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Mechanistic insights into gut
microbe derived siderophores
and PHD2 interactions with
implications for HIF-1a
stabilization
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In oxygen-deprived conditions, cells respond by activating adaptive mechanisms to bolster their
survival and protect tissue integrity. A key player in this process is the HIF-1a signaling cascade,
meticulously regulated by Prolyl Hydroxylase Domain 2 (PHD2), which orchestrates cellular responses
to varying oxygen levels. The primary aim of this investigation is to utilize gut siderophores as
inhibitors of PHD2 in ischemic conditions. This study also helps in understanding the structural
mechanisms by which gut microbiota regulate HIF-1a via PHD2 inhibition through the secretion of
siderophores. We explore potential PHD2 inhibitors through in-silico approaches, specifically molecular
docking, binding pose metadynamics, molecular dynamics simulations, and free energy calculations.
We evaluated siderophores secreted by gut microbiota as candidate inhibitors for PHD2. Docking
studies revealed that Salmochelin SX exhibits the highest binding affinity to PHD2 (— 9.527 kcal/

mol), interacting with key residues such as ASP254, TYR310, ASP315, and ARG322. Despite its high
affinity, binding pose metadynamics indicated instability for Salmochelin SX, whereas Staphyloferrin A
demonstrated superior stability. Molecular dynamics simulations confirmed stable ligand interactions
with PHD2, highlighting HIS313 and ASP315 as critical for inhibition. Principal Component Analysis
(PCA) and Free Energy Landscape (FEL) analyses underscored conformational changes and binding
stability, suggesting that these interactions may stabilize PHD2's active site and have potential
therapeutic implications. Additionally, the study reveals how gut microbiota prevent gut dysbiosis
through the stabilization of HIF-1a signaling by secreting siderophores.
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In response to hypoxic microenvironments induced by ischemia, cells activate intricate adaptive pathways to
cope with the limited oxygen availability. Among these pathways, the Hypoxia-Inducible Factor-1 alpha (HIF-1)
signaling cascade plays a pivotal role in mediating cellular responses to oxygen fluctuations during ischemia!.
HIF-1 is a transcription factor composed of HIF-1a and HIF-1p subunits, whose stabilization and activation are
regulated by Prolyl Hydroxylase Domain 2 (PHD2). Under normoxic conditions, PHD2 hydroxylates HIF-1a,
marking it for proteasomal degradation and preventing the formation of the active HIF-1 complex?. However,
PHD2 activity is reduced under hypoxic conditions leading to HIF-1a stabilization and translocation to the
nucleus. Subsequently, HIF-1a dimerizes with HIF-1B, forming the active HIF-1 complex that initiates the
transcription of various hypoxia-responsive genes®.

PHD?2 is a crucial enzyme that plays a pivotal role in regulating cellular responses to oxygen levels, a process
known as oxygen sensing*. PHD2 belongs to the family of prolyl hydroxylases, which are essential components
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of cellular oxygen-sensing machinery. These enzymes are key players in the hypoxia-inducible factor (HIF)
pathway, a signaling cascade that orchestrates adaptive responses to low oxygen conditions®>. PHD2 specifically
targets the HIF transcription factor, facilitating its degradation under normoxic (normal oxygen) conditions by
hydroxylating specific proline residues. This hydroxylation marks HIF for recognition by the von Hippel-Lindau
(VHL) protein, leading to its subsequent degradation by the ubiquitin-proteasome system®”.

The inhibition of PHD2 has emerged as a compelling therapeutic strategy in ischemic diseases characterized
by aberrant oxygen sensing and HIF-mediated responses®. Interestingly, a number of PHD2 experimental and
clinical inhibitors, including vadadustat’ and Roxadustat'?, have demonstrated promise in stabilizing HIF-
la and triggering adaptive pathways. The effectiveness of these inhibitors in treating diseases like anemia
linked to chronic kidney disease and other ischemia disorders is presently being investigated. The liver, lungs,
kidneys, intestines, limbs, brain, and heart are among the organs that are impacted by ischemic illness. HIF-1a
expression must remain steady during ischemia circumstances. Angiogenesis, glycolysis, erythropoiesis, and
cell survival are just a few of the many genes that are among the many downstream targets of HIF-1a. HIF-1a-
induced angiogenesis is crucial for promoting the formation of new blood vessels, enhancing oxygen supply to
ischemic tissues, and facilitating tissue repair''2. Additionally, HIF-1-driven glycolysis enables cells to adapt
their metabolic pathways to generate energy efliciently even in oxygen-deprived conditions, supporting cellular
survival'®. Furthermore, HIF-1a stimulates erythropoiesis through the production of erythropoietin, which
increases red blood cell production and improves oxygen-carrying capacity>!4. Given the central role of HIF-1
in cellular adaptation to ischemic conditions, the PHD2-HIF-1a axis emerges as a potential therapeutic target>1°.
Modulating PHD?2 activity could stabilize HIF-1a and enhance adaptive cellular responses during ischemia'®.

There are few natural regulators of PHD2, such as low oxygen concentration’, iron chelator!8, and metabolite
from TCA cycle!®. The regulation of the PHD?2 is necessary in a variety of physiological conditions, such as stem
cell niche?® and ischemic?!, where HIF-1a stability is essential to cellular adaptation to low oxygen conditions.
Iron chelators have emerged as intriguing agents in the potential inhibition of PHD2?2, primarily due to the role
of iron as a crucial cofactor for the enzymatic activity of Prolyl Hydroxylases, including PHD2. These chelators
function by sequestering intracellular iron, thereby limiting its availability for PHD2 catalysis. The interaction
between iron and PHD2 is pivotal in the hydroxylation of proline residues on hypoxia-inducible factor (HIF),
marking it for subsequent degradation under normoxic conditions!®.

