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Abstract: Alkaptonuria (AKU) is an ultra-rare genetic disorder caused by mutations in the
homogentisate 1,2-dioxygenase (HGD) gene, leading to the accumulation of homogentisic
acid (HGA). Current treatment options are limited, with Nitisinone (Orfadin or NTBC)
being the only approved drug. However, its long-term use raises concerns due to signifi-
cant adverse effects, highlighting the urgent need for safer alternatives. AKU manifests
with progressive and often painful symptoms, severely impacting patients’ quality of life.
Identifying new therapeutic approaches to inhibit 4-hydroxyphenyl pyruvate dioxygenase
(4-HPPD) is critical to improving outcomes for AKU patients. In this study, we present
a novel integrated in vitro and in silico strategy to assess the residence time of 4-HPPD
inhibitors. In particular, we evaluated several features of a set of triketone compounds
including their inhibitory efficacy, residence time, and ochronotic pigment accumulation.
By means of our integrated approach, we investigated the pharmacokinetic and pharmaco-
dynamics properties of novel 4-HPPD inhibitors and provided a promising foundation for
the development of safer and more effective treatments for AKU.

Keywords: AKU; NTBC; 4-HPPD; inhibitors; residence time; molecular modeling; docking
simulation; molecular dynamics simulation; steered molecular dynamics (SMD); IC50; IC90

1. Introduction
AKU is an ultra-rare, autosomal recessive disorder characterized by a deficient ho-

mogentisate 1,2-dioxygenase (HGD) enzyme activity, which is crucial in the catabolism of
tyrosine and phenylalanine [1]. Mutations in the HGD gene lead to the accumulation of
homogentisic acid (HGA), which is in part excreted in the urine (darkening upon exposure
to air or alkalinization), in part progressively accumulated in connective tissues (ochrono-
sis) [2]. Several highly debilitating symptoms are associated with HGA accumulation and
ochronosis, including a severe, early-onset form of osteoarthropathy, degenerative joint
disease, and cardiovascular complications, significantly impacting the quality of life of af-
fected individuals [2,3]. Though AKU is generally considered to not impact life expectancy,
there are reports of end-stage renal disease leading to untreatable, fatal acute haemolysis
and/or methemoglobinemia [2].

Int. J. Mol. Sci. 2025, 26, 3181 https://doi.org/10.3390/ijms26073181

https://doi.org/10.3390/ijms26073181
https://doi.org/10.3390/ijms26073181
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-0016-0728
https://orcid.org/0000-0002-9685-6342
https://orcid.org/0000-0002-8419-5284
https://orcid.org/0009-0007-7645-1157
https://orcid.org/0000-0002-9598-2339
https://orcid.org/0000-0002-9657-4169
https://orcid.org/0000-0002-6910-0056
https://orcid.org/0000-0001-6976-9086
https://doi.org/10.3390/ijms26073181
http://www.mdpi.com/1422-0067/26/7/3181?type=check_update&version=2


Int. J. Mol. Sci. 2025, 26, 3181 2 of 12

Limited awareness of AKU, along with the non-specific nature and variability of
symptoms, might lead to misdiagnosis or late diagnosis. Furthermore, there are no apparent
genotype–phenotype relationships. The clinical complexity of AKU, whose molecular
mechanisms are not fully elucidated yet, therefore requires early diagnosis and intervention,
possibly with tailored approaches allowing both the correction of metabolic dysregulation
and symptomatic relief [4].

Being an inhibitor of 4-HPPD, an upstream enzyme compared to HGD in the catabolic
pathway of tyrosine [5], nitisinone (NTBC) became the first approved drug for AKU thanks
to its efficacy in lowering HGA levels in affected individuals [6].

4-HPPD (EC 1.13.11.27) plays a pivotal role in converting 4-hydroxyphenylpyruvate
(4-HPP) into HGA through a dioxygenation reaction [7]. This enzyme is a member of
the non-heme iron-dependent dioxygenase family, featuring a distinct three-dimensional
structure that typically includes a ferrous iron center essential for activity [8]. Crystallo-
graphic studies revealed that 4-HPPD forms a homodimer structure, with both monomers
contributing to the active site responsible for catalytic activity [9]. The geometry of the
active site is finely tuned to facilitate the interaction with 4-HPP and molecular oxygen,
which is critical for the efficiency of the enzymatic process [10].

4-HPPD is predominantly expressed in the liver and kidney [11], its expression being
variable among individuals and regulated by various factors, such as, dietary intake of
phenylalanine and tyrosine [12]. Understanding the expression patterns of 4-HPPD is
crucial, as variations may influence the metabolic fate of these amino acids and the overall
production of HGA, especially in individuals with genetic conditions such as AKU [13].

After a 4-year clinical trial indicating that NTBC could reduce urinary and serum HGA,
in 2020 the European Medicines Agency approved NTBC for the treatment of AKU [6,14].
It was also noted that a slower rate of disease progression could be observed in NTBC-
treated subjects.

Despite therapeutic efficacy, however, the use of NTBC is not without drawbacks [15].
The consequent hypertyrosinemia is associated with ocular complications, leukopenia,
and thrombocytopenia, possibly requiring drug discontinuation [16]. Therefore, there
is an interest in developing novel 4-HPPD inhibitors with fewer side effects or adjunct
therapies that may complement NTBC for the treatment of AKU [2]. A large number
of small molecules able to inhibit 4-HPPD were reported in the last decades, mostly
developed and approved as herbicides [17,18], with a few (mostly NTBC analogues) also
tested for application in AKU [19]. Given the critical role of 4-HPPD in broader metabolic
processes, targeting this enzyme offers a promising avenue for new treatment strategies [20].
Innovative research is underway to identify compounds that may provide additional
benefits, enhancing the management of AKU and addressing the unmet medical needs of
affected individuals [2].

