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Abstract: Ferrochelatase (FECH) is the terminal enzyme in human heme biosynthesis, catalyzing
the insertion of ferrous iron into protoporphyrin IX (PPIX) to form protoheme IX (Heme). Phos-
phorylation increases the activity of FECH, and it has been confirmed that the activity of FECH
phosphorylated at T116 increases. However, it remains unclear whether the T116 site and other
potential phosphorylation modification sites collaboratively regulate the activity of FECH. In this
study, we identified a new phosphorylation site, T218, and explored the allosteric effects of unphos-
phorylated (UP), PT116, PT218, and PT116 + PT218 states on FECH in the presence and absence of
substrates (PPIX and Heme) using molecular dynamics (MD) simulations. Binding free energies were
evaluated with the MM/PBSA method. Our findings indicate that the PT116 + PT218 state exhibits
the lowest binding free energy with PPIX, suggesting the strongest binding affinity. Additionally,
this state showed a higher binding free energy with Heme compared to UP, which facilitates Heme
release. Moreover, employing multiple analysis methods, including free energy landscape (FEL),
principal component analysis (PCA), dynamic cross-correlation matrix (DCCM), and hydrogen bond
interaction analysis, we demonstrated that phosphorylation significantly affects the dynamic behavior
and binding patterns of substrates to FECH. Insights from this study provide valuable theoretical
guidance for treating conditions related to disrupted heme metabolism, such as various porphyrias
and iron-related disorders.

Keywords: human ferrochelatase; phosphorylation; molecular dynamics

1. Introduction

Protoheme IX (Heme), an essential cofactor of a variety of proteins, not only partici-
pates in numerous biochemical processes, such as gas binding and transport, peroxidase
catalysis, and one electron transfer reactions, but also functions as a regulator of various
essential cellular processes, including gas sensing, microRNA splicing, protein degradation,
and the circadian clock [1–7]. However, due to the chemical reactivity and destructive
nature of free heme towards cellular structures, precise regulation of its synthesis and
degradation is essential.

Significant research has been conducted to investigate and understand the complex
intricacies of heme biosynthesis [8]. The initial step in heme synthesis is the formation of 5-
aminolevulinic acid (ALA), followed by a number of condensation reactions to form the first
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cyclic tetrapyrrole, uroporphyrinogen III. The pathway from ALA to uroporphyrinogen III
involves three enzymes that are highly conserved across nature. There are three distinct
routes to heme from uroporphyrinogen III in prokaryotes: the protoporphyrin-dependent
pathway, the coproporphyrin-dependent pathway, and the siroheme pathway [9]. Only
the protoporphyrin-dependent pathway exists in eukaryotes. In this pathway, the terminal
step is the insertion of ferrous iron into protoporphyrin IX (PPIX) to form heme. This step
is catalyzed by the mitochondrially located enzyme ferrochelatase (FECH) [10] (Figure 1A).
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Figure 1. Structure of FECH-PPIX (PT116 + PT218) generated from the E343K variant structure (PDB
2QD1) [11]. (A) Different structural parts are shown, including residues 340–349, which comprise the
π-helix (purple); residues 90–130, constituting the upper lip of the active site (blue); residues 300–311,
forming the lower lip region (red); the [2Fe-2S] cluster (yellow and orange); and PT116 and PT218
(orange). Substrate (PPIX) in a ball-and-stick model (green). (B) Stick representation of PPIX. (C) Stick
representation of heme.

Mutations in the FECH gene, which lead to a reduction in FECH activity, result in a
disorder known as erythropoietic protoporphyria (EPP) [12,13]. In individuals with EPP, the
inefficient conversion of PPIX into heme results in the accumulation of PPIX, a phototoxic
compound that can cause severe dermatologic pain and sunlight sensitivity [13–15]. To date,
more than 160 EPP-causing mutations in FECH have been reported in the Human Gene
Mutation Database (URL https://doi.org/www.hgmd.cf.ac.uk (accessed on 28 February
2024)). While extensive studies on human FECH exist and provide a good picture of its
function [11,16,17], the molecular basis for enzyme dysfunction has not been identified for
all reported variants. Therefore, comparing wild-type with mutant FECHs is crucial for the
development of effective therapeutic strategies to manage and treat EPP.

There are significant differences between the metallized and nonmetallized porphyrin
structures in human FECH. Specifically, the R115L mutant (PDB ID 2HRC) [16] demon-
strates an open conformation whereas the E343K mutant, which is bound to PPIX (PDB
ID 2QD1) [11], shows a closed conformation. In this state, PPIX is fixed at the active
site, facilitating the insertion of ferrous ions into PPIX. Additionally, the F110A mutant,
when associated with the product (Heme), is demonstrated in a release conformation (PDB
ID 2QD2) [11], implying that FECH releases heme following the insertion of the ferrous

https://doi.org/www.hgmd.cf.ac.uk
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ions into PPIX. The sequence of conformational changes in the catalytic cycle of FECH
proceeds from open to closed to release, before returning to the open state for the initiation
of a new cycle. These conformational transitions involve the π-helix (amino acid residues
340–349) (Figure 1A) being unwound in the open conformation. In the closed and release
conformations, changes in the state of the π-helix, the upper lip region (amino acid residues
90–130), and the lower lip region (amino acid residues 300–311) along with shifts in the
position and orientation of PPIX, trigger a series of conformational changes. The upper lip
region (amino acid residues 90–130) is known for the pronounced mobility during PPIX
binding [11] (Figure 1A).