PHD2 activity is largely modulated by iron chelators, which are substances that can bind and sequester
free iron ions. PHD2’s ability to hydroxylate HIF-a is effectively reduced by iron chelators, which decreases
the availability of Fe?* at the enzyme’s active site. Consequently, this iron-dependent enzyme functions less
effectively, stabilizing HIF-a subunits and boosting transcriptional responses mediated by HIE. The HIF
pathway, which connects intracellular iron homeostasis with oxygen-sensing systems and their subsequent
biological impacts, has been shown to be influenced by both physiological and pharmacological iron chelators.
Appreciating the wider interactions between iron metabolism, cellular adaptation to low oxygen, and potential
therapeutic approaches that target these pathways requires an understanding of the molecular specifics of how
iron chelators interact with and regulate PHD?2 activity.

Siderophores are one such iron chelators secreted by microbes. Certain groups siderophores are having capacity
to chelates the iron®. Siderophores are a fascinating class of small molecules produced by microorganisms,
plants, and some fungi to facilitate the acquisition of essential iron from the environment?!. In the context
of PHD?2 inhibition, siderophores could sequester extracellular iron, thereby limiting its availability for PHD2
catalysis®>7,

Additionally, this study elucidates the structural basis of the siderophore regulation of HIF-1a signaling.
Studies have shown that gut epithelial barrier integrity is governed by HIF-1a signaling. HIF-1a signaling plays a
crucial role in maintaining gut homeostasis by regulating epithelial barrier genes such as cldn1, jam-a, ocln, muc,
and itf*8. Therefore, stable HIF-1a is essential for maintaining the gut barrier. Some studies have demonstrated
that the inhibition of PHD2 in ulcerative colitis can improve outcomes?**°. Indeed, PHD2 activity is regulated
by gut microbiota in humans through the secretion of siderophore and butyrate (Fig. 1). However, the structural
basis of PHD2 regulation by siderophore has not been reported so far. Thus, this study provides insights into
how siderophore regulates PHD2 at the structural level and opens up new opportunities for the utilization of
siderophore and its analogs for PHD2 inhibition during ischemic conditions.

Our hypothesis revolves around the prospect of harnessing the capabilities of gut siderophores as inhibitors
of Prolyl Hydroxylase Domain 2 (PHD2) (Fig. 1) in order to stabilize HIF-1a during ischemic conditions. Also,
to understand structural basis of PHD2 & siderophore interactions. Through a comprehensive in-silico screening
process such as molecular docking, binding pose metadynamics, molecular simulations, trajectory analysis for
energy changes, we anticipate the identification and modulation of potential PHD2 inhibitors that can facilitate
the preservation of HIF-1a, thereby activating essential adaptive pathways crucial for cellular responses to
changes in oxygen levels.

Methodology

Protein preparation

The PHD?2 structure with native co-factor Fe?* was retrieved from the Protein Data Bank (PDB ID: 4BQY)3.
'This structure was chosen due to it containing the native co-factor and having a slightly lower resolution (1.40 A)
than other PDB structures in the database. The high angle values of X-ray structure determine a higher quality
of the model. The heteroatoms and water molecules were first stripped off the active site, and the structure was
optimized to undergo the docking process. To this end, the OPLS3 force field was applied to the protein, and
the energy minimized (the lower the energy value, the better). In protein structures, this procedure aids in
correcting broken bonds in the arrangement of charge movements and the positions of amides and aromatic
groups. The Epik module in Schrddinger was used to ascertain the protonation status of the Fe?* co-factor during
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Fig. 1. Mlustrates the GUT-PHD2-HIF-1a axis, which is modulated by gut microbial siderophores. Under
normoxic conditions, PHD2 hydroxylates the HIF-1a at proline residues at positions 402 and 564. These
hydroxylated proline residues are subsequently recognized by VHL and undergo proteasomal-mediated
degradation. Given PHD2’s role as a non-heme dioxygenase, its catalytic activity relies on iron availability.
Notably, a limited number of siderophores secreted by gut microbiota possess the ability to chelate iron,
thereby inhibiting PHD2 activity. Consequently, our hypothesis posits that siderophores are equipped to
impede PHD2 activity, leading to the activation of the HIF-1a signaling pathway. This activation, in turn,
stimulates the expression of genes associated with hypoxia responses.

protein preparation. As a result, Fe?* was accurately described in its biologically relevant state for molecular
dynamics and docking simulations. In this study, energy linked to molecular mechanics was determined and
steric conflicts in the protein were reduced using the Protein Preparation Wizard and the OPLS3 force field in
Schrodinger software’2.

Ligand preparation

Schrodinger’s LigPrep module was used to create a library of siderophore and other gut microbial metabolites.
The compound was processed with Glide’s LigPrep tool>***, which generates accurate, and energy minimized
3-dimensional structures and applied sophisticated rules to correct the Lewis structure and eliminates mistakes
in the ligand structures. Protonation states of the small molecules were determined using the Epik module
integrated within LigPrep, employing a pH range of 7.4+ 1.0 to approximate physiological conditions. This
approach ensures that the compounds are represented in their biologically relevant protonation forms for
subsequent docking and molecular dynamics simulations.

Active site and grid generation

The active site was generated using the receptor grid generation module of Schrodinger. The grid enclosed the
active site of the PHD2, which includes key factors such as ARG322 and Fe?*. The grid size was about 20X20X20
A which can accommodate the active site of the protein to allow each ligand to search for the potential binding.

Virtual screening, molecular docking, and MM/GBSA calculations

Protein-ligand docking studies were conducted using the optimized structure of Protein. To evaluate docking
efficiency, we employed Molecular Mechanics-Generalized Born Surface Area. (MM/GBSA) study**~%”. Prime
MM/GBSA calculates the binding free energy (Gbind) of the siderophores, protein, and complex with Protein

Scientific Reports |

(2025) 15:1113 | https://doi.org/10.1038/s41598-024-83730-8 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

using the MM/GBSA method. Virtual Screening Workflow performs docking of an extensive collection of
compounds against one target’®.