A crucial parameter in the drug discovery process is the evaluation of residence time,
defined as the duration a drug remains bound to its target enzyme [21]. It provides a
dynamic measure of drug–target interactions, emphasizing the importance of sustained
binding for prolonged therapeutic effects [22]. For 4-HPPD inhibitors, enhanced residence
time may correlate with prolonged suppression of HGA levels, thereby reducing disease
symptoms over time [5]. Therefore, understanding the kinetics of 4-HPPD interactions
with various inhibitors is essential for optimizing therapeutic strategies [5].

Additionally, molecular docking studies may facilitate the identification of potential
inhibitors by simulating their binding interactions with 4-HPPD, predicting binding affini-
ties and mechanisms of action [20,23]. Furthermore, molecular dynamics (MD) simulations
provide insights into the stability and dynamics of inhibitor–enzyme interactions, elucidat-
ing the molecular mechanisms that underpin inhibitor efficacy [24]. Techniques like steered
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molecular dynamics (SMD) can simulate the unbinding process of inhibitors, offering
valuable data on binding strength and stability, which are directly related to residence time
and clinical efficacy [25].

In this study, we evaluated a panel of seven 4-HPPD inhibitors, including commer-
cially available and newly synthesized NTBC analogues, through a comprehensive and
integrated in vitro and in silico approach (Scheme S1). Key parameters such as IC50, IC90,
residence time, and ochronotic pigment accumulation were measured, while computational
techniques were used to gain insights into the interactions with the target enzyme. This
approach could represent an advancement in the search for novel and safer therapeutic
options for AKU.

2. Results
2.1. In Vitro Results
2.1.1. IC50 and IC90 Evaluation

Inhibition assays were set up to determine the IC50 and IC90 of NTBC and the novel
4-HPPD inhibitors tested in this work (c1–c7). To do so, an inhibition assay was set up to
test the compounds at different concentrations. The bacterial suspension was incubated
in a medium containing 1 mM IPTG, 75 µM Tyr, and the tested inhibitor, monitoring the
formation of the ochronotic pigment at 405 nm after 24 h. The inhibition curves obtained
for each compound are reported in Figure 1.
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Figure 1. Inhibition curves obtained by testing different concentrations of the 4-HPPD inhibitors with
corresponding IC50 and IC90 values.

2.1.2. 4-HPPD Inhibitor Residence Time Evaluation

To evaluate and compare the residence time (τ) of NTBC and compounds c1–c7, we
considered the koff parameter, from which both τ and the compound half-life were derived.
4-HPPD was initially incubated with each compound at saturating concentrations, and the
exhaust medium (containing the inhibitor) was removed and replaced with fresh medium
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without the inhibitor, while the precursor (tyrosine) was added to the substrate. Enzyme
activity was monitored by measuring the formation of ochronotic pigment consequent to
the formation of HGA. Each inhibitor was analyzed in duplicate, and the analyses were
repeated at least three times. In each experiment, control tests were set up as follows: a blank
(control without induction), a control without inhibition, and a control with inhibition.
From the absorbance results, we observed that the absorbance of the inhibited control
did not increase over time, as NTBC was present at an inhibitory concentration of 90%,
whereas the non-inhibited control showed increasing absorbance values over time due to
the absence of NTBC and the presence of the substrate precursor (Figure S1). Then, the
compounds were analyzed, and a non-linear regression was performed, obtaining τ and
half-life (Figure 2A,B).
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Figure 2. 4-HPPD/compound residence time evaluation. (A) Enzyme activity evaluated in presence
of each compound. (B) Details of the tested compounds with their corresponding residence time
(τ) and half-life values. Magenta: NTBC; dark green: c1; turquoise: c2; purple: c3; ocher: c4; light
green: c5; light blue: c6; black: c7.

Remarkably, c1, c3, c4, c5, and c6 exhibited a lower koff and a higher residence time
value than NTBC, suggesting a more gradual dissociation from 4-HPPD. To further support
our evidence, we evaluated the compound half-life, which showed that the τ1/2 of NTBC
was lower than c1, c3, c4, c5, and c6, confirming the slower dissociation of the analogues
from 4-HPPD compared to NTBC.

2.2. In Silico Results
2.2.1. 4-HPPD Virtual Screening

Autodock/VinaXB performed docking simulation of NTBC and compounds c1–c7 on
4-HPPD. We found that all the compounds could bind to the same target binding pocket
with a similar binding pose (Figure S2) and exhibited high binding free energy values
(from −9.4 kcal/mol to −5 kcal/mol) (Table 1). A wide polar and hydrophobic interaction
network with the side chains of residues in the 4-HPPD binding pocket could be identified
(Table 1). Noticeably, all the tested compounds formed at least one hydrophobic interaction
with binding pocket residues and a π-cationic interaction between the bi/triketone group
oxygen and the iron ion. The analysis of the crystal structure of 4-HPPD in complex with
NTBC showed very similar interactions with the residues involved in the binding compared
to compounds c1–c7.
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Table 1. Target/compound Interaction network and binding free energy. * P = Present; * N,P = Not
Present.

Compound Hydrophobic
Interaction Halogen Bond π-Stacking Hydrogen

Bond Salt Bridge Iron Ion
Coordination ∆G (kcal/mol)

