role of HPA in modulating the
structure and interactions of helix 1, potentially affecting the
protein’s functionality and regulatory mechanisms.

Impact of HPA on helix 5 conformation

In the absence of HPA, Leu212 does not occupy the HPA
binding site. Instead, residues Leu282 and Leu285 on helix 5
fill this space, making a distinct conformational state of the
protein without HPA bound. The introduction of HPA, however,
triggers a significant conformational change: Leu212 rotates
into the binding site to engage in a hydrophobic interaction
with HPA’s benzene ring. This movement creates a spatial clash
with Leu282 and Leu285, prompting a consequential reposi-
tioning of helix 5 (Fig. 6 and Fig. S10, ESIt).
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Fig. 6 The structural changes observed in the C1 protein through MD
simulations, with comparisons made before and after 4 microseconds of
simulation. (a) The protein’s configuration before the MD simulation is in
green, while the structure after 4 microseconds of simulation is in blue.
(b) Provides a detailed analysis of the distances between the alpha carbons
of Leu212 and either Leu282 or Leu285, measured both in the presence
and absence of HPA.

This repositioning of helix 5 further leads to additional
structural alterations, notably the separation of a short beta-
sheet comprising Ile263 and Glu270 on the loop between helix
5 and helix 4 (Fig. S11 and S12, ESIt) and pulling the top part of
helix 4 away from N-terminal domain. These changes illustrate
the profound impact of HPA on the protein’s spatial configu-
ration, affecting not only the positioning of specific amino
acids but also inducing broader structural rearrangements,
including shifts in helices and beta sheets. Such observations
are vital for understanding the nuanced molecular mechanisms
driving protein-ligand interactions and the adaptive conforma-
tional flexibility of proteins in response to ligand binding.

Impact of HPA on helix 4 conformation

Despite helix 4 being shifted away from N-terminal domain by
helix 5 in the presence of HPA, the RMSD values for helix 4
show remarkable consistency, regardless of HPA’s presence or
absence (Fig. S13, ESIt). A closer examination offers further
insights. In the absence of HPA, the salt bridge between
Glu248/Glu251 on helix 4 and Arg20 of the N-terminal domain
spontaneously breaks from 1.3 to 1.7 microseconds (Fig. 7b).
A snapshot (Fig. 7a) at 1.5 microseconds reveals that Arg20
forms a salt bridge (3.9 A) with Asp56, while, Glu248 and
Glu251 form salt bridges with Arg247 (4.4 A) and Arg217
(3.8 A), respectively. The breakage of the salt bridge between
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Fig. 7 Structural changes observed in the C1 protein through MD simula-
tions. Panel (a) shows the C1 structure at 1.5 microseconds in the absence
of HPA. Panel (b) provides a detailed analysis of the distances between
Arg20 and either Glu248 or Glu251, measured both in the presence and
absence of HPA. Helix 1, 2, 3, 4, and 5 are in pink, yellow, orange, cream,
blue, respectively.

Glu248/Glu251 and Arg20 in the absence of HPA can be
observed because the starting point of the MD simulation is
chain B of C1 (Fig. 1b), which displays an impaired salt bridge
between Glu248/Glu251 and Arg20. Thus, this state indicates
that the breakage of the salt bridge between Glu248/Glu251 and
Arg20 is independent of HPA.

Then, what is the role of HPA in the conformation of helix 4?
In the absence of HPA, Glu250 on helix 4 forms a salt bridge with
Arg99 in the N-terminal domain (Fig. S6, ESIt), a connection that
is disrupted by the presence of HPA (Fig. 4 and Fig. S14, ESIT).
This indicates that HPA plays a role in distancing helix 4 from the
N-terminal domain, thereby facilitating a new salt bridge between
Arg99 and the phosphate of flavin. This may promote a favorable
conformation for the formation of the FMN-NADH complex since
the distance between Arg99 and the phosphate of flavin is stable
at 4 A in the presence of HPA (Fig. S15, ESIT). In addition, RMSD
of the flavin is lower in the presence of HPA (Fig. S16, ESIY).