Binding pose metadynamics

Binding Pose Metadynamics (BPMD) in Maestro v.2018.4 involves performing 10 independent metadynamics
simulations of 10 ns each, using the root-mean-square deviation (RMSD) of ligand heavy atoms as the collective
variable (CV). Protein residues within 3 A of the ligand are selected for alignment prior to RMSD calculation.
The system is solvated in a box of SPC/E water molecules, followed by minimization and restrained molecular
dynamics (MD) steps to reach 300 K and relieve initial structural strain. A final unbiased MD snapshot of 0.5 ns
serves as the reference for the metadynamics production phase.

BPMD evaluates ligand stability using three scores: (1) PoseScore, indicating the average RMSD from the
starting pose, where a rapid increase suggests instability. (2) Persistence Score (PersScore), measuring hydrogen
bond persistence in the last 2 ns of the simulation, averaged over 10 simulations, with a range from 0 (no or
lost interactions) to 1 (fully retained interactions). (3) Composite Score (CompScore), a linear combination of
PoseScore and PersScore, calculated as CompScore = PoseScore — 5 X PersScore.

MD simulation & binding free energy calculations

The PHD2 enzyme and four siderophores were simulated. TIP3P, a three-site water model, was used to solvate
the system in a cubic box with a 10 A buffer zone around the enzyme-ligand complex. The system was neutralized
by calculating the appropriate number of counterions (Na* and CI") to balance the overall charge. Additionally, a
fixed salt concentration of 0.15 M was achieved by randomly placing ions in the simulation box via the Desmond
system in Schrodinger. This tool adjusts the number of ions on the basis of the system’s volume, ensuring that the
ionic strength matches physiological conditions. These steps ensured electrostatic neutrality and stability during
the simulations. The force field OPLS3e was used to mimic calculations. An isothermal-isobaric (NPT) ensemble
was employed, with the pressure and temperature set at 1.01325 bar and 300 K, respectively. A 200 ns simulation
time was set, and trajectories were stored every 100 ps. Simulation quality analysis, simulation event analysis,
and simulation interaction diagram procedures in the Desmond package were used to analyze the trajectory
files. The MD simulations for 200 ns considerably sufficient enough to assess the conformational dynamics
and protein-ligand interactions, as indicated by stable RMSD, RMSE, energy profiles, and hydrogen bonding
patterns. It would have been mandatory to run the simulation longer if the RMSD of the protein or ligand had
a great instability®.

The binding free energy calculations were performed on the frames obtained from the MD simulation using
only the equilibrated part of the MD simulation trajectories. For these calculations, energy components were
calculated for each frame after which the frames were clustered and principal component analysis was done to
choose the most representative conformations. These analyses gave a snapshot of the structural stability as well
as energetics of the PHD2-siderophore complex which conferred dynamic as well as thermodynamic aspects of
interaction.

Results

PHD2, also known as prolyl hydroxylase domain 2, plays a crucial role in both normal and disease physiology. In
normal physiology, PHD2 is involved in the regulation of cellular responses to oxygen levels, primarily through
its interaction with hypoxia-inducible factors (HIFs)*. By hydroxylating specific proline residues on HIFs,
PHD2 targets them for degradation under normoxic conditions, preventing their accumulation and subsequent
activation of hypoxia-responsive genes?. This process ensures proper oxygen sensing and adaptation in various
tissues and is vital for maintaining homeostasis*!.

Intermolecular interactions are essential in drug discovery as they govern the binding affinity and specificity
of drug compounds to their target proteins. These interactions include hydrogen bonding, pi-pi cation, pi-pi
stacking, and van der Waals forces of attraction. Hydrogen bonding stabilizes drug-protein complexes, while
pi-pi cation and pi-pi stacking interactions contribute to altered pharmacological effects*?. Van der Waals forces,
though weak individually, collectively play a significant role in the overall binding process. Understanding these
interactions aids in rational drug design, identifying new drug targets, and predicting pharmacokinetics and
safety®.

Molecular docking studies

To identify suitable lead molecules, docking studies were performed with a natural product library, using Glide
to validate the hypothesis. The HIF-1a -binding site of PHD2 contains key residues, including ARG322 and Fe?*,
which play an active role in substrate binding through hydrogen bonding interactions. Specifically, the positively
charged amino acid ARG322 interacts with PRO564 of the HIF-1a protein within pocket one of PHD2, making
it a critical residue in the enzyme’s active site and facilitating the interaction with the HIF-1a hydroxylation site,
PRO564%.

A gut metabolite library was screened to identify potential interactions with PHD2, resulting in the discovery
of 32 siderophores interacting with PHD2, as detailed in Table S1. Of these, four siderophores were selected
for their high affinity for the PHD2 active site. Table 1 presents the binding scores and affinities of compounds
Salmochelin SX, Mycobactin, Staphyloferrin A, and Enterobactin towards PHD2. Among these compounds,
SALMOCHELIN SX exhibits the highest affinity with a binding score of — 9.527 kcal/mol (MM/GBSA score:
— 42.58 kcal/mol). It engages in crucial interactions with the target protein, forming hydrogen bonds with
ASP254, TYR310, and ASP315, while accepting hydrogen bonds from TYR303 and ARG322. Additionally,
Salmochelin SX coordinates with Fe*, contributing significantly to its interaction with the key residue ARG322
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MM/GBSA Interacting Amino Acids residue | Amino Acids bridged
Docking score | (Kcal/ and co-factors during MD to Ferrous ion during
Compound ID | (Kcal/mol) mol) Interacting Amino acid residue and cofactor (Fe?*) | simulation simulation
Salmochelin SX | —9.527 —42.58 ASP254, TYR303, TYR310, ASP315, ARG322, Fe?* | ASP254, ARG383 HIS313, ASP315, HIS374
Mycobactin —9.166 —34.25 VAL314, ARG322, Fe?* ASP254, THR387 HIS313, ASP315, HIS374
Staphyloferrin A | —7.819 —25.74 TYR310, ASP315, ARG322, Fe?* ASP254, ARG383, THR387 HIS313, ASP315, HIS374
Enterobactin -7.302 —-38.16 TYR310, ARG322 ASP254, TYR310, ASP320, TRP389 | HIS313, ASP315, HIS374