NTBC
Phe-336,
Phe-359,
Phe-364

* N,P * N,P * N,P * N,P * P −9.4

c1 His-226,
Gln394 * N,P His-308 * N,P * N,P * P −5.0

c2

His-183,
Val-185,
Leu-224,
Phe-359,
Gly-360,
Ala-361

* N,P His-226,
Phe-364

Gln-251,
Gln-265,
Gln-334

* N,P * P −8.6

c3 Leu-224,
Phe-359 * N,P Phe-336 Asn-241,

Gln-265 * N,P * P −8.5

c4

His-183,
Val-185,
Leu-224,
His-226,
Gln-334,
Phe-359,
Gly-360,
Ala-361

* N,P * N,P, Asn-241,
Gln-265 * N,P * P −6.3

c5

Pro-239,
Phe-336,
Phe-359,
Phe-364

* N,P * N,P Asn-241,
Gln-251 His-266 * P −8.0

c6

Val 185,
Pro-239,
Phe-336,
Phe-359,
Phe-364

Phe-359 Phe-364 Asn-241 His-266 * P −8.7

c7 Leu-224,
Phe-359 Gly-360 Phe-336 Asn-241,

Gln-251 * N,P * P −7.9

2.2.2. 4-HPPD/Compound Complex Binding Stability and Interaction Energy

A total of 100 ns classical Molecular Dynamics (cMD) simulations were performed to
evaluate both the stability of protein backbone and the docked poses previously selected.
To exclude the presence of artifacts, the protein backbone structural integrity was mon-
itored during the simulations. We noticed limited differences of the Root-Mean-Square
Deviation (RMSD) for all systems (1.8 Å and 2.7 Å, respectively), which excluded structural
rearrangements, thus corroborating the reliability of MDs protocols (Table S1). Furthermore,
all compounds within target binding pocket showed very limited movements, exhibiting
an RMSD average between 0.8 Å and 2.5 Å, respectively, confirming the binding stability
and the reliability of docked poses (Table S1). The target/compound interaction energy
was evaluated considering the Coulomb and Lennard–Jones short range interactions. This
analysis showed that all the tested compounds had interaction energy values ranging from
−83.4 kJ/mol to −428.4 kJ/mol, suggesting a spontaneous binding to the target with high
affinity and stability.

2.2.3. Compound Protein Unbinding Simulations

To further dissect the unbinding process, a SMD simulation was performed on each
4-HPPD/ligand complex, reporting the time-averaged pull force profiles during the un-
binding simulation. The compounds showed a gradual increase of the applied forces on
the first ~180 ps and ~250 ps of the simulation, until they reached a maximum, which corre-
sponds to the rupture force of compounds unbinding along the dissociation pathway. The
quick decrease of force of each compound represents the steady path of the ligand moving
away from the target binding pocket; the unbinding process proceeds until the end of the
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simulation. Surprisingly, despite the good binding stability and the highest interaction
energy score of c7 on the target, SMD results showed that c7 (no active compound) was the
first compound to leave the binding pocket; differently, c3 and c5 (compounds with highest
activity) were the last to dissociate from the target, in line with the experimental data, as
well as the force profiles of other compounds (Figure 3).
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3. Discussion
The aim of this study was to investigate the residence time of novel 4-HPPD inhibitors,

using both experimental and computational approaches, and provide a comprehensive
understanding of ligand–receptor interactions. NTBC, currently approved for the treatment
of AKU and HT-1, can effectively inhibit 4-HPPD, but it is associated with significant
side effects consequent to the induced hypertyrosinemia. Therefore, safer but effective
therapeutic options are needed for AKU patients, whose life expectancy is generally not
affected by the disease and hence require life-long treatment with NTBC.

In our study, the evaluation of the residence time (τ) complements traditional affinity
metrics such as IC50 and IC90, providing deeper insights into the pharmacodynamics of drug–
target interactions, important in the evaluation of both efficacy and therapeutic outcomes.

An optimized version of the jump dilution method was employed to evaluate the
residence time of the novel candidate 4-HPPD inhibitors. Specifically, a recombinant strain
of E. coli expressing human 4-HPPD was used as a cellular model, enabling real-time kinetic
monitoring of the enzyme’s activity through UV-Vis spectroscopy. This approach allowed
precise tracking of reaction kinetics with high temporal resolution. After determining
the IC50 and IC90 values for each tested compound, the enzyme was incubated with the
inhibitors at concentrations corresponding to IC90. The exhaust medium containing the
inhibitor was subsequently replaced with a fresh and inhibitor-free medium supplemented
with tyrosine, the substrate precursor. The recovery of enzymatic activity was monitored
over time using spectrophotometric analysis. This analytical approach provided precise
measurements of the residence time for each inhibitor. The results showed that six of
the seven tested compounds exhibited longer residence time than NTBC, indicating a
potentially greater inhibitory effect.



Int. J. Mol. Sci. 2025, 26, 3181 7 of 12

Computational analyses were conducted to further investigate the structure–activity
relationship (SAR) of these inhibitors. Molecular docking studies demonstrated that all com-
pounds bound spontaneously to the 4-HPPD active site with high affinity, adopting similar
binding poses and interaction networks compared to NTBC. To further explore the poten-
tial mechanism of action, cMD simulations were performed. These simulations provided
insights into the dynamic behavior of the enzyme–ligand complexes under biologically
relevant conditions, elucidating the stability and binding efficiency of each compound.

Additional computational analyses, including RMSD and interaction energy calcu-
lations, did not reveal significant differences in conformational changes or interaction
energies between the compounds along the entire MD run. This suggested that variations
in inhibitory activity might not be solely related to pharmacodynamics or enzyme confor-
mational shifts. The data indicated that 4-HPPD inhibition was influenced by other factors,
including the interaction with the Fe(II) ion in the active site. This interaction appeared to
be correlated with an increased residence time, which in turn enhanced the inhibitory effect.

The computational study provided valuable insights into the un/binding processes
of new NTBC analogues with 4-HPPD, with SMD results in strong agreement with the
experimental findings. All inhibitors were bound in active sites that were partially blocked
by the C-terminal α helix. In particular, the two carbonyl groups (except for c7) of the
inhibitors were conjugated with the metal ion, which is chelated by the conserved facial
triad consisting of His183, His266, and Glu349. Additionally, the phenyl moiety of the
inhibitors forms pronounced π–π stacking interactions with His226, His308, Phe336, and
Phe364, and the cyclohexane moiety shows a wide hydrophobic network (Table 1, and
Figure S3). Interestingly, all inhibitors except NTBC and c1 formed one or more hydrogen
bonds within the target binding pocket as well as the salt bridge for c5 and c6 with His266,
while only c6 and c7 formed a halogen bond with Phe359 and Glu360. Based on the known
and strong inhibitory activity of NTBC against 4-HPPD, as well as the inhibitors proposed
by us proposed in this study and their interaction network, we support the idea of the
critical role of metal ion coordination in increasing the ligand residence time, contributing
to a better understanding of the molecular basis of inhibition; further, considering the large
difference of the chemical–physical properties of compounds, several pharmacokinetics
insights were provided.