Posttranslational modifications (PTMs), such as phosphorylation, have been identified
as key elements crucial for regulating protein function [18,19]. FECH, akin to numerous
other proteins, has been shown to undergo phosphorylation, a process in which phosphate
groups are covalently attached to specific amino acid residues by protein kinases. Research
has demonstrated that the phosphorylation of FECH by protein kinases, such as protein
kinase C (PKC) and protein kinase A (PKA), can significantly modulate FECH enzyme
activity [20–22]. PKA-induced phosphorylation of T116 (PT116 in Figure 1A) triggers a
conformational change, moving the bulky phosphorylated T116 away from H86 on another
α-helix. This conformational alteration has been proposed to expand the active site pocket,
facilitating more efficient movement of the active site lips during catalysis and enhancing
catalytic efficiency [20]. Further investigation is required to elucidate the possible impact of
this PTM on FECH activity.

In this study, we investigated additional sites of FECH phosphorylation and employed
molecular dynamics (MD) simulations to explore the intricate relationship between phos-
phorylation and FECH activity. These simulations serve as a valuable tool for examining
the structural changes induced by phosphorylation, as well as the interactions between
FECH and substrates of heme synthesis, such as PPIX and ferrous iron. By shedding light
on the regulatory mechanisms governing heme production, this research has significant
implications for the development of novel therapeutic strategies targeting heme-related
disorders. Modulation of FECH activity through the regulation of PTMs, specifically phos-
phorylation at T116 and T218 (PT116 and PT218), may offer new avenues for treating
conditions associated with disrupted heme metabolism, including various porphyrias and
iron-related disorders.

2. Results and Discussion
2.1. Crystal Structure

As an initial step towards comparing the structure of FECH, we initially overlaid the
available crystal structures of the complexes. The structures were aligned based on the
positions of FECH Cα atoms (Figure 2). The E343K variant exhibited a “closed” confor-
mation, while the R115L variant showed an “open” conformation. These conformations
potentially regulate PPIX binding and heme release. The E343K variant increased the
enzyme’s affinity for PPIX without causing irreversible binding. In the F110A variant, the
π-helix was “unwound” due to heme binding [11]. The initial structure reported for human
FECH was the R115L variant, which has catalytic properties nearly identical to those of the
wild-type recombinant enzyme [16]. This revealed significant structural differences among
the three conformations.

The mutants R115L, E343K, and F110A, located at the active site of the FECH enzyme,
significantly influenced the enzyme’s function and stability. Additionally, the mutants
solved by X-ray diffraction may occupy different minimum energy states compared to wild-
type enzymes. Consequently, these different energetic states may induce conformational
changes, including subtle variations such as dihedral angle shifts in adjacent residues. How-
ever, because data on the crystallization of the wild-type protein were unavailable currently,
we could not include them in our analysis. In this research, all the mutated residues present
in the crystal structures were changed back to the wild-type sequence. And our results
indicated that long-term molecular dynamics simulations enable an accurate investigation
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of the wild-type enzyme’s behavior. A 1 µs molecular dynamics simulation provided
sufficient sampling to reflect the intrinsic dynamics and conformational flexibility of the
wild-type protein, ensuring a more accurate representation of its natural state [23,24]. With
more data on the crystallization of the wild-type protein available in the future, compara-
tive analyses including them will enhance our understanding of the FECH enzyme’s full
ensemble of conformations.
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Figure 2. Crystal structures show structural differences in the conformations of the FECH complexes.
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2.2. Identification of FECH Phosphorylation Sites

To investigate the sites of FECH phosphorylation, we co-expressed His-tagged human
FECH and PKA in Escherichia coli. Following purification, the samples were analyzed for
global phosphorylation. In addition to the previously identified T116 [20], we found three
other sites with significant levels of modification via phosphorylation, including T218, S370,
and S416. Among all the phosphorylated residues, the T218 modification was highest, with
48–73% occupancy, as compared to the T116 site with 18–40%, S370 with 26–41%, and S416
with 3–11% for wild-type FECH and increased in T116A FECH (Supplemental Table S1).

2.3. Structural Analysis of Phosphorylated FECH

The root mean square deviation (RMSD) is a fundamental metric employed in MD
simulations to evaluate the structural variability of systems. In this study, RMSD analysis
was performed over a simulation time of 1 µs, capturing the conformational dynamics
and structural changes of Cα atoms in all systems within this time interval. The stability
of FECH systems was assessed by measuring the RMSD values and representing them
graphically [25].