Table 1. Prioritized compounds list.
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Fig. 2. The Molecular Docking and Dynamic Simulation data for Salmochelin SX and PHD2 complex. (a)
Docked pose for Enterobactin 1 and PHD2. The key amino acid ARG322, which involves in interactions with
HIF-1a being interacts with compound 1 by donating hydrogen bond. (b) post MD simulation pose showing
changes in active site residue which involved in interaction with PHD2. (¢) RMSD graph shows the stability of
alpha carbon and ligand during simulation period. (d) RMSF observed unchanged for protein helix and beta
pleated sheets. (e) The interaction fraction graph represents the stability of the interaction fraction.

and the co-factor Fe?*. This coordination of Fe?* is vital for stabilizing the ligand-protein complex and plays a
pivotal role in determining Salmochelin SX’s strong affinity towards PHD2.

Salmochelin SX showed interaction with ASP315, ASP254, TYR303 and ARG322 residue (Fig. 2a). The
carboxyl group of compound forms hydrogen bonds with a distance of 1.910 A with TYR310 respectively. The
oxan ring of 3,4,5-trihydroxy-6-(hydroxymethyl) oxan-2-yl] phenyl} formamido) accepts the hydrogen bond
from TYR303 (2.178 A). And the hydroxypropionic group donates hydrogen bond to ASP315 and accepts
hydrogen bond from key residue ARG322 with bond distance (2.028 A) (Fig. S1). The negatively charged
ASP254 forms a two-hydrogen bond (1.985 A and 2.392 A) with the hydroxyl group of the phenyl ring and Fe?*
interaction with the OH group. In the same way, we tested the interactions of other lead molecules.

Next, Mycobactin shows an affinity towards PHD2 with a binding score of — 9.166 kcal/mol. Like Salmochelin
SX, it forms multiple interactions with the target protein, donating a hydrogen bond to ARG322 (Fig. 3a) and
VAL314 donating and accepting hydrogen bonds from the compound. Furthermore, Mycobactin coordinates
with Fe*, which is crucial for its favorable association with the key residue ARG322 and the co-factor Fe*. The
coordination of Fe?* enhances Mycobactin 's binding to PHD2, contributing to its significant affinity.

The two carboxyl groups of Staphyloferrin A form hydrogen bonds with ASP315 with distances (2.242 A and
1.480 A), and one of them accepts a hydrogen bond from key residue ARG322 (2.089 A). Similarly, at 2.182 A
TYR310 (Fig. 5a) forms an interaction with the hydroxyl group of Staphyloferrin A (Fig. S1). There is also metal
coordination with the carboxyl group. Finally, Enterobactin exhibits an affinity towards PHD2 with a binding
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Fig. 3. Illustration of the Molecular Docking and Dynamic Simulation data concerning the complex formed
by Mycobactin and PHD2. (a) The docked pose reveals the interaction between Mycobactin and PHD2, with
the key residues, playing a role in interactions with HIF-1a, forming a hydrogen bond with compound 1. (b)
The post MD simulation pose highlights alterations in active site residues that engage in interactions with
PHD?2. (c) The RMSD graph depicts the stability of the alpha carbon and ligand throughout the simulation
period. (d) RMSF indicates the unchanged nature of protein helix and beta pleated sheets. (e) The interaction
fraction graph illustrates the stability of the interaction fraction.

score of — 7.302 kcal/mol. It forms bonds with the target protein by donating a hydrogen bond (Fig. S1) to
TYR310 and engaging in a pi-cation, noncovalent interaction with the key residue ARG322 (Fig. 5a).

The interaction analysis revealed that Salmochelin SX forms a variety of bonds with the target protein,
including donating hydrogen bonds to ASP254, TYR310, and ASP315, while accepting hydrogen bonds from
TYR303 and ARG322. Moreover, Salmochelin SX coordinates with FeZ*. These intricate bonds are crucial as
they play a vital role in the compound’s association with the key residue ARG322 and the co-factor Fe** within
PHD2’s active site. This strong and specific binding can modulate PHD2’s enzymatic activity, potentially leading
to therapeutic effects in the context of diseases associated with oxygen sensing and HIF regulation. Comparing
the results to the Salmochelin SX, Aerobactin, Staphyloferrin A, and Enterobactin also exhibited significant
affinities towards PHD2, albeit with slightly lower binding scores compared to Salmochelin SX. Mycobactin,
like Salmochelin SX, forms multiple hydrogen bonds with the target protein (Fig. 3a), while Staphyloferrin A
and Enterobactin donate hydrogen bonds (Figs. 4a and 5a) and engage in pi-cation, non-covalent interactions,
respectively, with key residue ARG322.

Binding pose metadynamics analysis
The Binding Pose Metadynamics (BPMD) analysis was performed on four siderophores such as Enterobactin,
Staphyloferrin A, Mycobactin, and Salmochelin SX complex with PHD?2 assessing their binding stability. The
BPMD metrics utilized, including PoseScore, PersScore, and CV RMSD, provided detailed insights into the
stability and persistence of ligand binding interactions.
The collective variable RMSD (CV RMSD) values over a 10 ns metadynamics simulation provide additional
insights into ligand stability. CV RMSD measures the deviation of the ligand’s collective variables (such as
dihedral angles and specific atomic distances) relative to their initial states, offering a detailed view of the
ligand’s conformational changes during the simulation. Enterobactin's CV RMSD steadily increased to about
1.5 A, indicating moderate fluctuations and instability. Staphyloferrin As CV RMSD increased to around 1.7 A,
supporting its position as the most stable ligand among those analyzed. Mycobactins CV RMSD rose rapidly
to approximately 3.5 A, confirming significant instability. Salmochelin SX showed the most rapid CV RMSD
increase, reaching about 3.6 A, corroborating its high PoseScore and indicating the greatest instability (Fig. 6a).
Further, PoseScore measures the average RMSD of the ligand heavy atoms relative to the initial coordinates,
serving as a crucial indicator of binding pose stability. A rapid increase in PoseScore suggests that the ligand is
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Fig. 4. The molecular docking and dynamic simulation results showing affinity of Staphyloferrin A with
PHD2. Staphyloferrin A and PHD2 engage as shown by the docked pose (a), with Staphyloferrin A and the
important amino acids form bonds during docking studies. Changes in active site residues that interact with
PHD?2 are highlighted in the post MD simulation pose (b). (c) The alpha carbon and ligand stability during the
course of the simulation is shown by the RMSD graph. The protein helix and beta pleated sheets remain intact,
as indicated by (d) RMSE. (e) An illustration of the interaction fraction’s stability is provided by the graph.