4. Materials and Methods
4.1. In Vitro Methods
4.1.1. Bacteria Cell Culture

The pre-inoculum was prepared in LB medium (Lysogeny Broth) supplemented with
glucose (1% final concentration) and kanamycin sulfate (50 µg/mL final concentration).
A small quantity of bacterial cells was taken from the frozen stock of recombinant E. coli
C43 (DE3) expressing human 4-HPPD in 40% glycerol using a sterile loop and added to the
prepared LB medium (LBG + antibiotic). The pre-inoculum was incubated overnight at
37 ◦C under agitation. After measuring the OD600 of the pre-inoculum using LB medium
as a blank, it was diluted to a final optical density of 0.1 in LB medium supplemented with
kanamycin (LBK). The cell culture was shaken at 37 ◦C, and the OD600 was measured every
45 min until reaching the mid-log phase (0.6–0.8). Protein expression was then induced by
adding isopropyl-β-D-thiogalactopyranoside (IPTG) [26–28].

4.1.2. Chemistry

NTBC, mesotrione (c1), tembotrione (c2), and Sulcotrione (c3) were already avail-
able in our laboratory. 5,5-dimethylcyclohexane-2-(2-chloro-4-nitrobenzoyl)-1,3-dione (c4),
5,5-dimethyl-2-(2-nitro-4-(trifluoromethyl)benzoyl)cyclohexane-1,3-dione (c5), 2-(2-chloro-
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4-nitrobenzoyl)1,3-cyclohexanedione (c6), and 5,5-dimethyl-3-oxocyclohexenyl 2-chloro-4-
(trifluoromethyl) benzoate (c7) have been newly synthesized in our lab. The characterization
of NTBC and compounds c4–7 is reported in Supporting Information (Figure S4).

4.1.3. IC50 and IC90 Evaluation

To calculate the 50% (IC50) and 90% (IC90) inhibitory concentrations of each compound,
an inhibition assay was set up in which varying concentrations of the inhibitors were
tested [27,28]. Briefly, serial dilutions of the inhibitors were prepared in 96-deep well
standard plates, starting from a stock solution of 10−2 M, and then 600 µL of bacterial
suspension (see Section 4.1.1) supplemented with 1 mM IPTG and 75 µg/mL Tyr were
added into each well.

In parallel, the control tests were set up as follows:

- Blank: culture medium without cell suspension.
- Negative control: cell suspension without IPTG and Tyr.
- Not-Inhibited control: cell suspension supplemented with 1 mM IPTG and 75 µg/mL Tyr.

The plate was incubated on a microplate shaker at 800 rpm for 24 h.
The plates were centrifuged at 3200× g for 10 min at 4 ◦C. Subsequently, 150 µL

of supernatant (pigmented medium) was transferred to a 96-well standard plate, and
the absorbance was measured at 405 nm using a multimode plate reader (EnVision 2105,
PerkinElmer Inc., Waltham, MA, USA). GraphPad Prism 8 was used to perform a nonlinear
regression analysis (Log[Inhibitor] vs. response—Variable slope (four parameters)) and to
obtain the inhibition curve of the compounds.

4.1.4. Residence Time Evaluation

The residence time of potential 4-HPPD inhibitors was evaluated using an experimen-
tal protocol developed in-house, based on the classic jump dilution method [29,30] and the
use of recombinant E. coli strain expressing human 4-HPPD:

7 mL of bacterial suspension (see Section 4.1.1) at the mid-log phase was (OD600 = 0.6–0.8)
were transferred into sterile 50 mL centrifuge tubes and experiments set up as follows:

- Blank: cell suspension without the IPTG.
- Positive control: cell suspension supplemented with 1 mM IPTG.
- Negative control: cell suspension supplemented with 1 mM IPTG and NTBC (0.2 µM

final concentration).

In addition to 1 mM IPTG, potential inhibitors (at the final IC90 concentration) were
added to the other tubes. Each test was performed in duplicate, and the experiments
were replicated at least three times. The tubes were half-capped and stirred at room
temperature overnight.

The tubes were centrifuged at 2500× g for 10 min at 20 ◦C. The supernatant (exhaust
medium) was discarded, while the pellet was resuspended in 7 mL of fresh LBK medium.
Tyrosine (75 µg/mL) was then added to each tube (excluding the blank), and NTBC (0.2 µM
final concentration) was also added to the negative control to maintain an inhibitory
concentration of 90%.

The tubes were incubated at 37 ◦C with stirring after taking the first sample (T0).
Then, every 45 min for a period of 8 h, 220 µL were taken from each tube and placed in
an Eppendorf tube, which was centrifuged at 13,000× g for 5 min at 4 ◦C. Subsequently,
200 µL of supernatant (pigmented medium) from each Eppendorf tube was transferred to a
96-well standard plate, and the absorbance at 405 nm was measured using a multimode
plate reader (EnVision 2105, PerkinElmer Inc., Waltham, MA, USA).

Linear regression analysis was performed to calculate the slope values for each of the
two curves corresponding to vs and v0. These two parameters were then substituted into
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the equation below and reported for the nonlinear regression analysis of the data related to
the tested compounds:

Y = vsX +
(v0 − vs)

K

(
1 − e−KX

)
Y: Absorbance value (HGA accumulation);
X: time (min);
vs: steady-state velocity;
v0 : initial velocity;
K: koff.