In order to approximate the location of the NADH binding site
in C1, the crystal structure of flavin reductase PheA2 complexed
with NAD+ (1rz1.pdb) is aligned with a 4-microsecond snapshot of
C1 in the presence of HPA. Similar interactions are noted with
C1’s equivalents, Arg20 and His139, and their engagement with
NADH (Fig. S17, ESIt). Nonetheless, the salt bridge between
Arg247 on helix 4 and Asp56 on the N-terminal domain might
obstruct NADH binding by displacing His139 and preventing
essential disruptions of salt bridges involving Arg20, Glu248,
and Glu251.
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Recall that Arg20 can form a salt bridge with Asp56 in the
absence of HPA; however, this interaction is not observed when
HPA is present. Why does Asp56 form a salt bridge with Arg247
instead of Arg20 in the presence of HPA (Fig. S18, ESI{)?
According to previous work,"” the rate of HPA-stimulated flavin
reduction in the R247A variant is similar to that of wild-type C1.
Thus, Arg247 is likely not involved, suggesting that a salt bridge
between Arg247 and Asp56 could be an artifact resulting from
the absence of initial residues (1-9). This absence might affect
the positioning of Lys11, closest positive charge to Asp56
(Fig. S19, ESIt). In the absence of such an artifact, helix 4 is
likely shifted away from N-terminal domain by the pulling force
from helix 5, which is induced by HPA, to open the binding site
for NADH.

While the current model does not fully elucidate the move-
ment of helix 4, it highlights that allosteric HPA-stimulated
flavin reduction in C1 consists of two independent effects. The
first effect is HPA-independent, in which Arg20 departs from
Glu248/Glu251 of helix 4 and forms a salt bridge with Asp56.
The second effect is HPA-dependent, wherein HPA induces
conformational changes in the C-terminal domain, leading
to the separation of helix 3 and helix 4 from the N-terminal
domain to create a binding site for NADH.

Impact of the Y189A mutation on HPA binding and flavin
reduction

To gain a deeper understanding of the impact of specific
residues on HPA binding and activity, we investigated the
function of flexible loop through saturation mutagenesis.
Y189 on the flexible loop was selected for site-saturation
mutagenesis due to its potential role in HPA binding and
activation. Primers were designed to encode all 20 amino acids,
and the resulting plasmids were analyzed for the amino acid
population using Qpool. The Qpool value for the site-saturation
mutagenesis of Y189X is 0.90, indicating that the site-
saturation library successfully represents all 20 amino acids,
providing a sufficiently representative collection of variants for
screening studies.

After undergoing site-saturation mutagenesis, plasmids
exhibiting high Qpool values were transformed into E. coli
BL21(DE3). A total of 308 colonies of C1-Y189 were picked and
cultured in four 96-well plates, with C1-wild type, media, and
buffer serving as controls. The crude protein, after expression and
extraction, was assayed using the MTT method. The results
showed that the activity of most C1-Y189 variants decreased, both
in the presence and absence of HPA (Fig. S20, ESIt). To confirm
these results, some variants were selected for sequencing and
porin field analysis. Y189A was chosen to observe the real kinetics
of pure protein and to see the difference when Y189 is changed to
a smaller amino acid. The results indicated that mutating tyrosine
to alanine reduces the activity of C1 (Fig. S21, ESI{), even when
HPA is present in the reaction. This suggests that Y189 is
important for the activity of C1.

To further understand the role of Y189, isothermal titration
calorimetry (ITC) was utilized to determine the dissociation
constants (Ky) of C1 and its ligand compounds. This experiment

© 2025 The Author(s). Published by the Royal Society of Chemistry
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measured the heat change resulting from the binding of HPA to
C1. C1 was dialyzed and solubilized in 50 mM sodium phos-
phate buffer (pH 7.5) overnight at 4 °C. The ITC results showed
that the wild-type C1 (C1-WT) exhibited a K4 of 27.90 + 2.12 pM.
When Y189 was mutated to alanine, the K, increased to 47.15 +
6.43 uM (Fig. S22, ESIt), indicating a slightly weaker interaction
between the Y189A variant and HPA.