not in a well-defined energy minimum, potentially indicating inaccurate modeling. Enterobactin exhibited a
PoseScore of 2.89, indicating moderate instability. Staphyloferrin A had a PoseScore of 2.26, suggesting relatively
better stability. Mycobactin’s PoseScore of 3.69 revealed significant instability, while Salmochelin SX, with a
PoseScore of 3.51, also indicated high instability (Fig. 6b). These scores suggest that Staphyloferrin A had the
most stable binding pose among the four siderophores, whereas Mycobactin and Salmochelin SX were the least
stable.

The PersScore measures the persistence of hydrogen bonds between the ligand and protein residues
throughout the simulation. It is calculated as the fraction of frames in the last 2 ns of the simulation that have
the same hydrogen bonds as the input structure, averaging over all 10 repeat simulations. Enterobactin had a
very low PersScore of 0.04, indicating minimal hydrogen bond persistence. Staphyloferrin A’s PersScore of 0.33
suggested more persistent hydrogen bonding, contributing to its relative stability. Mycobactin, with a PersScore
0f 0.77, showed the highest hydrogen bond persistence among the ligands, despite its overall instability indicated
by the PoseScore. Salmochelin SX had a PersScore of 0.00, signifying a complete lack of persistent hydrogen
bonds, which correlates with its high PoseScore and overall instability (Fig. 6b).

The Composite Score (CompScore) is a linear combination of PoseScore and PersScore, calculated as
CompScore =PoseScore — 5 X PersScore. This score integrates both the geometric stability and interaction
persistence of the ligands. Enterobactin had a CompScore of 2.69, indicating moderate overall stability.
Staphyloferrin A had a CompScore of 0.61, suggesting the best overall stability among the ligands. Mycobactin’s
CompScore of -0.16, despite a high PoseScore, reflects the influence of its persistent hydrogen bonds. Salmochelin
SX’s CompScore of 3.51 further confirms its high instability.

The BPMD results highlight significant variability in the stability of the siderophore binding poses within
the pHD2 protein. Staphyloferrin A demonstrated the most favorable stability profile with a low PoseScore,
moderate PersScore, and the best CompScore, indicating it could be a promising candidate for further studies
in drug design due to its stable and persistent binding interactions. Enterobactin, while showing moderate
stability, had minimal hydrogen bond persistence, suggesting it may not form sufficiently stable interactions
for therapeutic applications. Mycobactin, despite having the highest PersScore, displayed significant overall
instability, indicating that its persistent hydrogen bonds were not sufficient to ensure a stable binding pose.
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Salmochelin SX, with both high PoseScore and zero PersScore, was the least stable, suggesting it may not be a
viable candidate for lead development.

Molecular dynamic simulation

The MD simulations for 200 ns are sufficient to assess conformational dynamics and protein-ligand interactions,
as indicated by stable RMSD, RMSE, energy profiles, and hydrogen bonding patterns. It would have been
mandatory to run the simulation longer if the RMSD of the protein or ligand had a great instability.

The MD simulation revealed stable conformational changes in the target proteins upon ligand binding
(Fig. 2b, ¢). During the MD simulation of Salmochelin SX and PHD2 complex, the RMSD of alpha carbon and
Salmochelin SX initially fluctuated but stabilized after 30 ns, with a final RMSD change of less than 3 A. The Root
Mean Square Fluctuation (RMSF) of the protein-ligand complex showed fluctuations only in the loop regions,
a common occurrence during MD simulations (Fig. 2d). Ligand contact had no significant impact on protein
RMSE, even in the beta pleated sheets.

The simulation interaction graph represented the strength of bonded interactions, with 40 bonds observed.
Only a few bonds, like ASP254, HIS313, ASP315, HIS374, and ARG383 (Fig. 2e), remained in contact for more
than 30% of the simulation time. ASP254 had the highest interaction, forming hydrogen bonds and water
bridges, while ARG383 had similar interactions. The PHD2 enzyme’s co-factor, Fe?*, interacted with histidine
and aspartate, specifically HIS313, ASP315, and HIS374 (Fig. 2a, b). This interaction was not present during
molecular docking but formed during MD simulations. This interaction is crucial for inhibiting PHD2, as the
ferrous ion plays a pivotal role in oxygen-mediated oxidoreductase reactions.

Mycobactin displayed similar results to the Salmochelin SX, with changed interactions (Fig. 3b) compared
to its docking results (Fig. 3a) with RMSD values for the alpha carbon and ligands staying below 3 A (Fig. 3c).
During the simulation, RMSF for the protein primarily fluctuated in the loop regions, as is typically observed
in loop regions (Fig. 3d). Ligand interactions with the protein did not induce significant fluctuations. The
Ligand contact graph, showing interaction fractions, revealed numerous interactions (Fig. 3e). Some of these
interactions persisted with the protein for over 30% of the simulation time. In the two-dimensional pose
view, ASP254, TYR310, and ARG383 formed hydrogen bonds with the protein-ligand, which had the highest
interaction fraction scores (Fig. 3e). The ferrous ion’s connection with HIS313, ASP315, and HIS374 played a
substantial role in the ligand interaction (Fig. 3b). These ionic interactions were nearly as significant as hydrogen
bonding in terms of interaction strength. This interaction is crucial, and inhibiting the ferrous ion may reduce
PHD2 enzyme activity. Furthermore, a few water bridges formed during the simulation, involving THR236 and
THR387. The few interactions found during the docking studies were missing and additional interactions were
observed. This may be due to the structural changes undergoes during MD simulation.