For the FECH-Apo systems (Figure 3A), FECH exhibited considerable stability across
four phosphorylation states: unphosphorylated (UP), single-point phosphorylated (PT116
or PT218), and double-point phosphorylated (PT116 + PT218). The average RMSD values
of the Cα atoms in these systems ranged from 1.90 to 2.20 Å (Table 1) during a 1 µs MD
simulation. In the FECH-PPIX systems (Figure 3B), four phosphorylated states in complex
with PPIX reached dynamic equilibrium at approximately 400 ns, with RMSD values mainly
ranging between 2.0 and 2.30 Å (Table 1). Notably, PT218 single-point phosphorylation and
PT116 + PT218 double-point phosphorylation were associated with higher RMSD values
in the early simulation phase (approximately 200 ns), suggesting larger conformational
shifts. However, these systems also stabilized gradually as the simulation proceeded. In
the FECH-Heme systems (Figure 3C), the four phosphorylation conditions in complex
with heme reached dynamic equilibrium after 500 ns of simulation, with RMSD values
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between 2.10 and 2.40 Å (Table 1). This finding implied that the presence of heme may
induce protein dynamics.
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Table 1. Mean Cα RMSDs during the 1 µs simulations of the FECH-Apo systems, the FECH-PPIX
systems and the FECH-heme systems in four phosphorylation states.

Systems Phosphorylated Sites Mean RMSD(SD) (Å)

FECH-Apo

UP 2.19 (0.19)
PT116 1.98 (0.15)
PT218 2.07 (0.26)

PT116 + PT218 2.19 (0.24)

FECH-PPIX

UP 1.79 (0.17)
PT116 2.06 (0.18)
PT218 2.17 (0.20)

PT116 + PT218 2.30 (0.17)

FECH-Heme

UP 2.39 (0.25)
PT116 2.22 (0.18)
PT218 2.10 (0.17)

PT116 + PT218 2.11 (0.19)

The root mean square fluctuation (RMSF) is a crucial metric used in MD simulations
to evaluate the local flexibility and dynamic behavior of atoms within a system [26,27].
This approach provides insight into the extent to which atoms deviate from their average
positions over the course of the simulation trajectory. In this analysis, RMSF values were
computed by measuring the displacements of Cα atoms from their mean coordinates.
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In the FECH-Apo systems, a significant increase in RMSF values was observed for
the upper lip and lower lip regions in PT218 and PT116 + PT218 (Figure 4A), suggesting
that phosphorylation of T218 may enhance dynamism in these regions, potentially leading
to conformational changes in these domains. The π-helix showed higher RMSF values
in UP and PT116, indicating increased dynamism in these states. In the FECH-PPIX
systems (Figure 4B), the π-helix region in UP and PT116 + PT218 had lower RMSF values,
indicating enhanced stability after PPIX insertion. However, for the upper lip region and
lower lip region, the RMSF values remained similar across the four phosphorylation states,
suggesting that different phosphorylation sites have less impact on the dynamism of these
regions. In the FECH-Heme systems (Figure 4C), similar RMSF values were observed in all
three regions (π-helix, upper lip region, lower lip region) across all phosphorylation states.
This likely indicates that the different phosphorylation sites have almost no effect on the
flexibility of the regions.
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The radius of gyration (Rg), the root mean square distance of parts of an object from
either its center of mass or a given axis, serves as an indicator of the object’s compression
behavior or compactness. This measure is also useful for assessing protein compactness [28].
In the FECH-Apo systems, the Rg values gradually decreased across the four phosphoryla-
tion states, indicating a transition from relatively loose to more compact structures. The
Rg values for single phosphorylation (PT116 and PT218) were similar to the those of the
unphosphorylated (UP) state, while the PT116 + PT218 state showed the lowest Rg value
among the four states (Figure 5A). In the FECH-PPIX systems, there was no clear trend of
structural compression or expansion; the Rg values were nearly identical in the unphos-
phorylated and single phosphorylation states, with the PT116 + PT218 state exhibiting a
slightly larger Rg value and greater fluctuation (Figure 5B). In the FECH-Heme systems,
the phosphorylated states had lower Rg values compared to the unphosphorylated state,
and the Rg values in the UP state gradually increased, indicating a more loosened structure
(Figure 5C).
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2.4. Residue Interactions of the Active Pocket

The active pocket of FECH is composed of multiple charged residues distributed across
the upper lip region, the lower lip region, and the π-helix, forming a hydrogen-bonding
network that confers stability to FECH in the open conformation (Figure 6A) [29]. Upon
PPIX binding, the active pocket undergoes closure, resulting in the disruption of electro-
static interactions and facilitating the transition to the closed conformation (Figure 6B) [11].
The insertion of iron into the active site triggers the conformational transformation of
FECH into the release conformation (Figure 6C) [11]. The distance between the upper lip
region and the lower lip region (P107–P307), the interactions between the upper lip region
and the π-helix including R115–E343, R115–E347, and K118–E351, and time evolutions of
the interaction distances between selected residue pairs during the 1000 ns MD simula-
tions in FECH-Apo systems, FECH-PPIX systems and FECH-Heme systems are shown in
Figures S1–S3.
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PPIX system bound to PPIX in closed conformation; (C) the FECH-Heme system with heme in the
release conformation.
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In the FECH-Apo system without phosphorylation, the conformation was open. After
phosphorylation, the distance between R115 and E343 increased, whereas the distance
between K118 and E351 decreased, indicating a consistent trend (Table 2). Notably, under
the PT116 condition, the distance between R115 and E347 decreased, as did the distance
between P102 and P107 under the PT116 + PT218 condition. Phosphorylation promoted
the tilting of the protein pocket toward the active site, approaching a closed conformation,
with overall changes ranging between 1 and 2 Å.