4.2. In Silico Methods
4.2.1. Structural Resources

3D Structure and FASTA sequence (UniProtKB Entry: Q53586) of human 4-HPPD
(4-HPPD) in complex with NTBC (PDB ID 1T47) were retrieved from the RCSB Protein
Data Bank [31] and UniProt [32]. To avoid errors during the MD simulations, missing
side chains and steric clashes in PDB files were adjusted through homology modelling,
using PyMOD3.0 [33] and MODELLER v.9.3 [33]. 3D structures were validated using
PROCHECK [34]. GROMACS 2019.3 [35] with charmm36-mar2019 force field was used to
resolve high energy intramolecular interactions before docking simulations, and CGenFF
4.5 [36] was used to assign all parameters to ligands. Structures were immersed in a cubic
box filled with TIP3P water molecules [37] and counter ions to balance the net charge of the
system. Simulations were run applying periodic boundary conditions. The energy of the
system was minimized with 5000 steps of minimization with the steepest descent algorithm
and found to converge to a minimum energy with forces less than 100 kJ/mol/nm. A short
10 ns cMD was performed to relax the system. All the cMD simulations were performed
integrating each time step of 2 fs; a V-rescale thermostat maintained the temperature at
300 K [38] and Berendsen barostat maintained the system pressure at 1 atm, with a low
dumping of 1 ps−1; the LINCS algorithm constrained the bond lengths involving hydrogen
atoms [39,40].

4.2.2. Molecular Docking

The 3D structures of NTBC (CID: 115355), c1 (CID: 175967), c2 (CID: 11556911), and c3
(CID: 91760) were downloaded from the PubChem database [41]. The 3D structures of c4, c5,
c6, and c7 (for which 2D/3D structures were not available because they were synthesized in-
house) were designed and optimized using ChemDraw Professional 16.0 and downloaded
in SDF format. The OpenBabel tool was used to generate the 3D structures in PDBQT format,
adding all polar hydrogen atoms and assigning Gasteiger partial charges [42,43]. Virtual
screening of the compounds against 4-HPPD was performed using AutoDock/VinaXB
1.1.2 [44,45]. The reaction environment was set by creating a box that encompassed all
residues of the NTBC binding site, with a size of 20 × 20 × 20 Å for each dimension. The
docking output generated 10 binding poses for each ligand, while all other parameters were
kept at their default settings. The target/ligand interaction network was investigated using
the Protein–Ligand Interaction Profiler (PLIP) tool [46,47]. The selection criteria for the best
binding pose for each ligand were based on both their binding free energy values and the
interaction network triggered by the target binding residues, considering the binding pose
of NTBC in the 1T47 co-crystal. Each 4-HPPD/compound complex was then relaxed as
described above, providing the initial conformation for molecular dynamics simulations.
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4.2.3. Steered Molecular Dynamics (SMD) Simulations

To evaluate the binding interactions between 4-HPPD and its ligands, the tar-
get/compound complexes were subjected to a 500 ps of SMD simulation using constant
force pulling at 250 kJ/mol/nm [48]. While the backbone of 4-HPPD was kept fixed, the
compounds experienced a constant force in the x (250 kJ/mol/nm), y (0 kJ/mol/nm), and
z (0 kJ/mol/nm) directions. The ligands were pulled with an umbrella external force (har-
monic potential) in the NPT ensemble at 1 atm and 300 K, with 2 fs time steps. Molecular
dynamics (MD) analyses were performed using the GROMACS 2019.3 package [35] and
visualized with GRACE 5.1.22.

5. Conclusions
Concluding, our work emphasizes the importance of residence time in drug discovery

and highlights the added value of combining in vitro and in silico methodologies in the
search of novel 4-HPPD inhibitors with potentially better profiles. Our findings might offer
promising insights into the treatment of AKU, tackling the current limitations for this iconic
disease and advancing the discovery of next-generation 4-HPPD inhibitors with improved
safety profiles and therapeutic efficacy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms26073181/s1.

Author Contributions: Conceptualization, A.T., F.M. and G.B.; methodology, A.T., E.P. and G.B.;
software, A.T.; validation, A.T. and G.B.; formal analysis, A.T., G.R. and G.B.; investigation, A.T., G.R.,
D.Z. and G.B.; resources, A.S., F.M., E.P. and G.B.; data curation, A.T. and G.B.; writing—original draft
preparation, A.T.; writing—review and editing, M.G., A.T., A.S., E.P. and G.B.; project administration,
A.T., A.S. and G.B.; funding acquisition, A.S., D.B. and G.B. All authors have read and agreed to the
published version of the manuscript.

Funding: Programma di valorizzazione “POC MISE ARNO 2020—POCARNO”: Sviluppo di Nuovi
Inibitori di 4—HPPD per il Trattamento delle Tirosinemie-SNIHTT.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank aimAKU and PRIN 2022 PNRR P2022RYR5W, a precision
medicine ecosystem for alkaptonuria, through clinical and experimental knowledge management
and sharing system for an integrated approach. We thank Joery De Kock and Jessie Neuckermans
from Vrije Universiteit Brussel for providing the recombinant strain C43 E. coli strain expressing the
human HPD enzyme used in this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Milella, M.S.; Geminiani, M.; Trezza, A.; Visibelli, A.; Braconi, D.; Santucci, A. Alkaptonuria: From Molecular Insights to a

Dedicated Digital Platform. Cells 2024, 13, 1072. [CrossRef] [PubMed]
2. Bernardini, G.; Braconi, D.; Zatkova, A.; Sireau, N.; Kujawa, M.J.; Introne, W.J.; Spiga, O.; Geminiani, M.; Gallagher, J.A.;

Ranganath, L.R.; et al. Alkaptonuria. Nat. Rev. Dis. Primers 2024, 10, 16. [CrossRef] [PubMed]
3. Bernini, A.; Spiga, O.; Santucci, A. Structure-Function Relationship of Homogentisate 1,2-dioxygenase: Understanding the