Although HPA binds to the Y189A variant, there is a notable
absence of stimulation in flavin reduction by HPA. This obser-
vation indicates that analyzing the molecular dynamics of
HPA’s interaction with the Y189A variant could yield crucial
insights into the underlying mechanisms of HPA’s stimulatory
effects. According to Fig. 8c, the RMSD of the flexible loop in
the Y189A variant is significantly higher than in the wild type
(WT), suggesting that the Y189A mutation leads to more
pronounced conformational changes within the flexible loop
and the C-terminal domain of C1. Consequently, these changes
result in a displacement effect in the HPA binding site, causing
HPA to shift positionally.

The marked difference in RMSD values for HPA when bound
to Y189A (Fig. 8d), as opposed to WT, implies that the Y189A
mutation triggers a conformational alteration in HPA itself.
This altered conformation in the Y189A variant facilitates a
distinct pattern of conformational changes in helix 1 (Fig. S23,
ESIT). Unlike in WT, where Leu212 engages in van der Waals
interactions with HPA’s aromatic ring (Fig. 8a), the positional shift
of HPA in the Y189A variant prevents Leu212 from forming these
interactions, affecting the interaction with Leu282 and Leu285 as
well (Fig. 8b). This finding underscores a critical point: for HPA to
effectively stimulate flavin reduction, it must not only bind to the
protein but also maintain an appropriate conformation. Our
results from MD simulations and experimental data strongly
suggest that Y189 is crucial for the proper conformational changes
required for HPA to stimulate flavin reduction. The integration of
structural dynamics insights and experimental validation with the
Y189A variant supports our proposed allosteric mechanism, pro-
viding a foundation for further studies on other critical residues
within the flexible loop and the C-terminal domain.

Discussion

This research identifies the HPA binding site using the acetate-
bound crystal structure of C1 as a reference, with HPA docked
into C1 to replace acetate. MD simulations in the absence of
HPA show that helix 3 is connected to the N-terminal domain
by two salt bridges: Arg240 of helix 3 with Glu91 of the
N-terminal domain and Lys235 of helix 3 with Glu101 of the
N-terminal domain (Fig. S6, ESIT). Similarly, helix 4 is anchored
by salt bridges to the N-terminal domain: Glu250 of helix 4 with
Arg99, and Glu248 with Glu251 of helix 4 with Arg20 (Fig. S6,
ESIT). This arrangement causes the FMN to take a position that
potentially obstructs NADH binding.

In the presence of HPA, MD simulations reveals HPA’s role
in prompting Glu228 of helix 2 to form a salt bridge with
Arg187 of the flexible loop (Fig. 3), shortening the loop between
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Fig. 8 Comparative MD snapshots and RMSD analysis for the WT and the
Y189A variant. Panel (a) displays an MD snapshot at 1 microsecond for
the WT, showcasing the protein’s structural conformation at this specific
time point. Panel (b) presents an MD snapshot at 1 microsecond for the
Y189A variant, facilitating a direct comparison of the structural differences
resulting from the mutation. Panel (c) offers a detailed RMSD analysis,
comparing the loop dynamics, and panel (d) illustrates HPA interactions in
both the WT and the Y189A variant. Helix 1, 2, 3, 4, and 5 are in pink, yellow,
orange, cream, blue, respectively.

helix 2 and helix 3 and causing helix 3 to move away from the N-
terminal domain. This shift leads Arg240 of helix 3 to form salt
bridges with Asp237 and Glu241 on helix 3, while Lys235 binds
with Glu250 of helix 4 (Fig. 4). Furthermore, HPA triggers
Leu212 of helix 1 to engage in hydrophobic interactions with
both HPA and Leu282/Leu285 of helix 5, pushing helix 5
leftward and disrupting a short-beta sheet between helix 4
and helix 5, composed of Ile263 and Glu270 (Fig. 5 and 6).
This movement causes Glu250 of helix 4 to detach from Arg99
of the N-terminal domain, allowing Arg99 to form a salt bridge
with FMN, thereby creating a favorable conformation for NADH
binding (Fig. 4). Essentially, HPA encourages C1 to form intra-
domain salt bridges, facilitating the creation of an NADH
binding site. Another effect is HPA independent in which
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Arg20 departs from Glu248/Glu251 of helix 4 and forms a salt
bridge with Asp56 (Fig. 7). The Y189A variant analysis shows
that HPA must bind to C1 in the correct conformation to induce
significant conformational changes, such as those seen in
Leu212 of helix 1 (Fig. 8).