Table 2. Average interaction distances between selected residue pairs during the last 100 ns MD
simulations in the FECH-Apo systems, the FECH-PPIX systems and the FECH-Heme systems for the
four phosphorylation states.

System Phosphorylation Site
Residue Pairs Mean Distance (SD) (Å)

P102–P107 R115–E343 R115–E347 K118–E351

FECH-Apo

UP 6.56 (1.49) 9.78 (2.28) 8.10 (2.11) 7.29 (1.88)
PT116 7.32 (1.61) 10.17 (2.24) 7.85 (2.28) 6.93 (2.53)
PT218 7.34 (3.90) 11.55 (2.40) 10.03 (2.51) 7.10 (2.51)

PT116 + PT218 5.00 (2.36) 10.59 (1.89) 9.10 (1.81) 5.65 (2.16)

FECH-
PPIX

UP 6.05 (1.38) 12.7 (0.73) 7.13 (0.83) 5.56 (1.48)
PT116 6.70 (1.42) 9.82 (3.39) 8.16 (1.20) 6.76 (1.69)
PT218 5.64 (1.42) 10.13 (2.27) 7.82 (0.84) 6.16 (1.47)

PT116 + PT218 4.68 (1.21) 7.23 (1.03) 10.09 (1.12) 7.98 (1.76)

FECH-
Heme

UP 6.84 (1.45) 11.60 (1.12) 7.10 (1.02) 5.91 (2.25)
PT116 6.43 (1.38) 8.31 (0.58) 8.41 (0.81) 6.88 (2.16)
PT218 6.08 (1.43) 8.34 (2.50) 7.68 (1.05) 5.77 (1.48)

PT116 + PT218 8.17 (1.53) 9.82 (2.95) 8.23 (0.90) 7.59 (2.59)

Comparatively, in the FECH-PPIX system, before phosphorylation, the distance be-
tween R115 and E343 increased compared with that in the FECH-Apo system, while the
distances between R115 and E347 and between K118 and E351 decreased, leading the
system to shift toward a closed conformation. After phosphorylation, the distance between
R115 and E343 decreased, while the distances between R115 and E347 and between K118
and E351 tended to increase, indicating that phosphorylation drove the protein pocket away
from the active site, leaning to an open conformation. Specifically, the distance between
P102 and P107 increased in PT116, which was potentially related to the interaction between
T116 and another α-helix [10].

In the analysis of the FECH-Heme system, a consistent trend was observed where the
distance between R115 and E343 decreased while R115 and E347 increased, suggesting
a tendency towards an open conformation due to phosphorylation. Particularly under
the PT116 + PT218 condition, the distance between P102 and P107 significantly increased.
Double-site phosphorylation in the FECH-Apo system had the smallest distance between
the two lips among the four phosphorylated states, whereas in the FECH-PPIX system, this
distance was further reduced. Conversely, in the FECH-Heme system, the distance actually
increased compared to single-site phosphorylation. Overall, double-site phosphorylation
markedly enhanced the protein structure’s ability to adjust, facilitating the catalytic reaction.

2.5. Binding Free Energy Analysis

To investigate the impact of FECH phosphorylation on substrate binding, the MM-
PBSA method was used to calculate the binding free energy of PPIX and Heme to FECH
in its unphosphorylated and phosphorylated states. Although the absolute binding free
energy values may not be exact, this approach provides a reliable ranking system for
assessing the ability of FECH to bind to its substrates in different phosphorylation states.
The computed binding free energy (∆Gbind) of the complex is composed of the van der
Waals energy (∆EvdW), electrostatic energy (∆Eele), polar solvation energy (∆Gpol/solv), and
nonpolar solvation energy (∆Gnp/solv) (Table 3). These simulation results showed that the
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binding free energies of FECH with PPIX and Heme in UP were −55.39 kcal mol−1 and
−66.49 kcal mol−1, respectively. For PT116, there was a slight increase in the binding affinity
between FECH and the substrates (−57.49 kcal mol−1 and −66.60 kcal mol−1). In contrast,
for PT218, a significant decrease in binding affinity was observed (−44.14 kcal mol−1 and
−29.89 kcal mol−1). With respect to double-site phosphorylation (PT116 + PT218), the
binding affinity between FECH and PPIX increased (−72.05 kcal mol−1), whereas that
between FECH and Heme decreased (−50.81 kcal mol−1). In this state, phosphorylation
enhanced PPIX binding and facilitated heme release.