Genotype-Phenotype Correlations in the Rare Genetic Disease Alkaptonuria. Curr. Protein Pept. Sci. 2023, 24, 380–392. [CrossRef]
4. Spiga, O.; Cicaloni, V.; Zatkova, A.; Millucci, L.; Bernardini, G.; Bernini, A.; Marzocchi, B.; Bianchini, M.; Zugarini, A.; Rossi, A.;

et al. A new integrated and interactive tool applicable to inborn errors of metabolism: Application to alkaptonuria. Comput. Biol.
Med. 2018, 103, 1–7. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms26073181/s1
https://www.mdpi.com/article/10.3390/ijms26073181/s1
https://doi.org/10.3390/cells13121072
https://www.ncbi.nlm.nih.gov/pubmed/38920699
https://doi.org/10.1038/s41572-024-00498-x
https://www.ncbi.nlm.nih.gov/pubmed/38453957
https://doi.org/10.2174/1389203724666230307104135
https://doi.org/10.1016/J.COMPBIOMED.2018.10.002


Int. J. Mol. Sci. 2025, 26, 3181 11 of 12

5. Lin, H.-Y.; Yang, J.-F.; Wang, D.-W.; Hao, G.-F.; Dong, J.-Q.; Wang, Y.-X.; Yang, W.-C.; Wu, J.-W.; Zhan, C.-G.; Yang, G.-F.;
et al. Molecular insights into the mechanism of 4-hydroxyphenylpyruvate dioxygenase inhibition: Enzyme kinetics, X-ray
crystallography and computational simulations. FEBS J. 2019, 286, 975–990. [CrossRef]

6. Ranganath, L.R.; Psarelli, E.E.; Arnoux, J.B.; Braconi, D.; Briggs, M.; Bröijersén, A.; Loftus, N.; Bygott, H.; Cox, T.F.; Davison,
A.S.; et al. Efficacy and safety of once-daily nitisinone for patients with alkaptonuria (SONIA 2): An international, multicentre,
open-label, randomised controlled trial. Lancet Diabetes Endocrinol. 2020, 8, 762–772. [CrossRef]

7. Trezza, A.; Birgauan, A.; Geminiani, M.; Visibelli, A.; Santucci, A. Molecular and Evolution In Silico Studies Unlock the h4-HPPD
C-Terminal Tail Gating Mechanism. Biomedicines 2024, 12, 1196. [CrossRef]

8. Lin, H.-Y.; Chen, X.; Chen, J.-N.; Wang, D.-W.; Wu, F.-X.; Lin, S.-Y.; Zhan, C.-G.; Wu, J.-W.; Yang, W.-C.; Yang, G.-F. Crystal
Structure of 4-Hydroxyphenylpyruvate Dioxygenase in Complex with Substrate Reveals a New Starting Point for Herbicide
Discovery. Research 2019, 2019, 2602414. [CrossRef]

9. Dong, J.; Xiao, H.; Chen, J.N.; Zheng, B.F.; Xu, Y.L.; Chen, M.X.; Yang, W.C.; Lin, H.Y.; Yang, G.F. Structure-based discovery of
pyrazole-benzothiadiazole hybrid as human HPPD inhibitors. Structure 2023, 31, 1604–1615.e8. [CrossRef]

10. Lin, H.Y.; Dong, J.; Dong, J.; Yang, W.C.; Yang, G.F. Insights into 4-hydroxyphenylpyruvate dioxygenase-inhibitor interactions
from comparative structural biology. Trends Biochem. Sci. 2023, 48, 568–584. [CrossRef]

11. Wilson, P.J.M.; Ranganath, L.R.; Bou-Gharios, G.; Gallagher, J.A.; Hughes, J.H. Expression of tyrosine pathway enzymes in mice
demonstrates that homogentisate 1,2-dioxygenase deficiency in the liver is responsible for homogentisic acid-derived ochronotic
pigmentation. JIMD Rep. 2020, 58, 52–60. [CrossRef] [PubMed]

12. Keller, S.; Macheleidt, J.; Scherlach, K.; Schmaler-Ripcke, J.; Jacobsen, I.D.; Heinekamp, T.; Brakhage, A.A. Pyomelanin formation
in Aspergillus fumigatus requires HmgX and the transcriptional activator HmgR but is dispensable for virulence. PLoS ONE
2011, 6, e26604. [CrossRef] [PubMed]

13. Mastroeni, P.; Trezza, A.; Geminiani, M.; Frusciante, L.; Visibelli, A.; Santucci, A. HGA Triggers SAA Aggregation and Accelerates
Fibril Formation in the C20/A4 Alkaptonuria Cell Model. Cells 2024, 13, 1501. [CrossRef]

14. European Medicines Agency. Assessment Report, Orfadin. 2020; Vol. 31. Available online: https://www.ema.europa.eu/en/
documents/variation-report/orfadin-h-c-555-ii-0071-epar-assessment-report-variation_en.pdf (accessed on 28 December 2023).

15. van Ginkel, W.G.; Rodenburg, I.L.; Harding, C.O.; Hollak, C.E.M.; Heiner-Fokkema, M.R.; van Spronsen, F.J. Long-Term Outcomes
and Practical Considerations in the Pharmacological Management of Tyrosinemia Type 1. Pediatr. Drugs 2019, 21, 413–426.
[CrossRef]

16. Ahmad, S.; Teckman, J.H.; Lueder, G.T. Corneal opacities associated with NTBC treatment. Am. J. Ophthalmol. 2002, 134, 266–268.
[CrossRef]

17. Santucci, A.; Bernardini, G.; Braconi, D.; Petricci, E.; Manetti, F. 4-Hydroxyphenylpyruvate Dioxygenase and Its Inhibition in
Plants and Animals: Small Molecules as Herbicides and Agents for the Treatment of Human Inherited Diseases. J. Med. Chem.
2017, 60, 4101–4125. [CrossRef]