The binding mode of HPA in C1 and NadR exhibits simila-
rities, characterized by a polar floor and a hydrophobic ceiling
pattern.*® In C1, the carboxylate group of HPA forms hydrogen
bonds with Arg222 and the backbones of Pro169 and His170,
whereas in NadR, it engages with Ser9, Trp39, Arg43, and
Tyr115. Furthermore, the hydroxyl group of HPA in C1 donates
a hydrogen bond to the carbonyl group of Phe216, while in
NadR, it interacts with Asp36. Surrounding HPA in C1 are
residues Pro169, Leu212, Ala213, Thr218, and Ala221, contrast-
ing with Leu21, Met22, Phe25, Leu29, and Val111 in NadR.

Comparing HPA binding in proteins C1 and C2, both utilize
Arg222 and Arg263, respectively, to form salt bridges with the
carboxylate group of HPA. While the interaction between
Phe216 and HPA’s hydroxyl group in C1 shows variability,
C2’s hydroxyl group consistently forms stable hydrogen bonds
with Ser146 and His120. These interactions are essential for the
efficient hydroxylation of HPA by C4aOOH.®*””" Additionally,
C2 engages in van der Waals interactions with residues such as
Leull6, Ile148, Phe266, Ala267, Phe270, Tyr296, His396
Tyr398, and FMN, enhancing the substrate’s reactivity.”> A
notable structural feature in C2 is a small cavity near the C4a
position of FMN, adjacent to the ortho carbon of HPA, which
accommodates molecular oxygen. This arrangement, involving
reduced FMN and fully protonated His396, facilitates the
formation of C4a0OOH through proton-coupled electron trans-
fer, followed by the nearly barrierless formation of the C4a-
OOH bond.**7%7

Mutations in C1 have been studied to assess their impact on
flavin reduction stimulated by HPA.** These variants are cate-
gorized into three groups based on their flavin reduction rates.
The first group, including R20A, H170A, S172A, N174A, E248A
and E251A, demonstrates stimulated flavin reduction by HPA
but at a lower rate than the wild-type C1. Specifically, R20A
shows a decreased rate due to the role of Arg20 as NADH
binding residue. H170A, S172A, and N174A, located on the
flexible loop, along with helix 2, are crucial for transmitting
HPA’s signal to helix 3, encouraging its departure from the
N-terminal domain. In this study, Tyr189 on the flexible loop
was targeted for site saturation mutagenesis. The Y189A variant
exhibits an unusual property by causing excessive occupancy of
water at the HPA binding site. Although HPA binds to Arg222, it
is misaligned and fails to trigger the necessary conformational
change in Leu212, resulting in an absence of flavin reduction
stimulation by HPA. The flavin reduction rate in E248A and
E251A variants is stimulated by HPA because of a salt bride
with Arg20.

The second group, represented by Y207A, exhibits flavin
reduction rates similar to wild-type C1 in the absence of HPA
but lacks stimulation in its presence. Isothermal titration
calorimetry (ITC) experiments indicate that Y207A does not
bind HPA, likely due to a more pronounced flooding effect at
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the binding site, akin to Y189A, which displaces HPA into the
bulk solvent. The third group, including F216A and the E248A/
E251A double variant, shows a higher flavin reduction rate than
wild-type C1 in the absence of HPA. F2164, located on the loop
connecting helix 1 and helix 2, does not bind HPA, possibly
due to significant conformational change that disrupts the salt
bridge between helix 4 and the N-terminal domain, indepen-
dently of HPA. The E248A/E251A double variant demonstrates
an increased flavin reduction rate in the absence of HPA
because Arg20 can only form a salt bridge with Asp56, reducing
the negative charge on helix 4 and allowing better NADH
binding. Furthermore, the flavin reduction rate of the E248A/
E251A double variant is further increased to the same level as
wild-type C1 in the presence of HPA because HPA induces
helix 5 to pull helix 4 leftward, creating an even better NADH
binding site between helix 4 and Arg20, which currently forms a
salt bridge with Asp56. Thus, the results from the E248A/E251A
double variant support the notion that C1 undergoes confor-
mational changes due to both HPA-independent and HPA-
dependent effects.