Table 3. Energetic components of the binding free energy of FECH bound with PPIX or Heme over
the last 100 ns of MD trajectories in four phosphorylation states.

Component ∆EvdW ∆Eele ∆Gpol/solv ∆Gnp/solv ∆Ggas ∆Gsolv ∆Gbind

UP-PPIX −65.86 (1.98) −396.00
(10.41) 412.53 (10.88) −6.07 (0.18) −461.86

(12.34) 406.47 (10.71) −55.39 (1.76)

PT116-PPIX −71.70 (0.29) −317.58
(1.96) 338.30 (1.69) −6.51 (0.01) −389.28

(1.97) 331.79 (1.69) −57.49 (0.71)

PT218-PPIX −57.22 (3.06) −306.88
(14.65) 325.08 (15.62) −5.12 (17.67) −364.10

(15.35) 319.96 (2.45) −44.14 (1.45)
PT116 +

PT218-PPIX −72.58 (0.33) −312.86
(1.74) 319.78 (1.55) −6.39 (0.01) −385.44

(1.76) 313.39 (1.55) −72.05 (0.76)

UP-Heme −64.22 (2.16) −374.72
(10.80) 378.33 (10.90) −5.88 (0.20) −438.94

(12.91) 372.45 (10.71) −66.49 (2.31)

PT116-Heme −72.15 (1.51) −292.46
(5.50) 304.26 (5.74) −6.25 (0.13) −364.61

(6.94) 298.01 (5.62) −66.60 (1.52)

PT218-Heme −46.09 (3.62) −220.75
(14.66) 241.00 (16.29) −4.05 (0.32) −266.84

(18.26) 236.95 (15.97) −29.89 (2.37)
PT116 +

PT218-Heme −69.21 (1.93) −250.66
(6.54) 275.07 (7.15) −6.01 (0.16) −319.87

(8.38) 269.07 (6.99) −50.81 (1.65)

Analysis of the energy component contributions revealed that the van der Waals inter-
action energy (∆EvdW), nonpolar solvation energy (∆Gnp/solv), and electrostatic interaction
energy (∆Eele) positively impacted ligand binding to FECH, whereas the polar solvation
energy (∆Gpol/solv) had a negative effect on binding (Table 3). The contributions of PT218
to van der Waals, electrostatic, and nonpolar solvation energies were diminished compared
with those of other phosphorylation states, resulting in weaker attractive interactions that
disfavored PPIX binding. On the other hand, the contributions of PT116 and PT116 + PT218
were increased, thereby promoting PPIX binding. In both PT218 and PT116 + PT218 cases,
the decrease in the electrostatic force contribution was more pronounced than that in the
PT116 and UP cases. Furthermore, a greater reduction in non-solvation energy further
promoted heme release.

2.6. Per-Residue Free Energy Decomposition Analysis

Energy decomposition techniques provide insightful information on complex substrate–
receptor binding mechanisms [30]. In this study, MM-PBSA was applied to perform energy
decomposition for individual residues, identifying key residues involved in substrate
binding. Residues with an absolute interaction value with the substrate greater than
1 kcal mol−1 were considered essential for binding. The key residues were selected based
on their interactions with the substrates.

In the FECH-PPIX systems, residues including M76, R115, K118, R164, H263 and H341
exhibited increased attractive interactions, whereas E343 and E347 had inhibitory effects
on binding. M76, R115, K118, R164, and H263 showed enhanced attractive interactions,
but E343 had a higher inhibitory effect after phosphorylation (Figure 7A). The attractive
contributions of M76 and R115 to binding were the largest in PT116, and those of R164,
K118, H263 and H41 were the largest in PT116 + PT218. The inhibitory effects of E343 and
E347 were the highest in PT116 + PT218.
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In FECH-Heme systems, certain residues had attractive interactions and inhibitory ef-
fects like those in the FECH-PPIX systems (Figure 7B). After phosphorylation, the attractive
interactions of M76, R115, K118, H263, and H341 were reduced, and the inhibitory effect of
E343 was reduced, too. However, the R164 attractive interactions increased in PT116, and
the inhibitory effect of E347 was increased in PT116 + PT218. Moreover, the reduced effect
of these specific residues was most pronounced in PT218.

In short, phosphorylated FECH and its substrates (PPIX and Heme) exhibited a
greater number of residues with favorable energy contribution changes and a relatively
lower number of residues with unfavorable energy contribution changes. In summary,
PT116 + PT218 emerged as the most optimal of all systems, displaying the highest affinity
for PPIX binding to FECH protein, while showing lower affinity for heme binding compared
to UP, which was conducive to enhancing the catalytic activity of FECH protein.

2.7. Protein–Substrate Interactions

Hydrogen bonding is a reliable indicator of bonding strength and provides insights
into the degree of association between molecules [31]. It plays a crucial role in protein–
substrate interactions by facilitating substrate binding to the active site of enzymes through
specific amino acid residues [32]. Notably, S130, which can potentially be phosphorylated
by kinases, has the potential to alter substrate interactions and affect FECH activity [33].
Several active site residues were found to interact with the substrate, specifically S130 and
Y123, which form hydrogen bonds with propionate 6, and R115, which forms a salt bridge
with propionate 7 [16].