Further, Staphyloferrin A and Enterobactin have similar results like Salmochelin SX and Mycobactin in
the case of protein and ligand RMSD (Figs. 4 and 5¢) and RMSF (Figs. 4 and 5d). The post MD simulation
interaction pose (Figs. 4b and 5b) showed changes in interaction compared to docking pose (Figs. 4a and 5a).
RMSF results both siderophores (Staphyloferrin A and Enterobactin) was found changes in only loop regions
of the PHD?2 (Figs. 4d and 5d). In Staphyloferrin A and PHD2 complex, ARG254, ARG383, and THR387 were
formed hydrogen bonds (Fig. 4e). Ferrous ion showed the same interaction with Staphyloferrin A (Fig. 4b) as
Salmochelin SX and Mycobactin. In this case water bridge observed with ASP254 and ASP325 (Fig. 4b and
e). Enterobactin was found stable throughout the simulations. The interaction of residues was changed during
simulation compared to docked pose (Fig. 5b). Further, RMSD (Fig. 5¢), RMSF (Fig. 5d) were found stable and
there are no changes observed. Enterobactin showed ASP254, TYR310, ASP320 hydrogen bonded (Fig. 5b, e) to
the protein for more than 30% of simulation time and TYR389 showed pi-pi cationic interaction.

The Root Mean Square Deviation (RMSD) is used to determine the average change in displacement of a
group of atoms in relation to a reference frame. It is useful for assessing the structural conformation of a protein
during a simulation. By monitoring the RMSD, one can gain insights into the protein’s stability and whether
it has reached equilibrium. Additionally, the ligand RMSD, which is displayed on the right-axis, can provide
information on the stability of the ligand with respect to the protein and its binding pocket.

The final RMSD changes for both proteins and ligands in all simulations (Salmochelin SX, Mycobactin,
Staphyloferrin A, and Enterobactin) remained below 3 A (Figs. 2¢, 3¢, 4c, and 5¢). While initial fluctuations
are common, stabilization after 30 ns suggests a well-equilibrated system (Fig. 2c). Notably, changes of 1-3 A
are acceptable for small, globular proteins like those studied here. Larger deviations would suggest significant
structural rearrangements, which we did not observe.

The RMSF analysis provided valuable insights into the local protein dynamics and the impact of ligand
binding on these motions (Figs. 2d, 3d, 4d, and 5d). It quantifies the average fluctuation of individual protein
residues compared to a reference structure. Peaks in the RMSF plots were primarily confined to the loop regions
of the proteins in all simulations (Salmochelin SX, Mycobactin, Staphyloferrin A, and Enterobactin). This is a
well-established observation in MD simulations, as loop regions inherently possess greater flexibility compared
to secondary structures like alpha helices and beta pleated sheets. Notably, ligand binding did not significantly
alter the overall protein dynamics. Even in the structurally rigid beta pleated sheet regions, the RMSF values
remained unaffected by ligand presence (Fig. 2d). The consistent pattern of loop region fluctuations and minimal
ligand impact on protein dynamics reinforces the notion that ligand binding, while crucial for function, does not
necessarily translate to global protein destabilization.

The protein-ligand interactions for Salmochelin SX, Mycobactin, Staphyloferrin A, and Enterobactin
complexes with the PHD2 protein (Figs. 2e, 3e, 4e, and 5e) can be categorized into four main types: hydrogen
bonds, hydrophobic interactions, ionic interactions, and water bridges. There was a number of key residues that
maintained contact with the ligand for a significant portion of the simulation time (> 30%). These residues play
a crucial role in ligand binding and function. A notable observation is the interaction of the PHD2 enzyme’s co-
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factor, Fe*, with specific histidine and aspartate residues (HIS313, ASP315, and HIS374). The importance of this
interaction lies in the crucial role Fe** plays in the oxygen-mediated oxidoreductase activity of PHD2. Disrupting
this interaction through ligand binding likely contributes to PHD?2 inhibition. These findings demonstrate the
valuable insights gained from MD simulations compared to static docking approaches.

The equilibration process of molecular dynamics (MD) simulations is described in the supplementary
material in the form of Fig. S2-S5. In the case of Salmochelin SX (Fig. S2), the system has maintained constant
Rg, SASA, and MSA suggestive of compact conformations and conformational stability of interacting residues
with tiny RMSF acquires for the ligand. Fig. S3 Mycobactin had stable compact conformations of proteins and
fluctuations of protein surfaces, indicating that RMSF represented ligand stability. Staphyloferrin A showed
structural and surface interaction values in complete accordance, as well as almost rigid behavior shown by
the ligand (Fig. S4). Enterobactin (Fig. S5) kept the protein compactness and interaction characteristics nearly
constant, the RMSF data supported the ligand stability for the entire simulation.

In a molecular dynamic simulation, we studied four compounds interacting with the PHD2 protein. These
simulations showed that the protein and compounds changed their shapes but eventually stabilized. The
compounds interacted with the protein without causing major fluctuations. We found specific interactions, like
hydrogen bonds, that were crucial for inhibiting PHD2. These results differed from initial predictions using
molecular docking, highlighting the importance of dynamic simulations in understanding how drugs interact
with proteins.

Free energy landscape of PHD2- siderophore interaction

The PCA was performed to identify the essential dynamics and significant conformational changes in the protein
upon ligand binding. The free energy landscapes (FELs) were then generated by projecting the MD trajectories
onto the first two principal components, revealing the conformational space sampled by the PHD2 enzyme in
the presence of each siderophores.