In this research, HPA stimulates flavin reduction in C1
through its carboxylate and hydrophobic phenyl group. The
carboxylate group forms a salt bridge with Arg222 on helix 2,
transmitting a signal for helix 3 to detach from the N-terminal
domain. Simultaneously, the hydrophobic phenyl group triggers a
conformational change in Leu212 on helix 1, causing a steric
clash with Leu282 and Leu285 on helix 5. This clash leads to
helix 4 moving away from the N-terminal domain. Notably, the
hydroxyl group of HPA does not directly participates in this
allosteric mechanism. Contrastingly, in PHBH from Pseudomonas
fluorescens, an allosteric model for single-component FDMOs,
flavin reduction is stimulated by the deprotonation of a hydroxyl
group of p-hydroxybenzoate, influenced by a proton transfer
network.?> Mutations, such as H72N, Y201F, and Y385F within
this network, significantly reduce flavin reduction rates.'®”®

A comparison of hydride transfer from NAD(P)H to flavin
between PHBH and C1 reveals a distinct difference: in Ci1,
NADH transfers a pro-(S)-hydride to FMN,*' whereas NADPH
transfers a pro-(R)-hydride to FAD in PHBH.”® This distinction
is evident in Fig. S17 (ESIt), showing the pro-(S)-hydride’s
closer proximity to N5 of FMN compared to the pro-(R)-
hydride. Despite the availability of the PHBH variant’s crystal
structure in complex with NADPH, the observed binding mode
does not accurately represent flavin reduction, as the adenine
moiety is positioned near FAD while the nicotinamide ring
remains distant.”’

MD simulations of C1 in complex with HPA show that HPA
prompts the C-terminal domain to form salt bridges internally
rather than with the N-terminal domain. Small angle X-ray
scattering (SAXS) experiments reveal that C1 bound to HPA
exhibits a larger radius of gyration compared to C1 alone,
suggesting HPA induces a more extended conformation in
C1, This extended conformation aligns with an increased flavin
reduction rate observed in the presence of HPA.> In this state,
Glu248 and Glu251 of helix 4 do not engage in salt bridges with
Arg20 of the N-terminal domain, a conformation not predicted

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by MD simulations due to an artifact salt bridge between
Arg247 of helix 4 and Asp56 of the N-terminal domain
(Fig. S17, ESIY). The similarity in flavin reduction rates between
the R247A variant and wild-type C1, regardless of HPA
presence, suggests this salt bridge is an artifact, potentially
arising from the absence of residues 1-9 in the N-terminal
domain that would interact with Asp56, such as Lys11 (Fig. S19,
ESIt). Addressing this artifact by accurately modeling missing
residues in the N-terminal domain could provide more accurate
insights into C1’s allosteric mechanisms induced by HPA.

This study not only elucidates the mechanism of HPA
binding and its allosteric effects on C1 but also sets a founda-
tion for understanding similar mechanisms in two-component
FDMOs or enzymes influenced by aromatic ligands, like NadR.