18. Governa, P.; Bernardini, G.; Braconi, D.; Manetti, F.; Santucci, A.; Petricci, E. Survey on the Recent Advances in 4-
Hydroxyphenylpyruvate Dioxygenase (HPPD) Inhibition by Diketone and Triketone Derivatives and Congeneric Compounds:
Structural Analysis of HPPD/Inhibitor Complexes and Structure-Activity Relationship Considerations. J. Agric. Food Chem. 2022,
70, 6963–6981. [CrossRef]

19. Laschi, M.; Bernardini, G.; Dreassi, E.; Millucci, L.; Geminiani, M.; Braconi, D.; Marzocchi, B.; Botta, M.; Manetti, F.; Santucci, A.
Inhibition of para-Hydroxyphenylpyruvate Dioxygenase by Analogues of the Herbicide Nitisinone As a Strategy to Decrease
Homogentisic Acid Levels, the Causative Agent of Alkaptonuria. ChemMedChem 2016, 11, 674–678. [CrossRef]

20. Zaib, S.; Rana, N.; Hussain, N.; Ogaly, H.A.; Dera, A.A.; Khan, I. Identification of Potential Inhibitors for the Treatment of
Alkaptonuria Using an Integrated In Silico Computational Strategy. Molecules 2023, 28, 2623. [CrossRef]

21. Copeland, R.A. Evolution of the drug-target residence time model. Expert Opin. Drug Discov. 2021, 16, 1441–1451. [CrossRef]
22. Bernetti, M.; Masetti, M.; Rocchia, W.; Cavalli, A. Kinetics of Drug Binding and Residence Time. Annu. Rev. Phys. Chem. 2019, 70,

143–171. [CrossRef] [PubMed]
23. Shi, J.; Zhao, L.X.; Wang, J.Y.; Cao, H.F.; Gao, S.; Ye, F.; Fu, Y. Identification of 4-hydroxyphenylpyruvate dioxygenase inhibitors

by virtual screening, molecular docking, molecular dynamic simulation. J. Sci. Food Agric. 2023, 103, 5547–5559. [CrossRef]
[PubMed]

24. Salo-Ahen, O.M.H.; Alanko, I.; Bhadane, R.; Alexandre, A.M.; Honorato, R.V.; Hossain, S.; Juffer, A.H.; Kabedev, A.; Lahtela-
Kakkonen, M.; Larsen, A.S.; et al. Molecular Dynamics Simulations in Drug Discovery and Pharmaceutical Development.
Processes 2020, 9, 71. [CrossRef]

25. Mollica, L.; Decherchi, S.; Zia, S.R.; Gaspari, R.; Cavalli, A.; Rocchia, W. Kinetics of protein-ligand unbinding via smoothed
potential molecular dynamics simulations. Sci. Rep. 2015, 5, 11539. [CrossRef]

https://doi.org/10.1111/febs.14747
https://doi.org/10.1016/S2213-8587(20)30228-X
https://doi.org/10.3390/biomedicines12061196
https://doi.org/10.34133/2019/2602414
https://doi.org/10.1016/J.STR.2023.09.005
https://doi.org/10.1016/j.tibs.2023.02.006
https://doi.org/10.1002/jmd2.12184
https://www.ncbi.nlm.nih.gov/pubmed/33728247
https://doi.org/10.1371/journal.pone.0026604
https://www.ncbi.nlm.nih.gov/pubmed/22046314
https://doi.org/10.3390/cells13171501
https://www.ema.europa.eu/en/documents/variation-report/orfadin-h-c-555-ii-0071-epar-assessment-report-variation_en.pdf
https://www.ema.europa.eu/en/documents/variation-report/orfadin-h-c-555-ii-0071-epar-assessment-report-variation_en.pdf
https://doi.org/10.1007/s40272-019-00364-4
https://doi.org/10.1016/S0002-9394(02)01532-5
https://doi.org/10.1021/acs.jmedchem.6b01395
https://doi.org/10.1021/acs.jafc.2c02010
https://doi.org/10.1002/cmdc.201500578
https://doi.org/10.3390/molecules28062623
https://doi.org/10.1080/17460441.2021.1948997
https://doi.org/10.1146/ANNUREV-PHYSCHEM-042018-052340
https://www.ncbi.nlm.nih.gov/pubmed/30786217
https://doi.org/10.1002/JSFA.12629
https://www.ncbi.nlm.nih.gov/pubmed/37052266
https://doi.org/10.3390/pr9010071
https://doi.org/10.1038/SREP11539


Int. J. Mol. Sci. 2025, 26, 3181 12 of 12

26. Lequeue, S.; Neuckermans, J.; Nulmans, I.; Schwaneberg, U.; Vanhaecke, T.; De Kock, J. A robust bacterial high-throughput
screening system to evaluate single nucleotide polymorphisms of human homogentisate 1,2-dioxygenase in the context of
alkaptonuria. Sci. Rep. 2022, 12, 19452. [CrossRef]

27. Neuckermans, J.; Mertens, A.; De Win, D.; Schwaneberg, U.; De Kock, J. A robust bacterial assay for high-throughput screening of
human 4-hydroxyphenylpyruvate dioxygenase inhibitors. Sci. Rep. 2019, 9, 14145. [CrossRef]

28. Neuckermans, J.; Lequeue, S.; Mertens, A.; Branson, S.; Schwaneberg, U.; De Kock, J. High-throughput quantification of ochronotic
pigment formation in Escherichia coli to evaluate the potency of human 4-hydroxyphenylpyruvate dioxygenase inhibitors in
multi-well format. MethodsX 2021, 8, 101181. [CrossRef]

29. Kumar, M.; Lowery, R.G. A High-Throughput Method for Measuring Drug Residence Time Using the Transcreener ADP Assay.
SLAS Discov. 2017, 22, 915–922. [CrossRef]

30. Copeland, R.A.; Basavapathruni, A.; Moyer, M.; Scott, M.P. Impact of enzyme concentration and residence time on apparent
activity recovery in jump dilution analysis. Anal. Biochem. 2011, 416, 206–210. [CrossRef]

31. Berman, H.M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T.N.; Weissig, H.; Shindyalov, I.N.; Bourne, P.E. The Protein Data Bank.
Nucleic Acids Res. 2000, 28, 235–242. [CrossRef]

32. Apweiler, R. The universal protein resource (UniProt). Nucleic Acids Res. 2007, 36, D190–D195. [CrossRef]
33. Janson, G.; Paiardini, A. PyMod 3: A complete suite for structural bioinformatics in PyMOL. Bioinformatics 2020, 37, 1471–1472.