For Salmochelin SX, the FEL (Fig. 7a) displayed two major energy minima, indicating two dominant
conformational states. The depth of these energy wells suggested that Salmochelin SX induces stable binding
modes within the PHD2 enzyme. Mycobactin, however, showed a broader energy distribution with multiple
minima in its FEL (Fig. 7b), indicating a higher degree of conformational flexibility and a diverse range of
binding poses.

The FEL for Staphyloferrin A (Fig. 7c) revealed three distinct energy minima, with relatively shallower wells
compared to Salmochelin SX, indicating moderate stability in binding interactions. Lastly, Enterobactin’s FEL
(Fig. 7d) was similar to that of Salmochelin SX, with two significant energy minima, suggesting that Enterobactin
also stabilizes specific conformations of the PHD2 enzyme, potentially contributing to its binding efficacy.

Cross-correlation analysis was performed to examine the correlated motions within the protein, with the
results illustrated in Fig. 8. The cross-correlation matrix for Salmochelin SX (Fig. 8a) showed high correlation
in the binding region, indicating coordinated movements that may stabilize the binding site. For Mycobactin
(Fig. 8b), diverse correlation patterns were observed, reflecting a range of dynamic interactions. Staphyloferrin
A (Fig. 8c) exhibited moderate correlation in specific regions, indicating intermediate binding stability, while
Enterobactin (Fig. 8d) showed strong correlated motions similar to Salmochelin SX, supporting its binding
efficacy.

The PCA and FEL analyses provided significant insights into the conformational dynamics and binding
interactions of the PHD2 enzyme with different compounds. The results indicated that Compounds A and
D have strong and specific binding interactions, as evidenced by their well-defined energy minima and high
correlation in the binding regions. These findings suggest that these compounds effectively stabilize specific
conformations of the PHD2 enzyme, potentially enhancing their inhibitory effects.

In contrast, Mycobactin exhibited a higher degree of flexibility and diverse binding poses, as reflected in its
broader energy distribution and varied correlation patterns. This flexibility might confer an advantage in binding
to different conformational states of PHD2, but it might also lead to lower specificity and efficacy. Staphyloferrin
A demonstrated moderate stability, with distinct conformational states and intermediate correlation patterns,
indicating that it has a balanced interaction with the PHD2 enzyme.

Discussion

Human organs undergo various physiological conditions such as ischemia, where flow of blood is reduced and
subsequently lacks oxygen supply to tissues or organs*>%. In this context, this study was conducted to identify
potential inhibitors of PHD2, an enzyme involved in the regulation of Hypoxia-Inducible Factor (HIF), could
be a potential strategy to mitigate the effects of ischemia?”4%. HIF is a transcription factor that plays a key role in
cellular responses to low oxygen levels, and its stabilization can promote cellular adaptation and survival under
hypoxic conditions!!.

An in-silico analysis of selected gut microbial siderophores was done to screen and identify molecules that may
have the ability to inhibit PHD2. Results showed that, among 103 molecules, four lead molecules had interactions
with key residues. First, Salmochelin SX exhibits the highest affinity with a binding score of — 9.527 kcal/mol.
It engages in crucial interactions with the target protein, forming hydrogen bonds with ASP254, TYR310, and
ASP315, while accepting hydrogen bonds from TYR303 and ARG322. Additionally, Salmochelin SX coordinates
with Fe?*, contributing significantly to its interaction with the key residue ARG322 and the co-factor Fe?*. This
coordination of Fe?* is vital for stabilizing the ligand-protein complex and plays a pivotal role in determining
Salmochelin SX’s strong affinity towards PHD2.

Salmochelin SX, secreted by Salmonella enterica characterized as a catecholate-type siderophore‘”, exhibits
promising attributes that may contribute to mitigating oxidative stress during ischemic reperfusion. In the
intricate milieu of cellular responses to oxidative challenges, particularly in the context of the Fenton reaction
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where hydrogen peroxide (H202) interacts with intracellular iron sulfur clusters, leading to the generation of
harmful free radicals like hydroxyl radicals, Salmochelin SX emerges as a potential protective agent™.

During ischemic reperfusion, when tissues experience a restoration of blood flow, the potential for reactive
oxygen species (ROS) generation is heightened“®. Salmochelin SX, with its catecholate nature, could play a pivotal
role in reducing ROS production. Recent findings have highlighted the capacity of catecholate siderophores,
including Salmochelin SX, to act as defenders against oxidative stress, offering a positive perspective on its
potential applications. Even though, Salmochelin SX part of a pathogenic microbial strain, it may have
therapeutic application where proper balance of gut microbiota can regulate the level of the pathogenicity of the
certain bacterial strains®2.

The catecholate-type siderophore Enterobactin, previously examined for its anticancer properties, showcased
cytotoxic effects on two monocyte tumor cells while leaving bone marrow-derived macrophages unharmed in a
study by Saha et al.?. The investigation unveiled a significant increase in the intracellular labile iron pool in both
cell lines, indicative of a disruption in iron homeostasis induced by the siderophore. Additionally, Enterobactin
demonstrated a dose-dependent inhibition of the generation of reactive oxygen species (ROS) by mitochondria.
These combined effects, involving alterations in iron levels and the attenuation of ROS production, have the
potential to induce apoptosis in cancer cells®.