The structure of the reductase component of HPAH from
Pseudomonas putida is predicted by Alphafold3’® (Fig. S24,
ESIT). The allosteric mechanism of the reductase component
of HPAH from Pseudomonas putida is proposed to include HPA-
independent and HPA-dependent effects. The HPA-independent
effect involves Argll (Arg20 in C1) on the N-terminal domain
dissociating from Glu241 (Glu248 in C1) and Glu244 (Glu251 in
C1) on helix 4 to form a salt bridge with Asp47 (Asp56 in C1) on the
N-terminal domain. The HPA-dependent effect occurs when HPA
binds with Arg215 (Arg222 in C1) on helix 2 to preserve the salt
bridge between Glu221 (Glu228 in C1) on helix 2 and Arg180
(Arg187 in C1) on the flexible loop, leading to the dissociation of
Arg233 (Arg240 in C1) on helix 3 and Asp82 (Glu91 in C1) on the
N-terminal domain. The aromatic ring of HPA induces a confor-
mational change in Leu206 (Leu212 in C1) on helix 1, causing
steric clashes with Leu275 (Leu282 in C1) and Leu278 (Ile285 in
C1) on helix 5. This shifts helix 5 to the left, pulling helix 4 away
from the N-terminal domain to create the NADH binding site. The
key difference between C1 and this HPAH is the presence of Pro90
instead of Arg99. Consequently, Glu239 (Glu250 in C1) does not
form a salt bridge with the N-terminal domain.

The structure of the reductase component of nitrilotriacetate
monooxygenase (ntaB) from Chelatobacter strain ATCC 29600 is
also predicted by Alphafold3”® (Fig. S25, ESIY). Its allosteric mecha-
nism includes nitrilotriacetate-independent and nitrilotriacetate-
dependent effects. The nitrilotriacetate-independent effect involves
Arg22 (Arg20 in C1) on the N-terminal domain dissociating from
Glu248 (Glu248 in C1) and Asp251 (Glu251 in C1) on helix 4 to form
a salt bridge with Asp57 (Asp56 in C1) on the N-terminal domain.
The nitrilotriacetate-dependent effect involves nitrilotriacetate
binding with Arg211 (GIn211 in C1) on helix 2, Arg280 (Ala279 in
C1) on helix 5, and Arg178 (no homologous residue in C1) on the
flexible loop. To accommodate the formation of three salt bridges,
helix 5 shifts to the left, pulling helix 4 away from the N-terminal
domain to create the NADH binding site. Key homologous residues
in C1, such as Arg222, Leu212, Leu282, and Leu285, correspond to
Lys222, Ser212, Met283, and Tyr286 in ntaB, respectively, but these
residues in ntaB do not appear to be involved in the allosteric
mechanism. Additionally, ntaB lacks many salt bridges observed in
C1. For example, Tyr288 (Glu228 in C1) on helix 2 cannot form a
salt bridge, and Arg240 (Arg240 in C1) on helix 3 cannot form a salt
bridge with Gly92 (Glu91 in C1) on the N-terminal domain. There is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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also no salt bridge between Val250 (Glu250 in C1) on helix 4 and
Gly100 (Arg99 in C1) on the N-terminal domain. Consequently,
helix 2 and helix 3 in ntaB do not appear to be involved in the
allosteric mechanism.

Although, the crystal structure of HPA-bound NadR is
available, the superposition of apo-NadR and HPA-bound NadR
reveals no conformational change of NadR (Fig. S26, ESIt). The
conformation selection theory is proposed based on these
structures, in which HPA stabilizes NadR in a conformation
that is unsuitable for DNA binding.*® In this work, we propose an
alternative theory in which HPA induces a conformational change
in NadR similar to that in C1. The carboxylate group of HPA
should bind with Arg40 of NadR (similar to Arg222 in C1) instead
of Arg43, as observed in the crystal structure. Then, Leu29 (similar
to Leu212 in C1) on helix1 changes its conformation to interact
with HPA. Consequently, Leu29 clashes with Ile107 (similar to
Leu282 in C1) and Val111 (similar to Ile285 in C1) on helix 5. Helix
5 then shifts to the left and pulls helix 4, which is a recognition
helix, away from the DNA.

This allosteric model of C1 may also be applied to HpaR,
a transcription regulator in the MarR family. This regulator plays
a crucial role in controlling the expression of genes responsible
for p-hydroxyphenylacetate degradation,”® demonstrating the
broader applicability of these findings in the study of protein—
ligand interactions and enzymatic regulation.
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