[CrossRef] [PubMed]
34. Laskowski, R.A.; MacArthur, M.W.; Moss, D.S.; Thornton, J.M. PROCHECK: A program to check the stereochemical quality of

protein structures. J. Appl. Crystallogr. 1993, 26, 283–291. [CrossRef]
35. Abraham, M.J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J.C.; Hess, B.; Lindah, E. GROMACS: High performance molecular

simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1, 19–25. [CrossRef]
36. Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.; Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov,

I.; et al. CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-atom additive
biological force fields. J. Comput. Chem. 2010, 31, 671–690. [CrossRef]

37. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]

38. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126, 014101. [CrossRef]
39. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; Hermans, J. Interaction Models for Water in Relation to Protein Hydration.

In Intermolecular Forces; Pullman, B., Ed.; Springer: Dordrecht, The Netherlands, 1981; pp. 331–342. [CrossRef]
40. Trezza, A.; Spiga, O.; Mugnai, P.; Saponara, S.; Sgaragli, G.; Fusi, F. Functional, electrophysiology, and molecular dynamics

analysis of quercetin-induced contraction of rat vascular musculature. Eur. J. Pharmacol. 2022, 918, 174778. [CrossRef]
41. Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem 2019

update: Improved access to chemical data. Nucleic Acids Res. 2019, 47, D1102–D1109. [CrossRef]
42. O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An Open chemical toolbox. J.

Cheminform. 2011, 3, 33. [CrossRef]
43. Carullo, G.; Saponara, S.; Ahmed, A.; Gorelli, B.; Mazzotta, S.; Trezza, A.; Gianibbi, B.; Campiani, G.; Fusi, F.; Aiello, F. Novel

Labdane Diterpenes-Based Synthetic Derivatives: Identification of a Bifunctional Vasodilator That Inhibits CaV1.2 and Stimulates
KCa1.1 Channels. Mar. Drugs 2022, 20, 515. [CrossRef] [PubMed]

44. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef] [PubMed]

45. Cuong, N.M.; Son, N.T.; Nhan, N.T.; Khanh, P.N.; Huong, T.T.; Tram, N.T.T.; Sgaragli, G.; Ahmed, A.; Trezza, A.; Spiga, O.; et al.
Vasorelaxing Activity of R-(-)-3’-Hydroxy-2,4,5-trimethoxydalbergiquinol from Dalbergia tonkinensis: Involvement of Smooth
Muscle CaV1.2 Channels. Planta Medica 2020, 86, 284–293. [CrossRef] [PubMed]

46. Salentin, S.; Schreiber, S.; Haupt, V.J.; Adasme, M.F.; Schroeder, M. PLIP: Fully automated protein-ligand interaction profiler.
Nucleic Acids Res. 2015, 43, W443–W447. [CrossRef]

47. Pessina, F.; Gamberucci, A.; Chen, J.; Liu, B.; Vangheluwe, P.; Gorelli, B.; Lorenzini, S.; Spiga, O.; Trezza, A.; Sgaragli, G.;
et al. Negative chronotropism, positive inotropism and lusitropism of 3,5-di-t-butyl-4-hydroxyanisole (DTBHA) on rat heart
preparations occur through reduction of RyR2 Ca2+ leak. Biochem. Pharmacol. 2018, 155, 434–443. [CrossRef]

48. Do, P.C.; Lee, E.H.; Le, L. Steered Molecular Dynamics Simulation in Rational Drug Design. J. Chem. Inf. Model. 2018, 58,
1473–1482. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/S41598-022-23702-Y
https://doi.org/10.1038/s41598-019-50533-1
https://doi.org/10.1016/j.mex.2020.101181
https://doi.org/10.1177/2472555217695080
https://doi.org/10.1016/j.ab.2011.05.029
https://doi.org/10.1093/NAR/28.1.235
https://doi.org/10.1093/NAR/GKM895
https://doi.org/10.1093/bioinformatics/btaa849
https://www.ncbi.nlm.nih.gov/pubmed/33010156
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1016/J.SOFTX.2015.06.001
https://doi.org/10.1002/jcc.21367
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.2408420
https://doi.org/10.1007/978-94-015-7658-1_21
https://doi.org/10.1016/J.EJPHAR.2022.174778
https://doi.org/10.1093/NAR/GKY1033
https://doi.org/10.1186/1758-2946-3-33
https://doi.org/10.3390/md20080515
https://www.ncbi.nlm.nih.gov/pubmed/36005518
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1055/a-1099-2929
https://www.ncbi.nlm.nih.gov/pubmed/31994147
https://doi.org/10.1093/nar/gkv315
https://doi.org/10.1016/j.bcp.2018.07.026
https://doi.org/10.1021/acs.jcim.8b00261

	Introduction 
	Results 
	In Vitro Results 
	IC50 and IC90 Evaluation 
	4-HPPD Inhibitor Residence Time Evaluation 

	In Silico Results 
	4-HPPD Virtual Screening 
	4-HPPD/Compound Complex Binding Stability and Interaction Energy 
	Compound Protein Unbinding Simulations 


	Discussion 
	Materials and Methods 
	In Vitro Methods 
	Bacteria Cell Culture 
	Chemistry 
	IC50 and IC90 Evaluation 
	Residence Time Evaluation 

	In Silico Methods 
	Structural Resources 
	Molecular Docking 
	Steered Molecular Dynamics (SMD) Simulations 


	Conclusions 
	References