The intermolecular substrate–residue interactions at the active site of FECH are illus-
trated in Figure 8. In the UP state, R115, H263, and S303 formed hydrogen bonds with PPIX
at position 6. Y130, H341, and I342 formed hydrogen bonds at position 7 (Figure 8A). After
phosphorylation of T116, only the hydrogen bonds remained between R115 and position 6,
H341 and position 7 (Figure 8B). The phosphorylation of T218 broke the hydrogen bond of
H263 and Y123 with PPIX and added the bond of E343 with PPIX (Figure 8C). When both
sites were phosphorylated, position 6 only connected with R115, and position 7 stayed the
same, as in the case with PT218 (Figure 8D).

For the FECH-Heme systems, R115 and S303 formed hydrogen bonds with heme
at position 6, and I342 and E343 formed hydrogen bonds at position 7 in the UP state
(Figure 8E). Hydrogen bonds of H263, I342 and Y130 broke, and those of E343 formed,
triggering movement of heme out of the active site. In the PT116 state, the bonds of E343
and S303 broke, and S130 and Y123 formed new hydrogen bonds. In the PT218 state, only
the bonds between R115 and position 6 and between S130 and position 7 remained. In the
PT116 + PT218 state, E343 and S303’s bonds broke, but S130 and H341’s bonds reformed.
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After phosphorylation, S130 formed hydrogen bonds with heme, indicating that S130 is
involved in phosphorylation.
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Figure 8. The interactions of the FECH residues bound with substrate (PPIX or Heme) in four
phosphorylation states are shown in (A–D) the FECH-PPIX systems and (E–H) the FECH-Heme
systems in MD simulations.

2.8. Principal Component Analysis

Principal component analysis (PCA) is a widely used computational method in MD
simulations that provides valuable insights into the essential molecular motions and col-
lective dynamics exhibited by biomolecules [34]. By projecting the system’s primary
eigenvectors (PC1 and PC2), it is possible to calculate the Gibbs free energy landscape
(FEL), which is a fundamental thermodynamic concept [35]. The accompanying images
visually represent the Gibbs free energy landscape, with different colors indicating distinct
energy states. This landscape is a powerful tool for investigating the directional fluctuations
and conformational changes within FECH systems, considering the positions of all Cα

atoms derived from the trajectories (Figure 9).
In the FECH-Apo systems (Figure S4), the motion correlation of PT218 exhibited a

significantly higher magnitude, which is consistent with the results obtained from the RMSF
analysis. The figure illustrates the FEL of the first two principal component complexes,
showing the distinct lowest points for each complex. This observation suggested that
the presence of PT218 induced significant conformational variations. In the FECH-PPIX
systems, the FELs displayed scattered basins in the conformational space for PT116 and
PT218. Notably, there was a more pronounced difference in the conformational space
in PT116 and PT116 + PT218 (Figure 9B,D). For the FECH-Heme systems, local minima
were distributed across approximately three to four regions within the energy landscape
for both PT116 and PT116 + PT218 (Figure 9F,H), while UP and PT218 formed two to
three metastable conformations throughout the trajectory population (Figure 9E,G). In
conclusion, the phosphorylation of residues caused a redistribution of the conformational
space of the substrates binding FECH proteins.
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2.9. Dynamic Cross-Correlation Matrix

Dynamic cross-correlation matrix (DCCM) analysis was employed to analyze the
position of the Cα atom during simulated conformational changes, providing insights into
correlated motion [36]. The colors ranging from white to cyan represent highly correlated
movements, and the transition from white to pink indicates noncorrelated movements
(Figure 10). The results showed that all systems consistently exhibited correlated motion.
In the FECH-Apo systems, phosphorylation increased the correlation between residues,
particularly showing a strong negative correlation between the π-helix and upper lip region
in PT218. This finding aligns with the RMSF results, which indicated greater fluctua-
tions in the upper lip region for PT218. Regions with increased amino acid fluctuations
demonstrated stronger correlations with movement (Figure S5). In the FECH-PPIX systems,
phosphorylation led to varying degrees of reduction in the correlation between the π-helix
and upper lip region. The most significant decrease was observed in PT116 (Figure 10B),
whereas PT218 did not experience a substantial decrease (Figure 10C), and PT116 + PT218
experienced a moderate decrease (Figure 10D). In the FECH-Heme systems, phosphory-
lation resulted in an overall reduction in residue correlation. Notably, PT218 displayed a
more pronounced decrease in correlation and weaker interactions, indicating a favorable
environment for heme release (Figure 10E–H). In short, the phosphorylation of residues
significantly altered the dynamic characteristics of local residues on substrates (PPIX and
Heme) and FECH proteins and affected the inter-residue correlation and anti-correlation
movements.
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3. Materials and Methods
3.1. Cloning, Expression, and Purification of Phosphorylated Human FECH

The human FECH and PKA genes were cloned into the pETDuet plasmid (a gift from
the Michael Terns Laboratory, The University of Georgia) in sequential order. FECH and
T116A FECH, which was PCR amplified from a pBTac-FECH vector [37], were first cloned
into EcoRI/HindIII sites of the pETDuet plasmid. PKA, amplified from a commercially
available vector (DNASU Plasmid Repository, Clone ID: HsCD00343196), was cloned into
NdeI/FseI sites of the resulting pETDuet-FECH/PKA vector. The inserts were confirmed
by Sanger sequencing. The pETDuet-FECH/PKA vector yielded a 6x His-tagged FECH
protein and a non-His-tagged PKA, as designed.