Mycobacterium smegmatis produces the mycobactin, which has strong antiproliferative action against
leukemia, breast, and liver cancer cell lines®*. Mycobactin showed interaction with TYR310, ASP254, ARG322,
ASN318 residues. The hydroxyl group of compound accepts hydrogen bond from TYR310 with bond distance
(2.010 A) and simultaneously it donates hydrogen bond to ASP254. The carbonyl group of compound forms
hydrogen bond interaction with ASN318 (2.031 A) and carboxyl group of Mycobactin accepts hydrogen bond
from key residue ARG322 with a bond distance of 2.037 A. It also forms metal coordination Fe?* with carboxyl
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Fig. 8. Cross-correlation maps of residue motions for (a) Salmochelin SX, (b) Mycobactin, (c) Staphyloferrin
A, and (d) Enterobactin complexes with PHD2.

and hydroxyl groups. Similarly, Staphyloferrin A demonstrates an affinity towards PHD2 with a binding score
of -7.819 kcal/mol. It establishes bonds with the target protein, donating a hydrogen bond to TYR310 and
ASP315, while accepting hydrogen bonds from TYR310 and ARG322. Like Salmochelin SX and Mycobactin,
Staphyloferrin A also coordinates with Fe?, and this coordination significantly influences its interaction
with the key residue ARG322 and the co-factor Fe?*. The coordination with Fe?* is a critical determinant in
Staphyloferrin As affinity towards PHD2. Similar to the other compounds, Enterobactin also coordinates
with Fe?*, contributing significantly to its interaction with ARG322 and Fe?*. The coordination of Fe** plays
a vital role in stabilizing Enterobactin 's binding to PHD2. In Enterobactin, the hydroxyl group of the benzene
ring forms a hydrogen bond interaction with TYR310, with a bond distance of 1.699 A. It also has a Pi-cation
interaction, i.e., a noncovalent bond with key residue ARG322. In this study, ARG322 most often interacts with
the carboxyl group of lead molecules. This kind of observation in reported studies, where small molecules are
able to inhibit the activity of PHD2*.

The coordination of Fe?* is crucial for the interactions between lead compounds and PHD2, significantly
impacting their binding with the key residue ARG322 and the co-factor Fe**. These interactions are essential for
stabilizing the ligand-protein complexes and influencing the compounds’ overall affinities towards PHD2. Fe?*
coordination also plays a pivotal role in regulating PHD2’s enzymatic activity>® and is important in the oxygen-
sensing pathway?®. In addition to the interactions, the BPMD metrics, Staphyloferrin A is identified as the most
stable and potentially effective ligand for binding to PHD2. Its low PoseScore, moderate PersScore, and favorable
CompScore indicate that it maintains a well-defined binding pose with persistent interactions, making it a strong
candidate for drug design. The other ligands, while showing some favorable characteristics, do not achieve the
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same level of stability and interaction persistence as Staphyloferrin A. Enterobactin, despite having a moderate
PoseScore, suffers from low PersScore, reducing its potential effectiveness. Mycobactin, with its high PersScore,
still exhibits significant instability overall. Salmochelin SX, with the highest instability across all metrics, is the
least viable candidate.

The MD simulation study indicates changes in binding pose, which substantiates the BPMD. Further, to
understand free energy changes during MDS, we did PCA analysis of trajectory. The cross-correlation analysis
further supported these observations by highlighting the coordinated motions within the protein, particularly
in the binding regions of Salmochelin SX and Enterobactin. These coordinated movements are likely critical
for stabilizing the binding interactions and enhancing the compounds’ inhibitory potency. In the cross-
correlation matrices, the strong correlations observed for Salmochelin SX and Enterobactin reinforce the idea
that these compounds induce specific, stabilizing interactions within the PHD2 enzyme. For Mycobactin, the
varied correlation patterns suggest a more dynamic and flexible interaction, while Staphyloferrin A's moderate
correlations indicate intermediate stability and binding efficacy.

During MD, the changes in ligand RMSD are a result of the ligand’s conformational changes within the
binding pocket rather than escaping. We observed that the RMSD of the protein differs during different protein—
ligand complex MD simulations. This variation is attributed mainly to the different structures of the ligands. The
specific structure of each ligand affects how it interacts with the proteins.

This work helps in understanding the regulation of PHD2 by gut siderophores by means of the proposed
mechanisms, which are based on molecular dynamics simulations, docking studies, and free energy prediction.
Nonetheless, the computational methods used in the current work provide a solid framework upon which
molecular interactions and hypotheses can be investigated; however, more experimental work in the future
would be a logical and necessary direction.

Additionally, the analysis involving the MM/GBSA-based binding free energy calculations and binding
site metadynamics conducted in this work, along with trajectory analyses, provides a thorough picture of the
thermodynamics of PHD2 inhibition. These enhanced computations are adequate to provide the molecular
and energy dependence needed for the postulated mechanisms and are very useful for analyzing protein-ligand
interactions.

This study provides a comprehensive understanding of how gut-derived siderophores interact with PHD2,
revealing the molecular basis of HIF-1a signaling regulation. Our analysis demonstrates the stability of these
interactions, the dynamics of the protein-ligand complexes, and the overall energy of the system. This study
bridges the gap in understanding how gut microbiota influence HIF-1a signaling through siderophore secretion.
Additionally, it highlights the significance of the Gut-PHD2-HIF-1a axis in the pathophysiology of diseases
associated with ischemia and colitis. By elucidating how siderophores regulate PHD?2 at a structural level, this
study opens new avenues for utilizing siderophores and their analogs as potential PHD2 inhibitors in ischemic
and colitis conditions. This could pave the way for innovative therapeutic strategies aimed at enhancing
HIF stabilization through various gut axes, including gut-brain, gut-kidney, and gut-lung interactions. Such
approaches have the potential to improve cellular responses to hypoxic stress and offer promising treatments for
ischemic injuries and related conditions.

Conclusion

This study elucidates the molecular interactions between gut-derived siderophores and PHD2, providing
valuable insights into HIF-la signaling regulation. By demonstrating the stability and dynamics of these
interactions, as well as the energy profiles of the protein-ligand complexes, we addressed the understanding of
how gut microbiota influence HIF-1a through siderophore secretion. Our findings underscore the importance
of the Gut-PHD2-HIF-1a axis in modulating diseases related to ischemia and colitis, revealing how siderophores
regulate PHD2 at the structural level. This study not only opens new avenues for developing siderophore-based
inhibitors for PHD2 in ischemic and colitis conditions but also highlights the potential of targeting various gut
axes, such as gut-brain, gut-kidney, and gut-lung interactions. Such strategies could enhance HIF stabilization
and improve cellular responses to hypoxic stress, offering promising therapeutic approaches for ischemic injuries
and related disorders.

Data availability

All data generated or analysed during this study are included in this manuscript.
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