BL21(DE3) E. coli (New England Biolabs) or BL21(DE3) ∆ycdX E. coli [38] were
transformed with the pETDuet-FECH/PKA vector. The transformed cells were cultured
overnight in 100 mL of Terrific Broth (TB) media supplemented with ampicillin (50 µg/mL
final concentration). An overnight culture was used to inoculate 1 L of TB media, supple-
mented with 0.6 g of glucose, 3 g of lactose, and ampicillin (50 µg/mL final concentration).
The 1 L culture was initially grown at 30 ◦C and 220 rpm for 1 h, after which the temper-
ature was reduced to 18 ◦C, and the culture was allowed to grow for an additional 47 h.
The cells were harvested and stored at −80 ◦C. For protein purification, cell pellets were
resuspended and lysed, and FECH was purified as described here [39]. The eluted protein
was dialyzed in a 6 M urea 50 mM Tris-Mops buffer and concentrated to ~3 mg/mL.

3.2. Mass Spectrometry Analysis of Purified FECH Protein

Purified FECH was buffer exchanged in 40 mM ammonium bicarbonate (Sigma,
St. Louis, Missouri. USA) via 10 kDa molecular weight cut-off (MWCO) filter, reduced
by incubating with 10 mM of dithiothreitol (Sigma) at 56 ◦C and alkylated by 27.5 mM of
iodoacetamide (Sigma) at room temperature in dark. The reduced and alkylated proteins
were divided into two aliquots: one aliquot was digested by trypsin (Promega, Madison,
WI, USA) at 37 ◦C, and the other aliquot was digested by chymotrypsin (Promega) at 25 ◦C.
The resulting peptides from the respective enzymatic digestions were separated on an
Acclaim PepMap RSLC C18 column (75 µm × 15 cm) and eluted into the nano-electrospray
ion source of an Orbitrap Fusion™ Tribrid™ mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) at a flow rate of 200 nL/min. The elution gradient consisted of 1–40%
acetonitrile in 0.1% formic acid over 220 min, followed by 10 min of 80% acetonitrile in 0.1%
formic acid. The spray voltage was set to 2.2 kV, and the temperature of the heated capillary
was set to 275 ◦C. Full MS scans were acquired from m/z 200 to 2000 at 60 k resolution,
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and MS/MS scans following collision-induced dissociation (CID) at 38% collision energy
or electron transfer dissociation (ETD) were collected in the ion trap. The raw spectra
were analyzed using Proteome Discoverer (Thermo Fisher Scientific) and Byonic (Protein
Metrics, Cupertino, CA, USA) [40] with the mass tolerance set as 20 ppm for precursors
and 0.5 Da for fragments. The search output was filtered to reach a 1% false discovery rate
and then validated manually for any phosphorylation sites assigned by the program. The
occupancy of each phosphorylation site was calculated using spectral counts assigned to
the phosphorylated peptides and their unmodified counterparts.

3.3. System Modeling

MD simulations are valuable scientific tools for studying protein dynamics and inves-
tigating the impact of PTMs on protein behavior. The initial structure utilized in this study
was derived from the crystal structure of human FECH, which contained the R115L variant
(PDB 2HRC) [16]. Additionally, the initial structure of human FECH in complex with PPIX
was constructed from the E343K variant (PDB: 2QD1) [11], and the complex with heme
was built from the F110A variant (PDB: 2QD2) [11]. All the mutated residues present in the
crystal structures were changed back to the wild-type sequence.

The protonation state of the histidine residues (HID or HIE) was determined by
calculating protonation equilibria using the H++ server [41]. The parameter files and
the electrostatic potential (ESP) charge of the porphyrin and heme were generated using
Turbomole 7.6 software [42] at the level of BP86/6-31 G* for all atoms (Fe was described by
the DZpdf basis set) [43].

MD simulations were conducted using the pmemd.cuda module of the Amber 20
software package [44]. The systems were characterized using the ff19SB force field [45]
and the OPC explicit solvent model [46]. The phosphorylated threonine was characterized
using the phosaa19 force field [47]. The coordination of the [2Fe-2S] cluster involved Fe2+

binding with two central sulfur atoms, as well as two additional sulfur atoms from CYS
residues. Specifically, FE1 coordinated with 196SG and 403SG, while FE2 coordinated with
406SG and 411SG. Cl− and Na+ ions were added as needed to maintain overall system
neutrality. The SHAKE algorithm [48] was used to constrain hydrogen atom bonds. The
system pressure was maintained at 1 atm, and the temperature was maintained at 300 K
using a Langevin thermostat [49]. Long-range electrostatic interactions were calculated
using the particle-mesh Ewald method [50], with a nonbonding interaction cutoff distance
of 9 Å.

Three steps of minimization were performed to relax the solvent molecules and
protein–ligand complexes. First, only the water molecules in the systems were minimized,
followed by the minimization of the side chains of residues, and finally, all atoms were
minimized. Subsequently, each system was gradually heated from 0 K to 300 K under the
NVT ensemble. The systems were then simulated for 5 ns under the NVT ensemble, with
positional restraints set at 5 kcal mol−1 Å−2. Next, the systems were equilibrated under
the NPT ensemble at 1 atm for 500 ps. Finally, production runs were conducted for 1 µs
under the NPT ensemble, using the Berendsen barostat [51], without any restraints. A
time-step of 2 fs was employed, and snapshots were saved every 1 ns, resulting in a total of
1000 snapshots.

3.4. Binding Free Energy Calculations

The binding free energies between the substrates (PPIX and Heme) and the protein
were calculated using the Poisson–Boltzmann surface area (MM-PBSA) method [52–54] in
Amber20. The binding free energies ∆Gbind of a specific substrate were averaged over the
last 100 ns of MD trajectories (consisting of 100 frames) using the following three equations:

∆Gbind = ∆EMM + ∆Gsolv −T∆S (1)

∆EMM = ∆EvdW + ∆Eele + ∆Ebond (2)
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∆Gsolv = ∆Gpol/solv + ∆Gnp/solv (3)

The energy variation (∆EMM) included the combined effects of both bonded inter-
actions (∆Ebond) and nonbonded interactions (∆EvdW and ∆Eele). In a single-trajectory
setup, the influence of bonded interactions (∆Ebond) was consistently neglected because
its accuracy and simplicity were comparable to those of multi-trajectory approaches. The
determination of solvation free energy (∆Gsol) involved the comprehensive assessment of
both polar solvation energy (∆Gpol/solv) and nonpolar solvation energy (∆Gnp/solv). These
energies were calculated using the Poisson–Boltzmann equation and the solvent-accessible
surface area model [55]. The default parameter configurations for these computations were
consistent with those in the established literature.

3.5. Molecular Dynamics Trajectory Analysis

The resulting trajectories were analyzed using the CPPTRAJ [56] module of Amber
20. Principal component analysis (PCA) is a technique that reduces the dimensionality
of MD data while preserving structural information [57,58]. The Bio3d package [59] in R
Studio 4.2.3 was used to gain insights into protein dynamics extracted from MD trajectories
by performing PCA. Dynamic cross-correlation matrix (DCCM) analysis was applied to
investigate changes in Cα atoms, their fluctuations, and their movements. The details
of PCA and DCCM methods can be seen in Supporting Information. The matrices were
measured and plotted using Python 3.7. Additionally, PyMOL 3.0 [60] and VMD 1.9.4 [61]
software were used for trajectory visualization and observing structural details.

4. Conclusions

In this study, we investigated the dynamic properties of FECH under four distinct
post-translational phosphorylation states: unmodified UP, single-site PT116 and PT218,
and double-site modification PT116 + PT218, both in the absence and presence of substrates
(PPIX or Heme). Our approach commenced with stabilizing 12 complex systems through
molecular dynamics simulations, which included FECH in varying phosphorylation states
interacting with and without substrates. The binding free energies between FECH and
the substrates were subsequently analyzed using the MM-PBSA method. Our findings
revealed that the PT116 + PT218 state exhibited the lowest binding free energy with PPIX,
indicating the strongest binding affinity. This state also exhibited a higher binding free
energy when interacting with Heme compared to UP, facilitating Heme release. These
results highlight the PT116 + PT218 state as particularly advantageous for enhancing FECH
protein catalytic activity.

To further elucidate the interactions between FECH and the substrates, we performed
energy decomposition and interaction analysis at the residue level. These analyses high-
lighted that variations in electrostatic energies were primarily responsible for differences in
binding affinity across all systems. Additionally, by integrating multiple analytical methods,
we clarified how phosphorylation of residues leads to structural changes within FECH.
Specifically, phosphorylation altered the conformational space of the substrate-binding
sites and significantly enhanced the collective movements of active pocket residues, as well
as the correlated and anti-correlated motions within the complex.

In conclusion, this research illuminates the mechanisms of substrate–protein interac-
tions under different phosphorylated states and demonstrates why double-point phospho-
rylation is beneficial for activity enhancement. The insights gained from this study may
provide valuable theoretical guidance for treating conditions associated with disrupted
heme metabolism, such as various porphyrias and iron-related disorders.

Supplementary Materials: The following supporting information and Table S1 can be downloaded
at: https://www.mdpi.com/article/10.3390/ijms25126360/s1. Reference [62] is cited in the supple-
mentary materials.
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